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Abstract. Radon £22Rn) and major ion geochemistry were 17 % of total flow with higher inflows occurring during high
used to define and quantify the catchment-scale groundwateflow periods. In comparison #2Rn activities, estimates of
surface water interactions along the Ovens River in the southgroundwater inflows from Cl concentrations are higher by
east Murray—Darling Basin, Victoria, Australia, between up to 2000 % in the upper and middle catchment but lower
September 2009 and October 2011. The Ovens River is chaby 50 to 100 % in the lower catchment. The high baseflow
acterized by the transition from a single channel within aestimates using Cl concentrations may be due to the lack of
mountain valley in the upper catchment to a multi-channelsufficient difference between groundwater and surface wa-
meandering river on flat alluvial plains in the lower catch- ter Cl concentrations. Both hydrograph separation and dif-
ment. Overall, the Ovens River is dominated by gainingferential flow gauging yield far higher baseflow fluxes than
reaches, receiving groundwater from both alluvial and base???Rn activities and Cl concentrations, probably indicating
ment aquifers. The distribution of gaining and losing reacheghe input of other sources to the river in additional to regional
is governed by catchment morphology and lithology. In the groundwater, such as bank return flows.
upper catchment, rapid groundwater recharge through the
permeable aquifers increases the water table. The rising wa-
ter table, referred to as hydraulic loading, increases the hy-
draulic head gradient toward the river and hence causes high Introduction
baseflow to the river during wet (high flow) periods. In the
lower catchment, lower rainfall and finer-gained sedimentsDefining the relationship between rivers and adjacent
reduce the magnitude and variability of hydraulic gradientgroundwater systems is a crucial step in developing programs
between the aquifer and the river, producing lower but moreand policies for protecting riverine ecosystems and managing
constant groundwater inflows. The water table in the lowerwater resources. Rivers interact with various water stores,
reaches has a shallow gradient, and small changes in rivesuch as groundwater in local and regional aquifers, water
height or groundwater level can result in fluctuating gain-in river banks, water in the unsaturated zone, and soil wa-
ing and losing behaviour. The middle catchment represents &r (Turner et al., 1987; Genereux et al., 1993; Winter et al.,
transition in river-aquifer interactions from the upper to the 1998; Oxtobee and Novakowski, 2002; Sophocleous, 2002;
lower catchment. High baseflow in some parts of the mid-Lamontagne et al., 2005). Losing streams recharge ground-
dle and lower catchments is caused by groundwater flowwater, while gaining streams receive groundwater as base-
ing over basement highs. Mass balance calculations basetbw. The status of a river can vary along its course with
on?22Rn activities indicate that groundwater inflows are 2 to topography, for example rivers may be gaining in narrow
valleys in the hills but losing when they flow across the
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broad plains (Winter et al., 1998; Braaten and Gate, 2003;

Bank et al., 2011; Guggenmos et al., 2011). Furthermore,
the direction and magnitude of water fluxes can change overs:

time; a gaining stream, for instance, can become a losing
one if the river rises above the water table during a storm
event (Todd, 1980; Winter et al., 1998; Cartwright et al.,
2011; Rosenberry et al., 2013). The three main controls on
catchment-scale groundwater-surface water (GW-SW) inter-
actions are: (1) the basin morphology and the position of the
river channel within landscape; (2) the hydraulic conductivi-
ties of the river channel and adjacent alluvial aquifer; (3) and
the relation of the river stage to the level of the water table
in the adjacent aquifer, which is closely related to precipita-
tion patterns (Woessner, 2000; Sophocleous, 2002; Ransle
et al., 2007). Without a sound understanding of GW-SW in-
teractions in a catchment, it is not possible to identify poten-
tial pathways for water contamination and to calculate hydro-
logic budgets for water allocation. The latter has become an
important issue in Australia because of the growing demands
from both humans and the environment in a drought-affected
continent.

GW-SW interactions can be investigated by several tech-
niques. Hydrograph separation is a straightforward method
for assessing baseflow at a catchment scale. However, it can
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not be used for losing or highly-regulated systems, and the Klometre
slowflow component isolated by the method may aggregate ) )

several water storages (such as bank return flow or interfig- 1.Map of the Ovens River Catchment showing surface geology,
flow) rather than representing only regional groundwater in-S2Mpling sites and gauging stations. Data from van den Berg and
flow (Griffiths and Clausen, 1997; Halford and Mayer, 2000: Morand (1997); Victorian Water Resource Data Warehouse (2011).
Evans and Neal, 2005). Geochemistry, such as major ion con-

centrations, stable isotopes and radiogenic isotopes may alsqeen groundwater and surface water is small, such as in
be used to quantify groundwater inflows in gaining streamsmany upper catchment streams.

(Brodie et al., 2007; Cook, 2012). The requirements for us- The change in222Rn activities in a gaining stream
ing geochemical tracers to quantify groundwater inflows are(;c, /4x) is governed by groundwater inflow, in-stream

that the concentration of the tracer in groundwater is sig-evaporation, hyporheic exchange, degassing, and radioactive
nificantly different to that in river water and that concen- gecay:

trations in groundwater are relatively homogeneous (or that

any heterogeneities are known). Rad&ttRn) is a powerful QdC’ =I1(C; —C;) +wEC, + Fnh— kdwC, — AdwC, (1)
tracer for examining GW—SW interactions from both quali- =~ 4x

tative and quantitative perspectives (e.g., Ellins et al., 1990{Cook et al., 2006; Mullinger et al., 2007). In Eq. (X,
Cook et al., 2006; Baskaran et al., 2009; Cartwright et al.,is the stream discharge fday 1), C, is the?2?Rn activity
2011).2%?Rn is a radiogenic isotope produced from the decaywithin the stream (Bqm?), x is distance in the direction of

of 22°Ra in the uranium decay series. T#HéRn activity in flow (m), I is the groundwater inflow rate per unit of stream
surface water is usually low because of low dissol¥#Ra  length ("¥ m~1 day 1), C; is the22?Rn activity in the in-
activities, the relatively short half-life #?2Rn (3.825 days) flowing groundwaterFy is the flux of222Rn from hyporheic

and the rapid degassing #Rn to the atmosphere. Ground- zone (Bqnt!day 1), w is the width of the river surface (m),
water has??2Rn activities that are commonly two to three d is the mean stream depth (b, is the evaporation rate
orders of magnitude higher than those of surface water du¢m day 1), k is the gas transfer coefficient (day, andx is

to the near-ubiquitous presence of U-bearing minerals in thehe radioactive decay constant (0.181 d8y Groundwater
aquifer matrix. Due to the short half-life, the activity3?Rn inflow can be calculated by rearranging Eq. (1). Equation (1)
reaches secular equilibrium wi#&®Ra in groundwater over can also be used for other tracers. For major ions, such as Na
two to three weeks (Cecil and Green, 1999). The high con-or Cl that do not degas to the atmosphere or decay, the last
trast between groundwater and surface water activities maketsvo terms on the right-hand side are redundant.

222Rn a useful tracer of groundwater inflows into rivers, es- This study uses*??Rn activities and major ion geo-
pecially where the difference in major ion concentrations be-chemistry in conjunction with physical hydrological data to
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determine the GW-SW relationships and the contribution of2.2 Groundwater along the Ovens River

baseflow along the Ovens River (Fig. 1) from its upper catch-

ment to its discharge point at the Murray River. The study The stratigraphy of the Ovens Catchment comprise Palaeo-
covers a period of 26 months that include the end of thezoic basement overlain by Tertiary to Recent fluviatile sed-
Millennium drought (2001-2009) (van Dijk et al., 2013) and iments (Lawrence, 1988; van den Berg and Morand, 1997).
the 2010 Victorian floods; these are typical of floods that re-The depth to basement in the upper and middle catchments
cur on average every 10 to 20 yr (Comrie’ 2011) From hy_iS generally 10 to 50 m, while the depth to basement is up to
draulic heads and river heights, CSIRO (2008) indicated thaf. 70 m in the lower catchment. Several basement highs and
the Ovens River is gaining in the upper catchment, alternatelyocal outcrops exist at Myrtleford in the middle catchment
gaining and |03ing in the middle catchment and main|y |05ingand between Killawarra and Peechelba in the lower catch-
in the lower catchment. However, the precise distribution ofment (Fig. 1). The basement predominantly consists of meta-
gaining and losing reaches, the temporal variation of Gw-morphosed Ordovician turbidites intruded by Silurian and
SW exchange and the baseflow fluxes to the river remain§€vonian granites that form a fractured-rock aquifer with a
unknown. The results will provide an important background hydraulic conductivity of 0.3 to 10 mday and a transmis-

for future GW-SW studies in this and other catchments inSivity of < 10n?day* (Slater and Shugg, 1987). The over-
the Murray—Darling Basin, and elsewhere. lying sediments consist of, from the base to top, the Calivil

Formation, the Shepparton Formation and the Coonambidgal
Formation. However, these formations grade into each other,

2 Study area and their boundaries are often not well defined. The sedimen-
) tary cover has the maximum thickness in the lower catchment
2.1 The Ovens River and thins and pinches out over basement highs and in the

valleys toward the highlands. The terrestrial Tertiary Calivil
Formation has a thickness of up to 45m. It does not crop
out and occurs between 20 and 100 m below ground surface.
It comprises consolidated gravel, sand silt, clay and cobbles
with a hydraulic conductivity of 5 to 50mday (Shugg,

imately 202 km long and originates on the northern fIankslgS?; Cheng and R?'d’ 2006). T_he ?‘”“V'a' .deposns of the
Holocene Coonambidgal Formation in the river valleys are

of the Victorian Alps and flows north-westwards. The catch- contiguous with and undistinguishable from those of the un-

ment is characterised by multiple narrow V-shaped mountain ; : . :
valleys in the upper catchment and broad flat alluvial flood derlying Quaternary fluvio-lacustrine Shepparton Formation.

