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[1] Groundwater discharge to the Cockburn River, southeast Australia, has been

estimated from comparison of natural 222Rn activities in groundwater and river water,
interpreted using a numerical flow model that simulates longitudinal radon activities as a
function of groundwater inflow, hyporheic exchange, evaporation, gas exchange with the
atmosphere, and radioactive decay. An injection of SF6 into the river to estimate the
gas transfer velocity assisted in constraining the model. Previous estimates of groundwater
inflow using 222Rn activities have not considered possible input of radon due to exchange
between river water and water in the hyporheic zone beneath the streambed. In this paper,
radon input due to hyporheic exchange is estimated from measurements of radon
production by hyporheic zone sediments and rates of water exchange between the river
and the hyporheic zone. Total groundwater inflow to the Cockburn River is estimated to
be 18500 m3/d, although failure to consider hyporheic exchange would cause
overestimation of the volume of groundwater inflow by approximately 70%.
Citation: Cook, P. G., S. Lamontagne, D. Berhane, and J. F. Clark (2006), Quantifying groundwater discharge to Cockburn River,
southeastern Australia, using dissolved gas tracers 222Rn and SF6, Water Resour. Res., 42, W10411, doi:10.1029/2006WR004921.

1. Introduction
[2] Environmental tracer methods have been used for
quantifying groundwater discharge to rivers for the past
two decades [e.g., Ellins et al., 1990; Lee and Hollyday,
1993; Genereux et al., 1993]. One of the most powerful
tracers for this purpose is radon (222Rn). With a half-life of
3.8 days, radon is produced in the subsurface by the
radioactive decay of uranium series isotopes. After groundwater containing radon discharges to surface water bodies,
radon activities decrease due to gaseous exchange with the
atmosphere and radioactive decay. High radon activities are
therefore present in surface waters in the immediate vicinity
of points of groundwater inflow, and for relatively short
distances downstream of such locations.
[3] One of the uncertainties with using radon to quantify
groundwater inflows is accurate quantification of the gas
exchange coefficient. Although this parameter can be estimated from injected tracer experiments using dissolved
gases [e.g., Genereux and Hemond, 1992; Clark et al.,
1994], there have been very few studies that have combined
the use of natural radon and an injected dissolved gas tracer
[Wanninkhof et al., 1990]. Another uncertainty is the
possible contribution of radon by river bed sediments. Mutz
and Rohde [2003] distinguish large-scale and small-scale
water exchange between rivers and sediments. Large-scale
water exchange (here referred to as groundwater inflow) is

caused by differences between the stream level and the
surrounding groundwater levels. However, superimposed
on this is a small-scale exchange driven by the interaction
of the flow and the morphological features of the streambed.
Although this small-scale water exchange (here termed
hyporheic exchange) is well documented from field work
on streams and rivers with permeable bed sediments [e.g.,
Morrice et al., 1997; Mutz and Rohde, 2003], its importance
to the radon budget has never been considered.
[4] This paper describes the use of radon to quantify
groundwater discharge to the Cockburn River, southeastern
Australia. An injected tracer experiment using SF6 was also
carried out to help constrain model parameters, particularly
the gas exchange coefficient. The Cockburn River is a
semipermanent stream draining a catchment of approximately 1130 km2 in the Southern Highlands of New South
Wales, southeastern Australia. Measurements of radon
activity in surface waters have been made along a 33 km
reach of the river, and these have been analyzed using a
numerical flow model that simulates longitudinal radon
activities as a function of groundwater inflow, hyporheic
exchange, evaporation, gas exchange with the atmosphere and
radioactive decay. It is shown that the neglection of hyporheic
exchange can cause a significant overestimation of the
groundwater inflow rate, in this case by approximately 70%.

2. Theory
1
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2.1. Model Development
[5] Changes in concentration (or activity) of a dissolved
gas within a stream receiving groundwater inflow can be
expressed as
@Qc
¼ Ici  kwc  dwc  cL þ F
@x
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where c is the concentration within the stream, ci is the
concentration in groundwater inflow, Q is the streamflow
rate (m3/day), I is the groundwater inflow rate per unit of
stream length (m3/m/day), L is the rate of water loss from
the river through direct pumping or flow to the aquifer (m3/
m/day), k is the gas transfer velocity across the water
surface (m/day),  is the radioactive decay constant (per
day), w is the width of the river surface (m), d is the mean
stream depth (cross-sectional area divided by width of river
surface; m), x is distance in the direction of flow and F is the
flux of radon into or out of the hyporheic zone. This
equation assumes that the atmospheric concentration of the
dissolved gas is negligible, which is the case with both
222
Rn and SF6. (While SF6 is a naturally occurring tracer
[Maiss and Brenninkmeijer, 1998], when used as an injected
tracer, injected concentrations usually exceed natural
concentrations by several orders of magnitude and so this
assumption is reasonable.) It also assumes negligible
production of 222Rn within the river itself (i.e., negligible
dissolved 226Ra activity), and that dispersion processes are
negligible.
[6] The hyporheic zone is represented by a layer beneath
the streambed, having the same width as the stream, and
with uniform concentration ch. A continual water exchange
between the river and the hyporheic zone is assumed,
although the net water flux at each point is zero and there
is no significant lateral flow within this zone. The model
thus does not allow for large-scale zones of upwelling and
downwelling. With this simplification, the solute mass
balance within this zone can be expressed
qh c  qh ch þ wh  whch ¼ 0

ð2Þ

where qh is the flux of water into and out of the sediments
(m3/m/day),  is the production rate within the hyporheic
zone (units of concentration per day), h is the mean depth of
the hyporheic zone (m) and  is its porosity. The
concentration within the hyporheic zone is then given by
rearrangement of (2):
qh c þ hw
ch ¼
qh þ hw

