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[1] We present a new technique for identifying and quantifying the discharge of long
residence time, regional groundwater to rivers using naturally occurring tracers measured
within the river. Terrigenic 4He and 222Rn, synoptically sampled along a 100 km reach in
the Fitzroy River in northern Western Australia, are used to identify areas of groundwater
inflow to the river and to distinguish shallow, local and deep, regional groundwater. Models
of tracer transport in the river can be numerically optimized to calculate total groundwater
discharge and to separate regional and local discharge fractions. Discharge of regional
groundwater composes close to 15% of the total groundwater discharge along the entire
reach, varying spatially along the reach from 0% to 100% of total groundwater discharge.
This method should be applicable in river systems where groundwater with elevated
terrigenic helium could be discharging to the river. The ability to separate locally from
regionally derived groundwater discharge has significant implications for calculating
catchment water budgets, for predicting catchment response to changes in precipitation, and
for sustainable management of the catchment.

Citation: Gardner, W. P., G. A. Harrington, D. K. Solomon, and P. G. Cook (2011), Using terrigenic 4He to identify and quantify

regional groundwater discharge to streams, Water Resour. Res., 47, W06523, doi:10.1029/2010WR010276.

1. Introduction
[2] Understanding source areas and flow path distribution

of groundwater discharging to river systems is of critical
importance in the efficient management of water resources
within a catchment. The residence time of groundwater con-
tributing to base flow is a fundamental part of the residence
time distribution of water within a catchment, a key param-
eter in describing catchment storage volume, flow path-
ways, and catchment response to inputs and withdrawals.
Current age tracer techniques for dating and quantifying
groundwater discharge to streams from measurements made
in the stream have limited age ranges and are incapable of
distinguishing groundwater residence times greater than
�60 years. There is no method currently available to
directly identify areas of regional groundwater discharge
and to measure the contribution to base flow from long
groundwater flow paths from measurements made in the
river. The contribution of old groundwater discharge to
streamflow has significant implications on geographic sour-
ces of water, flow path distribution, mean residence time,
and basin storage volumes. Tools for identifying and calcu-
lating old groundwater discharge to streams are clearly
needed [McDonnell et al., 2010].

[3] Current techniques to identify and quantify ground-
water discharge to the stream from measurements made
within the stream include streambed temperature [e.g.,
Conant, 2004; White et al., 1987], major ion chemistry
[e.g., Barthold et al., 2010; Cook et al., 2003; Tetzlaff and
Soulsby, 2008], dissolved chlorofluorocarbons (CFCs) and
sulfur hexafluoride (SF6) [Cook et al., 2003, 2006], 3H/3He
[Stolp et al., 2010], stable isotopes of water [McGuire and
McDonnell, 2006], hydrograph analysis [e.g., Boussinesq,
1877; Gardner et al., 2010; Hall, 1968], hydraulics, and
seepage meters [Lee, 1977]. Streambed temperature can be
used to identify areas of groundwater discharge to streams;
however, it contains no groundwater age information.
Major ion chemistry can be used to identify areas of
groundwater discharge and can provide information on
fluid source areas in geologically heterogeneous catch-
ments but cannot be used to determine groundwater age.
Tritium, 3H/3He, SF6, and CFCs can be used to identify
areas of groundwater discharge and contain age informa-
tion for groundwater up to 60 years in age but cannot dis-
tinguish residence times greater than 60 years. Stable
isotopic methods used to estimate catchment residence
times do not typically contain information over 4–5 years
[McGuire and McDonnell, 2006]. Hydrograph analysis can
be used to quantify base flow fractions [e.g., Boussinesq,
1877; Brutsaert and Neiber, 1977; Gardner et al., 2010;
Manga, 1996] but does not contain inherent information on
groundwater age. Hydraulics can be used in some cases to
estimate groundwater discharge and perhaps flow paths,
but these estimates require detailed knowledge of the per-
meability and head distribution within the catchment [Lee,
1977]. Finally, seepage meters can be used with some suc-
cess to quantify discharge to stream [Lee, 1977], but they
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give only point measurements, which are difficult to scale
to reaches longer than a few hundred meters.

[4] Studies that employ a lone method are severely lim-
ited in their ability to distinguish groundwater of different
ages and often only calculate groundwater discharge from a
single end-member [e.g., Cook et al., 2003]. If residence
time distribution for the entire catchment is desired, the dis-
tribution of groundwater ages must be known. Additional
information can be gathered by combinations of current
techniques; thus, a suite a methods is needed [McDonnell
et al., 2010]. For example, Cook et al. [2006] use injected
SF6 and naturally occurring 222Rn to separate hyporheic
flow from groundwater discharge, and Gardner et al.
[2010] combine CFCs and hydrograph analysis to calculate
the mean age of the groundwater system and total ground-
water discharge fractions. However, additional tools are
needed to assess the contribution of old groundwater to
catchment discharge, extending the range of the catchment
residence time distribution measured.

[5] In this paper, we present a new technique to identify
and quantify groundwater discharge of water over 1000
years in age in a large catchment. We combine measure-
ments of dissolved 4He and 222Rn to identify areas of re-
gional groundwater discharge, to separate regional and local
groundwater, and to calculate amounts of regional ground-
water discharge in the Fitzroy River in northern Western
Australia. We show that regional groundwater with age
greater than 1000 years is clearly discharging in the Fitzroy
River. Using a 1-D advective model, with gas exchange,
decay, and groundwater inflow to simulate 4He and 222Rn
concentrations in the river, we show that regional discharge
flux can be separated from groundwater with local sources
and that the regional discharge can be calculated. Regional
discharge composes a small, but significant, amount of dis-
charge in the Fitzroy River catchment, which has implica-
tions for resource management in the catchment and
catchment response to drought and development.

2. Study Area
[6] The Fitzroy River catchment is located in the Kim-

berley region of northwest Western Australia and occupies
an area of almost 94,000 km2 in the subtropics between lat-
itudes 16�S and 18�S (Figure 1). The northeastern half of
the catchment is characterized by uplifted and exposed ig-
neous and metamorphic rocks of the rugged Kimberly Pla-
teau. The lower southern and western parts of the
catchment overlie the pericratonic Canning Basin and ex-
hibit limited topographic relief. The Fitzroy River flows a
total distance of 733 km from its headwaters in the elevated
ranges (altitude >450 m) to its mouth at the King Sound.
The lower reaches are tidally influenced, with a typical di-
urnal range of 8–10 m at Derby near the mouth.

