
1. Introduction
Determining the nature, magnitude and heterogeneity of exchange fluxes between surface waters (SW) and 
groundwaters (GW) is one of the contemporary challenges associated with management of water quan-
tity, quality and stream ecology (Brunner et al., 2017; Harvey et al., 2013; Kiel & Cardenas, 2014; Sopho-
cleous, 2002). For water quantity management in particular, their quantification is essential to obtain accu-
rate water balances. SW-GW exchange encompasses a large range of residence times and flow paths, each 
with distinct impacts on water quality and quantity. Hyporheic flows are rapid flows (residence time of 
hours to days) in and out of the streambed. Bank storage flows are intermediate flows (weeks to months) 
of river water stored in the banks at high stage and returned to the river at low stage. Long residence time 
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scale is rarely undertaken, mainly because estimates are method and scale-dependent and usually 
associated with large errors. In the present study, we compare SW-GW exchange fluxes calculated from 
a multitracer mass balance in the river, an application of Darcy's law using near-river piezometers 
and a surface-subsurface flow model calibrated at the catchment scale. SW-GW exchange fluxes are 
estimated for 7 km long reaches along the 140 km long Campaspe River, a tributary of the Murray River, 
Australia. Differences are found in the directions and magnitudes of the exchange fluxes estimated by the 
different methods. The application of Darcy's law in near-river piezometers seems the most appropriate 
method to infer SW-GW flow directions and temporal variability. The tracer mass balance is limited to 
gaining reaches but gives quantitative estimates of the fluxes. While numerical models should overcome 
deficiencies associated with some of the intrinsic assumptions of the two field-methods, the regional-scale 
calibration is subject to high uncertainties in the simulated heads near the river, resulting in uncertainty 
of SW-GW exchange fluxes. In particular, we show that loosely quantified river abstractions and irrigation 
patterns directly impact the simulated SW-GW fluxes. In gaining reaches, additional river chemistry data 
improved model calibration and SW-GW flux estimates. While numerical models are crucial for water 
management, their reliability to estimate SW-GW fluxes can be limited by their complexity and lacking 
data availability. Therefore, we recommend comparing numerical model results with easily implemented 
field-based methods.

Plain Language Summary Water circulation between surface water and groundwater in 
watersheds significantly impacts water management, water quality and water availability for aquatic 
ecosystems. At the regional scale, surface water-groundwater (SW-GW) interactions are the result of 
a number of interaction processes. Despite the growing demand for integrated water studies, the best 
approach for investigating SW-GW interactions at large scales remains unclear. We have compared 
directions and magnitudes of SW-GW flows estimated from commonly applied local field-studies 
and from the implementation of a regional numerical model, along a 140 km river reach in Victoria, 
Australia. The study highlights the advantages and limitations of each method and suggests the need for 
a precautionary approach in the use of regional numerical models for estimating SW-GW fluxes. Field-
based methods are easy to implement and should be used for checking fluxes obtained from numerical 
models.
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SW-GW flows (years) occur because of the regional hydraulic gradient, with either a net infiltration of sur-
face water to the aquifer or a net discharge of groundwater into the river.

A variety of techniques have been developed to estimate SW-GW exchange fluxes, each of them being 
based on different assumptions, having their own limitations and operating on different scales (Cook, 2015; 
Kalbus et al., 2006). Although combining multiple techniques is recommended, such studies are rare and 
usually limited to reach scales, that is from 10 m to 10 km (González-Pinzón et al., 2015). SW-GW interac-
tions are rarely examined at the regional scale (Lamontagne et al., 2014), even though this is the relevant 
scale for integrated water management as well as social, economic and ecological impact studies (Barthel & 
Banzhaf, 2016). Local scale methods are generally difficult to extrapolate to regional scales. Consequently, 
physically based numerical models of groundwater flow accounting for coupled SW-GW exchange flows 
have been promoted to investigate regional SW-GW interactions (Brunner et  al.,  2010; Brunner & Sim-
mons, 2012; D. Partington et al., 2011; Wöhling et al., 2018); see review of (Barthel & Banzhaf, 2016). In-
deed, integrated SW-GW flow models can integrate river and groundwater data, hydraulic and chemical 
data; jointly simulating all data-types could overcome uncertainties associated with each independent field 
method (Cook, 2015). While less uncertain SW-GW exchange flux estimates would be expected, most au-
thors agree that the relevance of regional scale integrated modeling is limited by the time and computation-
al efforts required and more importantly by data availability (Brunner et al., 2010; Fleckenstein et al., 2010; 
Semenova & Beven, 2015).

The present study is a first attempt to address the existing lack of comparative analyses adapted to regional 
scale SW-GW investigations (Barthel & Banzhaf, 2016). To do so, we estimated regional SW-GW exchange 
flows from two integrative and easily implemented field-based studies, an in-stream multitracer mass bal-
ance (222Rn, Electrical Conductivity [EC], Na/Ca and δ18O) and a Darcy flux calculation based on near-
stream piezometers, as well as from an integrated SW-GW regional model. This study aims to explore the 
applicability and relevance of the methods to (i) quantify fluxes and (ii) investigate the driving processes of 
their spatial and temporal variability. These questions are addressed through the assessment of a 140 km 
long reach of the Campaspe River, a tributary of the Murray River, Australia, that has been highly modified 
for irrigation development and faces water management challenges.

2. Theory
2.1. Steady State Mass Balance

2.1.1. Conservative Solute Mass Balance

The transport of a conservative solute in a stream can be expressed by the 1D advection-dispersion equation:
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where CS, Cin are the tracer concentrations (mg/L) in the river and in river inflows, respectively, D is the lon-
gitudinal dispersion coefficient (m2/s), which is assumed to be constant, Qs is the river flow (m3/s), A is the 
river cross-sectional area (m2), equal to the mean river depth times the river width, d is the mean depth (m), 
Iin is the inflow rate per stream length (m3/m/s) and E is the evaporation rate (m/s). Inflows may include 
precipitation, tributary inflows, groundwater flows, bank storage flows and hyporheic flows.

Under steady state conditions, negligible stream dispersion and negligible inputs of dissolved salts by hy-
porheic flows, the mass balance of river flows and of a conservative tracer are simplified as:
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where W is the river width (m); and IGW, OGW, ITR, L are the groundwater inflow rate, the stream loss rate 
to the groundwater, the tributaries inflow rate and the loss rate through direct pumping, respectively, all 
expressed per unit of stream length (m3/m/s). CS, CGW, CTR are the tracer concentrations (mg/L) in the riv-
er, the groundwater and the tributaries, respectively. All variables are a function of x. If the spatial values 
of stream flows and pumping are measured, Equation 2 allows estimation of the net groundwater inflow 
(IGW—OGW) and Equation 3 allows estimation of groundwater inflows.

Equations 2 and 3 assume steady state, neglect stream dispersion, and do not explicitly consider hyporheic 
fluxes or bank storage inputs. While steady state conditions are never likely to be fully realized, implemen-
tation of these equations usually requires that stable conditions occur for the period of sampling. During pe-
riods between rainfall events, periods of relatively stable river flows often occur and steady state conditions 
may be a reasonable assumption for periods of a few days. Also, because of the temporal and spatial scales 
associated with hyporheic exchange, hyporheic flows can generally be neglected when estimating water 
and conservative tracer mass balances over distances of tens to hundreds of meters or more. Over longer 
timescales (weeks to months), however, rainfall events may cause large changes in river flows and conse-
quent changes in groundwater chemistry adjacent to rivers through bank storage exchange. Bank storage 
exchanges are merged in the groundwater inflow term and the inflow concentration therefore reflects both 
regional groundwater and bank storage inflows.