€ys kP The Shepparton Formation and Coonambidgal Formation to-
plains in the lower catchment. In the upper catchment, the .
river is 5 to 10 m wide and 1 to 2m deep. It has small rapidsgether are up to 170m thick and form a complex heteroge-

with a steep channel gradient of around 6.5 nTRnivicto- neous unconfined to confined aquifer of clay and silt, and

. T . “shoestring lenses” of sand and gravel (Tickell, 1978). The
rian Government Department of Sustainability and Environ- ; :

: alluvial sediments vary from unsorted cobbles and coarse
ment, 2010a). Downstream of Porepunkah (Fig. 1), the valley ravels with fragments of basement rocks and minerals up-
broadens and transitions into open alluvial flood plains. The 9 P

L . stream to mature fine sands and silt downstream that are
river in the lower catchment has a low gradient of less than : . .
] . dominated by quartz and feldspar. The hydraulic conductiv-
1 mkm * and develops a network of meandering and anasto- . ) )
. e ity of the Shepparton and Coonambidgal Formations is 0.1
mosing channels downstream of Everton (Victorian Govern-

l . .
ment Department of Sustainability and Environment, 2010a).to 10 m day™ with an average 0f0.2 .t0.5 m day (T'Cke"’_
. o : 1978). The Ovens River is hosted within the Coonambidgal
In its lower reaches, it is 40 to 50m wide and up to 8 m

deep. It flows past the Warby Ranges before discharging toFormatlon, except for several upstream locations where it is

the Murray River at Bundalong (Fig. 1). The Ovens River is incised into the basement, for example, in Smoko, Bright and

perennial and receives water from three main tributaries: theMyrtIeford. The surface aquifers receive recharge through

Buckland, Buffalo and King Rivers. The monthly discharge direct infiltration on the valley flqors and via eqused and
. . . weathered bedrock at the margins of valley. Vertical head
at the Peechelba gauging station located toward the discharge

point varies between 200 and 30 200 ML dAywith high radients throughout the Ovens catchment are downward ex-

o . : cept for a few locations within a few tens of metres of the
flow occurring in Australian winter months (June to Septem- """ . .
ber) (Victorian Water Resource Data Warehouse, 2011) Thé'ver i th.e upper and middle catchment where they are up-
' " ... wards (Victorian Water Resource Data Warehouse, 2011).

river in the upper and middle regions is unregulated, but theRegionaI groundwater flow is northwest parallel to the major

flow downstream 1S pa_rtlally _regulated due to the storages OQ/aIIeys. The groundwater has a total dissolved solids (TDS)
the Buffalo and King tributaries.

content of 100 to 500 mgt! which is higher than that of
the Ovens River (TDS of 25 to 48 mgt) (Victorian Water
Resource Data Warehouse, 2011).

Located in the south-east margin of the 1061468km
Murray—Darling Basin, the Ovens Catchment (Fig. 1) oc-
cupies just 7813 ki but contributes 6 to 14 % of the to-

tal flow of the Murray River (CSIRO, 2008). The Ovens
River is the main river in the Ovens Catchment; it is approx-
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2.3 Climate and land use 100,000
The climate of Ovens catchment is mainly controlled by the $

topography. The average rainfall decreases from 1127 mmg
in the alpine region at Bright to 636 mm on the alluvial

60,000

40,000

Discharge (M

plains in Wangaratta with most rainfall occurring in win- ;54 M

ter months (Bureau of Meteorology, 2011). During the Mil- N . ‘ M NW MMN
lennium drought (particularly 2006 to 2009), rainfall in the wge | 27-Jalan-1o]Z_Alpruw26'Ju|ne4009752pmOzarDIecrmOG_Fle1 Aot L osepno
Ovens Catchment was between 40 and 80 % of the long-tern Date

average (Victorian Government Department of Sustainability _ o _
and Environment, 2010b, c). Potential evaporation increase§'d: 2. Variation in discharge of the Ovens River at Peechelba

] ig. 1) during the study period (September 2009 to October 2011,
northwards andlrgnggs from O to 40mm m “D_ 125to Victorian Water Resource Data Warehouse, 2011). Low flow con-
200 mm month~ in winter and summer, respectively (Bu-

S f "~ dition prior to June 2010 was due to drought, followed by several
reau of Meteorology, 2013). The riverine plains and alluvial fiooq events in September to December 2010. Times of sampling
flats are primarily cleared for agricultural use, while the hills are indicated by the red lines.

and mountains are covered by native eucalyptus and planta-

tion forests. Water extraction from both surface and ground-

water resources is relatively low, being 10 % of the total wa-of a known volume for 5 minutes. Counting times were 3

ter resource available in the catchment (Victorian Govern—or 4 Cyc|e5 over 2 h for river water and 20 min for ground-

ment Department of Sustainability and Environment, 2010C).Water Samp|es_ Based on rep”cate ana|yses, precision of
222Rn activities is within 3 % at 10 000 Bqm, increasing to
around 8 % at 200 Bq I¥. Anion concentrations were mea-

3 Sampling and analytical techniques sured on filtered and unacidified samples using a Metrohn
ion chromatograph at Monash University. Cations were anal-

Eight “run-of-river” sampling rounds took place over a pe- ysed using a Varian Vista ICP-AES at the Australian Na-

riod of 26 months (September 2009, March 2010, June 2010tional University or a ThermoFinnigan OptiMass 9500 ICP-

September 2010, December 2010, March 2011, June 201MS at Monash University on samples that were filtered and

and October 2011). Sample sites are designated by distanegidified to pH< 2. The precision of major ion concentra-

downstream of the uppermost sampling site at Harrietvilletions based on replicate analysesti8 %. River discharge

(Fig. 1). Areas between Harrietville and Porepunkah (0 tofor Harrietville (0 km), Bright (22 km), Myrtleford (65 km),

34 km), between Porepunkah and Everton (34 to 97 km), andVangaratta (140 km) and Peechelba (187 km) was obtained

between Everton and Bundalong (97 to 202 km) are definedrom the Victoria Water Resources Data Warehouse (2011).

as upper, middle and lower sub-catchments, respectively.

These sub-catchments broadly represent the mountain valley,

the transition from valley to alluvial plains and the broad flat 4 Results

alluvial floodplains. During March 2011 and June 2011, de-

tailed EC and®?Rn surveys were also made between Bright4.1 River discharge

and Porepunkah (22 to 34 km). This section includes a 2 km-

long and 2 to 4 m-deep canyon in the basement, followedetween September 2009 and June 2010, the discharge

by a transition to the alluvial floodplain. River samples were of the Ovens River at Peechelba was between 160 and

collected from approximately 1 m above the riverbed using4360 ML day ! with several moderately high flow events

a collection beaker attached to a pole. In September 2009)p to 11420 MLday! during the 2009 winter (Fig. 2)

groundwater was sampled from the Coonambidgal and Shep(Victorian Water Resource Data Warehouse, 2011). Multi-

parton Formations close to the Ovens River from observaple extremely high flow events of up to 93570 ML day

tion bores that are 2 to 50 m deep with 1 to 2m screenspccurred between August 2010 and March 2011 that re-

some bores were re-sampled in the following rounds. Thesulted from the 2010-2011 La Nifia event. The river flow

groundwater was sampled using an impeller pump set at theeturned to 1910 to 3800 ML day in the period of between

screened interval and at least 3 bore volumes of water werdlarch and June 2011, followed by multiple moderately high

purged prior to sampling. EC was measured in the field usflow events of up to 25850 ML day between July and

ing a TPS meter and electrode that was calibrated onsiteSeptember 2011. The September 2009, September 2010, De-

222Rn activities were measured using a portable in-air mon-cember 2010, and March 2011 sampling rounds all took

itor (RAD-7, Durridge Co.) following methods described by place during high flow conditions with the September 2009

Burnett and Dulaiova (2006) and expressed as Becquerels ¢fl0 178 ML day ) and December 2010 (18 520 ML daly

radioactivity per cubic metre of water (Bqm#). 2°Rnwas  rounds occurring on the rising limb of a flow event, and

degassed from a 500 mL Buchner flask via a closed circuithe September 2010 (6635MLday and March 2011