2.1. Climate
[7] The region is arid to semiarid, with a mean annual

rainfall of about 560 mm and mean annual potential evapo-
transpiration of about 1980 mm. There is a strong north-
south rainfall gradient across the catchment, with values
around 960 mm yr�1 in the north, decreasing southward
about 1.8 mm km�1 to 380 mm yr�1 in the south. On aver-
age, more than 90% of the rainfall occurs during the wet

season between November and April. Interannual rainfall
variability is high: the 10th percentile of annual rainfall is
963 mm yr�1, and the 90th percentile is 363 mm yr�1.

2.2. Hydrology
[8] During the wet season, tropical cyclones are respon-

sible for the majority of rainfall activity and hence runoff
generation. Most of the runoff is derived from the elevated
northeast of the catchment, promoting large floods with
typically 5–10 m stage rise in lower parts of the catchment
(Figure 2). Between four and six large flood events are nor-
mally observed every wet season, followed by a prolonged
period of recession that lasts well into, if not throughout,
the following dry season (Figure 2). As annual rainfall is
extremely variable, so too is the interannual variability in
river discharge; annual flow at Fitzroy Crossing ranges
from 348 GL yr�1 in 1992 to 24,260 GL yr�1 in 2000, with
a mean flow of 7416 GL yr�1 (n ¼ 32). During major
floods (e.g., 1983, 1986, and 2002) the river swells over the
bank and across the floodplain and has been known to reach
a width of 15 km during peak flows.

2.3. Hydrogeology
[9] The Fitzroy River flows over the outcropping Can-

ning Basin sequence in the study area (Figure 3). The Can-
ning Basin contains a thick sequence (>15 km) of Early
Ordovician to Early Cretaceous sediments, covering an
area of about 430,000 km2 onshore and extending a further
76,000 km2 offshore. These sediments have undergone at
least six major phases of tectonic activity since deposition,
alternating between periods of extension and associated
rifting, sag, and compression. The youngest of the Canning
Basin sediments have received considerable attention, par-
ticularly over the last 10–20 years, for mineral exploration,
coal mining, and water resources development. The main
regional aquifers are Permian and Jurassic sandstones,
including the Poole Sandstone, Grant Group, and Liveringa
Formation. The extensive but heterogeneous alluvial aqui-
fer associated with the Fitzroy River floodplain (32,000
km2) is also considered a viable groundwater resource for
local-scale agriculture and domestic purposes.

3. Theory
[10] Groundwater entering a stream comes from a large

distribution of flow paths and residence times [Cornaton
and Perrochet, 2006a, 2006b]. For the purpose of this study,
we separate groundwater discharge into two components:
(1) local flow and (2) regional flow. The local flow compo-
nent contains water sourced close to the river and includes
bank storage, short incursions into adjacent alluvial deposits
such as gravel and sand bars, and flow paths originating on
the floodplain. This component is composed of short flow
paths with correspondingly short residence times. Since
much of the local flow component is composed of stream
water that has entered the subsurface at some point
upstream, it does not necessarily represent a net gain in dis-
charge to the local river system. Regional groundwater is
recharged by precipitation at large distances from the river,
perhaps even outside the surface water catchment [McDon-
nell et al., 2010]. These long flow paths can have long travel
times and may be recharged under different climatic condi-
tions. Since this water originates at large distances from the
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river systems, it represents a net gain in discharge for the
local alluvial groundwater-river system.

3.1. Radon-222
[11] Radon-222 is a naturally occurring, inert, radioac-

tive noble gas with a half-life of 3.83 days [Cecil and
Green, 2000] and is commonly used to detect and calculate
groundwater discharge to streams [Cook et al., 2003, 2006;
Ellins et al., 1990]. Radon-222 is a by-product of the ura-
nium decay series and is the direct decay product of 226Ra
(half-life of 1.6 � 103 years) incorporated in aquifer mate-
rials [Asikainen, 1981]. When 222Rn is not lost to the

atmosphere, its concentration will increase until the rate of
production equals the rate of decay and ‘‘secular equilib-
rium’’ is reached. Radon concentrations build up rapidly in
subsurface waters, achieving 90% of equilibrium within 2
weeks [Ellins et al., 1990]. There is no source of 222Rn in
the atmosphere, and concentrations in waters in equilibrium
with the atmosphere are essentially zero. Thus, 222Rn is a
very sensitive method for identifying water that has spent
even a short amount of time in the subsurface. However,
because of the rapid achievement of secular equilibrium,
222Rn is incapable of distinguishing differences in resi-
dence times much greater than 2 weeks.

Figure 1. Map of the Fitzroy River and study region in northern Western Australia. The approximate
boundary of the Kimberly Plateau is shown with a dashed line.

Figure 2. Mean hydrograph for the Fitzroy River at Fitzroy Crossing (period of data is 1983–2010)
and mean daily discharge for 2010 at Fitzroy Crossing. The vertical line represents the time of sampling.
Data from February–April 2010 are not available.
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3.2. Helium-4
[12] Helium-4 is an inert, rare, stable noble gas. The 4He

concentration in groundwater is given by

4Heaq ¼ 4Heatmþ4Heexþ4Heterr; ð1Þ

where 4Heatm is the concentration of helium from equilib-
rium with the atmosphere at the temperature, pressure, and
salinity of recharge, 4Heex is the helium added because of
excess air entrainment at recharge, and 4Heterr is helium
added from radioactive decay in aquifer materials (4Herad),
mantle-derived helium, and diffusive fluxes of crustal he-
lium from sources external to the groundwater reservoir.
Radiogenic 4He (4Herad) is produced in aquifer materials as
a result of � decay in the 238U, 235U, and 232Th decay
chains and continually increases in groundwater along the
flow path if no phase separation occurs. The rate of produc-
tion per unit volume of aquifer solids is a function of the
concentrations of U and Th in the aquifer solids and is
given by [Solomon, 2000]

G ¼ �Nlf8½238U�ð�238=M238Þ þ 7½235U�ð�235=M235Þ

þ 6½232Th�ð�232=M232Þg;
ð2Þ

where G is the 4He production rate (atoms m�3
sol s�1), Nl is

Avogadro’s number, �238, �235, and �232 are the decay
constants of 238U, 235U, and 232Th (s�1), respectively,
[235U], [238U], and [232Th] are mass fraction in rock (gi

gsol
�1), and M238, M235, and M232 are the molecular

weights. The accumulation rate of 4Heterr is dependent on

the nature of transfer from the aquifer solids to the water
and the magnitude of external fluxes and can be written as

G0 ¼ �GCl
1
�
� 1

� �
; ð3Þ

where � is a coefficient that relates the accumulation rate
of 4He in the water (G0, �cm3 STP m�3

aqu yr�1) to that being
produced by radio active decay in the mineral phase, Cl is a
conversion factor (�cm3 STP atom�1), and � is aquifer
porosity.