ð3Þ

the river channel. Since these previous studies do not
include gas exchange or subsurface production terms, this
differentiation is not important. In the current model, the
storage zone represents the hyporheic zone. Because of this
difference in physical representation of the storage zone,
and to avoid confusion, this paper does not follow the
notation of these earlier studies, although the mathematical
development follows similar principles (mathematically,
hyporheic exchange parameters of Bencala and Walters
[1983] are related to the above parameters by: A = wd, As =
wh and  = qh/A). Finally, the model presented in this
paper is specifically for the case of steady state conditions.
It is therefore assumed that flow and radon loading are time
invariant.
[7] Consistent with previous studies, the model assumes
that there is no horizontal flow within the hyporheic zone.
Although this assumption is unlikely to be absolutely
correct, the water velocity within the river sediments is
usually two orders of magnitude or more lower than the
river velocity [Thibodeaux and Boyle, 1987; Mutz and
Rohde, 2003], and so the assumption is considered to be
reasonable. The model also adopts a single mixed reservoir
for the hyporheic zone, whereas in reality there will be a
distribution of water residence times within this zone, with
longer residence times associated with longer and deeper
flow paths [Savant et al., 1987; Wörman et al., 2002].
However, Choi et al. [2000] showed that the use of a single
storage compartment would in most cases reliably characterize the dominant solute transport processes in streams
with multiple storage zones. For the purposes of radon
simulation, the thickness of the hyporheic zone should
correspond to that having water residence times in the order
of days or less (see discussion below).
[8] The change in river flow with distance is simply
given by
@Q
¼ I  L  Ew
@x

Q

F ¼ qh ðch  cÞ

where

The mean residence time of water within the hyporheic
zone, th (days), is given by:
th ¼

wh
qh

ð5Þ

Although a number of previous studies have modeled solute
transport in rivers using storage zones [e.g., Bencala and
Walters, 1983], the current model differs from previous
models in a few simple but important respects. Previous
studies do not distinguish between storage within the
hyporheic zone and within slack water pools at the side of

ð6Þ

where E is the evaporation rate (m/day). Substituting into
@Qc
@Q
@c
=c
+ Q , the
(1) using (3) –(6), and noting that
@x
@x
@x
equation for concentration with distance becomes:

Thus if radioactive decay and production are both zero, the
concentration in the hyporheic zone will be the same as that
in the river (ch = c). The net flux from the hyporheic zone
into the river can be represented as:
ð4Þ
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@c
hw
hw
¼ I ðci  cÞ þ wEc  kwc  dwc þ

c
@x
1 þ th 1 þ th
ð7Þ

Q ¼ Q0 þ

Z

I

Z

L

Z
Ew

ð8Þ

Q0 is the initial flow rate at the start of the river reach under
consideration (at x = 0). The integrals in (8) denote
cumulative inflows and losses from the start of the river
reach under consideration to x, and all other variables refer
to values at x. The decay coefficient for radon is  =
0.18 d1, whereas SF6 is stable ( = 0). The six terms on the
right-hand side of (7) represent changes in concentration
due to groundwater inflow, evaporation, gas exchange,
radioactive decay within the river itself, production within
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the hyporheic zone and radioactive decay within the
hyporheic zone, respectively.
[9] Although analytical solutions of (7) are possible when
parameters I, E, L, k, w, d, h and th are constant, when any of
these change with distance (x) it needs to be solved
numerically. Where pumping takes place at discrete points
along the river, these can either be represented using the loss
parameter, L, or they can be treated as sink nodes. In the
case of sink nodes, the river flow rate decreases by an
amount equal to the pumping rate, and radon loss is the
product of the pumping rate and the tracer concentration in
the river. Equation (7) is then solved between these points.
Similarly, tributary inflow can be represented as source
nodes.
2.2. Sensitivity Analysis
[10] The relative magnitudes of the evaporation, gas
exchange and
 radioactivedecay terms in (7) are proportional
, respectively. Since E is usually in
to E, k and  d + h
1 þ th
3
2
the range 10 – 10 m/d (1 –10 mm/d), and k is usually in
the range 0.5 – 25 m/day [Wanninkhof et al., 1990], it is
clear that the evaporation term will usually be negligible.
Assuming that the hyporheic zone is small relative to the river
depth (d > h), then, the relative magnitudes of the gas
exchange and radioactive decay terms will depend largely
on the value of k and the river depth. For a gas exchange
velocity of k = 1 m/day, the radioactive decay term will
dominate when the river depth exceeds approximately d =
5 m. For shallow streams, gas exchange is the main process
controlling radon loss. Mean water residence times within
the hyporheic zone are usually of the order of hours to days
[Wörman et al., 2002], and so the radon contributed from the
hyporheic zone is relatively insensitive to the mean residence time (as 1 + th  1), and directly proportional to the
hyporheic zone thickness, h.
[11] Since (7) is usually used for estimating groundwater
inflow rates given values of other parameters, it is instructive to consider the effect of uncertainties in various
parameters on groundwater inflow rates. Neglecting evaporation and rearranging (7) to make I the subject gives



@c
hw
hwc
I ¼ Q þ kwc þ dwc 
þ
ðci  cÞ1
@x
1 þ th 1 þ th

ð9Þ

[12] When groundwater inflow is large, the first term
inside the square brackets is likely to dominate all other
terms. In this situation, errors in Q and dc
dx produce errors in I,
but errors in other terms do not produce large errors in the
estimated inflow rate. When the groundwater inflow rate is
low, dc
dx will usually be negative. In this case, the second and
third terms inside the brackets are likely to dominate. Errors
in gas exchange rate, and in river width and depth are likely
to cause large relative errors in I, but since I is small, these
may not be significant in terms of total inflow over the river
reach. Errors in hyporheic exchange parameters are likely to
induce largest errors in I when the radon activity within the
river is low (and hence the second and third terms are small)
and when dc
dx is small.
[13] Errors in estimation of river loss, L, only affect the
magnitude of the Q term. If pumping over the river reachR is
much less than the total river flow, then a 50% error in L
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Figure 1. Relationship between the residence time of
water within the hyporheic zone and radon activity within a
river receiving no groundwater inflow (and with negligible
evaporation). Curves are based on a radon production rate
of  = 2500 mBq/L/d, gas exchange rate of k = 1 m/d, river
depth of d = 1 m, and hyporheic zone porosity  = 0.4 and
thicknesses of h = 0.25– 1 m (equation (10)).

