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Abstract

Increases in groundwater salinity down gradient are a common occurrence in catchments throughout Australia,

exacerbating the effects of dryland salinisation in discharge areas. Groundwater hydrochemical and isotopic data from the

Willaura catchment in south-eastern Australia, which is affected by both primary (natural) and secondary (human-induced)

salinity, allowed the factors that cause the down gradient trend in salinisation within this catchment to be determined. The

overall salinity of the groundwater (0.8–70 mS/cm) is controlled by evapotranspiration, which concentrates cyclic salts in

the unsaturated zone, greatly increasing the salinity of the soil–water to 3700–6400 mg/L ClK. The progressive addition of

this saline soil–water to fresher groundwaters recharged on the catchment margins causes a gradual increase in salinity

down gradient. The groundwater stable isotope compositions show that most recharge occurs in winter and spring.

Groundwater salinities increase around the saline lakes of the discharge zone, due to direct evaporation from shallow

watertables and minor dissolution of halite (as indicated by ClK/BrK ratios). Mineral–water interactions within the aquifers

cause a slight overall reduction in salinity; conversion of kaolinite to smectite and illite, and cation exchange of NaC for

Ca2C on smectites, cause NaC/ClK, Mg2C/ClK, KC/ClK, Si/ClK and HCO3
K/ClK ratios to progressively decline and pH

to gradually increase down gradient. Oxidation of organic matter causes a strong decrease in the redox potential of the

groundwaters down gradient. The groundwater ages increase from modern (containing tritium) on the catchment margins to

w8000 years (based on 14C dating) at the end of the w25 km flow path. The older groundwaters are isotopically heavier

than the younger waters, probably due to recharge during a wetter climate in the early Holocene. The groundwater ages

show clearly that the progressive addition of saline soil–water, causing groundwaters to become more saline down gradient,
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has occurred throughout the Holocene and may explain the occurrence of primary salinisation within many Australian

catchments.

q 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Australia is the driest inhabited continent, and

groundwaters throughout the country are often saline

and dominated by NaC and ClK (e.g. Arad and

Evans, 1987; Herczeg et al., 1991; Salama et al.,

1993a). The salinisation of groundwater, surface

water and soils in non-irrigated environments (dry-

land salinity) is a major environmental and economic

problem across large areas of Australia (Ghassemi

et al., 1995). Within catchments affected by dryland

salinity, groundwaters typically show increasing

salinity down gradient (e.g. Arad and Evans, 1987;

Bennetts and Webb, 2004; De Deckker, 2003;

Herczeg et al., 1991; 2001; Komarower and Wall,

1979; Macumber, 1991; Salama et al., 1993a;

Dogramaci et al., 1998; Salama et al., 1999;

Schofield and Jankowski, 2003; Cartwright et al.,

2004), exacerbating salinisation in groundwater

discharge zones. Although these saline groundwaters

have been the subject of considerable study, the

chemical evolution that causes the down gradient

increase in salinity is not well understood. Further-

more, the relative contribution to the salinity increase

of mineral–water reactions, including silicate weath-

ering and clay transformation, has not been well

documented.

This study investigates the processes controlling

the down gradient increase in groundwater salinity in

Australia through a detailed examination, using

hydrochemical and isotopic methods, of the Willaura

catchment in south-western Victoria, south-eastern

Australia. This lies within the Glenelg–Hopkins

regional catchment, which contains a large area

(144,500 ha) affected by dryland salinity, predicted

by the (Australian) National Land and Water

Resources Audit (2001) to increase up to six times

by 2050. The Willaura catchment is of particular

importance because the large proportion of salinized

land that may further expand threatens local

agriculture and important wetlands used by migratory
birds (Glenelg Hopkins Regional Catchment Strategy,

2003).
2. Catchment characteristics
2.1. Geomorphology

The Willaura catchment is w85,000 ha in area,

and comprises a gently undulating and south-sloping

plain of approximately 260 m elevation, bordered to

the east by the Hopkins River and to the west by the

Grampians Ranges (Fig. 1), which rise almost 500 m

above the plain. Incised streams flowing southeast

from the Grampians Ranges terminate in large

freshwater lakes (Lake Muirhead, Mt William

Swamp and The Morass) nestling against the north-

west margin of the Plio-Pleistocene basalts in the area

(Fig. 1). These lakes have been part of this landscape

throughout much of the Quaternary (Street et al.,

1988), and formed when basalt lavas blocked streams

flowing from the Grampians Ranges into the Hopkins

River (Hills, 1975).

In the south of the catchment is the Stavely Range;

north of this the saline Cockajemmy Lakes run east–

west in a topographic low along the southern edge of

the Plio-Pleistocene basalt flows, and step down

towards the east (Fig. 1). The lakes generally dry out

in summer, leaving a thick crust of halite precipitate,

and fill again with the onset of winter.