[13] To simplify the discussion, � is generalized to
include transfer efficiency of 4Herad produced within the
grain, diffusive loss of previously accumulated 4Herad, and
fluxes of helium from external to the aquifer. Observed val-
ues of � range from 0 to 100 [Sheldon et al., 2003; Solo-
mon et al., 1996; Torgersen and Clarke, 1985] and are
dependent upon aquifer material, time, and geologic set-
ting. Correct quantification of the accumulation rate is nec-
essary to quantitatively date groundwater with 4He, making
� the fundamental parameter needed. Using average upper
crustal values for U and Th and � of 1, implying production
in aquifer solids is equal to accumulation rate in ground-
water, G0 is �4 �cm3 STP m�3

aqu yr�1. To produce 10 times
the amount of 4He from atmospheric equilibration, the
accumulation time needed is �7 � 104 years. Changing �
to 100 increases the accumulation rate to the maximum rate
reported by Solomon et al. [1996], which is close to the
long-term accumulation rate measured in the Great Arte-
sian Basin [Torgersen and Clarke, 1985]; the accumulation
time needed is 700 years. While quantitative dating of

Figure 3. Inset map of the sampling area, including sample locations, local basement geology, and
mapped faults. The source of the geology data is Geological Survey of Western Australia 1:100,000,
1:250,000, 1:1,000,000 maps, compiled in 2008. Sample locations have a symbol size scaled by the he-
lium fractionation factor and are color coded by the radon concentration in Bq L�1. At the time of sam-
pling only the main branch of the river system was flowing.
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groundwater with 4He is difficult, given the slow produc-
tion rate of 4He in most settings, elevated 4He is the result
of long residence times, generally on the order of 103�108

years. Locally derived groundwater (bank storage, hypo-
rheic exchange, etc.) will not contain significantly elevated
4Heterr, and the presence of elevated 4He in river water can
then be used to distinguish regional groundwater discharge.

4. Methods
[14] During May of 2010, a synoptic run of river sam-

pling was conducted along a 100 km reach of the Fitzroy
River. During this same time period, groundwater was
sampled from 14 existing bores within �10 km of the river
finished in both Canning Basin and alluvial formations.
River sampling was planned during this time to catch low-
flow conditions just after wet season flooding (Figure 2),
which represents a time of maximum groundwater dis-
charge, including contributions from bank storage and
floodplain recharge as well as regional flow paths.

4.1. Synoptic Sampling of 4He and 222Rn
[15] Because the river is characterized by shallow sand

banks and rock bars and is prime habitat for freshwater and
saltwater crocodiles, sampling by boat was not feasible.
Instead, aerial sampling via helicopter was undertaken over
2 days [Doble et al., 2010]. On day 1 we flew upriver,
deploying helium diffusion cells [Gardner and Solomon,
2009] and pumping water samples via a small submersible
pump directly into the hovering helicopter for 222Rn sam-
pling by the Polyethylene Terephthalate Bottle (PET)
method [Leaney and Herczeg, 2006]. Diffusion cells were
suspended approximately 1 m below a polystyrene buoy,
with a small lead grapnel anchor attached farther below to
prevent buoy drift caused by river current and helicopter
rotor wash (Figure 4). Sampling positions were predeter-
mined at approximately 5 km spacing and were entered as
GPS waypoints for the flight (Figure 3). On the second day
we flew downstream, recovering the helium diffusion cells
by swinging a grapnel anchor from the hovering helicopter
and retrieving the buoys. All diffusion cells were allowed
to equilibrate with dissolved gas concentrations in the river
for at least 18 hr, which was considered ample [Gardner
and Solomon, 2009]. Because of the short half-life (3.83
days), 222Rn samples were sent for analysis within 2 days.

4.2. Analytical Methods
[16] The 222Rn was measured at the CSIRO Environ-

mental Isotope Laboratory in Adelaide, Australia, using
low-level liquid scintillation counting with �=� separation
[Leaney and Herczeg, 2006]. Dissolved 4He, 20Ne, 40Ar,
and N2 were measured at the CSIRO Environmental Iso-
tope Laboratory with a Stanford Research Systems RGA
220 quadrupole mass spectrometer with cryogenic separa-
tion [Poole et al., 1997]. The 1� measurement errors (in
percent) are reported in Table 1.

4.3. Modeling
[17] We use a 1-D model for advective transport of a

tracer in the stream with groundwater inflow, atmospheric
exchange, hyporheic exchange, and decay within the river
and hyporheic zone. For a detailed derivation of the model,
discussion of assumptions, and sensitivity, see Cook et al.

[2006]. The equation describing the change in concentra-
tion along the river flow path under the above conditions is
given by [Cook et al., 2006]

Q
@c
@x
¼ Iðci � cÞ þ wEc� kwc� dw�cþ 	hw�

1þ �th
� �hw�

1þ �th
c;

ð4Þ

@Q
@x
¼ IðxÞ � LðxÞ � EðxÞ; ð5Þ

where c is the concentration of tracer in river water, ci is
the concentration of tracer in groundwater, w is the river
width, d is the average depth (cross-sectional area/width), k
is the gas exchange velocity (m d�1), � is decay coefficient
of the tracer (day�1), 	 is the hyporheic production rate
(Bq L�1 d�1), h is the mean hyporheic depth, th is the mean
residence time of water in the hyporheic zone (days), � is
the hyporheic zone porosity, Q is the river discharge (m3

d�1), Q0 is the initial river discharge at the top of the reach,
E is the evaporation rate (m d�1), and L is river water
extraction rate (m3 m�1 d�1). In this study, I, the ground-
water inflow rate (m3 m�1 d�1), is divided into local and re-
gional components, giving

I ¼ Ir þ I l; ð6Þ

where Ir is conceptualized as old groundwater originating
from long flow paths with long residence times and Il is
groundwater originating from local sources and includes
bank storage and floodplain recharge. If tracer concentra-
tions are different for local and regional discharge frac-
tions, the first term on the right-hand side of equation (4)

Figure 4. Schematic of sampling apparatus used. Helium
diffusion cell details are given by Gardner and Solomon
[2009].
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becomes Ir(cr – c) þ Il(cl – c). Equations (4)–(6) are solved
numerically using an explicit finite difference method to
give C(x), the concentration profile along the reach.
4.3.1. Model Parameterization

[18] The extremely remote nature of the Fitzroy River,
the limited navigability by boat, and the presence of Croco-
dylus porosus (estuarine crocodiles) make the in-stream
work necessary for a detailed parameterization of the river
transport model difficult. The uncertainty in model parame-
ters will affect the accuracy of the estimated groundwater
inflow. A more detailed analysis of the sensitivity of the
model to its parameters is given by Cook et al. [2006], and
an error analysis for the groundwater discharge and fractions
calculated in this study is given later in the discussion.