will cause much less than a 50% error in Q. Moreover, a
50% error in Q will result in a similar error in I only when
the first term in the square brackets in (9) dominates all
other terms. When this term takes more moderate values
(but is positive), then errors in Q will induce smaller errors
in I. Errors in Q produce larger relative errors in I when dc
dx
takes on negative values, but in this case inflow rates are
small. When summed over an entire river, therefore, estimated groundwater inflows are unlikely to be highly sensitive to estimated rates of water loss. A similar argument can
be made for the effect of upstream errors in inflow rate on
values of groundwater inflow at a downstream location. For
ionic tracers, errors in Q will always produce equivalent
relative errors in I (because only the first term inside the
brackets will be nonzero).
2.3. Some Special Cases
[14] If groundwater inflow to the river is negligible, then
radon will be contributed only through exchange with the
hyporheic zone. If evaporation and river loss are also zero,
then @Q/@x = 0, and the steady state radon activity in the
river will be given by
c¼

h
ð1 þ th Þðk þ d Þ þ h

ð10Þ

The relationship between c and th is plotted in Figure 1, for
typical aquifer parameters. It shows that, under suitable
conditions, significant radon activities in rivers can arise
due to hyporheic exchange. Also apparent from Figure 1 is
the relative insensitivity of radon activity in the river to
hyporheic zone residence time, provided that the residence
time is less than a few days. This is because when residence
times are short, almost all of the radon produced in the
hyporheic zone is transported into the river. However, at
residence times longer than a few days, a significant fraction
of the radon that is produced is lost through radioactive
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Figure 2. Location map. Open circles denote locations of river gauging stations, and numerals denote
river distances downstream of the gauging station on Swamp Oak Creek. Solid circles represent locations
of bores on which radon activities and electrical conductivities were measured. Shaded regions depict
geological units. Unshaded areas fall outside the Cockburn River catchment.
decay and never enters the river. As the residence time
approaches zero,
c!

h
h þ k þ d

ð11Þ

Also of interest is the analytical solution when I = E = L =
h = 0, and parameters k, w and d do not change with
distance. In this case, the concentration is simply
ðkwþdwÞx
Q

cð xÞ ¼ c0 e

ð12Þ

where c0 is the initial concentration (at x = 0). It is easy to
show that the scale length for the change in concentration
(i.e., the distance at which the concentration reduces to 1/e
of its initial value) will be
x¼

Q
kw þ dw

ð13Þ

Although strictly valid only under the above conditions, this
scale length parameter is nevertheless useful for planning
sampling strategies. Ideally, the distance between sampling
sites should be determined by the maximum value of the
scale length and the expected spatial scale of the parameters.

3. Site Description
[15] The Cockburn River is a semipermanent stream
draining a catchment of approximately 1130 km2 in the
Southern Highlands of New South Wales, southeastern
Australia. It is formed by the confluence of Swamp Oak
Creek and Jamiesons Creek, and flows into the Peel River
immediately upstream of the city of Tamworth (Figure 2).
The majority of the Cockburn Catchment is part of the New
England Fold Belt and consists of a Cambrian to Silurian
ophiolitic sequence, which was uplifted and subjected to
mild metamorphism in the Late Carboniferous. In the late
Permian, the sediments were intruded by the New England
Batholith (granite), which underlies the central part of the
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Figure 3. Flow rate of Swamp Oak Creek (catchment area
391 km2) and the Cockburn River (catchment area 907 km2)
between 12 and 18 October 2005, measured at hourly
intervals. Gauging station locations are shown in Figure 2.
Cockburn River. Mean annual rainfall at Tamworth is
670 mm, and is reasonably evenly distributed throughout
the year, with all months having a mean rainfall of at least
44 mm.
[16] The studied section of the Cockburn River is
32.8 km in length, and extends from the gauging station
at Swamp Oak Creek (1.61 km above the confluence with
Jamiesons Creek which forms Cockburn River) to Nemingha Bridge, 3.3 km above the confluence with the Peel
River. A second gauging station is located on Cockburn
River approximately 8.16 km downstream of the Swamp
Oak gauging station, and 100 m downstream of Mulla
Mulla Creek, the only major tributary of the Cockburn
River. The mean annual flow volume of Cockburn River
at the gauging station at Mulla Mulla (catchment area
907 km2) is approximately 5.5  107 m3 of groundwater.
Over the past 20 years, the river has ceased flow on 17
occasions, with periods of no flow usually occurring
toward the end of summer (March – May). The gauging
station has recorded zero flow on a total of 702 days within
the past 20 years, and a maximum daily flow volume of 3.5 
107 m3. Although the river is unregulated, a number of
private irrigators pump water directly from the river, and
collectively probably extract close to 1  106 m3/yr. In
addition, 27 properties bordering the Cockburn River
extract a total of about 8  105 m3/yr. Figure 3 depicts
the flow rate of the Cockburn River between 12 and
18 October 2005. River sampling took place from 15 to
18 October, during which time river flows were receding
following rainfall on 14 October. However, between 9:00 on
16 October and 16:00 on 18 October, flows were relatively
constant, and varied between 0.084 and 0.086 m3/s at the
gauging station on Swamp Oak Creek, and between 0.48 and
0.55 m3/s at the Cockburn River gauging station.

