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solution that results from mixing of modem water (0 age) and 40,000 years old in

the same proportion. The age of the mixture calculated by two component mixing

equation (gray circle) is three times higher than the age calculated from the mean

raC activity of the two waters by the decay equation (Eq.6.1) (white circle) _233
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Abstract

Salinisation of groundwater and surface water of the semi-arid Murray Basin is an

issue of vital importance to the viability of agriculture in south-east Australia.

Furthermore, the understanding of the tansport and transfer of water and salts in large

sedimentary aquifers is necessary for better management of water resources in the

future.

The salinity of groundwater of the regional Murray Group Aquifer increases from 500

mgll atthe south-eastern basin margin, to - 23,000 mgll about 300 km downgradient

near the discharge area (River Munay). Addition of saline local recharge and upward

leakage from the underlying saline Renmark Group Aquifer are thought to be the most

likely causes for the increase in salinity in the Murray Group Aquifer.

The chemical composition and ð'8O and õ2H of water molecules of the two regional

aquifers are not sufficiently different to be used as tracers to identify the locations and

extent of mixing. The main aim of this thesis is to assess the usefulness of ô3aS and

õ'tosoo'- of dissolved SO42- and ttSr/tuSr ratios as tracers of inter-aquifer mixing and

rock-water interaction between and within the Murray and Renmark Group aquifers in

the south-west Murray Basin.

The õ2H and ôr8O composition of groundwater from both aquifers is depleted in 2H and

r8O relative to sea water, and indicates that groundwaters are derived from rain fall and

is not remnant sea water or connate seawater. Major ion distribution in both aquifers

indicates that the combination of evapotranspiration of rainfall prior to recharge,

carbonate dissolution and cation exchange on clays are major processes determining

the current chemical composition of groundwater.

The õ34S, õ"Osoot- and SOo2-/Cl-ratios suggest that vertical input of sulphate into the

Murray Group Aquifer through local recharge is the dominant process relative to the
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sulphate derived from groundwater flowing laterally from the basin margin. Further

modification of the sulphate concentration in the discharge area near the River Murray

occurs due to upward leakage from the Renmark Group Aquifer that has enriched ô3aS

and õì8Osoo2-values due to bacterial sulphate reduction.

The 8tsr/tuSr ratio of groundwater from the south and central part of the Murray Group

Aquifer is controlled by dissolution of carbonate as recharge water percolates through

the soil zone, and mixes with laterally flowing groundwater. Incongruent dissolution

of carbonate minerals in the aquifer is also shown to occur by a model of ttSr/t6Sr and

S¿*lca2* ratio variations. This conclusion is further supported by õr3C data, which

shows that õttC becomes progressively more enriched as the ttsr/tusr ratio evolves

towards that of the calcite ttsr/tusr ratio of the aquifer matrix. Sl* concentrations and

ttsr/tusr ratios of the groundwater in the northern part of the Murray Group Aquifer

suggest that the most likely processes influencing groundwater chemistry is mixing

with more radiogenic groundwater from the Renmark Group Aquifer through upward

leakage. The 875r/865r ratios also suggest that in addition to upward leakage,

significant amounts of water from the Murray Group Aquifer in the northern part of

the study area is derived from local recharge. This is supported by a measurable

amount of raC content in groundwater throughout the study area. The measured raC

content of groundwater in the south and central part of the Murray Group Aquifer was

adjusted for the effect of carbonate mineral dissolution and, the adjusted 'oC data was

used to estimate recharge rates in different pans of the Murray Group Aquifer.
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CHAPTER 1

Úrtroduction

1.1 Background and scope of the problem

Groundwater has boen an integral part of human day to day activity from the beginning

of civilization. The Old Testament contains many roforonces to groundwater, springs

and wells, e.g., Abraham and Isaac were famous for. thoir success as well diggers. The

importanco of groundwator supplies is illustrated in the twenty-six chaptors of Gonesis

which refers to Isaac's effort to find water for his tribo and tho text reads as follows:

"And Isaac departed thence, and pitched his tent in the valloy of Gerar, and dwelt

there.

And Isaac digged agatntho wells of waterwhich they had digged in the days of

Abraham his father; for tho Philistines had stopped thern aftor. the death of Abraham:

and he callod their names after tho names by which his father had called thom.

And Isaac's servants digged in the valley, and found there a well of springing wator.

And the herdmen of Gerar did strive with Isaac's hordmen, saying, The wator.is ours;

and he called the name of the woll Esek; bocause they shove vrith him.....'
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Tolman (1937) describes the large undergtound water tunnels of Kanats, in Persia and

Egypt dating back from 800 BC. Thirty six of these Kanats (Tunnels) still supply

Tehran and the highly cultivated agricultural area around Tehran.

Many theories have beon proposed by Greek and Roman philosophers to oxplain the

origrn of groundwator. Some of the theories wore accurate accounts, and others were

just reverie and fantasies (Meinzor, 1934; Baker and Horton, 1936). For oxample, in

ancient times springs whoro considerod as miraculous gifts of gods; they wrought

miracles and were placos where ternples were built (Meinzer, 1934). The Greek

philosophers Plato and Homer, on the other hand, thought that spring water was

derived from the ocoan by direct flow through subterranean channols, thon pwifiod and

raised to the surface. In describingratnwater formation, Aristotle thought that the air

surrounding the earth is turned into water by tho cold of tho heavens and falls as rain

and that tho air which penotratos and passos into the crust of the oarth also bocomes

transformod into water, owing to the cold which it encounters thore (Bakor and Horton,

1,936). It was only in tho late seventeenth cenhrry that a clear understanding of tho

hydrological cyclo had boen achieved (Todd, 1959)

Furthemrore, groundwater tracing also dates from ancient times. Mazor (1976 a)

describos tracing experiments carriod out by Philip, the ruler of tho Holy Land nearly

2000 years ago, to confirm his belief that the source of the Banias Spring is Ram Lake

which is located 600 m above the spring on the slope of Mount Hermon. The

experiment was carried out by throwing chaff into Ram lako and obsorving it in Banias
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Spring. The result of Philip's tracing exporiments have been ruled out by the recent

observations of stable isotopic content of both sources. However, his basic idea is as

sound as it was 2000 years ago.

The use of groundwater due to scarcity of fresh swface water in many parts of the

world has greatþ preceded the undorstanding of its origin, occurrence and movement.

Groundwater accounts for about two-thirds of the freshwater of global water resources.

Neglecting tho amount of fresh water held in polar.ico caps and glaciers, groundwater

accounts for 98o/o of fresh water resources on a global scale (Todd, 1970; Freezo and

Cherry, 1979). Moreover, groundwater is espocially important in arid and semi-arid

regions where potential evaporation exceods precipitation, resulting in a small or

nogligible and unreliable runoff (Peak, 1979). In such areas only a small fraction of

precipitation conhibutes to groundwater recharge, a major portion of precipitation

being lost by evaporation from the surface layers. In this case tho total dissolved solids

(TDS) in rainwator are concentated in the soil zone and can produce highly

conc ontrated recharge water

Infiltration of high TDS water via local recharge to the wator table can directly affect

the quality and chomical composition of groundwater. The small flux of rechargo water

in arid and semi-arid regions may result in long residence times for water in tho

unsaturated zone which in turn results in extonsive water.rock interactions. A

consequenco of this is that the concontration of TDS in groundwatermay increase and

roach exkemely high levels. In addition, arid and semi-arid regions of the globo are
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generally characterised by flat topography and low relief. This is especially true for

the Australian continent and some parts of Africa, Asia and North America. Low

relief and flat topography have resulted in low hydraulic gradients, causing a long

residence time of groundwater, especially in regional aquifers. The accumulated

effects of these factors make accurate identification of recharge and discharge

characteristics, as well as physical and chemical processes occurring in the aquifers

over a long period of time almost impossible by conventional hydrologic methods

alone. Understanding the large scale processes that can take place over a long period

of time can therefore only be accomplished through a combination of conventional

methods and chemical and isotopic measurements

1.2 Isotopes in hydrological studies

The isotopes of light elements (H, C, O, S) can fractionate through physical and

chemical processes due to mass differences between the isotopes of a given element.

It is, therefore, often possible to identiff these processes by studying the various

isotopic compositions of aquifer minerals and that of solutes and water molecules in

groundwater. The isotopes of heavier elements with an atomic mass > 40, on the other

hand, are not affected by mass fractionation because relative mass differences of these

isotopes are too small to become measurably separated during physical and chemical

processes.
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A large numbor of hydrologic investigations of arid and semi-arid regions have beon

caried out over the last 30 years using a combination of hydrologic data and stable

isotope ratio of water.molecules (2lVlH, 180/160) as well as carbon isotopes ç13C/r2C,

and rac¡ of dissolved inorganic carbon. For example, Salati et al. (7974) found some

indication for climate chango from stable isotopo composition of groundwator in the

BranlianNortheasternregion. Edmunds and Walton (1980) described methods to

estimate recharge in sorni-arid regions by stable isotope and Cl- content in soil profilos.

Sonntag et al. (1980) also used stablo isotopes in combination with the tritium content

of water in the unsaturatod zone and groundwater to determine the age and estimate the

amount of recharge in tho Dahna sand dune (Saudi Arabia). Lloyd (1980) exarninod the

groundwater gradients in old groundwaters in southwostern Egypt using radiocarbon

data and concluded that the hydraulic gradient in old gtoundwaters could porsist for a

long period of timo in arid rogions.

The 2H and l8O isotopes of watermolecules are conservative at ambient temperature

and will romain constant in groundwator unless affected by physical processes, such as

mixing with groundwater.with a differont isotopic signature, or variation in evaporation

during rechargo. Therefore, the effect of these processes on groundwater can be

identified by comparing the õ2H and õ18O of groundwater and of the rainfall which

rechargos the aquifer (Mazor et al., 1985;Hyrczeg et al., 1992; Love et al.,1993;

Chambers et a1.,1995).
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The lac concentration of total inorganic carbon species (COzt"ql + HCO¡- + CO32-), in

bombination with the l3cll2c ratio and carbonate chemistry can bo used to detennine

the residence time of groundwater (Mook, 1930). In addition to this, õr3C can provide

information on sources and sinks of inorganic carbon, which is an important step in

rmderstanding the goochemisky of groundwater because bicarbonate is a major. anion in

groundwater. For oxample, Poarson and Swarzenki (1974) used laC concentration and

carbonato chemistry to delineate the sourcos and age of tho groundwater in tho Northern

Province of Kenya and concludod that groundwator can be divided into two distinct

groups, each representing differont recharge events in the past.

Sulphur isotopes ('oS, "S) of dissolved sulphate can reveal information on the sourcos

and sinks of sulphato and geochemical processes that modifr sulphate concontration

and groundwater (Hendry et a1., 1989; Nielsen at al., 1,997; Edmunds et a1.,1995).

Different sulphur compounds can display distinct isotopic signatures (N'ielsen et al.,

1991), potentially allowing the idontifîcation of the relative contributions of SOa2- to

groundwator from different sources. Oxygen isotopes (t*O, tuo) of dissolved sulphate

1õtsosof), on the other hand,này revoal information about the sulphur cyclo in

conditions where sulphur isotopes information is ambiguous. Often the ôrsosoit

isotopo havo provided information on sulphate reduction-oxidation (rodox)reactions,

whereas the sulphur isotope provided no evidence of these reactions (van Everdingør et

a1.,7982; Tylor et al., 1984 a, b).
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Strontium isotopos 18?5r/865r¡ unlike light isotopes, aro not affected by mass

fractionation. Thereforo, if the groundwater has reached chemical and isotopic

equilibrium with the aquifer minerals, the 875r/865r of the groundwater roflects that of

the aquifer minorals. In conkast, if equilibrium has not been achieved or only partially

achieved, then the t?Sr/t6sr for the two phases will be different and will depend on the

extent of the reaction between the groundwater and the respective minerals. The

875r/865r isotopes are particularþ good tracors as indicators of the interaction of water

and carbonato minerals and its offect on the chemical composition of groundwater.

Utilisation of tho above montioned isotopo techniques have lod to the advancernent of

several h¡ryotheses to explain tho occurrenco of brackish, saline and hypor.saline

groundwater in the Skipa aquifer in Sweden (Nordstrom et a1., 1989; Moser et a1.,

1989; Fritz et al., 1989; Clauer et al., 19S9) and in the Canadian Shield (Frapo andFntz,

1982;Fntz and Frape, 1982; Frape et a1., 1984 a, b; Fritz and Frape, 1987). Some of

these studies have been motivated by the need to find a safe repository for high-level

radioactive waste and are focused on groundwator.in fractured rocks. Howevet, similar

studies in sedimontary basins have boen carried out to understand and interpret some of

the complex features and characteristics of groundwater. on a rogional scalo, for example

the Milk River Aquifor in Alberta, Canada (Hendry and Schwartz, 1988; Hendry et a1.,

1991; Drirnmio ot a1., 1991; Frohlich et al.,1997), Snake Rivor Plain Regional Aquifer

System, Idaho, and Eastern Oregon in United States (Wood and Low, 1988), and tho

Groat Artosian Basin in Australia (Bentley et aL,1986; Collerson et a1., 1988;Herczeg

et al., 1991;Mazor,1992:' Phillips, 1993)
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Similarþ, the Regional Aquifer.system Anaþsis ßASA) Program in the United Statos

has developed quantitative appraisals of the major groundwatet systems. For

examples: the Madison Aquifer in parts of Montana, South Dakota, and Wyoming

@usby et a1., 1991); Cambrian-Ordovician Aquifer inNorthern Midwost (Siegel,

1939); Florida Aquifer, in Florida andparts of Georgia, South Carolina, and Alabama

(Sprinklo, 1939); Sandstone Aquifers of tho Northern Groat Plains (Honderson, 1984);

Alluvial Aquifers of Arizona (Robertson, 1987); and groundwater in the Sacramento

Valloy, California (Hull, 19S4). These studios have usod a combination of mass balance

calculations and various isotopic compositions as a constraint on geochemical models to

quantitatively predict the amount of salts introduced to the aquifors via various

physical and geochomical processes.

Despite the largo body of rosoarch into regional groundwater studios, and application of

various conventional and novel methods in hydrologic and geochemical investigations,

the majority of these studios have been carried out in temperate regions of Europe

North America, and Unitod States, and there are vory few comprehensive geochemical

and isotopic studies on a rogional scale in semi-arid regions

This study concentratos on tho use of 875r/865r., ô34S and õ lsOsont h regional aquifers

\¡/ithin the Murray Basin of south-eastorn Aushalia in combination with major ions and

õ2H, õlso, õ13C, l4C. The main emphasis is to test the usefulnoss of 87sr/*usr 
, õ34S and

ôlsOson'in a semi-arid environment as tracers to provide information on specific

locations of inter.aquifer mixing and water.rock interaction in the two regional aquifers.
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Application of these isotopes may reveal information on long term processes which

cannot be obtained by conventional methods. Furthennore, protection of the water

quantity and quality can only be achieved through a thorough understanding of large

scale processes that can best be measured through chemical and isotopic

measurements.

1.3 Aims of the thesis

Groundwater in the Murray Group Aquifer is the only water resource for irrigation,

stock, domestic and municipal use in the western Murray Basin" The TDS increases

along the hydraulic gradient from -500 mgl at the south-eastem basin margin to -

23,000 mg/I, 350 km downgradient at the discharge area near the River Munay. The

spatial distribution of salinity in deep groundwater of the underlying confined

Renmark Group Aquifer is similar to that of the Murray Group Aquifer. The hydraulic

head distribution between the two major aquifers indicates the potential for inter-

aquifer mixing through upward leakage from the Renmark Group Aquifer in the north

and north-western part of the study area. Hydrochemistry and ô2H, õt8O in both

aquifers are also similar, so that the assessment of the effect of mixing on water quality

in the Murray Group Aquifer is not possible by these techniques. Therefore, alternative

environmental isotopes are sought to assess the extent of inter-aquifer mixing and

groundwater geochemical processes.
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The main objectives of this thesis are:

I . to evaluate the usefulness of strontium, sulphur, and oxygen isotopes of dissolved

sulphate in a semi-arid regional áiluifer to identify specific locations for inter-aquifer

mixing and to provide information on rock-water interactions in the Murray Group

Aquifer;

2. to determine the extent of mixing between the two aquifers, via upward leakage from

the Renmark Group Aquifer;

3. to estimate the extent and rate of upward leakage from the Renmark Group Aquifer;

3ì to estimate the relative importance of water derived from diffuse local recharge

relative to recharge at the basin margin followed by lateral flowing groundwater in the

Murray Group Aquifer;

4. to investigate the major geochemical and physical processes causing the increase of

salinity in the Murray Group Aquifer along the hydraulic gradient.

In order to address these objectives, the thesis is divided into seven chapters. Chapter I

describes the study area (the south-western Murray Basin), the physiography, and the

geological and hydrological setting of the two principal aquifers. Chapter 2 describes

groundwater sampling techniques and chemical and isotopic analysis of groundwater

\
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and the aquifer matrix. Chapter 3 provides background chemical and water stable

isotope data and addresses the main physical and geochemical processes affecting the

chemical composition of groundwater from the Murray and Renmark Group aquifers.

Chapter 4 discusses the geochemistry of sulphur and oxygen-l8 isotopes of dissolved

sulphate in groundwater and their use as tracers, to determine the source of sulphate

and to identiff inter-aquifer mixing. In Chapter 5 the use of strontium isotope and

concentration data to provide information on water-rock interaction is discussed. The

main part of chapter 5 develops geochemical models using strontium and carbon-l3

data to elucidate the effect of rock-water interaction on total dissolved solids in

groundwater from the Murray Group Aquifer. Strontium isotope data are also used to

quantifr inter-aquifer mixing though upward leakage. Chapter 6 discusses the effect

of geochemical processes occurring in the Murray Group Aquifer on radiocarbon

concentration of groundwater. Recharge rates have been estimated from radiocarbon

data to the Murray Group Aquifer in various parts of the basin. The main conclusions

are presented in chapter 7.

1.4 Previous investigations in the study area

A comprehensive geological investigation was carried out by Brown and Stephenson

(1991) describing the structural and stratigraphic framework of groundwater in the

Tertiary sediments of the Murray Basin. Lawrence (1975) and Barnett (1989) carried

out regional-scale hydrogeological investigatìons of the major aquifers in the south-
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western part of the Murray Basin. A detailed study on the spatial distribution of

salinity in the Murray and Renmark Group aquifers throughout the Murray Basin was

conducted by Evans and Kellett (1989), showing that the spatial distribution of salinity

is similar in both aquifers and salinity generally increases from the basin margin

towards the central part of the basin. Lindsay and Bamett (1989) have studied the

effect of structure and stratigraphy of the Murray and Renmark Group aquifers on

upward leakage from the Renmark Group Aquifer to the Murray Group Aquifer near

the River Murray in South Australia. Hydrochemical investigations in this area using

stable isotopes and hydrochemistry showed that the Renmark Group Aquifer rday be

contributing significant amounts of water to the Murray Group Aquifer (Herczeg et al.,

1989). Arad and Evans (1987), using hydrochemistry and stable isotope composition

in the Campaspe River aquifer system in Victoria, suggested that irrigation has a

significant effect on the salinity distribution in the groundwater. Jones et al. (1994)

have investigated the sources of dissolved salts in the groundwater of the Murray Basin

by using hydrochemistry and stable isotope composition of pore water in an aquitard

(Geera Clay) - 300 km to the east of the study area and concluded that the pore water is

derived from meteoric water.

A detailed hydrologic and hydrochemical study was conducted on the interaction

between groundwater and surface water systems in northern Victoria by Macumber

(1991). This subject has been the focus of several investigations to understand the

dynamics of groundwater discharge and geochemical processes occurring in these

zones (Herczeg et al., 1992; Long et al.,1992; Hines et al., 1992; Lyons et al., 1995)
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More detailed research on the source of salinity in the River Murray, which is the main

discharge area for the groundwater in the Murray and Renmark Group aquifers, was

carried out by Simpson and Herczeg(I99la,b; 1994 ) and Herczeget al. (1993).

Despite the extensive research conducted in the past on the origin and the cause of

salinity in the Murray Basin, few studies exist concerning the use of chemical and

isotopic composition of groundwater at a regional scale to assist in understanding the

increase in salinity of the groundwater (Arad and Evans, 1987; Evans and Kellet, 1989;

Davie et al., 1989; Kellet et al., 1990; Telfer, 1989, 1990).

1.5 Site description and physiography

The study area lies between latitude 34" to 36 30' South and longitude 140' to 142

East and encompasses 60,000 km2of the south-westem Murray Basin (Fig.1 .l & 1.2).

It stretches 400 km from the River Murray in the north, and is bounded by Padthaway

Ridge in the southwest and Dundas Plateau in the southeast. The study area is

generally characterised by low relief with the exception of the Dundas Plateau (max.

elevation 300m) on the southeastern margin of the basin. Mean annual precipitation

ranges from less than 250 mm/year in the north, to over 600 mm/year in the south and

southwest. Rainfall is winter dominated, falling mainly between May and October, and

annual evaporation ranges from approximately 1,700 to 2,200 mm /year (Cook 1992).

Runoff in the study area is negligible due to low relief and highly permeable sandy

soils cover much of the region.
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Prior.to 1850, the study area was mostly covered by native Eucaþtus woodland,

known locally as Mallee. Mallee refers to low shrubby kees or tall shrubs with two or

usually more stems. Tho most coÍrmon kees are Red Malloe (Eucalyptus socialis),

Gray Mallee (Eucatyptus dumosfi,Ridge-Fruit Mallee (Eucaþptus incrassata), Oil

Malleo (Eucalyptus oleosa), and White Mallee (Eucalyptus gracilis). There is also a

wide variety of grass and shrub species between the trees, including Porcupine Grass

(Triodia irritans and Chenopods). Tlne Mallee kees are characteized by roots up to

20m doop and are capable of intercepting and transpiring most of the rainfall (Walker et

al., 1990). Over the last 150 years - 80% of the study area w.as cleared for dryland

cropping. The present predominant land use comprises of rotational cereal cropping

and sheep and cattle grazng.

1.7 Geologlcal setting

The Mr:rray Basin is a lowJying, saucer.shaped, intra-cratonic groundwater basin

containing Ceîozoic sediments deposited in shallow-marine, fluvioJacustrine and eolian

onvironments @rown, 1989; Brown and Stephenson, 1991). It underlies art area of

about 3x105 km2. This closed groundwaterbasin contains 200-600 m of unconsolidated

sediments, and sedimontary rocks with a number of regional aquifer systans. A

simplified NW-SE geological cross-section is shown in Fig' 1.3

The earliest deposition of Cenozoic fìIl in the study area was during the Paleocene to

Oligocene about 20-60 million years ago, when continental deposition of the'V/arina
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Fig. 1.1 Location map, showing the Murray Basin and the study area. Location of
geological cross-section A-A' (Fig' 1.3) is also shown'
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Sands and Olney Formation, which make up the Renmark Gro.tp Aquifer, occurred.

The V/arina Sand is a fluvial unit of pale gray to pale brown, medium to coarso quartz

sand and sandstone, soft silt, clay and minor pebble conglomerate (I{arris, 1966;

Lawrence, 1975; Brown and StSÈenson, 1991). The sand is poorly-sorted at the base

of the formation (Ludbrook , 196l), and moderate- to well-sorted elsewhere

(Lawrence,l975). It is overlain by laterally discontinuous beds of poorly-consolidated,

dark brown, gay carbonaceous silt, sand and clay known as the Olney Formation,

originating from a fluviolacustrine environment (Brown, 1989). The Olnoy Formation

is characterised by an abundance of carbonised plant rernains, including fossil logs,

woody peat, and leaf litter debris (Brown and Stephenson, 1991).

The marine transgression into the Murray Basin occurred in the Early Oligocene about

32 million years ago, and was caused by a rise in sea level resulting in deposition of

marine and marginal-marine sediments (Murray Grorp) over the western Murray

Basin. These marine and marginal-marine sediments attain a thickness of up tol30 m in

north-west Victoria, and consist of gray to white bryozoal calcarenite. In some places,

the calcarenite contains a high content of quartz and skeletal debris. Lack of cements

and voids in the skeletal remains of this temperate environment fauna give the Murray

Group Limestono its high permeability (Lawrence, 1975). The Renmark Group

Aquifer is separated from the Murray Group Aquifer by a20 to 30 m thick aquitard

known as the Ettrick Formation, which disconformably overlies the Renmark Group

and consists of fine grained silt, and sandy glauconitic marl (Fig 1.3).
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A marine transgression-regression about 6 million years ago resulted in shallow marine

deposition of the Bookpurnong beds. The sediments are glauconitic and highly

fossiliferous. This formation is absent over the western part of the study area due to

uplift along the Murrayville Fault (Fig 1.2) (Brown and Stephenson, 1991). During the

final retreat of the sea from the Basin in the early Pliocene between 4 to 2 million years

ago, the marginal marine quartz sand of the Loxton sands and Parilla sands were

deposited (Ludbrook,196l; Firman, 1973; Brown and Stephenson, 1991). The Loxton

and Parilla sands consist mainly of weakly cemented and unconsolidated yellow-

brovrn, fine to coarse, well-sorted quartz sand and sandstone with mirror clay, silt and

pebble conglomerate.

1.7 Hydrogeology

1.7.1 Murray Group Aquifer

The compiled potentiometric contours (Bamett, 1989; Murray Basin Hydrogeological

Map Series, AGSO-Fi1.I.4) show that groundwater movement in the Murray Group

Aquifer is from the Dundas Plateau in western Victoria to the north north-west and

west under ave.ry low gradient of 1:4,000 where it discharges into the River Murray.

The longest inferred flow line travels north in a northwesterly direction up to 350 km

and the shortest is 150 km to the west. The hydraulic conductivity of the Murray

Group Aquifer ranges from 3 rnlday in the south and l-2 m/day in the north and

northwest (Lawrence,1975; Barnett, 19S3). Under the present day hydraulic gradient,
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a travel time along the longest flow path from the basin margin in the southeast to the

discharge area in the north-west was estimated using Darcy's lawto be - 200,000 years

Bamett (1989).

The Murray Group Aquifor in Victoria is partly conflrned by the Bookpurnong Beds,

and unconfined further west in South Australia. This formation is overlain by the

Loxton-Parilla Sand aquifer throughout the study area. Tho boundary between the

confined and unconfined part of tho Murray Group Aquifer is shown in Fig. 1.4. ¡ The

water table in the confined part lies in the overþing sand aquifer, whereas in the

r¡nconfined partit lies in the Murray Group Aquifer.

1.7 .2 Renmark Group Aquifer

Groundwator flow in the Renmark Group Aquifer is to the north and northwest from

tho Dundas Plateau (western Victoria), towards the River Murray where it discharges

by upward loakage into the unconfined Murray Group Aquifer @arnett, 1983).

Horizontal hydraulic conductivity in the Renmark Group Aquifer averages 10-30

m/day at the eastern part of tho Murray Basin and decreases to the west towards the

study area to 1-5 mlday (Lawrence ,7975; V/oolley and Williams, 1978; Tickell and

Humphreys, 1987). Thore is no measured data on vertical hydraulic conductivity for

the Murray and Renmark Group aquifers
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The hydraulic head difference contour (Barnett, 1989) shows the potential for

downward leakage through the Murray Group Aquifer to the south, but further down

gradiurt the situation is reversed with a head difference of up to 20 m indicating a

potential for upward leakage frorñ the Renmark Group Aquifer in the north and north

west of the area @ig 1.5).

1 .8 Groundw ater recharge rates

Recharge rates under Mallee vegetation have been estimatod in the northern part of the

study area and ranged from 0.04 mm a I to 0.09 mm a I (Allison 1985; Cook et al.,

1989; Cook and'Walker, 1989). Localízedrecharge through depressions in the

landscape may also contribute significantly to groundwaterrecharge. Cook et al. (1991)

estimated recharge through natr,ral cloarings in the study area as 7.5 mma 1; and

concluded rates of up to 100 mm a I may be possible through sinkholes in karstic areas

near Murbko (Fig 1.6). Kennett-Smith et al. (1994) studied the relationship between

recharge rates and soil toxture and found that the recharge rate is strongly related to the

average clay content in the top 2 m of the soil profiles. That is, heavy-texhned soils

tended to represent lowrecharge areas especially where native vegotation has been

cleared.

The clearing of native vegetation and replacement by pasture and shallow-rooting crops

such as wheat have increased the recharge rate and altered the hydrologic balance in the

{
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Murray Basin ( Macumber, 1990). The drainage flux under this new agricultural land

use has been estimated by Allison et al. (1990) to be between I mm ar and 50 mm ar

and they give a mean for all sites studied of approximately 17 mm a-1. This constitutes

an increase in rechargo of more tliàn two orders of magnitude from that under native

vegetation. However, the time delay in transmitting this increase in recharge to the

water table is ostimated to be between 50 and 500 years (Allison et a1.,1990) and

depends on the depth to the water table.

Groundwater recharge estimates in various parts of this study area were frst carried

out nearly twenty years ago using tho chlorido mass balance method (Allison and

Hughes, 1978). Tho range of Cl- concenkation in the unsaturated zone profile in the

study aroa varies depending on the location, vegetation cover and soil texture (Allison ot

al.,1990,Kennett-Smith et al., 1994; Leaney et al., 1995). In the northern and central

part of the areaatWanbi, Kulkami, Borrika and Maggea (Fig 1.6) the Cl- concenkations

in soil water range from 7,500 mgll to 16,000 mgl (Hughes et al., 1988 a,b, c; Cook et

a1.,7992). In those unsatwated profiles the Cl: concentrations increased with depth

andreachedpeakvaluos of betweon 12,000 and 16,000 mgflat2to 6m depth. Below

the chloride maximum thore is a gradual decrease in Cf concentration with depth due to

diffusion of chloride to the groundwator (Cook et a1., 1992). The only information on

the Cl- concentration of the unsahrrated profile in the southern part of the study area is

given by Leaney et aL (1994,1995). Their study suggests that, whereas the form of the

Cl- distribution in the profile was similar to that obtained from the northern part of the

study area, the Cl- concentration was much lower and ranged from 500 to 2,000 mgll
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Fig. 1.6 Locations of the core holes for recharge estimates in the previous

investigations.

142"141" NSWSouth

\

ó

s(

N

140' Australia
1 39"

Victoria
Murbko

\
Loxton

. Maggea

Karoonda r
Pinnaroo r

n--- -e.-'-,ii,?:
:,.i.,.:.: :......' 1.". I
... :.. . ... .

Tintinara r

Nhill r

Southern Ocean

100 km0



26

CHAPTER 2

Sampling and analytical methods

2.1 Groundwater sampling

The sampling methodology of regional scale aquifers is a vital part of any

hydrochemical and isotopic investigation and is probably the major source of error in

the processes of obtaining representative samples of groundwater. The extent to which

small sample in a certain depth of an aquifer may be considered to be reliably

representative of a large volume of groundwater at that point depends on several

factors. These include homogeneity of the groundwater, number of groundwater

samples, the method of sample collection, and the size of the individual samples" The

groundwater sampled from a certain depth interval may not represent exactly the

composition of all the water in that specif,rc vertical section due to the variation of

horizontal and vertical hydraulic conductivity of the aquifer. However, it is usually

assumed that the groundwater represents the average composition of available water at

that interval.

Furthermore, a general relationship has been recognised between the concentration and

chemical composition of groundwater and the types of groundwater flow systems
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(local, intermediate, regional). For example, regional groundwater flow systems are

generally characterized by relatively higher dissolved salt concentrations (Back, 1961)

This occurs due to a relatively longer residence time of groundwater along the flow

paths in regional aquifers. This causes a higher rate of mineral dissolution, thus

increase in concentration of dissolved salt in groundwater (Back, 1960).

Accordingly the depth of groundwater sampled below the water table from the

unconf,rned Murray Group Aquifer is critical in understanding whether the variation of

the chemical composition along the hydraulic gradient is due to the chemical evolution

of groundwater, or just an artifact of sampling methodology. Therefore, in addition to

the selected bores and wells along the hydraulic gradient (AA' transect) of the Murray

Group Aquifer, three boreholes were drilled and sampled from discrete intervals below

the water table to test the effect of flow systems and sampling depth on chemical and

isotopic composition of groundwater (Fig. 2.1). The depths of these bores were 40, 50

and 60m below the water table respectively.

The groundwater samples were collected over a2 year period between 1995-1996 on 4

field trips. A total of 91 groundwater samples from the Murray Group Aquifer were

collected from a number of observation boreholes, private wells and town water supply

wells. The bores, and wells penetrating the Murray Group Aquifer were selected on the

longest flow path of the Murray Group Aquifer (AA', Fig. 1.1) and were divided into

three groups; ( 1) observation boreholes that are open 2 m to 1 00 m, to the aquifer

thickness (2) private irrigation and town water supply wells that are open to more than
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a half of the total aquifer thickness and (3) domestic wells that penetrate the top 5 m to

20 m of the Murray Group Aquifer.

Groundwater from the Renmark Group Aquifer was sampled from observation

boreholes, which had relatively short screens ranging fuom2 to 20 m. The locations of

groundwater sampling sites are shown in Fig 2.1.

Groundwater samples from the observation boreholes were collected using a (MPl,

GRUNDFOS) submersible pump. The privately-owned wells were sampled from

existing installed pumps. Groundwaters from discrete intervals of the three open

boreholes were sampled using a (MPl, GRTINDFOS) submersible pump equipped with

an inflatable rubber packer. Three groundwater samples from the Renmark Group

Aquifer were artesian. At least three times the casing volume of each well was pumped

prior to sample collection. The groundwater samples were collected after the pH, Eh

and temperature had stabilized. Electrical conductivity, temperature, Eh, and pH were

measured immediately in the field by an enclosed, flowing, in-line sampling cell

(Yellow Spring Inc. 3560, Water Quality Monitoring System ). The Eh was measured

using a Pt electrode (YSI 3540 ORP) with AgiAgCl reference calibrated with Zobell

solution. The pH was measured using a glass/AgCl combination pH electrode (YSI

3530) calibrated with standard pH 4 andT buffer solution to an accuracy of + 0.05 pH

uruts

'Water 
samples for major ions were filtered through a0.45 ¡,rm cellulose acetate

membrane filter (Millipore), and collected in acid-washed polyethylene bottles
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Samples for stable isotopes (ôtto and ô2tt) of water molecules were collected in

unfiltered 25 mI glass bottles and filled directly from the sampling outlet.

Groundwater samples for ô3aS, and ôlsOsont- of dissolved sulphate and 87sr/s6sr ratio

wsre filtered through a 0.45 Frm cellulose acetate membrane filter in the fiold in order to

remove suspended particles. The flrltered samples for the õ3aS and õlsosont were then

acidifred to pH - 4 vrith dilute HCI and stored in two litre plastic bottles. One hundred

millilitres of frltered growrdwater:samples were acidified with high-purity HNO3, and

stored in sealod polyotþlene bottles for S/* isotope anaþsis.

Groundwater for laC analysis was collected tn a25litre plastic container. Barium

carbonato @aCO3) and barium sulphate (BaSOa) were precipitated by the addition of

100 ml of 10M sodium hydroxide (NaOH), 750 ml of saturated barium chloride

(BaCl2), and 40 mg Magnafloc 156 (IAEA. 1975). The pH was maintained between 9

and l0 during precipitation by tho addition of aliquots of (NaOH).

2.2 Analyttcal Methods

2.2.1Major ions

Chemical analyses of all the major.ions were performed by CSIRO (Commonwealth

Scientif,rc and Industrial Rosearch Organisation) Land and Water chemistry laboratory
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in Perth, V/estern Australia. The samples rrere sealed in polyetþleno bottles and

shipped over.night.

Total alkalinity was determined Èy the poturtiomotric titation method to a fixed end

point using 0.1N H2SOa. Carbonate species concentrations (CO21"4, HCO:-,CO:2-)

were calculated using the computer code PHREEQM (Nienhuis et a1.,1993, based on

PHREEQE, Parkhurst et al., 1930) from alkalinity, pH and major ion concentrations.

Sulphate concentration was detenninod on an auto-analysor by reduction of sulphate to

hydrogen sulphide, distillation of the latter and its subsequont colourimekic

determination (Keay et al., 1972).

Chloride concentration was determined by the automated ferricyanide method. This

mothod relies on the liberation of the thiocyanate (SCN)2 ion from mercuric thiocyanate

Hg2 (SCN)z by the formation of soluble chloride. In the presence of forric ions the

liberated thiocyanate forms a highly colotred ferric thiocyanate Fe(SCN)2.3H2O

proportional to the original chlorido concenkation (O'Brien, 1962).