Equation  3 can be implemented using a wide range of stable and radioactive geochemical tracers 
(Cook, 2013). Here, we used EC, Na/Ca, 222Rn and δ18O because they are sensitive tracers of net groundwa-
ter inputs due to distinct compositions in SW and GW and because they are impacted in different ways by 
biological, physical and chemical processes. Additional terms are required for 222Rn and 18O to include ad-
ditional processes which affect their concentrations, as described below. 222Rn is produced in the subsurface 
by the alpha-decay of 226Ra which belongs to the 228U-decay chain and is lost from surface water bodies by 
the combined effect of degassing to the atmosphere and radioactive decay (the half-life of 222Rn is 3.8 days). 
As a result, 222Rn concentrations in SW and GW generally differ by several orders of magnitude. Radon 
production in the hyporheic zone should not be neglected as it can provide 222Rn input in the stream at a 
similar rate to groundwater inflows (Cook et al., 2006). δ 18O and EC are sensitive to mixing and evaporation 
while Na/Ca is only sensitive to mixing. All these tracers have been previously used to estimate GW inputs 
in rivers (Cartwright et al., 2011; Cook et al., 2006).

2.1.2. Radon Mass Balance

Changes in 222Rn concentrations in the river with distance can be expressed by adding radioactive decay, gas 
exchange and hyporheic exchange terms to Equation 3:

    
                  
 GW GW TR TR Rn_HZ

s
s s s s s s

AQ I A A I A A A W E k W A d W A F W
x

 (4)

where As, AGW, and ATR are the 222Rn activities (Bq/m3) in the river, the groundwater and the tributaries, 
respectively, k is the gas transfer velocity across the water surface (m/s), λ is the radioactive decay constant 
(/s), d is the mean river depth (m) and FRn_HZ is the flux of radon in or out of the hyporheic zone per unit of 
stream section (Bq/s/m2).

The hyporheic flux term is complex and potentially the most difficult to estimate. Assuming the hyporheic 
zone to be one homogeneous layer, the flux of radon in and out of the hyporheic zone can be estimated from 
values of the mean thickness, the porosity, the 222Rn production rate and the mean residence time (Cook 
et al, 2003, 2006; Lamontagne & Cook, 2007). The 222Rn production rate is commonly estimated from activ-
ities measured in groundwater or from sediment incubation experiments, and the mean residence time is 
often derived from streambed radon profiles (Bourke et al., 2014). The net flux of 222Rn from the hyporheic 
zone can also be estimated from vertical concentration profiles in streambeds as the deficit of streambed 
water 222Rn relative to 222Rn concentrations at secular equilibrium (Cook et al., 2018; Martin et al., 2007), 
expressed by:
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where F is the flux of 222Rn from the hyporheic zone per unit of stream length (Bq/s/m2), θ is the averaged 
sediment porosity, Aeq is the equilibrium activity in the sediment (Bq/m3), A(z) is the 222Rn activity at depth 
z in the hyporheic zone (Bq/m3). This is not to imply that hyporheic exchange is a vertical 1D process, but 
rather that the radon deficit can be estimated from 1D profiles and that this deficit is largely due to hypor-
heic exchange. Although Equation 5 neglects the possible effect of SW-GW exchange on the vertical radon 
profiles, previous studies have shown that hyporheic exchange usually exceeds SW-GW exchange by an 
order-of-magnitude (Cranswick & Cook, 2015) and so this omission is unlikely to be significant.

2.1.3. Water Stable Isotope Mass Balance

Changes in the isotopic composition of the water molecule with distance can be expressed by
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s
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where δS, δGW, δTR, and δE, are the isotope ratios (‰) in the river, the groundwater, the tributaries and the 
evaporation flux, respectively.

The isotopic composition of the evaporative flux, δE, is difficult to measure directly but is commonly cal-
culated using the Craig-Gordon turbulent diffusion model (Craig & Gordon, 1965) modified by (Gibson & 
Edwards, 2002):
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where ɑ is the equilibrium liquid-vapor isotope fractionation, h is the relative humidity, δA is the isotopic 
composition of air ambient moisture, ε = ε* + εk is the total isotopic separation factor comprising equilibri-
um (ε*) and kinetic contributions (εk) in units of parts per mil.

2.2. Darcy Flux

Assessing the surface water—groundwater connectivity and distinguishing between gaining-connected, 
losing-connected and losing-disconnected conditions is crucial for SW-GW exchange flux quantification 
(Brunner & Cook, 2009; Brunner et al., 2011; Lamontagne et al., 2014).

For a homogeneous symmetric aquifer intersecting a river, assuming that the entire groundwater flow nor-
mal to the river is captured by or released from the river, the horizontal SW-GW flux is given by Darcy's law 
(Darcy, 1856):




 
GW SW ,2 B H
hq K e
x

 (8)

where q is the SW-GW flux per unit of stream length (m3/s/m), positive under stream gaining conditions 
and negative under stream losing conditions, KB,H is the average horizontal hydraulic conductivity (m/s), e 
(m) is the thickness of the aquifer, and ∂h/∂x is the hydraulic gradient between the stream and the aquifer 
estimated from the head difference in groundwater and the stream divided by the distance of the piezom-
eter to the river. The factor 2 accounts for the two sides of the river connected to the aquifer, following the 
assumption of a symmetric aquifer intersecting a river.

When a river is incised into a low K layer or where a low K clogging layer underlies the river, then flows 
from and to the river will be controlled by the hydraulic conductivity of this layer, and most of the head 
difference between the river and a piezometer screened in the aquifer underlying the low K layer will occur 
between the river and the aquifer immediately underneath the river. In this case, the vertical flow rate to 
the river is given by:
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GW SW ,B V
hq K W
z

 (9)

where q is the SW-GW flux per unit of stream length (m3/s/m), KB,V is the average vertical hydraulic conduc-
tivity (m/s), W (m) is the width of the river and ∂h/∂z is the vertical hydraulic gradient between the stream 
and the aquifer.

In Equation 8, the relevant distance used to calculate the hydraulic gradient between the stream and the 
aquifer is a trade-off: as the distance from the stream increases, the hydraulic gradient captures more of 
the spatial and temporal heterogeneities of the stream-aquifer interactions (Noorduijn et al., 2014; Parsons 
et al., 2008), but it can also be affected by other factors such as pumping or evapotranspiration. For the same 
reason, the use of piezometers close to the river is also preferred when Equation 9 is used.