4. Methods
[17] Five minipiezometer nests were installed in the bed
of the Cockburn River to permit sampling of water from
within the hyporheic zone. Two nests (MP1 and MP2) were
located at 0.37 km and three nests (MP3, MP4 and MP5)
were located at 15.26 km. (River distances are downstream
of the gauging station on Swamp Oak Creek, as shown in

W10411

Figure 2.) The minipiezometers were made of 6 mm OD
and 4 mm ID nylon tubing fastened to 5 mm diameter
wooden rods and screened with fine mesh cloth. Each nest
consisted of one shallow (30 to 40 cm below the streambed)
and one deeper (60 to 104 cm) piezometer. The minipiezometer nests were installed using a technique similar to the
one outlined by Boulton [1993]. Casings (20 mm OD PVC)
were first emplaced in the streambed down to one meter, or
as far as practical, using a percussion technique [Boulton,
1993]. The minipiezometer nests were then inserted within
the casings, which were then gently removed while the nests
were held in place using the wooden rods.
[18] Water samples were collected from the Cockburn
River using a small submersible pump with an inlet located
between 0.1 and 0.3 m below the water surface. Field
measurements were made of electrical conductivity (EC)
and temperature, and samples were collected for measurement of radon activity, SF6 and major ion concentrations. A
total of 35 samples were collected on 17 October 2005,
approximately equally spaced over the 32.8 km stretch of
river. Estimates of river width and depth were made at each
of theses sampling sites. Additionally, groundwater samples
were collected from 16 piezometers and from the minipiezometers sampling the hyporheic zone. Piezometers were
sampled using a submersible pump and minipiezometers
were sampled using a hand-operated vacuum pump. Locations of groundwater sampling sites are shown in Figure 2.
[19] Measurements of radon activity in groundwater are
made following well purging, on 14 mL samples that are
collected directly from the pump outlet using a syringe. The
water sample is transferred to a preweighed 22 mL Tefloncoated PTFE scintillation vial containing 6 mL Packard
NEN mineral oil. The radon activity is counted in the
laboratory by liquid scintillation, on a LKB Wallac Quantulus counter using the pulse shape analysis program to
discriminate alpha and beta decay [Herczeg et al., 1994].
Corrections are made for radioactive decay that occurs
between the time of sampling and time of analysis in the
laboratory. In the case of private wells, uncertainties regarding well construction made purging difficult. In some cases
radon activities measured on different occasions from the
same well gave significantly different results, and the lower
value may be attributed to incomplete purging. In these
cases, the higher measured value has been adopted. (Variations in radon activity during well purging have been
discussed by Cook et al. [1999].)
[20] For surface waters, larger sample volumes are required as the radon activities are much lower than in
groundwater. Surface water samples for radon analysis were
collected in 1250 mL plastic bottles. Within 24 hours of
sample collection, radon was extracted from these water
samples. Approximately 50 mL of water was first removed
from the bottles, and then 20 mL of mineral oil scintillant
was added from a preweighed scintillation vial. The bottle
was shaken for four minutes to equilibrate the radon
between the water-air-scintillant phases. After allowing the
scintillant to settle to the top of the bottle (about 1 min), the
scintillant was returned to the vial, sealed and the time
recorded. Efficiency of radon extraction and counting was
approximately 50%, and duplicates were within 5%.
[21] Measurements of radon emanation were made on
sediments collected from the bed of the river. Three samples
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were collected: two from the minipiezometer sites, and a
third at a river distance of 27.17 km. Approximately 40 g of
oven-dried sediment was sealed in 60 mL brass containers,
with 20 mL of mineral oil scintillant. The balance of the
volume ( 20 mL) was filled with distilled water. After a
period of several weeks, the radon activity within the
chamber will reach a constant value as the radon production
rate from the sediment will be exactly balanced by the radon
lost by radioactive decay. After allowing six weeks for this
secular equilibrium condition to be reached, the mineral oil
was sampled and its radon concentration was measured. By
using a series of radium standards, the efficiency of this
process (percentage of emanated radon that is captured in
the scintillant) was determined to be approximately 60%.
The radon activity in the mineral oil is used to calculate the
total radon emanation rate, E (Bq/kg), which is related to the
radon production rate,  (Bq/L/day) by
¼

E ð1  "Þs 
"

ð14Þ

where s is the density of the solid phase (kg/cm3) and e is
the porosity (cm3/cm3).
[22] An injected tracer experiment using SF6 was carried
out from 15 to 18 October 2005. SF6 was injected to the
river using a diffusive system [Sanford et al., 1996]. Two
600 mL stainless steel vessels were filled with SF6 to
pressures of 623 and 764 kPa. The tanks were then attached
to 25 m of 3 mm diameter silicone tubing, via a regulator
that maintained the pressure in the tubing at approximately
60 kPa. The apparatuses were submerged on the bed of
the river at two locations approximately 15 km apart
(river distances of 0.1 and 15.0 km). The first apparatus
was installed at 9:35 and the second at 15:15, both on
15 October. The pressure in the tanks was measured at
regular intervals to ensure that a constant injection rate was
maintained. On the basis of the rate of pressure decrease,
injection rates are estimated to be 3.31  105 moles/min
at 0.1 km and 2.03  105 moles/min at 15.0 km. On
17 October, samples were collected along the length of the
river. On 16 and 18 October a number of additional samples
were collected immediately downstream of each injection
apparatus, to determine whether steady state conditions had
been reached. Approximately 5 mL of water was collected
in preweighed evacuated vials, by submerging the vial
beneath the water surface, and piercing a septum with a
needle. SF6 concentrations were measured on a gas chromatograph equipped with an electron capture detector using
a head space method as described by Clark et al. [2004].
[23] In addition to the permanent gauging stations (which
record stage height and calculate flow using a rating curve),
a series of river gaugings were made along the river (and
tributaries) using an impeller flowmeter. Ten gaugings were
made between 17 and 18 October 2005.