Bromide concentration was detormined by the High-Performance Liquid

Chromatography (HPLC) technique. The HPLC procedure for bromide determination

uses IfV detection at a wavelength of 200 nm and a buffered (NaCl) eluent. Bromide

has significant IJV absorption, so by monitoring at a low I-IV wavelength and using a
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UV absorbing elue,nt such as chloride, a sensitive and selective detection can be achieved

(Millipore Corporation 1 9 89).

The concentration of C**, Mg2*,'Na*, K* and Sl* were determined by Atomic

Absorption spectroscopy (AAS). This method is based on directing a light beam

through the vaporised sample into a monochromator, and on to a detector that measures

the amount of light absorbed by the atomised element in the flame. Tho amount of light

absorbed is proportional to the concentration of each respective measured elernent in

the water sample.

2.2.2 õ 2H and ð tto of water molecules

The removal of isotopically representative water from brackish and saline groundwater

samples was carried out using the azeotropic distillation method (Horita and Gat,

19S8). An azeotrope is a mixture of two or more liquids whore the boiling point may

bo higher or lower than the original individual.components. For.the case of the

korosene-water azeotrope, the boiling point of the mixture is 96'C (Walker et al., 1994)

which is lower than the boiling point of water (100 oC 
) and kerosene (185 "C)

separately (Walker et al., 1994)

During distillation, the azeotope boiling point is maintained at 96oC until the water is

depleted. The temperature is then raised to the boiling point of kerossne 185"C. The

heated mixture is cooled in a straight condenser and both condensed phases, wator and
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kerosene are collected in a funnel situated under the condenser (Revesz and Woods,

1990). The apparatus allows the kerosene overflow to drip back into the flask without

clogging the funnel and to participate again in the distillation. At the beginning of

distillation, v/ater and kerosene evolve together, causing a cloudy appearance and the

distillation continues until the cloudy part of the distillation apparatus turns from

cloudy to clear. A complete distillation lasts from 150 to 180 minutes. The water is

collected in an air tight glass bottle and any trace of kerosene is removed by adding

wax and warming the wax to melting point (60'C to 70"C), thereby dissolving the

kerosene in the wax

Deuterium concentration was determined on hydrogen gas introduced by the reduction

of the distilled water over uranium (Bigeleisen et al .,7959; Dighton et al., 1997). The

preparation line consists of a quartztube filled with approximately 15 gm of crushed,

depleted uranium turnings. The tube is inserted into a temperature controlled furnace

and connected to the sample inlet tap by two Cajon "ultra-torr" brass unions. The

sample inlet tap consists of a2 mm bore Springham high vacuum glass valve, with a

2 mm diameter hole through one side to inject the water sample into the preparation

line. The line is connected to the diaphragm-type vacuum to provide circulation of the

gas until complete reduction has occurred.

For õr8O measurements, 5 ml of distilled water samples was equilibrated with CO, for

24 hours at25 "C (Epstein and Mayeda,1953). The õ2H and õ'tO were analysed using

standard techniques on a VG 602D or Europa Scientific Tracermass stable
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isotopes gas ratio mass speckometer. The mass spoctromoter separates charged atoms

and molecules on the basis of their masses in magnotic fields. After.passing through the

magnetic field, the separated ions aro collected in tho ion dotector. and converted into an

eleckical pulse, which is then fod'into an amplifier. The ion beams of the respective

isotopes çe.g. 
13ClóOr,"C"O'uO,rzC16O2) are collected andmeaswed simultaneously

(Nior et al., 1947; Mckinny et al., 1950).

Deuterium and õ18O are expressed in per mil notation þarts per thousand) relative to

standard V-SMOW( Viemra Standard Mean Ocean Water) according to the following

equation:

ð(SMOV/, %o) =
R*n* - Rrro*(

l.
xl000 (2.1)

Rrro*

where R is the 180/160 orzVr[ratio of the sample and Rs¡aeenis the 180/160 or 2IVIH

ratio of the standard. Precision for the analysis are + 0.75%o for 18O/róO and t l%o lor

2HlrÍr.

2.2.3 ð 34S of dissolved SO¿2-

Tha 2litre acidified water samples wero heated to boiling point to enswe removal of

COz and thus minimize co-precipitation of BaCO¡. Fifty millilikes of l}%BaCb

solution was added to the boiled samples to precipitate BaSO+. The BaSOa was

washed with warm, deionised, distilled water. The washed BaSOa was dried overnight
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in an oven at70"C. Ãfter.24 hours, the BaSO+ was scÍaped from the driod beaker and

stored for anaþsis.

The BaSOa samples for sulphur analysis were converted to SO2 gas by the method

described by Colunan and Moore (1978). About 40 mg of BaSO+ was mixed

thoroughly tn an agate mortar rrith 250 mg of Cu2O and 700 mg of SiO2. The mixture

was placed in a vertical 9 mm O.D. silica glass tube and silica glass wool was placed on

the top and bottom of the tube. The tube was connected to the preparation line and

evacuated. The tubo was heated to 1200'C until no appreciable outgassing was

observed by a Pirani vacuum gauge. At this tønperature, BaSOa thermally decomposes

to SO3 and SO2, with the former converted to SO2 and collocted. The sulphw isotope

composition of SO2 was determined with aYG 602 D mass spectrometer. The results

were expressed on the international CDT scale, with a reproducibility of +0.2%o

2.2.4 õ 18O of dissolved SO42-

For ôl8O analysis of dissolved sulphate, sub-samples from BaSOa rù/ere separated and

sent to the Environmental Isotope Laboratory, University of Waterloo, Canada.

Oxygen-I8 was determined using the method described by Shakur (1982). About l0

mg of BaSO4 wâs mixed thorouglrly ìMith -10 mg pure (99.99%) graphite in an agate

mortar until the mixturo was homogeneous. The mixture was placod in platinum foil,

folded and clamped between two eleckodes in a reaction chamber. The chamber was
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evacuated and the sample was preheated to 400"C to release water and other

impurities. The temperature was then raised to - 1000"C. At this temperature, BaSO,

thermally decomposes and oxygen reacts with graphite to form CO and COr. The CO,

produced was trapped in liquid N, and the CO was excited by a high voltage electric

discharge between two platinum electrodes converting it to COr, and then collected in

a cold finger by liquid Nr. 'When the reaction was completed, the produced CO, was

purif,red and separated from any remnant HrO by cold traps using a combination of

liquid N, and a mixture of dry ice-alcohol. The purified CO, was collected in glass

ampoules. The ô'8O isotopic composition of CO, was measured by the mass

spectrometer using standard techniques, and the results were expressed in per mil

notation (parts per thousand) relative to standard V-SMOW, with a reproducibility of

L0.5o/oo

2.2.5 86Sr/87Sr ratio

Rock samples were taken for ttSr/tuSr isotope analysis from cuttings from five drill

holes that penetrate the Murray and Renmark Group aquifers. In addition to the whole

rock 87Sr/8óSr analysis, the rock samples were crushed and leached with 0.05 M

acetic acid (CHTCOOH) in order to determine the 875r/863r ratio of the carbonate

component of the rock samples. The rock samples were totally digested in sealed

Teflon vessels using distilled HF and HNO3 and quartz distilled HCl. The water
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samples rù/ere evaporated in the Teflon vessels and dissolved in distilled HCI and

cenkifuged in order to separate any undissolved precipitate

Stontium ions in the water and róèk samples 'were separated from other ions using a

standard cation exchange column procedr.re. Tho pr:rified Sf* was converted to nikato

form, and taken up in 30 ¡-rl of 0.15 M H3PO4, and loaded on to a single tantalum (Ta)

filament for mass spectrometer measurements.

The isotopic composition of S1* was measured on a Finnigan MAT 261 multi-

collector mass spectrometor, using a double collection static mode . Data blocks of ten

scans were run until acceptable within-run statistics were achieved (8-15 blocks). All

reported values of 88sr/865r.have been corrected for natural and ana$ical stablo isotope

fractionation to 883r/863r= 8.3752. The 87sr/8ósrratio measurement errors are2o mean

and apply to the last decimal place. The average and reproducibility of measured

values during data acquisition of the international standard material NBS987, were

0.710245+0.000022 (2 s.d.), N:20.

2.2.6 Radiocãrbon and õ 13C

Tho mixed precipitate of BaCOr and BaSOa from 20 litre wator samples was placed in a

glass flask, and the BaCOs was converted to CO2 by the addition of 5Y" HCl. The

evolved CO2 was pwified and separated from other impurities (e.g. H2O, N2, 02) by a

combination of cold traps (liquid N2 and a mixture of dry ice-alcohol). The evolved
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CO, was collected and frozen on the cold finger with liquid N, (Qureshi et al., 1989)

The flask containing CO, was then attached to a circulation line which was pre-

evacuated and the CO, expanded into a bladder. The circulation line was isolated, and

the volume of CO, produced was estimated by measuring the volume of displaced

water from the outer vessel enclosing the bladder (Leaney et al., 1994). The

circulation pump was started and the CO, was bubbled through a mixture of

Carbosorb@ (Packard Instr. Co.) and Permaflour@ (Packard Instr. Co.) for 20 minutes

The C/P solution was removed and weighed into a vial. The radiocarbon activity of

the samples was determined on a LKB Wallac 1220 Quantulus Liquid Scintillation

Counter.

Subsamples of evolved CO2 during radiocarbon analysis were taken for õr3C analysis.

The collected CO, was further purified by the cold finger using liquid N, on a specially

designed line to ensure complete removal of HrO. The "C/''C composition was

determined on a VG 602D mass spectrometer.

Carbon-13 values for limestone were determined on the CO, released from carbonates

acidif,red in a sealed tube with 100% H3PO4. The sample was equilibrated at 25 "C for

24 hours. Analysis of the 13Cl2C ratio was determined on a Europa Scientific

Tracermass stable isotope gas ratio mass spectrometer. The precision of the analysis is

quoted as + 0 .2 o/oo. The t3 Cltzc ratio is expressed in per mil notation relative to

standard PDB (Bellemnitella americana from the Cretaceous Pee Dee Formation,

South Carolina).
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2.3 Mineralogy and chemical composition of rocks

Detailed petrographic study of the aquifer matrix were carried out on the thin sections

pre,pared from the rock samples taken from the aquifer makix. Mineralogical

composition of the rock specimens was also determined by XRD analysis.

The whole rock samples were carefi.rlly ground by hand in a small mortar, and smear

mounted with organic solvent (acetone) on to a glass slide. The sample was then

inserted into tho X-.ui diffractometer for XRD analysis. Analysis was performed

using a Philips PW-1050 diffractometer, utilising Co Ka radiation of wavelength

1.7902 nm (nonnal focus) with an operating voltage at 50 kV and current 30m4.

Samples wore usually anaþsed in the Z-theta angle range of 3 to 75" rî steps of 0.02"

The X-rays produced in the diffractometer are first collimatod to produce a sub-parallel

beamwith tho anglo of divergence depending on the size of the divergent slit. The

divorgørt boam is then dirocted at the sample and rotated at aregúar.speed. The X-

rays will be defracted according to Bragg's Law as follows:

n1,:2d sinO Q.2)

whore n is an interger, î, is the wavelength of the X-rays, d is the lattice spacing in

angstroms and 0 is the angle of diffraction. The beam passes from the receiving crystal

in tho rock samples to the detector. The signal produced by the X-ray photons on the
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detector is amplified and passed on to the electronic recording equipment. Minerals

were identified from the diffractometer digital out put using computer code XPLOT

@aven, 1992) as well as the JCPDS (Joint Committee on Powder Diffraction Standard)

data books

The major elernent analysis of the rock samples from the Murray and Renmark Group

aquifers were determined by X-ray fluorescence (XRF). The rock samples were

øushed by Rollor crushers ønploying rotating eccentric ribbed hard steel rollers in a

cone grinder. The powdered rock was then made into prossed pellets by mixing with a

bindor and pressed to 20,000 psi (1400 kglcnf -Norrish and Chappell,7977) and

analysed by a Philips PW 1480 X-ray Fluorescence Spectrometer, using an anaþsis

progrcm calibrated against several international and local Standard Reference Materials

(SRMís). A dual-anode (Sc-Mo) X-ray tube was used, operattng at 40 kV, 75 mA.

The principal behind this technique is that when a sample is bombardedwith high

onergy X-rays, secondary radiation is ernitted, with the wavelengths and intensities

dependent on the elements present. Measurements of the intensity of the characteristic

radiation for a particular.elernent give a value reflecting its concentration in tho sample.
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CHAPTER 3

Hydrochemistry and stable isotopes

3.1 Introduction

The concenkations and types of dissolved ions in growrdwater play a major role in the

suitability of the water. for intended uso. Understanding the processes that might

produco the present day major.ion diskibution in the growrdwater from the Murray

and Rerrmark Group aquifers is essential forpresent and future management of this

important water resource. A knowledge of whether the chemical composition of the

groundwater is caused by natwal processes or induced by human activities is a

prerequisite in many groundwater management issues such as poturtial exploitation,

sustainable yield and groundwater. contamination.

Tho main objec,tives of this chapter aro to provide an insight into possible mechanisms

that control the chemical composition of groundwater in the Murray and Renmark

Group aquifers, and to describe physical and geochemical processes that cause the

increase of the total dissolved solid (TDS) observed along the hyùaulic gradient in the

Murray Group Aquifor- The information provided in this chapter also serves to
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underpin the discussion of more exotic growrdwater.kacers in the following three

chapters

The integrated use of natural kacërs such as dissolved ions, various isotopes, and

physical parameters (e.g. ternperahre and depth to the water table) has proved to be an

effective approach to hydrological and geochemical investigations. Each of the natr:ral

tracers provide specifîc information and whon combined, can be used to elucidate

processes such as the origin of growrdwater, the mixing between different groundwater

bodies, quality of water, location of recharge, groundwater rosidence time, and the

sources of dissolved ions in groundwater (Mazor, 1976b; V/allick and Toth, 1976;

Elliot, 1990; Le Gal La Salle, 1995). For.example,Mazor et al. (1985), have identified

the sowces of groundwater in the spa of Schinznach in Switzedand by using a

combination of dissolved ions, stable isotopes and temperature of groundwater. Love

et al. (1993) have used dissolved ions, stable isotopes, and radiocarbon data in

combination with growrdwater hydraulic data to determine the origin of grormdwater

and tho flowregime in the Otway Basin in Aushalia.

Investigations into the processes that can affect the chemical composition of

grorurdwater on a regional a scalo have been well documented (see below). An earþ

model describing the mechanisms that control the evolution of chernical composition of

groundwaterw.as presonted by Chebotarev (1955). According to his model, the general

sequence of majorion evolution in groundwater was from freshwator, dominated by
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bicarbonate ions, towards a sea water-like composition with the following major anion

sequence as a fi.urction of tho increasing residence time of groundwater.

HCO3- + HCO3-+ SOo'+ SOa2-+ HCO¡- + SO42-+ Cl- + Cl-

Back (1960 ,7g66),and Back arriHunshaw (1965), expanded this model and suggested

that the concentration and fype of chemical composition that develop in groundwater

are controlled largely by flowpattern, and by mineralogy of the aquifer matrix. In

general, groundwater flow systerns and the associated chemical composition is divided

into three typos; (i) local systerns that are characterised by shallow depth and high

intonsity of circulation. The effect of these conditions on chemistry is reflected by

thorough flushing, resulting in low TDS, and C**-HC}- $pe water, (ü) intermediate

systerns which are characterised by relatively intermediate flow and residence time, and

with higher TDS compared to wator in local systems. Water in this zone is of sulphate

type with relatively low concentrations of Na+ and Cl- ions, (iii) regional systems

which are characterised by relatively greater depth, longer flowpaths and longer

residenco time resulting in high TDS, andNa+-Cl dominance (Back, 1961; Domenico,

1972;Wallick and Toth, 1976).

The studies carried out by Chebotarev (1955), and Back (1960, 1961, 1966) have

dernonskated that the chemical composition of groundwater is also dependent on the

type of minorals forming the aquifer makix. Howover, this relationship is not simple,

due to the various factors that can affect the chemical composition of groundwater, for

example, (i) solubilify of the elements forming aquifer minerals, (ii) tomperature of
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groìmdwater, (iii) the contact area betwesn water and rock, (iv) the amount and

distibution of solublo ions in minerals and (v) length of contact timo.

In sedimentary aquifers the concåtration of TDS of groundwater caîvaßJ from < 102

mgllto >10s mgll depending on the type of the sedimentary host rock. Fourmain

geochornically related groups of sedimentary rocks can be identified (Domenico,1972);

(1) rosistates that are mainly of sandstone and coarse clastic materials, (2) hydrolysates

that are formed from insoluble material as a result of chemical weathering of parent

rocks such as shale, (3) precipitates that are formed mainly by chemical or biological

precipitation such as limestone and, (4) evaporites that are formed by deposition from

highly concenkated brines (e.g. g¡psum and halite).

Although earlier.researchers recognised variations in growrdwater. composition, which

formed the basis for interprotation of evolutionary reaction processes on regional

scales, they were unable to quantitatively assess and predict the amount of major ion

contribution derivod from the aquifermahix. Garrels and Mackenzie (1967), Helgeson

(1968), and Helgeson et al., (1969) presented quantitative models for mineral

dissolution and,precipitation to account for the change in chemical composition of the

associated water. Parkhurst ot al. (1980) and Plummer et al. (1980, 1983, 1991)

expanded these models, and dovoloped more comprehensive models based on mass

balanco calculations to quantitatively predict the geochemical evolution of groundwater.
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However, the evolution of gror:ndwater chernisky, particularþ in arid and serni-arid

regions, can be affected by processes other.than water-rock interaction. The gøreral

conclusions from regional gror:ndwater. studies on the Austalian continent suggest that

rock-water interaction alono canné't explain the chemical composition of groundwater

(Evans, 1982; Martin and Harris, 1982; Black, 1989; Herczeg et al., l99l,Mazor and

George 1992). Evans (19S2) showed that the chemical composition of growrdwater in

the regional fractr:red-rock aquifer of the Australian Capital Territory cannot be

explained by the type of rocks in the aquifer makix. Investigation into the evolution of

groundwater chemisky in the Great Artesian Basin (Herczeg et a1., 1991) and Otrvay

Basin (Love et al., 1993) showed that evapotranspiration prior to rechargo has a

signifïcant effect on groundwator chernistry

This study uses dissolved ion concentrations and variations in the stable isotope

composition of groundwater. to identify the physical processes and water.rock

interactions that may be responsible for.the observed increase in major ion

concentrations in the Murray and Renmark Gfoup aquifers. The stable isotope

composition (õ2H and õt8O) is a conssfl/ative property of the water mass during

subsurface flow. Therefore, it is possible to relate the isotopic composition of the

groundwater to that of the weighted mean isotopic composition of rainfall recharging

the aquifer. Because the average õ2H and ôr8O composition of rainfall is a frmction of

elovation, latitude, distance from the coast and tomperature, it is oftør possible to

determine the geographic origin of recharge to groundwater (Gat, l97l;Darlng and

Bath, 1988). On the other hand, physical procosses such as evaporation prior to
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recharge or mixing with waters with different ô2H and ôl8O signatmes can change the

original ô2H and õl8O composition of grormdwater. The offect of these processes on

the õ2H and õr8O composition can be identifred by comparing the isotopic composition

of the groundwaterwith initial recharge water (Mazor et al., 1985; Herczegetal.,1992;

Love ot a1.,1993; Chambers et al., 1995).

Dissolved Cl- is a conservative ion in groundwator becauso it does not take part in

chemical reactions in fresh and saline waters at ambient temperature (Feth, 1981)

Moreover, tho Cl concentration can also be conserved if groundwater is undersaturated

with respect to halite (NaCl), and Cl- bearing minerals such as halite or sylvite do not

exist in the aquifer matrix. Undor these circumstances, Cl- concentration can be used as

a physical kacor. to delineate mixing between groundwators with different Cl

concentrations as well as changes in evapotranspiration amounts prior to recharge.

The relative importance of chomical reactions taking placo in the groundwator. of the

Murray and Renmark Gto.tp aquifers can also be demonstrated by observing the

variation of majorion concentration along the hydraulic gradient with respect to

conseryative ions such as C1-. On the basis of majotion variations, mass-balanco

calculation can be made and geoche,rnical or.conc€ptual models can be developed to

illuskato geolo gic, climatic and physio graphic effocts on groundwater. chernistry.



47

3.2 Results

3 .2.1 Aquifer mineralogy and mineral chemistry

Fifty four rock samples w.ere collected from five drill holes (M33, M34, M50, M52,

M64) penetrating both aquifer systems through to the bedrock (Fig 3.1). The bores are

located in the middle and upper part of the study area represonting aquifer mineralogy

along l2Okrn of AA' tansoct. The samples \ry'ore analysed by X-ray diffraction, and X-

ray fluoroscenco for theirmineralogical and chemical composition. The results of XRD

analysis for tho Murray and Renmark Group aquifer makix are given in appendix 1, and

tho results of the major element composition aro given in Table (3.1)

Calcium and silica are tho major elements of the Murray and Renmark Group aquifers

makix respectively (Table 3.1). The CO2 and HzO liberated from carbonate and other

minerals during ignition accounts far - 33o/o by weight of the Muray Group Aquifer.

and9o/o by woight of the Renmark Group Aquifer makix. Tho porcent MgO

concontration of tho Murray and Renmark Group aquifors matrix is - 4 and - 0.7

respectively. Wheroas Na2O, K2O, Al2O3 from silicates (clay minerals and feldspars),

SO¡ from sulphur compounds and Fe2O3 cofiryrise < 5yo by weight of the Murray

Group Aquifer matrix, they comprise - 10% by weight of tho Renmark Group Aquifor

makix. The rolatively higher Ca concenhation is due to the dominance of carbonate

minerals in the Murray GroW Aquifer mahix, wherÊas, the relatively high Si

concentration is due to the dominance of quartz and chert in the Rerrmark Group

Aquifer.matrix.
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Table 3.1

Average chemical composition of the aquifermakix in % weight of the Mr.r:ray and

Renmark Group aquifers from coro cuttings collected from four.boreholes.

Oxidos

Avorage tho Murray Group

Aquifermatrix (n:35)

Average the Renmark Group

Aquifer.matix (n: 18)

% SD % SD

sio2
412O3

Fe2O3

Mgo
CaO
Na2O

Kzo
So¡
Organic C
Loss on ignition
960 c"

16.84

1.73

r.63
4.62

39.74

0.39
0.31

0.53

0.70
33.s4

15.00

2.08
1.43

1.50

9.69
0.11

0.28

0.90
1.10

7.4s

68.85

3.39
3.83

0.71

9.58

0.40

0.s7
2.23

2.95

9.25

17.94

2.58

3.47
0.44

6.s7
0.38

0.37
1.69

1.90

14.28

The Murray Group Aquifer is composed primarily of calcite and qrartz, rñrith minor

dolomite, organic carbon, and trace amounts of glauconite, clay minerals, and iron

oxides. Quartz is the major.minoral in the Renmark Group Aquifer with minor calcite,

lignite and trace amounts of feldspars and clay minerals

'Whereas the carbonato minorals calcite, Mg-calcite and dolomite are the most abundant

minerals ranging from35o/o to 93 o/o by weight in the Murray GroW Aquifer, theu

concentration ranges from2o/o to 30o/o by weight in tho Renmark Group Aquifer matrix.

Mg-calcite accounts for 5o/o to l0 o/, by weight of total calcite in the Murray Group

Aquifer The weight percent of dolomite in tho Murray Group Aquifer varies latorally

and vertically within tho formation, and ranges from < lo/o to 3%by weight. Quartz and
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chert are the major minerals and contribute 600/, to 93o/o by weight of the Rerunark

Group Aquifer

The minor components of the Renmark Group Aquifer, and to a lossor extent the

Murray Group Aquifer, are organic substancos (organic carbon and lignite) with organic

carbon being betweon lo/o and 3%. Small amounts of feldspars and glauconite were

present in the Murray Group Aquifer. Kaolinite and smectite were recogn'ised by their

corrosponding XRD peaks in tho Murray and Renrnark Group aquifers. Trace amounts

of sulphide minerals ( primarily pyrite) are prese,nt in the Ronmark Group Aquifer.

The Ronmark Groop Aquifer matrix is composed of clastic sediments, mainly quartz

sand and poorly consolidated silt (Brown, 1989). These minerals are the product of

mechanical and chemical woathering of parent rocks. Tho doficiency of alkali earth

elements (Mg2*, K*, Na*¡ which accounts only for 2%byweight of the aquifermatrix

indicates that these deposits have also been affectod by extensive weathering.

Hydrolysis of major. silicate minerals rosults in liboration of the cations which

ultimately causes deficiency of cations within tho rosidual deposit.

3.2.2 Major ion concentrations of groundwater

Results of chomical and isotopic anaþsis of groundwaters from tho Murray and

Ronmark Group aquifors are presented in Tablo 3.2 and 3.3 respectively. The TDS

concentation of groundwater from the Mruray Group Aquifer is variable, ranging from
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550 mg/l at the basin margin in the south and south-east, to 22,700 mg/l in the north and

north-east in the wells adjacent to the River Murray. Groundwater in the Renmark

Group Aquifer has a similar TDS to that in the Murray Group Aquifer, and generally

increases to values of 22,300 mg/l near the River Murray

Based on major ion concentrations, two hydrochemical zones are delineated in the

Murray and Renmark Group aquifers:

Zone A. Fresh to brackish groundwater in the Murray and Renmark Group aquifers,

TDS ranges from < 1000 to 5000 mgll. This zone covers approximately 80% of the

study area extending from the basin margin in the south, to 250 km towards the north

and north-west (Fig. 3.1)

ZoneB. Saline groundwater that has a TDS ranging from 5,000 mg/l to - 21,000 mg/l

in both aquifers. The groundwater of this zone occurs in the north and northwestern

part of the study area,60 km south of the River Murray (Fig. 3.1)

Chloride concentrations in the Murray and Renmark Group aquifers range from 3.3

mmol/l to 336 mmol/I. There is a general increase in Cl- concentration in the Murray

Group Aquifer towards the north and north-west along the hydraulic gradient, with a

much greater rate of increase in ZoneB near the River Murray. The increase in Cl

concentration is not monotonic. Rather it shows an irregular distribution with rapid

increase and decrease along the hydraulic gradient. This is also observed for the Cl-

concentration in the Renmark Group Aquifer (Fi5.3.2 a)
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Table 3.2 Chemical and õl8O and ô2H analysis of groundwaters from the Munay Group Aquifer. The ID numbers refer üo our întemal code. The

registered number (*) is the Victorian Sinclair Knight Merz (Groundwater data base GDB number), and Registered Bore hrunber of the South

Australian Departrnent of Mines and Enetgy. TDS is expîessed as rnilligrams þer lihe and is calculated by summing the ion data. The results of
major and minor ions are expressed in millimole and micîomole. ôl8O and ô2H are expfessed in per mil notatioh relative to SMOW. SI fefers to

saturation state of the groundwater with respect to calcite and dolomite. Dist. refers to approximate distance ih kilometres ftom the basih margin

@undas Plateau).

Well
Reg. No

Well pH Temp. TDS HCOi CI Na* K* eÎ+ sf* Br s¿* ôrto ¡2H SI pCOz Dist.

(mmol/l) (pmol/t) (%o, SMOW) Calcite Dolomite (afin.) (km)
ID fc)

(meÂ)

61922*

6 I 930*
'77850t

I I l32l',i
61829*

51846,ù

92808*

50946*

60610*
:t9530*

485 59 t
60436*
84:l4l*
.15651*

? 5365*

?5351*
60450*
'19655*

5 8079 *

98297*

.l .29

.l .44
:l .53
.l .35
.l .43
:'l .48
.l .45

7.64
.l .56

19.2

18.2

19.8

18.8

19.8

21.8

22.1

2t.6
18..1

MI
M2

M3

M4
M5

M6

M:7

M8

M9

Mt0
Mil
Mt2
Ml3
Mr4
Ml5
Ml6
MI?
Ml8
Ml9
M20

6.93

7.tt
6.82
.7.48

.1.42

18.4

t8.2
l9
19.9

20.6

543

1498

ts47
1260
893

t445
t01 5

.102

58:l

904
26t3
l4l3
885

998

1602

l 406

I 500

16.1 6

I 408

l0l5

4.1
:1.9

5.9

5.1

4.t
6.0

5.0

4.9

4.1

4.8

12.8

5.8

5.2

5.1

5.4

5.6

5.0

2.9

4.3

5.6

3.2.1

t4.27

t6.64
13.7t

9.1I
14.98

t0.24
4.68

3.98

8-O:7

23.98

t4.4t
:7.62

9.65

1.1.86

14.58

l:l .52

23.92

16.56

8.6ó

0.2t
0.66

0..16

0.51

0.31

0.83

0.5 8

0.28

0.1 I
0.41

2.18

0.93

0.26

0.54

1.10

0.93

0.93

0.? I
1.04

0.83

3.8

13.5

t6.2

l l.4
8.1

l4.l
9.8

4.5

4.1

7.4

24.7

t1-4
6.4

8.3

14.8

t2.5
16.I
16.6

16..1

9.0

0.10

0.14

0.16

0.14

0.24

0.23

0.17

0.1I
0.26

0.1:l

t.l5
0.26

0.23

0.26

0.30

0.30

0.3.1

0.45

0.38

0.24

1.19

3.t1
2.to
l.3l
l.l6
2.10

1.88

1.20

0.9:7

1.5 t
3.5:l

2.38

l.60
l.9l
3.56

3.06

2.83

2.82

1.78

2.02

0.94

1.2 8

2.32
) .t)

t.66
2.03

l.:18

1.80

l.l9
1.8.1

l.:l I
2.tt
1.96

1..14

2.31

2.0s

1.82

3..14

1.63

1.4.1

0.22

0.27

0.24

0.22

0.27

0.41

0.4t
0.33

0.49

0.43

0.1.1

0.40

0.39

0.39

0.42

0.42

0.42

0.29

0.46

0.41

6

t)
23

l.l
t2
2t
t4

6

:l

10

35

22

t4
15

34

26

34
4:1

29

l5

l5
52

l9
t4

9

t4
t6
13

l0
l3
vo
24
2t
20

40

34
24

l6
9

19

-5.2

-5.5

-4.5

-3.5

-5.8

-4.4

-5.6

-3..1

-6. I
-6.5

-5.0

-5.5

-5.9

-5-.1

-5.5

-5..1

-5.8

-5.:l

-5.9

-6.0

-34.3

-3 1.0

-28.0

-24.6

-3 6.8

-26.4

-3 ó.1

-25.1

-35.3

-34.5

-30.8

-32.3

-35.9

-34.3

-34.4

-3 5.8

-3 5.5

-3:l .7

-3 8.0

-31.2

-0.3

-0.0

0.0

0.1

-0.0

-0.4

-0.3

-0.6

-0.0

0.1

0.5

0.0

0.2

0.2

0.0

0.2

0.1

0.2

0.2

0.2

-0.5

0.4

0.2

0.0

-0.2

-0.7

-0.5

-1.2

-0.0

0.2

1.5

0.2

0.3

0.5

0.4

0.6

0.6

0.3

0.5

0.6

0.01 2

0.021

0.016

0.014

0.008

0.029

0.017

0.030

0.007

0.009

0.020

0.014

0.009

0.007

0.01I

0.010

0.008

0.005

0.005

0.008

l5
):,

34

38

32

!4
50

5t
36

50

48

59

60

80

98

t24
t26
108

ll9
137

(^
N)



Table 3,2 Contd

'Well

Reg. No.

well pH Temp. TDS Hcoi cl so¿} Na* K- Mg* c** si4* Br sf* ô18o ð'?H

ID
mmoVl pmoil (%0, SMOW) Calcite Dolomite

SI pCOz Dist.

(atn.) (kn)
(c") mell

103369*

98254*
49951*

49952*

49950*
664,1.1*

54642*

54636*
82220*

615:71*

657 58*

77 199*
.7026-lt3
.7026-ll0
:lo2:l -566

702.1-650

702.1-606

102:l -592
.702.1-59.1

.702.1-669

:102.1-602

'102.7 -405
.t027 -586

702.1-5:19

682.1-1536

7026-120

7.68 20.5

7.18

M21
tllz2
M23
M24
M25
M26
M2.7

M28
lll29
M30

M3l
M32
M33

M34
M35

M36

M37
M38
M39

M40
M41

I|l42
M43

ll/f44

M45

M46

.7.31

7.87

24.9

22.4

20.8

22.1

20.9

22

23.9

22.4

22.0

23.5

21.4

22.5

24.0

24.2

ztr

28

0.18

0.20

0.26

0.18

0.18

1.20

0.1.1

0.t7
0.33

0.41

0.26

0.33

0. l8
0.64

0.18

0.l6
0. l9
0.20

0.16

0.23

0.20

0.33

0.30

0.2r

0.49

0.64

0.99

1.63

2.9.7

2.17

2.08

2.09

1.t9

1.42
)))
2.80

1.33

1.93

1.59

1.53

0.95

r.09

1.43

1.20

0.80

1.60

0..74

1.54

1 .84

t.26

3.48

3.l l

6

l4
l1

9

9

l3
l0
ll
2:l

2t
l3
l9
11

1t
6

:7

14

12

6

0

6

5

t4
9

23

16

-38.4

-39.0

-41.0

-39.t

-3 5.5

-31.2

-3 8.6

-38.9

-40.0

-43.0

-42.4

-40.0

-3 8.3

-3 8.1

-39.8

3 8.3

-3 8.8

-40.4

-39.7

-40.7

-3 9.0

-38.2

-40.3

-43.1

-3.7.1

-38-3

0.1

o.:7

0.2

-0.2

-0.2

0.1

-0.0

0.3

0.6

1.1

0.2

0.5

0.5

0.2

-0.3

0.0

0.2

0.0

-0.0

-0.3

-0.0

0.2

0.4

0.0

0.3

0..1

.7.66

:7.56

.l .30

7.48
.l -3:7

:l .45
.l -60
:7.26

1.58

7.49

7.60
.l .43
.l .23
.l .38

.125

857

Il44
708
.133

12.7 5

849

I135
1496

1425

906
ll,7 5
781

866

891

70:7

961
850
.l 68

99:7

1030

13.7 0

1340

986

2363

24:13

4.2

5.0

4.1

3.3

3.4

5-5

3.9

5.6

8.4

4.4

3.9

4.4

4.4

3.6

4.3

4.2

5.3

4.:7

3..7

4.5

4.6

4.9

3.9

3..1

:1.9

6.8

6.01
:7.14

12.o:7

6.35

6.43

12.89

6..74

.7.56

t2.10

15.23

8.s2

12.44

6.18

8.60

8.3 8

5.36

6.23

5.78

6.40

9.1I
9.00

14.50

14.70

9.19

2s.tt
27.53

0.32

0.53

0.89

0.53

0.59

0.14

1.03

1..13

l.o4
1.4.7

0.90

0.91

0.53

0.46

0.50

0.43

1.12

0.95

0.61

0..76

0.93

0.93

1.18

0.9 I
1.94

2.32

5.8

7.2

1 1.3

6.3

6.8

10.0
:7.9

11.4

14.2

14..1

8.0

I 1.0

6.1

7.1
.7.8

5.2

8.5
.1.4

.1.8

10..7

11.2

15.4

14.9

8.8

27 -0

to 5

1.55

L44
0.96

0.58

0.58

2.09

1.31

1.43

1.54

1.33

1.39

l.5l
t.t2
1.42

t.6t
l-3.7

1.43

1.15

7.02

0.66

1.05

1.16

1.34

1..13

1.55

1.62

0.3 8

0.33

0.45

0.40

0.40

0.43

0.39

0.46

0.39

0.51

0.48

0.45

0.43

0.33

0.24

0.40

0.45

0.48

0.3.1

0.32

0.41

0.40

0.3 5

0.42

0.46

0.42

l2
l2
t9
10

13

t6
ll
12

l8
22

1l
l6
11

l6
t4

8

ll
1l
lt
l2
t5
23

22

l5
43

40

-6.0

-5.8

-6. I

-6.0

-6.0

-5.7

-6.5

-5.6

-6.1

-5.9

-6.3

-6.0

-5.9

-6.4

-5.8

-5.:l

-5.8

-5.9

-s.9

-6.0

-6.2

-5.1

-5.8

-6.0

-5.1

-5-3

0.1

0.3

-0.2

-0.4

-0.4

-0.0

-0.0

0.0

0.2

0.4

0.0

0.1

0.1

0.0

-0.1

0.0

0.0

-0.0

-0-0

-0.4

0.0

0.0

0.0

0.0

0.0

0.1

0.00.7

0.005

0.006

0.005

0.006

0.01 8

0.008

0.0t2
0.021

0.003

0.007

0.007

0.005

0.005

0.011

0.007

0.012
0.009

0.005

0.014

0.008

0.008

0.005

0.007

0.021

0.015

142

143

159

171

1:14

185

182

190

202

204

216

212

149

164

l:7:l

183

204
204
214

218

220
224

228

240
255

249

(¡
(¿)



Table 3.2 Contd.