There is no surface flow from any of the lakes to

the Hopkins River to the east; the Willaura catchment

is an entirely enclosed surface drainage basin.
2.2. Vegetation and landuse

The indigenous vegetation comprised River Red

Gums along the Hopkins River, She-Oaks on the

Stavely Range, and an almost treeless central plain of

deep-rooted perennial grasses (Mitchell, 1839). Much

of this was progressively cleared after 1846, creating



Fig. 1. Map of Willaura catchment showing sampling localities.
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agricultural grassland, except for small areas of

remnant native forest in the northwest along the

slopes of the Grampians Ranges (Mann and Nolan,

1989). Currently the area is cropped for wheat, oats

and canola, and used for sheep grazing.

2.3. Climate

Rainfall over the catchment decreases from west to

east, from over 1000 mm in the Grampians Ranges to

613 (G135 SD) mm at Yarram Park in the centre of the

catchment and 545 (G105 SD) mm at Willaura in the

east (data from Bureau of Meteorology, Australia).

Maximum rainfall is received over winter, and

exceeds or equals evaporation from May to
September; the peak period of winter rainfall is June

to September, when groundwater recharge is most

likely to occur. Pan evaporation from the nearest

weather station at Hamilton, w40 km southwest of

the study area, is highest from December to February

and averages 1350 mm annually (data from Bureau of

Meteorology, Australia). Average temperatures are

26–28 8C in summer and 4–12 8C in winter, and

humidity (at 3 pm) averages 56% (data from Bureau

of Meteorology, Australia).

2.4. History of salinisation

Natural (primary) salinity has long been a

prominent feature of the landscape in the Willaura
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catchment, and was first documented by Major

Mitchell in 1836: “I was somewhat surprised to find

after encamping, that the water in the adjacent lakes

[Cockajemmy Lakes] was extremely salty” (Mitchell,

1839). However, the Willaura catchment has suffered

an increase in salinisation since broad-scale landuse

change (i.e. clearing). This secondary salinisation has

occurred through rising watertables and increased

groundwater discharge, resulting in higher lake levels,

particularly in the Cockajemmy Lakes, increased

salinity in pre-existing saline lakes and the emergence

of new saline scalds in topographic lows and drainage

lines (Mann and Nolan, 1989).
3. Geology and hydrogeology

Three major aquifers are present in the Willaura

area. Cambrian greenstones and turbidites (Mt

Stavely Volcanic Complex and Nargoon Group

respectively; VandenBerg et al., 2000) and Silurian

sandstones (Grampians Group; Cayley and Taylor,

1997) together form a major regional aquifer (referred

to here as the Palaeozoic basement aquifer) beneath

the study area. The greenstones are largely andesitic–

dacitic lavas, tuffs and volcaniclastic sandstones

(Buckland, 1986); the Nargoon Group comprises

sandstone with minor siltstone and calcareous

mudstone, whilst the Grampians Group contains

quartzose and feldspathic sandstone with minor

conglomerate (Cayley and Taylor, 1997). The

Palaeozoic basement is fracture-dominated, posses-

sing almost no primary porosity. It is typically

confined, except for outcrops in the Grampians

Ranges, Mt Moornambool and Stavely Range

(Fig. 1). Soils developed on the basement exposures

are generally sandy and permeable, particularly on the

Silurian sandstones of the Grampians Ranges, and

often overlie deep weathering profiles (Camilleri,

1999).

The second major aquifer comprises colluvium on

the flanks of the Grampians Ranges and alluvial

sediments in the centre of the catchment (grouped

together here as the alluvial aquifer). This aquifer is

typically unconfined, except where overlain by Plio-

Pleistocene basalt (Fig. 1), and directly underlies most

of the lakes of the catchment; alluvium is up to 30 m

thick beneath the Cockajemmy Lakes. These
sediments are variably consolidated with moderate

intergranular porosity, and are dominantly composed

of clay, silt and sand on the central plain, and clay,

sand and cobbles on the flanks of the range (Stuart-

Smith and Black, 1999; Buckland, 1986). Their age is

thought to span from the Eocene to the Quaternary

(Mann et al., 1992; Stanley, 1983). The older Tertiary

sediments are strongly ferruginised, and are covered

by a thin veneer of Quaternary alluvium, except where

they underlie the basalt aquifer in the south of the

catchment. Duplex clay soils are developed on surface

exposures of the alluvium (Sibley, 1967).

The third aquifer comprises Plio-Pleistocene basalts

of the Newer Volcanics, which cover most of the

eastern part of the catchment, overlying the alluvial and

Palaeozoic basement aquifers, with an average thick-

ness of 30–40 m (Cayley and Taylor, 1997). A

restricted palaeovalley intersected in borehole 327

(Fig. 1) contains basalts 64 m thick, representing at

least three different flows separated by palaeosols up to

7 m in thickness. Soils on the basalts are typically clay-

rich duplex profiles, similar to those on the alluvium,

with a bleached yellow B-horizon (Sibley, 1967).