3. Site Description: Campaspe Catchment
The Murray-Darling Basin contains Australia's longest river system and its catchment covers an area of 
about one million square kilometers in the southeast of Australia (Figure 1). In 2004–2006, water use in 
the Murray-Darling Basin (MDB) accounted for approximately half of Australia's total water consumption, 
more than half of which is for agriculture (ABS,  2008). The MDB contains 65% of Australia's irrigated 
land. A subcatchment of the MDB, the Campaspe catchment has been the focus of a number of recent hy-
drogeological studies to address concerns raised during the millennial drought (2000–2010) on increasing 
pressure on water resources (Xie et al., 2018). The Campaspe catchment covers 0.4% of the MDB area and 
provides 0.9% of its water. Typical of rivers in the south of the MDB, the Campaspe River originates from 
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Figure 1. Map of the Campaspe Catchment, subcatchment of the Murray-Darling Basin in Australia, main towns (black italic), main dams (Lake Eppalock 
and Campaspe Weir), the Western Waranga Channel (WWC) and the Campaspe Siphon (where the WWC meets the Campaspe river). The studied river reach 
extends along 140 km from Lake Eppalock to the confluence with the Murray River. Blue points show the locations of the river samples. The lower right plot 
displays the Campaspe discharge at Rochester and the four periods of river sampling.
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hilly terrains of the Great Dividing Range (annual rainfall ∼ 1,000 mm), then flows north toward the riv-
erine plains of northern Victoria (annual rainfall ∼ 400 mm), before it meets the River Murray at Echuca. 
This study focuses on the Lower Campaspe, the 140 km-long reach between Lake Eppalock and the River 
Murray (Figure 1). Groundwater occurs in a layered sedimentary aquifer-aquitard system in the northern 
part of the catchment and in fractured rock aquifers in the central and southern parts of the catchment. The 
main alluvial aquifers (from deepest to shallowest) are the Deep Lead (including the Calivil Formation and 
Renmark Group), the Shepparton Formation and the Coonambidgal Formation. The Campaspe Deep Lead 
is a laterally continuous coarse sand and gravel unit. It is the main aquifer and receives significant vertical 
leakage from the upper units. The Shepparton Formation comprises floodplain clays with sand lenses and 
therefore acts both as an aquifer and an aquitard. The proportion of sand generally decreases toward the 
north, where the Shepparton Formation acts as an aquitard separating the Deep Lead from the surface units. 
The Coonambidgal Formation consists of Quaternary fluvial sediments deposited in an eroded trench about 
1 km wide and 15 m deep around the Campaspe River, and is in good hydraulic connection with the river.

Water in the catchment is highly regulated to meet water needs, mainly by the operation of Lake Eppalock, 
the Campaspe Weir and the Campaspe Siphon, but the volumes of water that are pumped out of the river 
are largely unknown. The construction of Lake Eppalock (304 GL) in 1963, the encasement in concrete of 
the Campaspe Weir (3 GL) in the 1950s and the diversion of water from the Goulburn catchment (east of 
the Campaspe catchment) through the Waranga Western Channel (WWC), allowed the development of 
a vast irrigation area in the northern plains, the Rochester—Campaspe Irrigation District (Figure 1). The 
WWC crosses the Campaspe River at the Campaspe Siphon (Figure 1) and this structure allows water to be 
released from the WWC to the river or pumped from the river to the channel. Water regulation reversed the 
natural flow pattern of the Campaspe River downstream of Lake Eppalock so that now higher flows occur 
during the dry season (November-January) while lower flows occur during the wet season (June-Septem-
ber). Annual river flows decrease from about 5 m3/s at Barnadown to about 0.7 m3/s at Echuca. Large-scale 
irrigation as well as river regulation (dams and channels) significantly increased recharge of the aquifers 
in the northern plains. As a result, the natural state of a losing stream between Lake Eppalock and Echu-
ca have changed into weak gaining conditions between the Campaspe Weir and Echuca within the last 
30 years (Wade, 2011). SW-GW exchanges along this reach are complex because of the spatial heterogeneity 
of the alluvial units and because both natural and anthropogenic factors control the water balance in the 
catchment. In particular, water regulation has a significant impact on river flux, but the volumes pumped 
out of the river at the weir, at the WWC and along the river are largely unmonitored.

4. Methods
4.1. Data Collection

The Campaspe River was studied over 2 years and field campaigns were conducted in autumn and summer 
of each year: in March-April 2016 (autumn), December 2016 (summer), May 2017 (autumn), and January 
2018 (summer). Sampling campaigns were conducted at least 3  weeks after rainfall to allow neglecting 
rainfall and runoff in the mass balance, apart from the sampling period in May 2017 that occurred at the 
end of a large flood event. During each field campaign, river gauging was carried out at seven stations on 
the Campaspe and its tributaries, wherever the river level and riverbed geometry permitted, using a Hach 
FH550 flowmeter (Figure S1). The tributaries only flowed in April-May 2017. Between 18 and 23 river water 
samples were collected along the 140 km reach (an average of one sample every 7 km; Figure 1). Exact loca-
tions were measured with a GPS and then converted into river distance expressed downstream of Lake Ep-
palock. From one sampling period to another, samples were added at locations at which preliminary results 
showed sharp changes in the river chemistry. EC, pH and temperature were measured in the field using a 
WTW 3420 Meter (Figure S1). Alkalinity was determined on site using a Hach digital titrator. River samples 
were analyzed for major ions, stable isotopes and 222Rn (Figure S1). Cations were measured by ICP- OES 
(Agilent 5100) on filtered (0.45 μm) and acidified (pH < 2) samples. Anions were measured by ion chroma-
tography (Dionex ICS-2500) on filtered (0.45 μm) and unacidified samples. Analyses of stable isotopic ratios 
(expressed as δ18O and δ2H) were undertaken on a Picarro L2130-i. Uncertainties are 0.05‰ for δ18O and 
0.3‰ for δ2H and the difference between repeated measurements is below 5%. Surface water samples for ra-
don determination were collected following the PET-Method (Leaney & Herczeg, 2006). In brief, water was 
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collected in a 1,250 mL plastic bottle from which 50 mL were removed and 20 mL of scintillant were added. 
The bottle was then shaken for 5 min to equilibrate radon between the air-water-scintillant phases. After 
allowing the bottle to settle for a few minutes, the scintillant was extracted and placed in a counting vial.

In January 2019, hyporheic porewater was sampled using a 1.7  m long drive-point piezometer (12  mm 
OD, 9 mm ID), with a filtered screen over a 2 cm section at the tip, which was pushed into the stream sedi-
ments by hand, or using a small hammer. Porewater was sampled using a hand-operated peristaltic pump. 
After purging the mini-piezometer, 14 mL of hyporheic water was collected using a syringe with a needle 
submerged inside the open-end of the pump tube to minimize degassing, and injected into preweighted 
counting vials containing 7 mL of scintillant, following the radon Direct-Method (Leaney & Herczeg, 2006). 
Radon streambed depth-profiles were sampled at 10 different locations. Each profile consisted of porewa-
ter samples every 15 cm to as deep as possible (maximum depth = 1 m) (Figure S2). Surface sediments 
(0–10 cm) in the streambed were collected by hand at eight locations (Figure 1), then saturated with deion-
ized water and sealed in 500 mL glass containers in order to determine the 222Rn equilibrium activity. Two 
split replicates were done when the amount of sediments permitted. After a month, which corresponds to 
the time to reach radioactive equilibrium between sediment production and radioactive decay, we sampled 
porewater in each glass jar following the Direct-Method (Figure S2).

In December 2016, groundwater samples were collected from 12 wells after purging three times their vol-
umes. EC, pH, temperature, alkalinity, major ions, and stable isotopes were analyzed, following the same 
procedure as described for the river samples. Groundwater samples for radon determination were collected 
following the Direct-Method (Leaney & Herczeg, 2006).