Hydrol. Earth Syst. Sci., 17, 49074924 2013 www.hydrol-earth-syst-sci.net/17/4907/2013/
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c Fig. 4. (A) EC values along the course of the river (Table 1). EC val-
e mnm  ZEdD  (Eowd el  SSepdl ues gradually increase downstregB). EC values along the Bright—
Date Porepunkah reach in March and June 2011. Distinct EC peaks at
132 28.5 km, followed by a gradual increase in EC values in both sam-
— 811308 pling rounds.
¥ = 811307
N\ \,\ #1306
"\\/\/
\\ catchment between 2009 and 2011 was 0.5 to 3.0m. There

was a strong lateral head gradient-ef7 x 103 between
the edge of valley (B57144) and the river bank (B51747 &
1782 B51743) towards the river. There were several head reversals
Jul-98  Jul-99 Jul-00  Jul-01 Jul-02 Jul-03 Jul-04 Jul-05 Jul-06  Jul-07 between the bOreS |n the bank prlor to June 2010 AS W|th the
pate upper catchment, there was recharge at Eurobin and Myrtle-
Fig. 3. Seasonal variation in bore hydrographg/s Bright in the ~ ford in the middle catchment in the same period (Fig. 3b
upper catchment(B) Eurobin and(C) Myrtleford in the middle  and c). However, the annual hydraulic head variation was
catchment, andD) Peechelba in the lower catchment (Victorian only 0.5 to 1.0 m. Furthermore, the lateral head gradient to-
Water Resource Data Warehouse, 2011). Bores are listed in order af/ard the river in the middle catchment was lowens(20-3
decreasing distance from the river. Annual head variations and hytg 4 x 10-3). The head gradients reversed in the river bank
draulic gradients toward the riV(_ar in the catchment decrease downz¢ Myrtleford during recharge periods (May 2009 and Au-
stream. mAHD (m Australia Height Datum) refers to metres abovegust 2010). No data is available for the groundwater level
mean sea level. near the river in the lower catchment during the study period.
However, historical data at Peechelba indicates the hydraulic
(4894 ML day ) rounds occurring on the receding limb heads in fche flood plains (81_1308 & B11307) varies by onI_y
of a flow event. The discharge in the March 2010, afew .m|II|me_tres per year (Fig. 3d). In contrast, the hydrguhc
June 2010, June 2011 and October 2011 sampling roundaead in the river bank (B11306) shows a greater vgrlat]on of
were 995MLday?, 1114MLday !, 2292MLday ! and  UP to 1.5m. The I.ateral ?ead gradient toward the river in the
2606 ML day 1, respectively, and these sampling rounds rep-lower catchment is- 107"
resent low flow periods.

4.3 Electrical conductivity
4.2 Groundwater levels

The EC values of the Ovens River increase from
The hydrographs of shallow bores 20 m deep) at Bright ~30uScnt! in the upper catchment to 37 to 55uSth
indicate that recharge occurred on the valley alluvial plainat Peechelba in the lower catchment (Fig. 4). There is al-
in June 2010 to February 2011 and June to September 202diays an increase in the EC values in the first 5km river
(Fig. 3a) (Victorian Water Resource Data Warehouse, 2011)reach from Harrietville. However, most of the increase in
The annual hydraulic head variation at Bright in the upperEC values occurs from the middle catchment downstream.

www.hydrol-earth-syst-sci.net/17/4907/2013/ Hydrol. Earth Syst. Sci., 17, 4901824 2013
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805 crease from 1.80 to 3.50mg€L in the upper catchment to
705 1 UPPET L e Cotchmemt | Lower Catchment - 3.10 to 7.30mg L1 in the lower catchment (Fig. 5a). Like-
6.05 wise, chloride concentrations rise from 0.70 to 1.90 mg L
5.05 | T L in the upper catchment to 1.60 to 4.90 migfLat Peechelba
osd, / A (Table 3) (Fig. 5b). Molar Na/Cl ratios decrease downstream
305 ﬁ@ N from 2.80 to 8.60 in the upper catchment to 1.60 to 3.50
A M at ~ 135km and then remain at a similar level in the lower

catchment (Fig. 5¢). The only exception to this trend is the

Na Concentration (mg/L)
»
(=]
&
1 ]
¢
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? S 8
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> 9
X
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—e—Dec-10
2.00 4

vt carbonate type. Na comprises 22 to 58 % of the total cations
Jun-11 (by mass) with 20 to 43% Mg, 16 to 30% Ca and 3 to 21 %
oE1 K; HCOs3 accounts for 64 to 95 % of anions with 5 to 18 %
Cl, 1t0 20% SQ and <1 to 25% NQ (Supplement; Ta-

ble 2). Groundwater in the lower catchment is a sodium or

6.00 September 2010 sampling round where the Na/Cl ratio was
5.00 . between 1.70 and 2.70 along the entire river. Other cation/Cl
? o] //‘/ ~ | T ratios have similar trends to Na/Cl.
H & ezl Groundwater in the upper and middle catchment is dom-
g% —=sep-10 inantly of a mixed magnesium and sodium or potassium bi-

1.00 4

0.00

from the upper and middle catchments are mainly between
. p - - poe 1.0 and 3.9 butlocally as high as 11, whereas the more saline
Distance (km) groundwater from the lower catchment has a Na/Cl ratio of

] o ] 0.8 to 1.5 which is close to those of local rainfall (Blackburn
Fig. 5. Variation in Na(A) and CI(B) concentrations, and Na/Cl ra- and McLeod, 1983)

tios (C) along the river. Na and Cl concentrations increase progres-

sively downstream, whereas the Na/Cl ratios decrease downstream. L
4.5 Radon activities

Ry

A potassium chloride type with relative cation concentrations
g oh\ A of 38t0 83 % Na, 4 to 54 % Ca, 2 to 27 % Mg, aad. to 3%
£ s J\:;\.'\ K, and relative anion concentrations of 29 to 64 % ClI, 20 to
) N a e 68% HCQ;, < 1 to 16 % and< 1 to 4% NG. Molar Na/Cl
g, N Sl i . L. _
3 % D ratios of the low salinity (TDS< 100 mg L) groundwater

2 gg—o" }&M

Higher EC values (35 to 55uScrh) were recorded in The Ovens River at uppermost site (0km) in Harrietville

March 2010, March 2011 and June 2011 at the end of?@s consistently lowf??Rn activities (112 to 245Bq ),
summer or during low flow. There is a small increase in whereas other river reaches in the upper catchment have

EC in the Bright—Porepunkah river section (2.8 uS¢énn ??2Rn activities between 373 and 2903 Bqin(Fig. 6a).

March 2011, 1.2 uScnt in June 2011) in the canyon (at The highest2?Rn activity is commonly recorded at 4.8 km,
28km) followed by a progressive increase in EC valuesWith the exception of the September 2010 and March 2011

downstream towards Porepunkah. sampling rounds???Rn activities in the upper catchment

The EC values of shallow groundwatet 50 m) increases Were highest in September 2009, June 2011 and Oc-
down catchment from 50 to 100 pS chin the upper catch-  tober 2011 and lower in March 2011, September 2011
ment to 100 to 400 uS cnd in the middle catchment and to and December 2011. In the Bright—-Porepunkah river sec-

: i 220 3
520 to 1200 uS cmt in the lower catchment (Table 2). EC tion, there was a significart’Rn peak of 905 Bqm
values of groundwater before and after the 2010 Victorian(March 2010) and 817 B_qn? (June 2010) at 28km in the
floods were similar. canyon (Fig. 6b), which is the site where the small increase

in EC values was observed. TR&Rn activities in the last
4.4 Major ion chemistry 1.5km of this river section were 881 to 1243 Bqtn A

small stream and spring on the floodplain at Porepunkah
The cations in the Ovens River are in the following order of had 22°Rn activities of 2663Bqm® (March 2010) and
mass abundance: Na (36 to 58 %), Mg (15 to 30 %), Ca (183083 Bqn1?3 (June 2010), and 10 488 Bqth(March 2010)
to 29 %) and K (4 to 22 %) (Supplement; Table 1). The rel- and 50450 Bqm? (June 2010), respectively. In the middle
ative mass abundance of the anions are H(B to 90%),  catchment?2?Rn activities generally decrease downstream
Cl (3 to 44 %), SQ (1 to 16 %) and N@ (0.5 to 7%) (al- from 601 to 2174 Bqm? to 231 to 440 Bqm?, with several
though HCQ were not measured for all sample rounds). As 2??Rn peaks occurring between 47 and 63 km. HigfRn
with EC, the concentrations of major ions progressively in- activities were recorded in September 2009 and June 2011,
crease downstream. For example, sodium concentrations irwhereas???Rn activities were lowest in December 2010.
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Table 1.EC values of the Ovens River. Notes: nm — not measured; a — distance from the uppermost sampling site, Harrietville.