Well
Reg. No.

'well pH Tonp. TDS HCo¡- cr so¿} Na* K. Mg* c** si4* Bf sf* ô18o ô2H

mmoVl pmolil (%0, SMOW) Calcite Dolomite

SI pCOz Dist.

(afin.) (k")
ID. (c) mgll

6927 -591

692:7 -644

692.1-590

6927 -588

692.t -601

6928-567

6928-4ll
6928-49

6928-260
:7028-503

7025-422
6928-4.1.7

6928-21

6828-1 t2
6928-528

6928-424

6929-ts4
6929-169

6928-2

4967.7*

64363*

96929-3s6
85570*

81833 t'

g6:l:15*

6929-:705

l,|/44.7

M48
M49
M50

M5l
lll52
M53

M54
M55

M56
M57
M58
M59

M60
M61

M62
M63

I|,164

M65

M6ó
j|r'I6:7

M68

M69
M70

M71

10/'472

6.90

6.6.1

26.4

24

25.9

12.10

25.53

24.46

24.3.7

14.50

16.93

20.93

18.87

11.79

22..16

28.66

42.96

42.28

34.9s

60.06
.12.21

72.:75
:71.14

8:7.84

24.82

101.3

250.9

2.11.3

290.:7

339.3

302.3

.7.12

7.39

7.54
.7.92

.l -53

7.60

7.19

7.t6
.l .48

7.28

7.35

7.3s

7.20

7.10
.7.08

7.0.7
.l .40
:7,20

.l .16
:7.50

7.51

6.70
.l .45

19.7

25.4

24.5

28.6
1)O

23.1

25.3

2:7.4

24.6

25.2

23.4

22..1

23.7

22.9

24.8

26.1

2s.4
23.2

24.8

147 4

2092

2054
2055

1323

I 802

1996

2005

1234
2339
2446

3.Ì85

3644

32.73

5 063

63:'16

6093

608 6

6:15l

2096

7 434

15.150

18310

1 8130

2i160
19930

:7 -6

4..1

4.4

4.4

4.4

6.5

6.1

:7.5

4.9

8.3

6.2

9.4

8.4

10.8

13.2

15.1

12.9

13.2

l1.5
5.5

9.0
g..l

6.s

3.8

5.9

8.0

l.l3
L97
1.89

1.88

0.96

1.98

2.05

1-98

1.08

2.34

2.tl
4.31

3.81

3.0 1

3.91

6.81

5.16

6.3I
4.44

L2:7

4.7 5

4.94

13.53

7.84
:l .34

71..15

13.9

23.1

24.4

24.8

14.4

2l.s
23.0

23.7

13.6

27.O

2.7.7

45..1

45.2

3.1 .4

64.4

85.4

87.8

83.6

9s.1

2s.8

113.8

212.7

268.8

241.1

291.4

218.8

0.31

0.41

0.44

0.41

0.2s

0.42

0.50

0.46

0.28

0.55

0..71

0.61

0.61

0.56

0.59

0.11

0..16

0.75

1.15

0.78

1.24

2.03

2..14

3.12

3.7:l

3.38

1.26

1.92

1.8,7

2.07

1.40

1.08

1.62

1.22

1.10

1.34

2.03

1.71

1.80

1.52

1.63

1.66

1.1 6

1.45

2.08

1.0 6

1.28

10.08

s.66

10.43

11.15

12.15

0.48

0.40

0.40

0.3 8

0.34

0.51

0.3 6

0.50

0.34

0.54

0.47

0.48

0.53

0.46

0.45

0.30

0.45

0.48

0.50

0.46

0.54

0.25

0.52

0.53

0.61

0.60

24

40

34

38

24

27

36

33

2l
35

47

68

6.1

5,7

93

120

109

116

133

36

143

353

333

402
439

424

2l
l:7

l6
13

l0
l4
l5
26

11

46

34

53

56

44
:70

:73

55

63

102

25

34

0

28:7

793
:7:74

294

-5.2

-5.6

-5.6

-5.8

-5..7

-5.6

-5.3
<t

-4.9

-5.1

-5.5

-5. I
-s.4

-5.1

-4.9

-4.5

-5.0

-4..7

-5.5

-6.2

-5.6

-5.0

-4.4

-4.0

-5. I
-4.5

-0.3

0.0

0.2

0.6

-0.1

0.1

-0.1

-0.2

-0.0

0.0

0.0

0.1

-0.0

-0.1

-0.0

-0.0

0.0

0.0

0.0

-0.0

0.0

-0.0

0.3

-0.3

0.0

-0.0

-0.0

0.4

0.6

1.5

-0.0

0.6

0.0

0.1

0.2

0.5

0.5

0..7

0.4

0.4

0.6

0..1

0.9

0.5

0.7

0.8

0.8

0.3

1.3

-o-:'l

0.6

0.2

0.026

0.010

0.006

0.003

0.010

0.008

0.019

0.026
0.009

0.021
0.013

0.01 9

0.024

0.03 I
0.048

0.05 6

0.024

0.03.7

0.03 5

0.009

0.013

0.059

0.009

0.020

0.026

0.056

234

239
234

240

245

2sl
2s8
260
268

262

2s8
21t
273

2.1 5

281

285
289

293
300

243

254

319

28t
295

324

330

3.09

2.82

2.83

2_44

1..73

1.7:7

2.3.7

2.33

1.39

3.44

3.49

4.48

4.20

5. r0
6.58

6.46

4.69

4.40

6.66

2.98

3.81

18.22

l.l .19

26.45

21.81

20.49

-3 8.6

-39.1

-40.1

-41.6

-38.2

-39.3

-36.0

-41.2

-3 8.1

-37.8

-39.0

-3:l .9

-3 8.5

-35..1

-36.0

-35.9

-36.9

-36.9

-38.7

-42.8

-37.4

-3 3.0

-33.1

-55-J

-34.5

-30.1

LtrÀ



Table 3.2 Contd.

rtrell

Reg. No.

well pH Temp. TDs Hcq- cr sof- Na+ K* Mg* c** si4* Br sf* õr8o ô'H SI pCOu Dist.

pmoli{ (%0, SMOW) Calcite Dolomite (atrn.) (kn)
mell(c")ID

mmoVl

6929-.700

6929-7tt
6929-.712

6929-.710

6929-.102

6929-701

6929-684

6929-651

6929-682

6929-685

6929-686
I

6929-68:7

6929-689

6929-691

6929-692

6929-693

6929-1046

6929-104t

6929-1082

M:Ì3

M.l4
M7s
M.l6
]ll17
M78

M:|9

M80
M81

M82

M83
M84

M85

M86

M87

M88

M89
M90

M9l

2s.9

2:l .2

26.6

2.7

26.9

26.6

26.4

26.4

25.8

26.4

25.5

25.6

25.9

26.6

2:7.3

25.4

22

25.2

22.6

241.0

250.0

266.6

313.2

2.74.5

292.3

30:l .l
304.9

298.8

289..1

289.3

29.1 .5

263.2

252.3

228.8

192.7

332.8

251.8

300.2

2.31

2.58

2.69

3.04

2.11

2.58

2.6t
2-58

2.47

2.38

2.43

2.56

2.42

2.42

2.20

Lg:l
2.81

2.52

2-:ll

0.50

0.5 5

0.s6

0.49

0.3 0

0.26

0.26

0.25

0.28

0.22

0.27

0.22

0.26

0.35

0.36

0-37

0.47

0.45

0.53

34.1

401

418

4.74

438

448

464

449

442

437

463

476

432

437

3.79

312

4s6
353

461

:0.2

0.0

-0.2

-0.3

-0.1

0.0

-0.1

-0.0

-0.3

0.0

0.1

0.2

-0.3

0.0

0.0

0.0

0.1

0.4

0.0

0.071

0.07.1

0.087

0.085

0.07 6

0.0:11

0.062

0.062
0.061

0.048

0.044
0.051

0.053

0.059

0.063

0.060

0.057

0-04:7

0.05:7

6.56

6.54

6.43

6.39

6.46

6.50

6.50

6.50

6.47

6.62

6.65

6.62

6.:70

6.63

6.6s

6..10

6.69

6.85

6.66

l7l 80

I 8570

197 5t
22950

20820
21960

23 080

22840
22610

22:720

22190
21620

194s0

I 8700

I 6680

135:10

235.10

17990

22290

8.2

8.5

8.2

7.6

7.6
.1.6

6.7

õ.t
6.3

6.2

6.3

7.5
.1.9

:l .:l

8.3

8..7

9.0

9.2

8.6

26:l.4

296.8

315.5

36:7.1

333.8

346.1

362..1

361.9

350.6

3 53.1

349.4

335.6

304.6

296.1

259.9

205.0

336.t
262.2

334.0

7 _44

6.94

7.31

8.94

8.7 8

10.88

13.13

11.19

14.94

11.63

13.8I
10.9.7

10.44

9.06

8.78

6.69

23.84

15.63

18.69

l:7.32

19.58

2t.st
24.93

23 -53

24..76

27.93

26.16

25.05

25.1.1

24.15

25.:79

19.00

17.32

14.2:7

13.25

24.89

1.7.24

26.:14

9.43

11.78

73.45

15.54

15.82

l:l .l:7

16.14

l:7.89

17.94

1.7.61

17.2.7

14.42

12.55

t2.03

9.33

6.34

9.58

6.s9

9.83

2t6
220

237

271

253
268

2.71

2.7.1

2.1:7

284

293
2.19

226

221

178

146

225

180

293

-4.7

-4.9

-4.6

-4.6

-4.6

-4.6

-4.5

-4.7

-4.3

-4.3

-4.5

-4.9

-5.0

-5. I
-5. I
-5.2

-4.4

-4.7

-4.3

-33.2

-3 5.1

-3 1.5

-32.3

-32.1

-32.1

-33.9

-34.3

-36.1

-32.3

-33.3

-3 1.8

-31.3

-31.4

-34.0

-35.8

-3 5.0

-32.7

-32.1

-0.3

-0.2

-0.3

-0.4

-0-2

-0.2

-0.3

-0.2

-0.3

-0.1

-0.0

-0. I
-0.0

-0.1

-0.2

-0.2

-0.2

-0.0

-0.2

330

332

334
336

33.1

338

340

342

345

348

348
350

350

350
350

350

351

354

355

L¡r
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Table 3,3 Chemical and d18O and d2H anaþsis of groundwaters from the RehmaTk Group Aquifer. The ID numbers refer to our internal code.

The registered number (*) is the Victorian Sinclair Knight Merz (Groundwater data base GDB numbers), and the Registered Bore number of the

South Auskalian Deparhnent of Mines and Energy. TDS is exþTessed as milligrams þeî lite and is calculated by summing the ion data. The

results of major and minor ions are expressed in nîillimoles and micromoles, dlEO and d2H are expressed in per mil notation relative to SMOW.

Dist. refers to approximate distahce ih kilometres from the basin margin (Dundas Pla.teau).

Well
Reg.No.

Well pH Temp. ifDS HCO' Cl SO¿2= Na* K- Md* C;* Si4* Br Sf* ôrto ô2H Dist.

(l"n)cc)ID.

(meÂ) (pmol/I) (%0, SMOW)

67847*
60623*
48554*
.15669*

604:15*
58l1lt
:1026-l12

7026-lll
66476*
1021-585
692:t -588
6928-542
6 827- I 530
6929-423
496:16|
7028-469
109458*
6929-:160
6829-992
8 I 832+
I 04800*
867.14*

8.00
8.:12

8.48
7.lt
:l .68
8.64
.1.49

7.84

18.9
22.1
l7.l
22.3
20.5
2r.6
23.9
25.3

7.98
7.92
8. 10
.l -65
7.72
1.t0
.l .90

28.5
28.6
28.8
27.1
26.3
33. 1

21.9

6.99
7.25
.'Ì .04
1.01
7.94

RI
R2
R3
R4
R5
R6
R7
R8
R9
Rl0
Rll
Rl2
Rl3
Rt4
Rt5
Rl6
Rl7
Rl8
Rl9
R20
R2l
R22

28..1

25.5

.195

67.1

2058
1317
2206
I 855

8?5
740

1525
1210
I 108
I 870
2t89
3284
4562
4636
48 l6
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Variations in bicarbonato concentration are not as pronounced as the Cl concentration.

However, there is a moderate incroase in dissolvod HCO¡-to as much as 12 mmoVl

occurring in the downgradiont part of the Murray Gtoup Aquifer in Zone A.. InZona

B the concentration of HCO¡- docreases ta - 4 mmoVl (Fig. 3.2 b)

Sulphate concentrations in tho Murray and Renmark Group aquifers range from 0.4 to

22rnnoVl, and 0.09 to 12.84 mmoVl respectiveþ and generally followthe same

pattern as Cl- in both aquifers. However, the SOa2- concentration in Zone B of the

Murray Group Aquifer is considerably higher than that in the Renmark GroW Aquifer

corresponding to the large increase in Cl- concentration down gradient nearthe River

Murray (Fig. 3.2 c)

Bromide concenkations in the Murray and Renmark Group aquifors also follow a

similar pattem as Cl- concentrations. The Br concontration in both aquifers in Zone A

ranges from 0.01 to 0.14 mmol.4 and is rolativoly lower compared with Br

concentration in groundwater of Zone B (0.4 mmoVl-Fig.3.2 d).

Sodium follows a similar kend with concenhations of -3.8 mmoVl, increasing to 85

rnrnoVl along the 250 hn of Zono A, thon rapidly incroasing to 260 mmoVl in Zone B

(Fig.3.3 a).

The plot af C** and Mg2* vorsus distance (Fig. 3.3 b, c) ), shows a similar. trend to

that observed for Na+ and C1-. However. the magnitude of Ca2* and Mg2* increase is
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much less. There are slight increases in.C** and Mg2* concentrations in Zone A from

0.58 to 2.72mmoUl and 0.95 ta 6.4 mmol/l rospectively, then a rapid increase to valuos

of 17.8 mmoVl for Ca2*, and27.9 mmoVl for Mg2* in Zone B.

Potassium concentrations mnge from 0.14 to 0.71 mmoVl tnZone A, then increases

downgradient in ZoneB to values of 3.38 mmoVl in the Murray and Renmark Group

aquifers (Fig. 3.3 d)

Silica concenkations in the Murray and Renmark Group aquifers range from 0.17 to 0.8

mmol,/l, and 0.01 to 0.4 mmoVl respectively. The variation in silica concontrations in

both aquifer systems is vory small compared with other major ions (Table 3.2)

A Piper diagram fotthe major ions in groundwater from the Munay Group Aquifer is

shown in @ig. 3.4). Groundwater chomistry throughout the Muray Group Aquifer is

dominated by Na+ and Cl- ions. The general concentration pattern for dissolved major

ions in the sampled waters is:

Cl > HCO¡- ) SO+2* and Na+ ¡ MB'* >Ca2* >K*.

The percent equivalent of Na+ and Cl- increases along tho hydraulic gradient from tho

basin margin from - 50% in the south and south-east to > 90% down gradient near the

River Murray.

Groundwater from tho Renmark Group Aquifer has a similar chernical composition to

that in the Murray Gro.rp Aquifer (Fig. 3.5). Sodium and chloride are the dominant
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Fig. 3.4 Pipor diagram showing chemical composition of groundwater from the Murray
Group Aquifer, in mole percent of cations and anions. Note that all groundwater

samples aro Na*-Cl- type water Arrows show evolution of groundwater from tho basin
margin in the south and southeast towards tho discharga ùrøa in the north and north-
west near the River Murray. Na* and Cl- molo percent inøoase from 50% near the

basin margin to > 90o/o in Zone B near. the River Mr:rray.
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Fig. 3.5 Piper diagram showing chemical composition of groundwater from tho

Renmark Group Aquifer, in mole percent of cations and anions. All groundwater
samplos are Na*-Cl- type water similar. to that in the Murray Group Aquifer. Arrows
show evolution of groundwater from the basinmargin in tho south and southeast

towards the discharge area in the north and north-west near the River Munay. Na* and

Cl-mole percent also increase from - 50% near. the basin margin to > 90o/" inZanaB
noar the RiverMurnay.
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cations and anions regardless of the location orrelative major.ion conconkations.

3.2.3 õ2H and ôl8O composition of groundwater in the Murray and

Renmark Group aquifers

The õ2H and ô18O values in the Murray Group Aquifer range from -42o/oo to -32%o and

-6.5%o to 4.2%o respoctively. Grorurdwater in the Renmark Groop Aquifer has similar

õ2H and ôr8O values and ranges from -43%o to -30o/oo and -6.4%o to -3.1%o. Most of the

water samples fall on or slightly to the right of the World Meteoric-'Water Line defined

as ô2H: 8 ôr8o + 10 (Fig. 3.6).

The plot of ô2H and õ18O valuos along the AA' transect shows that both õ2H and ô18O

values decrease from the basin margin towards the interior. of the basin inZone A. The

most depleted groundwater. samples in 2H and 18O are located 120 hn from the basin

margin (Fíg.3.7 a,b). Furtherinlandtheô2Handõr8Ovaluesof groundwatorinboth

aquifers show continued enrichment in 2H and 18O along the AA' hansect and reach a

maximum ð2H and õ18O value of -34o/oo and-4.6%orospectively atZone A. Gonerally

tho õ2H and ôl8O valuos of groundwater inZona B are more enriched relative to

groundwater in tho southern and cenkal part of Zone A.
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3.3 Discussion

3.3.1 Dominance of chloride and sodium ions in groundwater

Attempts to interpret the origin of saline surface waters and groundwaters in the

Australian continent date back more than 100 years. Some of these studies have

variously ascribed the source of high salinity to sea water transgression (Streich, 1893),

evaporation (Bonython, 1956), remnant of sea water entrapped in the sedimentary

basins at the time of their deposition (Wopfner and Twidale,1967; Johnson, 1979),

airborne oceanic aerosol transported inland into basins by rainfall (Jack, I92l), and

evapotranspiration of rain water prior to recharge (Herczeg and Lyons, 1991). The

majority of the high saline waters in the Australian continent are dominated by Na* and

Cl- ions. Therefore, understanding the sources of high salinity is commensurate with

understanding the dominance of Na* and Cl- ions. Based on the previous studies and

distribution of Na* and Cl- ions, the plausible scenarios for the dominance of Na* and

Cl- in groundwater from the Murray and Renmark Group aquifers are discussed below.

3.3.1.I Remnant Sea water dilution

The plot of Na* versus Cl- concentrations in the Murray and Renmark Group aquifers

shows that the data falls on the sea water dilution line (Fig. 3.8 a). The same trend is

observed in the Bf-Cl relationship (Fig. 3.8 b). The line of regression between Na* and

Cl- has a slope of 0.82, similar to the marine-derived regression line of (0.85), and a
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Fig. 3.8 Sodium and Br vs. Cl concentration of groundwater from the Murray and

Renmark GroW aquifers. The Na+ vs. Cl- (Fig. 3.8 a) and Br vs. Cl- (Fig. 3.8 b) data

fall on tho sea water dilution line. This suggests that groundwater may be derived from
rainfall that has Na+: Br : Cl- ratios the samo as sea water.
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conelation coefficient 1r2¡ of 0.98, implying a marine origin for Cl and Na* of the

groundwater. The marine type Na* and Cl- distribution could be due to dilution of

remnant seawater trapped in the basin at the time of depositton.

However, most of the õr8O and ô2H data from the groundwater from both aquifers falls

on or slightly to the right of the WMWL (Fig. 3.6) indicating the presence of only

meteoric water in both aquifers. Stable isotope analysis of pore water from the marine

aquitard (Geera Clay), which is the same age as the Murray Group limestone and lies -

300 km nofth-east of the study area, also showed that both ô2H and ôr8O values are

derived from meteoric water (Jones et al., 1994). Furthermore, based on Darcy's law,

Barnett (1989) has estimated an average groundwater travel time of the Murray Group

Aquifer from the main recharge area at the south-east to discharge aÍea at northwest (at

River Munay) to be - 200,000 years. The last sea retreat occurred in the study area

approximately 2 million years ago (Evans et al., i990). Therefore, groundwater in both

aquifers has been replenished in the study area at least 10 times since the last sea

invasion, flushing out any remnants of seawater trapped in the aquifer.

These two lines of evidence suggest that seawater like Na* and Cl- distribution of

groundwater from the Murray and Renmark Group aquifers cannot be explained by

remnant seawater dilution.
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3.3.1.2 Dissolution of Halite

Groundwaters in both aquifers are characterised by a wide rango of Nan and Cl-

concentration. However, in no case was the activity product of Na+ and Cl close to

saturation with rospect to halite C3.5 g/1-TabIe 3.2). This indicates the absence of Cl

bearing salts in tho saturated aquifer matrix but does not rulo out its ptosenco in tho

unsaturatod zoÍa. X+ay diffraction anaþsis and petrographic study of the aquifer

minerals did not reveal any evaporite minerals such as halite or sylvite (Appendix 1).

Dilution of waters sahrated with halite dwing recharge can also cause the dominance of

Na* and Cl- of groundwater and cannot bo rulod out. This can be checked by obsorving

the Cl-Ær ratio in groundwater. The Cl-lBr mass ratio of halito is one to two orders of

magnitude higher.than the marine CllBr ratio of - 290 due to the exclusion of Br from

tho NaCl crystal lattice dwing halite precipitation (Braitsch,1,977). The observed

CllBr ratio in groundwator sarryrles in both aquifers ranges from 250 to 350 typical of

the marine Cl/Br ratio. This eliminates halite dissolution being the process that

modifies the Cl and Br concentrations.

3.3.1.3 Evaporation of water dominated by Cl and Na* ions prior to

recharge

In order to examine this scenario, we assume that dissolvedNa* and Cl in groundwater

in the Murray Gro,rp Aquifer.is derivod ontiroly fromrainfall. Data on tho distribution

of major. ions in rainfall over the Murray Basin showed that Na+ and Cl- ions are the
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dominant major anion and cation in rainfall, and their mean concentrations are 4.3 and

2.5 m{respectively @lackbum and Mcleod, 1983). Chloride concentation in the

fresh groundwater at tho basin margin (south-east) in the Murray Group Aquifer is

about 300 mg/l (Table 3.2). Assuming the average Cl concontration in rainfall is 4.3

mg/l, the estimated water loss by evaporation calculated from oquation (3.1) is 98%,

(3.1)

where Q is the percent of water loss and Cl* and Cl are the concentrations of chlorido

in groundwater and rainwater respectively.

Evaporation of water prior.to rechargo not only increases the major ion concenhation

but also leads to enrichment in 2H and 18O isotopes in the rernaining water. Simpson

and Herczeg (1991) found a ô2H onrichment of about 035%oper 1o/, evaporation loss

in surface waters of the semi-arid regions of the Murray Basin by using a model by

Gonfrantini (1986). Using a mean ô2H value forrainfall in the study area of -24o/oo

(Leaney et a1., 1995), and water loss by evaporation of 98o/r, the amount of ovaporation

causes cnrichment in ô2H of -72 %o. Accordingly tho measured ô2H of the groundwater

would be +48%o. This value is much higher than the measured õ2H values in both

aquifers (Tablo 3.2), thorefore ovaporation alone carurot explain the dominanco ofNa*

and Cl in groundwater
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3.3.1.4 Evapotranspiration of soil water prior to recharge

The study area was mostly covered by native vegotation prior to Europoan settlernent

- 200 years ago. This vegetation is dominated by mallee form 'eucaþtus' that aro

charactorisod by multi-trunks and deep roots up to 20 m, capablo of intorcepting and

transpiring most of tho infïltrating rainfall (Walker et al., 1990). Water uptake by these

plants increases the major ion concentration in recharge water. However the original

ô18O and õ2H composition (derived from rainfall) is maintained. This occurs because

no significant fractionation of the heavy isotopes is observed during plant transpiration

(Zirnmerman et a1., 7967; Allison et a1., 1983 b). The ô18O and õ2H valuos reported for

pore water from many deop soil profiles in the study area", are similar to the mean ôr8O

and ð2H values in rainfall (Hughes et aI.,1988 a, b; Jolly et a1., 1990; Cook at al, 7992).

Therefore, the most likely scenario for tho dominance of Na* and Cl- ions in

groundwater. of the Mruray and Renmark Gro.tp aquifors is the removal of wator by

kanspiration of deep rooted native vegetation prior to recharge.

3.3.2 Variation of Cl- concentration in the Murray Group Aquifer

V/hereas the concentration of Cf in the Muray Group Aquifer generally increases

along the hydraulic gradient, the spatial diskibution of Cl indicates that the lowest Cl-

concenkation (- 250 mgll) occurs in the middlo af Zane Arathor than at the basin

margin (Fig. 3.9). The rapid incroase and decroase of Cl- in adjace,nt wells can be clearly

seon when Cl- concenkations are plotted along the hydraulic gradient @g. 3.2 a).
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Fig. 3.9 Spatial diskibution of chloride conce,ntmtion in mmoVl in ttre Mr.rrray Group
Aquifer. Arrows represent inferred groundwater flow direction.
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Chloride is a conservative ion which does not take part in chemical reactions within the

rarlge of salinity discussed hore (Feth, 1981), and there are no other sources for Cl in

the Murray Group Aquifer but rainfall. Therofore, the variation of Cl- obser¡ed along

the gradiurt can only occur via mixing with waters with difforent Ci- concenhations.

Becauso marine relative abundance of Cl-, Nan and Br is maintained over the entire

range of Cl- concentration (Fig. 3.8 a, b), the ond me,rnber which is mixing with laterally

flowing groundwater must be from the iocal recharge derived from rainfall which also

has a marine relative abundance of Cl, Na+, and Br .

The concentration of Cl- in soil water that eventually recharges the aquifer, deponds on

several factors; (1) conconhation of Cl- in rainfall plus conkibution of dry fallout, (2)

evapotranspiration (3) soil texture, and (a) vegotation typo (Allison and Hughes,

1983; Leanoy and Allison, 1986; Simpson and Herczeg,7993; Kennett-Smith ot al.,

1994). Mixing of this water along the hydraulic gradiont with latorally flowing

groundwateÍ can cause the variable distribution of Cl, whilst maintaining the marine

relative abundance of C1-, Na* and Br. in gror.rndwator. If the conkibution of local

recharge on the other hand was not signifïcant, and tho Cl concentration originated from

one single input at the basin margin, followed by lateral flow, the Cl- distribution would

be uniform along the gradient.

3.3.3 Sulphate dishibution in the Murray and Renmark Group aquifeß

Sulphate concentrations in groundwater shows a positivo linoar relationship rvith Cf



74

concentrations ìMith a slight scatter around the sea water dilution line (Fig. 3. 10 a). The

SO;- concentations in Zote Atend to fall to the left of the line, whereas the SOo'-

concentration of Zone B and the Renmark Group Aquiferfall to the right of the sea

water dilution lino. The scattoris probably due to variatíon of the SOo' content of

rainfall which ovontually recharges the Murray GroW Aquifer. Although the SOlTCf

ratio of soil water derived from rainfall in the coastal areas is similar to that of sea

water, often the SO427C| ratio increases further inland in rainfall due to a conhibution

of biogonic derivod sulphur to the sulphatepool of the atmosphere (Newman ataI",

1991). Thorefore, the "oxcess'o SOo'- in groundwater inZona A may be due to addition

of this biogenic SOo'- to the sulphate pool of rainfall which recharges the Murray

Grorrp Aquifer.(A detailed discussion of SOa2- concenhations in groundwater.from tho

Murray and Renmark Gtoup aquifors is given in chapter 4). The relatively low SO¿2-

concontrations in the Zane B of the Murray Group Aquifer and the Renmark Group

Aquifer may be due to bacterial sulphate reduction. Bacterial sulphate reduction results

in the decreaso of sulphate concenkation in groundwater. Tho ovidence for the

occuTrenco of bacterial sulphate reduction inZone B and in the Renmark Gr.oW Aquifer

is obtainod from sulphur and oxygen isotopic values of sulphate (see Chapter 4).

3.3.4 Potassium distribution in the Murray and Renmark Group aquifers

Potassium concontrations in groundwaterpositively correlate',^¡ith Cf in the Murray

and Renmark Groræ aquifers. The K+ concenkations of relatively fresh groundwater in

Zone A are slightly higher compared with the sea water composition and falls to tho
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left of seawater dilution line. Whereas, atZone B the K+concentration of more saline

groundwater. falls to the right of the sea wator dilution line (Fig. 3.10 b) indicating

removal of K* ions from groundwater by chemical reactions. Reactions involving K*

that tako placo at ambient temperature and pressuro involve cation exchange with clay

minorals. Tho exchange of K* for Na* on clay minerals could be the process that is

rosponsible for the partialremoval of K* from the groundwater- Exchange of K* for

Na* is a well known process in dilute groundwaters (Eugster and Jones, 1919)

Potassium concontration incroasos approximately 10 fold from 0.4 mmoVl to 5 mmoVl,

wheroas Na* concentration increases 100 fold. The Na+/Cl- ratio for the majority of the

groundwater samples is slightly higher than the sea water ratio, tho lower than expocted

K* value in the Murray and Renmark Group aquifers inZone B may bo caused by

removal of K* from groundwator by exchange with Na* on clay minerals via a cation

exchange reaction"

3.3.5 C*. -Wh{*-HCO:- relationship in the Murray Group Aquifer

Grourdwater in the Murray GroW Aquifer is enriched rolative to the sea water dilution

lino in C**, andMg'* (Fig. 3. 1 I a, b). C** andMg3* have a rolatively small

conce,ntration range of 0.8 to 2.5, and 0.8 to 6.5 mmoVl rospectivoly, compared v¡ith the

large range of 10 to 370 mmoVl for Cl- concentration. This suggosts that in addition to

evapotranspiration, the Ca2+ and Mg2* concentrations are affected by chemical

reactions in the unsaturated zorre or in the aquifor. The procosses which are likely to be

most important in modifying the Ca2* and Mg2* concentrations within the Murray
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Group Aquifer includo congruent and incongruent dissolution of carbonate minerals,

and silicate weathering.

Carbonate dissolution reactions in the unsaturated zone occurs in two steps; (1)

acquisition of CO2 in soil water dorived from respiration of plants and bacterial

oxidation of organic matter in the soil zone followe dby , Q) reaction with carbonate

minerals, resulting in the addition of C**,Mfn and HCO3- to the solution. Tho

carbonate dissolution reactions may be expressed by tho following reactions:

Congruørt Dissolution of carbonato minerals

(Ca r.*MgJCO, + H2O + CO2 <) (1-x) Ca2* + xMg2* + 2HCO¡- (3.2)

Incongruent Dissolution of carbonate minerals

(Ca r.*MgJCO, + C***<-> CaCO¡+ xMg2* (3.3)

Carbonate minerals are ubiquitous in the soil zone inthe study area and their

concentration varies over three order. of magnitude from < 0.lo/o to - 50% by weight

(McCord, 1997). The mole fraction of Mg2* of 28 Murray Group limestone samples

wero estimated from )(RD analysis and rangod from 5% to 77Y' However, no

information exists on tho mole fractions of Mg2* in carbonates in the soil zono.

However, if dissolved C**,M{* and HCO3- in the groundwator results mainly from

dissolution of carbonato minerals according to equation 3.1, then the molar proportions

of (Ca2*+Mg'*) to HCO3- should be linear with a slope of 0.5. The Caz* and Mg2*

concentrations are summed together because of the variability of the Mg2* mole
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fraction within the carbonate minerals. The line of regression of Ca2*+Mg2* versus

HCO3- @ig. 3.12 a) for groundwater samples in the Murray Group Aquifer has a slope

of 0.41 with a correlation coeff,rcient (l) of 0.5. The scatter and poor correlation

coefficient of data suggest additional processes modifying the (Ca2*+Mg'*) and HCO3"

relationship in the Murray Group Aquifer.

One possible mechanism responsible for the deviation of (Caz*+Mg'*) vs. HCOr- data

from the carbonate dissolution line of 0.5 is calcite precipitation during

evapotranspiration. Progressive water loss by evapotranspiration causes an increase in

the HCOr-andC** concentration of soil water until calcite saturation is attained.

Beyond the calcite saturation point, the increase in HCOr- and Ca2* concentrations of

soil water is coupled with their removal by calcite precipitation. Because calcite

precipitation removes half as much Ca2* as HCO.-according to the stoichiometry of the

calcite precipitation reaction (8q.3.2),the ratio of Ca2*/HCOr-remains unchanged if

the initial C** IHCO3- ratio in soil water was 0.5 . That is, the amounts of Ca2* and

HCOr-increase beyond calcite saturation by evapotranspiration equals the amount of

C** andHCOr-removed from the solution by calcite precipitation. However, if the

C*.|HCO3-ratio of soil water was greater than or less than 0.5, then calcite

precipitation causes change of the C*. IHc)r-ratio of the residual water due to the

removal of Ca2* and HCO,- with a ratio of 0.5 . This is known as a chemical divide

which was articulated by Eugster and Jones (1979). The higher the amount of water

loss from soil water beyond calcite saturation the greater the shift will be from the

evaporation line (3.12 b).
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The deviation of the data from the carbonate dissolution lino in Fí9.3.12 a therefore,

may be caused by calcite precipitation during evapotranspiration of soil wator

However, incongruent dissolution of carbonate minerals in the aquifer can also result in

an increass of the 1Ca2*+Mg2*) concentration relative to HCO3-, causing the doviation

obsorved from the carbonate dissolution line. The effect of this process on tho Ca2n

and Mg2* is discussod below.

3.3.6 Incongruent dissolution of Mg-calcite

The degree of calcite saturation that results from the miúng of soil water.in equilibrium

with respect to calcite with groundwater flowing laterally depends on the final pCO2,

temperature, final chemical composition and the proportion of mixing of the two end

members (Wigley and Plummer,1976). Often, the calculated activities of individual

ions in a mixture are not oqual to that calculated by conservative mixing of the two end

membors, and this is particularly br¡e in a carbonate system, due to tho differences of

ionic strength and the redistribution of carbonate species (H2CO3, HCO3-,COr2-¡ in the

mixhrro. For example, two end mombers which are both saturated with rospect to

calcite can yiold a mixture that is either saturated or undersaturated depending on the

relative proportions and chernical charactoristics of the two end members (Thrailkill,

1968; Wigloy and Plummer, 1976).

Most of the groundwater samples from the Murray GroW Aquifer inZane A are close

to saturation with respect to calcite (Table 3 -2), rndrcating that no further dissolution of
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calcite occurs in the groundwater following addition of soil water to laterally flowing

groundwater However, incongruont dissolution of Mg-calcite (equation 3.3) and

subsequent precipitation of calcite can change the relative concentration of C** and

li/;ú*,by releasing more Mg* than Ca2* to grorurdwatorwhich causes theMgz*/C**

ratio to increase. Becauso the ovorall change in C** and HCO3- during this process is

small flMigloy et al., 1978), the change in the llr/lg!*lcû* ratio is a useful indicator of tho

extent of this process in the Murray Group Aquifer. Groundwater with aW{*lC**

ratio <1 tends to occur in relativoly fresh water in the south and south-eastorn part of

Zone A. (Fig. 3.13-T abla 3.2) "
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The Mg2./C *t ralio increases with the increase of Cl- concentration and reaches values

of - 4 in groundwaters that are located to the northern part of Zone A (Table 3.2).

Incongruent dissolution of Mg2* calcite and the addition of Mg2* to the groundwater

may be the second process that causes the observed (Ca2*+Mg2*) and HCO, relationship

in the Murray Group Aquifer (Fig. 3.12 a). The effect of incongruent dissolution of

Mg-calcite on the increase of Mg2' and Sr2* concentrations relative to Ca2*, as well as

the Sr2* isotope distribution, will be discussed in more detail in Chapter 5.