5. Results
[24] Radon activities in groundwater varied between
3960 and 580 000, with a mean value of 88 000 mBq/L
(Figure 2). In the area underlain by the granite batholith, the
mean activity was 169 000 mBq/L, whereas elsewhere the
mean was 34 000 mBq/L. The EC varied between 265 and
1950 S/cm, with a mean of 1017 S/cm.

W10411

Table 1. Radon Emanation Rates From River Sediments
Distance, km

E, Bq/kg

, mBq/L/d

/, mBq/L

0.37
15.26
27.17

3.8, 3.1, 4.3, 2.3
5.4, 3.2, 3.8, 2.8
5.5, 8.7

2500 ± 650
2800 ± 850
5200 ± 1700

14 000 ± 3500
15 000 ± 5000
29 000 ± 9000

[25] Results of emanation tests on river sediments are
given in Table 1, and range between 2.3 and 8.7 Bq/kg.
Measurements on replicate samples show good repeatability. Assuming a value for porosity of e = 0.4, and a
solid phase density of s = 2.7 g/cm3, calculated production
rates range between 2500 and 5200 mBq/L/day. Equilibrium
radon activities within the sediments (/) would therefore
be expected to range between 10,000 and 30,000 mBq/L.
Although no sediment sample was collected in the region
underlain by the granite batholith, the results are generally
consistent with a source of the alluvium from weathering
of rocks in the upper part of the catchment. It is not unusual
to see higher radon activities in fractured bedrock aquifers
than in alluvial aquifers, even though they may be derived
from the same bedrock. Although the reason is not entirely
clear, it may be due to increased porosity of the alluvial
materials which would dilute the emanated radon.
[26] Ten flow gaugings were made on Swamp Oak Creek
and Cockburn River, ranging from a minimum of 0.34 m3/s at
2.40 km downstream of Swamp Oak gauging station
(downstream of the confluence with Jamieson Creek), to
0.62 m3/s at 21.47 km. A small decrease in flow was
measured in the lower reaches, with a gauged flow of
0.57 m3/s at 27.66 km.
[27] Radon activities, electrical conductivities and SF6
concentrations measured in the Cockburn River are shown
in Figure 4. The radon activity of the Cockburn River
decreases from 730 mBq/L at Swamp Oak gauging station
to 270 mBq/L at 1.06 km. The EC ranges between 306 and
322 S/cm over this same reach. Approximately 900 m
downstream of the confluence with Jamiesons Creek the
radon activity is 930 mBq/L and the EC is 345 S/cm,
largely due to 0.246 m3/s inflow from Jamiesons Creek, with
an EC of 374 S/cm and radon activity of 1990 mBq/L.
The radon activity decreases only slightly between 2.5 km
and 10.7 km before it begins to increase. The large
decrease in EC at approximately 7 km, is due to inflow from
Mulla Mulla Creek. This inflow was measured at 0.183 m3/s
on 17 October, with EC of 205 S/cm and radon activity of
210 mBq/L. At 16.0 km the radon activity is 2690 mBq/L,
and at 16.9 km it is 8170 mBq/L suggesting a relatively high
groundwater inflow rate. The radon activity decreases from
7870 mBq/L at 17.8 km to 5230 mBq/L at 18.4 km, before
increasing again to 7900 mBq/L at 19.4 km. The decrease in
activity between 17.8 and 18.4 km is at the same rate as the
decrease in SF6 concentration (see below), suggesting that
this decrease is due to gas exchange with the atmosphere,
and that there is minimal groundwater inflow at this
point. At 20.0 km the radon activity is 7550 mBq/L,
but it then decreases rapidly before stabilizing at between
1400 and 2200 mBq/L between 26.0 and 32.8 km. The
EC increases almost linearly from 280 S/cm at 10.7 km
to 370 S/cm at 32.8 km.
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are decreasing between 20 and 30 km, input of radon must
still be occurring. The presence of groundwater inflow is
indicated by the EC data, which increases along this reach
of the river.
[29] At the upstream site, the SF6 injection rate of 3.31 
105 moles/min and maximum measured concentration of
2505 pmol/L, give a maximum river flow rate of 0.22 m3/s.
The flow rate is a maximum because significant loss of SF6
would have occurred between the injection point and the
point at which the maximum concentration was measured.
At the downstream site, the SF6 injection rate of 2.03 
105 moles/min and maximum measured concentration of
540 pmol/L, give a maximum river flow rate of 0.63 m3/s.
Both of these values are consistent with manual flow
gauging data.
[30] SF6 concentrations in minipiezometers MP1 and
MP2 eight hours after commencement of injection are
significantly lower than the concentration within the river
at the same location (Figure 5). By 24 hours, concentrations
are similar, within analytical uncertainty. At MP3 – MP5,
there is more variation in SF6 concentration between pie-

Figure 4. Radon activity, EC, and SF6 concentration in the
Cockburn River between 16 and 18 October 2005.
Distances are measured downstream of the gauging station
on Swamp Oak Creek.
[28] Measured SF6 concentrations range from less than
1 pmol/L to 2 500 pmol/L, and decrease exponentially
downstream of each injection point. Concentrations show
little variation with time, suggesting that steady state
conditions within the river had been achieved within one
day of commencement of injection. The rate of SF6 loss
shows the rate at which gases are lost from the river, in the
absence of other processes. Thus, if there is no groundwater
inflow, radon activities should decrease at the same rate as
SF6.The most rapid observed decline in radon activity
occurs between 17.8 and 18.4 km, where the rate of radon
decline matches the rate of SF6 decline (approximately one
log cycle every 3 km; note the compressed scale for SF6).
This decrease in radon activity occurs within the area
showing highest activities. Although this reach of river
presumably has very high groundwater inflows, there must
be no inflow between 17.8 and 18.4 km. Elsewhere,
decreases in radon activity with distance are much more
gradual than the declines in SF6 concentration, indicating
input of radon by groundwater inflow or hyporheic
exchange. Thus, for example, even though radon activities