Groundwater flow, based on potentiometric data

from the present study and Williams (1997), is from

the catchment margins to the north and north-west

(predominantly the Grampians Ranges) towards the

south-east, ultimately terminating in saline springs

(Gellerts Seep, Johns Seep and Boggy Creek spring)

on the margins of the Cockajemmy Lakes, about

25 km from the dominant recharge areas. Ground-

water also flows northwards into these lakes from the

Stavely Range, although this is relatively minor and

not discussed further.
4. Methods

Sixty-nine groundwater observation boreholes and

surface waters were sampled three times for EC, pH,

redox and temperature measurements over an 18-

month period (May 2000–June 2001). Thirty-eight

boreholes and five surface water sites were also

sampled for major element analysis; samples were

filtered through 0.45 mm filter paper and stored at !
4 8C. Alkalinity was determined by standard titration

with HCl, with further anions being analysed by

HPLC at CSIRO, Clayton. Cations were determined
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on acidified samples (1% HNO3) by ICP-OES and

AAS at La Trobe University. Six borehole and five

surface water samples were analysed for d18O and d2H

at Monash University using the method described by

Cartwright et al. (2004); several of these sites were

sampled for stable isotope analysis three times over

the period May 2000 to June 2001. Twelve tritium and

three 14C ages were determined on 1 L samples

collected in cleaned (HNO3) glass bottles at ANSTO,

Sydney, using the method of Lawson et al. (2000) for
14C determination. Soil–water ClK concentrations

were determined on 1:5 soil–water extracts taken

from 3 m cores, sampled at 10 cm intervals, drilled

adjacent to pre-existing observation boreholes and

refrigerated upon collection.
5. Chemical evolution of Willaura groundwaters

5.1. General groundwater characteristics

The groundwater composition is relatively hom-

ogenous; all samples are NaCl dominated (almost

80% of TDS), and salinity (as EC) and ClK are very

strongly correlated (r2Z0.98). Mg2C and SO2K
4 are

typically more abundant than Ca2Cand HCOK
3 ; Si

and KC are minor phases, and NOK
3 and BrK are

variable and frequently below detection limit. The

pH values are circum-neutral (5.1–8.78) and Eh

values vary from oxidising in recharge areas (up to

218 mV) to strongly reducing down gradient

(K138 mV). Groundwater temperatures range from

15 to 22 8C, several degrees warmer than the mean

daily air temperature (w19 8C in summer and w8 8C

in winter; data from Bureau of Meteorology,

Australia), and probably reflect warming by a

combination of solar radiation and geothermal heat

(Vaught, 1980).

The major element composition is consistent with a

cyclic origin (rainfall and/or windblown dust) for the

dissolved solutes. 36Cl/ClK ratios in groundwater

from basalt and alluvial aquifers w50 km to the

south-west of Willaura show no identifiable contri-

bution to the ClK content of the groundwater from

rock weathering or connate water in the aquifer

sediments (Bennetts and Webb, 2004). In addition,
14C estimates of groundwater residence time (see later

discussion) are over four orders of magnitude younger
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than the Cambrian and Silurian marine sediments

within the study area, indicating that any connate

water would have long been removed. ClK/BrK ratios

(Table 1) approximate those in modern precipitation,

consistent with a cyclic origin for these ions (Davis

et al., 1998); the lowest ratios occur in groundwaters

near the saline Cockajemmy Lakes, indicating a

minor influence from dissolution of halite in the

lakebeds.
5.2. Salinity increase down gradient

Groundwater salinity increases down gradient in

all three aquifers in the study area (Fig. 2). Because

salinity and ClK concentration are very strongly

correlated, and ClK is chemically inert and not

involved in chemical reactions in the aquifer, the

down gradient increase in salinity is not due to

mineral–water interactions within the aquifers.

In the Palaeozoic basement and alluvial aquifers,

recharge predominantly occurs through the slopes

along the catchment margins (in particular the

Grampians Ranges), where groundwaters are freshest

(minimum 0.8 mS/cm). The soils are typically thin

and sandy, allowing rapid recharge and thereby

limiting the degree to which infiltrating water is

concentrated by evapotranspiration. However, across

the central plain, surface recharge to the alluvial and

basalt aquifers occurs diffusely through clay-rich
EC
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Fig. 2. Salinity (EC) evolution down gradient. Distances down gradient are

potentiometric surface contours from Williams (1997).
soils. Infiltration through these soils is typically

slow, and strong evapotranspiration forms an inter-

mediate reservoir of saline soil–water in the unsatu-

rated zone. Median soil–water ClK contents measured

below the root zone across the central plain range

between 3700 and 6400 mg/L. High salinity soil–

water occurs near the root zone in many Australian

catchments, and the link between saline soil–water

and high rates of transpiration is well established (e.g.

Leaney et al., 2003; Mazor and George, 1992; Turner

et al., 1987).

Groundwaters in the alluvial aquifer and the upper

layers of the basalt display concordant down gradient

increases in salinity (the latter aquifer is mainly

recharged by lateral flow from the adjacent alluvium).