Radon concentrations of river, hyporheic and groundwater samples were measured by Liquid Scintilla-
tion Counting, using the pulse shape analysis program to discriminate alpha and beta decay (Herczeg 
et  al.,  1994). Radon concentrations are expressed in Becquerel of radioactivity per liter of water (Bq/L) 
and corrections were made to account for radioactive decay between the time of sampling and the time of 
counting.

4.2. Implementation of Tracer Mass Balance

Steady state mass balance equations were solved numerically for every sampling period for 222Rn, EC, Na 
and Ca ion concentrations (expressed in terms of the Na/Ca ratio) and δ18O (Figure S1), using an explicit 
finite difference method and a discretization length of 1/500 of the total river reach length. The upper 
boundary conditions are the concentrations measured in Lake Eppalock in the upstream part of the river. 
Pumping rates at the Campaspe Weir were estimated from averaged monthly data on surface water extrac-
tions (provided by Goulburn Murray Water). For December 2016 and May 2017, it was not necessary to 
include any additional pumping to provide an acceptable fit to streamflows. However, in April 2016 and 
January 2018, additional pumping at the Campaspe Weir was included to reproduce better the observed 
stream flow changes (Table S1).

As no significant trends in river width and depth were observed with distance, we simplified the concep-
tualization of the river by considering constant values of depth and width along the entire river for each 
sampling period (Table  S1, Figure  S1). Climatic data (evaporation, precipitation, and relative humidity) 
were obtained from weather stations at Lake Eppalock, Kyneton, Rochester, Elmore, and Echuca. For each 
sampling period, evaporation rates were calculated as the average of the measured rates of the five stations 
(Table S1). Negligible rainfall and surface runoff were assumed and tributaries flows were measured. The 
major ion composition of rain was from (Crosbie, 2012). Isotopic compositions were for Melbourne rainfall 
(IAEA station WMO 9486800) (Table S1). Equilibrium fractionation, which varies with temperature, was 
calculated from (Majoube, 1971). Kinetic separation factors were assumed to be 14.2‰ and 12.5‰ for oxy-
gen-18 and deuterium, respectively (Horita et al., 2008). Atmospheric moisture is assumed to be at equilib-
rium with regional precipitation.

Although obtaining a representative end-member is essential for calculating groundwater fluxes using 
tracer mass balances (Atkinson et al., 2015), the heterogeneities in the groundwater compositions (Cart-
wright, 2010) over a 140 km long reach require numerous and well distributed groundwater samples. Here, 
we assumed a groundwater end-member invariant along the river reach but potentially different between 
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sampling periods. Groundwater concentrations are thus set up as unknowns in Equations 2 3 4 5 6. For 
each sampling period, unknown parameters therefore included the gas transfer velocity (GTV), an aver-
aged groundwater composition (222Rn activity, EC, Na concentration, Na/Ca ratio, δ18O) and SW-GW fluxes. 
SW-GW fluxes were estimated for as many subreaches as the number of observation points in the river. 
Parameter estimation was performed using the DREAM algorithm (Vrugt & Braak,  2011) implemented 
with the spotpy package in Python (Houska et al., 2015). The likelihood function chosen was the RMSE 
between simulations and observations, each of them normalized by the amplitude of observed data to allow 
comparisons of the different data types. The posterior probability density distribution for each parameter 
was calculated from the last 40% of the samples generated with the DREAM algorithm.

4.3. Derivation of SW-GW Fluxes from Darcy Flux Calculation

Groundwater hydraulic head data and river flows were extracted from the Victorian Government database. 
Piezometers were selected according to the following criteria: (1) located less than 1.5 km from the river, 
(2) hydrogeological unit of the screened interval clearly identified, and (3) at least 10 years of available 
data. Streambed elevation was surveyed in January 2018 using an integrated Global Navigation Satellite 
System Real Time Kinematic System (Trimble 10), connected to a Virtual Reference Station Network. We 
collected 89 measurements of the streambed position, with an average horizontal precision of 4 cm and an 
average vertical precision of 6 cm. The transmissivity of the Shepparton Formation ranges between 9 × 10−4 
and 3 × 10−3 m2/s and the horizontal hydraulic conductivity ranges between 2 × 10−4 and 1 × 10−3 m/s 
(Wade, 2011). The vertical hydraulic conductivity of the Shepparton Formation decreases northward from 
1 × 10−7 m/s to 3.5 × 10−10 m/s (Arad & Evans, 1987; Wade, 2011). We linearly interpolated the thickness 
and vertical hydraulic conductivity of the Shepparton Formation from 10 m and 10−7 m/s at Lake Eppalock 
to 50 m and 3.5 × 10−10 m/s at the Murray River, and applied an uncertainty factor of 5 to this value, which 
is similar to that for the horizontal hydraulic conductivity

In the southern part of the catchment, hydraulic heads in the Shepparton Formation are below the river 
heads and chemical data indicate leakage from the river to the Deep Lead. In the northern part of the 
catchment, hydraulic heads of the Shepparton Formation are above river levels, indicating flow from the 
Shepparton groundwater into the river. This change is due to the increasing clay proportion and total thick-
ness of the Shepparton Formation toward the north and associated decrease in the vertical permeability. 
SW-GW fluxes have therefore been calculated according to Equation 8 using head gradients in the Sheppar-
ton formation directly in contact with the river. When the river is losing water, we also calculated a vertical 
SW-GW flux using Equation 9 with head gradients measured in the Deep Leads and using the width of the 
floodplain (1,000 m in total width). The width of the floodplain was used because the low permeability lay-
er occurs between the permeable floodplain sediments (which are in direct contact with the river) and the 
underlying aquifer. The vertical flux therefore occurs across the entire width of the floodplain.

Because of the small number of groundwater-head measurements in the Campaspe catchment and their 
unequal distribution in space and time, we cannot accurately calculate temporal snapshots of SW-GW ex-
change fluxes. Therefore, for each piezometer, we calculated the distribution of SW-GW exchange fluxes 
using all head data and assuming a uniform distribution of hydraulic conductivity of the respective hy-
drogeological unit. By doing so, we accounted for variability of head measurements and hydrogeological 
parameters.

4.4. Numerical Modeling

The regional scale surface water-groundwater flow model utilized in this study is described in detail in (Par-
tington et al., 2020) and only summarized here. The flow model was built with MODFLOW-NWT (version 
1.1.2) (Niswonger et al., 2011). It was run at a monthly time step on a 1 km × 1 km horizontal grid and 
consisted of seven layers of varying thickness corresponding to the thickness of the hydrogeological units 
(Figure S4). The model was forced by recharge, groundwater pumping, river inflow from the Lake Eppalock 
dam, drains and a general head boundary at the northern end of the model domain beneath the Murray Riv-
er to allow groundwater outflow (Figure S4). Recharge in 16 recharge zones were determined from a water 
balance approach based on mean annual precipitation and soil type (Xie et al., 2018). Streamflow routing 
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was used to model the Campaspe River flow including inflow from Lake 
Eppalock, as well as diversions in and out of the river along its course to 
the Murray River. The SW-GW exchange calculated within the flow mod-
el is based on the simulated stream stage and underlying aquifer hydrau-
lic head, the specified streambed hydraulic conductivity and thickness. 
Simulation of in-stream transport of EC and 222Rn was done similarly to 
the model described in Section 3.2, using simulated in-stream flows and 
SW-GW exchange flows that were output from the flow model. The pri-
or distribution of hydraulic conductivity was determined from available 
pumping test results, and the prior normal distribution for other model 
parameters (including specific yield, porosity, riverbed conductance and 
hyporheic zone parameters) were determined from literature values. Us-
ing PEST (Doherty, 2016) with regularization, the model parameters were 
log-transformed and calibrated to monthly average hydraulic heads at ob-
servation piezometers located over the entire catchment (n = 1886), river 
level and discharge data (n = 67), radon (n = 59) and EC measurements 
(n = 91) in the river, and 14C measurements in groundwater (n = 11).