Figure 5. SF6 concentrations in nested minipiezometers
beneath the river bed as a function of time since
commencement of tracer injection at (a) 0.37 km and
(b) 15.26 km river distance. MP1 – MP5 refer to minipiezometer nests, and S and D refer to shallow and deep
tubes, respectively. Error bars show variation in concentration between replicate (and in some cases triplicate)
samples. (Where error bars are not shown, the variation is
less than the symbol size.) Concentrations in the river at the
same locations are also shown. The increase in SF6
concentration observed in the river is due to a small
decrease in river flow rate during the period of measurement
(see Figure 3).
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Table 2. Model Parameters for Simulation of
Symbol

222

Rn Profilesa

Description

Value
3

E
k
w
d

evaporation rate
gas transfer velocity
river width
mean river depth

h

hyporheic zone thickness
hyporheic zone porosity
hyporheic zone residence time
radon production rate within hyporheic zone
radon activity of groundwater inflow


th

ci
Upstream boundary conditions
Q0
c0
Tributary inflow
Q1
c1
Q2
c2

W10411

5  10
1.6
3 – 20b
0 – 10 km: 0.25
10 – 35 km 0.75
0, 1
0.4
0.25
3000
0 – 15 km: 34 000
15 – 25 km: 170 000
25 – 35 km: 34 000

Units
m/d
m/d
m
m
m
days
mBq/L/d
mBq/L

initial river flow rate
initial radon activity

0.085
730

m3/s
mBq/L

Jamieson Creek inflow (at 1.61 km)
Jamieson Creek radon activity
Mulla Mulla Creek inflow (at 7.17 km)
Mulla Mulla Creek radon activity

0.246
1990
0.183
210

m3/s
mBq/L
m3/s
mBq/L

a
For simulation of electrical conductivity,  = 0, ci = 500 S/cm, c0 = 306 S/cm, c1 = 374 S/cm, and c2 = 205 S/cm. For
SF6,  = ci = c0 = c1 = c2 = 0.
b
The model uses w = 3 m at river distance of zero, w = 12 m at river distance of 3 km, and w = 20 m at river distance of 32.8 km,
with linear interpolation between these three values.

zometer nests than between different depths within the same
nest. This suggests that the hyporheic zone is well mixed
over the sampling depth ( 0.8 m), but that there is some
spatial variation in exchange rate. However, the maximum
depth of the hyporheic zone was not determined. SF6 concentrations in nests MP4, MP5 and MP3 are approximately
4%, 35% and 70% of river concentrations after 71 hours.
Rates of increase of SF6 concentration in the minipiezometers suggest hyporheic zone residence times of hours to tens
of hours. More detailed discussion of hyporheic exchange
rates determined from SF6 breakthrough in minipiezometers,
and from other methodologies is given by S. Lamontagne
and P.G. Cook (manuscript in preparation, 2006).

6. Modeling
[31] Groundwater discharge rates have been quantified
by solving (7) and (8) numerically, using an EXCEL
spreadsheet and an explicit finite difference approach with
spatial discretization of 35 m (one thousandth of the river
length). Values for most model parameters are based on
measured values, and held fixed during model calibration
(Table 2). The gas transfer velocity and groundwater inflow
rate were adjusted to obtain the best fit between the
observed and predicted radon activities and SF6 concentrations, while minimizing the spatial variations in these
parameters. The model has also been used to simulate
changes in EC in the river, although the EC data was not
used for calibration purposes. In modeling EC, it has been
assumed that the ions contributing to the EC are conservative and that EC is linear with ion concentration (which
is true at low concentrations). The model used constant
values for the radon activity of groundwater inflow of ci =
170 000 mBq/L in the region underlain by the granite
intrusion (15 – 25 km) and ci = 34 000 mBq/L elsewhere.
For SF6 modeling, ci = 0, and values c0 = 4500 pmol/L at

river distance 0.1 km and c0 = 500 pmol/L at river distance
15 km were used to represent the concentrations at the two
injection points. In initial modeling runs, water losses were
not included (L = 0), largely because the location and
volume of water that is extracted is not accurately known.
The model uses the same gas exchange coefficients for
222
Rn and SF6. The aqueous diffusion coefficients for the
tracers differ by approximately 10%, which would suggest
that their gas exchange rates should differ by between 5 and
10% [Genereux and Hemond, 1992]. This difference is
negligible compared to other uncertainties in the model,
and so has been ignored.
[32] Figure 6 compares radon activities measured on
17 October 2005 with results of the numerical model.
Two separate simulations are shown. In the first, hyporheic
exchange is excluded (h = 0), and radon input to the river
is only due to groundwater inflow. Groundwater inflow
rates that provide the best fit to the observed data are
depicted in Figure 6a. Although inflow rates are reasonably
well constrained by the data, they are highly dependent on
radon activities in groundwater inflow. The gas exchange
rate is also relatively tightly constrained at k = 1.6 m/day
by the combination of 222Rn and SF6. (It is actually the
parameter kw that is constrained, and so this gas exchange
rate is sensitive to the river width.) It is worth noting that
this value of k is similar to that obtained in other studies of
low-gradient rivers [Raymond and Cole, 2001; Cook et al.,
2003]. An inflow rate of approximately 2 m3/day/m between 15 and 17 km and between 18.4 and 20 km is
required to simulate rapid increases in radon activity in
these reaches, and zero inflow between 17 and 18.4 km is
required to simulate the decrease in activity in this part of
the river.
[33] Although modeled EC values are somewhat higher
than measured values (Figure 6c), the modeled rate of
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increase is similar to the observed rate. However, this fit
to the data was only possible using a groundwater inflow
value of 500 S/cm, which although within the range of
the measured values in groundwater (Figure 2), is somewhat lower than the mean value of 1017 S/cm. However, the model significantly overpredicts river flow rates