This progressive salinisation of both aquifers is due to

mixing between low salinity soil–waters recharged on

the catchment margins and high salinity soil–waters

of the central plain (Fig. 2). All groundwater samples,

except those immediately surrounding the saline

Cockajemmy Lakes (discussed below), plot on a

mixing line between these two end-members (r2Z
0.47). As groundwater flows through the alluvial and

upper basalt aquifers, it accumulates saline water

infiltrating downwards from the soils above. Hence,

the increasing groundwater salinities within the basalt

and alluvial aquifers are limited by the maximum

salinity of the soil–water, and so cannot exceed

6400 mg/L ClK (w17 mS/cm; Fig. 2) unless affected

by another process (e.g. evaporation).
 = 0.56 x distance + 3.6

15 20 25
n gradient (km)

kes 
t lakes

ne

of soil-water across central plain

measured from recharge area to borehole location perpendicular to
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Groundwaters in the underlying Palaeozoic base-

ment aquifer are typically fresher than those in the

overlying alluvium and basalts, e.g. half as saline at

the nested boreholes 70920/70921 (Fig. 1), and display

a more subtle increase in salinity down gradient.

Fresh groundwater, recharged through outcrops on the

catchment margins, particularly in the Grampians

Ranges, mixes down gradient with saline groundwaters

leaking from the overlying basalt and alluvial aquifers.

Groundwaters from the deepest, valley-filling part

of the basalt (borehole 327) are substantially fresher

and much older (w8000 years; see later discussion)

than shallow groundwater in the basalt aquifer. Clay-

rich palaeosols within the basalt sequence probably act

as semipermeable aquitards separating the deep and

shallow groundwater. The deeper parts of the basalt

aquifer within the palaeovalley are recharged by lateral

flow of relatively fresh groundwater from the surround-

ing Palaeozoic basement, and therefore form part of the

basement regional groundwater flow system.

Groundwaters located adjacent to the saline Cock-

ajemmy Lakes, at the end of the groundwater flow path

in the Willaura catchment (Fig. 1), have salinities of 18–

70 mS/cm, greater than expected from progressive

additions of saline soil–water (Fig. 2), indicating there

are other processes active here. Watertables in this area

are relatively close to the surface (generally !2 m;

Williams, 1997) so that direct evaporation of the

groundwater can occur, resulting in very high soil–

water ClK concentrations (17,000–25,000 mg/L ClK;

w50–70 mS/cm). In addition, the waters of Cock-

ajemmy Lakes are very saline (up to 645 mS/cm) and

have enriched d18O and d2H signatures (see later

discussion) as a result of direct evaporation. Most

evaporation of lake waters occurs over summer, forming

dense plumes of saline groundwater that sink into the

directly underlying alluvial aquifer. Thus groundwater

in borehole 74021, which lies down gradient of the very

saline Gellerts Lake (Fig. 1), increased in salinity from

23 mS/cm in April 2001 to 70 mS/cm in June 2001, as

the lake water evaporated in summer made its way

through the aquifer; similar processes have been

identified at numerous salt lakes throughout southern

Australia (e.g. Jones et al., 1994; Macumber, 1992;

Rosen et al., 1996; Simmons and Narayan, 1998; Swane

et al., 2001).The groundwater hydraulic gradient around

Cockajemmy Lakes indicates that the highly saline

waters then move east toward the Hopkins River, where
saline groundwater intrusions have been identified

(Price, 1994). The increasing salinisation of the

Cockajemmy Lakes may therefore be partly responsible

for the currently rising salinity of the Hopkins River

(0.0735 mS/cm/year; Smith and Nathan, 1999).

Down gradient increases in groundwater salinity

similar to those at Willaura occur in a variety of

groundwater systems within Australia (e.g. Arad and

Evans, 1987; Macumber, 1991; Salama et al., 1993b).

Similar examples have also been recorded from USA,

Sudan, Canada (Salama et al., 1999), England (Elliot

et al., 1999), Tunisia and Algeria (Edmunds et al.,

2003), where a combination of evaporation in

discharge zones and connate salt dissolution explains

the down gradient salinity increases. In Australia

considerable salt concentration by direct evaporation

may occur in discharge zones (Jenkin and Dyson,

1983; Cartwright et al., 2004), but connate salt and

evaporites are not important, because cyclic salts are

the dominant salt source, with minor influence from

water-rock interaction (e.g. Cartwright et al., 2004).

Rather most Australian studies have suggested that

increased groundwater salinity is due to clearing of

native forests, resulting in enhanced recharge, which

either leaches salt downward from salt stores in the

unsaturated zone (e.g. Arad and Evans, 1987; Jenkin

and Dyson, 1983; Leaney et al., 2003) or causes the

watertable to rise, dissolving salt within the soil as it

does so (Macumber, 1991). In addition, differing

palaeo-recharge rates may influence the down

gradient trend (Herczeg et al., 2001), and Love et al.

(1994) suggested that this could cause salinity to rise

from 500 to 3000 mg/L along a w50 km flow path.