3.3.7 Silicate weathering

Addition of C** to the soil water can be accomplished by dissolution of primary

silicates (anorthite) or conversion of Ca-smectite to kaolinite according to the following

equations

Anorthite (Gibbsite)
caAlrsiro, + 2co2+ 8H2o <+ 2Al(oH): * ca2* + 2H4sio4 + 2HCo3 (3.5)

Ca-smectite (beidellite) (Kaolinite)
6Ca o,urAl233 Si367010(OH) 2+2CO2+ 25H2O <> 7Al2Si2Or(OH) 4+ C** + 8H4SiO4 +

2HCO3 (3.6)

Because these reactions release 2 mole of HCOr- for each mole of Ca2* produced, their

effect on the overall C*.lHCO.- ratio of groundwater cannot be distinguished from the

calcite dissolution. However, because these reactions also add significant amounts of

dissolved silica to the solution, the concentration of dissolved silica should increase if

the source of Ca2* and HCO,- in groundwater of the Murray Group Aquifer was
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primary silicate dissolution or conversion of Ca-smectite. Silica concentration in the

Murray Group Aquifer unlike other chemical species does not increase in Zone A

(Table 3.2), therefore the above mentioned reactions are not likely to be the cause for

the modification of Ca2* and HCOr- concentrations

3.3.8 Development of a reaction model to explain Ca2* Na* and HCO3-

distribution

Geochemical mass balance calculations were performed to test whether

evapotranspiration of rain water that ultimately recharges the aquifer, followed by

equilibrium with carbonate minerals and cation exchange reactions are responsible for

the observed chemical composition of the groundwater in the Murray Group Aquifer.

The evapotranspiration of rain water, calcite equilibrium and cation exchange in the soil

zone performed under different soil gas CO, partial pressures simulating the range of

pCO, measured in the study area (Dighton and Allison, 1985). The rainfall data in the

study area is the average of rainfall chemical composition measured in the south-eastern

Murray Basin by Blackburn and Mcleod (1983-Table 3.4).

Table 3.4 The Average chemical composition of rain water in the south-eastern Murray
Basin in mg/l (Blackburn and Mcleod, 1983)

Na* K. C*. Mg'* Cl- SOo'- HCO3

(mgl1)

0.572.48 0.35 t.2 4.25 3.84 0.91
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A geochemical speciation, mass transfer and mixing computer code PHREEQM

(Nienhuis et al., 1993, based on PHREEQE, Parkhurst et al., 1980) was used to perform

this exercise. PHREEQM is an interactive computer code that can be used to predict

the results of a set of hypothetical reactions by defining initial water composition and

associated minerals. Mass transfer between the aqueous and solid phases in the

hypothetical irreversible.mineral-water reactions can be calculated and the chemical

composition of the computed solution is compared with the measured chemical data to

validate the reaction model hypothesis

Evapotranspiration was simulated by subtracting HrO molecules from the rainwater in

10 steps representing progressive water loss from the recharge water unttl99.9Yo of the

initial amount of water was lost. The residual solution in each step was equilibrated

with calcite and cation exchange between Ca2* with Na* under a hxed soil pCOr. The

equilibrium constant (Kd) of 0.5 was used for the cation exchange reaction. Na* and

Ca2* concentration increases due to evapotranspiration, and Na* is released from clay

minerals in exchange for Ca2*. The Na*/Ca2* ratio therefore increases with the evolution

of chemical composition of soil water. In addition to this, removal of Ca2* may perturb

the calcite equilibrium state, allowing the dissolution of more calcite, which adds

bicarbonate into the solution, thus increasing the total bicarbonate concentration.

Therefore, the HCO,-concentrations, and the Na*/Ca2* ratio were used as indicators in

comparing the modeled and observed groundwater data.
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The modeled results are shown in Fig. 3.l4by solid lines on a graph of bicarbonato

concentration versus Na*/Ca2* ratios in equilibrium with calcite, at pCO2 o¡ 1¡-t 1¡-t's

and 10-2 atmosphores,

20

l5

10

10 100 1000

Na*/Ca2* (Motarratio)

Fig.3.I4 The relationship betweon Na+/Ca2+ molar.ratio and bicarbonate concenhation

of groundwater from the Murray GroW Aquifer. The solid lines on tho graph are

bicarbonate concentrations andNa*Æa2* ratio in equilibrium with calcite, atpCO2 of
lS-1, 1¡-1's and 10-2 atmosphere calculatod by computor code PHREEQM (soe text).

The observed data from the Murray Group Aquifer suggest that the evolution of

recharge water occws atpCO2between 10-1 and 10-2 atnospheres, which is typical of
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CO2 concentrations in the soil zone in the study area (Dighton and Allison, 1985).
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This suggests that the model proposed above adequately accounts for the distribution of

the dissolved Na*, Ca2*, and HCO3 observed in the Murray Group Aquifer inZone A.

3 .3 .9 Variation of TDS in the Renmark Group Aquifer (Zone A)

The dominance of Cl and Na* ions and their linear relationship, along with the õ2H and

ôr80 data, suggests that the major source for these ions in groundwater from the Murray

and Renmark Group aquifers is evapotranspiration of soil water derived from rainfall

(see section 3.3.1). Marine relative abundances of Cl-, Na* and Br- are maintained in

both aquifers throughout the study area. Howevet, the Cl- concentration

of the confined Renmark Group Aquifer plotted along the hydraulic gradient (Fig. 3.15)

displays an irregular distribution with sharp increases and decreases in adjacent wells.

One possible reason is a variable Cl- concentration due to downward leakage from the

overlying Murray Group Aquifer. Figure 3.15 shows that the Cl-concentrations in the

Renmark Group Aquifer along the AA' transect mimic the Cl- variations in the Murray

Group Aquifer. However, the Cl- concentration of groundwater atZone A (Fig 3.15) is

higher than those measured in the Murray Group Aquifer at the same locations. If the

downward leakage was the main mechanism affecting Cl- concentration in the Renmark

Group Aquifer then the maximum Cl- concentration in the Renmark Group Aquifer

would be similar to that of the Murray Group Aquifer at the same location, assuming all

the Cl- was derived through downward leakage and that the measured Cl-concentrations

of the groundwater are identical to the Cl- concentrations at the bottom of the Murray

Group Aquifer.
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There is no evidence for an increase of Cl- concentration with depth from the water

table in the Murray Group Aquifer (see chapter 4). Barnett (1983) sampled thirty wells

throughout the central and northern part ofthe study areaat different depths below the

water table, and found that the Cl- concentration decreases with depth. He attributed the

decrease in Cl- concentration with depth to the mixing of more saline local recharge

water with laterally flowing groundwater. This suggests that the Cl concentration at the

bottom of the aquifer may be lower than that measured in the water samples because the

water samples obtained in this study are mainly from the top 50-70 m of the Murray

Group Aquifer. Therefore, mixing through downward leakage is not the process causing

the irregular distribution of Cl- in the Renmark Group Aquifer.

The variation of Cl- concentration in the Renmark Group Aquifer along the hydraulic

gradient is more likely due to variations in the amount of water loss by

evapotranspiration prior to recharge over time at the basin margin (Dundas Plateau).

Alternating wet and dry periods can potentially cause a variation in the

concentration of Cl- in recharge water due to the change in net evapotranspiration

(Schwartz et al., 1981; Love, 1993) which in turn is affected by a change in the

type of vegetation cover (Bowler, 1990). A consequence of this is that the

concentration of major ions will change in the recharge water, with higher

concentrations corresponding to drier climates. The mean travel time of

groundwater in the Renmark Group Aquifer, along the longest flow path is

-200,000years (Evans and Kellett, 1989). The change in climate of the
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Australian continent and other parts of the world over the last 200,000 years is well

documented (Luly et al., 1986; Bowler, 1990; V/asson and Donnelly, 1991; Wood and

Imes, 1995; Stute et a1., 1995) and shows alternating humid and dry poriods.

Therefore, variations in Cl concontrations in the confined Renmark Group Aquifer.may

reprosent a proxy rocord of the alternating humid and dry climate over the past 200,000

yoars.

3.3.10 The effect of evapotranspiration on chemical composition of

gtoundwater in the Renmark Group Aquifer

The variable amount of water loss during ovapotranspiration causos variation in the

concontration of Cl- and other major. ions at the samo rate. Thus the cation or anion to

Cl- ratios remain constant with an increaso in tho absolute concentration of Cl- if all ions

behave conservatively during evapokanspiration. If this were true and the only

procoss for the distribution of majorions was the variation in evapotranspiration, the

ions/Cl- versus Cl- concenhation from the Renmark Group Aquifer should fall on a

shaight line parallel to the X aús in Fig. 3.16 a, b, c, d. On the other.hand, if tho major

ion concentration was modifred by reactions with the aquifer.makix, the ion/Cl- and Cl

concentration might fall on a line with a positive ornegativo slope, depending on the net

addition or.romoval of respective ions from tho groundwater. Mixing of groundwator in

the Renmark Group Aquifer through downward leakago from the Murray Group

Aquifer can also cause the latter rolationship. However, groundwater from the

Renmark Gro.tp Aquifor inZone A has a higher.Cl concentration than the Murray
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Group Aquifer at the same locations (Fig. 3.1 5) suggesting that downward leakage from

the Murray Group Aquifer is not likely to control the variation in the ion/Cl- ratro

Figures 3.16 a, c show the decrease of Mg2*/Cl- and C*.lcl- ratios with an increase in

the Cl-concentration, indicating the removal of Mg2* and Ca2* ions from the

groundwater. In contrast, the Na*/Cl- versus Cl- concentration shows a highly scattered

distribution of Na*/Cl with an increase in Cl- concentrations, but the majority of the

water samples have a Na./Cl ratio higher than the marine ratio of 0.86.

Variations of one major ion/Cl-ratio in groundwater can be related to other major

ion/Cl-ratios by a number of processes that are schematically depicted in Fig. 3.17,

using the Na*/Cl- andC*"lCl- relationship as an example. If the groundwater was

dominated by lateral flow and there was no alteration of Ca2* and Na* via interaction

with the aquifer matrix, the Na*/Cl and Ct*lCl- data would be represented by a single

point. If the concentration of Na* or C** was altered by the addition or removal of only

Na* or C**,the data would fall on a straight line, parallel to the X or Y axis, depending

on the respective ion variation. However, if the variation of Na* concentrations were

related to the variation of C** concentrations due to reactions involving both ions, the

data would show a relationship between the Na*/Cl- and C*.lCl- ratio.

The data in Fig. 3.18 a, b show a negative relationship between C**lcl-, Mg2*/Cl and

Na*/Cl, indicating removal of C** and Mg2* and an addition of Na* to the groundwater
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in the Renmark Gro,rp Aquifer. This procoss may bo initiated by exchange of Ca2*

and/or Mg2* for Na* on clay minorals which may perturb calcite and dolomite

equilibria.

Addition of C*+ by dissolution
of minorals from aquifer.makix

Addition of C*+ and Na+ to
groundwater by mineral

dissolution

Addition of Na+ via
mineral dissolution

Removal of Ca2+ by mineral
precipitation from aquifer makix

Addition of Na+ and reinoval

of Ca2+ from groundwatet

Na+/Cl- (molar ratio)

Fig. 3. 17 Concoptual diagram illustating the change inNa*/Cl arrdC**lCl ratio by
various potential chemical and physical processes in confined aquifers. The open circle

represents major ion concentrations in rain water. Variation of evapotranspiration does

not change the iorVCl ratio.

The removal of C&* andlor Mgt* may cause calcite and dolomite to dissolve, thus

adding C**,}dg2+ and HCO3- to the groundwater. The addition of Na+ ions to the

grou:rdwater.by cation exchange roaction may also cause Na* ion reaction with clay

minerals, particularþ kaolinite, to produco a secondary clay mineral such as Na-

smoctite. The presence of kaolinite and Na-smectite'was detected from X-ray analysis

of the Ronmark Group Aquifer makix and these proposed reactions aÍe discussed

below.
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3.3.11 Mass balance model to explain the major ion distribution in the

Renmark Group Aquifer in Zone A

Mass balance calculations were done using the soquence of reactions proposod by

Black (1989) to establish whether a series involving, cation exchange, dissolution of

calcite and formation of cation rich clay mineral reactions is responsible for the current

major ion distributions in the groundwator. The reactions used in the model along with

the mass balance equations aro:

Cation exchange;

C** + 2Na-X -+ Ca-X + 2Na+ Q.7)

-ÅNa :2L (C** +Mg') (3.8)

Dissolution of calcite (i) and/or dolomite (ii)

(I) CaCO3 + CO2+H2O -+2 HCO3- + C*+ (3.e)

Qi) 2CO2+ CaMg(CO3), + 2HzO + 4HCO3- + C** r Mg'* (3.10)

^ 
HCo3- : 2L (C** +Ms'*) (3.11)

Formation of cation rich clay bearing minerals

3A12Si2O5(OH)4+ Na+ +4H4SiOa +3Na¡.33412.33Si3.67O 10(OH)2 + H+ + I 1 .5H2O.

Kaolinite Na-smoctite
(3.r2)

- Á Na*: 
^ 

tf (3.13)

In order to express all the variablo ions in terrn of HCO3-, Na*, C** andMg2*, tho

chango in proton concentrations by kaolinito back roaction expressed as change in

HCO3- concenhation as follows:

^ 
H*: - 

^ 
HCO3- Q.14)
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combining Eq. 3.13 and Eq. 3.14 rosults rn

-ÅNa*: -^HCO3- (3.15)

To calculate the change in major ion chemistry along the transect AA', only those wells

located on ornear the transect were includod in the mass balance calculation. The major

ion concentration for each well was normalised to the Cl- concontrations in the

downgradient well to eliminate the effect of evElotranspiration. The mothod for

normalising major ion concentrations is demonstrated for the fìrst two wells Rl and R2

(Tablo 3.3) and an example is given fornormalisingNa+ concsntations:

1. Tho Cl- concentration in the upgradiont well (R.1) is divided by tho Cl- concenhation

in the dovrngradiørt well (R2):

9.65 + 4.80:2.01

2.T\e above factor was multiplied by the Na+ concentration in the downgradient well

2.0X6.7: l3.4mmoVl

3. The measured Na*value in the upgradient well was subkacted from tho normalisod

Na+ value

13.4 - 8.7 : 4.7 mmoL/l

4. Tho above proceduro was canied out for.Na+, C**,ly'rú* and HCO3- for all the wells

along the AA' transect shown in Fig. 3.1 and tho normalised Na* concentation was

compared with tho calculated Na+ concentration by a mass balance equation (sum of

Eq. 3.8, 3.11 and 3.15)

ÀNa* : Â HCo:- - 2 L (C** +Mg'*) (3.16)

ß2):

The normalisod and calculated Al.Ia* values from mass balance @q. 3.16) are presontod



97

in Table 3.5. The calculated A Na* from the mass balance model generally agrees with

the normalised Na* value. The positive or negative numbers represent the net addition or

removal of Na* to the groundwater as a result of exchange with C** and Mg2* minus

removal of Na* via the back reaction with kaolinite (Eq. 3.12).

Activity-activity diagrams are often used to qualitatively illustrate saturation conditions

of groundwater with respect to silicate minerals. The details of the method of

construction of activity diagrams are given by Faure (1992). In this study, the activities

of different species were calculated using the computer code PHREEQEM.

Table 3.5
Mass balance calculations in mmol/l of Ca2*, Mgt*, HCO3- and A Na* of groundwater

along the AA' transect. The calculation of the measured A Na* was done after
normalising all data to Cl- (see text).

Well
Reg. No

well cr HCor- Na* ca2* Mg2* aHCOr- aca2* aMg2* ANa*

ID
ANat

Measured Calculated

61847

60623

48554

75669

60475

581l l
1026-tt2
7026-tt1

66476

7021-585

6921-588

6928-542

109458

1028-469

RI

R2

R3

R4

R5

R6

R7

R8

R9

Rl0
R11

R12

R17

Rl4

9.65

4.80

25.30

12.69

25.30

22.65

8.46

6.23

14.81

tt .71

10.72

15.35

64.29

36.7

2.82

3.72

5.62

5.63

5.93

J.5 I

4.06

4.tt
/.5

6.14

4.76

10.94

7.21

I 1.3

8.7

6.1

26.7

12.0

24.1

23.3

1.5

6.2

20.5

16.7

12.2

25.8

67.9

48.5

0.86

0.43

0.72

1.61

z-) )
1.41

t.4t
1.28

0.31

0.41

0.98

0.16

1.53

0.44

1.00

0.90

1.65

2.76

3.74

2.02

1.31

1.06

0.6s

0.53

1.31

0.21

4.01

0.75

4.62

-2.65

5.61

-2.66

-2.17

7.48

1.58

-1.09

0.57

-0.93

2.89

-9.21

12.45

0.01

-0.30

2.49

-0.44

-0.76

2.35

0.35

- 1.15

0.14

0.72

-0.87

0.21

-0.76

0.80

-0.59

3.68

-0.80

-1.49

1.65

0.08

-0.79

0.03

0.96

-1.22

0.16

-2.76

4.7

-1.1

-2.8

0.1

1.9

-J.J

1.0

2.4

0.7

-3.4

5.9

-9.7

16.7

3.0

-0.9

-6.7

-0.2

2.3

-0.5

0.7

2.8

0.2

-4.3

7.1

-11.r

19.5
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The activity-activity diagram for the Na*- H* - H2SiO4 systom (Fig. 3.19) indicates that

tho groundwater samples plot vrithin the kaolinite and Na-smectite freld, and that the

hypothesized reaction between kaolinite and Na-smectite may be valid. The presence

of both kaolinito and smectite in the Renmark Group Aquifer makix is probably fi.rther

evidence that the proposod back reaction of Na* with kaolinite is occurring in the

groundwater.

t2

10

2

4.5 3.5 2.5

-1og a S(OÐ+

Fig. 3.19 Activity-activity diagram depicting the stability field of Na minerals.
Thermodynanic data for calculation of mineral stability are at 25oC (Faure,7992).The

activities of dissolved species are at groundwater tornperahre 25-30oC. Note that aII
the groundwater data from the Murray and Renmark Gronp aquifers are at or. closo to
equilibrium with rospect to kaolinite and Na-smectite.

Diskibution of major ions of the Renmark Group Aquifer in Zone A appear. to be

8

6

4

+
RI

+
(Bz
õt

bo

I

J45

A

o
Renmark Group Aquifor

Murray Group Aquifer

Albite

Gibbsito

Kaolinite

AA

A
o Smectite

controlled by a combination of evapotranspiration prior to recharge, and water=rock
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interaction which modifies the concentration of Na*, Ca*t,ly'rg*2, and HCOr-ions relative

to Cl . However, because the magnitude of the Cl- increase or decrease is much higher

compared with the other major ions, it is concluded that the overall effect of

evapotranspiration in modifying the TDS concentration of groundwater is more

significant than the alteration effect of water rock interaction in Zone A

3.3.12 Chloride concentration of groundwater in the Murray and Renmark

Group aquifers in Zone B

Groundwater in both aquifers inZone B has an average Cl- concentration one order of

magnitude higher than the average Cl- concentration inZone A. The hydraulic head

differences of groundwater between the two aquifers in the northern part of Zone A and

in Zone B are reversed, and there is the potential for upward leakage from the Renmark

Group Aquifer (Fig. 1.4). Therefore, the increase in Cl- concentration in this part of the

study area cannot be due to mixing through downward leakage from the Murray Group

Aquifer. The increase in Cl- concentration in the confined Renmark Group Aquifer over

one order of magnitude cannot be explained by a variation in the evapotranspiration

rate, because this process occurs over a relatively long period of time, hence causing a

monotonic increase in Cl- concentrations rather than an abrupt increase

Evans and Kellett 1989. suggested that the higher Cl- concentration of the Renmark

Group Aquifer in Zone B is due to mixing with relatively saline (TDS - 22,000 mgil)
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groundwater flowing from the Riverine Province east and northeast of the study area.

The causes for high salinity of the water flowing from the Riverine Province is attributed

to two main reasons; (1) surface discharge of the groundwater and subsequent reflux of

solutes back into the groundwater, and (2) mixing with more saline groundwater from

the overlying Calivil Sand aquifer which overlies the Renmark Group Aquifer in the

Riverine Province. A similar trend is observed for the Cl- concentration increase in the

Murray Group Aquifer inZone B to that in the Renmark Group Aquifer. This increase

could be due to upward leakage from the more saline Renmark Group Aquifer

Hydraulic head gradients indicate the potential for upward leakage (Fig 1.5), suggesting

the possibility of mixing between the aquifers. The mechanism leading to a highly

saline water and the physical evidence for inter-aquifer mixinginZone B will be

discussed in more detail in the following chapters (4,5,6)

3.4 Stable isotopes of water molecules in the Murray and

Renmark Group aquifers

Evaporation of water from ocean surface causes the formation of air masses containing

water vapour that is depleted in 2H and 'tO compared to sea water. This occurs because

light isotopes of water molecules evaporate more efhciently than the heavy isotopes,

causing isotopic fractionation. In contrast, during condensation and precipitation, the

condensate is enriched in the heavy isotopes relative to the vapor phase. Because both

the hydrogen and oxygen components of water molecules experience the same sequence

of events during evaporation and condensation, the õ2H and ô'80 of meteoric water is
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related by the empirical equation known as the World Meteoric Water Line 'WM

(Craig, 196I)

ô'H=8ô'8o+10 (3.17)

The slope of the WMWL in ô2H versus ô180 space is related to the equilibrium isotopic

fractionation factor ofH and O during evaporation, and condensation of

water (Craig et al., 1963) by the following equation

(3.18)

where crr 
1¡¡¡ 

and cr is¡ âre the equilibrium fractionation factors for H and O respectively.

An added kinetic fractionation during partial evaporation from surface water or from the

soil water in the unsaturated zone affects the fractionation between r8O and tuo to a

greater extent than that between 2H and 'H, causing a shift from the meteoric water line.

The relationship between õ2H and õ'tO for the evaporated waters, therefore, has a lower

slope than the meteoric water line. The slope depends on humidity and salinity and can

range from -4 to -7 (Gonfiantini, 1986) for evaporation from the free surface, and -2 to

-5 for evaporation from soil water (Allison, 1982; Allison et al., 1983).

Isotopic data from the Murray and Renmark Group aquifers falls mainly on or slightly to

the right of the WMWL (3.a). The majority of the groundwater samples from the

Murray and Renmark Group aquifers are depleted by 6 tol4%o in ô2H, and by 0.5 to

1.5%o in ô'8O compared to the current mean weighted precipitation in Melbourne 300
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km south-east and Adelaide - 250 km west and north-west of the study area. The

current precþitation weighted mean of õ2H and ôl8O from l0 years of measurement in

Melbotrnre are -28.3%o ard-4.97o/oo respectively and in Adelaide ara -23.3%o and

- 4.36%o respectively. Exkapolation of the linear regression of the õ2H and õ18O

relationship back to the WMWL gives an intersection at values of õl8O : -6.4o/oo artd

õ2H of -41%o. Theso values aro similar to the ô2H and ôl8O values of the groundwater

from the south and south-eastern part of the study area at tho basin margin @undas

Plateau).

One oxplanation for general isotope depletion of the groundwater in the south and

south-eastern part of tho study area is tho "amount effoct" (Dansgaard, 1964; Rozanski

at al., 1.993) whore negative ô2H and ôl8O values are correlated with an increase in

rainfall. This implios that the relatively negative ô2H and õ18O values of the

groundwater correspond to rolativoly higher rainfall episodes. This explanation is

pr.obably justified in the semi-arid climates of the study area in which potential

evaporation exceeds the amount of rainfall, and where water from high rainfall events

can potentially conkibute to recharging tho aquifer.

A second oxplanation for the deplotod ô'zH and õr8O values is the "contine,ntal offect"

which results in more negative ô2H and õl8O values in precipitation with increasing

distance from tho coast. This occurs due to the gradual removal of moisturo from air

masses because of preferontial removal of the heavy isotopes during condensation
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processes. The 2H and l8O depleted rain water eventually recharges the aquifer furthor

inland with relatively more negative values compared to the isotope values of rainfall

near the coastal area. The continental effect has bee,n documented in rainfall from

Ewope and North Afüca (Sonntag et aL,1978) and in North America (Sheppard,

1969). The õ2H gradiont in these studies ranges from 1 to 2\o/ooper 100 km. The

location of the groundwater samples (Fig 3.1) in the Murray and Renmark Group

aquifors at the south and south-oasternpart of the study arearango from-150 to250

km inland from the coast, therefore the dopletion of 16%0 rîô2H may be due to

continental effect if the gradient in tho Australian continent is similar to that measured

in Europe and North Africa.

Although the ôl8O composition of groundwater from the Murray Gro.,p Aquifer.is

genorally depleted in 18O compared to that of rainfall in the coastal cities (i.o

Melboume and Adelaide), groundwater ô18O composition fi¡rthor inland is more

enriched compared to õr8O composition from downgradient wells (Fig. 3.7-T abla 3.2).

Thorefore, thero must be additional procosses affecting õ18O composition of

groundwater from the Murray Group Aquifor further inland, The ô2H and õl8O data

for groundwater in the Murray Group Aquifer fall to the right of WMWL (Fig. 3.6)

The best fit line for tho ô2H and ôr8O relationship is defined by ô2H :3.6 õr8O - 17.

The slope of 3.6 for. the groundwater is probably due to partial ovaporation of the

recharge water from the soil zone (Zinnerman et al., 7967; Dincer ata1.,1974; Allison,

1982;Barnos and Allison, 1988). The slopo of the ô18O and ô2H relationship for soil
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water from various unsaturated zone profiles in the study area ranged fram2.6 to 4

(Allison, 1982,1986; Allison and Hughes, 1983; Allison et a1., 1983). The theory for

the enrichmont of 18O and the development of the low slope of tho ô2H and õ18O in the

soil wator is discussed in detail by Barnos and Allison (1983). They athibuted the

higher enrichment in r8O in ttre unsaturated zone to kinetic fractionation during

ovaporation from the soil zone. The ô2H and õ18O relationship of water evaporated

from the saturated soil has a slope of -5, similarto that observed for.ovaporation of

water from free surface (i.e. water body opon to atmosphere). As evaporation

procoeds, the initially saturated soil drios out and becomes unsaturated thon the soil

water vapor will diffuse through the increasing thickness of tho dry swface layer. The

increase of the thickness of the dry surface through which the soil water must diffuse

causes an increase in the kinetic fractionation, loading to a concomitant change of the

slope in the ô2H and õ18O relationship (Allison, 7982;Barnes and Allison, 1988)

Allison ot al. (1993b) showod the variation in tho slope of the õ2H and õr8O

relationship ranging from 5 to 2 for difforent thickness of tho same dry porous material

overwhich soil water evaporated under.identical conditions. Following this, if the soil

water is displaced by subsequent rocharge events, and this becomes the main source for

grorurdwaterrechargo, the groundwatorwill also have a similar ð2H and ô18O

relationship. This lype of relationship botweon the õ2H and ô18O slopo of water from

the unsaturatod zone and groundwater.is also observed in other. arid regions in Africa

(Dincer ot al., 1974)
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The õ2H and õ18O values in the gtoundwater from the Renmark Group Aquifer

genorally havo a similar range as those in the Murray Group Aquifer, and are

indistinguishable from tho Murray Group Aquifer throughout tho study aroa. This

implios that the groundwater in the Murray and the Renmark Group aquifors have the

sarne source of rechargo which is the cause for the similar õ2H and õ18O values in

groundwater from both aquifers.

The difference in chemical composition of the groundwater in the Renmark Group

Aquifer.between Zone Aand B is also reflected in the õ2H and õr8O composition (Fig.

3.'l a,b). Groundwater in Zone B is more enrichod in ô2H and ô18O compared with

Zone A. This is probably due to tho difference in the recharge area for the two water

t¡res and a difference in flowregnoe. Tho more 2H and 18O onrichod groundwater in

ZoneB represonts groundwater rechargo in the Riverino Provinco 400 km.to the east of

the study aroa. This may have evolved through mixing with various waters such as the

reflrx of evElorated waters in the surface discharge area, and mixing with groundwater

from the overlying Calival aquifer (Evans and Kollett, 1989). Gror.¡ndwater.in Zone A

on the other hand is mostly derived from the Dundas Plateau south-east of the study

area (Fig 1.4).

3.5 Conclusions

Groundwatorfrom the Murray and Renmark Group aquifers shows a progressive

increase in salinity along tho hydraulic gradient. The intorpretation of hydrochemical,
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and stable isotope (ô2H, ôt8O) data suggests the following physical and goochemical

processes occw in the Murray and Renmark Group aquifers:

1. Tho rolative abundance of C1-, Na*, and Br aro similar to that of sea wator, indicating

the dominance of marino airborne salts as a source of these ions to tho Murray and

Renmark Gto.rp aquifers.

2. The Na*/Cl molar ratio, and C**,}y'rú* and HCO3- distributions indicate that

evapotranspiration prior.to recharge, carbonato dissolution and cation oxchange on clays

are major.procosses causing tho curront chemical composition of groundwater in the

Murray Group Aquifer.

3. Tho ô2H and ôl8O composition of watermolecules suggests that groundwater of the

Murray and Renmark Group aquifers is derived from moteoric water. The rolativoly

enriched ôr8O and the slope of ô2H and õ18O relationship of 3.6 may be caused by

partial evaporation of rainfall from tho soil zono.

4. The progressive inffease in Cl concenhation, whilst maintaining marino rolative

abundanco of Na* and Br. in the groundwater of the Murray GroW Aquifor in Zone A,

is duo to mixing with more saline rechargo water with a marine relative abundance of Cl-,

Na* and Br. Upward leakage from the more saline Renmark Group Aquifer in ZonaB

is probably the mechanism that causos further inctease in Cl concentration and in TDS

reaching values up to 23,000mgÄin the Murray Groop Aquifer.
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5. The variation in the amount of water.loss by evapokanspiration during recharge is

tho main process causing the variation in Cl- concentration in Zone A in the Renmark

GroW Aquifer. The mass balance calculations for tho carbonate mineral dissolution,

cation exchange, and back reaction of Na+ with kaolinite shows the added influence of

theses reactions which fi.rther modiff the concentation of Na*, C**,M{*, and

HCO3-in tho Renmark Group Aquifer

6. The information obtained from chemical and stable isotope data on the possible

geochemical and physical processos occurring in both aquifers can be usod as a basis for

further discussions (chaptor 4 and5) on (a) the usefulnoss of ô3aS and ô18O of dissolved

SOI- and 87sr/86sr.ratios 
as tracers of mixing and O) the nature of carbonate mineral -

groundwator roactions and their effect on radiocarbon data in the groundwator.
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CHAPTER 4

Isotopic behaviour of sulphur and oxygen of dissolved SOo2- in

the groundwater of the Murray Basin

4.1 Introduction

Sulphw and oxygen isotopes of dissolved sulphate (SOl-) can be used to provide

information about the source of sulphate in groundwater, and to elucidate the

geochemical and physical processes affecting sulphate concentration (Nriagu et al.,

1991). Stable sulphur isotope ('oS & 32S) fractionation arises in many processes in the

sulphur cycle and this causes the variation in ô3aS values of different sulphur

compounds Q.{ielsen et al., 1991). For example, primary sulphide originating in the

upper mantle of the earth has an average õ3aS close to zero (Grinenko and Thode, 1970;

Mitchell and Krouse,1975). However, sedimentary sulphides have a large range of

ô3aS values (+30 %o to -30 %o), with a tendency to be depleted in 3aS (Lein, 1983). On

the other hand, marine evaporite sulphates are enriched in 34S ranging from - +10 %o to

+35o/o, due to temporal variation in the isotopic composition of marine dissolved

sulphate (Holser and Kaplan , 1966; Davies and Krouse , 197 5; Claypool et al., 1 980).

The distinct ô34S of the various forms of sulphur can be advantageous in many aqueous

systems in identifuing the sources and sinks of sulphur and in understanding the

geochemical and biogeochemical processes that can occur in these systems.
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The isotopic composition of sulphate in the rainwater.thatmay eventually rechargo

groundwater.is highly variable, depending on the source of the sulphate in ahospheric

aerosols. For.example, in coastal aroas, rainfall chernistry is genorally dominated by soa

spray. Therefore the ô3aS and õrsosoo'- of the dissolved sulphate in the rainfall in these

areas has a marine signature (Ne'wman et al., 1991).

The ô34S and ôr8O comFosition of dissolved sulphate in groundwater, on the other

hand, depends on a number of factors, such as: (1) the õ3aS and ôt8osoo'ratio of

sulphate of rainfall thatrecharges groundwatar;Q) dissolution of evaporite minerals

(g¡psum, anhydrito) and/ar.oxidation of sulphide minerals (e.g. pyrite); (3) bactorial

sulphate reduction in tho groundwater; and (4) mineralisation of organic sulphur.in soil,

which modifies the õr8Oson"

The mineralogy of the aquiformatrix and the redox state of the groundvrator. also play a

major.role inmodiffing the conconhation of the dissolved SOo'and in changing

isotopic composition. Because the redox conditions vrithin the Murray and Renmark

Groop aquifers are different, the ô34S and ôrsOsof- of sulphate in each aquifer system

are also likely to exhibit differeirt ô34S and õr8oson" signatures. In the highly roducing

Renmark Gro.rp Aquifer, the ô34S and ôlsOsont- of the residual dissolved SOo'may be

relatively enriched through the prefere,ntial metabolisation of 32S during bacterial

sulphate reduction. In conkast, the õ3aS and ôl8Osoot-values in the aerobic unconfined
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Murray Group Aquifer may be dominated by SOal having õ3aS and õrsOvalues similar

to rainfall isotopo values, if there are no other sources of SOa2- in the aquifer.

Several studies have used sulphw or. oxygen isotopos as hacers to delineate the sourcos

of sulphato and the mixing of different groundwaters. For exarnplo, Edmr¡nds et al.

(1995) assigned the origin of dissolved sulphate in tho groundwater of the East

Midlands Triassïc Aquifer to a number of sources using sulphur isotope data. Rye ot al.

(1980) showed that sulphur. isotopic fractionation between dissolved sulphate and the

sulphide fonned from bacterial sulphate reduction can be related to grorurdwater.

residence time and flowpath. Rightmire et al. (1974) used ô3aS as a tracor for

groundwater mixing with ocean wator in the Floridain Aquifor. Botkoll (1991)

identifiodmixing between different groundwaters byusing aprofilo of ô3aS values of

aqueous sulphur species in groundwater from Bahamian blue holes. ô3aS and õ l8Osoo",

combined with hydrogeology, have been used to identify tho origin and distribution, as

well as tho sources, of grormdwater.recharge in Saskatchowan, Canada (Dowuona et al,,

1,993).

In this chapter, the combination of ô3aS and ôl8oson" isotopes have boen used in the

large scale regional aquifers of the south-oast Murray Basin:

a to ovaluate their usefulness as physical hacers to identify inter.aquifor.mixing in

ZoneBl;

to establish the signifïcance of mixing and its effoct on the salinity in the Murrayo

Group Aquifer;
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to identify the sourco(s) of sulphato in the groundwator of both aquifer systems;

o to elucidate the importance of the vertical solute input through local rechargo

relative to lateral inputs to the Murray Group Aquifer.

4.2 Background

4.2.1Sulphur isotope variation of different sulphur forms

Sulphur has four. stablo isotopes with the following relative abr¡ndances, 32$ : 95.02yo,

335: 
0.75o/o, 'oS 

: 4.21% and 365 :0.02o/o Svracnamara andThode, 1950). Sulphur

occnrs as sulphate, sulphide, sulphite, and elemental sulphur in the +6 +4,0 and-2

valence states respoctively.

Gaseous sulphide euritted during volcanic activity in the oceans is in the forrn of þS

and SO2. Those gaseous forms of sulphur may react with metals producing sulphides

which may form deposits or.may oxidiso to sulphatos and circulate in oceans.

Transforrnation of sulphur. compounds during sulphur cycling in the earth biosphere

occurs mainly by bacterial organisms, which are also rosponsible fotthe variation of

ô3aS valuos between difforent fonns of sulphrn. This results mainly from kinetic

isotopic fractionation during fissimilatory aîd assimilatorybacterial reduction and

oxidation processes (Harrison and Thode, 1958; Kaplan and Rittenbarg,1964).

Dissimilatory roduction of sulphate occurs under anaerobic conditions in which bacteria

uses sulphate as a terrninal electron accoptor to support respiratory metabolism.
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The generalised form of this reaction is as follows:

Sol- + 2 CH2o+ HzS + 2HCo3- (4.1)

where CH2O in this reaction is a simplifred ropresentation of organic matter.

Laboratory experiments using sulphw.reducing bacteria such as Desulþvibrio or.

Desulfotomaculumhave produced HzS r¡r'ith õ34S that are 3 o/oo to 46 %o depletod rolative

to õ34S values in the initial sulphate (Kaptan and Rittenberg,lg64; Krouse and

McCroady, 197 9 ; Chambers and Tnrdin gar, 197 9).