W10411

downstream of 15 km (Figure 6d). Total groundwater
inflow over the 32.8 km river length is estimated to be
30 900 m3/day.
[34] For these model parameters, the scale length for
changes in radon activity within the river (equation (13))
varies between 580 and 2200 m, but is more than 1850 m
downstream of 7 km. The scale length reflects the sensitivity of the simulated radon activities to small-scale changes
in any of the input parameters (particularly I, k and w). Thus
variations in any of these parameters on a scale much less
than 2 km could not be resolved with the radon method.
Rather, the method is sensitive to mean values of these
parameters over this scale. The scale length is longer than
the distance between sampling sites for most of the river
length, and so increased sampling intensity would not
necessarily improve the resolution of the model.
[35] The second simulation shown in Figure 6 includes
exchange with the hyporheic zone. The production
rate within the hyporheic zone is modeled to be  =
3000 mBq/L/day and the hyporheic zone depth, porosity
and residence time are modeled as h = 1 m,  = 0.4 and th =
0.25 days, respectively. This simulation fits measured 222Rn
activities equally well, but with lower groundwater inflows.
A slightly better fit is provided to the EC data and to the
river flow gaugings. The discrepancy between the modeled
and observed EC values is most likely due to errors in the
EC or inflow rate of Jamiesons Creek or Swamp Oak Creek,
or to runoff with low EC in other areas that has not been
included in the model. The model still overpredicts flow
below 25 km, and this may in part be due to pumping from
the river in the lower reaches, which has not been included
in the model. Manipulation of hyporheic zone depth and
production rate could improve the fit further, although
this was not considered appropriate. Total groundwater
inflow over the 32.8 km river length is now estimated to
be 18 500 m3/day.
[36] Although not shown in Figure 6, simulations were
also carried out where pumping from the river was included.
As discussed above, on an annual basis pumping from the
river and from groundwater within the catchment is likely to
average about 0.06 m3/s (1.8  106 m3/yr), although the
extraction rate during the field experiment is unknown.
When a total water loss of 0.06 m3/s is evenly distributed
along the river, predicted radon activities and EC values do
not noticeably change downstream of the 5 km distance
(i.e., differences are less than the thickness of the lines in
Figure 6). Above 5 km a very small change in predicted
radon activity is apparent. Although a 3% reduction in gas
exchange coefficient is necessary to accurately simulate the
SF6 data, even this change does not significantly change
simulated radon activities. When the same total volume of
Figure 6. Numerical simulation of tracer concentrations in
river flows for the Cockburn River on 17 October 2005. The
solid line denotes simulations that include hyporheic
exchange, and the dashed line excludes this process.
(a) Rates of groundwater inflow. (b) Comparison of
measured radon activity with results of numerical model.
(c) Comparison of measured and modeled SF6 concentrations. (d) Comparison of measured and modeled electrical
conductivities. (e) Comparison of measured and modeled
river flow rates.
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water loss is concentrated in the area downstream of 22 km
river distance (a scenario that seems more likely based on
knowledge of land use within the catchment and flow
gaugings; Figure 6), there is no discernible change to either
radon activity or EC value over the entire river length. The
estimated rate of groundwater inflow is therefore totally
insensitive to this parameter, although by including pumping at strategic locations along the river it would be possible
to obtain a better match between predicted and observed
river flows.