5. Results
5.1. Estimates of SW-GW Fluxes from Streamflow and 
MultiTracer Mass Balances

5.1.1. Streamflows and River Chemistry

Measured values of streamflow, EC, chloride, radon, Na/Ca and δ18O are 
depicted in Figure S1 for the four sampling periods. Geochemical profiles 

of the river show similar patterns between sampling periods with an overall increase in EC, Cl, Na/Ca and 
δ18O along the river. Compositions at Lake Eppalock (km 0) differed between sampling periods and higher 
EC, Cl, and δ18O were measured during summer months (Figure S1), reflecting more evaporated waters. 
In contrast, streamflows did not show a natural seasonality (Figure S1) and the highest streamflows were 
measured in summer as a result of sustained discharges from Lake Eppalock. Stream radon profiles show a 
large decrease in radon activity in the first 5 km, then fairly stable activities up to the Campaspe Weir and 
higher activities downstream, suggesting higher groundwater inputs in the downstream part of the river.

5.1.2. Hyporheic Zone Radon Flux from Streambed Radon Profiles

Equilibrium activities from incubation of the riverbed surface sediments ranged from 1.4 to 15.9 Bq/L with 
an average of 4.5 Bq/L and a median of 1.95 Bq/L. Streambed radon activities ranged from 0.3 to 37.8 Bq/L 
with an average of 7.9 Bq/L and a median of 4.6 Bq/L (Figure 2). Radon activities were much higher in the 
HZ than in the river (<0.5 Bq/L), suggesting a water residence time at the bottom of the hyporheic zone of 
several days (Cranswick et al., 2014). Most profiles showed an increase in 222Rn concentrations with depth 
(Figure 2). Two profiles had higher concentrations and one of these had concentrations that decreased with 
depth. This could be related to upwelling water together with locally high production rates. The expected 
heterogeneity of 222Rn profiles in the streambed likely results from spatial heterogeneity in flows and pro-
duction rates.

Most profiles reached a maximum depth of 0.8 m with an averaged 222Rn activity of 12.5 Bq/L, a value with-
in the lower range of 222Rn activities measured in the surrounding groundwaters (20% of samples were be-
low 13.5 Bq/L). The integration of the averaged 222Rn streambed profile deficit, with an equilibrium activity 
of 12.5 Bq/L and an average porosity of 0.3, yielded a radon flux of 240 mBq/m2/day (Equation 5, Figure 2). 
No significant trend in hyporheic profile with distance along the river is apparent, and so this value was as-
sumed to be representative of the inflow of radon from the hyporheic zone to the stream per unit of stream 
length over the entire river reach.
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Figure 2. Averaged streambed radon profiles. The black dotted line is the 
average of all profiles, and the orange line is the average without the two 
most concentrated outlier profiles. The orange shaded zone is the 222Rn 
deficit attributed to diffusion.
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5.1.3. Simulation of Stream-Tracer Profiles

Simulations of streamflows show poor fits with observations, particularly in January 2018 where the de-
creases in river flows are not well simulated. As water losses do not alter river concentrations, the longitu-
dinal tracer mass balance alone cannot differentiate between river abstraction and groundwater outflows 
unless it is combined with a water balance based on accurate river flow data. Therefore, unmonitored water 
use through dams or canals or unmetered river abstraction prevent the use of the longitudinal chemical 
mass balance to determine discharge to the aquifer. Groundwater inflow rates are insensitive to pumping 
rates but in error proportional to the error in streamflow, their estimation thus rely on a reasonable fit to 
streamflow. The inclusion of additional pumping partly corrects the lack of closure of the river flux mass 
balance, allowing the simulation of correct volumes and an accurate estimation of SW-GW exchange fluxes 
in gaining reaches.

Simulations of EC, 222Rn, Na/Ca ratio and δ18O show good fits to observations during the four field cam-
paigns (Figure 3/Figures S5–S8). However, some differences between simulations and observations remain 
higher than the measurement uncertainty and the goodness of fit was not improved by increasing the ac-
ceptance of parameters in the Markov Chain Monte Carlo method (MCMC). This shows either processes 
that are missing in the conceptualization of the mass balance model or errors in the forcing data that drive 
the model (climatic data and river withdrawal data). In May 2017, the high EC, high Na/Ca ratio, low δ18O 
and low 222Rn measured in the upstream part of the Campaspe in May 2017 cannot be simulated by the 
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Figure 3. Results of the calibration of stream tracer mass balances in December 2016. Black lines are the mean 
simulations; gray areas are the ranges of simulations for the ranges of accepted parameters. Red dots are observations 
used to calibrate the tracer mass balance. The vertical red line shows the Campaspe weir location. Better fits are 
indicated by lower likelihood function values.
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steady-state mass balance model. This sampling period occurred at the end of a large flood event (Figure 1) 
and data were likely sampled on the subsiding flood wave (Xie et al., 2016) as EC was much lower just a few 
days later (Figure S1). In April 2016, concentrations in the river decreased considerably in the last 10 km 
reach, coincident with a decrease in 222Rn and an increase in river flows (Figure S1), indicating an input of 
radon-free freshwater likely related to an input of surface water from the WWC at the Campaspe siphon. In 
both cases, the major discrepancies between observations and simulations reveal limitations in the devel-
oped steady-state conceptual mass balance model, which neither accounts for transient conditions nor addi-
tional water inputs. The unfitted observations both in May 2017 and in April 2016 therefore were not used to 
calibrate the parameters of the mass balance model (Figure 4). For the other sampling times, systematic but 
small differences between observations and simulations likely arised from the use of a fixed composition 
of groundwater along the reach. Multiple groundwater end members could be implemented if more data 
were available to characterize this variability. Hyporheic excursions might also change the steady-state EC 
concentrations in the river (Swanson et al., 2015).

5.1.4. Calibration of Stream-Tracer Mass Balance Parameters

For each sampling period, posterior distributions of parameters were calculated from the 40% of simulations 
with the highest likelihood (Figure 4). Uniform prior distributions of parameters are represented by the 
Y-axis range of each graph and posterior distributions are represented with boxplots. Calibrated mean gas 
transfer velocities (GTV) ranged between 2.7 and 4.3 m/day (Figure 4), while the empirical relationships 
defined by (Negulescu & Rojanski, 1969; O'Connor & Dobbins, 1956) would yield values between 1.1 and 
2.4 m/day. Calibrated GTV are directly correlated to the radon flux from the hyporheic zone (Cartwright & 
Hofmann, 2016) and therefore the high GTV could be linked to a slight overestimation of the 222Rn flux from 
the HZ. However, the occurrence of many logs and riffles in the Campaspe River leads to turbulent flows 
that promote degassing not accounted for in the GTV calculations (Cartwright et al., 2014).