[19] A summary of parameters used in this study can be
found in Table 2. During the sampling period only the main
branch of the Fitzroy River was flowing, and there were no
confluences with flowing streams within the reach and no
significant pumping of river water. Thus, river flow was
affected only by groundwater inflow and evaporation.
River width and depth were estimated during aerial sam-
pling and did not vary considerably throughout the reach.

Given the uncertainty in estimation of river geometry and
its general similarity along the reach, a constant river depth
of 1 m with a width of 20 m was assigned. An exchange ve-
locity of 1 m d�1 for 222Rn, the value calculated for the
Daly River [Cook et al., 2003], another tropical river in
northern Australia, was assigned. The exchange velocity
for 4He was estimated as 2.5 m d�1 using

ka

kb
¼ Da

Db

� �n

; ð7Þ

where n was set to 0.5 for a rough water surface after Cook
et al. [2003] and Stolp et al. [2010], with diffusion coeffi-
cients from Cook and Herczeg [2000]. A constant hypo-
rheic depth of 1 m and a mean residence of 0.25 day was
assumed after Cook et al. [2006]. A constant hyporheic
production rate of 0.2 Bq L�1 d�1 was assigned, which pro-
duced the minimum radon concentration observed along
the reach with zero groundwater input. Q0 was assigned as
2.5 m3 s�1, the discharge at the Noonkanbah gauge at the
time of sampling. L was set to zero along the length of the
river, and an evaporation rate of 5 mm d�1 was assigned.
4.3.2. Optimization

[20] The objective is to use equations (4)–(6) to estimate
groundwater inflow to the river along the study reach.
Thus, our modeled data C(x) is a function of the ground-
water inflow at each step. To calculate groundwater dis-
charge, we assume a step function form for groundwater
input along the reach and solve for step values of ground-
water influx that provide the best fit to the observed data.
Formally, the step function is written as

IðxÞ ¼
Xn

i¼1

Ii
AiðxÞ; ð8Þ

where Ii is the groundwater discharge for a step (total,
local, or regional) over the interval Ai and n is total number

Table 1. Gas Mixing Ratios, Fractionation Factors F(4He) and F(20Ne), Dissolved Radon Concentration (222Rnaq), and Distance Down-
stream for Fitzroy River Synoptic Samples

Sample
X(4He)

(moli moltot
�1)

X(20Ne)
(moli moltot

�1)
X(N2)

(moli moltot
�1)

X40Ar
(moli moltot

�1) F(4He) F(20Ne)

222Rnaq

(Bq L�1)
Distance Downstream

(km)

11 5.64 � 10�06 1.68 � 10�05 0.78 9.31 � 10�03 1.08 1.02 0.21 97.16
12 5.58 � 10�06 1.71 � 10�05 0.82 9.52 � 10�03 1.04 1.02 0.21 92.05
13 5.56 � 10�06 1.72 � 10�05 0.81 9.62 � 10�03 1.03 1.01 0.18 86.94
14 5.38 � 10�06 1.69 � 10�05 0.78 9.31 � 10�03 1.03 1.03 0.09 81.82
15 5.31 � 10�06 1.62 � 10�05 0.76 9.17 � 10�03 1.03 1.00 0.15 76.71
16 5.53 � 10�06 1.69 � 10�05 0.79 9.37 � 10�03 1.05 1.02 0.15 71.59
17 5.59 � 10�06 1.69 � 10�05 0.78 9.41 � 10�03 1.06 1.02 0.19 66.48
18 5.24 � 10�06 1.65 � 10�05 0.75 9.29 � 10�03 1.00 1.01 0.13 61.37
19 6.52 � 10�06 1.67 � 10�05 0.77 9.34 � 10�03 1.24 1.01 0.14 56.25
20 6.2 � 10�06 1.68 � 10�05 0.77 9.37 � 10�03 1.18 1.01 0.12 51.14
21 5.55 � 10�06 1.67 � 10�05 0.78 9.30 � 10�03 1.06 1.02 0.13 46.03
22 5.41 � 10�06 1.67 � 10�05 0.77 9.33 � 10�03 1.03 1.01 0.14 40.91
23 5.37 � 10�06 1.68 � 10�05 0.77 9.29 � 10�03 1.03 1.02 0.16 35.80
24 5.67 � 10�06 1.70 � 10�05 0.78 9.34 � 10�03 1.08 1.03 0.38 30.68
25 5.86 � 10�06 1.69 � 10�05 0.78 9.37 � 10�03 1.11 1.02 0.35 25.57
26 5.48 � 10�06 1.64 � 10�05 0.78 9.21 � 10�03 1.06 1.01 0.43 20.46
27 5.26 � 10�06 1.65 � 10�05 0.78 9.29 � 10�03 1.01 1.00 0.25 15.34
28 5.52 � 10�06 1.70 � 10�05 0.79 9.39 � 10�03 1.05 1.02 0.18 10.23
29 5.48 � 10�06 1.69 � 10�05 0.78 9.44 � 10�03 1.03 1.02 0.17 5.11
30 5.47 � 10�06 1.71 � 10�05 0.77 9.36 � 10�03 1.04 1.03 0.14 0.00

Errora 1.11 2.06 1.74 0.59 8.9

aThe 1� analytical error (in percent) for dissolved noble gas concentrations.