None of the above reasons put forward for studies

elsewhere in Australia and other places can com-

pletely explain the groundwater salinity trends at

Willaura. Adjacent to the groundwater discharge zone

of the saline Cockajemmy Lakes, evaporation and

leaching of soil salt by rising watertables are

undoubtedly increasing the groundwater salinity, but

these processes cannot influence deeper groundwaters

throughout the remainder of the catchment. Further-

more, the down gradient increase in salinity occurs in

waters thousands of years old (see later discussion),

whereas enhanced recharge due to clearing of native

forests has maximum direct influence on only the

youngest groundwaters. Changing palaeo-recharge

rates may have had an impact on Willaura
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groundwater, but the effects are small compared to the

salinity increases observed (Fig. 2). In contrast, the

explanation proposed here, i.e. that as groundwater

flows down gradient it receives a cumulatively greater

input of saline water infiltrating from the soil above,

accounts for the development of down gradient

increases in salinity prior to land-use change (primary

salinity) in unconfined aquifers, and leakage from

unconfined into underlying confined aquifers can

impose the same salinity increase on the deeper

groundwater. The fact that down gradient primary

salinisation has been identified in many confined and

unconfined aquifers throughout Australia suggests

that this mechanism probably applies (in combination

with secondary processes like evaporation) to other

Australian catchments.
5.3. Interactions between groundwater and aquifers

Although water–rock interactions are not the main

cause of the down gradient increase in groundwater

salinity, they nevertheless influence the groundwater

composition, and their relative effect can be gauged by

comparing the median groundwater composition with

that of local rainfall, using the chemically inert species

ClK. The ClK mass concentration of local rainfall

(Table 1) was standardised to the median ClK mass

content of the Willaura groundwaters, and this

standardisation factor applied to all species in the

rainwater (Table 1). The median Willaura groundwater

(9607 mg/L of ClK, NaC, Ca2C, Mg2C, KC, Si and

SO2K
4 ) is 40% less than the standardised rainfall

composition on a mass basis (15,949 mg/L of the

same ions); NaC, Ca2C, Mg2C, KC and Si have been

removed by water–rock interaction within the aquifers

(discussed further below). Thus mineral–water

reactions within the aquifers in the Willaura catchment

cause a moderate reduction in groundwater salinity,

and subsequently the major influence on groundwater

composition is the evapotranspiration of rainfall. The

comparison is believed to be valid because ion/ClK

ratios in Willaura rainfall are likely to have been more

or less the same over the Holocene, as the main

process affecting rainwater composition in this area,

incorporation of seaspray (Bormann, 2004), is unlikely

to have changed over this time. The water–rock

reactions involved will now be discussed in turn.
5.3.1. Silicate mineral weathering

Weathering of pyroxene, plagioclase and olivine in

the basalt aquifer elevates groundwater HCO3
K/ClK,

Ca2C/ClK and Si/ClK ratios above those in ground-

waters within the basement and alluvial aquifers

(Table 1). Mg2C/ClK and NaC/ClK ratios in the

basalt groundwaters should also be increased by these

weathering reactions, but are not dissimilar to those in

groundwater in the other aquifers (Table 1),

suggesting that Mg2C and NaC are being removed

(see below). The Palaeozoic basement and alluvial

aquifers contain few reactive silicate minerals

(Cayley and Taylor, 1997), apart from the andesitic–

dacitic greenstones within the basement, which have a

limited influence because they are uncommon and

relatively impermeable.

5.3.2. Interaction with clays

NaC/ClK, KC/ClK Si/ClK and Mg2C/ClK ratios

demonstrate a progressive decline down gradient,

whereas Ca2C/ClK shows no trend and pH increases.

Ion/ClK mass ratios of all the above species are well

below those in modern precipitation in the area

(Table 1), indicating that water–mineral reactions

within the aquifers are removing these ions from

solution and therefore, overall, reducing groundwater

salinity.

The KC reduction is probably due to the formation

of illites; this process has been identified as a

significant sink for KC elsewhere in Australia

(McArthur et al., 1989; Salama et al., 1993a,b).

X-ray diffraction analyses show that illite is a

dominant constituent of the alluvium and soils on

the basalt and alluvial aquifers.

NaC, Si, Mg2C and Ca2C are probably being

consumed by the conversion of kaolinite to smectite,

because the freshest Willaura groundwaters plot within

the kaolinite stability field, with a general progression

to smectite down gradient (Fig. 3). This is a common

reaction in aquifers throughout Australia (e.g. Blake,

1989; Herczeg et al., 1991). The decline in NaC/ClK,

Mg2C/ClK, HCO3
K/ClK and Si/ClK ratios down

gradient indicates that the amount of these ions

released in silicate weathering reactions is less than

that consumed by smectite formation. In contrast,

Ca2C/ClK ratios display no significant trend down

gradient, indicating there is another process adding

Ca2C, and pH values increase markedly down gradient
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(r2Z0.6 for pH versus distance down gradient). Cation

exchange on the smectites is most likely responsible,

whereby Ca2C is replaced by NaC and HC, producing

the observed gain in Ca2C, loss of NaC and increase in

pH down gradient. The removal of HC by this reaction

is greater than the production of HC during the

conversion of kaolinite to smectite, so NaC/Ca2C

exchange on smectites controls the Willaura ground-

water pH. This process has also been recorded

influencing saline groundwaters in northern Victoria

(Arad and Evans, 1987) and New South Wales
(Jankowski and Acworth, 1993). Calcite dissolution

is not involved, since there is no calcite known in the

aquifers, and groundwater d13C values are indicative of

biogenic rather than calcitic carbon (see later

discussion).
5.3.3. Organic matter oxidation

The redox potential decreases down gradient,

particularly in the alluvial aquifer (r2Z0.47 for Eh

versus distance down gradient), from 121 to 218 mV

in the northwest recharge areas to K138 mV at



Fig. 4. Stable isotope composition of groundwaters and surface waters

from Willaura, compared to meteoric water line for Adelaide (solid

line; IAEA/WMO, 2001) and open water evaporation line (dashed).