EC (uScml)
Site Site Distance September March June September December March June October
No. Name Easting  Northing (ki) 2009 2010 2010 2010 2010 2011 2011 2011
Ovens River
SW19 Bundalong 042773 6007835 202 37.8 39.9 473 50.5 nm 54.7 54.8 72.4
SW18 Peechelba 043119 5997555 187 26.3 456 428 49.3 61.6 57.0 534 73.1
SW17 Killawara 043417 5984065 165 34.7 55.9 47.3 49.6 60.3 55.6 61.9 65.4
SW16 Wangaratta 043861 5956675 140 33.1 42.7 423 45.2 56.2 524 47.0 59.2
SW15 South Wang 044237 5974395 127 33.7 526 37.8 44.1 41 48.6 4838 61.1
SW14 Tarrawingee 045113 5970115 115 30.4 405 36.8 42.4 57.6 509 486 54.3
SW13 Everton 045732 5966695 97 32.2 46.5 36.1 43.3 40 475 46.6 52.7
SW12  Whorley 046451 5959045 80 31.7 40.3 384 40.4 38.6 446  33.7 47.2
SW11 Whorley East 047013 5966685 72 324 40.6 37.7 38.1 375 435 438 45.9
SW10 Myrtleford 047453 5952805 65 30.3 479 338 34.2 35 39.2 403 38.8
SW9  SalziersLn 047837 5949855 57 30.1 847 332 35.3 35.9 39.8 382 39.1
SW8  Ovens 048239 5947285 50 33 385 327 34.8 345 40.7 37.6 40.1
SW7  Eurobin 048684 5945025 47 39.3 53.7 323 33.3 34.2 389 37.0 37.9
SW6  Porepunkah N 048833 5941035 39 29.7 36.6 33.7 32.8 34 39.3 359 38.8
SW5 Porepunkah 049182 5938925 34 30.2 46.4 34.1 36.1 37.1 415 41.0 43.0
SwW4  Bright 049936 5935505 22 31.6 444  36.5 34.0 36.8 39.7 39.0 415
SW3 Smoko 050568 5927365 11 24.7 39.7 321 31.4 33.8 374 36.9 37.7
SW2  Trout Farm 050560 5918975 5 30.4 419 346 33.2 34.2 371  39.0
SW1  Harrietville 050566 5917175 0 28.2 36.0 30.6 32.9 28.4 30.7 311 32.9
Tributaries
SW22 King @ Oxley 044442 5966735 33.0 37.7 426 43.7 43.1 50.8 85.2 51.9
SW21 Buffalo @ Myrtleford 047182 5954215 34.8 373 37.6 36.6 34.6 39.2 394 41.0
SW20 Buckland @ Porepunkah 049049 5938625 33.2 341 307 30.0 32.8 332 316 34.9
Bright—Porepunkah
SW5 049182 593892 33.8 415 41.0
BC8 0493028 5937880 32.2 399 378
BC7 0494855 5936181 29.7 372 36.8
BC1 0495297 5936079 29.2 385 371
BC2 0495387 5935740 28.8 384 37.0
BC3 0495519 5935501 28.5 393 37.6
BC4 0495640 5935350 28.2 399 37.6
BC5 0495703 5935212 28.0 383 371
BC6 0496330 5935344 27.8 355 36.4
BU4 0496796 5925419 27.3 38.2 36.3
BU1 0497316 5935587 26.3 384 371
BU2 0498227 5935171 25.2 389 357
BU3 0498714 5935382 24.7 39.0 36.2
SW4 049936 5935505 22.0 39.7 39.0
Bright—Porepunkah (At Location BC8)
SR Spring-fed Stream 48.6 49.0
64.1 52.2

SS Spring

River reaches in the lower catchment have the lowesttatchment reflects a change in lithology from immature sedi-
222Rn activities, ranging between 80 and 754 BginEl-  ments in the alluvial valleys, containing abundant U-bearing
evated???Rn activities of between 699 and 745Bqf  fragments of granitic and metamorphic material to more ma-
were recorded 140 and 187km in September 2009 andure, weathered sediments that are dominated by quartz and
March 2010. The temporal variation in tR&Rn activities  feldspar on the plains. There were no statistically-significant
in the lower catchment is minimal, with a maximum differ- differences in groundwatef??Rn activities between the
ence of~ 200 Bq nT3 between sampling rounds. sampling rounds even after the 2010 floods.

The 22°Rn activities of groundwater are 30000 to
110000Bqm?3 in the upper catchment, 20000 to
42000BgnT® in the middle catchment, and 10000 to
20000 BqnT3 in the lower catchment (Table 5). The de-
creasing trend in the groundwaf&fRn activities across the
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Table 2.EC values and Cl concentrations of groundwater in the Ovens Catchment. Notes — b: if single value is reported, the value represents
the depth of the middle of the bore screen below ground surface.

September 2009 March 2011

Bore Distance Bore Screen  Distance to EC Cl EC Cl
No. Location Catchment (k) Easting Northing Depth () River (km) (uScntd) (mgL™1) (@uScnmtl) (mgL™Y)
B51743  Bright Upper 22 499291 5935508 5-11 0.0206 82.1 2.80
B51747  Bright Upper 22 499190 5935414 2-20 0.160 58.1 3.10
B1 Bright Upper 22 499270 5935517 2-4 0.0095 94.7 2.95
B2 Bright Upper 22 499260 5935513 2-4 0.0156 82.0 2.87
B51745  Bright Upper 22 499139 5935375 5-11 0.225 63.1 2.16
B51744  Bright Upper 22 498933 5934911 6-12 0.725 56.3 2.73
B51737  Bright Upper 22 498445 5935658 36-42 0.261 110.6 241
B51738  Bright Upper 22 498397 5935420 58-63 0.0262 199.5 2.39
B51735  Bright Upper 22 498391 5935314 30-42 0.0708 74.4 3.58
B51736  Bright Upper 22 498382 5935299 20-26 0.0824 53.1 3.29
B109461 Bright Upper 22 497818 5935267 20-26 0.339 82.8 3.42
B109462 Bright Upper 22 497818 5935267 45-51 0.339 100.4 3.48
B88271  Porepunkah Upper 34 493294 5938062 8-14 0.219 99.5 3.98 106.5 3.75
B88274 Porepunkah Upper 34 493256 5938067 35-53 0.210 64.3 1.85
B48069  Eurobin Middle 47 487803 5944698 5-8 0.506 128.5 3.59 122.0 4.07
B48068  Eurobin Middle 47 487657 5944643 7-13 0.357 74.3 3.52 68.9 3.42
B48067  Eurobin Middle 47 487519 5944594 12.0 0.203 92.1 4.14 77.4 3.24
B48066  Eurobin Middle 47 487411 5944553 9-15 0.0914 77.9 3.90 70.3 3.97
B83232  Myrtleford Middle 65 474884 5953288 6-12 0.447 106.5 9.33
B83231  Myrtleford Middle 65 474704 5953010 8-14 0.126 49.1 2.08
M1 Myrtleford Middle 65 474605 5952919 4-6 0.0049 90.0 2.37
M2 Myrtleford Middle 65 474605 5952936 4-6 0.0215 67.6 243
B83229  Myrtleford Middle 65 474607 5952916 8-14 0.0128 86.7 2.01
B83230  Myrtleford Middle 65 474604 5952937 8-14 0.0359 45.1 1.87
B102783  Whorouly Middle 80 464087 5959833 5.1-11.27 0.0048 106.9 10.32
T1 Tarrawingee Lower 115 451112 5970209 5-7 0.0056 367.0 46.89
T2 Tarrawingee Lower 115 451121 5970212 5-7 0.0142 364.0 47.78
T3 Tarrawingee Lower 115 451136 5970245 6-8 0.0509 315.0 45.96
B110738 Oxley Lower 125 444240 5966742 18.5-44 0.0048 106.9 10.32
B11326  Wangaratta Lower 140 439879 5982755 23.7 2.79 106.3 15.42
B11493 Wangaratta Lower 140 439422 5982189 16.5 2.13 1341 192.03
B302296 Boorhamman East Lower 165 437925 5992950 70.5-77 3.52 920 134.21
B11323  Boorhamman East Lower 165 437924 5992953 17.4 3.52 567 95.15
B50788  Boorhamman Lower 170 442072 5999081 60-72 9.93 536 89.17
B50789  Boorhamman Lower 170 442072 5999081 18-30 9.93 3800 654.13
B11306  Peechelba Lower 187 432684 5994603 15.8 0.469 12020 2331.00
B11311  Bundalong Lower 202 427007 6005559 16.2 0.3780 1194 163.46
B11310  Bundalong Lower 202 427237 6005560 13.9 0.191 2270 389.07

5 Discussion Overall, the high??Rn activities in the upper and middle

catchment of the Ovens River (Fig. 6) together with the pro-
The geochemistry of the Ovens River allows the major geo-gressive downstream increase in EC values (Fig. 4) and ma-
chemical process to be defined and the distribution and maqor ion concentrations (F|g 5a and b) suggest that the Ovens
nitude of groundwater inflows to be calculated. There are noRijver receives groundwater inflow$2?Rn is used to iden-
occurrences of halite in the Ovens Valley, and Cl in ground-tify gaining reaches and to calculate baseflow in this study
water and surface water is derived from rainfall (Cartwright because the difference 8#2Rn activities between ground-
et al., 2006) Since the molar Na/Cl ratio of the rainfall in water and river water in the Ovens Catchment is 2 to 3
the region is 1.0 to 1.3 (Blackburn and McLeod, 1983), theorders of magnitude, whereas the relative difference in the
high river Na/Cl (Fig. 5¢) and other cation/Cl ratios in the up- EC values and the concentrations of major ions between the
per reaches of the Ovens River is probably caused by surfacgroundwater and river water is much smaller. For compari-
runoff and throughflow containing ions derived from physi- son, baseflow fluxes are also calculated using Cl, and esti-
cal and chemical weathering of silicate minerals on land surmated from the hydrographs (Nathan and McMahan, 1990;
face or in the unsaturated zone within the upper catchmentgckhardt, 2005) and differential flow gauging. Assessing
The decrease in river Na/Cl ratios down the catchment is du%ther methods of estimating baseflow is valuable because

to the influxes of both groundwater in the valley aquifers andriver discharge and major ion data are far more extensive than
surface runoff from the middle and lower catchments, bOchZZRn data (e_g_, Victorian Water Resource Data Warehouse,

of which have relatively low Na/Cl ratios.
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Table 3. Cl concentrations of the Ovens River.