Compositions of the groundwater end-members lie between a river signature and a regional groundwater 
signature (Table S2) (Cartwright, 2010; Cartwright & Morgenstern, 2012; Cartwright et al., 2006), consist-
ently for all tracers. Significantly different compositions are found in different time periods (Figure 4). The 
estimated groundwater inflow concentration represents a mix between bank storage flows, assumed to be 
close to a river signature, and regional groundwater flows. This mix is likely to change with the season. As-
suming EC values of 4,000 µS/cm in the groundwater and 500 µS/cm in the river, we find that groundwater 
inflows are always dominated by bank storage flows, at 93% in May 2017, at 78% in December 2016 and at 
70% in January 2018 and March 2016. Similar proportions are found with Na. (McCallum et al., 2010) has 
previously shown that bank storage processes are likely to result in groundwater inflow to rivers that is al-
ways a mixture of groundwater and surface water. The low radon activities in autumn were below the equi-
librium activity, showing groundwater inflows with a residence time of less than a month. Higher bank stor-
age flows in autumn can be a consequence of floods (Figure 1), or irrigation releases from Lake Eppalock.

5.1.5. GW Exchange Fluxes

Groundwater inflows (m3/m/day) were calculated for a number of subreaches determined by the number of 
river observation points (Figure 4). Groundwater inflows varied significantly between 0 and 0.2 m3/m/day, 
both in space and time. GW-SW fluxes show some similar features throughout the periods with hotspots 
of GW inflows downstream of Lake Eppalock and within the downstream irrigation area. On average, GW 
inflows are higher downstream of the Campaspe Weir than upstream (0.07 against 0.04 m3/m/day in April 
2016; 0.19 against 0.08 m3/m/day in December 2016; 0.22 against 0.09 m3/m/day in May 2017; and 0.17 
against 0.09 m3/m/day in January 2018), following previous findings (Wade, 2011). Cumulative groundwa-
ter inflows, in m3/s, were 0.07 in April 2016, 0.18 in December 2016, 0.17 in May 2017, and 0.16 in January 
2018, which respectively accounted for 12%, 28%, 13%, and 6% of stream flows at Echuca. GW inflows as a 
fraction of river flow were thus higher in summer (December) and they were also more variable (Figure 4).

5.1.6. Hydrochemical and Isotopic Trends Along the River Reach

The river discharge differences between Lake Eppalock and the Murray River (m3/s) are calculated for each 
time period, together with the river abstraction (m3/s), evaporation (m3/s) and groundwater inflows (m3/s) 
(Table 1). For comparison, the EC and isotope ratio (δ18O) at the end of the reach are compared to simulated 
values at the outlet assuming (a) no groundwater inflow (river abstraction and evaporation only), and (b) 
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Figure 4. Composition of the groundwater end-member and of groundwater inputs (m3/m/day) derived from the multitracer mass balances (a) Boxes show 
statistical boxplots (horizontal lines: median, boxes: interquartile ranges (IQR), whiskers: 1.5 times the IQR, black circles: outliers, and stars: mean of the 
distribution). Prior uniform distributions of the parameters were from left to right [0,5], [1,20], [500,5000], [20,250], [5,200], [−7, −3]. (b) Boxes show statistical 
boxplots (horizontal lines: median, boxes: interquartile ranges (IQR), whiskers: 1.5 times the IQR). Box-plot widths represent the length of the River reach 
constrained by observation points. Striped areas show low-confidence results, where simulations do not fit observations (likelihood function>30).
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including groundwater inflow (river abstraction, evaporation and groundwater inflows all included). Water 
abstraction, although uncertain, dominates the total water budget of the river; evaporation and groundwa-
ter inflow rates are of the same order of magnitude, but significantly less than abstraction. The increase in 
both the hydrochemical and isotopic concentrations along the river reach is due to evaporation but inputs 
of more concentrated and depleted groundwater are also significant (Table 1).

5.2. Estimates of SW-GW Fluxes from Darcy Flux Calculations

SW-GW flows estimated from Darcy flux calculations using head gradients in the Shepparton Formation 
ranged between −3 and 3 m3/m/day (Figure 5). The river is losing water through the Shepparton Formation 
in the southern part of the catchment (negative fluxes) with average flows of 2 m3/m/day. Downstream of 
the Campaspe Weir, gaining conditions yielded averaged groundwater discharges from the Shepparton For-
mation to the river of 0.5 m3/m/day (Figure 5). The downstream gaining condition would be related to an 
artificially elevated water table caused by enhanced recharge associated with irrigation (Parsons et al., 2008; 
Wade, 2011).

The interquartile range of the SW-GW flow distribution for each reach is indicative of the temporal varia-
bility of flows at that reach due to the variability of groundwater heads. The largest interquartile ranges of 
SW-GW flows thus point to the most dynamic reaches. SW-GW flows were found to be most variable 60 km 
downstream of Lake Eppalock and at the most downstream part of the studied reach (Figure 5). The large 
and irregular irrigation in the downstream part of the catchment could explain the high temporal variability 
of groundwater heads near the river, and thus of SW-GW flows. Pumping near the river might explain the 
large range of SW-GW flows calculated 60 km down of Lake Eppalock. Interestingly, the most dynamic 
reaches shown by the Darcy approach, correlate with reaches where calibrated groundwater inflows, from 
the tracer mass balance model, show largest differences between sampling periods.

5.3. Estimates of SW-GW Fluxes from Numerical Flow Modeling

The calibration of the hydrogeological model yielded a Nash-Sutcliffe efficiency coefficient for the cali-
brated groundwater hydraulic heads of 0.83 (n = 1886), for streamflow of −2.54 (n = 67), for EC −0.82 
(n = 91), and on 222Rn of 0.04 (n = 59). The poor fit of streamflow observations are attributed to a number 
of sources, but are partly explained by the weighting of observations in the objective function of PEST, for 
which GW head is dominant. The error in groundwater hydraulic head propagates through to stream flows. 
Unaccounted riverflow regulation also introduces error to the streamflow that prevents better fitting of 
the streamflow observation types. Although the longitudinal tracer mass balance could not differentiate 
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Flow rates EC (µS/cm) and δ18O (‰) values

ΔQ (m3/s)
River abstraction 

(m3/s)
E total 
(m3/s)

Σ GW inflows 
(m3/s)

Initial 
δ18O EC

Final 
δ18O EC

Sim. (E + Qpump) 
δ18O EC

Sim (E + Qpump + GWin) 
δ18O EC

March 2016 0.32 ± 0.04 0.3 0.11 0.08 ± 0.04 2.7 4.0 4.9 4.31 ± 0.3

650 800 763 817 ± 15

December 2016 −0.18 ± 0.05 0 0.09 0.27 ± 0.05 −3.55 −1.35 0.9 −1.38 ± 0.30

344 632 415 665 ± 10

May 2017 x x x x x x x x

January 2018 0.94 ± 0.10 1 0.16 0.22 ± 0.10 −0.82 −0.12 0.02 −0.03 ± 0.1

430 507 452 520 ± 5

Notes. River discharge differences (ΔQ) are given and compared to the sum of input and output fluxes along the river reach: water abstraction, evaporation rates 
and groundwater inflows as in the tracer mass balance model. EC and δ18O at the end of the reach are given together with simulated with river abstraction and 
evaporation only and with groundwater inflows. No results are given for the May 2017 campaign as steady state conditions were not fulfilled. The final observed 
values are taken upstream of the decrease occurring at the end of the river reach, to avoid bias due to the input of irrigation fresh water.