Table 2. Model Parameters Used in This Studya

Parameter Description Value Units

E evaporation rate 5 m d�1

k gas exchange velocity 1 (Rn), 2.5 (He) m d�1

w river width 20 m
d average depth 1 m
h depth of hyporheic zone 1 m
� hyporheic porosity 0.4
�h hyporheic residence time 0.25 days
	 radon production rate in

hyporheic zone
0.2 Bq L�1 d�1

ci groundwater concentration 25, 150 Bq L�1, F(4He)
Q0 initial river flow rate 2.5 m3 d�1

C0 initial river concentration 0.14, 1.05 Bq L�1, F(4He)

aSee equation (4).
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of intervals or steps along the reach. Here 
Ai is the indica-
tor function of A, given by


AiðxÞ ¼
1 if x 2 Ai;

0 if x 62 Ai:

�
ð9Þ

[21] For this study, intervals (Ai) were given lengths of
twice the sampling interval (10 km) to avoid aliasing.
Inserting equation (8) into equations (4) and (5) and solving
for C(x) gives the modeled concentration profile for the
tracer of interest as a function of the groundwater input
along the reach, or

AðmÞ ¼ dm ¼ CðxÞ; ð10Þ

where m, the model parameters of interest, are given by Ii

in equation (8). Groundwater flow along the reach is esti-
mated by fitting model results (dm) to observed concentra-
tions (do), holding all parameters constant except the
groundwater influx values along the reach. We seek model
parameters (groundwater discharge values Ii) that minimize
the error-weighted misfit functional

fwðmÞ ¼ AðmÞ �Wdok k ¼ min; ð11Þ

where W is a diagonal matrix that contains the estimated
error for observed river concentrations. Equation (11) is
minimized using the generalized reduced gradient method
for constrained parameter optimization [Hwang et al., 1972].
4.3.3. Calculating Groundwater Discharge

[22] Equations (4)–(6) and observed 222Rn and 4He are
used to estimate I and separate regional (Ir) and local (Il)
groundwater discharge in the following manner. First,
given the long times needed to build significant amounts of
4Heterr in groundwater, we assume that only regional
groundwater discharge has elevated 4He. The amount of re-
gional groundwater discharge along the reach is calculated
by fitting modeled 4Heterr in the river to observed values by
optimizing the groundwater discharge along the reach
(equation (11)) subject to the constraints I r

i � 0, i ¼ 1 to n
and that the modeled 222Rn concentration is less than or
equal to the observed concentration along the reach. Sec-
ond, given the short residence times needed to achieve

secular equilibrium in 222Rn, we assume all groundwater
(local and regional) has equivalent 222Rn concentrations.
We calculate total groundwater discharge by fitting modeled
and observed 222Rn values with optimized groundwater dis-
charge values subject to the constraint that the total ground-
water discharge must be greater than or equal to the
regional discharge, Ii � I r

i , i ¼ 1 to n. Thus, we have calcu-
lated total groundwater discharge, and equation (6) can be
used to calculate groundwater discharge from local sources.

[23] This method assumes that (1) only regional ground-
water contains significant 4Heterr, (2) the regional system
has a single unique composition, and (3) all groundwater
contains the same 222Rn concentrations. The assumption of
groundwater end-member composition is the single largest
source of error in any tracer-based method for determining
groundwater discharge to a stream, and this method is no
exception. Groundwater discharge to a stream in reality
contains a large distribution of travel times and water types.
However, this method offers the advantage of at least divid-
ing the total groundwater discharge into local and regional
fractions, a step in the right direction toward being able to
describe the distribution of groundwater ages within the
catchment. In addition, since we are interpreting two trac-
ers, some constraints on the relative values of the tracer
concentrations can be inferred.

5. Gas Fractionation Patterns
[24] Measured gas mixing ratios for 4He, 20Ne, 40Ar, and

N2 along with calculated fractionation factors (F(i)) for the
equilibrium head space of Fitzroy River samples are sum-
marized in Table 1, where the fractionation factor (F(i)) is
defined as

FðiÞ ¼ ðxi=x40ArÞs
ðxi=x40ArÞatm

; ð12Þ

and is the ratio of the mole fraction of gas of interest (xi) to
that of 40Ar ðx40ArÞ measured in the sample (subscript s)
normalized by that in the atmosphere (subscript atm). The
fractionation patterns for 4He and 20Ne in the river (Figure 5)
are useful for data exploration. Measured F(20Ne) is within
measurement error of atmospheric composition for river

Figure 5. Fractionation patterns F(4He) versus F(20Ne), observed in (left) the Fitzroy River and (right)
adjacent groundwater bores. The fractionation pattern of atmosphere is plotted as a diamond for refer-
ence. Note the log scale on the y axis for the groundwater plot.
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samples, while F(4He) for many samples are significantly
increased above atmospheric values. These fractionation pat-
terns indicate that (1) there is no significant addition of radio-
genic 40Ar to the Fitzroy River and (2) any addition of
excess air in the river has caused no fractionation from
atmospheric composition. Consequently, elevated F(4He)
values >1 can be attributed to the addition of 4Heterr.

[25] Gas mixing ratios for equilibrium head space, frac-
tionation patterns, and 222Rn from sampled bores near the
Fitzroy River are summarized in Table 3. Table 4 gives
details of bores sampled as part of this study. Groundwater
samples show a large range in noble gas compositions and
indicate complicated dissolved gas chemistry in the area
(Table 3). A distinct regional end-member can be recog-
nized, marked by F(4He) values greater than 100 and
F(20Ne) values near 1.3. The majority of groundwater sam-
ples fall along a mixing line between atmospheric and re-
gional compositions. Two samples lie outside this trend
and show increased F(20Ne) with no observable increase in
F(4He). Diffusive partial reequilibration could explain these
compositions as helium would be preferentially lost to neon
and argon in this process [Stute et al., 1995]. The 20Ne/22Ne
ratios in these wells are about 9, which is significantly less
than atmospheric (9.8), showing isotopic fractionation con-
sistent with diffusive reequilibration [Peeters et al., 2002].

6. Estimation of 4Heterr

[26] Dissolved gas concentrations can be calculated from
gas mixing ratios measured with gas diffusion samplers
using the total dissolved gas pressure recorded in our gas
diffusion samplers [Gardner and Solomon, 2009]. Total
dissolved gas pressure and dissolved gas concentrations for
all river samples are given in Table 5. Dissolved gas con-
centrations of 20Ne, 40Ar, and N2 are controlled by atmos-
pheric equilibrium and excess air addition in the river
samples (Figure 5). Observed 20Ne, 40Ar, and N2 and can be

used to estimate the temperature and amount of excess air
added during gas equilibration. We fit dissolved concentra-
tions of 20Ne, 40Ar, and N2 with the closed equilibrium
model of Aeschbach-Hertig et al. [2000] to provide esti-
mates of excess air addition and fractionation to calculate
the amount of atmospheric helium in the river samples. Ter-
rigenic helium in the sample is then calculated from equa-
tion (1) (Table 5). We define a rough detection limit of
terrigenic helium with this method as 2% of the total helium
concentration as this is twice the analytical error for the
samples (Table 1), and 
2 values less than 1 indicate that
our model fits the dissolved gas concentrations to within an-
alytical error (Table 5). Given this detection limit, nine river
samples show observable terrigenic helium (Table 5).