In contrast to sulphato redtrcing bacteria, there are many microorganisms that are able to

oxidise sulphides under aerobic conditions, using the oxygen from the water.molecule,

gaseons or.dissolved 02, and nikate. Some of these organisms, e.g. Thiobacillus

thiooxìdans can exist and oxidise sulphur.under.extremely acidic conditions (pH as low

as 0.5) and high temperaturos (>100 "C) (Schoen and Rye, 1970). However, the

fractionation of sulphur.isotopes betwee,n sulphur compounds dwing oxidation

pÍocesses is relatively small ranging from > l%o tp ta lïYo, comparod with the

fractionation dwing suþhate reduction (Kaplan and Rittenberg,1964; Fry et a1.,7992).

Assimilatory reduction of sulphate is the process by which plants and other.biota (e.g.

bacteria, frmgl) take up sulphate from the surounding environment, reduce it and then

fix it into sulphur.containing compounds and othor organic compounds. A detailed

roviow of assimilatory reduction of sulphate is given by Anderson (1980). The õ34S

fractionation during assimilatory reduction of sulphate stored in plants or ahospheric
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SO2 is very small, ranging from 0 to 4 %o with the organic sulphur. generally depletod in

heavy isotopes rolative to that in sulphate (Mekhtiyova et a1.,1976).

The õ3aS of dissolved sulphate in the ocean has changed over goologic time due to

variations in õ3aS of input sulphate from rivers and the ouþut of sulphate from the

oceans by bacterial reduction and gypsum precipitation (Ihode and Monster, 1965;

Holser. and Kaplan , 1966; Davies and Krouse ,1,975). The ô34S of marine evaporites

(mainly fypsum) has variod ovorgeologic time from +35 o/oointhe early Carrbrian, to

+10 %o by late Permian, and subsequent increase to +27 %o in contemporary sea watet

(Davies and Krouse, L975; Claypool et al., 1980). Gy¡rsum precipitating from a

sulphate bearing solution at ambiont tomperature is isotopically enrichod by only

1.65 %o relative to tho sulphate in solution (Thode and Monster, 1965).

4.2.2 Oxygen isotope variation of dissolved sulphate

The oryge,n isotope composition of dissolved sulphate 1õ 
t8Oso.') can.var1 over. a large

rango of values (-20% to +20%) deponding on the envirorune,nt under which tho

sulphates are fomrod. Frrrther.modification of the õ tsosof- can occur. after.formation

of suþhate molecules, via sulphate reduction, precipitation of suþhate minorals or.

mixing between two end members with different õ lsoson" values.

Tho ô ltosontduring oxidation of sulphur depends on the õl8O value of the oxyg€rl
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source and a fractionation factor between oxygen sources and dissolved SO+2- . Lloyd

(1967) measured tho fractionation during oxidation of sulphide to sulphate by bubbling

02 through Na2S solution and found that the SO+'- produced was depleted by 8.7 o/oo in

l8O rolative to the Oz. The fraction of orygen contributed from the wator molocules

was estimated to be two thirds of the overall oxygen pool within tho dissolvod SO+2-.

Taylor. et al. (1984) also studiod sulphur oxidation, using pyrite in their. experiment, and

for¡nd that87.5Yo of the oxygen in the sulphate came from the 02 and the rest came

from the water molecules. These rosults were further substantiated by laboratory

experiments caried out by Van Evordingon and Krouse (1985) and Gould et al. (1989).

The various e4perimental results suggest that during sulphide oxidation, the ðlsOsoo'

dopends on the available sourco of oxygen and the reaction conditions.

During sulphate reduction by bacteria, light isotopes of suþhate 1160 and 32S¡ are

proferentially metabolised rosulting in relative enrichment of the romaining sulphate in

t8g *¿r+5. Mizutani and Rafter (1969a,1973) have shown from laboratory

experiments that during sulphate reduction there is a linear rolationship betweon õ3aS

and õl8Osoo'-of the remaining sulphate. However, the slope of bost frttod lino of the

ô3aS vs. ôlsosontdata of the remaining sulphato varied in each experiment. Therefore,

Mizutani and Rafter (1973) concluded that there are additional procosses affecting the

ô 
lsosont of the remaining sulphate.
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The fractionation of ô18OSon' dwing precipitation of anhydrito from a sulphate rich

solution is 3.2 o/oo at 25 oC whereas precipitation of gypsum results in a fractionation of

2 o/oo (LIayd, 1968), the ô rsOsof-of tho solution being more depletod relative to the

precipitated sulphates.

4.2.3 Sulphur isotope variation of sulphate in rainfall

Dissolved sulphate in continental rainfall can be derived from three main sowcos.

These include sea spray sulphate, biogonic aerosols and anthropogenic sulphate. Sea

spray sulphate has the same ô3aS siguature as marine sulphate e+21%o - Rees et

aL.,1978). The ô34S values of rainfallmoro negative than +21%o are athibuted to a

biogenic sulphur. conkibution via aerosols, which are mainly ocean derived (Newman et

al., 1991). Biogenic sulphur bearing aerosols are mainly fomred by oxidation of

dimethyl suþhide (DMS) and H2S, the dominant volatilo sulphur compound in ocean

waters (Tumer. et a1., 1988; 1989). õ3aS values of - +17 %o were found for. DMS by

direct meailrement (Calhoun, 1990). There are several other sulphur compounds in the

atnosphere, including CS2 (carbon disulphide) and COS (carbonyl sulphide) but their.

conkibution relative to DMS is less than 5%, (Andreao and Jaechke, 1988). Oxidation

may occur.in gas-phase reactions, in the surfaco of solid particles, and in tho liquid-

phase of cloud drops. About half of the SO2 omitted into the atunosphere is removod

bV úV deposition (Garland, 1978). Tho othothalf is removed by wet deposition

consisting of oxidation, hy&ation, and condensation. The chemistry of oxidation of
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organic sulphur compounds to SO, has been described by Heicklen (1976), and Davis

and Klauberge (1975).

As a result of its association with photoplankton production, dimethylsulphide is the

predominant volatile sulphur compound in open ocean waters. Many observations

suggest that DMS in aquatic environments is derived, to a signihcant extent, from the

bacterial decomposition of DMSP (dimethylsulphonium propionate) in algal cells, the

main precursor of DMS or from zooplankton grazing on these cells. High

concentrations of DMS have been observed during the bacterial putrefaction of algae

following algal blooms (Bremner and Steele, 1978). The ð34S value reported for DMSP

of - +19.8 %o (Calhoun and Bates, 1989) is slightly enriched in 3aS compared with the

ô3aS value of DMS.

The contribution of HrS to the atmosphere as a result of bacterial sulphate reduction on

the continent is much higher than that from the ocean (Andreae and Jaeschke, 1988).

The õ34S values of HrS depend on the rate of reduction of SOo'-, the redox conditions of

the environment Q.{akai and Jensen, 1964; Rees, 1978), and the ability of HrS to move

from the aqueous environment into the atmosphere. 'Whereas 
õ3aS of HrS varies in

shallow marine regions from -28 o/oo to -75 o/oo, the values in estuaries and coastal tidal

zones range from -22 o/oo to-r72 %o (Grinenko and Grinenko, 1974). Furthermore, the

ô3aS values of the HrS produced by sulphate respiration can be as low as -40 %o

(Chambers and Trudinger,7979). The average ôtoS for HrS formed under different
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conditions is probably close to -10 %o (Volkov and Rozanov, 1983). The average õ3aS

of all biogenic sulphur compounds emitted to the atnosphero from the

ocoans and continents, calculated by the isotopic mass balance equation, is close to 0 %o

(Nowman et al., 1991).

In industrial areas, anthropogonic sources of sulphate from the combustion of coal and

fossil fuels, powerplants, and the combustion and refining of oil and gas can be

significant. ô34S values of sulphate from these sources can vary from -30 o/oo to +l30 %o

(Newman et al., 1992). The emission of SO2 from the Pb-Zn(õ3aS: 0) smelterat port

Pirie þ 300 kn west of the study area) has occurred far.94 years. However, a study of

heavy metal contamination of soils in the aroa (Cartwright et al,1976) suggests that the

effect is minimal. Therefore, conkibution of this source to the atmospheric sulphate

pool is not signifìcant in the Murray Basin.

The excess-sulphate (biogenic) contribution to the suþhate pool in rainfall can be

estimated by comparing the ratio of SO f-tCt'ørainfall samples to that of marino SOo,-

/C1-ratios (Mizutani and Rafter, 1969 a,b). Tho SO42TC|ratio in rainfall near.the coast

areas is similar.to that of the ocean. However, this tonds to incroase further.inland due

to the conkibution of finer aerosol particles from the oxidation of biogenic sulphur

compounds, which kavel fi¡rthetinland across the continent and incroase sulphate

concenhation in the ahnosphore rolative to sea spmy (Wakshal and Nielsen, lg}2).

Aerosols derived from sea spray that are producod by the mechanical action of wind on

the ocean surface are larger than particles generated from the oxidation of reduced
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biogenic sulphide @uce, 1981; Georgü, 1978; Husar et a1., 1978). Therofore, the larger

particles dorived from sea spray aro likoly to bo deposited via rainfall nearor.tho coast,

and from lower altitude air.masses than the smallerparticle size sulphate produced

from oxidation of the biogenic sulphrn cornpounds. This effect rñras suggestod by

Chivas et al. (1991) to explain the relationship between the incroasingly negative ô3aS

values found in gypsum in the west and south-west Aushalian salt lakes with the

distance from the coast

4.2.4 Oxygen isotope variation of suþate in rainfall

ôlsOson"valuos in rainfall are influencod by the same sources as ô3aS. Those are: (l) sea

spray sulphate; (2) oxidation of biogenic sulphur compounds; and (3) anthropogenic

SO2. The final value is primarily conholled by the conditions under.which the sulphur

is oxidised.

The ðl8Osoo2- values of rainfall in coastal areas, dominated by sea spray ¿1e similar to

ocean õrsoson'values (+9.6 %o -Lloyd,1967,1,968). However, oxidation of biogenic

sulphw can have a significant effect on the overall ôr8osoo" composition of rainfall.

The orygen in SO2 may come from 02 molocules in the atmosphere which have

ôr8O = *23 %o, or. from water vapour which has a variable ôl8O values, depending on

its sources in the atmosphere.

The õlsOsof- valuo resulting from oxidation of biogenic sulphur compormds is variable

due to the combination of the oxidation reactions that produce tho SO2. Holt et al.
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(1981, 1933) showod that the õrsOson' produced by different chemical oxidation

reactions in laboratory experiments was always moro negative than those observed in

the aünospheric aerosols and rainwater Therefore, the contribution of tho oxidised

biogenic components to the SO¿2- pool in rainfall may result in a moro negative

õl8oson" signaturo than that of marine ôl8Osoo"

SO2 in tho atrnosphere will rapidly oquilibrate isotopically with wator.vapour or the

liquid water.phase. The isotopic signature of equilibrated SO2, therefore, will depend

entirely on the õ18O of associatêd wator or water vapour, and the equilibrium

fractionation factor Furthermodification occurs to tho ôl8O of So2when it oxidises to

SO4'-" The fìnal ôrsosoo' value depends on the mechanism by which SOz oxidises to

SOo'-, such as oxidation in the presetrco or the absonce of aqueous-phase water. and the

type of cataþst (Holt et a1., 1981, 1983).

Anthropogenic SO2 is associated with industrial activities which produce SOz from

power plants and the burning of fossil fuel. The SO2 produced by these activities may

oxidise to SO+2- in the atmosphere. The important product of this sourco is primary

sulphate which has a an enriched õl8oson" composition C +40 %o - Holt and Kumar,

1984). The conkibution of this source to the sulphate pool in the atmosphero is

insign'ificant in tho Murray Basin.
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Regardless of the mechanisms and type of catalyst which drive the oxidation reactions

of SO2, the majority of previous studies obsorved that the variation in the õl8Oson" in

rainfall correlated vrith õ l8oHro variations in abnospheric watorvapor and rainfall

(Cortecci and Longinelli, 1970; Holt et a1., 1981,1982). This indicates that tho sulphate

in rainfall is formod predominantly by the oxidation of SO2 in the aqueous phase. In

contrast, the oxygen isotope ratio in the abnospheric aerosol sulphato varios randomly

with the soasons (Holt ot a1., 1981,1982)

In summary, it can be inferred that tho õlsoson'values of rainfall in coastal areas not

affected by indushial activitios will be similarto the values of rainfall (+9.6 %o) that

originate mainly from sea spray. Because the ô18Osoa2- composition derivod frorn

oxidation of SO2 (producod from oúdation of biogenic sulphur compounds) is depleted

in 18O compared with õlsosont-of sea spray, the incroased conkibution of this source

furtherinland slightly decrease the ôl8Oson'' value in rainfall

4.3 Results

The results of õ 34S and ôl8Osoo'- analysis as well as the SOo' and Cl concentrations of

groundwater from tho Murray and Renmark Group aquifers is shown in Table 4.1 and

4.2. The spatial diskibution of the SO427C| ratio in the Murray GroW Aquifor is

shown in Fig 4.1. The SO427Cf ratios were used to nonnalise any effects of

evaporation and ovapotranspiration so that changes to the SO427C| ratio will be
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Table 4.1 The õ3aS and ôr8O of dissolved sulphate in groundwater.from the Murray
Group Aquifer. The rogistered nurnber with (*) is the Victorian Sinclair. Knight Merz
(gror:ndwater databaso GDB numbers) and Registored Boro nr:mber of the Australian
Department of Mines and Energy. The rosults of Cl- and SOa2- are quoted in milligrams
per lihe. õ3aS and õr8O are expressed in per.mil notation relative to standard CTD
(Canyon Diablo Triolite) and SMOW (Standard Mean Ocean Water) respectively.

W'ell
Reg. No

son'- so42-/cr õ3os ôr,oso.

(mdl) (Yo,,CTD) (7*, SMO\M)

well CT
lD.

6L922*

61930*

77850*
ltL32t*
67829+

51846*

92808*
50946*
60610*

79530*
48559*

60436*
84741,*

7565t*
75365+

7535r*
60450*

79655*
58079*

98297*
103369*
98254*
4995t*
49952*
49950+

66477+

54642*
54636*

82220*
61571*
65758*

77t99+
7026-It3
7026-rr0
7027-s66
7027-6s0
7027-606

7027-s92
7027-s97
7027-669

M1
M2
M3
M4
M5
M6
M7
M8
M9
Ml0
Ml1
MI2
M13
M14
M15
M16
Ml7
M18
Ml9
M20
\t121

M22
M23
M24
M25
Ntz6
M27
M28
M29
M30
M31

M32
M33
M34
M35
M36
M37
M38
M39
M40

20.3

63.6

72.9
48.9

29.7

8 0.1

56.1

26.8
t7.r
39.0

207.0
86. I
25.1

52.2

105.6

89.7

88.8

67.8

99.6

79.s
30.3

51.3

85.5

50.7

s7.0

7t.l
99.3

166.5

99.9

t40.7
86,1

87.3

50.7

44.4

48.0
41.4

t07.1

91.5
58.8

72.6

0.17

0.13

0.12
0.10
0.09
0.15
0.15

0.16
0.t2
0.14
0.24
0.t7
0.09

0.15
0.r7
0.17
0.r4
0.08
0.t7
0.26
0.14
0.20
0.20
0.23

0.25

0.16
0.42
0.62
0.23

0.26

0.29

0.20
0.23

0.15
0.16

0.22
0.48

0.45
0.26
0.22

tl6
s06

589

486
322

531

363

t66
T4T

286
850

511

270
342
633

517

62t
848

587

307

2t3
253
428
225

228

457

239
268
429

540

302
44r
219

305

297

190

221

205
)r1
3Z)

20.8
19.8

t9.4
20.0

18.6

t7.5
17.7

t7.2

14.t
15.8

ts.7
9.2

tt.2

tt.2
4.7

13.2

6.8

8.5

13.1

t4.5
10.0

4.6

1.0

0.3

t3.2
14.6

8.6

9.1

4.8

7.s
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Table 4.1 Contd.

'Well

Reg. No.
well cl- So¿2- so¿27c1- ô'ns ôr8oso,

(me/l) (%o,cTD) (%o, SMOW)
ID

7027-602

7027-405
7027-586
7027-579
6827-1536

7026-120
6927-s9I
6927-644
6927-s90
6927-s88
6927-601,

6928-s67

6928-4t1,
6928-49
6928-260

7028-503
7025-422
6928-477

6928-27

6828-Lt2
6928-528
6928-424
6929-L54

6929-r69
6928-2
49677*
64363*
6929-356

85570*
81 833*
86775*
6929-705
6929-700
6929-7rt
6929-712

6929-71,0

6929-702
6929-701

6929-684

6929-6st
6929-682

6929-685
6929-686

6929-687

6929-689
6929-69r
6929-692

319

5r4
s2t
347

890

976

429

905

867

864
st4
600

742

669

418

807

1016

r523
1499

I239
2129
2560
2579

2522
3TT4

880

3590

8894

96t7
10310

12030
1,0720

9480

t0520
11180

13010

11830

1,2270

12860

12830

12430

t2520
I2380
11900

10800

10500

92r3

89.7

89.7

IT2,8
87.6

186.3

222,6
108.0

188.7

181.8

180.3

91.8
r90.2
196.5

r90.2
103.8

224.4
202.5

414
366
289
375
654

495
612
426

122

456
474

1299

753
70s

rt28
714
666

702
8s8

843
r044
1260
r074
L434

1692

1332

1053

t002
870

843

M41
M42
M43
M44
M45
M46
M47

M48
M49
M50
M51

M52
M53
M54
M55
M56
M57
M58
M59
M60
M61
M62
M63
M64
M65
M66
M67
M68
M69
M70
M71
M72
M73

M74
M7s
M76
M77
M78
M79
M80
M81

M82
M83
M84
M85
M86
M87

0.28

0.r7
0.22
0.25

0.2L

0.23

0.25

0.2r
0.21

0,21

0.18

0.32
0.26
0.28

0.25

0.28

0.20

0.27
0.24
0,23

0.18

0.26
0.19

0.24
0.14
0.t4
0.13

0.0s
0.r4
0.07

0.06
0.1 1

0.08

0.06

0.06

0.07

0.07
0.09
0.10

0.08

0.r2
0.r4
0.11

0.09
0.09

0.08

0.09

t2.4
t4.9
14.8

6.6

tL.7
6,1

10.1

11.5

12.5

14.2

12.3

7.0
11.6

9.1

9.9
6.9
5.8

lL.7
10.3

11.9

15.3

17.7

18.6

18.4

t3.6
7.0

2r.0
38.7

27.0
24.6
35.2

28.5
35.1

37.4
36.7

35.2
?r)
29.6
28.7

27.4

25.4

24.6

26.3

7.8

5.3

7.0

7.r
5.7

7.r
6.8

5.8

8.0

7.0
8.4

7.2

7.4

1s.6

33.3

33.8
33.8
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Table 4.1 Contd.

Well
Reg. No.

well cl SOo'- so4'z-/cl ôtos ôrtoso*

(%',CTD) (%o, SMOW)
ID

(mg/l)

6929-693
6929-1046

6929-t04t
6929-1082

16.6

Table 4.2The õ3aS and ô'tosoo'- of groundwater from the Renmark Group Aquifer. The

results of chemical ions are quoted in milligrams per litre. The õ3aS and õr8O are

expressed in per mil notation relative to standard CTD (Canyon Diablo Troilite) and

SMOW (Standard Mean Ocean Water respectively. / refers to fraction of residual
sulphate in groundwater. SI refers to saturation state of groundwater with respect to
pyrite.

M88
M89
M90
M9l

1261

I 1910

9294
11840

642

2289

I 500

1794

0.09
0.19
0.16

0.15

32.4

25.3

26.7

26.5

Well
Reg. No.

V/ell
ID.

cl- Soo'- HrS Total Fe SO42 /Cr r ô'4S ô18oso, SI

Pyrite
(mgll) (%o, cTD) (%o, SMOW)

67841*
60623*
7 5669*
48554*
58lll*
60475*
7026-tt2
7026-111
66476*

7027 -585

6928-542
6927-588
6821-1530
6929-423

7028-469
49616*

109458x

6929-760
6829-992
8 I 832*
104800*
86714x

86

20.4

9t.8
I15.9
112

184.6

54.9

4t.t
31.2

50.7

32.4

66.9
99.6

116.8

188.5

248.8

324

432

1233

7656

141

1143

0.13

0.02

0.07
0.5

0.03
<0.02

0.33
<0.02

R1

R2

R3

R4
R5

R6
R7
R8

R9

Rl0
Rll
Rl2
Rl3
Rl4
Rl5
Rl6
Rl7
Rl8
Rl9
R20
R21

R22

342

110

450

891

803

897

300

221

527

415

544

380

102

1301

2356
2194

2279

8223

8291

I 0780

l 0340

l 1940

0.09

0.12

0.22

0.13

0.21

0.21

0.18

0.19

0.06

0.12

0.06

0.18

0.14

0.09

0.08

0.1 I
0.14

0.05

0.15

0.07

0.07

0.10

0.42

0.55

0.99

0.59

0.97

0.93

0.83
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indicative of a net addition or removal of SOa2- in tho atmosphore and/or modifi.cation of

the SO+2- concentration due to geochemical and/or biogoochemical processes in the

aquifer. The groundwator.collected from the south and southeasternpart of the study

area has a SOo2TCl ratio of - 0.16, which is slightly higher than the marine ratio of

0.14. The SO42-/C| ratio increasos along the hydraulic gradiont to the north and

northwest. The highest value of SO427C| is 0.62. This occr¡rs to the north of Big

Desert in Victoria and north of Ngarkat Conservation Park in South Australia near

Pinnaroo @ig. a.1). Furthor inland and to tho far.north and north-west, the SO427CI-

ratio decreases to values of 0.08.

Fig.4.2 shows the diskibution of ô3aS in the Murray Group Aquifer. The ô3aS value in

the south and south-east is - *20 %o, and systomatically decroases toward the north

and north-wost, where ô3aS values are - *0.3 o/oo north of the Big Desert and Ngarkat

Conservation Park nsar pinnarso. The large area of low ô3aS corresponds to a high

SO//CIratio of - 0.5. Further north and north east the õ3aS values insrease to

138.7 o/oo.

The SOo2/Clratios for groundwator.of the Renmark Group Aquifor.range from 0.22to

0.06 and ô3aS values ranga from.+14.9 %ota +56.4 %o (Table 4.2). A,general trond is

observed between ô3aS values and SOo2/Clratio, with more enriched õ3aS values

conesponding to a relatively lower. SO/CI- ratio (Frg. a.3).
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Fig. 4.1 Spatial dishibution of SOo2TCf in the Murray Group Aquifer. Note that

groundwaters that have the highest SO42TC|ratio are located in the cenhal part of the

study area north and nofhwest of Big Desert.
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Groundwator. samples that have õ3aS valuo similar to marine õ3aS valuos of +21 %o also

have an avera1a SO4'z7Cf rado of 0.2 which is slightly higher.than tho marine ratio of

0.14" This indicates little or.no modification of SOa2- concenhation in the aquifer.

Deviation from the marine SO427C| ratio to a lower.value is duo to the rønoval of SOa2-

by bacterial reduction. Sulphate reduction is imFlied by the prosence of dissolved

sulphide in tho groundwater. from the northorn part of the study araa (TabIa 4.2).

Oxidation of organic carbon, which son¡es as the e,nergy source for.the bacteria, may be

provided by thin bods of lignitic carbon that are present in the Renmark Gtoup Aquifer.

mafrix. Hetrce, there are favorable conditions for sulphate reduction in this aquifor.
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The ôl8Osoot- values in the Murray Group Aquifer range from +4.8 %o to +9.1 %o in

the south and central part. These groundwaters are more depleted in 18O compared to

the ôl8Osoo2- values of groundwater from the north and north-east near the River

Murray, which have ôl8Oson2-values of > +15 %o (wells adjacent to the River

Munay). The ôl8Osoo'-vaiues in the Renmark Group Aquifer are generally more

enriched than the Murray Group Aquifer and range from +1 1.6 %o to +18 %o (Table

4.1,4.2).

4.4 Discussion

4.4.I SO42-/CI- ratio and õ3aS profiles below the water table from the

Murray Group Aquifer

Groundwater from the Murray Group Aquifer was sampled from bores and wells that

were characterised by different screen intervals depending on the type of bores/wells.

Some of these bores/wells were open to the entire aquifer thickness - 90m (e.g.}.l72

to M91), and the others were mainly open to the top 2 to 50 m of the aquifer

thickness.

The chemical composition and the concentration of total dissolved ions may vary with

depth below the water table due to heterogeneity of aquifers and the stratification of

groundwater (Toth, 1983). In order to determine the effect of sampling interval on the

chemical and isotopic composition of the groundwater from the Murray Group

Aquifer, Cl- and SO¿2- concentrations as well as õ3aS composition were analysed in
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groundwater samples from discrete intervals below the water table (Table 4.3). The

location of the bores (MHl, MH2, MH3) is shown in Fig. 2.1.

Table 4.3 The SO+2/CI-ratio and ô3aS composition in groundwater from discrete depth
below the water table of the Munay Group Aquifer. The depth below water table is
expressed in metres. The results of Cl- and SO+2- are quoted in milligram per litre.
The ô3aS is expressed in per mil notation relative to standard CTD (Canyon Diablo
Triolite). V/T Depth in the third column stands for depth of water table below the
surface.

CT SO¿'- SO¿'/CI- õ'"s
%o(cTD)Depth (m) WT Depth me/l

MHI 28.2

63.8

874
8'.74

839
8t7
853

879

386
377
354
366
325
299
298

JJ

36

39
48
57
66

72
75
78
87
90
93

102

200.7
202.5

200.7
192.3

196.s
205.2

0.23
0.23

0.24
0.24
0.23
0.23

6.8
6.8

6.4
6.7
6.2
6.6

MH2

MH3

8s.2
80.4
79.2
80.4
72.6
6s.7
69.9

0.22
0.2t
0.22
0.22
0.22
0.22
0.23

14.6
t4.3
14.8
14.5
t4.6
t4.t
t4.t

84
87
90
99

108

tt4

320
321
300
310
342
341

0.20
0.18
0.20
0.19
0.19
0.19

68.3
62.4
59,1
59.7
59.7
64.8
65. I

12.9
12.3

t2.t
12.0
12.3

12.3

The concentrations of Cl- and SO¿2- in MH2 and MH3 from the sampled intervals are

similar, and range from 298 mg/l to 377mgll and 59.1 mg/l to 85.2 mgll respectively.

The concentrations of Cl- and SO+2- in groundwater from MHI down gradient are

relatively higher and range from 8l7mgllto 879mg/l and l92.3mg4to 205.2 mgll

respectively (Table 4.3). There is no systematic change in the concentration of both

ions (i.e. decrease or increase with the depth below the water table). However the

change in concentration of SO+2- corresponds to the similar change in the
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concentration of Cl-. Consequently the SO42-/CI remains fairly constant with depth

below the water table (Fig 4.4)

The change in both ions with similar increments in a depth profile may suggest that the

variation in Cl- and SOo2- concentrations is due to the evapoconcentration effect prior to

recharge. The higher rate ofevapoconcentration increases the overall concentration of

the dissolved ions of water recharging the aquifer without altering iorVCl-ratio.

A relatively constant SO42-/CI- ratio of groundwater with depth suggests that the

sampling methodology of the groundwater from the Murray Group Aquifer (i.e.

groundwater obtained from various depth of the aquifer) may effect the overall

concentration of the dissolved ions, however it has a minimum effect on the ions/Cl-

ratio. Therefore, the observed spatial variation in SO42 /Cl- ratio of the Murray Group

Aquifer (Fig a.1) is not an artefact of sampling methodology.

This is also true for the õ3aS values measured from the three bores below the water

table (Fig.4.4). The ô3aS prohle shows a slight variation, which is not related to the

sampling depth below the water table (i.e. systematic change with depth). The ô34S

values for the groundwater samples vary only by 0.5 o/oo and never exceed 0.8 %o in

any given profile. Given the analytical error of + 0.2 for ô3aS measurement, the

relatively small variation from different depths is not significant, particularly when

the observed spatial difference in õ3aS values between the groundwater sampled along

the gradient inZone A is up to 20 o/oo and in ZoneB is up to 35 %o.
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The prof,rles in fig 4.4 show no significant variation in either SO+27C| ratio or in õ3aS

values below the water table in the Murray Group Aquifer. The large spatial

differences in both SO427CI- ratio and ô3aS values (Fig a. I and  .2)therefore must be

due to chemical and/or physical processes occurring in the aquifer.
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4.4.2 Spatial dishibution of ô3aS in the Murray Group Aquifer

Groundwater. from tho Murray GroW Aquifer. can be dividod into two zones according

to ô3aS values and hydraulic head distribution; (1) Zane A, which represe,nts

groundwater from the south and cenhal parts of the study area that are unaffected by

mixing with the Renmark Group Aquifer; Q) Zana B, which represents groundwater

from tho northern part of the study area rraar.the River Murray. The groundwater in

this part may be influenced by upward leakage from the Renmark Group Aquifer. as

indicated by the positive hydraulic head difference betwoen groundwater.in the

Renmark and Murray GroW aquifors (Frg. 1.5)

4.4.2.1 õtoS o¡the Murray Group Aquifer in Zone A

Groundwater. in the south and south-east part of the study area (Zone A) shows an

incroase in So42rcf ratio and decroase in ô34S values along the hydraulic gradient. The

So42'rcf ratio in the Renmark Group Aquiferin Zone Ais always less than that in tho

Murray Group Aquifer Thus, the source of extra SOo'- in tho Murray Group Aquifer

inZana A is not from the Ronmark Group Aquifer through upward leakage. There

must therefore, be othor sources of dissolved SOa2- in the Murray Group Aquifer.

Groundwaters in the Murray Gro.rp Aquifer that have ô3aS values of - +20 %o suggest

that tho SO+'concentrations aro dominated by input from marine aerosols. Any

contribution from wind blown gypsum particles from the playa lakes to the north-east
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of the study area, with õ3aS values from+74.2 %oto +20.5 %o (Schmid, 1985; Jacobson

1988; Chivas et a1., 1991) is not likely to be a significant source of SO+2- along the

hydraulic gradient, because the ô3aS values of SOa2- in the groundwater. decroase

systematically towards the cenhal part of the basin (Fig. a.Ð. Groundwater.in tho

cenkal part has the lowest õ3aS values (+0.3 o/oo and +1 o/oo -Tabha 4.1). If rñrind blown

gypsum was a dominant factor. in increasing SO¿ã concenhation, the wells in tho central

part, which are closer.to the playa lakos, would have higher ô3aS values than the wolls

in the basin margin in tho south and south-east of the study area.

Groundwater in the Murray G.onp Aquifer is undersaturated with respect to gypsum.

Therefore, gypsum dissolution from the aquifor makix is not likely to produce the exha

sulphate in groundwater. However, this does not rule out dissolution of gypsum in the

soil and the unsaturatadzone. This is also unlikely because the ô3aS values of g¡rysum

in the Aushalian continent are dominatod by marine ô3aS ranging from +14 %o to

*l20 o/oo (Chivas et al., 1991). Those values are much higherthan tho ô34S observed in

somo of the groundwaters in the Murray Group Aquifer.

Pyrite oxidation will also increase SO+1concentrations, but decroase õ3aS values and

increase acidity. The reaction may proceed either by the direct oxidation of pyrite

exposed to ait or water. (Eq. 4. 1), or by the roduction of ferric iron via Eq. 4 .3 - 4.5

below (Stumm and Morgan, 1981):
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FeS2+ 712 c'2+ H2O + Fe2+ * 2So¿2- + 2rt @2)

Fe2* + l/4O2* H+ + Fe3* + l/2H2O (4.3)

Fe3* + 3H2o + Fe(oH)3 + 3H+ Ø.4)

FoS2+ 14Fe*3 + 8H2O -+ 15Fe2+ + zSOf- + t6FI+ (4.5)

Fe2* produced via Eq. 4.5 may re-enter the reaction cyclo again via roaction Eq. 4.3.

The production of acidity via pyrite oxidation may then rosult in the dissolution of

calcite. This can be quantitativoly tosted via mass balance/mass transfer calculations.

The oxidation of pyrite along the hydraulic gradiont from the basin margin to the cental

part was modolod to account for tho increase of SO+2- concenhation, using computer

codo PHREEQM, (N'ienhuis et al., 1991). Two wells were selected; ono in the

southwostcrn margin to represent recharge water in the south, woll M9, and the second

welt in the cenhal part with lowest õ3aS value at well M37 (Fig 3.1). The effect of

pyrito oxidation on the evolution of groundwater was carriod out by an irreversible

reaction of pyrite with oxygen GOz: 0.2 atm.). The pH was buffered by equilibrium

with calcite, and total iron in solution was controlled by goethite equilibrium and the pe

calculated as a function of the oxidation reaction. Chomical cornposition, pH, po and

mass transfor were calculated for. 10 steps of addition of 02, until the concontration of

the SOa2- in tho groundwator. was equal to that moaswed at well M37 ( The detailod

input data for.the pyrite oxidation model is given in Appendix 2).

Oúdation of 0.25 mmoVl of pyrite would be neodod to account for the observed 0.5

mmoVl increaso in SOa2- concontration between well M9 and M37. This should

correspond to an increase in Ca2* concentration to 2.55 lorrnolllvia calcite dissolution,
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and a decrease in pH fram7.37 to 7.7. No incroaso in Ca2* conconfration in

groundwater from the south to the cenkal part of the study area is observed, indicating

that pyrite oxidation does not contribute to the observed increase in SO42-

concentration in the Murray Group Aquifer This frnding \Mas further supported by a

petrographic study of cutting specimons of five drill holes in the Murray Gronp

Aquifor. These specimens showno evidence of pyrite or any sulphide minerals in the

aquifermakix.

The most likely explanation for the observed inc,reases of both dissolved SO;-

concentrations and SO427C1-ratios in the Murray Group Aquifer.frrther inland is an

increase in the conkibution of biogenic SOa2- in the rainfall recharging the aquifer. The

ô3aS values of the groundwater decrease from - +20 %o (i.e. similar to marino SOa2- and

approach those of biogenic SOoz - 0 %o). Figuro 4.5 shows that water at one end of the

spectrum has SOa2 /Cf - 0.14 and has a marine ô3aS signature of - *20 Yoo. The other.

end of the specûrrm reprosents biogenic sulphur.with relatively high SO42-/C| and a

õ3aS signature of - 0 %o. Samples that have higher SOlTCf (oxceoding 0.14), generally

havo lower and decreasing ô3aS values dopending on the contribution from sea-spray.

All the samples collected from the Murray Group Aquifer.in the south and central part

of the basin scatter betwee,n marine and biogenic õ3aS values. If mixing betwoen a

distinctly biogenic source and amarine source of sulphate were the sole factor in

controlling the SOo2TCl and õ34S in tho Mr::ray Group Aquifer, the data in Fig 4.5
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Fig. 4.5 ô3aS vs. SOf-/Cl-ratio in the Muray Group Aquifer. from the south and

centralpart ofthe study area.

would fall on a straight lino. One possible mechanism that may bo responsible for the

scatter. of the data is mineralisation of organic sulphur in the soil zono (Mayer. et al.,

1991). This would cause an increase in the sulphate concenhation and tho SO427Cf

ratio without a significant change in ô3aS values (fractionation during oxidation is -

+1%oiNornan, 1994). The amor¡nt of mineralised organic sulphur in the soil zcloLa and

its conkibution to the sulphate pool in groundwater.depend on the recharge rate and tho

concentration of organic sulphur.present in the soil zone. The contribution of organic

sulphur to the sulphate pool in the Murray Gro,rp Aquiferis estimatod by õl8Oson'
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Tho spatial variation of SO42-/C| and õ3aS values, and theirrelationship in gror.rndwater

from the south and contral parts the Murray Group Aquifer suggest that: (l) the õ34S

of dissolved sulphato in groundwator.from tho Murray Group Aquifer generally

conserves its isotopic signature as precipitation infilhates through the soil zona; Q)

processes such as dissolution of gypsum, oxidation of pyrite, orreduction of SOa2- in

the groundwater. are not significant; (3) conkibution of wind blown gypsum particles

from the playalakes is not a significant sourco for sulphate; and (4) vertical input of

SOI'via local recharge is more significant comparedwith that dorived from lateral flow.