D.A. Bennetts et al. / Journal of Hydrology 323 (2006) 178–192 187
Gellerts Seep at the Cockajemmy Lakes. The decrease

is largely due to reaction with organic matter; two-

thirds of the boreholes with reducing waters are

screened in the alluvial aquifer, which commonly

contains ligneous beds (Mann and Nolan, 1989), and

organic matter was present in several groundwater

samples. Some groundwaters in the basalt have

negative redox values, most likely due to recharge

through the overlying clay-rich soils, which become

waterlogged and reducing in winter due to their low

permeability (Sibley, 1967).

Boreholes 243 and 327 lie well down gradient yet

have oxidising, relatively fresh groundwaters, because

they screen deep aquifers (Palaeozoic bedrock and

basalt) with little or no organic matter, recharged

rapidly through thin, sandy soils on the slopes of the

Grampians Ranges with minimal input of reduced,

saline soil–water.

5.3.4. Sulphide oxidation

The Palaeozoic basement contains appreciable

amounts of framboidal pyrite (Joplin, 1963), and pyrite

oxidation is probably responsible for the relatively high

groundwater SO2K
4 /ClK ratios in this aquifer (Table 1)

and their increase down gradient. The decrease in redox

potential down gradient may also be partly due to pyrite

oxidation. Nevertheless, the groundwater SO4
2K/ClK

mass ratios at Willaura (median 0.12) are substantially

less than in aquifers where pyrite oxidation is a major

influence (e.g. 0.35; Jankowski and Acworth, 1993).

Furthermore, this reaction releases acidity, yet the pH

rises down gradient.
6. Stable isotope evolution of Willaura

groundwater

The d18O and d2H compositions of Willaura

groundwater samples plot close to the meteoric

water line (MWL) for Adelaide (nearest IAEA/WMO

meteorological station, 450 km west of Willaura;

Fig. 4), indicating that the groundwaters are of

meteoric origin and not significantly affected by

open water or unsaturated zone evaporation (Allison

et al., 1984; Drever, 1997). Most groundwaters have a

very similar composition to the average winter rainfall

at Adelaide (K5.1‰, K27.9‰), suggesting that the

majority of recharge in the Willaura catchment occurs
in winter, or shortly thereafter (spring), when rainfall

exceeds evaporation, soils are saturated and hydraulic

conductivities are greatest.

Groundwater in borehole 327 also plots on the

MWL (Fig. 4), but is w1.5‰ heavier (d18O) than the

other Willaura groundwaters. It is also deeper and

much further along the regional flow path than the

other groundwaters analysed for stable isotopes, and

as might be expected, is the oldest groundwater dated

during this study (w8000 years; Table 2). Many

springs are discharging older groundwater and also

have heavier d18O compositions (discussed further

below). The climate of the study area w8000 years

BP, as indicated by palynological data from Lake

Bolac, w20 km southeast of Willaura, was warmer

and wetter than at present (Crowley and Kershaw,

1994), consistent with similar palaeo-climate studies

from south-eastern Australia (e.g. D’Costa et al.,

1989; Wasson and Donnelly, 1991). Rainfall was

subsequently more enriched at this time, as indicated

by speleothems in western Tasmania (Goede and

Hitchman, 1984), where rainfall patterns are similar to

those of the study area. Thus, the isotopically heavier

signature of the w8000 year old groundwater may be

linked to the atmospheric circulation at the time;

variations in the stable isotope composition of

groundwater frequently reflect climatic changes (e.g.

Rozanski, 1985; Vaikmae et al., 2001).

The enriched d18O and d2H signature of the w8000

year old groundwaters at Willaura has not previously

been observed in groundwaters in south-eastern

Australia. This is possibly due to the shorter flow

times at Willaura (w8000 years), as compared with



Table 2

Groundwater ages from tritium and 14C (G1s error) determinations, and d18O and d2H data. 14C ages are determined using half-life of 5730

years (Stuiver and Polach, 1977). ANSTO analysis codes are QZF368 to QZF370. Tritium age determinations are qualitatively determined

using the method of Clark and Fritz (1997) and comparison with rainfall analysis from Adelaide (IAEA/WMO, 2001).