Cl(mgL™ b
Site Site Distance September March June September December March June October
No. Name Easting  Northing (ki) 2009 2010 2010 2010 2010 2011 2011 2011
Ovens River
SW19 Bundalong 042773 6007835 202 247 230 1.62 251 nm 4.03 454 4.93
SW18 Peechelba 043119 5997555 187 2.39 229 195 2.48 5.00 3.82 4.30 5.05
SW17 Killawara 043417 5984065 165 2.39 255 177 2.32 4.64 3.10 3.89 4.32
SW16 Wangaratta 043861 5956675 140 2.34 196 1.59 241 4.39 319 334 3.90
SW15 South Wang 044237 5974395 127 191 199 1.65 2.33 2.80 262 261 3.71
SW14 Tarrawingee 045113 5970115 115 181 1.78 1.63 2.35 3.64 561 3.12 3.05
SW13 Everton 045732 5966695 97 1.88 180 1.54 2.22 2.72 238 248 3.11
SW12 Whorley 046451 5959045 80 1.9 1.73 157 2.17 2.44 2.01 2.02 2.23
SW11 Whorley East 047013 5966685 72 1.96 168 1.63 2.26 2.38 189 1.90 2.10
SW10 Muyrtleford 047453 5952805 65 1.54 137 151 2.2 1.50 1.23 1.40 1.47
SW9  SalziersLn 047837 5949855 57 1.61 132 152 2.19 1.66 149 1.39 145
SW8  Ovens 048239 5947285 50 1.49 130 1.47 2.32 2.30 121 1.39 1.40
Sw7 Eurobin 048684 5945025 47 1.47 143 151 2.13 141 144 132 1.38
SW6 Porepunkah N 048833 5941035 39 15 115 1.48 2.01 1.38 136 1.35 1.35
SW5 Porepunkah 049182 5938925 34 1.31 125 1.42 1.98 1.44 121 1.25 1.34
SW4  Bright 049936 5935505 22 1.39 1.03 1.32 1.89 1.56 1.03 121 1.15
SW3  Smoko 050568 5927365 11 1.09 0.85 1.28 1.88 1.27 0.75 0.92 0.90
SW2  Trout Farm 050560 5918975 5 0.99 082 131 1.87 1.00 0.69 0.95 0.89
Swi Harrietville 050566 5917175 0 1.03 0.67 125 1.92 0.78 0.71 0.81 0.76
Tributaries
SW22 King @ Oxley 044442 5966735 2.77 210 221 231 3.02 320 314 3.46
Sw21 Buffalo @ Myrtleford 047182 5954215 2.12 164 161 231 221 334 1.80 1.87
SW20 Buckland @ Porepunkah 049049 5938625 1.52 1.05 1.57 1.76 1.39 1.18 1.17 1.20
Bright—Porepunkah (at location BC8)
SR Spring-feed stream 157 215
185 221

SS Spring

2011; CA (Central Asian) Water-Info, 2013; NSW Govern- inputs. The Ovens River and groundwater have generally

ment WaterInfo, 2013; USGS Water Data for USA, 2013). high222Rn activities, and errors associated with not account-
ing for hyporheic exchange are likely to be small; thus ini-

5.1 Baseflow fluxes calculation using??Rn activities tially the F, term was omitted. Gas exchange coefficients
(k) were estimated using the modified gas transfer mod-

Groundwater influxes to the river for the sampling roundsels of O’Connor and Dobbins (1958) and Negulescu and

were calculated by rearranging Eq. (1) usfigRn activities  Rojanski (1969) as described by Mullinger et al. (2007):

from Table 4. Stream discharges of individual reaches were

estimated by linear interpolation of the discharge at the fivey, — 4 87 x 104 (E)O'SS )

gauging stations. River depths and widths were estimated in d

the field; river depths vary from 1.2 to 8.0 m in winter and

0.3 to 6.7m in summer, and river widths range from 15 to 3 05

100 m in winter and 7 to 90 m in summer. Evaporation ratesk = 9-301x 10 <_> ’ ®)

d1'5
are 1.3x 10 3m day ! and 6.0x 103m day ! for win-
ter and summer months, respectively (Bureau of Meteorolwhere v is the average stream velocity (mday derived

ogy, 2013). Based on the data in Table?5Rn activities  from the stream discharge, river depth and river width data.
of 76 000 BqnT3, 32000BqnT3 and 19000 Bqm? were Equation (2) generally produces highevalues (and hence
assigned to groundwater from the upper, middle and loweltyields greater groundwater fluxes) than Eq. (3). Tivalues
catchments, respectively. Hyporheic exchange can also causer the winter months are generally 3.0 to 8.0dAayn the

an elevation ir??2Rn activity in rivers wheré??Rn activi-  upper catchment, decreasing to 0.2 to 1.0danp the lower

ties are less thary 300 Bq 2 or where groundwater has a reaches. Lower values were obtained for the summer months,
low 222Rn activity (Lamontagne and Cook, 2007; Cartwright from 3.0 to 4.0 day? in the upper catchment to 0.2 to 0.3
et al., 2011; Cook, 2012). Failing to account for hyporheic day ! in the lower catchment. High values bin the upper
exchange may result in the overestimation of groundwatercatchment reflects the high velocities due to the shallow river
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Table 4.222Rn activities of the Ovens River.

Radon (Bqnt3)

Site Site Distance September March June September December March June  October
No. Name Easting  Northing (kr) 2009 2010 2010 2010 2010 2011 2011 2011
Ovens River
SW19 Bundalong 042773 6007835 202 199 242 109 119 nm 30 159 161
SW18 Peechelba 043119 5997555 187 699 325 127 205 123 179 118 148
SW17 Killawara 043417 5984065 165 230 754 130 211 105 83 185 135
SW16 Wangaratta 043861 5956675 140 138 693 169 227 136 161 267 225
SW15 South Wang 044237 5974395 127 227 193 179 240 127 186 318 224
SW14 Tarrawingee 045113 5970115 115 222 206 227 385 169 257 363 387
SW13 Everton 045732 5966695 97 297 263 239 439 231 275 440 325
SW12 Whorley 046451 5959045 80 245 293 450 514 296 185 374 548
SW11 Whorley East 047013 5966685 72 1296 623 562 536 413 654 555 414
SW10 Myrtleford 047453 5952805 65 2318 639 628 674 230 500 643 413
SW9  SalziersLn 047837 5949855 57 640 293 538 744 225 567 625 662
SwW8  Ovens 048239 5947285 50 715 545 569 746 408 301 1337 530
SW7  Eurobin 048684 5945025 47 1669 533 530 970 297 928 945 867
SW6  Porepunkah N 048833 5941035 39 1544 573 552 770 399 930 803 942
SW5  Porepunkah 049182 5938925 34 2174 1040 1005 1126 601 983 1243 1155
SW4  Bright 049936 5935505 22 2903 630 707 754 654 580 1032 1007
SW3  Smoko 050568 5927365 11 2781 1063 844 641 793 631 707 1062
SW2  Trout Farm 050560 5918975 5 2659 1265 1168 679 783 373 1403 1103
SW1  Harrietville 050566 5917175 0 222 112 238 213 169 224 245 226
Tributaries
SW22 King @ Oxley 044442 5966735 419 155 142 211 107 102 146 209
SW21 Buffalo @ Myrtleford 047182 5954215 605 620 637 503 358 378 678 682
SW20 Buckland @ Porepunkah 049049 5938625 339 450 740 824 644 267 928 1165
Bright—Porepunkah

SW5 049182 593892 33.8 983 1243

BC8 0493028 5937880 32.2 881 1060

BC7 0494855 5936181 29.7 317 835

BC1 0495297 5936079 29.2 469 627

BC2 0495387 5935740 28.8 688 640

BC3 0495519 5935501 28.5 905 817

BC4 0495640 5935350 28.2 740 712

BC5 0495703 5935212 28.0 374 617

BC6 0496330 5935344 27.8 455 682

BU4 0496796 5925419 27.3 371 792

BU1 0497316 5935587 26.3 680 657

BU2 0498227 5935171 25.2 564 738

BU3 0498714 5935382 24.7 555 562

SW4 049936 5935505 22.0 580 1032

At location BC8
SR Spring-fed stream 2652 8083
SS Spring 10488 50450

depth and steep channel gradient, while low valugsiothe 222Rn activity and the discharge at the sampling site down-
lower catchment is the result of lower velocities due to the stream of the confluence with th&Rn activity (Table 4) and
greater river depth and low channel gradient. Low-gradientthe discharge near the exit of the tributary.

rivers elsewhere generally hakevalues of 0.5 to 2.5 day* The calculations indicate that most reaches are gaining
(Raymond and Cole, 2001; Cook et al., 2003; Cartwright et(/ > 0m®m~1 day 1), except for one reach at 11 km in the
al., 2011) while shallow and turbulent rivers havealues of  upper catchment in June 2011 and a few reaches in the mid-
up to 34 day?® (Mullinger et al., 2007). Thus the calculated dle and lower catchments. Losing reaches generally occur in
k values for the Ovens River are within the range recorded inthe reaches between 48 and 57 km, between 115 and 117 km,
other studies. In this study, each sub-catchment was assignexhd between 118 and 202 km. Based on the higheal-

an average value dfbased on thé values from all individ-  ues from Eq. (2), the baseflow fluxes are 0.4 to P0nm’

ual reaches within the sub-catchment. The impact of tributaryday* with a mean of 1.0 fhm~1 day~? for the upper catch-
mixing on?2?Rn activities was calculated by combining the ment, 0.3 to 24.4 fhm~! day ! with a mean of 2.3fim~1!
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Table 5.222Rn activities of groundwater in the Ovens Catchment.