4.4.2.2 õtoS o¡the Murray Group Aquifer in Zone B

SO427C| ratios of tho Murray Group Aquifer in the northom part of tho study area

(Zane B) decrease from 0.5 in the Big Desert to values as low as 0.05 at Woolpunda,20

km south of the River Murray (Fig a.1). At the same timo sulphate ô3aS values

inctease from +0.3 %oto amaximr¡m value of +38.7 %o at Woolpunda. The õ34S valuo

of gror.rndwater in well M68 located in the cenhe of the Woolpunda groundwater

mound, is almost identical to the Renmark Group Aquifer. (Rl8) at tho samo location

(ô345: +39 %o). The similarity of the õ34S and SO427C| in the two aquifers is an

indication of tho high degree of upward leakage in this part of the study area. Previous

studies conductod at the'Woolpunda site (Herczog et a1., 1989; Cook et a1., 1992)

support the conclusion that tho gror.rndwater mound at Woolpunda is duo to upward

leakage from the Renmark Group Aquifer. The reason forthe high degree of mixing at
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tho V/oolpunda site could be due to a largo hydraulic head difference between tho two

aquifers (-25m),resulting in a high potontial for.upward leakage from the Renmark

Groop Aquifer. Tolfer (1990) documents a thinning of the Renmark Group Aquifer

beds from.- 400m to -100m at this sito due to the Hamloy Fault which could be

responsible for upward diversion of groundwater to the Murray Gro.tp Aquifer.

The hydraulic head diskibution between the Renmark and Mwray Groop aquifers

(Chapter 1, Fig. 1.5) indicates that the hydraulic potontial for upward leakago increases

from tho cenkal part of the study area to tho north and north oast. As upward leakage

from the Renmark Group Aquiferproceeds, the õ34S signature should increase in the

groundwater in the Muray Group Aquifor. However, this is not observed at all of tho

wells sampled adjacent to the River Murray QvI72 to M91). The õ3aS values of

groundwater from these wells range from +25 .3 o/oo to *37 .4 o/oo, and are higher. than the

obsen¡od õ3aS value in the Ronmark Group Aquifer (R19 - Tablo 4.2). Aplot of ô3aS

versus SO+ã/CI in groundwater.for the Murray Group Aquifer wolls adjacent to the

River Murray at Woolpunda and Waikerie show a strong invorse corrolation (Fig. a.6).

This is most probably the result of sulphate reduction, whore low rodox conditions

may be inducod by mixing with the anaerobic groundwater. from the Ronmark Group

Aquifor. That is, the reducing conditions induced on tho Murray Group Aquifor

following upward leakage rosult in relativoly more enriched ô34S values compared to

groundwater in the Renmark Group Aquifer.
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Fig. 4.6 ô3aS vs. SOn2TClratio in the Murray and Renmark Group aquifers for,the

wells adjacent to the River Murray in the northem part of the study aroa.

The sulphato concenkation in groundwater. from the Murray Group Aquifer at

V/aikorie and Woolpunda range s from.642 to 2289 mg/t. Six of these wells have

sulphate concenkations higher.than the groundwaterof the Renmark Groop Aquifor.

(r.a.1233 mgn). This suggests addition of SOa2- to the groundwater.of the Murray

Group Aquifer.by processos other than upward leakage from the Renmark Grorrp

Aquifer. Because the SOo?Clratio increases with increase in SOa2- concenhation

(Fig .4.7), there is a net addition of SOo" to the Murray Gro.tp Aquifor. The increase

in SOal concentration may be due to addition of sulphato to the Murray Group

Aquifer. by dissolution of gypsum as water percolates through the unsaturated zono.
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Gypsum has been reported in exposuros along the River. Murray cliffs noar the study

area (Jack, 1921; King, 1951).
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Fig. 4.7 SO+2TClratio vs. SOa2- concenfration from wells adjacent to the River Murray
in the Murray and Ronmark Group aquifers.

Gypsum dissolution may increase the dissolved SO4'- andC** conce,ntrations in

groundwater. according to Eq. 4.6,

CaSoa.2H2o + C** * SO¿2- +2H2O K: 104'6æ at25" C (4.6)

As dissolution of gypsum progrcsses, the molar proportion of C** to SOa2- increase is

O Murray Group Aquifer (Woolpunda)

A Murr ay Group Aquifer (Waikerie)

O Renmark Group Aquifer

A

^ Ao
o

þ& d ooo

1:1. If the increase of dissolvod SO42- andC** in groundwater at Woolpunda and
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Waikerie was mainly from gypsum dissolution, theitmolar concentration should

increase in equal proportions. Fig. 4.8 shows that tho groundwater. at Woolpunda and

'Waikerie 
represents two distinct waters with difforent chemical characteristics.
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Fig. 4.8 Ca2*vs. SOI- molar concentrations in the Murray Group Aquifer. at

Woolpunda and V/aikerie. The groundwater from Woolpunda site is characterised by
higher. Ca concentration due to bacterial sulphate reduction.

Tho molar. SOfl-/C** ratio of gror¡ndwater. at'Waikerie is > 1, suggesting that gypsum

dissolution is not the main factor in tho incroaso of SOa2- concentrations in these

groundwaters. The increase in SO¿2- concentration in tho V/oolpunda wells, on the

other.hand, corresponds to an increase in tho Ca2* concontration but not in 1:l ratio.

Most of tha datafall to the left of the l:l ratio line suggesting romoval of SOa2- from

tho system, which results in an increase in the Ca2*/SO ]- ratia. Only three (M81,M82

o

A
gypsum satnration

CalSO+:
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and M83) of the 17 groundwater samples at Woolpunda fall on the 1:1 ratio line

indicating that sulphate removal by bacterial sulphate reduction following upward

leakage from the Renmark Group Aquifer is not significant. Therefore, the õ3aS value

fotthese wells can be calculated for.the three groundwater. samples via chemical and

mass balance equations to check whether the SO+2- concenkation in the Mruray Gro.tp

Aquifer.was derivod from a combination of upward leakago from the Renmark Group

Aquifer. and gypsum dissolution during rocharge

The ô3aS values reported for gypsum from the South Australia and the Victorian playa

lakes ranges from +14.2 %o ta +20.5 %o (Schmid, 1985; Jacobson 1988; Chivas et a1.,

1991), Assuming the average õ3aS values of +18 %o for.gypsum, and õ3aS value of the

groundwaterin tho Renmark Group Aquifer. of +26.4 %o at this specifïc location, the

ô3aS value of the groundwater.in the Murray Group Aquifor can be estimated by the

following mass balance equation:

1ô34s 1soo2))* : {õ'oS (so42)}R+ {ôtoS* (soo'-) }r-* (4.7)

whore ô34S and (SOl) are the sulphur.isotopic composition and sulphate concenkation

respectivoly, and subscripts M and R refer to the Murray and Renmark Group

aquifers, ô1aS is sulphur isotopic composition of g¡lsum in the unsaturated zone, and

(SOl)r-n is the difference in SO42- concenhation botween the Munay and Renmark

Group aquifers.
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The results of calculated ô34S valuos for. tho three wells at Woolpun da ne presented in

Table 4.3, andare similar to the observed ô3aS value. This is fi¡rther. evidenco that the

increase of tho SOf- concentration in tho growrdwater in this part of the basin is due to

g)psum dissolution.

In summary, the variation in sulphate concenhation and tho relatively enrichod ô34S in

the Murray Group Aquifer at the Woolpunda site could bo due to a combination of

threo processes: (1) gypsum dissolution dwing local recharge; (2) upward leakage from

the Renmark Aquifer; and (3) bacterial sulphate reduction.

Table 4.4The observed and calculated õ3aS valuos obtained via a chemical and isotopic

mass balance equation for three wells at the Woolpunda site.

sol-
nlgl

Observed õ34

%o (cTD)
Calculated õ3aS

%o (cTD)

Renmark Group Aquifer

Rl9

Murray Group Aquifer.

M81

M82

M83

1233

1434

t692

1332

26.4

25.4

24.6

26.3

25.2

24.1

25.7

4.4.3 õ34S in the Renmark Group Aquifer

The Redox potential @h) measurements for. the confïned Renmark Group Aquifer. are

ge,nerally < -8ùnV which indicates that the groundwators are oryge,n free.
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Groundwaters from the south and south-east (i.e. upgradient) Íre more oxidising (Eh - -

80 mþ compared to groundwaters further.north and north-west noar. the River Murray

(Eh - -400 mV). The rolatively more positive Eh valuos in the upgradiont part of the

Renmark Group Aquifer are associated with recharge water.from the Dundas Plateau in

Victoria. The low redox potential and the prosence of significant amount of organic

matter in the Renmark Gro.rp sodiments Q.95% by weight) provides an ideal

environrnent fotbacterial sulphate reduction (Thode, 1991). Most of the groundwater

samples from the Renmark Group Aquiferhave ô3aS values higher.than marine ô34S of

+21%o indicating bacterial sulphate reduction. õ3aS values of up to f56 %o wore

moasnrod in groundwaters at ZoneB in the northorn part of tho study area.

According to the bacterial sulphate roduction (Eq 4.1), each mole of sulphate reduced

producos one mole of sulphide. The dominant sulphide spocies (H2S & HS-) in

groundwater is detemrinod by pH. Because the dissociation constant of þS is

(p&s.c: 6.96), and the pH of gror-rndwaterranges from 7 to 8.7, the dominant sulphur

species in the Ronmark Groop Aquifer is HS-. The sulphide producod from the

reduction roaction is scavonged by dissolved Fe*2, and precipitates initially as

amorphous FeS. As the solubility of pyrite is low (pl9s.c : -18.6 - Sturnm and

Morgan, 1996), kace arnounts of sulphide are sufficient to precipitate pyrito in the

presence ofFe2*.
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Tho saturation index (SI) urith respect to pyrite was calculated with the computer

program ViATEQ within the NETPATH packago (Plummer. et al., 1991), for water

samples from the Renmark Gtonp Aquifer (Table 4.2). Tha groundwater.from these

wells is over saturatod with rospect to pyrite. Test nrns were carried out for

groundwater from woll R14 (Fig. 3.1) to detemrine the minimum amount of HzS

requirod to achieve pyrite saturation in the presenco of 0.02 mg/l Fo2* (the detection

limit forFe2+conce,ntration by the Atomic Absorption method). The result indicates

that 1.3X10-s mdl of sulphide is sufficient for equilibrium with respect to pyrite. The

calculated concenhation of H2S is well below the detection limit, ( the threshold odow

concenkation of H2S in wator is botween 2.5x10-s and 2.5x10n 
^g/l). 

Thereforo, pyrite

saturation could be achieved in tho Renmark Group Aquifer without detecting the

presence of H2S orFe2*. However, several wells in the Renmark Group Aquifor.

contain measurable amormts of H2S (Table 2.4). Thereforo, it can be concluded that

there is insufficient dissolved iron to remove all the dissolved sulphide or the

concentration of sulphide and iron is controlled by othor forrns of sulphide minerals

such as amorphous iron sulphide.

Sulphide produced during sulphate reduction is always depleted in 3aS due to the

kinetically more favored 32S reactivity facilitatod by bacteria (Nakai and Jenson,1964)

Although the concentration of organic matter.in the Renrnark Group Aquifer is high in

places up to 3Yo weight, the rate of the reduction reaction is conkolled by tho amount

of labilo organic matter, not the total concenkation of particulate organic matter The

reactivity of organic matter decroases with time, due to the consumption of tho more
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labile proportion with early flushing of the aquifer. In addition to tho amount of

organic matter, the rate of reduction depends on the abundance of sulphate. The

decroase in reactivþ of organic mattor.will result in lower rates of SOa2-reduction.

Lowetreaction rates may corespond to an increase in the emichment factor.between

residual sulphate and produced sulphides (Harrison and Thode, 1958; Kaplan and

Rittenberg, 1964). In the pÍesence of abundant sulphate, the roduction will proceed

until all available organic matter.is consumed.

The onrichme,nt factor of õ3aS in tho Renmark Group Aquifer. between SOa2- and þS

can be calculated using the method described by Skebel et al. (1990), whore in a closed

systom such as the Renmark Group Aquifer, the reaction follows a Rayleigh-type

distillation procoss. Isotopic enrichment of the roactant (SOl) can be doscribed by the

relationship:

õn: ôr + e ln/ (4.S)

whero õ¡ and ô¡ are the initial and residual õ3aS values, respectivoly, a is the isotopic

enrichment factor, and I is the fraction of initial SOa2-remaining. The enrichment factor

can be obtained from the slope of the regrossion line fitted to the semi-log plot of õ3aS
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versus / (Fig. 4.9). In this case, / has beon determined relativo to the highest observod

/ (Fraction of suþhate remaining)

Fig. 4.9 õ3aS vs. the fraction of sulphate remaining (Ð ar a result of bacterial sulphate

reduction in the Ronmark GroW Aquifer.

SOn2TClratio in the groundwater. (SOo'z7Cl-: 0.22). The 0.22ratio is assumed to

represent the initial input. The rost of the groundwater.SOo2TCl-ratios were divided by

the initial value to determino the fraction of sulphate remaining for.each samplo. The

regression line shows a corelation coefücient f of ( -0.62) between ô34S and I and an

enrichmont factor af - -22o/oo * 6.5 (90% confidence interval). The enrichment factor,

(e) ostimated in this study is similar to the kinetic fractionation factor. of -22 %o

moasured in laboratory exporiments by Harrison and Thode (1958). A smallor

enrichment factor of -9.7 %o was observod by Shobel et al. (1990), for.the Fuhbergor

â
t-''
C)
d\oo\

V)
$cl
oA

60

50

N

30

n

10

10.1

o

o
o

o

o

y- -22Ln(x)+17

o
o

o
oo

o
o

o
o



148

Aquifer in Germany and -15.5 %oby Robertson and Schiff (1994) for groundwators at

Sturgoon Falls, Ontario, Canada. They atkibuted tho small enrichment factor.to low

concenfrations of organic matter and SOal in theso aquifors.

Although laboratory exporimonts genorally have shown that e during bacterial sulphate

reduction is close to the kinotic fractionation factor, some of the experiments produced

t values of up to 62 %o (Ilarrison and Thode, 1958; Kaplan and Rittenberg, 1964.

Nakai and Jensen,1,964; Mizutani and Rafter, 1973). High enrichment factors are also

observed in natural environments such as the Black Soa (Vinogradov et a1., 1962),the

coast of California (Kaplan et al., 1963), Madison Aquifer, USA (Busby et a1., 1991)

and a carbonate aquifer in Florida (Ryo et al., 1980).

Many h¡potheses havo boen proposed to oxplain the w'ide variation in the observed

enrichment factor. Some of these hylotheses relate a highor enrichment to the

conditions of tho experimental conditions such as ternperature, concenhation of

sulphato and the type of elechon donor (Kernp and Thode, 1968) or factors relating to

the mechanisms and the pathways bywhich sulphate roduction occurs (Rees et al.,

1973). Anothot suggestion is that these high t values aro probably due to the

establishment of the isotopic oquilibrium between the sulphate and sulphide @ye et al.,

1980). However, Thode (1991) stated that there is no evidonce of isotopic exchange

between sulphato and sulphido at ambient temperatures, and that the time required to

establish oquilibriummay be long evon on goological time scales.
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The enrichment factor in this study is much lower.than the equilibrium fractionation of

-74 %o (Tudge and Thode, 1950 ), despite the long residence time of >40,000 yr. of

grormdwater.in tho Renmark Group Aquifer. Therefore, it is concluded that the

fractionationof 22 %o rQpresents the dominance of kinotic fractionation which is caused

by the unidirectional biochemical reaction. There is no evidence that the equilibnum

enrichment factorhas influenced the õ3aS value dwing suþhate reduction in the

Ronmark Group Aquifer.

4.4.4 ôltOsoo'- in the Murray Group Aquifer

The õ18Oson'- values of groundwater.from tho Murray and Renmark Group aquifers are

shown in Table 4.1 and4.2. T\e õrsOson"values for.the Murray Group Aquifor.in the

south and cenkal part of the study arearalage from +4.8 o/oo to'19 %o . These values are

less than the marine aorosol õlsoson'value of - *9.6 o/oo (Lloyd, 1967, 1968).

Although no anaþsis of rainfall samples was conducted in this study, ôrsoson' values

moasurod in other.investigations indicate that ôlsOson'-values for rainfall that are not

affected by industrial activities averages - +10 o/oo 
Qvlizutari and Rafter, 1969b; Holt,

1 986; Caron, 1 986; Norrnan, 199 1; Van Stempvoort and Krouso, 1992).

Water. that percolates through the soil zone to the groundwator.has been observed to be

depleted in lsosont- comparedwith local rainfall (Holt, 1986; Caron, 1936). Thus, it is

expected that the ôl8osoo'-values for the Murray Group Aquiferwould bo lower than
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the anticipated value for rainfall (- +10 %o). Therefore, low ôl8osoo" values observed

in groundwater of tho Murray Group Aquifer are not the result of addition of depleted

ôrsoson'via pyrite oxidation. Earlier discussion of the ô3aS showed that oxidation of

pyrite in the soil zono is not significant (section 4.5.1). The õrsOsoot-value also does

not change by sorption or retention of sulphate in the soil zone (Van Stempvoort et al.,

1eeO)

Isotopic exchange betwee,n the oxygon in sulphate molocules and the oxygen atoms in

the water.molecule cannot account for low ôlsosoot compared to rainfall ôt8Oson"

values, because this process is too slow. Lloyd (1968) concludod that the time roquired

for.almost complete exchange between ôlsOuro and ô18Oson'' atatemperature of 25 Co

and a pH : 7 is -10,000 years. Chiba and Sakai (1985) suggested that equilibrium

times are > 100,000 years. The high uncertainties in these estimates eliminates any

quantitative assessment of the importanco of õl8O exchange betweonwater and

sulphate" However, the ôr8O data of groundwater. and sulphate suggest that the

equilibriuur fractionation factor.which rangos from -28 o/oo to 32 %o at25C ( Muzituni

and Rafter, 1969b; Lloyd 1968) has not been achieved, despite the long residence time

of groundwater of >40,000 yoars.

The process more likely to cause the observed depletion of ôlsOson'- in groundwater is

mineralisation of organic sulphur within the soil zono which results tn2 %o ta 9 o/oo

depletion relative to atmospheric procipitation (Van Everdingen et al., 1982; Holt and
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Kumar, 1986; Mayer.ot a1., 1991,; Van Everdingen and Krouse, 1992; Mayeret a1.,

1995). Sulphate in groundwater.consists of the atmospheric derived sulphato

accompanying rocharge water, and sulphate from mineralisation of organic sulphw in

the soil zoîa.

Estimatos of the proportion of sulphate contribution from mineralisation of organic

sulphur to the groundwater can be mado by the mass balance (Eq. 4.7). During the

mineralisation process, the organic sulphw in the soil zone acquires oxygen from both

dissolved oxygen and H2O molocules according to the relationship (Lloyd, 1968):

ôr8osoo": X(ônzo +tr¿o) + (1-Ð (õo2 + 602) (4.7)

where X is the fraction of l8O atoms from watorduring tho forrration of sulphate; ts26

and t62 are the equilibrium.fractionation factors between oxygen attached to water

molecules and dissolved oxygen with respect to orygen atoms in sulphate molecules;

ô¡¡26 and ôe2 aro the ô18O of the watq and dissolvod orygen respectively

Using values of X:0.68, and tgzo: 0 %o,ts2: -8.7 %o g¡vanby Lloyd (1968 ) and

ôszo : - 5.5 %o for groundwater. from the Muray füo.tp Aquifer. and, assuming that

the dissolved oxygen has the same value as that of 02 in ahrosphere (õoz : * 24.5 %o

Kroopnick and Craig, '1,972), the calculated conkibution frommineralisation of organic

sulphur.to the sulphate pool in groundwatorranges fuam20Yoto 30Yo. These numbors

are only rough estimates for.the sulphate conhibution from oúdation of organic sulphur

to the groundwater.
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The õr8Oso o2- data above suggest that the vertical input of sulphate via local recharge

may be an important sorrrce of sulphate in the Murray Group Aquifer. Once SOo2-

reaches the saturated zone, no change in the ô'tosoot-values of sulphate occurs unless

there is addition of SOo2- from oxidation of sulphide minerals or dissolution of sulphate

minerals. Because the aquifer in the south and central part of the study area is free of

sulphate or sulphide minerals, the change in observed õttosoo'- must be due to addition

of SOo2- via mineralisation of organic sulphur in soil zone during local recharge. This

conclusion is also substantiated by ô3aS values which show that the variability of the

SO42-/CI-ratio and ô3aS values is caused by vertical input of the sulphate via local

recharge to the Murray Group Aquifer (section 4.5.1.1).

4.4.5 õ18OSoo'- in the Renmark Group Aquifer

The ôt8Osoo'- values for the Renmark Group Aquifer are more enriched compared to

those of the Murray Group Aquifer, and range from +1I.6o/oo to +18 %o. The SO42-/CI-

ratios range from 0.2 to 0.08 and are also lower than the Murray Group Aquifer which

range from 0.14 to 0.5 (Fig. a.10). As mentioned in section 4.5.2the relatively low

SO42-/CI ratios in the Renmark Group Aquifer are most probably caused by the

removal of SOo2- by bacterial sulphate reduction.

The ô'8Osoo'- values in the Renmark Group Aquifer appear to be independent of ô3aS

(Fig. a.1 1). Because bacteria preferentially metabolise both light oxygen and sulphur
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Fig. 4.10 ôr8oson" vs. SO427C| ratio in the Murray and Renmark Groop aquifers. The

relatively enriched õrsOson'valuos in the Renmark Group Aquifw are caused by
bacterial sulphate roduction.

1t6O and 32S¡ of dissolved sulphate, moro positivo values of õrsOson'- and ô3aS forthe

remaining sulphate can be expocted. However, inboth fiold obsen¡ations and

laboratory oxperiments, the ô3aS onrichmont is not always accompanied by a

corresponding ôl8oson'enrichment (Mizutani and Rafter, 1973; Fritz et a1., 1989).

Their studies concluded that while tho fractionation factor. for õ3aS does not change

dwing sulphate reduction, the ôrsOson'- of residual sulphate is modifiod by oxygon

exchange between SOo'- and H2O through the intermediate steps (sulphate-enzyme

0.00 0.05 0.10 0.15

o Muray Group Aquifer

o Renmark Group Aquifero

o

o
oI

o
qb o

o

o
o

o

o
**@ ooqb

"t%

complexes and water) during sulphate reduction. Therefore, the õl8oson'- of residual
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sulphate dopends on the õl8O composition of the associated water, as well as the rate

of reaction.

20
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Fig. 4.1I The õ34S and ôlsoson"relationship in the Murray and Renmark Group

aquifers. Both õ34S and õrsOson'- values of dissolvod sulphate in the Murray Group
Aquifer are deploted in hoavy isotopes compared with the growrdwater.in the Renmark
Gronp Aquifer.

Fritz et al. (19S9) estimatod a fractionation factor. of - 25 o/oo at30oC for.ôr8O between

residual suþhate and associated water. õl8Ouro values in groundwater. from tho

Ronmark GtoW Aquifer.range from -6%ota -3.5 %u Therefore the expected õlsosoot

value for. groundwatetusing a fractionation factor obtained by Fritz et al. (1989) would
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range from +19 %o to +22 %o. However, the observed ôl8osoo" values for. groundwator
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samples affected by sulphate reduction (enriched in ô34S; are *13 o/oo to +18 %o. The

experiment carried out by Fritz et al. (1989) had abundant nutrient and SOo2-

concentrations, and was conducted over a relatively short time period. In contrast,

groundwater in the Renmark Group Aquifer has a long residence time (>40,000 years)

and is more typical of slower natural processes. Although the ôr8Oso o'- data clearly

indicates that an exchange process is important during bacterial sulphate reduction at

low temperature, fractionation may be lower than that measured in laboratory

experiments.

4.5 Summary and Conclusions

The range of ôt8O and õ3aS compositions of dissolved sulphate in the Murray and

Renmark Group aquifers are caused by different redox conditions and differences in

sources of SOo2-. Therefore, a mixing zone between the two aquifers can be identified

when the values of õt80 and õ3aS are plotted as a function of SOo2-/Cl- for all the

samples from both aquifers. Fig. 4.10 and Fig. 4.12 show that the õ3aS and õr8Osoo^ of

the Murray and Renmark Group aquifers fall between a range of two end members.

The groundwater of the Renmark Group Aquifer is more enriched in 3aS and "Osoo'-

compared to that in the Murray Group Aquifer. The ô34S and ôtsOsoo'- values falling

between the two end members represent areas with a potential for mixing. The majority

of these wells are located in the northern part of the study area. The upward leakage
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Fíg.4.12 Tho õ34S values vs. SOo2-/Clratio of groundwater.in the Murray and Renmark

Gronp aquifors. The data for.the mixing zone fall botween the data of the groundwator.

from the Murray and Renmark Group aquifers.

from the Renmark Group Aquifer nearthe River.Murray can be identified (Fig. 4.10,

4.12),whoro groundwater.of tho Murray Group Aquifordisplays similar õrsOson'

values to those of the Renmark Group Aquifer. The rolationship botwoen õ3aS values

and Cl- concenhations of groundwateralso shows two distinct groups of data

@ig. a.13). Groundwaters from the Murray Group aquifer that havo a rolatively high
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Fig. 4.13 ô3aS value vs. Cl concentration in mmoVl of the groundwater. from the
Mur:ray and Renmark Group aquifers" The relatively high Cl- concenkations and

onriched õ3aS value in the northem part of the study Írea are caused by upward leakage

from.the Renmark Group Aquifer.

It is apparont therefore that the hydraulic head diskibution has a major. effect on Cl

concentration and subsequentþ on the ivator quality in the Murray Group Aquifer

The highest Cl concenkation (> 7500 mgll) in the Murray Group Aquifer.coincides

with areas of similar.Cl- concenhation in the Renmark Group Aquifer, where there is

high potential for upward loakago, (head difference >15m) from the Reffnark Group

Aquifer.
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The diskibution of the SOo27Cf , ô34S and ôr8Oson" values suggest that:

l. Sulphate in groundwator.from tho Murray Group Aquifetoriginates primarily from

rainfall. Furthermodification and increase in the sulphate concentation in the down

gradient part of the study area occurs due to mixing with the Renmark Group Aquifor,

through upward leakage. Dissolution of g¡psum in the unsaturated zone near.the River

Murray increases the concentration of sulphate above that measurod in tho Renmark

^ Gro.rp Aquifer;

2.Therelatively enriched ð3aS values and low sulphate concentration in the

groundwater from the Renmark Group Aquifer.is due to the removal of sulphate

through sulphate reduction. The enrichmont factor.between residual SOo'- and H2S

produced during bacterial suþhate roduction of 22%o is identical to the kinotic

fractionation factor, indicating the dominance of kinetic processes in this natural

environment;

3. The spatial diskibution of the õ34S and SOo2TClratio suggests that vertical input of

sulphate into the Murray Group Aquifer.through local rochargo is the dominant process

relative to recharge at tho basin margins, followed by lateral flow. This finding was also

supported by the 4 %o vanatton of ôlsoson'values in the Murray GroW Aquifer,

indicating that this variation is a result of the groundwater. originating from local

rocharge percolating through the soil zonein different parts of the study area. As the

mineralisation of organic sulphur is not uniform.and depends on many factors, the final
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õlsosont- varies depending on the amount of organic sulphur conkibution to tho

sulphate pool in groundwater.

4. Inter.aquifer.mixing loc orx¡ can be identified from õ3aS and ôl8osoo" values. The

high õ34S value in the Murray Group Aquifetnear the River.Muray is caused

primarily by upward leakage from the Renmark Group Aquifer- Quantifying the

fraction of mixing betwoen the two aquifers is not possiblo by õ3aS isotopes due to tho

variation of õ34S values because of firrthor.sulphate reduction occurs in tho Murray

Group Aquifer.
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CIIAPTER 5

tTsr/tusr ratio as an indicator of carbonate mineral

dissolution and inter-aquifer mixing

5.1 Introduction

Interactions between carbonate nrinerals and groundwator in limestono aquifers may

play an important role in the composition and evolution of groundwater chomishy.

Because Sf* ions can replace Ca2* ions in carbonate minerals (Fauro, 1986), Slt

concenhations and 87sr/86sr.ratio in groundwater can be used to identiff the sourco of

Sf+ and the exte,nt of carbonate mineral-gror¡ndwater intoractions (Stueber et al., 1984,

1993; McNutt et a1., 1984, 1987,1990; Collerson et al., 1988).

Furthermore, carbonate mineral reactions with groundwater. can roduce the laC

concentration of groundwater independentþ of radiomekic decay by adding "dead"

carbon into solution. To corroct groundwater laC concentratíon for this dilution effoct,

tho procise nature of these reactions must be known. füoundwater. in carbonate

aquifors, particularþ in large basins in arid and se,mi-arid regions, often has a long

reside,nce timo. Therefore, equilibrium may bo establishod botweon carbonate minerals

and groundwator. Roactions involving these minerals may occur by the mechanism



161

known as incongnrent dissolution i.o. dissolution of one phase and concomitant

reprocipitation of a second carbonate minerals. In aquifers containing calcite with

different Mg concentrations, incongruent dissolution involves dissolution of high Mg-

calcite and concr-uront precipitation of low Mg-calcite ( Hanshaw and Back, 1979). The

association of S/- ions with Ca2* ions in carbonate minerals and thefusimilar.cheuristry

therefore can be useful in providing information on the nature of theso roactions and in

determining theiroffoct on laC activities in groundwater.

In the previous chapter the use of stable isotopes of dissolved suþhate (õ3aS and ôttO)

as physical tracers to discem mixing between tho Murray Group and Renmark Group

aquifers was examined. However, the 'þrrtr" õ34S and ôl8osoo" composition of the

Murray Group Aquifor.could not bo explicitþ identified due to the possibility of

sulphate reduction after mixing. Hence the rosulting isotopic character.of the mixture

through upward leakage from the Renrnark Group Aquifør could not be interpreted

withrospoct to the original e,nd-members by application of a two-componeirt mixing

model. This proble,m may be eliminated by using conce,nhation and isotopic ratio of

dissolved Sl* in both aquifers. Because the dissolved Sl* ions aro not affected by

redox conditions of the groundwaterin the Murray Group Aquifer, their concenhation

and isotopic ratios of the rosulting mixture are preserved, and can be used to calculate

the proporfion of upward leakage from the Ronmark Group Aquifer, by applyrng

mixing equations (Fauro, 1980
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The main objectives of this chapter are:

1. to exa¡nine the usofulness of strontium isotopes 187srlóSr¡ as a quantitative

physical groundwater mixing tracer. to validate the õ3aS and õlsOsoo'- isotopes

results;

2. to assess the extent and t¡les of chemical reactions occurring between carbonato

minerals and groundwater.in the unconfined Murray Group Aquifer, and to

elucidate the affect of these reactions on overall groundwater.chemisky.

3. to detennine the importance of carbonato-water.interaction when calculating laC

agos of groundwater in the Murray Group Aquifer.

5.2 Background

Strontir¡:n is an ubiquitous minor eloment in the earth's crust. Its concenhation in

cornmon rock t¡res is typically a fow hr¡ndred parts per million (Turekian and Kulp,

1956). Tho ionic radius of Sl+ (1.13 Ä,) is similar to that of C** (0.99 Ä) and

theroforo Sf* can roplace C** inmany Ca bearing minerals ( e.g. carbonates and

plagioclase). The conconhation of Sl+ in Ca-boaring minerals is higherthan in K-

bearing minerals (e.g. mica and K-foldspar). Thus, Sf* concentrations and isotopic

ratios can be used as geochenrical hacers to assist in doterrnining tho origin and

conditions of diagonesis of carbonate rocks and minerals @aker. et al., 1982).
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Tho Sf* concenfration in carbonate minerals varios over.time due to diagenesis after

precipitation. As groundwater flows through a marine carbonate aquifer, geochomical

processes such as dissolution and recrystallisation occrr. Aragonite and high Mg-calcito

convert to a more stablo form of low-Mg-calcite Qlanshaw and Back, 1979). Because

Sf* ions fit more readily in tho orthorhombic aragonite structure than the rhombohedral

calcite shucture, Sl* is partially rejected from the recrystallisation matorials. The

observod increase of Sf* content in grormdwater.along infemed flowpaths in carbonato

aquifors has boen thought to result from this process (Plummer.ot aI.,1,976; Hanshaw

and Back, 1979).

Skontinm has four. stablo isotopes MSr.10.5S%o¡,8651 
19.867o¡, 

88Sr 
182.5 9%) and

ffiSrçe .99o/o). 87Sr/86Sr ratios vary in minerals over a wide range from - 0.700 to -1.000,

depending on their age and initial Sf* and Rb2n conce,ntration. While the saSr, tusr, ttsr

isotopes do not chango in abundanco with time, sTSr increases with time as a result of

its production from the radioactive decay of 87Rb, with a half life of 4.9x10r0 yoars.

Therofore, the 87Sr.pool is derived from two differont sourcos: (l) non-radioge,nic 87Sr

which is forrned in tho cosmos at tho sarne time as othor Sl* isotopes, and (2)

radiogonic sTSr.which is formed due to radioactive decay of vRb. The relative amount

of these two sources of 87Sr. to the total Sl* pool determines the final 875r/865r ratio of

minerals.

Rubidir¡n ions have a similar ionic radius to potassir.r:n, and can replaco potassium ions

in K-bearing minorals. The high Rb2*/ Sl+ ratio in K-boaring minorals rosults in greater
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radiogenic sTSrproduction, causing a relatively highor 875r/865r.ratio than minerals with a

low Rb2*/ Sl*ratio. Ca-bearing minerals generally have a lower Rb2+/ Sf+ratio.

Hence, their sTsr/86Sr.ratio is lower.than that in the K-bearing minerals. Figure 5.1

shows the evolution of eSr/86Sr values for throe minorals with initial Rb'z./ Sy'*ratios of

30, 10, l respectively, eachwithaninitialrsr/86srof 0,704. Eachof thethreeminerals

wilt havo different 87sr/86srratios, depending on the initial Rb2+/ Sl* and tho elapsed

time as 87Rb decays to 87Sr.

1.2

1.1

1.0

0.9

0.8

0.7

0 2N 400 600 800 1000 1200

Time (Millions ofyears)

Fig 5.1 The 87sr/s6Sr.ovolution diagrarn, based on three hypothotical minerals formed
1000 million yoars ago. Each had the same initial 87sr/86sr.ratio of 0.704 but different
Rb/Sr conteirts. Over. time their 8?Sr/8ósrratios change due to 87Rb decay.

li{(A
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Rb/Sr:30
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165

Strontir¡m ions in marine carbonate minerals are derived from dissolved Sf* in sea

water. The Sl* concentration and 87sr/t6sr ratio in sea wator has varied systematically

ovettime due to changes in fluxes of Sy'*from.various rivers draining the continents, as

well as input from hydrothermal vent waters. The 87sr/8ósr ratio of sea water.has

fluctuated between 0.7068 and0.7092 over the last 600 million years (Burke et a1.,

1982; Hess et al., 1986). Rivers supply more radiogenic S1* than hydrothermal fluids

duo to the weathering of various continental formations (Krishnaswami et al., 1992).

The 87sr/s6Srratio of carbonate minerals formed in marino environrnents has an identical

esr/86sr ratio to that of sea water at the time of deposition (Faure, 1936). The 87Sr/8óSr

ratio for the Miocene carbonates of the Murray Group Aquifer range from 0.7082 to

0.7090 (Ilodell, 1991).

Strontium dissolvod in rainfall is derived from aerosol sea spray and wind blown dust

from the interiot of the continent. Aerosols composed of sea salt have a marine

87sr/8óstratio and are typically soveral micrometers in diametor (Georgü, 1978). Those

aerosols are removed from the afunosphere by rainfall and dry fallout. Thoroforo the

87sr/s6srratio of rainfall noar the coast approximates the present day ocoan 875r/865r.

ratio (- 0.7092-Bruke ot al., 1982; Hodell ot a1., 1990). Rapid re,rnoval of these aorosols

in coastal regions by rainfall causes a decreaso in their contribution to the Sf* pool in

the atmosphere further.inland (Graustein, 7987). Wind blown dust firrther inland,

contributos significant amounts of alkali earth elements, including Sf*, to rainfall.