Table 1 
Campaspe River Water and Chemistry Balance
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between water pumping out of the river and river discharge to the groundwater, the numerical model can 
simulate river discharge to the aquifer. Therefore, the overestimation of flows in the model is due to the lack 
of river pumping data, and not to underestimated discharge fluxes. It is not surprising that EC and 222Rn are 
also not well simulated, as errors on river volumes prevent accurate mass balances in the river. Although 
the lack of closure of the river flux mass balance is a serious limitation to quantify fluxes in the catchment, 
the good fit on hydraulic heads gives confidence on SW-GW fluxes estimates albeit with the aforementioned 
propagation of error in the simulated hydraulic heads through to the simulated SW-GW flux.

Estimated fluxes ranged between −1 and 2.5 m3/m/day (Figure 6). Upstream of the Campaspe Weir, gaining 
conditions yielded averaged flows from the Shepparton Formation to the river of 0.4  m3/m/day. Down-
stream of the Campaspe Weir, gaining conditions yielded averaged flows from the Shepparton to the river 
of 0.5 m3/m/day.

6. Discussion
Our investigation of SW-GW exchange flows at the regional scale included three commonly used tech-
niques and aimed at comparing the estimated flows. Results show large discrepancies (Figure 7) both in 
flow directions and magnitudes. Indeed, upstream of the Campaspe Weir, the tracer mass balance model 
and the numerical model both indicate low gaining reaches whereas the Darcy flux calculation points to 
highly losing reaches. Although the three methods consistently show gaining reaches downstream of the 
Campaspe Weir, the numerical flow model and the Darcy flux calculation both resulted in slightly higher 
reach-averaged SW-GW exchange flows relative to the tracer mass balance approach. Based on these results, 
we hereafter discuss the information gained in terms of direction and magnitude of flows by each method 
as well as method advantages and limitations. We also evaluate consistent or alternative interpretations of 
SW-GW exchange flows along the river.
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Figure 5. (Top plot) Distributions of SW-GW exchange fluxes (m3/m/day) derived from Darcy's law calculations 
(horizontal lines: median, boxes: interquartile ranges (IQR), whiskers: 1.5 times the IQR, black circles: outliers). In 
black are represented horizontal fluxes between the river and the Shepparton Formation. Positive fluxes are stream 
gaining conditions and negative fluxes are stream losing conditions. In blue are represented theoretical fluxes 
calculated from heads in the Deep Leads. (Bottom plot) Averaged heads of selected piezometers. The gray line is the 
streambed elevation profile derived from RTK measurements. The red vertical line shows the location of the Campaspe 
weir. RTK, Real Time Kinematic.
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6.1. Direction of Flows

Hydraulic heads allow determination of hydraulic gradients, and therefore we can assume that the direction 
of flows inferred by the Darcy flux method will be the most reliable. These results affirm previous studies 
indicating losing reaches in the upper part of the catchment and gaining reaches downstream (Wade, 2011). 
If groundwater heads are measured remotely from the river, the observed hydraulic gradient will represent 
time-averaged fluxes, which may be different from the SW-GW flux at any particular point in time. Never-
theless, it is noteworthy that the tracer mass balance model and the numerical model yield gaining flows in 
the upper part of the catchment, in direct contrast to the Darcy flux method.

As water losses do not alter river concentrations, the longitudinal tracer mass balance alone cannot estimate 
groundwater outflows, unless it is combined with a water balance based on accurate river flow data. In the 
current study, the estimated water inflows are likely due to an overestimation of the GTV or underestimation 
of hyporheic radon flux, or to local gains that are smaller than the reach-scale losses but that nevertheless 
modify tracer concentrations. In either case, the large unmonitored surface water pumping seriously limits 
the use of the tracer mass balance under losing conditions unless river flows are very accurately gauged.
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Figure 6. Distributions of SW-GW exchange fluxes (m3/m/day) derived from the numerical flow model (horizontal 
lines: median, boxes: interquartile ranges (IQR), whiskers: 1.5 times the IQR). SW-GW, surface water-groundwater.

Figure 7. Comparison of SW-GW exchange flux estimates (m3/day/m) from the multi tracer mass balance (Figure 4), 
Darcy flux calculations (Figure 5) and the numerical model (Figure 6). Results are split into two subreaches, the losing 
reach upstream the Campaspe Weir and the gaining reach downstream, with different y-scales. Fluxes derived from 
tracer data in upstream areas are difficult to discern as they plot close to the x-axis. SW-GW, surface water-groundwater.
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However, given that the numerical model calculation of the SW-GW exchange flows in each reach includes 
data used by the Darcy flux approach, similar results both in direction and magnitude might be expected. 
Differences in the two approaches arise because the Darch approach calculates hydraulic gradient using 
the measured heads near the river, whereas the numerical model simulates groundwater heads through-
out the catchment. Due to the complexity of the numerical flow model and the associated computational 
challenges, multiple sources of uncertainty can accumulate from model structure (Blasone et al., 2008), 
parametric uncertainty, errors in input data or the calibration process. For instance, recharge or evapotran-
spiration rates are difficult to estimate (Xie et al., 2018) particularly when intermittent recharge through 
irrigation occurs, such as in the Campaspe catchment. Systematic errors in these variables would yield large 
cumulative errors in catchment discharge, unless evenly and highly distributed data within the catchment 
allow the correction for this effect (Demissie et al., 2009; Refsgaard, 1997). Moreover, limited knowledge 
of river abstraction rates is problematic as this is an important parameter in the calibration of coupled SW-
GW numerical models. A data-worth study previously carried out on the Campaspe River using the same 
numerical model has indeed shown that under losing conditions, the model is very sensitive to recharge 
conditions and stream flows, while river chemical data do not significantly improve the calibration process 
(Partington et al., 2020). Therefore, in the present study, the availability of head data across the catchment 
is not sufficient to counter potential errors in recharge rates and stream flows, which cause the calibrated 
model to incorrectly predict the direction of SW-GW flows.

6.1.1. Magnitude of Flows

The three methods agree on flow directions for the gaining reaches but show differences of a factor of about 
2 in flow magnitude. The longitudinal chemical mass balance was carried out with tracers sensitive to 
evaporation, hyporheic exchange fluxes and SW-GW exchange flows. Although each tracer has limitations, 
their combined use in a probabilistic approach together with the good model fits give confidence in the 
magnitudes and uncertainties of the estimated flows. Nevertheless, the results rely on strong assumptions 
such as spatially uniform groundwater concentrations, degassing rate and 222Rn hyporheic flux along the 
140km-long river. HZ exchange fluxes are known to vary over small-scales (Cardenas & Markowski, 2011; 
Cartwright et al., 2014; Dudley-Southern & Binley, 2015), and this is highlighted by the diversity of radon 
profiles measured in the hyporheic zone in our study. Degassing rates (Vautier et al., 2020) and the geo-
chemistry of riparian groundwater can also vary over small spatial scales. While reach-averaged SW-GW 
exchange flow simulated with the tracer mass balance could be affected by local and rapid changes of these 
parameters, the uncertainties on the magnitude of flows are likely to be low as river chemistry is most sen-
sitive to groundwater inputs.

The flow magnitudes derived from the Darcy approach are directly proportional to the hydraulic conductiv-
ity, which can vary spatially by several orders of magnitude and is complex to upscale. In the present study, 
the interpolation of K along the river, is based on limited data and is likely to yield large errors in the mag-
nitude of flows, potentially up to several orders of magnitude. The Darcy flux method however allows for 
the evaluation of the temporal distribution of SW-GW flows in each reach. Therefore, while the magnitudes 
of flows derived from the Darcy method should be treated with caution, this method is an interesting way 
of identifying transient reaches.