Radon (Bq nT3)

Bore Bore Screen Distanceto  September March June March June  October
No. Location Catchment Easting  Northing  Depth lEm) River (km) 2009 2010 2010 2011 2011 2011
B51737  Bright Upper 498445 5935658 36-42 0.261 116 750 100230

B51743  Bright Upper 499291 5935508 5-11 0.0206 75880 59000 67210 64500 72375 82500
B51744  Bright Upper 498933 5934911 6-12 0.725 85875 26125 23200
B51747  Bright Upper 499190 5935414 2-20 0.160 50650

B1 Bright Upper 499270 5935517 2-4 0.0095 28225 90125 71750
B2 Bright Upper 499260 5935513 2-4 0.0156 39563 73250 76750
B88271 Porepunkah Upper 493294 5938062 8-14 0.219 58880 48125

B48066  Eurobin Mid 487411 5944553 9-15 0.0914 42910 34740 45620 28350

B48067  Eurobin Mid 487519 5944594 12 0.203 28150 25010 24360 30925

B48068  Eurobin Mid 487657 5944643 7-13 0.357 31163

B48069  Eurobin Mid 487803 5944698 5-8 0.506 30088

B83229  Myrtleford Mid 474607 5952916 8-14 0.0128 26180 25980

B83230  Myrtleford Mid 474604 5952937 8-14 0.0359 31260 35870

M1 Myrtleford Mid 474605 5952919 4-6 0.0049 10325 19400 18788
M2 Myrtleford Mid 474605 5952936 4-6 0.0215 19500 30238 25063
B102873  Whorouly Mid 464087 5959833 5.1-11.27 0.513 28660

B110738 Oxley Lower 444240 5966742 18.5-44 0.0048 31090

T1 Tarrawingee Lower 451112 5970209 5-7 0.0056 5988 15150 23300
T2 Tarrawingee Lower 451121 5970212 5-7 0.0142 14938 15738 18325
T3 Tarrawingee Lower 451136 5970245 6-8 0.0509 16325 22738 18867
B11326  Wangaratta Lower 439879 5982755 23.7 2.79 35100

B11493  Wangaratta Lower 439422 5982189 16.5 213 21900

B11323  Boorhamman East Lower 437924 5992953 17.4 3.52 14360 15210

B50789  Boorhamman Lower 442072 5999081 18-30 9.93 9260

B11306  Peechelba Lower 432684 5994603 15.8 0.469 12980 10460 14890

B11310 Bundalong Lower 427237 6005560 16.2 0.191 21360

B11311 Bundalong Lower 427007 6005559 13.9 0.3780 18290 18130

day ! for the middle catchment and 0.2 to 24.3m™! low flow periods. September 2009 is the exception, where
day ! with a mean of 1.1 fhm~1 day 1 for the lower catch-  both the total groundwater and the proportion of ground-
ment during high flow periods (September 2009, Septemwater (13 %) are high. The cumulative groundwater inflow
ber 2010, December 2010, March 2011) (Fig. 7a); and 0.Xfor the catchment during the study period was 110000 to
to 0.7n¥ m~1 day ! with a mean of 0.4\m~1 day ! for 1400000 r/day with a mean of 370 000%day 1, or 2 to

the upper catchment, 0.1 to 2.8m~1 day ! with a mean 17 % of total flow.

of 0.6mPm~1 day ! for the middle catchment and 0.1 to  Repeating the calculations with lower values from
3.8nPm~! day ! with a mean of 0.8rfim~1 day ! for  Eq. (3) lowers the estimates of groundwater influxes in in-
the lower catchment during low flow periods (March 2010, dividual reaches by 11 to 70%, with an average of 43 %.
June 2010, June 2011 and October 2011) (Fig. 7b). Théhe largest percentage changes occur in the gaining reaches
highest groundwater influxes generally occur in the mid-where groundwater inflows are lower (c.f., Cook et al., 2003,
dle catchment. There are very high groundwater inputs (u®006). The lowerk estimates also result in an additional
to 24mP m~1 day 1) at several locations (65 to 72km and two reaches in the upper catchment and several reaches in
166 to 188 km) in the middle and lower catchments. Fur-the middle and lower catchment being interpreted as losing.
thermore, groundwater inputs, particularly in the upper andOverall, the lowek values reduce the calculated cumulative
middle catchments, often increase during the high flowgroundwater influxes to 77 000 to 680 008 aay ! with a
periods. This increase in groundwater influxes during themean of 190 000 rhday .

high flow periods is also reflected by the higher cumula- The calculations were also repeated by assigning differ-
tive groundwater influxes in September 2009 (1400080 m ent groundwatef22Rn activities (-1 standard deviation of
day 1), December 2010 (290 00Cnday 1) and Septem- the sub-catchmerfé2Rn activity) to understand the impact
ber 2010 (330 000 iday 1) (Fig. 8a), compared to the low of the spatial variation i#22Rn groundwater activities on
flow periods in March 2010 (180 000day 1), June 2010  groundwater inflows. The standard deviations of groundwa-
(110000t day ') and June 2011 (22000Cwday!)  ter?2?Rn activity in the upper, middle and lower catchments
(Fig. 8b). Although the cumulative groundwater fluxes in- are 29 400 Bqm?3, 7500 Bq nt2 and 8400 Bqm?, respec-
crease during high flow periods, the proportional contribu-tively. An increase in the groundwat&?Rn activity reduces
tion of groundwater to the river is generally greater during groundwater influxes in individual reaches by 19 to 31 %,
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Fig. 6. (A) Variation 0f222Rn activities in the river (Table 4). High Distance (m)
222Rn activities are recorded in the upper catchment and decreas
down the valley. Temporal variation in t€2Rn activities is mini-
mal in the lower catchmen(B) 222Rn activities along the Bright—
Porepunkah reach in March and June 2011. DistiRéRn peaks

at 28.5km (at which higher EC values are also found (Fig. 4b),
followed by a gradual increase #2Rn activity in both sampling
rounds.

~@—23-Mar-10

Fig. 7. Groundwater influxes calculated frod22Rn activi-

ties, based on highk values, in flow conditions of 4894 to
18520 ML day 1 (A) and of 995 to 2606 ML day? (B). High base-
flow occurs in the upper catchment and often increases during high
flow conditions. High baseflow also occurs 65 to 72 km and 166 to
188 km.

whereas a decrease in the groundw#@@Rn activity in- 5.2 Baseflow fluxes calculation using ClI concentrations

creases groundwater influxes by 31 to 81 %. The calculate
cumulative groundwater inflows are 74000 to 1000080 m
day ! if the higher groundwatef?2Rn activities are used
and 170000 to 2 200 000%day 1 if the lower groundwater dCl,

(Q — wECI,) /(Cli —Cl,)

(ilsroundwater inputs to the river were also calculated by ClI
concentrations (Table 3) via

222Rn activities are used. = )
The impact of ignoring hyporheic flow was assessed
by assuming that the backgrouR@Rn activities in los-  (Cartwrightetal., 2011), where Cand C} are Cl concentra-
ing reaches were maintained by hyporheic exchange (C_f.t’ionS in the river and grOUndwater, reSpeCtively. The Spatial
Cartwright et al., 2011). These background rig&fRn ac-  variation of groundwater chloride concentrations are differ-
tivities are then subtracted from the measured rﬁ?éRn ent from those O?ZZRn (Table 2), the chloride concentrations
activities and the groundwater influxes recalculated. Forof groundwater used in the calculations are 3.25 mytor
September 2009, the background ridé#Rn activities are 0 to 65km, 45 mg ! for 65 to 127 km and 275 mg't* for
220BqnT3, 175Bqm3 and 130 Bqm? for upper, middle 127 to 202 km. Compared to ti&Rn mass balance calcula-
and lower catchments, respectively. The revised groundwatelions, the Cl mass balance calculations indicate fewer gaining
influxes in individual reaches are 3 to 58 % lower. The largerféaches in the upper, middle, and lower catchments (Fig. 9a).
discrepancies occur in some reaches of the middle and loweftdditionally, the locations of high groundwater inflow are
catchments that have low calculated groundwater influxesnot always the same as those predicted from?#&n ac-
However, these reaches only contribute a small proportion ofivities. The groundwater influxes for the upper and middle
baseflow to the catchment, and thus these large discrepanciégdtchments based on Cl concentrations are higher than those
will only have a small effect on the catchment-scale ground-based orf?2Rn activities. Conversely, the Cl mass balance
water inflow. The overestimation on the cumulative ground-often yields lower groundwater influxes in the lower catch-
water inflow in September 2009 due to ignoring hyporheic ment than those calculated usiR&’Rn activities. Several
flow is ~ 17 %. reaches in the middle catchment have extremely high calcu-
lated baseflow of up to 14143m~1 day 1. The best match
betweer???Rn- and Cl-derived groundwater influxes are the
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l * Inflow of young and less saline © Middle