Previous studios for¡nd that at least 50% of Sl* in rainfall further inland is derived from

the weathering of soil minerals (Soimbill et al., 1988; Herut etal.,1993). Seimbill et al.
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(1988) have fowrd that the major compone,nt of S1* in rainfall in Paris, France, is

derivod from dissolution of limostone present in soil dust. Herut et al. (1993) dorivod

an analytical equation to quantifu the contribution of S1* from various sources to the

Sl*pool in rainfall in Israel, and concluded that > 50o/, of Slt is derived from recent

marino minerals and mineral dust orodod from rock outcrops and soil. Simpson and

Horczog (1994) studied tho hansport of marine chloride in procipitation in the Murray

Basin and concluded that 50% of Cl- ions were derived from continontal dust rosulting

in high CaïNa* ratios of rainfall. It is likely that Sl+ ions further.inland in the study

area also exhibit similar.behavior¡r. and may also bo derivod from similar sources.

Strontium dissolved in groundwater.is initially derived from rainfall followod by

dissolution of minerals in the t¡nsaturatod and saturated zone. Atthough in somo

surface waters the flux of ahospherically derived strontium may exceed the flux from

minoral dissolution (Graustein and Artnstong, 1983), the latter.usually is tho larger

source by a factor. of ten or more (Brass 1976), especially in groundwater. Therofore

the 875r/865r ratio in groundwater.is more likely to roflect the 87sr/s6srratio of the

minerals in the soil and aquifer.matrix, rather.than tho initial sf" input from the rainfall.

Given that various minerals in a rock have differont 87sr/8ósr ratios, the 875r/865r. ratio of

wator in contact with the rock will probably differ from that of the bulk rock bocause of

difforences in the ratos at which difforent minorals release shontium. The rolativo rate

depends onminoral solubility and the chomical onvironment in the soil and aquifer

matrix (Bullen et al., 1996). The esr/86Sr.ratio roloased into solution may bo higher

(Goldich and Gast, 1966) or.lower (Brass, 1975) than that of the bulk rock. However
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Jones and Faure (1978) found that the observed 875./86Sr ratio in runoff is usually

similar to the isotopic composition of the host whole rock.

The strontium isotopes in groundwater, unlike light isotopes, are not affected by mass

fractionation. The ttsr/*6sr ratio, therefore, reflects the relative contribution of Sr2*

from different minerals that are in contact with groundwater, as well as evapo-

concentration of dissolved Sr2* in rainfall.

A schematic diagram for the possible sources of Sr2* in the Murray and Renmark

Group aquifer is shown in Fig. 5.2. Because the Murray Group Aquifer consists of

carbonate minerals of Tertiary age, the tTSr/*uSr ratio of groundwater should approach

that of the carbonate minerals, providing the groundwater and carbonate rocks have

reached chemical and isotopic equilibrium. In contrast, the Renmark Group Aquifer

consists of Paleocene continental deposits which originated from much older rocks than

the Tertiary carbonates. Therefor" 87sr/t6sr ratios of groundwater from the Renmark

Group Aquifer reflect the more radiogenic silicate minerals. Thus, groundwater in this

aquifer will have a 
87Sr/8óSr ratio higher than in the Murray Group Aquifer (e.g. >

0.7092). The distinct 875r/865r ratio of groundwater in the two aquifer systems may

permit the identification of mixing zones and allow mixing proportions to be

calculated.



168

Fig. 5.2 Schematic diagram showing various sources of Sl- in the Murray Group and
Re,nmark Group aquifers.

Sr derived from marine aerosol and
Rainfall

wind blown dust

Sr isotope derived from
carbonate minerals of 0.7085
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Unsaturated zone
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bearing minerals dominate

Murray Group Aquifer

Srisotope ratio depends on Rb/Sr, 87Rb

decays to 87Sr.with Tlrtz¡:4.88 x 1010 Yrs

Renmark Group (Continental). Mainly quartz sand and
siltstone. Percentage of Rb bearing minerals is higher than

the Murray Group Aquifer

Confined Aquifer
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5.3 Previous Studies

A considerable amount of work has been done involving Sf* isotopes in various

aspects of surface and groundwator hydrology. These include: the estimation of

aünospheric hansport of Sf* and tho weathering budget inwatershods (Graustein and

Armshong, 1983; Aborg et a1., 1989; Wickman and Jacls, 1992); investigation of

geochemical cycles of Sf* in sea water, and the causes for variation of its 873r/865r ratio

over geological time (Brass, 1975,1.976; Burke et al., 1982; Hodell et al., 1990; Hodell

ot al., 1991); investigation of the origin of brinos in shield environme,nts (McNutt, 1987;

McNutt et al., 1984, 1987,1990); study of the ovolution and migration of brinos in

sedimentary basins, and brines associated with oil fïelds (Chaudhuri,'1.978, Sass and

Starinsþ 1979; Starinsky et a1.,1983; Stueber ot al., 1984; Chaudhwi et al., 1987,

Chaudhuri and Clauer,1993) and the study of the conditions of diagenesis of carbonate

rocks and minerals (Baker et a1., 1982; James et a1., 1993). Dospite the investigations

e,rnploying flSr/86sr in groundwater in saline wators, few studies have bee,n conducted

on the use of 875r/865r. 
as a tracer.in fresh or brackish groundwaters. For. example,

Jorgonsen and Martin (1995) have successfully used 875r/865r.ratios as mixing kacers to

delineate the origin of saline groundwator.in the east coast of Jutland in Dorimark.

Collerson ot al. (1988) found that the tTSr/8uSr ratio evolves towards more radiogonic

875r/865rratios along the inferred flow lines in the Great Artesian Basin in Auskalia.

Negrel etaI. (1997) also used the 87sr/s6srratios as a mixing tracer, and studied the

effoct of mineral water intoraction on groundwater chemistry of the Massif Cenfral, in

Franco.
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5.4 Results

5.4.1Geochemical and tTSr/t6Sr ratio of rock samples

Calcium.concentrations in the bulkrock samples from four.drillholos into the Murray

Group Aquiferrange from574+ 9l mmol/kg to 867t 110 mmol/kg, and S1*

conce,ntrations range from 3.41+ 0.24 to5.3l+ 0.8 mmoVkg rospectively. Theso values

are much higher.than the corresponding mean C*+ andsf* conconftation from the

Renmark Group Aquiferwhich nmge from 82f35 to232 + 54 rnmol1kg, and from

1,6+0.2 to 2.5 + 0.34 mmoVkg respectivoþ. Higher C** andsf+ concentrations in the

Murray Group Aquifer, are due to tho fact that tho aquifetmakix mainly consists of

carbonate minerals which havo higher C** andsf+ concenkations than silicato

minerals.

ffiSr/86sr.values for the carbonate componont, silicate minerals, and the bulk aquifer.

rocks of the Murray Group and Renmark Group are presented in Table 5.1. The

r5r/86sr value of the whole rock in tho Murray Group Aquifer.represents the arnount

weighted avorage 87sr/s6srvalue of all minerals fomring tho aquifer.rocks. lho 873r/86sr

ratio in calcite ranges from 0.708 4 to 0.7087, whereas the 87Sr/8óSr.ratio in residual

silicatos ranges from 0.7101 to 0.7111.

Variation of 875r/865r ratios of the carbonate çsmponent in the Murray Group Aquifor

(table 5.1) could be due to the increase in age down tho drillhole, thus ropresenting



TABLE 5.1 87Sr/E6Sr isoüope ratio and Sf+ cohcehtration of aquifer maliix from the Murray Group and Rehmark Group aquifer,
The registered bore number is the South Ausûalian Departrnent of Mines and Energy registered number. The Sf* cohcehtratioh ih
grouhdwater is in milligrams per litre and its concehliation in rock samples is in mno[&g. Errors for 87srf6sr ratio are?s mean ahd

apply ûo the last decimal place.

Depth from
Well ID surface (m)

Sr Conc. in
grouhdwater

m9ll

Sr Cohc.

in calcite

1,.71

2.7s
3.44

2.29

3.24

1.19

Sr Conc. in
silicates

ETsr/E6sr

in calcite

87sil6sr

silicates

0.77014+70
0.77021t s
0.77102+ll
0.71134+ 7
0.71186! s
0.71185+11

0.71271+ 6

0.711,12+ 4

0.77402+ 7

0.71236r. 8

0.711851 5

0.71402+15
0.71214t22
0.72015+21

stsrl6sr

in bulk rock

¡.7695!+t l
0.70878+ 7

0.70890r I
0.70917X 4

0.70913! 3
0.70911+ 8

0.70934+ 6

0.70907+ 7

0.70934+ 4
0.70924! 7
0.709191 8

0.t0917+ 7

0.70946t 6
0.70998+ I

Murray Group Aquifer

6929423 84

6929-423 64

6928-s42 88

6927-588 88

692748 86

7027-s86 88

7026-tll 122

7026-lL3 88

Rehmark Group Aquifer

7026-111 214
6927-s88 204
7027-s85 220
7026-lL2 220
6928-s42 220
6929423 220

5.50

4.81

1.18

1.12

1.43

1.20

0.96

0.99

0.53

0.50

0.40
0.59
0.04
0.58

(rnmolkg)

0.2s

0.68

0.72

0.46

0.57

0.22

0.70847!6
0.70843r5
0.70884t4
0.70863+6

0.70863+4
0.70879+8

0.70865+6

0.70862!s

0.70842+7
0.70841+7
0.70872+8
0.70824t7
0.70842X6

0.70908r9

\¡
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variations in the 873r/865r ratio of sea water during the Tortiary period. The observed

vSr/8ósrratios of the carbonates in the Murray Group Aquifer makix are consistent

with tho Tertiary ago carbonato rsr/8óSr.ratio, vrhichrange from 0.7082to 0.7090

throughout the Mioce,no (Ilodoll, 1991).

The 87sr/86sr.values for carbonato in the Renmark Group Aquifer are more variablo than

tho Murray Group carbonatos and range from 0.7082 to 0.7090. Carbonate minorals in

the Renmark Group Aquiferoriginato from two different sowces:

1. allochthonous carbonato minorals older. than Tortiary carbonates, depositod with the

originat Renmark Group continental deposit. The 875r/865r.ratio of this componont

depends on the age of the carbonate minorals.

2. calcito procipitated from the groundwater. 87sr/8ósrvaluos of this component aro

similar to the groundwater 87Sr/8óSr ratio, and vary as a frmction of distanco down

gradient.

The 875r/865r ratios for silicate minerals (plagioclaso and clay minerals) aro more

radiogenic than the eSr/86Sr.ratios of carbonate minorals in both aquifers. Tho 875r/86sr

ratio of silicato minorals in the Murray Group Aquifer.range from 0.71,02 to 0.7127 and

is less radiogenic than the 87sr/s6sr ratio of silicatos in the Renmark Group Aquifer,

which rango from 0.7118 to 0.7140.
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Table 5.2Mean strontium and calcium concenhation from the Murray Group and
Ronmark Gto.tp core cuttings in four drill holes. Registerod nwnber is the abbreviated
Rogistered Bore number. of South Aushalian Deparhnent of Minos and Energy.
Conce,nkation of Sf* and C** are expressed in mmol,1kg.

Well ID No. of samples (n) S/- C** Sr/Cax 1000

mrnol,lkg mmol4<g

Murray Group Aquifor.

7026-tl3 5

7026-ttt 5
6927-588 7
6928-567 8

Re,nmark Group Aquifer

7026-t72
6927 -tt0
6927 -587
6928-542

3.4 + 0.2
2.6 ! 0.2
5.0 + 0.5
5.3 + 0.8

1.6 + 0.2
2.5 + 0.3
3.0 + 0.9
1.7 + 0.6

130 + 38
230 + 54
130 r lt
80+35

4.0 + 0.3
5.0 + 0.7
5.0 + 0.6
6.0 + 1.0

13 + 4.0
9 +0.9
l0 + 4.0
20 t 4.0

110

t
+
+
+

850
s70
720
870

0.3
9t
l5

4
4
5

4

The carbon-I3 composition (ôt3C) of carbonates for.17 specimens collected from

cuttings and coros of 4 drill holes from tho Murray Group Aquifermatrix ranged from

-2.2o/oo to 2.4 o/oo ralative to PDB (X: 0.8, n : 17). The õr3C values of carbonate

rninerals in the Munay Group Aquifor aro similar.to those of biogenic carbonates in the

goologically equivale,nt GambierLimestono in the Otway Basin, South Australia (Jarnes

ot al., 1993)

5.4.2 Results of the tTsr/tusr ratio of groundwater

Concontrations of dissolved C** andsf* in the Muray Group Aquifer.rango from

0.58mmoVl to 17.6 mmol/l and from 2¡tmoVlto 793pmoL/l respectively. Concentuation

af C** and Sf+ in the Renmark Group Aquifer. aro lower and rango from 0.18 mmoVl

ta 15.14 mmoVl and O.5pmol/l to 383prnoVl (Table 5.3).



174

Table 5.3. 87sr/86Srratio, ôl3C and SÉ*, Ca2* concenhation in the groundwater from the

Murray and Renmark Group aquifers. The rogisterod nr¡mber vrith (") is the Victorian
Sinclair.Ifuight Merz (groundrrater database number), andthe abbreviated Registered
Bore number of the South Australian Deparhnent of Mnes and Energy, e.g. (6929-
423). S?+ andC** conce,ntrations are expressed in mmol/I, anAS?*/C** is the molar.

ratio. The ôr3C is the carbon-13 composition of the DIC (CO2, HCO¡-, CO¡-2 )
oxpressod in per mil notation relative to standard PDB. Errors for the 87Sr/s6Srratio are

2o moan and apply to the last decimal placo.

Well Reg.
No.

Well Ca2* sf* sfYca'z* tsrÆsr ô13c

(mmol/l) (pmoVl) (molar ratio) (%q PDB)
ID

Munay Group Açifer
69722* Ml
61930* M2
77850* M3
lll32l* M4
67829* M5
51846* M6
92808+ M7
50946* M8
60610t M9
79530+ M10
60436* M-12
8n4t* M13
75651* Ml4
't5365* M15
75357* Ml6
60450* Mr7
58079* M19
98297* N420

103369+ lvl2l
98254* M22
49951* M23
49952* lvl24
49950+ M25
66411* M26
54642* l\Ã27

54636* M28
61571* llvúì0

65758* lrvfill
77799+ Nt32
7026-113 M33
1026-110 Nß4
7027-566 M35
1027450 M36
702'1406 l\t131

rcn-592 M38
7027-5y7 Ivß9
7027.6,69 M40
7027-602 M4l
70n405 i!{f'42

7027-586 M43

0.94
1.28
2.32
2.72
t.66
2.03
t38
1.80
l.t9
1.87
2.tt
1.96
1.74
2.31
2.05
1.82
1.63

t.47
1.55
1.44
0.96
0.58
0.58
2.09
l.3l
1.43
1.33
1.39
l.5l
t.r2
7.42
1.61
t.37
1.43

l.15
1.02
0.66
1.05
1.16
1.34

0.015
0.040
0.008
0.005
0.005
0.007
0.009
0.007
0.008
0.007
0.011
0.011
0.012
0.017
0.017
0.013
0.005
0.013
0.004
0.010
0.012
0.015
0.015
0.006
0.008
0.008
0.016
0.009
0.012
0.010
0.008
0.006
0.004
0.010
0.010
0.006
0.003
0.006
0.004
0.010

l5
52
19

t4
9

74
t6
l3
l0
13

24
2t
20
40
34
24

9

19

6
14
11

9
9

l3
10

t1
27
13

19

ll
lr
ll
6

74
12

6
2
6
5

t4

0.708651 4
0:10876+ 4

030923+. 8

0.70923+ 10

0.70891r 6

0.70899+ 5

0.709151 7
0.709091 6
0.70899+ 4
o:70924X tt

-5.9
4.2
-3.9
4.4
-5.7
3.7
-2.9
-3.4

4.6
-9.2
-1.5

-3.3

-9.8
-3.1

4.8

-1.6
-3.7
:l.l
4.7
-2.8
.J.J

-5.6
-5.6
-5.6
-7.9
-6.8

0.70924l. 7
0.70972t 5
030892X 4
0.70931+ 6
0.70903r 8
0.70931+ 4
0.70915+ 1
0.709101 5

0.708961 5

0.708971 6
0.708881 3

0.70888J 4
0.70903r l5
0.70951r l7

0.70894f ll
0.10932X 4

0:1092'lt 7
0.70986t 7
010921+ 4
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Table 5.3 Contd.

Well Reg.
No.

Well Czz* Sl* Sf*/CaF ttsrfusr ôt3c
ID.

(mmol/l) (pmol/l) (molarratio) (%q PDB)

7027-579
6827-1536
1026-120
6927-59t
6927-644
6927-590
6921-588
6927401
6928-567
692847t
692849
6928-260
1025422
6928477
6928-27
6828-1 12

6928-528
6928424
6929-154
6929-169
6928-2
49671*
64363+
6929-356
85570*
81833*
86't15*
6929:700
6929:7tt
6929:7t2
6929:7tO
6929-702
6929-701
6929-684
692945t
6929{82
6929{,85
6929{,86
69294n
6929-689
6929-697
6929-692
6929-693
6929-tOß
6929-t041
6929-7082

1.73
r.55
1.62
r.26
1.92
t.87
2.01
1.40
1.08
t.62
1.22
1.10
2.03
t.71
1.80
t.52
r.63
t.66
l.l6
1.45
2.08
1.06
1.28

10.0E

5.66
10.43
11.15

9.43
11.78
13.45
15.54
15.82
t7.17
16.14
17.89
t1.94
t'7.61
7't.27
14.42
72.s5
12.03

9.33
6.34
9.58
6.59
9.83

0.005
0.015
0.010
0.016
0.009
0.009
0.006
0.007
0.012
0.009
0.021
0.010
0.016
0.031
0.031
0.029
0.043
0.044
0.047
0.043
0.049
0.024
0.026
0.019
0.050
o.076
0.069
0.023
0.019
0.017
0.017
0.016
0.015
0.017
0.015
0.015
0.016
0.017
0.019
0.018
0.018
0.019
0.023
0.023
0.027
0.030

It./44
M45
il/',46
M47
M48
M49
Ms0
M5l
M:s2
M53
M54
M55
i|l51
M58
M59
M60
M61
I0{f62

M63
Ml64
M65
M66
I0'd67

M68
M69
il'f70
M7l
l0/f73

i["d74

iùi{75
jl'f?6

M77
M78
Ìvd79

M80
M81
M82
M83
M84
M85
M86
M87
M88
M89
M90
M9l

9

23
16

2l
l7
16

l3
l0
t4
15

26
ll
34
53

56
44
70
73
55

63

toz
25
34

188

287
793
770
216
220
237
27t
253
268
n7
277
277
284
293
279
226
221
178

146
225
180

293

9

1l
8

t4

0.70912+ 7
0.709061 5

030924+ I
0.70880+ 5

010935t t9
0.7095rr 9

0.70933t 4
0.709031 9
0.70911r 8

0.708841 6
0.70911+ 4
0.70916+ 5

0j0871t 7
030865+ 7
0.708681 9

0.708661 4
0.70866+ 4
0.70870t 5

0.708961 4
0.708821 4
0.71122t 4
0.708681 9

0.70850t 7
0.708511 4
0.709851 9

0:71062t 6
031107t 4
0.71104r I
0:70975t 1
0.77117! 4
0.7r114r10
0.710901 5

0.71072t 6
0.71004t 1
0.709911 4
0.71018+ 9

0.71023+ 22
0.710111 4
0.710151 8
0.70881+ 8

0.709631 8
030942+ 4
0.709151 10

0.709331 7
0.708951 9

-4.9
4.2
4.t
-5.8
-5.3

-5.4
-5.4
:7.5

-5.5
:7.5

-5.4
-5.9
-7.6
-6.r
-6.8
4.4
-5.0

:7.5

-8.0
-1.0
-2.7

-3.7
:7.5

Renma¡k Group Aquifer
67847* Rl
60623* R2
48554* R3
75669* R4

0.87
0.43
0.72
1.61

0.010
0.026
0.010
0.009
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Table 5.3 Contd.

WeltReg.
No.

u* sf*Well
ID.

(mmol/l) (pmol/l) (molar ratio)

sf*/ca2* tslusr õr3c

(%", PDB)

58lu*
7026-tt2
7026-ttt
66416*
7027-585
6927-588
6928-542
6827-1530
6929-423
49676*
7028469
109458*
6929:760
6829-992
81832*
104800*
86'774*

1.41
1.41
7.28
0.31
0.35
0.98
0.16
0.18
0.44
t.73
0.09
1.53
8.83
7.14

I1.63
13.45
15.t4

0.009
0.005
0.005
0.016
0.013
0.006
0.003
0,006
0.016
0.021
0.356
0.023
0.018
0.021
0.021
0.021
0.018

R5
R7
R8
R9
Rl0
Rtl
Rr2
Rl3
Rl4
Rls
Rr6
R17
Rl8
Rl9
R20
R2l
R'22

t3
6

6
5

5

6
0.

I
7

37
JJ

35

159
148

310
383
282

5

0.709391 8
0.70969t 3

0.70969r. 6
0.709851 8

0.7095611I

0.10926t 4
0.70950a 3

0.70948+ 4
0.1llt7+tz
0.71092X I

o3lt22t 5

0.710841 8

0.711081 9

0.71167+ 4
0:tt792t 6

The 87sr/86Sr.ratio in groundwater from the Mu:ray Group Aquifor ranges from.0.7084

to 0.7112. Based on the Sf* concentrations, groundwater in the Murray Group

Aquifotis divided into two groups (Fig. 5.3). The 87sr/s6Sr ratio of groundwater of the

first group tends to decrease with an increase in Sl* concenhation, approaching a value

of 0.7085 which is equivalent to the av€rage 87sr/s6srratio of Tertiary ago carbonate.

Gror¡ndwaters of this group are located to tho south and central part of the study area

(ZanaA). The ffiSr/s6srratios of tho second group are independent of Sl*

concentration and range from 0.7088 to 0.7112 vrith a Sf+ concenhation of 146¡rmoVl

to 293¡tmoVl. Groundwators of this group are located in the northern part of the study

¿rea neatr tho River Murray (ZoneB).
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The 87sr/s6Sr ratios of groundwater. in the Renmark Group Aquifor in ZaneB aro groater.

than the present day ocean 87Sr/86Sr ratio of 0.7092, and ge,nerally higher than that

observed for. the Murray Group Aquifer. Howovor, in tho south and southeastem part

of the study araa (Zana A) there is no clear distinction between tho 87sr/s6srratios in

the Murray and Ronmark Group aquifors. The highest 87sr/8óSr.valuo in the Renmark

Group Aquifer is 0.771,2, atwell R18 located in the centre of the Woolpunda

groundwater.mound tn Zone B (Fig. 1.2).

0.7175

0.7110

0.7105

0.7100

0.7090

0.7085

I 10 100 1000

Sf* pmoVl

Fig. 5.3. Tho 875r/865r ratio vs. Sf* concentration of groundwater from tho Murray
Group Aquifer. The data is divided into two distinct groups. Tho 87sr/s6Sr ratio of
gror.rndwators from.tho south and central part of the study araa (Zone A) decroase with
increase in Sl* conce,nkation. Groundwaters that havo a relatively high 15r/865r ¡atio
are located to the northern part of the sfudy area (ZoneB).
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5.5 Discussion

5.5.1 875r/865r of groundwater of the Murray Group Aquifer (Zone A)

5.5.LI Thevariationof Sr2+/Ca2+ on¿875r¡S6srratioswithdepthbelowthewater
table

Changes in the concentration of major ions and ttsr/tusr ratio of the unconfined Murray

Group Aquifer may be related to the sampling interval below the water table.

Generally, groundwater in regional unconfined aquifers is characterised by three flow

regimes; local, intermediate and regional. These flow regimes may have different

chemical composition and concentrations of major ions depending on many factors as

discussed in chapters 2 and 3. The type of the flow regime that prevails at a specific

sampling interval therefore may control the concentration and chemical composition of

groundwater. Determining whether the spatial variation of Sl*/Ca2* and 87Sr/8óSr ratios

are due to hydrochemical and/or physical processes, or whether it is an artefact of

sampling methodology, is essential for the discussion of Sl*/Ca2* and stsr/t6Sr ratios in

the following sections.

Groundwater from various depths below the water table of the Murray Group Aquifer

were obtained from three boreholes along the hydraulic gradient (Fig. 2.1). The depth

to the water t¿ble from the surface in the bores MH3, MH2 and MHl were 68.3m,

63.8m and 28.3m respectively. The sites were selected along the hydraulic gradient

due to the difference in the concentration of the major ions and depth to the water table

in the boreholes.
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The results of Sl*/Ca2* and ttsr/t6Sr ratios of the groundwater from discrete intervals

below the water table in boreholes (MHl ,}l4.H2, MH3) are presented in the following

table

Table 5.4. 875r/865r ratio and Sl* and Caz* concentrations in the groundwater from
discrete intervals below the water table in the Murray Group Aquifer. Sl* and Ca2*

concentrations are expressed in mmol/I, and Sl*/Ca2* is the molar ratio. Errors for the
ttsr/tusr ratio are 2o mean and apply to the last decimal place.

Depth
(m)

c** ci*ts?. ttsr/tusr Error
(mmol/l)

sl*

MHI
JJ

36

39
48

57

66

MH2
72

75
78

87

93

102

MH3
84

87

90
99

108

114

l.t7
0.46
1.15

1.29
1,47

1.40

0.66
0.73

0.61

0.88
0.8s
1.00

1,47

1.57

r.42
t.2r
1.30
1.32

0.016
0.006
0.017
0.020
0.019
0.020

0.014
0.015
0.015
0.016
0.013
0.015

0.007
0.00s
0.005
0.006
0.006
0.008

0.011

0.007
0.008
0.007
0.007
0.008

0.013

0.013
0.012
0.013
0.012
0.011

0.009
0.008
0.008
0.011

0.009
0.008

0.70922
0.70924
0.70924
0.70926
0.70922
0.70924

0.70890
0.70890
0.7089s
0.70892
0.70895
0.70892

0.70898
0.70900
0.70900
0.70899
0.70898
0.70898

+4
+3

+6
+5

+4
+4

*3
+3

+4
+3

*4
+5

+5
+3

+3
+3

+5
+4

The depth profiles (Fig.s.a) for the boreholes indicate that there are no significant

variations in both Sf*lC** and 875r/*65r ratios with depth. The variation in St'*

concentration is smaller than the anal¡ical uncertainty. This is also true for the 875r/865r

ratio which remains relatively constant below the water table. The slight variation of
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Sl* /Ca2* ratio below the water table may indicate that the concentration of both Sl*

and Ca2* ions in the Murray Group Aquifer is controlled by calcite equilibrium. These

results suggest that although the sampling interval may slightly affect the Sl*/Ca2*

ratio, it does not have a significant effect on the 875r/865r ratio.

Sr2+ lCaz+ molar ratio
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Fig. 5.4 Prof,rles of Sl*/Ca2* and 875r/865r ratio measured in discrete intervals below
the water table in the Murray Group Aquifer.
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5.5.1.2 Sources of dissolved 9r'" in groundwater

Dissolved Sl* in groundwator from tho Mu:ray Group Aquiforis derived from two

sourcos; (1) initial Sl+ concentation in rainfall, and (2) Sf* derived from dissolution of

minorals in the r¡nsafurated and saturated zonos. The concentration of Sfi in rainfall in

the study aroa is unknown. Several measurements of Sf+ concentration in rainfall from

various parts of the world show Sf+ conce,nhations aro generally low and can vary over

two orders ofmagnitude from 2xl}a to 3 x 10-tmg/t (Seimbille et a1., 1988; Horut et

aI.,1993; Bullen et a1.,1996). The much higher Sf* concenkations in groundwater are

conhollod mainly by; (1) evapotranspiration and (2) mineral dissolution that results in

addition of Sf* to the water.

Brass (1976) for¡nd that the Sf* dissolved in surface water.is derived from dissolution

of minerals and is the larger. sourco by a factor of ton or more, relative to tho initial Sfi

in rainfall. Regardless of the initial concentration of Sl* in rainfall, evapotranspiration

prior to recharge will increase tho Sl+ conce,ntration above that of rainfall. Although

evapohanspiration does not change the vsr/86sr ratio of growrdwator, mineral

dissolution modifios tho 87sr/s6srratio depending on the 87sr/s6sr ratio in tho minerals

reacting with the soil water or groundwater. Therofore, the change of tho rSr/8óSr tatio

in groundwator.from that of rainfall is only dependent on the rock 87sr/86Sr.ratio, and

the extent of the groundwater.mineral roactions. If no dissolution of aquiferrocks

occurs, tl e 875r/865r ratio in tho groundwator should rosomble that of 873r/865r in rainfall.
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Groundwaters from the Murray Group Aquifer which have a low Sl* concentration

display relatively more radiogenic ttSr/t6Sr ratios compared to groundwater with a

higher Sl* concentration (Fig. 5.5).

0.7100

0.7096

0.7092

0.7084
1 1rl 1û0 10.1C

Sl* ¡rmoll

Fig. 5.5 The 875r/865r ratio vs. Sl* concentration in the Murray Group Aquifer from
Zone A. Groundwaters that have a low Sl* concentration are more radiogenic than
groundwaters that have a higher Sl* concentràtion.

The distribution of 8tsr/tusr ratios and Sl*concentration in the Munay Group Aquifer

from the south and central part of the study area (Zone A) may be explained by mixing

between the two end members; (1) water that derives Sl* from carbonate minerals

having an average Tertiary age ttsr/tusr ratio of - 0.7085 , and (2) water that derives

Sl* from silicates with a ttsr/tusr ratio of - 0.7110. The observedttSr/t6sr ratio in
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groundwater represents a mixture of these two end members depending on the

contributions of each to the groundwater

Dissolution of carbonate minerals in the Murray Group Aquifer can initially occur as a

result of reaction with soil water charged with high pCO, in the soil zone (-tO-"to l0-

2 5 atm. - Dighton and Allison, 1985). This results in an increase of Ca2*, Mg2* and Sl*

concentration relative to infiltrating rainfall and a change in the St'*/Ca2* ratio,

depending on the Sr2*/Ca2* ratio in the carbonate minerals and in the initial soil water.

The Sl*/Ca2* molar ratio in groundwater of the Murray Group Aquifer progressively

increases from 4 x10-3 to 8 xl0-2 with a decrease in the ttsr/t6sr ratio (Fig. 5.6). The

Sf*lcaz* ratio in carbonate and silicate minerals from the aquifer matrix in the Murray

Group Aquifer is = 5 x10r ( Table 5.2) and is significantly lower than the Sf*lct*

ratio in most of the groundwaters. It appears, therefore, that congruent dissolution of

carbonate and/or dissolution of silicate minerals alone cannot explain the high Sf lC**

ratio in the groundwaters of the Murray Group Aquifer. The possible mechanisms that

can result in the observed ttsr/tusr and Sl*/Ca2* ratio relationship are; (1) addition of

recharge water having a relatively high Sl./C û* ralio relative to laterally flowing

groundwater, and (2) incongruent dissolution of carbonate minerals.
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0.7100

0.709s

0.7090

0.7085

0 0.02 0.04

S?+tC*+ molarratio

0.06 0.08

Fig. 5.6 87sr/susr 
vs . S?*lC** ratio in the groundwater and in the aquifer.makix from

the Murray Group Aquifor. Note that the Sf*/C*+ ratio for.the groundwaters that
have relativeþ more radiogenic 875r/865r ratio fall between the carbonate and silicate
minerals.

5.5.1.2.1 Addition of rechargewater to groundwater

Chloride conce,ntrations and ð3aS and õl8osoo'- composition in the Muray Group

Aquifer indicated the importance of conkibution of dissolved salt via local recharge

relative to the dissolvod salt derivod from laterally flowing groundwaterinmodiffing

the chemical composition of the groundwater. Thereforo, the variation in Sf+/C** and

rsr/86sr.ratios in groundwater of the Murray Gtoup Aquifer.may also be causod by

addition of local recharge to a laterally flowing groundwater The Sf+/C** and flSr/86sr
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ratio for the two end membsrs can be obtained from Fig. 5.5. Lateraþ flowing
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groundwater\Ãrill be represented by a low S?*/C** ratio range of 0.005 to 0.01, similar

to that of the groundwater.in the south and south-east of Zono A at the basin margin.

Local rochargo, on the other. hand is represe'nted by a higher Sf */C** ratio of 0.075

similar. to groundwater from the northom part of Zane A (Well M70). The

combination of evapohanspiration and calcito precipitation from.tho soil water rosults

in the relativoly high Sl?C** ratio in soil water.recharging ttro aquifer.

It has alroady been established that evapotranspiration is rosponsible for.tho increase of

major ion concentrations in soil wator (chapter 3). Furthennore, it has been proposed

that the Ca2+ concentration in soil watoris conholled by calcite equilibrium at tho earþ

stagesof evapohanspiration(HerczegandLyons, 1991). Thoinitial Sf*/C** ratioin

soil wator. at the earþ stages of hanspiration is preserved and remains unchanged r:ntil

the waterroaches calcite oquilibrium. When tho water loss oxceeds calcite saturation the

ratio starts to incroase due to the romoval of Ca2* by calcite precipitation.

Considering tho Cl- concenfration in the unsaturated zono as an indicator of the extont

in which water.is transpirod and concentrated, the amount of water lost in the

unsatwatod zono from the cenhal and northern part of the study area is about 99.9o/r,

assuming an average Cl- conce,nhation of 6,000 mg/l in tho soil water (Cook et al.,

1992). Herczag and Lyons (1991) estimated the amount of water.loss in order to reach

calcite equilibrium from various starting solutions in the Murray Basin. In the case of

rainwater, they found that calcite oquilibrium is achieved after approximately 70% loss

of initial water. This is much lower than the valuo obtained fortotal waterloss in the
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unsaturated zone in the study area (99.9o/o). Thereforo, it is concluded that calcite

equilibrium in the rmsaturated zone has been reached, and fi.rther hanspiration beyond

calcite equilibrium consequentþ causes the high Sf*tC** ratio in recharge water.in the

r¡nsaturatod zore.

The effoct of the addition of local recharge to laterally flowing groundwatoron Sf*/Ca2*

and 87sr/8ósr.ratios was caried out using the computer code PHREEQM, and the

problem was keated as a tihation of one end m€rnber(groundwater), by another.end

me,mber (local recharge). PHREEQM was used because it takes into account tho effect

of ion speciation during titration onC** and Sl* concentrations. ThesTSr/s6Srratio

and C** and Sl* concenhations, after incremontal addition of wator from local rechargo

to tho groundwater, wero calculatod using the mass balance equations as follows:

S. = XSq+(l-X)Sr,
Ca XCq +(l -X)Ca,

(1)

Q)

tts.

E_
{# " r",), * (, -"(ä, r,,),

(Jr, +,Srr)

where the Sr/Ca and 87sr/s6srratios represent valuos of tho final solution , Sq, Sr2 and

CayCa2are concontrations in the first and socond endmember.respectively,

(ff),*u (ät, are isotope ratios in the first and second end me,mbor respectivoþ,

and X is the fraction of socond end membor (0.001) added to tho first end member. The

evolution otS?*/C*n and 87Sr/s6Srratios in the Murray Group Aquiferwas calculated

by progrossive addition of the local recharge water, represe,nted by well (M70), to frosh
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groundwater at tho basin margin, reprosentod by well (M4). Because the observed

S?*/C** ratios of growrdwater at the basin ma,rgin varies from 0.004 to 0.01 (Fig. 5.Q,

the model was run twice, using two differont initial S?*lC** ratios of 0.001 and 0.01

for tho second end membor.(latorally flowing grorurdwatÐ, by changing the

concentration of Sl* from 14 pmoVl to TpmoUl in the groundwater.

The rosults of tho mixing modol aro shown in Fig. 5.7. Groundwater.in the Murray

Group Aquifor gonorally falls between the two modeled curves, each reprosenting

different initial Sf*/C** ratios. These results indicate that the flSr/86sr ratio, and the

S?*,C** concentrations in the groundwator of the Murray Group Aquifer could have

evolved through the addition of Sl* with a 875r/865r ratio of 0.7085 to laterally flowing

groundwator.rvith the 87sr/s6sr ratio observed in groundwater at the basin margin in the

south and south-oast.

However, the addition or mixing between two waters in equilibrium with calcite, can

result in a mixture that may bo eitherwrdersaturatod (Thrailkill, 1968) or

supersaturated v/ith respect to calcite (Wigley, 1,973), de,pe'nding on the chemical

composition, pH, te,mpetature and proportion of the two end-membors reprosented in

tho final solution. This is mainly caused by redistribution of the carbonate species in

the mixture (Wigley and Plummor,1976). The addition of soil water. via local recharge

to the groundwater, will also have a direct effect ansf*/C** "nd 
875r/865rratios. If tho

mixture is under. saturated with respect to calcite, more calcite will be dissolvod from

the carbonato Murray Group matrix, resulting in change of tho S{*lC** and nsr/8óSr
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ratios. On the othorhand, if tho mixture wâs ovêr:saturated, calcite will precipitate

from the mixture, re,moving Ca2* ions causing an increase in the S?*/C*n ra¡o.