7. Discussion
[37] The importance of radon fluxes from sediments has
been recognized when considering the radon mass balance
of lakes [Corbett et al., 1998], estuaries [Hammond et al.,
1977; Hussain et al., 1999] and the oceans [Martens et al.,
1980]. However, although a number of studies have used
222
Rn activities in streams to quantify rates of groundwater
inflow [Ellins et al., 1990; Lee and Hollyday, 1993; Cook et
al., 2003], the importance of the exchange of water between
rivers and their hyporheic zones on radon budgets has not
previously been considered.
[38] Upstream of 15 km, radon activities in Cockburn
River can be explained solely by exchange between river
water and water within the hyporheic zone. Downstream, the
groundwater inflow rate is mostly between 1 and 2 m3/d/m,
although there appear to be short reaches with negligible
inflow. The latter may reflect proximity to irrigation bores
which create drawdown cones and intercept flow that would
otherwise discharge to the river. The point at which groundwater inflow commences approximately corresponds with
where the river leaves the upland hills and flows onto the
alluvial floodplain. (The geological map shows that the Peel
Alluvial commences at this point.) It may correspond to a
change in slope of the river channel, although this has not
been measured. Downstream of this point, the river
becomes more deeply incised into the floodplain, and a
significant increase in mean river depth was measured.
Downstream of 15 km, neglecting hyporheic exchange
results in overestimation of groundwater inflow to the
Cockburn River by approximately 30%. Over the entire
32.8 km, groundwater inflow is overestimated by almost
70%.
[39] Cook et al. [2003] conducted a detailed sensitivity
analysis for groundwater inflows estimated from radon
activities in the Daly River, Northern Australia, although
they did not consider hyporheic exchange as a source of
radon. They found that modeled 222Rn activities were most
sensitive to stream width, groundwater inflow rate, activity
of groundwater inflow and gas transfer velocity. However
inclusion of SF6 allows kw to be independently constrained, so that in the absence of hyporheic exchange,
modeled radon activities in the river are only sensitive to
groundwater inflow rate and radon activity of groundwater
inflow.
[40] Accurate estimation of the radon activity in groundwater inflow can be difficult. Within the Cockburn River
catchment, the radon activity in groundwater varies by more
than a factor of 100, and shows significant spatial variations. Furthermore, because of its short half-life, the radon
activity in groundwater inflow will reflect the geology
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within the immediate vicinity of the river – probably a
distance of no more than a few tens of meters. The use of
radon activities in regional groundwater may thus not be
appropriate if the 226Ra content or porosity of the floodplain
and alluvial sediments is significantly different from that of
the regional aquifer. It may therefore be necessary to
determine the radon activity of groundwater inflow using
piezometers immediately adjacent to the river, or by direct
collection of samples of inflowing groundwater using seepage meters. In this paper, it has been shown that estimation
of the magnitude of hyporheic exchange will also introduce
significant uncertainty.
[41] One way to distinguish hyporheic exchange from
groundwater inflow is to use additional tracers. In some
cases, for example, ion chemistry can also be used to
quantify groundwater inflow [Genereux et al., 1993; Cook
et al., 2003], although there will often be less contrast
between river and groundwater concentrations for many of
the ions, and so only very large groundwater inflows can
be accurately resolved. In the present study, the mean value
of EC in the groundwater was approximately 3 times
greater than that in the river, whereas the mean radon
activity in groundwater was between 20 and 60 times
greater than in the river. If ion concentrations in groundwater are constant, then the contrast between the river and
groundwater concentrations will usually decrease with
distance downstream.
[42] In the Cockburn River, the magnitude of hyporheic
exchange was estimated from breakthrough of injected SF6
in minipiezometers installed beneath the streambed. The
experiment was able to provide some constraints on the
hyporheic zone residence time, but not on the hyporheic
zone thickness. However, the inability of the experiment to
resolve the hyporheic zone thickness was only due to the
shallowness of the piezometers, and this could be easily
remedied. It may also be possible to constrain the magnitude
of hyporheic exchange from interpretation of breakthrough
curves of conservative tracers injected into the river [Harvey
and Wagner, 2000]. These experiments were also performed
in the Cockburn River, and tend to confirm a hyporheic
zone thickness of approximately 1 m (S. Lamontagne and
P.G. Cook, manuscript in preparation, 2006).
[43] Because of its apparent significance, further work is
needed to determine the importance of the hyporheic zone
as a source of radon. This could take place on a shorter
study reach and on a stream with relatively low discharge.
Such a study reach would allow for the estimation of
groundwater inflow from the progressive downstream
dilution of a conservative tracer injected at a constant rate.
There is also a need for further information on the size of
hyporheic zones and the rate of hyporheic exchange in
different types of rivers. Modeling of breakthrough curves
from short-term injected tracers is the most commonly
used method for characterizing the magnitude of storage
zones [Harvey and Wagner, 2000], but this method does
not distinguish between hyporheic zone storage and storage in slack water pools within the river channel. For
radon, this distinction is critical. It may be possible to
distinguish between these two storage zones by modeling
transient behavior of an injected gas tracer (such as SF6).
Because surface storage zones will be subject to gas
exchange while hyporheic zone storage will not, compar-
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ison of gaseous and ionic injected tracers may permit this
differentiation.
[44] Given some of the uncertainties in the environmental
tracer approach, it is worth considering the merit of the
approach, relative to other methods. As discussed above,
groundwater inflow can potentially be quantified quite
accurately from progressive dilution downstream of artificial tracers, if these are otherwise conservative and injected
at a constant rate. However, the method is only practical on
relatively small streams, and there may be environmental
concerns associated with the injection of large volumes of
artificial tracers. Groundwater inflow can also be estimated
relatively simply from the difference between flow gaugings
made at upstream and downstream locations. However, this
method is likely to underestimate groundwater inflows
whenever significant pumping losses occur and are not
accounted for. It will also produce an estimate of net
groundwater inflow (rather than total groundwater inflow)
when reaches of groundwater inflow and outflow occur
between gauging locations. In the Cockburn River, the
difference between upstream and downstream flow gaugings was 0.447 m3/s. After correcting for tributary inflow
(0.429 m3/s) and evaporation (0.03 m3/s), the groundwater
inflow is thus estimated to be approximately 0.048 m3/s,
compared to 0.214 m3/s (18500 m3/d) from environmental
tracers. The difference between these numbers would comprise water losses (pumping and groundwater outflow) as
well as uncertainties in the two methods. Water loss due to
pumping is estimated at approximately 0.06 m3/s, although
this number is highly uncertain. Errors in flow gaugings are
unlikely to be more than 0.05 m3/s (10% of the gauged
flows). Although further work is needed to resolve this
discrepancy, it is most likely due to (1) groundwater losses
significantly in excess of 0.06 m3/s or (2) overestimation of
inflow using the radon method. The latter may have arisen
due to underestimation of radon activities in groundwater or
incomplete characterization of the hyporheic zone (particularly its depth) and consequent underestimation of the
magnitude of hyporheic exchange.

8. Conclusions
[45] Estimates of groundwater inflow to streams can be
obtained from spatial variations in stream radon activities.
However, exchange of water between the river and the
hyporheic zone can contribute significant quantities of
radon, which will lead to overestimation of the inflow
rate if this is not considered. Estimated rates of groundwater inflow will also be sensitive to the radon activity of
groundwater inflow, which may be difficult to accurately
determine. However, because the radon method is sensitive to the total groundwater inflow to a river and
hydraulic methods estimate net inflow, the environmental
tracer approach is likely to be most useful whenever
pumping abstractions are significant and difficult to
quantify or when physical flow gauging along the length
of a river is impractical. Nevertheless, further work is
needed to assess to role of hyporheic exchange on radon
budgets.
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