ones in the upper catchment in March 2010 and June 2010
and the ones in the lower catchment in December 2012.
During the high flow periods, groundwater influxes of 0.5
to 34.8n¥m~1 day ! (a mean of 3.3), 0.1 to 14003m~1 104
day ! (ameanof1.1)and 0.1to 13.2m1 day ! (a mean T e S
of 0.3) are predicted for the upper, middle and lower catch- o ’

ment, respectively. For the low flow periods, groundwater Fig. 9. (A) Comparison of baseflow fluxes in each sampling round,
influxes are lesser: 0.3 to 3.4 with a mean of 08 m?!  estimated fron¥22Rn activities and Cl concentrations using Egs. (1)
day—l for the upper catchment, 0.1 to 6.0 with a mean of and (4), respectively. For Rn, baseflow fluxes based on higher and
0.5mPm~1 day~? for the middle catchment and 0.1 to 0.8 lower k values are showr(B) A scatter plot of al???Rn- and CI-
with a mean of 0.2 fim—1 day—l for the lower catchment. derived groundwater _influxes (for Rn onlyzthose based on higher
Overall, the cumulative groundwater inflows based on the Clg rgilr:fvia?:i rsnfl‘lj’)‘:‘g; g‘grtg: tgrzzg' olzhﬁétr?:y 2;‘]‘;”%' S:;‘I’;?e din
m?fs Sthbealggg%rledcugl]?gSQZv?;?e‘: tglz?:gﬁgefr:?rt:tligr?;v. are in—a straight line. Data points above the line indicate that Cl-derived

o groundwater inflows exceet’Rn-derived groundwater inflows,
creased by 1 standard deviation (0.9, 17 and 120MgL ;nqyice versa. The possible reasons for the discrepancies are given

for the upper, middle and lower catchments), the calculatedy, the graph. BothA) and (B) shows CI concentrations generally
groundwater inflows decrease by 25 to 37 %. Decreasing th@ield higher baseflow fluxes in the upper catchment but lower base-
assumed groundwater Cl concentrations by a similar amounflow fluxes in the lower catchment.

results in a 50 to 58 % increase in groundwater inflows. For

both the???Rn and Cl mass balance calculations, decreasing

the groundwater end-member concentration Cl;) makes 5.3 Baseflow fluxes calculation via hydrograph

a greater change in groundwater fluxes compared with in- separation

creasingC; or Cl;. As the difference between groundwater

and river concentrations’{ — C,) or (Cl; — Cl.) become Recursive digital filters separate the slowflow component
smaller, uncertainties i@; or Cl;, produce larger relative er- of the hydrograph (assumed to be mainly baseflow) which
rors in the calculated groundwater inflows. This is apparenthas a low frequency from the high frequency signals associ-
in the Cl mass balance calculations because the differencated with surface runoff and interflow (Nathan and McMa-
between Gland C} is already low. han, 1990; Eckhardt, 2005). The Nathan and McMahon

® Lower

groundwater from river bank et
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filter (1990) is (Brodie et al., 2007), wher@g, is the groundwater flux,
1+ a) Quan is the river discharge at the downstream si@yp
i (k —yk—l)], (5) is the river discharge at a upstream sit@y: iS outputs

2 from reach (evaporation and extraction) afg is inputs to
wherey is the total stream dischargg,is the filtered quick  the reach (rainfall, tributaries and irrigation drainage). The
flow, k is the time step, and is the recession constant. groundwater during the low flow periods was calculated us-
Daily discharge data used in the calculations are betweeid Ed. (8) from parameters listed in Table 6. The calcu-
October 2000 and October 2011 from the three gauging stalations also subtract flow input from three main tributaries.
tions are Bright (22 km), Myrtleford (65 km) and Peechelba Like the hydrograph separation, the discharge data come
(187km).« is the gradient of the falling limb of a hydro- from the three gauging stations. The calculated net ground-
graph and was determined via linear regression followingwater influxes at Bright, Myrtleford and Peechelba were

b = yx — [afk—l +

Eckhardt (2008): 34100 to 172199day !, 55772 to 199951 thday !
and 227801 to 644 255%rday 1, respectively. These esti-
Qi1 =0a0;. (6) mates are higher than the corresponding fluxes derived from

222Rn activities; 4600 to 11 000%rday? for Bright, 16 000

The calculatedx values are 0.976 for Bright, 0.970 for 1
; ~ 1039000 ni day ! for Myrtleford and 62 000 to 150 000%n
Myrtleford and 0.967 for Peechelba. The filter was applledday_l for Peechelba.

in three passes (forward, backward, forward) across the hy-

drograph as suggested by Nathan and McMahon (1990). Thg 5 \/ariations in baseflow

calculated percentages of baseflow in the May to October

(wet) and November to April (dry) periods are 47 and 83%5.5.1 Spatial variations in baseflow

at 22km, 51 and 78 % at 65km, 49 and 79 % at 187 km, re-

spectively. The Eckhardt (2005) filter is The baseflow fluxes derived fro’f°Rn activates indicate
moderate groundwater inflows in the upper catchment. In the

by (1~ BFlmaxabi—1 + (1~ ¢)BFlmaxyk , (7)  upper catchment, the narrow valley creates a high hydraulic

1 — aBFlmax gradient of~ 7 x 10-3 between the alluvial aquifers and the

whereb is the filtered baseflowbf < yr) and BFhaxis the  fiver producing the observed groundwater inflows (Fig. 3a).
maximum value of the baseflow index (BFI) that can be mod-The majority of the groundwater inflows occur in the first
elled by the algorithm. BRlax cannot be measured but is few river reaches (0 to 11km) and between 31 and 34km
assigned based on the catchment lithology and river flowat Porepunkah. Between 0 and 11 km, the river is located at
regime. Eckhardt (2005) proposed B values of 0.8 for ~ the edge of the valley, and it is likely that groundwater dis-
perennial streams with porous aquifers, 0.5 for ephemerafharges to the river at these break of slopes as a result of
streams with porous aquifer and 0.25 for perennial steaméhe topography. The river reach at 28 to 30 m is in a moder-
with hard rock aquifers. Considering the change from theately steep canyon. As the flow leaves the canyon, it cuts a
large area of bedrock in the upper catchment to the sedimerfieep channel through shallow sediments on the alluvial val-
tary aquifers in the lower catchment, area-weighted,Bk! ley plains at Porepunkah, and the Porepunkah site is in an
values of 0.31 for the upper catchment, 0.36 for the mid-area with springs and a spring-fed stream. Groundwater in-
dle catchment and 0.47 for the lower catchment were asflows in the upper and middle catchments are also derived
signed. The filter was applied in a single pass across the hydirectly from the basement aquifer as evidenced by the pres-
drograph as suggested by Eckhardt (2005). In comparison tgnce 0f222Rn and EC peaks in the canyon (28.4 to 28.7 km)
the Nathan and McMahon filter, the Eckhardt filter produces(Figs. 4b and 6b). The magnitude of groundwater influx from
lower percentages of baseflow: 36 and 52 % at 22 km, 43 an¢he basement aquifer may be large (up to £em* day*

58 % at 65 km, and 54 and 66 % at 187 km, in the May to Oc-in March 2011). Since fractured bedrock aquifers often have
tober and November to April periods, respectively. However, Very limited storativity, they deplete very quickly; groundwa-
these values are still substantially higher than those estimate@" inflows in this zone were lower toward the end of autumn
by 222Rn activities: 3 and 2 % at 22 km, 10 and 9 % at 65 km, in June 2011.

and 16 and 12 % at 187 km. Groundwater fluxes in the middle catchment are locally
lower or higher than those in the upper catchment. In gen-

5.4 Baseflow fluxes calculation via differential flow eral, the lateral head gradient toward the river in this region
gauging is lower due to the widening of the valley. The aquifer sed-

iments also have lower hydraulic conductivities, and both
Groundwater inflow can also be estimated using differentialthese factors can cause a reduction of groundwater influxes to
flow gauging. When surface runoff is negligible, the ground- the river. However, some sections of the river in the middle
water flux to a river can be calculated from catchment are moderately incised with steep banks. These

reaches are likely to have higher groundwater inflows.
QgW: Odn— Qup‘f‘ZQout—ZQin (8) y g g
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Table 6. Parameters used for calculating the net groundwater i during low flow conditions by differential flow gauging using
Eq. (8). Discharge data were obtained from Victorian Water Resource Data Warehouse (2011), and evaporation was estimated based on th
surface area of river and data from Bureau of Meteorology (2013).