Sample name Date Tritium (TU) PMC d13C (‰) Apparent age

(years)

d18O (‰) d2H (‰)

244 03-May-00 K4.7 K26.8

244 21-Dec-00 !0.3 O50 K4.5 K28.0

244 04-Jun-01 !0.3 O50 K4.2 K28.0

244 04-Jun-01 61.4 K14.05 4032 K4.2 K28.0

324 04-May-00 K6.4 K39.0

324 21-Dec-00 2.1 8–10 K5.4 K36.0

324 04-Jun-01 K5.0 K28.0

325 20-Dec-00 !0.3 O50

327 03-May-00 K3.4 K16.9

327 20-Dec-00 !0.3 O50 K3.5 K15.0

327 04-Jun-01 38.06 K12.96 7986

328 03-May-00 K5.2 K31.6

328 20-Dec-00 K4.2 K25.0

328 04-Jun-01 K4.2 K31.0

5019 03-May-00 K4.9 K30.2

5019 20-Dec-00 K5.6 K32.0

5019 04-Jun-01 K4.4 K28.0

5020 04-Jun-01 K4.9 K35.0

5201 04-Jun-01 0.56 O50

87755 04-Jun-01 !0.3 O50

Boggy Creek 03-May-00 K3.1 K14.3

Boggy Creek 21-Dec-00 0.6 30K35 K3.5 K16.0

Boggy Creek 04-Jun-01 4.0 !5 K2.9 K22.0

Gellerts Seep 03-May-00 K2.6 K11.5

Gellerts Seep 21-Dec-00 !0.3 O50 K2.9 K19.0

Gellerts Seep 04-Jun-01 72.63 K9.67 2640 K3.7 K25.0

Johns Seep 04-May-00 K3.7 K18.4

Johns Seep 23-Dec-00 0.6 30K35 K3.0 K13.0

Johns Seep 04-Jun-01 K2.1 K17.0

Gellerts Lake 04-Jun-01 3.0 7.0

Gellerts Lake 21-Dec-00 K2.1 K7.0

Lake Muirhead 04-May-00 K3.5 K17.9

D.A. Bennetts et al. / Journal of Hydrology 323 (2006) 178–192188
most other groundwater flow systems in south-eastern

Australia subject to palaeoclimatic investigations (e.g.

Love et al., 1994; Cartwright and Weaver, 2004).

The d18O and d2H composition of Willaura

groundwaters for some bores show significant inter-

annual variation over the sampling period (May

2000–June 2001), given that most recharge occurs

consistently in winter and early spring. Borehole 324,

on the slopes of the Grampians Ranges (Fig. 1), shows

the largest difference (1.4‰ d18O), because ground-

water is recharged rapidly through the thin permeable

soils so that the variability in rainfall isotopic

composition (up to 14‰ d18O at Adelaide;
IAEA/WMO, 2001) is homogenised less than if the

groundwaters were recharged slowly through low-

permeability soils. Further down gradient the isotopic

signatures show less than 1‰ d18O variability at

individual sites, due to increasing residence times of

diffuse recharge moving through the unsaturated

zone, such that differences in rainfall isotopic

composition are homogenised. Borehole 327 in the

deepest, valley-filling part of the basalt shows no

variation, expected given its depth and position down

gradient (Fig. 1).

The lake waters and some spring samples at

Willaura are strongly affected by evaporation, in
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contrast to the groundwaters, which show no

evaporative influence. The stable isotope compo-

sitions of the evaporated samples are displaced from

the MWL along a line with a slope of 4.8 (Fig. 4),

typical of evaporation at moderate humidity

(Gonfiantini, 1986), such as at Willaura (mean 56%

humidity; data from Bureau of Meteorology,

Australia). The evaporation line intersects the MWL

at the average winter rainfall composition, so the

dominant source of these springs and lakes is modern

precipitation, consistent with the tritium content of

many spring samples (Table 2; see later discussion).

The stable isotope compositions of the lake waters

show a large amount of seasonal variation (up to 5‰

d18O), due to increased evaporation over summer.

Those spring waters not affected by open water

evaporation plot on the MWL (Fig. 4), but are heavier

than most groundwaters, and cluster around the

composition of bore 327. These springs (Boggy

Creek, Gellerts Seep and Johns Seep) lie at the end

of the groundwater flow path and feed the Cock-

ajemmy Lakes, and are discharging old, isotopically

heavy groundwaters (as described above for bore

327). Mixed with the older groundwater is modern

rainfall and/or modern groundwaters, as shown by the

tritium content of some spring waters (see below).
7. Groundwater dating

Of the 11 samples analysed for tritium to determine

groundwater age, six have tritium counts below

detection limit (0.3 TU; Table 2). This value is

considered well below baseline for pre-1950s

recharge at Adelaide (IAEA/WMO, 2001), indicating

that the water at these sites has spent more than 50

years in the aquifer. Three of these older waters were

subsequently dated using 14C (see following discus-

sion). Approximate ages have been derived for the

five samples with O0.3 TU (Table 2), based on the

tritium content of rainfall collected between 1962 and

1986 at Adelaide (IAEA/WMO, 2001).

The youngest groundwater is from the recharge

area on the slopes of the Grampians Ranges (borehole

324, 8–10 years old; Table 2). Groundwaters increase

in age rapidly away from the Grampians Ranges;

4 km down gradient in the same alluvial aquifer,

groundwater from borehole 5201 has an age of 30–35
years (Table 2). Further down gradient, no tritiated

borehole water is found in the deeper boreholes

(O10 m), indicating ages greater than 50 years.