7. Use of F(4He) to Estimate Groundwater
Discharge

[27] Because of the large range of 4He concentrations
and the low absolute magnitudes (Table 5), optimization of
groundwater inflow using dissolved 4He concentrations is
numerically unstable, and a linear scaling is needed. A
comparison of F(4He) and calculated 4Heterr (Figure 6)
shows that F(4He) is well correlated with terrigenic helium,
consistent with the analysis of F(20Ne) and F(4He) in river
samples, and indicates that F(4He) is a good proxy for terri-
genic helium. Optimization of groundwater influx using
F(4He) values is much more stable and provides more ro-
bust estimates of regional groundwater discharge. In addi-
tion, using F(4He) removes the uncertainty associated with
parameter estimation in determining 4Heterr from the
groundwater discharge calculation.

8. Observed F(4He) and 222Rn in the Fitzroy
River

[28] Figures 3 and 7 shows measured F(4He) and 222Rn
along the reach. Along the profile, two distinct peaks in

Table 3. Gas Mixing Ratios, Fractionation Factors F(4He) and F(20Ne), and Dissolved Radon Concentration (222Rnaq) for Groundwater
Samples

Sample X(4He) (moli moltot
�1) X(20Ne) (moli moltot

�1) X40Ar (moli moltot
�1) F(4He) F(20Ne) 20Ne/22Ne 222Rnaq (Bq L�1)

N1A 6.78 � 10�04 1.97 � 10�05 8.88 � 10�03 136.2 1.3 9.0 23.5
N1C 7.12 � 10�06 1.77 � 10�05 1.04 � 10�02 1.2 1.0 9.3 16.4
N2A 6.16 � 10�06 2.46 � 10�05 1.11 � 10�02 1.0 1.3 9.0 21.6
N2B 7.7 � 10�06 2.01 � 10�05 1.16 � 10�02 1.2 1.0 9.5 32.9
N2C 6.84 � 10�06 2.23 � 10�05 9.72 � 10�03 1.3 1.3 8.7 59.1
Number 5 1.71 � 10�03 2.12 � 10�05 9.44 � 10�03 322.1 1.3 9.1 2.7
Analytical error 1.1 2.1 0.6 4.1

Table 4. Groundwater Sample Bore Physical Parametersa

Bore Sample Date Easting Northing EC (�S cm�1) pH T (�C) Bottom Screen (m BGL) Scn. Len. (m) SWL (m BGL)

N1C 5 May 2010 717147 7952470 994 7.02 32.3 17 3 10.72
N1A 5 May 2010 717149 7952472 2880 7.53 32.1 29.2 3 9.43
N2A 6 May 2010 717155 7952585 974 7.1 32.2 17 3 11.5
N2B 6 May 2010 717152 7952586 1009 7.01 32.3 21 1.5 11.6
N2C 6 May 2010 717149 7952588 3210 7.17 32.7 27 3 11.42
1_96 6 May 2010 693117 7953296 888 7.45 51.4 450 - -
Big Moana 13 May 2010 747722.6 7937575 1667 7.98 35.5 - - -
Global groundwater

BG2/02-725
11 May 2010 583584.2 8020013 8750 6.79 33.7 - - -

Number 5 bore 9 May 2010 588481 8015287 3550 7.8 33.2 - - -

aScn. Len is Screen Length; BGL is Below ground level; and SWL is Standing water level.
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helium with F(4He) well above atmospheric values can be
observed: one beginning at 20 km and another beginning at
about 50 km. Both peaks have two or possibly three sam-
ples with concentrations of 4Heterr above the detection limit
(Figures 6 and 7) and indicate focused discharge of regional
groundwater in these areas. In addition, F(4He) values along
the rest of the reach are at or just above the 4Heterr detection
limits. One point, just at the end of the second helium peak
at 60 km, has an anomalous F(4He) value that is essentially
identical to atmosphere. This sample was taken in a shallow
and braided section of river, and complete submersion of
the 4He sampler in water deeper than 30 cm was not possi-
ble. This sample lies well below the range of other samples
in the area and is probably not a good representation of the
deeper river water; thus, it has been assigned a higher rela-
tive error during model optimization.

[29] Dissolved 222Rn is present above the detection limit
along the entire reach (Figure 7 and Table 1). The 222Rn
concentrations range from 0.1 to 0.4 Bq L�1. One large

peak in 222Rn beginning at about 20 km is present. The be-
ginning of a third peak in F(4He) and 222Rn is observable at
the end of reach.

[30] A qualitative comparison of the two tracers is illus-
trative. The first peak in 222Rn is accompanied by a peak in
F(4He) and gives the approximate signal we initially
expected. The second helium peak does not show a signifi-
cant peak in 222Rn, a surprising and counterintuitive result.
The different signals at each groundwater discharge area
highlight the information obtained by investigating both
tracers simultaneously. In the first case, a large volume of
groundwater with high 222Rn to F(4He) ratios is discharg-
ing. This could result either from discharge of a single
water with elevated but not extremely high F(4He) or from
a mixture of locally derived water and a small amount of
deep regional water with very high F(4He) values. The sec-
ond peak, which shows increased F(4He) with no associ-
ated increase in 222Rn, adds significant constraints to the
groundwater compositions at this point. In particular, the

Table 5. Dissolved Gas Concentrations and Calculated Excess Air Model Parameters

Sample

4He
(cm3 STP g�1)

20Ne
(cm3 STP g�1)

N2

(cm3 STP g)

40Ar
(cm3 STP g�1)

Trech

(�C)
Ae

(cm3 STP g�1)
TDG
(atm)

Residual

2

4Heterr

(cm3 STP g�1)