Downstream of the Campaspe Weir, the calibration of the numerical model is likely to be better, as river 
chemical data used as part of the calibration informs SW-GW exchange flows under gaining conditions 
(Partington et al., 2020). The remaining discrepancies could result from the uncertainty sources previously 
discussed, and particularly to the lack of closure of water volumes in the system due to unmonitored water 
pumping not accounted for in the numerical model

6.1.2. Synthesis on Method Comparison

Previous method comparisons have been performed to evaluate SW-GW interactions on small catchments 
(Frei et al., 2009; Guay et al., 2013; Sulis et al., 2010), but the present study aimed at tackling the scien-
tific lack of SW-GW exchange flow comparisons at regional scales (Barthel & Banzhaf, 2016). Based on 
our results, the advantages and limitations of the three methods used in the present study are summa-
rized (Table  2). The Darcy flux method is the most reliable for determining the direction and temporal 
variability of SW-GW flows, but high uncertainties are associated with the magnitude due to uncertain K 
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values. The scale of applicability of local measurements depends on the subgrid scale of heterogeneity of 
the hydraulic conductivity, therefore upscaling local measurements to larger areas might yield errors in 
SW-GW estimates. For instance, preferential flow paths might be missed in this approach although they 
could potentially account for a large proportion of groundwater discharge to the river (Briggs & Hare, 2018). 
The tracer mass balance, while not directly applicable under losing conditions, gives reliable estimates of 
groundwater inflows in gaining areas. However, hyporheic fluxes may strongly bias 222Rn results as 222Rn 
production within the hyporheic zone is hard to estimate. Because of the complexity of the hyporheic flow 
field, streambed vertical profiles are difficult to interpret (Vogt et al., 2010) and the significance of each 
vertical profiles in terms of solute inputs in the river is difficult to assess, which clearly limits the upscaling 
from local streambed vertical profiles to reach scale concentration profiles along rivers (Knapp et al., 2017). 
The regional calibration of the numerical model suffers from the limited distribution of head data and 
poorly constrained recharge and river abstraction fluxes. As a result, high uncertainties in the simulated 
groundwater heads near the river have repercussions for SW-GW exchange flows. This holds particularly 
true around losing river reaches, where the calibration is not sensitive to additional data such as river chem-
istry. Following (Bredehoeft, 2005), the model conceptualization together with the availability of data might 
yield large uncertainties on the estimation of SW-GW exchange flows, particularly under losing conditions.

The consistency of results in the gaining reaches improves confidence in the results and approaches, which 
might otherwise be uncertain. For all three methods, an accurate estimation of river abstraction stands 
out as crucial to evaluate SW-GW flow exchanges. This remains a large limitation as most of the world's 
rivers have been dammed with little monitoring, altering stream flows and biogeochemical cycling (Grill 
et al., 2019; Maavara et al., 2015).

6.1.3. Interpretations of SW-GW Exchange Flows along the Campaspe River

The spatial variability of SW-GW exchange flows along the Campaspe River can be quantitatively deter-
mined in the gaining reaches of the river, where the three methods best agree. Most of the groundwater 
inflows occurred in small river reaches. The highest gaining fluxes were found in the 10 km reaches down-
stream of Lake Eppalock and Campaspe Weir, in part illustrating the potential effect of high lake stages, 
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Method Advantages Limitations

Darcy flux Easily accessible data Limited by the density and location of available 
monitoring piezometers and stream gauges

Works equally well under losing and gaining 
conditions

Requires careful selection of appropriate 
piezometers

Robust assessment of hydraulic gradient, and thus 
of flow direction

Good estimate of the temporal variability of flows High uncertainties in flow magnitudes, because 
of uncertainty in hydraulic conductivity at 
large scales (>km)

Multitracer mass balance Under gaining conditions, good estimate of flow 
magnitude

Labor intensive in the field

Can disentangle hyporheic exchange and 
groundwater discharge

Point measurement in time

Spatial and temporal resolution are determined by 
the field-design

Absolute flux estimates require accurate river flow 
data

Very sensitive to hyporheic flows

Not suitable under losing conditions

Coupled SW-GW numerical flow at catchment 
scale

Ability to incorporate all field data Under losing conditions, very sensitive to recharge 
rates and flow dataHigh spatial and temporal resolution of SW-GW 

flux

Abbreviation: SW-GW, surface water-groundwater.

Table 2 
Limitations and Advantages of Method to Estimate SW-GW Flow Exchanges at a Regional Scale
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controlled by dams, on the downstream groundwater flows. The gaining conditions observed downstream 
of the Campaspe Weir are also likely related to higher recharge rates due to intense irrigation in this area. 
In the Campaspe catchment, the strong river regulation not only influences stream flows, but also modifies 
the spatial distribution and the magnitude of SW-GW exchange fluxes along the river reach.

7. Conclusions
In the present study, SW-GW exchange flows were investigated along a 140 km long, highly regulated river 
reach in the Campaspe subcatchment of the Murray-Darling Basin, Australia. SW-GW exchange fluxes were 
quantified by a tracer mass balance, a Darcy flux calculation using near-river piezometers, and a regional 
surface-subsurface numerical flow model. Differences both in the directions and magnitudes of SW-GW 
exchange flows estimated along the 140 km long reach were found. In acknowledging that there is no di-
rect measurement of SW-GW exchange available at the regional scale, the authors found application of the 
Darcy method the most reliable to estimate SW-GW flux directions and the tracer mass balance the most 
reliable to estimate SW-GW flux magnitudes in gaining reaches. Although the numerical model utilizes the 
same approach as the Darcy method, there is a mismatch as hydraulic head is a state variable rather than a 
parameter, leading to differences in the calculated exchange fluxes.

Ultimately, numerical flow models allow for a higher resolution of spatially and temporally varying ground-
water head, stream stage and riverbed parameters and therefore of SW-GW exchange flows, which over-
comes some of the spatial and temporal homogeneity assumptions associated with the tracer mass balance 
and the Darcy flux calculation. From a management point of view, regional scale numerical modeling is 
the only way to investigate the impact of land-use changes, water allocation changes, or climate change on 
SW-GW exchange flows, as the model forcing associated with such impacts (e.g., changes to recharge and 
pumping) is propagated through to the state variables (i.e., groundwater hydraulic head and stream stage) 
that control the SW-GW exchange flux. However, poor calibration of stream observation data in numerical 
models at the catchment scale might not allow reliable estimation of SW-GW exchange fluxes, as ground-
water discharge values accumulate many sources of uncertainties.

The disagreement in outcomes here shows that modeling approaches remain limited by availability of accu-
rate, high frequency and high resolution field data essential for a relevant calibration of numerical models 
to estimate SW-GW exchange fluxes. While high performance computing in hydrology makes numerical 
modeling easier to implement at high resolution and large scales, approaches to guide data collection strat-
egies are crucial for informing and quantifying uncertainty and then in turn, the uncertainty reduction in 
model predictions. The benefit of using river chemistry data in the calibration process is here shown in 
gaining reaches.

Data Availability Statement
Field and modeling data used are available at https://doi.org/10.25957/5E7451E13D031.
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