The addition of diffuse saline recharge down gradient,

infiltrating from the soil above and causing ground-

waters to become progressively more saline, may add

tritiated water to shallow groundwater in the basalt

and alluvial aquifers, but there are no shallow

boreholes down gradient to verify this. However,

Boggy Creek spring in December 2000 contained

0.6 TU (Table 2), consistent with a mixture of modern

tritiated basalt or alluvial groundwater and older non-

tritiated Palaeozoic basement groundwater. In June

2001, Boggy Creek spring contained 4.0 TU, repre-

senting modern recharge with no addition of older

groundwater, so spring flow at this time was

dominated by recent rainfall (w260 mm in the three

months preceding sampling; data from Bureau of

Meteorology, 2004).

Two deep groundwater samples in the basalt and

basement aquifers were dated using 14C (boreholes

327 and 244, respectively; Table 2). Contamination

by modern carbon is unlikely; the samples contain no

detectable tritium (Table 2), and came from so deep in

the aquifers that they were not affected by leakage of

young water recharged down gradient. Any addition

of dead carbon was probably minor; the basalt and

basement aquifers contain little or no organic matter

or calcite, and although the overlying alluvial aquifer

does contain carbonaceous material, leakage into the

deeper aquifers is minor, given the substantial

differences in groundwater salinity between them.

Furthermore, it can be demonstrated that calcite

dissolution is not contributing significant levels of

dead carbon to the groundwater, because this

process typically gives d13C groundwater signatures

close to zero (Mook, 2001). The d13C composition

of Willaura groundwaters is much lighter (K14.05

and K12.06‰; Table 2), consistent with C sourced

from the decay of C3 plants, which make up w82%

of all vegetation in south-western Victoria (Hat-

tersley, 1983). Recharge waters beneath such

vegetation typically have d13C values of w14‰ at

moderate pH (Clark and Fritz, 1997). The Willaura

groundwater d13C values cannot be used for

reservoir correction of the radiocarbon ages because

the d13C composition of carbon from the alluvial

aquifer is unknown.
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The 14C ages from boreholes 244 and 327 can be

used to determine the approximate groundwater flow

velocity, because any contamination by modern

and/or dead carbon is probably minor, and in any

case is likely to have affected each site equally, since

waters in the Palaeozoic basement (244) laterally

recharge the deeper segments of the basalt aquifer

(327). The older sample (7986 years) is w12 km

further down gradient than the younger (4032 years;

Table 1). This yields an approximate flow velocity of

3 km/1000 years, or w1!10K7 m/s, a value typical

of fractured rock aquifers (assuming 5% porosity;

Domenico and Schwartz, 1998). Therefore on

average, groundwater takes around 8000 years to

flow from the recharge areas in the Grampians Ranges

to discharge springs at the Cockajemmy Lakes

(average 25 km flow length through the Palaeozoic

basement and alluvial aquifers). There are zones of

variable fracture density, and therefore, hydraulic

conductivity within the basement aquifer, so flow

velocities may vary substantially around the calcu-

lated value. This probably explains why the ground-

water 14C ages for boreholes 244 and 327 are older

than would be expected from the calculated flow

velocity.

A spring (Gellerts Seep; Fig. 1) was also dated by
14C, and gave an age of 2640 years (Table 2). This

water represents discharge at the end of the flow path,

and should therefore be at least 8000 years old. As with

Boggy Creek spring (see above), modern meteoric

water is mixing with older Palaeozoic basement

groundwater at Gellerts Seep, adding modern carbon

and decreasing the apparent age of the sample.

The 14C groundwater ages show clearly that the

progressive down gradient salinisation of Willaura

groundwater, due to cumulative additions of saline

soil–water, has taken place over thousands of years and

is therefore natural (primary) groundwater salinity.
8. Conclusions

The Willaura catchment, which is strongly affected

by salinisation, shows prominent down gradient

changes in the hydrochemical and isotopic compo-

sitions of groundwaters, and these have been used to

formulate a model for the development of primary

salinity. Groundwaters in the main recharge area on
the slopes of the Grampians Ranges are fresh and

young, containing tritium, show significant interann-

ual variations in stable isotope composition, and

infiltrated rapidly through thin, sandy soils. The stable

isotope compositions show that the majority of

recharge occurs in winter or spring. Down gradient

groundwaters are recharged through thick clay soils.

Infiltration is slow, so any differences in the isotopic

composition of rainfall are homogenised, and the

recharge water in the clay soils is strongly concen-

trated by evapotranspiration. When progressively

added to the underlying fresher groundwater, the

infiltrating soil water causes the groundwater to

gradually increase in salinity down gradient.

Carbon-14 dating indicates that it takes w8000 years

for groundwater to flow from recharge areas in the

Grampians Ranges to discharge areas at the Cock-

ajemmy Lakes. Thus the increase in salinity down

gradient is natural and has occurred across the area

throughout the Holocene. This model (in combination

with secondary processes like evaporation) probably

applies to other catchments in Australia that demon-

strate similar down gradient primary salinisation.

Water–rock interaction processes cause a reduction

in the overall groundwater salinity down gradient, due

to removal of ions by conversion of kaolinite to

smectite and illite, and cation exchange of NaC for

Ca2C on smectite. These reactions increase pH and

decrease many species/ClK ratios down gradient.

Silicate weathering and sulphide and organic matter

oxidation processes are also evident, the latter causing

a decline in redox potential down gradient.
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