F11 4.64 � 10�08 1.64 � 10�07 0.011 2.96 � 10�04 22.5 0.09 0.97 0.01 2.23 � 10�09

F12 4.45 � 10�08 1.60 � 10�07 0.011 2.80 � 10�04 25.0 0.09 0.95 0.20 7.91 � 10�10

F13 4.45 � 10�08 1.61 � 10�07 0.011 2.83 � 10�04 24.8 0.09 0.95 0.02 4.76 � 10�10

F14 4.44 � 10�08 1.63 � 10�07 0.011 2.83 � 10�04 25.9 0.09 0.98 0.06 �1.68 � 10�10

F15 4.41 � 10�08 1.57 � 10�07 0.011 2.80 � 10�04 25.7 0.09 0.98 0.34 4.54 � 10�10

F16 4.52 � 10�08 1.61 � 10�07 0.011 2.82 � 10�04 25.4 0.09 0.97 0.00 1.07 � 10�09

F17 4.56 � 10�08 1.62 � 10�07 0.011 2.82 � 10�04 25.5 0.09 0.97 0.10 1.52 � 10�09

F18 4.36 � 10�08 1.61 � 10�07 0.011 2.84 � 10�04 25.0 0.09 0.99 0.49 �1.53 � 10�10

F19 5.36 � 10�08 1.61 � 10�07 0.011 2.83 � 10�04 25.3 0.09 0.98 0.29 9.77 � 10�09

F20 5.08 � 10�08 1.61 � 10�07 0.011 2.83 � 10�04 25.2 0.09 0.97 0.27 7.08 � 10�09

F21 4.52 � 10�08 1.59 � 10�07 0.011 2.78 � 10�04 25.8 0.09 0.96 0.06 1.52 � 10�09

F22 4.41 � 10�08 1.59 � 10�07 0.011 2.80 � 10�04 25.8 0.09 0.97 0.27 4.73 � 10�10

F23 4.48 � 10�08 1.64 � 10�07 0.011 2.85 � 10�04 25.7 0.09 0.99 0.19 1.23 � 10�10

F24 4.63 � 10�08 1.63 � 10�07 0.011 2.81 � 10�04 26.5 0.09 0.97 0.09 1.67 � 10�09

F25 5.02 � 10�08 1.69 � 10�07 0.011 2.95 � 10�04 25.0 0.09 1.01 0.17 4.14 � 10�09

F26 4.52 � 10�08 1.58 � 10�07 0.011 2.79 � 10�04 25.4 0.09 0.98 0.24 1.51 � 10�09

F27 4.70 � 10�08 1.73 � 10�07 0.012 3.06 � 10�04 23.1 0.09 1.06 0.00 3.17 � 10�10

F28 4.50 � 10�08 1.62 � 10�07 0.011 2.82 � 10�04 25.8 0.09 0.97 0.02 6.63 � 10�10

F29 4.41 � 10�08 1.60 � 10�07 0.011 2.80 � 10�04 25.5 0.09 0.96 0.06 4.53 � 10�10

F30 4.45 � 10�08 1.62 � 10�07 0.011 2.80 � 10�04 26.7 0.09 0.96 0.26 1.58 � 10�10

Figure 6. The 4Heterr derived from the closed equilibrium model versus F(4He) for Fitzroy River sam-
ples and the least squares regression line.
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ratio of F(4He) to 222Rn must be greater than about 10 in
order to have an observable increase in F(4He) without
affecting the 222Rn concentration. The only way to achieve
this signal is to have a relatively small volume of old
groundwater with very high F(4He) discharging to the river.

9. Modeling Results
[31] Local groundwater was assigned a 222Rn concentra-

tion of 23 Bq L�1, the average of the groundwater samples
(Table 3), and an F(4He) of 1, which is indicative of zero
terrigenic helium. Regional water was assigned a 222Rn
concentration of 23 Bq L�1 and an F(4He) of 150 (Tables 2
and 3). An F(4 He) of 150 was chosen as it is close to the
value measured in N1A, a shallow piezometer within
200 m of the river located within the first groundwater dis-
charge peak (Figure 1 and Table 3).

[32] Modeled and observed 222Rn, F(4He), and calcu-
lated discharge volumes of total and regional groundwater
water are shown in Figure 7. We are able to reproduce
observed trends in both 222Rn and F(4He) and separate the
regional component of discharge from the total. Total
groundwater discharge along the reach is 15 ML d�1. Cal-
culated regional groundwater is 3.0 ML d�1, which is about
15% of the total groundwater discharge. The fraction of
groundwater discharge composed of regional water varies
along the reach from 0% to 100% of the total discharge
(Figure 8). Over the entire reach, regional groundwater
composes a small, but significant, amount of total ground-
water discharge. Locally, regional water comprises larger
fractions of total groundwater discharge, e.g., between 40
and 60 km (Figure 8). This fraction is expected to be a min-
imum, as sampling was undertaken directly after the wet
season, when bank storage return flows would be at their

Figure 7. Observed and modeled F(4He) and 222Rn concentrations and optimum total and regional
(shaded black) groundwater discharge fluxes for the Fitzroy River.

Figure 8. Modeled regional discharge fractions along the Fitzroy River.
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highest. As the dry season continues, local flow will
become reduced, and regional groundwater will compose a
larger portion of the total.

10. Discussion
[33] Elevated helium is clearly present in the Fitzroy

River and is due to the addition of old groundwater with
elevated terrigenic helium. This technique is obviously
able to detect regional groundwater discharge and should
allow for the calculation of regional discharge volumes.
Our results indicate that 4Heterr provides a tool for the
direct identification and estimation of regional groundwater
discharge to the Fitzroy River. Once groundwater enriched
in helium discharges to the river, it immediately begins to
reequilibrate with the atmosphere, thus diminishing the sig-
nal with distance. Considering a pulse of helium-rich water,
the length scale of observable helium excess can be esti-
mated by comparing the river depth, gas exchange velocity,
and river flow velocity. For example, if the average river
depth is �1 m and the gas exchange velocity is 2.5 m d�1,
the approximate time to achieve gas exchange over the
entire depth (the reequilibration time) is 0.4 day. If the av-
erage river velocity is around 10 cm s�1, then the distance
traveled in that time is around 3.5 km. Changing river
depths and velocities, one can see that the reequilibration
length is variable, but using reasonable values for many
river systems, the length scale of helium signal persistence
is generally close to 5 km.

[34] The mechanism by which deep, old groundwater
enters the Fitzroy River is not fully understood; however,
both stratigraphic and structural controls are likely. Com-
paring locations where 4He concentrations increase in the
river with the basement geology (Figure 3) reveals a
change in geology from the sand facies-rich Liveringa For-
mation to the mudstone-dominated Noonkanbah Formation
for the first 4He peak in the profile. We infer that regional
groundwater flow in the Liveringa Formation onlaps the
less permeable Noonkanbah Formation, resulting in dis-
charge of old groundwater to the river. Farther downstream
the 4He peaks coincide with the presence of known faults,

suggesting that preferential discharge of groundwater from
the underlying Poole Sandstone aquifer may be important.
While both mechanisms are plausible, further research is
required to understand their importance.