Location Parameters March 2010 June 2010 June 2011 October 2011
Peechelba Qg (M3 day 1) 995191 1113730 2291906 2605936
Qup (M3 day 1)) 281073 384569 626881 812098
Qout (Evaporation) (M day1) 12200 2440 2440 9760
Qin (Tributaries) (3 day 1) 384757 503800 1168102 1159343
Oin (Rainfall) (m? day 1) 0 0 0 0
Qgw (m3day1) 341561 227801 499363 644255
Myrtieford Qg (m3day™1) 281073 384569 626881 812098
Qup (M3 day™1)) 108119 142785 274903 340353
Qout (Evaporation) (M day 1) 2303 461 461 1842
Qin (Tributaries) (n? day™1) 119485 152338 214891 273636
Oin (Rainfall) (m® day~1) 0 0 0 0
Qgw (m3day™1) 55772 89907 137548 199951
Bright Qdn (M3 day™1) 108119 142785 274903 340353
Qup (M3 day™1)) 54021 90172 59184 152869
Qout (Evaporation) (M day1) 550 110 110 440
Qin (Tributaries) (n? day 1) 15819 18623 43630 63689
Oin (Rainfall) (m? day 1) 0 0 0 0
Qgw (m3day1) 38829 34100 172199 124235

Groundwater inflows are reduced in the lower catchmentthe upper Ovens is high (120 to 180 mni¥r(Cartwright
This is the result of the shallow hydraulic gradient betweenand Morgenstem, 2012)) with an annual fluctuation of up
the river and the groundwater in the open and flat alluvialto 3m in the water table (Fig. 3a). The rising groundwa-
flood plains in a semi-arid environment (Fig. 3d). Further- ter elevations, which is referred to as hydraulic loading, in-
more, groundwater inflows are likely to be restricted by the creases the hydraulic head gradient toward the river and thus
less conductive alluvial sediments. causes greater groundwater inflows. However, the magnitude

Despite the widening of alluvial plains, several locations of groundwater inflows do not always increase proportion-
in the middle and lower catchments (between 65 and 72 knally with river flows. For instance, the discharge in Decem-
and between 166 and 188 km) receive significant baseflovber 2010 was greater than that in September 2009, and yet
(up to 24ntm~1 day™1) (Fig. 7). This gaining behaviour is the December 2010 round had a lower cumulative ground-
probably caused by basement highs that deflect groundwawater influx than the September 2009 round (Fig. 8a). The
ter flow and induce upward head gradients. Between 65 antbwer baseflow fluxes may be caused by the high river stage
72 km several large outcrops of bedrocks occur near the riveras a result of multiple floods in the previous winter/spring
while the river meanders close to the Warby Ranges betweemonths that reduces the hydraulic gradient between the river
166 and 188km (Fig. 1). The losing reaches are generallyand the adjacent groundwater. In contrast, the river was rela-
located in the middle and lower catchments. At these locadively dry in September 2009 after a period of drought, allow-
tions, the difference between the river and the water table isng a greater hydraulic gradient to be developed during the
usually small due to the increasing flatness of the topograrecharge period and thus producing a greater amount of base-
phy. Thus, any small changes in river height or groundwaterflow (Fig. 2). The groundwater inflows in the upper catch-
level can result in the observed fluctuating gaining and losingment can be low during low flow periods. The coarse aquifer

behaviour along these sections of the river. sediments enable relatively quick drainage of groundwater
into the river during winter and spring months. As a result,
5.5.2 Temporal variations in baseflow the water table near the river can drop significantly during dry

periods (Victorian Water Resource Data Warehouse, 2011),
Groundwater inflows in the upper catchment and some partgesulting in less groundwater influxes to the river or losing
of the middle catchment increase during high flow periodsreaches.
(Figs. 7a and 8a). The increased rainfall over autumn and The baseflow fluxes in the lower catchment are similar
winter produces high surface runoff and also recharges that both high and lower flow conditions. The constant base-
groundwater. The recharge rate in the coarse sediments dfow fluxes are probably caused by the limited fluctuation
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in the water table. The water table in this region varies by In comparison to hydrograph separatiéffRn mass bal-
0.5 to 1.5m near the river and less than a few millimetresance produces consistently lower total baseflow fluxes across
away from the river (Fig. 3d). The lower variation in the wa- the catchment. Thé?°Rn mass balance calculations re-
ter table elevation is due to the lower recharge rate of 30 taquire that the groundwater is in secular equilibrium with the
40 mmyr1 on the floodplains (Cartwright and Morgenstem, aquifer sediments (Cook, 2012). Thus, recently recharged
2012) which is the result of reduced rainfall, flat topography groundwater may not be adequately accounted fo?Bgn
and the low hydraulic conductivity of the alluvial sediments. mass balance. Hydrograph separation, however, aggregates
Since the water table near the river does fluctuate, it is posgroundwater, bank returns, interflow and draining of pools
sible for the river to recharge the adjacent aquifers and riveion the floodplains into the slow flow component (Griffiths
banks during high flow conditions. and Clausen, 1997; Halford and Mayer, 2000; Evans and
Neal, 2005). The discrepancy betwe#iRn mass balance
5.6 Comparing Rn with CI concentrations, hydrograph  and hydrograph separation probably indicates that in addi-
separation and differential flow gauging tion to regional groundwater, other delayed components con-
) tribute to the flow of the Ovens River. That other compo-
In the upper and to some extent, the middle catchment, thents such as bank returns, contribute to the river is also

groundwater fluxes estimated fr%r%n Cl concentrations are ofg,ggested by the Cl data, as discussed above. The uncertainty
ten greater than those based ©riRn activities by 30 10 i, 3ssigning BRhay in the Eckhardt filter and the assump-

2000% (Fig. 9). The possible reasons for the discrepancyigng pehind the hydrograph separations may also contribute
would be underestimating evaporation, ignoring local saliney, {he discrepancy.

groundwater inputs or/and lack of difference in Cl concen- 11 groundwater inflows calculated based8fRn ac-
trations between the groundwater and surface water. HoWjyities are lower than those derived from differential flow

ever, underestimating evaporation is unlikely since evaporay,  ging. This difference may be due to unaccounted surface
tion rates in this catchment are low. Saline groundwater in-

runoff during rainfall in the catchment leading to the sam-

put is probably not the sole reason for the overestimation. 'fpling. Furthermore, baseflow derived from differential flow

the assilgneq grpundwgter Cl concentration. was increased t&auging is the net groundwater dischargatflow — inflovy
5mg L™ which is the highest CI concentration in the UpPer 4nq thys can consist of groundwater, delayed bank returns
catchment, the groundwater influxes would only decrease by, interflows. On the other hand, groundwater inflow esti-
20to 50 %. The likely reason for the discrepancy is due to the, 5teq by222Rn may not include some short-medium term
similarity between groundwater and river Cl concentrations, 4ier stores. such as delayed bank returns and interflows
in the upper and middie catchment. If the difference in the e 15 insufficient time to reach secular equilibrium. The
two end-member concentrations is small, it requires a signifyjgh groundwater inflows from differential flow gauging may
icant input of groundwater in order to detect a rise in river suggest that interflow and water from unsaturated zone pro-

Cl concentrations. It also magnifies any calculation and meayije 4 significant amount of discharge to the river. The large

surement errors in mass balance calculations, particularly iR.i zone in the upper and middle catchments is likely sup-
the groundwater end-member concentration (Cook, 2012)yjies water to the river, maintaining the river flow during dry

The large increases in the river Cl concentrations in SOmenq pasefiow conditions since the calculated baseflow in the
reaches (and thus the large estimated groundwater influxe§)s:chment is only 2 to 17 % of total flow.
may be due to accumulation of CI over several reaches or ag these comparisons indicate, numerical methods based
may come from other sources, such as water in the unsatysy, fio,y data are likely to provide larger groundwater inflow
rated zone or in pools on riverine plain. estimates compared to chemical mass balance. Although
Inthelowercatchments,the Cl-derived baseflowfluxeos arfhese physical methods can isolate the delayed flows from
usually lower than those estimated #/Rn by 50 0 100% g iface runoff, they cannot separate various components of
(Fig. 9). If the assigned groundwater CI concentratlonsmthede|ayed flow. On the other hand, the delayed components
calculations are reduced, the baseflow estimates would prog ;. as groundwater, interflow, or bank return flows may
. . . . 2 1 1
gressively increase, matching ones derived from?&n  pave 4 different geochemistry. Therefore, chemical tracer
activities. This may indicate that the majority of baseflow in ;564 methods may be able to track the different compo-
this area is derived from less saline water in the mid-channe},gnts of delayed flow. When considering methods for study-
bars and river banks rather than the more saline reg|ona§lng GW-SW interaction, the availability of data is an impor-

groundwater. Using regional groundwater compositions ingnt factor. Flow data is often a first choice since it is readily
the mass balance calculations would underestimate the tOt%lvaiIabIe. But it is equally important to consider the aims

groundwater discharge to the river but correctly identify the ¢ the study and what particular components of groundwater
amount of regional groundwater discharge if the groundwateri, o regional groundwater, river bank, water from the unsat-
discharge comprises both bank storage and regional grounq(J

X irated zone) the study focuses on.
water (McCallum et al., 2010; Cartwright et al., 2011).
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