[35] This is the first study to our knowledge that describes
elevated 4He in a river. A major question remaining is the
applicability of this technique to other basins. The steady
state concentration of a tracer in a river is a function of the
ratio of the total mass input and loss [Stolp et al., 2010]. In
the case of a stable, volatile tracer such as F(4He), the equi-
librium concentration will be a function of the ratio:

Fð4HeÞeq /
IFð4HeÞgw

kw
: ð13Þ

[36] Over a large range of parameters, the final modeled
concentration is well explained by this simple ratio (Figure
9). From equation (13), elevated helium will be above
detection limits when the ‘‘indicator ratio’’ (equation (13))
is greater than 0.05 for a sustained reach of the river. The
indicator ratio will be high when a small amount of ground-
water discharges to the river with high helium concentrations.
Additionally, elevated F(4He) can be observed when large
volumes of groundwater are discharging to the stream even
when groundwater is only moderately elevated in helium.

[37] This technique is obviously applicable in catch-
ments where groundwater has high 4Heterr concentrations.
Since U and Th are present in all crustal material and
4Heterr builds continually along the flow path, large catch-
ments where groundwater residence times are long are
obvious candidates for this technique. Under average
crustal production conditions, groundwater with residence
times of 7 � 104 will produce F(4He) of 10, and even rela-
tively small amounts of regional groundwater discharge
will provide a signal in these basins. In catchments with
elevated 4Heterr production rates, including volcanic catch-
ments with large external fluxes of helium and recently gla-
ciated catchments where communition of older rocks
provides a mechanism for large diffusive fluxes of 4Heterr
[Solomon et al., 1996], groundwater residence times on the
order of hundreds to thousands of years can provide enough

Figure 9. Final equilibrium modeled F(4He) for a large range of model parameters as a function of the
indicator ratio (equation (13)). When the indicator ratio is above 0.05, terrigenic helium may be observed
in a river.
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4Heterr to give an observable signal, even with small dis-
charges of groundwater.

[38] In addition, this technique will work in basins with
moderate 4Heterr concentrations where groundwater dis-
charge volumes are large. To produce a 4Heterr of double
atmospheric concentration (F(4He) ¼ 2), residence times
around 104 years are needed under average crustal condi-
tions. The groundwater discharge then needed to produce
an observable signal is I ¼ (kw(0.05)/2). The range of catch-
ments where this technique could be applicable appears to
be broad. The application of this technique to other basins
should be the active focus of future research.

[39] We have attempted to quantify the amount of re-
gional groundwater discharge and separate regional from
total groundwater discharge using a model of tracer transport
in a river. Parameterization of this model required several
assumptions, and an analysis of the error of our groundwater
discharge estimate is needed. We explore the error in param-
eterization by looking at the relative magnitude of the
change in calculated discharge along the reach for a given
change in model parameter, i.e., model sensitivity. We
define the total discharge for either regional or local flow as

Qı ¼
Z

l
I idx; ð14Þ

where i can be local, regional, or total groundwater dis-
charge calculated from equations (4)–(11). The relative
change is defined by

�Q
�m
¼ ½QðmiÞ � Qðmi þ �miÞ�=QðmiÞ

ðmi þ �miÞ=mi
; ð15Þ

where mi is the initial parameter value. Relative change
was calculated for a 50% change in model parameters. A
relative change value of 61 means that a 50% change in
model parameter i results in a 50% change in total calcu-
lated discharge. Calculated relative changes are given in
Table 6. Calculated discharge values are most sensitive to
ki, w, and ci (Table 6), which is consistent with the work of
Cook et al. [2003, 2006]. In principal, k and w can be con-
strained by artificial tracer injection [e.g., Cook et al.,
2003, 2006]; however, the in-stream work required to do
that here would require significant risk. Our estimates of k
and w are probably good to within 50% of the true values.

[40] The estimation of the groundwater composition is
subject to the highest degree of error. Measured ground-
water compositions vary considerably (Table 3), and in all
likelihood, they vary spatially and temporally along the
reach. This problem is inherent in every tracer-based
method for determining groundwater discharge. Direct
measurement of groundwater compositions along the reach
is the only way to reduce these errors. As it stands, our
modeling results may only provide first-order accuracy;
however, they provide the only quantification of regional
discharge available, a significant improvement over the
current understanding of groundwater–stream water inter-
actions in the Fitzroy catchment. In addition, increasing the
accuracy in parameterization will allow more accurate pre-
dictions. Future studies in more accessible basins should be
able to provide significantly better estimates.

11. Conclusion
[41] We provide the first observations of elevated 4Heterr

in a river and show that it can be used to identify and calcu-
late regional groundwater discharge to the river. The combi-
nation of radiogenic 4He and 222Rn allows for clear
identification of areas of regional groundwater discharge, the
separation of regional and local groundwater discharge
fractions, and the estimation of regional groundwater dis-
charge fluxes. Elevated helium concentrations observed in
the Fitzroy River are the result of the addition of regional
groundwater with elevated 4Heterr, which is indicative of
groundwater residence times greater than about 1000 years.
We use a 1-D advective model with gas exchange, decay,
and groundwater inflow and optimize for groundwater inflow
along the reach using the observed concentrations of 222Rn
and F(4He) to estimate the regional and total groundwater
discharge and separate regional and local discharge fractions.
Regional groundwater composes about 15% of total ground-
water discharge for the entire reach, with volume fractions
varying from 0% to 100% spatially along the reach.

[42] Clearly, regional groundwater discharge composes a
small but significant portion of total groundwater discharge
to the Fitzroy River. This technique should be applicable to
other large river systems where regional-scale groundwater
circulation could be discharging to the river. The presence
of regional discharge has significant implications for catch-
ment residence time distribution, flow path distribution,
and catchment storage. Regional discharge is particularly
important in maintaining surface flows during drought in
arid regions. Better understanding of the connection
between regional groundwater systems and surface water
within a catchment adds vital information for the manage-
ment of water resources and the prediction of catchment
response to drought and climate change.

[43] Acknowledgments. Luk Peeters, Sebastien LaMontagne, and
Fred Leaney provided invaluable review feedback. Louise Stelfox and
Luke Donovan of the Western Australia Department of Water provided
logistic and technical support for the sampling.
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