Therefore, it is essential to incorporate a calcito equilibrium condition in the tihation

model in order to simulate as accurately as possible the conditions underwhich addition

of soil water via local recharge proceeds in the Murray Group Aquifor

0.7100

0.7096

0.7092

0.70M
0 0.02 0.06 0.08

SP+/Ca?+ molarratio

Fig. 5.7 The dashed curvos ropresent tho computed variation of 875r/865r. andsf*lC**
ratios in groundwater as a result of progressive addition of inctemontal amounts of soil
water to laterally flowing groundwater. The crossed circles ropresent the measu¡ed
esr/86sr ands?*/C*+ ratios in groundwater from Zone Ar.
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5.5-1.2.2 Addition of rechargewater to groundwøter and equilibriumwith calcite
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Addition of soil water that is in equilibrium with respect to calcite to laterally flowing

groundwator.in incromontal steps was carried out using PHREEQM and the fìnal

solution in each step was equilibratodvrith calcito. The amount of Ca2* and Sln

removed or added by precipitation or dissolution of calcito was calculated as follows:

1. soil water and laterally flowing groundwator reprosented by chemical composition of

well M70 and M4 wero equilibrated with rospoct to calcite;

2. soil water.was added in 0.001 fraction to lateraþ flowing groundwater. and Ca2* and

Sl* concentrations wero obtained from tho final solution aftor each incremental step;

3. the difference in Ca2* and Sf* concentrations w.ero calculated after.the final solution

was equilibrated with respect to calcite;

4. the amount af C** removed by calcite procipitationwhen the final solutionwas

oversaturated with respoct to calcite was calculated by subtracting the C**

concenfration after. oquilibrium with calcite frøm C** conce,nkation before equilibrium

with calcite. The amount of Sf* removed from solution was calculatod by multiplyng

the fraction of C** romoved during calcite procipitation by Sl* concentration in the

final solution, and the result was multiplied by the Sl* distribution coeffrciont of 5.7 x

10-2 (Katz et al., 1972). Dotail input data for one stop of tho model is prese,nted in the

Appendix 3.

The results of tho model are shown in Fig. 5.8. The modeled curves are identical to the

curves obtained in the provious model (addition of soil water. to laterally flowing

groundwater without oquilibrium with calcito), and suggest that the calcite sahration

stato of the final solution has no effect on the evolution af Sf*lC** and 87sr/s6Sr ratios
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in the Murray Group Aquifer. This is probably due to the addition of relatively small

amor¡nts of soil water to alarga volune of grotrnd water in each stop, resulting in a very

small shift from oquilibrium with respect to calcite. Subsequørtly, the a¡nounts of C**

and Sf* removod due to this process aro insiçnifïcant compared to their amounts in the

final solution.
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Fig. 5.8 Jþs ssmputed variation of the ffiSr/8óSr and Sf*/Ca2* ratios of the groundurater

as a result of the addition of recharge water to laterally flowing groundwator. followed
by equilibriuur.with calcite.

The result of tho modol indicates that the 875r/865r ratio, and Sf* and Ca2*

concontrations in the groundwater of the Murray Group Aquifer could havo ovolved

through tho addition of soil wator to laterally flowing groundwater, possibly under.
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calcite equilibrium conditions. Tho modol is also consistent with tho results obtained
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from the ô3aS data and the majorion chemishy in the Mu:ray Group Aquifer,

suggesting that the addition of local recharge to the unconfined Murray Group Aquifer,

ov€r. a large aerial oxtent is an important process.

5,5.1.2.3 Incongruent dissolution of carbonate minerals

The carbonate minerals that forrn the carbonate aquifors contain at least hace amounts

of all compone,nts presont in soa water. from which they wero precipitated (Tucker. and

Wright, 1990). Magnesium is a major compone,nt and strontium is a minor componont

of soa water both of which coprecipitate with calcium in carbonate minorals (e.g.

calcite). Tho concentration of Mg, which rangos from -2 to - 16 mole percont MgCO3

in calcite, affects its solubility behavior (Iucker and Wright, 1990; Morse and

Mackenzio, 1990). Generally high Mg-calcite is characterised by higher solubility

relative to low Mg-calcite (Plummor and Mackenzie,l9T4). High Mg-calcite dissolvos

incongruently when it comos in contact with Mg-poor. groundwater, releasing Mg and

Sl* into the groundwater. During this procoss, the concentration of Mg2t incroases

relative to C**, and the magnitudo of incroase in the }.lg!+/C*. ands?*lc** ratios in

tho groundwater.depørds on the concenfration of Mg3+ and Sl+ of carbonate minerals

and the exte,nt of reaction (i.e. how far.away from equilibrium it was in tho firstplace).

The increase in Sl* conconbation in groundr¡rater.during incongruent dissolution is due

to its lowpartition coefficient for. calcito (5.7 x 1,02-Katz et al., 1972) that is the

affinity of Sl* to remain in groundwater is higher. than it's affïnity to coprecipitate
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with calcite (Pingitore and Eastuian, 1986). Thereforo, the amount of added Sl* due to

dissolution of calcite is always higher than the amowrt of Sf* removed from

groundwat€r. as a result of an equivalent amount of calcite procipitation. Because tho

change inCaz* conce,nhation during incongruent dissolution of carbonates is small

(Wigley of a1.,, 1978), net addition of Sf* to groundwator rosults in an increase in the

Sf*lC**ra¡a.

Incongruent dissolution of Mg-calcito progressively modifïos the 875r/865r.ratio in

groundwater, towards avalue closely resembling that of the mineral dissolvod. This

process occurs in two steps; (1) dissolution of carbonate minerals, causing addition of

Sf* to groundwater. and subsequont modifïcation of the flSr/86sr ratio, and (2)

reprecipitation of carbonato minorals, causing removal of Sf* from the groundwator.

without altering the ffi 5r/865r. ratio.

Starinsþ et al. (1983) prosented a model for.the incongruont dissolution of Mg-calcite

to explain tne S?+lC** and 875r/865r ratios in oilfrold brinos, and suggested that the final

875r/865r.ratio of the brine deponds exclusiveþ on tho 875r/865r of the roacting minerals.

The assumptions made for the mathe,matical treahnont of this model w.ere:

f . incongruent dissolution will not affect the conconkation of Ca in groundurater.

That is the amount of Ca2+ added by Mg-calcite dissolution is equal to the amount

of Ca romoved by calcite procipitation;

2. incongnront dissolution occurs in a closed system and the amount of C** in the

aquifer rock is much greater.than that in groundwater.
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{fi)", "n{-"S (ä, - å.åxtff>.<t - exp(-I(;,#,

where ,Þ). uo¿ ¡ 
tst)^ 

are the isot. oo Sr,- ( q.)" are tho rsotopic ratios of groundwater and carbonate rocks

Sr. - Sr.
respoctively, ttre f)r,*d Ë)" are initial ratios in groundrvatorand carbonate rocks

before incongruent dissolution, *" (ä) is tho ratio of the amount of C**released by

dissolution of carbonate rocks to its amount in the initial solution (i,o. reaction

progross), and the f$ is the partition coeftïciont of Sf* between calcite and water.

From these two assumptions tho change in Sl*/C ** and 
sTsr/8ósr ratios is

mathematically treated by conservation of Ca2* mass in the system. The final oquation

usod to determine the 87sr/s6sr ratio of the final groundwater dr¡¡ing the dissolution

reprecipitation roaction according to Starinsþ et al. (1983) is :

- 
tt sr.(rusr)":

,åt,,*)"r exp(-KS,,ä, . å,år. <ff >. <t - ",ip(-Ks, 
( 

"+)) (s.3)

The input data in Eq. 5.3 for. 15r/865r. ratio of groundwater of the Murray Group

Aquifer and carbonate minerals from the aquifermahix ne 0.7097 and 0.7085 (Table

5.1) rospectively. tho Sl+/C**ratio in the carbonate rocks of the Murray Group

Aquifer.matrix is (5 x l0-3, n: 25) (Table 5.2). Two initial Sf*lC** ra¡os of 0.01 and

0.001 were used for. groundwator similar.to the initial S?/C** value in the two

previous models. The two curyes in Fig. 5.9 ropresent theorotical 875r/86sr, and

S?*/C** ntio evolution during incongruent dissolution of carbonato miner¿ls in the

Murray Group Aquifer" The observod data of groundwater from the Murray Group
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Aquifer. fall botween the two theoretical curves suggesting that incongruent dissolution

of carbonato minerals may oxplain the current S?*/C** and 87sr/s6sr ratio evolution in

groundwater. from the Murray Group Aquifer. The Mg2*/Cû* and rsr/s6sr ratios

relationship (Fig 5.10) suggests that dissolution of carbonates results in tho addition of

Mg2* relative to C*+, and rolatively low 87Sr/8óSr ratio to groundwater.
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Fig. 5.9 The computed variation of 87Sr/8óSr andsf*/C** ratios during incongruent
dissolution of carbonato minorals according to the Starinsþ et al. (1983) ana$ical
model with differsnt initial S?*/C** ratio in groundwater. Also shown aro data from
tho Munay Group Aquifer

ftus, the evolution of the 87sr/86sr.ratio in the Murray Group Aquifer could be caused

by the addition of soil water. to laterally flowing groundwater under. calcite equilibrium

conditions or incongruent dissolution of carbonates in the aquifer, or.a combination of
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both processes. In order to dotermine tho most likely process responsible for the
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ctrrïent S/.lC** and 875r/86sr ratio distribution in the Murray Group Aquifer, the õ13C

content of the total dissolved inorganic carbon (TDIC) is also used as a constraint to

evaluate the importance of each of the above mentioned processes.
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Fig. 5.10 The Mg2*/C** and 
ttsr/tusr ratio relationship in the Murray Group Aquifer.

The higher Mrg2*lCt* ratio corresponds to the relatively less radiogenic ttSr/t6Sr ratio"

5.5.1.4 Constraints on incongruent dissolution of carbonates imposed by 6139

Incongruent dissolution of carbonate minerals in the Murray Group Aquifer would alter

the initial ôr3C composition of the groundwater by continuously adding a relatively

enriched source of 1'C. In this case, the ô''C-," (Total dissolved inorganic carbon) will

not only reflect the carbonate mineral source, but also the isotopic fractionation during
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calcito precipitation. Hence, tho ô13Cap¡6 of tho groundwaterwould become

progressively enrichod towards the ôr3C of carbonates in tho Murray Group Aquifer.

Addition of soil water to laterally flowing groundwater on the othor hand, could not

account for ô13C¡p¡6values ) -60/oo (Tabte 5.3).

Tho õl3C value of total dissolvod inorganic carbon (IDIC : COzuq, HCOr-, COr2-) of

groundwator is controlled primarily by; (1) tho ôr3C of CO2 produced by respiration of

plants and microbial oxidation of organic matter in the soil zone, which dissolve in soil

water, (2) subsoquent interaction with carbonate minorals in the unsatruatod zone, and

(3) once in the saturated zorLa, addition of CO2 by microbial degradation of organic

matter, and congruent and incongruent dissolution of carbonate minerals. The õl3C of

CO2 produced in the soil zono in the study aroaranges from - -22to -20o/oo (Dighton

and Allison, 1985; Loaney et al, 1986), and õl3C of the carbonate minerals in tho

Murray Group Aquifer.were measured, and range from2.4 Yw to -2.2Yoo (X: 0.8, n :

t7).

Tho ôr3C-r6 of the fïnal solution when addition of soil water to the laterally flowing

groundwater occurs depends on the ôr3C composition and pH of soil CO2 . Under

ope,n system condition (open to soil CO2) and neuhal pH, tho õ13C of soil COz re-

oquilibrates with the dissolvod CO2, and the õt'Cror" in groundwater.will reflect the

ôr3C of soil CO2 and the equilibrium fractionation value betwoen soil CO2 and dissolved
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CO2 in groundwater (Deinos et a1., 1974). In this case, the õttC-rc in the mixture

would range from -74%o ta -12 %o, which is the sum of the õt'C-,c in the soil (-22Y*

to -20o/oo) and the equilibrium fractionation factor. of 7.85o/oo. However, after the final

solution is isolated from soil CO2 in the saturated zone, the groundwat€r may be furthor

enriched by carbonate dissolution in the aquifer, according to the equation below:

CaCo3 + Coz + H2o ++ Ca 2* + 2HCo, (a)

Tho ôr3C1¡¡c of the groundwater following calcite dissolution would range from -6.8 %o

to -5.6 %o assuming average õl3C for carbonate minerals of 0.8%o (n: 17). The

measured õt'Crorc data of gfoundwater.in the Muray Group Aquifetranges frorn

-l}.6y,oto -1.5%o (Table 5.3) and the majority has ôr3Ca¡¡6 values more enriched than

-5.6%o which cannot be accor¡nted for by the addition of soil watet to the laterally

flowing groundwater or.by calcite dissolution in the aquifor

Smith et al. (7975) showed that continuous dissolution and procipitation of carbonate

minerals within tho London Basin Aquifer.is responsible for the enrichment of ô13Ca¡1s

from -l3o/oo ta -l%w over. an 8km distance of flow path. Wigley (1976) and Wigley et al.

(1978, Lg7g)presented a more quantitativo discussion on the ovolution of õr3Cp¡6 in

groundwator with special o,mphasis on incongruent dissolution and dedolomitisation.

During incongruont dissolution of Mg-calcite, the ôttC-rcwill not only incroasingly

reflect the Mg-calcito source, but is also affected by isotopic fractionation during low
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Mg-calcite precipitation. As noted in the previous section, the dissolved Sl* will

acquire the carbonate mineral ttsr/tusr ratio with progressive addition of Sl* to

groundwater from dissolution of carbonate minerals.

The 87Sr/8óSr ratio vs. ôt'C-," relationship (Fig. 5.11) shows that there is a general

trend of enrichment in ô13C-," of dissolved CO2 with a decrease in the 875r/863r ratio.

The more enriched ô''C-,. groundwater corïesponds to less radiogenic *tsr/8usr ratios

which are similar to that of the carbonate ttsr/tusr ratio (Table 5.1).

The progressive enrichment of õ13C-,", combined with a decrease of the 87Sr/8óSr ratio

approaching the carbonate minerals 873r/865r ratio only occurs as a result of incongruent

dissolution of carbonate minerals. The õr3C-,c, data and the relationship with the

ttsr/tusr ratios, provides further evidence that incongruent dissolution of carbonates

may play a significant role in modiffing the Ca2*, Mg'*, Sl* concentrations and

ttsr/tusr ratios in the Murray Group Aquifer. Incongruent dissolution of carbonates can

also explain the enriched ô13C values observed in the groundwater.

The results obtained for each of the models, namely, (1) the addition of soil water to

the laterally flowing groundwater and, (2) incongruent dissolution of carbonate

minerals, can adequately explain the current ttsr/*usr and Sl*/Ca2*ratio distribution in

the Murray Group Aquifer. The addition of soil waters with different Cl-

concentrations (depending on evapoconcentration rate) via local recharge to the
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gtoundwater is evidenced by the unsysternatic distribution of Cl concenhation and the

modol prosentod for õ3aS dishibution in the Murray Group Aquifer. Tho occurronce of
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Fig. 5.1 1 Carbon-l 3 vs. 87Sr/8óSr ratios in groundwator. from the Murray Group

Aquifer. Gror¡ndwaterwith a more enrichod õt'Crorc composition, ge,nerally has a less

radiogeiric 875r/865r. ratio.

incongruont dissolution of tho carbonato minorals in the aquifer, on tho other hand, is

supported by the MglCaand õr3C valuo rolationship with esr/8ósrratio of

groundwater. Therefore, bothprocesses may be occurring in the Murray Group

Aquifer.together causing the curront distribution of 875r/865r andS?*/C**ratio.
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5.5.2 tTsr/tusr of groundwater from the Renmark Group Aquifer

The 87sr/s6Srversus S?*/Ct* relationshþ for.the Renmark Group Aquifer (Fig 5.12),

displays two distinct groups; 11¡ 
87sr/s6srratio ranging from.0.7089 to 0.7097, similar.

to that of modern sea watetr, with a S?*/Cû* ratio ranging from 0.005 to 0.025, ffidQ)

a morÊ radiogenic rSr/86srratio, ranging from 0.7108 to 0.7111 with aS?*/C** ratio >

0.016.
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Fig. 5.12 87sr/86srvs . S?*/C*+ ratio of groundwater from the Ronmark Group Aquifer.
Tho data display two distinct groups of groundwater. Groundwater.with a more

radioge,nic eSr/8ósr ratio is from the north, and groundwater.with a relatively less

radiogøric tTsr/8óSr.ratio is from the south and cenhal part of the study area.

The difference betweon the 875r/865r.ratios of the two groups is probably an indication
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of the different recharge areas (i.e. different aquifer.mineralogy) for.different parts of
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the Renmark Group Aquifor. The groundwater.from the first group is located to the

south and conhal part of the study arca (Zona A) which is recharged from the south

and south-oast in the Dundas Plateau in Victoria. The second group is located to the

northom part of tho study aroa in ZonaB near the River.Murray. The vsr/86sr and

S?*/Caz* ratio supports the hypothesis prosented by Evans and Kellott (1989) that

groundwater in the Renmark GroW Aquifer in the northern part of tho study area has

originated from the Riverine Province - 400 km northeast of tho study aroa compared

with the groundwaterrecharged from the Dundas Plateau in Victoria, south of tho study

æea,

A plot of the 87Sr/8óSr.ratio versus Cl concentration forthe Renmark Group Aquifor

(Fig. 5.13) also shows two different groups. Groundwater that is located to tho

northern part of the study aroa is more saline and radiogenic comparedwith the

groundwater locatod to the south and cenfral part of the study area.

5.5.3 tTSr/86Sr as a tracer for groundwater mixing

The 875r/865r ratio of groundwater.in the Murray Group Aquiforin the norfh and

northoastern part of the study araa (Zane B) is considerably onriched in 87Sr compared

to the 875r/865r ratio in Zone A(Fig. 5.2) and markedly higher from that of the

carbonate rocks (Table 5.1). The ffiSr/86sr.value of groundwater. in well M68 is highor

than the bulli 87sr/s6Srratio for.the rock samplos from the Murray Group Aquifer.

(Table 5.1). Groundwater.will acquire more radiogenic 87sr/86Sr.ratio than the bulk rock



202

only if the Sl* comes exclusivoly from silicate minerals. This is unlikely to occur.

because carbonate minerals are much moro abundant in tho Murray Group matrix and

moro roactive than silicate minerals (Appelo and Posùma,1993).
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Fig. 5.13 875r/865r ratio vs. Cf concentration of groundwators from the Renmark Group

Aquifer.

The 87sr/s6Sr ratio of the Renmark Group Aquifer at the same location of M68 has an

identical value to that of the Muray Group Aquif* (Rl8-Tablo 5.3). Thereforo the

moro enriched rsr/86sr.ratio in the groundwater at well M68 is probably due to the

addition of more radiogenic SÉ* via groundrnrator.from the Ro,nmark Group Aquifer
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through upward leakage. Stable isotope and hydrochemical data$lerczog ot al., 1989;
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Cook et a1., 1991) also suggestod that the groundwater.in this part of the study area is

dorived from upward leakage from the Rsnmark Group Aquifer.

In ordor to estimate the mixing proportions the 875r/863r ratio and Sl* concentrations of

the respective end members need to be defined. The first ond mernber. is groundwatet in

the Renmark Group Aquifor.in the wells adjacont to the River Murray where 87sr/t6sr

ratios range from 0.71085 to 0.71 122. T\e socond e,nd member is groundwater.in the

Murray Group Aquiferwhich is not influenced by mixing and is in chomical and

isotopic oquilibrium with carbonate minerals. The 87sr/86Sr.ratios for this end member

is similar to that of tho carbonate minerals (0.7085). Groundwater from the Murray

Group Aquifer wells adjacent to tho River Murray that are influonced by mixing have

875r/865r ratios that range from 0.70881 to 0.71117.

The isotope systematics of two component mixtures have been described in detail by

Faure (1986). By plotting 87sr/s6sr ratio vs. 1./S** of tho groundwaters, the proportion

of mixing between the respective two end members can be estimated. If gror:ndwater in

the Murray Group Aquifor.rosultod from the two cornponents mixing, each having

difforent 875r/865r.ratios and Sf* concenhations, then the groundwator data plottod in

87Sr/8óSr 
vs .ll S?* space must fall on a shaight line. However, the 875r/865r. and V S1*

ratio for groundwater. in tho Murray Group Aquifer for Zone B appear to ropresent

mi*ing between three end members (Fig. 5.1a). The third end member probably

represents local recharge and its importance in conhibuting significant arnount of
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dissolvod salt rolative to laterally flowing groundwatetwas highlighted in provious

soctions.
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Fig. 5.14 Measured 875r/865r ratio vs. rociprocals of strontium concenfration in the

Murray Group Aquifer lromZone B. The plot shows mixing between three end

me,rrrbers, local recharge, upward leakage from.the Re,nmark Group Aquifer and

groundwater from tho Murray Group Aquifer.

The proportion of mixing of tho three end members can be calculatod from a set of mass
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where Sl* and vsr/8usr are the concentrations and isotopic ratios in the final solution.
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isotopic ratios of Sf* in tho three end rnembers: the Murray Group Aquifer (M),

Renmark Group Aquifer (R), uod local rocharge (L) rospectively. A, B, and C are the

proportion of each of threo proposed end mombers to tho frnal solution.

The ffiSr/86Sr data as a fi¡nction of mixing fraction of threo components in the Murray

Group Aquifer.is plottod in Fig (5.15). The two diagonal lines represent (a) addition of

groundwater.from the Renmark Group Aquifer through upward leakage and (b) addition

of soil water via local rocharge to the Murray Group Aquifor.
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Fig. 5.15 Modol of the tTSr/t6Sr ratio in the Murray Group Aquifer from tho northern

part of the study area. Tho two shaight lines represent mixing between groundwater

from the Murray Group Aquiferwith the soil water via local recharge and with
groundwater from the Renmark Group Aquifer via upward leakage respectively.
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The results suggest that although most of the data falls on or parallel to a mixing line

between the Murray and Renmark Group aquifers, the apparent contribution of Sl*

from soil water, via local recharge, to the Sl* pool in groundwater at some of the wells

is as significant as the contribution through upward leakage from the Renmark Group

Aquifer.

Further evidence for the importance of local recharge is that there is measurable raC

activity in the Murray Group Aquifer in the northern part of the study area.

Groundwater in the Murray Group Aquifer flowing laterally from the south-eastern

margin of the basin would be devoid of measurable 't content after about 40 km,

assuming a velocity of groundwater of - 1m/year (Barnett, 1989). Groundwater in the

Renmark Group Aquifer also does not contain measurable toc in the northern part of

the study area. Mixing of these two end members would result in groundwater also

devoid of taC. The measured raC activities therefore, must be introduced to the

groundwater in the Murray Group Aquifer through local recharge. The raC

concentrations in both aquifers is discussed in detail in Chapter 6.

5.6 Conclusions

Groundwaterttsr/tusr ratios, in combination with S?*lcaT*, and Mg2*/Ca2* ratios as

well as õr3C, provide constraints on the nature of carbonate mineral-groundwater

reactions in the carbonate rich Murray Group Aquifer. The main findings are:
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1. The 87sr/s6scratios in groundwater. from the south and cenhal part of the study aroa

aro conholled by the dissolution of carbonate as soil water.percolates through the

unsatr¡rated zono, and mixos with latorally flowing groundwater. A model of 875r/865r.

and Sy'*/C** ratto variations shows that incongruent dissolution of carbonate minorals

in the aquifer.is also important. This conclusion is fi¡rther supported by õt3C data, in

that TDIC becomes progrossively more onriched in l3C as the 875r/865r ratio decreases

towards the ratios exhibitod by carbonatos in the aquifor.mafrix.

2. Groundwater. from the Murray Group Aquifor in tho northem part of the study area,

near the River Murray has a more radiogenic 875r/865r ratio compared with that in the

south and central parts of the study area. S1* concent¡ations and tTsr/ttsr ratios of the

er in this part is most likoly dominated by mixing with moro radiogenic

groundwater.from the silicate rich Renmark Group Aquifer, through upward leakage

and local rochargo, rather than interaction with carbonate minerals.

3. Groundwater in the Ronmark Group Aquifer can also be divided into two groups

according to the 87srf6sr ands?*lC** ratio, (1) grormdwater in the south that has a

rolatively low flSr/86Sr ratio and low Cl concentration, and (2) groundwater.in tho north

and north-oast that has more radiogenic values ard higher. Cl concentrations. Therefore,

the 87sr/86sr.data support tho hypothesis presonted by Kellett and Evans (1989) that

gronndwater in the north has a differont recharge area and is originated in the Riverine

Provinco 400 lcn northeast of the study area.
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CHAPTER 6

Carbon- 1 3 and Radiocarbon

6.1 Introduction

The use of radiocarbon 1'4C) activity in groundwater has been an integral part of many

hydrological investigations for establishing flow patterns and age estimates of

groundwater (Smith et al., 1975,1976; Downing, 1977) and has provided information

on past climatic conditions in regional groundwater basins (Hotzl et al', 1980;

Edmunds and Walton, 1980). However, the majority of previous studies have used raC

dating in the confined aquifers assuming that the dominant transport mechanism is

lateral flow which can be approximated to that of a piston flow (e.g. Love et al.,1994)-

In those situations groundwater residence time and velocity can be estimated by

sampling water on an inferred flow line. In contrast, unconfined aquifers receive

recharge throughout their spatial exposure resulting in the mixing of waters of

different raC concentrations. As a consequence, taC dating of groundwater is more

complex than in confined aquifers. The '4C dating method, therefore, cannot be used

unless the potential end members that contribute to groundwater budget are identified

(Hufen et al., I974; Verhagen et al., 1974).
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In previous chapters, the ô34S "nd 
86Sr/sTSrisotope data highlighted the significance of

local recharge to the Mu:ray Group Aquifer. However, interpretation of these isotopes

can only provide semi-quantitative inforrnation on the a¡nount of wator derived from

local rechargo. Unlike õ34S and 86sr/vsr isotopes, the raC activity, can be usod as a

quantitative hacer.to estimate rocharge rates @dmunds and Wright,1979) to the

Murray Group Aquifer, and also to vorify sulphur and strontium isotope data.

The groundwatervelocity of the Murray Gror¡p Aquifer.is - 7m/year @arnott, 1989),

tho raC activity of groundwater. omanating from tho basin margin at tho south and

southeast would be <1 pmc aftor havelling - 40 km finther inland. Theroforo, any r4C

activity > I pmc measwed in groundwater. from the cenkal and northern parts of the

study area must be due to the inkoduction of modern toc via local rechargo.

Accordingly, the amoturt of rac measured in groundwatotbeyond the 40km limit from

the basin margin would bo a function of the arnount of tho local rochargo added to the

Murray Group Aquifer.

Idontiffing the chemical reactions which occur in groundwater, particularly in carbonate

aquifors that affoct total dissolved inorganic carbon (TDIC) and in turn modiff tho raC

concentration is a pre-requisite in the correction of lac activities to estimate

gonndwater.rosidenco time (ngerson and Pearson, 1964). These roactions include

dissolution of soil CO2 in soil water percolating through the unsaturated zono,

congnrent and incongruent dissolution of carbonate rninerals in the Murray Group

Aquifer. These reactions were identified using shontium isotopes (chapter 5). This
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chapter.exarnines the effect of inter.aquifermixing and carbonato minorals-solution

reactions on lac concenhation to provide better estimates of groundwater laC 
ago.

The main objectives of this chapter are:

1. to uso rac dataas a tracer in order.to verify tho main conclusions obtained from the

previous chapters forthe importance of dissolvod salt and water derived from local

recharge throughout the Murray Group Aquifer rolative to that derived from

lateraþ flowing groundwater;

2. to correct measurod tac data forreactions occurring in the aquifer.and estimate

groundwater residenco timo;

3. to convert groundwater.residence time to ostimate rocharge rates in various parts of

the study aroa.

6.2 Background

rac is produced in the upper. atmosphere by cosmic ray interactions v/ith r4N (Libby,

1965). raC is oxidised to CO2 andmixos with atrnospheric CO2. The 14C of

ahnospheric CO2 is then inhoduced into surface and groundwater. The most important

mechanism of laC introduction to groundwater. is via production of the CO2 by

respiration and the decay of plants in the soil zone. Because CO2 produced in the soil
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zone is introducod to the plants from atmospheric CO2, it has a similarrac activity to

that of the atmosphere.

The anthropogenic addition of CO2 into the abnosphere by the burring of fossil fuels

since tho 1800's and the addition of laC via nuclear.bomb tosts after 1953, have

changed the raC activity of the atmosphero @ontes, 1933). However, the effect of

those procosses is only important when dealing with relatively young groundwaters

(i.e. <150 years). Apart from the temporary increase of raC activity due to bomb tests,

the raC activity of atmospheric COz gonerally is assumed to be constant, due to the

steady state between cosmic production, decay, and transformation to other fomts of

carbon (dissolved CO2 in wateìr and photosynthesis).

The assumption of tho constant laC concentration of tho aûnospheric C}2and constant

initial laC input has a practical advantage in dating groundwaters. The radioactive

docay of laC produces taN v¡hich can escape or.mix with common nihogen. Thereforo,

it is imFossible to estimate the amount of radiogenic nitrogen produced exclusivoly by

rac dacay. Thus, the conventional radioactivo decay oquation which relatos tho amount

of secondary olement produced via radioactivo docay of the parent elemont can not be

strictly applied to raC dating.

Assuming that tho initial raC activity (Ao) can be accurately determinod, it is possible

to estimate the timo since the growrdwaterwas isolatod from ahrospheric COz by using

the decay oquation:
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A: Ao e-rt (6.1)

where A and Ao are the measured laC activity at tho prosent timo, and the initial laC

activity respectivoly and 1, is the rac decay constant (1.7 x l0o yr:t).

Because the relationship between the rornaining laC activity and its age is exponential,

the estimated ago of grormdwator derived from a mean laC concenhation of a mixture of

two components will not represent the real age of the mixhre. For examplo, if two

waters mix in equal amounts with r4C activities of 80pmc and20 pmc (per. cent modern

carbon) respectivoly, tho age of oach water. calculated from the decay oquation would bo

1844 years and 13305 years rospectively. The mean age of tho mixture of these two

endmornberswouldbaT5T4yoars. Howover,iftheageofthemixhrewascalculatod

from the moan of their. raC concentations (i.e. 50 pmc), the mean ago of the mixture

would be 5730 yr. which is about 1700 yr. younger than the real age of the mixture.

Thereforo, largo orrors can result in the dotormination of the ages of groundwater that

originates from the mixing of various sourcos or consist of components of difficrÊnt

ages. Tho relativo errors incroase with the increase in the mean age of the mixturo and

can bo significantly higher.than the errors that arise by the correction models (Evans ot

al., 1978).

The most problematic paramoter.in interproting raC activitios is tho estimation of initial

raC activity of tho water at the time of rechargo. The measurod laC activities of

groundwatermust be corrocted for the addition of dead carbon by congnront and
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incongruont clissolution of carbonate minerals, oxidation of old organic matters (e.g.

liguite) and possibly mothano genesis.

A nr¡mber. of models have beon dovoloped for the interpretation of r4C activity and age

adjustments for. systems which are open and closed to soil CO2 (Wigley,1975; Reardon

and Fritz, 1978; Wigley at al., 1978; Fontes and Garnier,1979). Tho open and closed

system conditions have been oxplainedby Garrels and Christ (1965), and Langmuir

(1971). Under opon system conditions, groundwater. aquifer matrix reactions occur in

the presenco of an infinite CO2 roservoir, whereas, undor. closed system conditions, the

reactions occur in isolation of a soil CO2 roservoir. Those conditions are often realised

in naturo. For example, open system conditions could be applied to soil zone

processes and closed system conditions could be applied to the geochemical processes

taking place in confinod aquifers (Wigloy, 1975).

Under open systern conditions, the raC activity of soil water is directty rolatod to the

raC activity of soil COz and the equilibrium fractionation factor. Exchange between

difforent phases such as CO2 gas, dissolved carbon spocios (COrt nl , HCO3- and COr2),

and solid carbonate in unsaturatod zone can load to fractionation of carbon isotopes

betwoen phases and between dissolvod carbon species. Thooretical and experimental

studies (Urey, 7947;Craig,1954) confinn that the isotopic fractionation is

approximatoly twico as large for rac 
as it is fot r3C i.e.

g 14c: 2.3 xer3c (6.2)
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The fractionation factors for.13C between carbon phasos and dissolved spocies in

gronndwater are give,lr in Deines et al. (7974). For. example, equilibrium fractionation

of r3C betwesn dissolved HCO3- and gas CO2at25"C andplJ:7 is 7.85%o.

However, becauso tho lac activities are exprossedin o/o rather.than %0, the oquilibrium

fractionation of taC botween HCO3- and gas COz at 25 'C is

2rc7 '85 
= l.6yo

l0
(6.3)

The raC activity of soil water in equilibrium with soil CO2 \,\'ill be slightly onrichod

relativo to soil CO2 gas and can be calculated from the following equation (Mook,

1e8o):

An: Ae + ( HCO3- tr-nco:- + CO32- Es-cotz-* CO21'Ð . €g-coz1aÐ)/Cr (6.4)

where A¡ and A* denote ttre raC activity in soil water. and in soil CO2 respectivoly,

HCO3-, COr'' and CO21*¡ are the fraction of dissolvod carbon specios in soil water,

the e' -ucor -, 1*s-co32n and e*-ruco3 are tho laC fractionation factors betwoen soil gas CO2

and dissolved carbon species in tho soil water, and CLis the TDIC in soil water.

Sometimos F;q.6.4 is applied in a simplifiedway, for exarrplo assuming the pH of

rechargo water roacting with carbonate minerals rariges betweon 7 to 8, the dissolved

carbon species would be mainly in the form of bicarbonato. Hence oquation (4) in this

caso reduces to:

An:4*t*-xco:- (6.5)

Assuming the r4C activity of soil gas CO2 is 100 pmc, the taC activity ofrecharge

water would be I 0 I .6pmc. The assumption that the pH of soil water. ranges from 7 to

8 is reasonable givon observation in rocharge areas ofothor. carbonato aquifers (Jacobson

and Langmuir, 1970; Reardon et al., 1980).
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If carbonato minerals aro dissolvod in the soil wator, the raC activity of HCO¡- addod to

the solution will be 50pmc due to the addition of carbon devoid of laC, according to

stoichiometry of the carbonato dissolution reactions as follows:

co, + þo +cacoz: c** + 2Hco3- (6.6)

If the soil wator remains in the unsafuratod zone aftar.carbonate dissolution, dissolved

HCO3- ro-equilibrates with soil CO2 and raC activity approaches that of the soil CO2

plus the fractionation factor according to equation (6.4). On the other hand, if soil

waterreaches the water.table bofore re-equilibrationwith soil CO2, laC activitywill be

lower.than the equilibrium value with soil CO2 and in this case the closed system

condition applies to the r¡nsaturatod zorue.

Roardot et al. (1980) showed that the equilibrium between HCO3-dissolved in soil

water. and soil CO2 is a function of the rate of soil gas diffusion to the water table and

carbonato mineral dissolution. Equilibrir.un is often not achieved, particularly in

temporate rogions with high rochargo rates when voids in the unsaturatod zoîe ara

partiatly filled with wator. Retention of CO2 and laCO2 on carbonate minerals has been

obsorvod in the unsaturated zone causing a decroase of laC activity of soil water from

that of the oquilibrium value (Striegl and Amtshong, 1990). The abovo me,ntioned

studies suggest that even in open rystom conditions, equilibrium with soil CO2 cannot

bo assumed if the residence time of soil water.in the unsaturatedzone is relativeþ

short compared with the time required for the diffirsion of soil CO2 to tho water. table.

Once soil water reaches the wator table and is isolated from the soil COz toservoiç
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congruent and incongruent dissolution of carbonate minerals causes a docroase of the

14C activity of groundwater. Thereforo an essential factor.in estimating rosidence time

of groundwator. is to account for the affect of these roactions that decrease the laC

activity independent of radioactive decay by using appropriate correction models

(Fontos and Garnier, 1979;Fontos, l9S3). The corrected 14C age then can be usod to

estimate rechargo rates.

6.3 Rezults

ôttC-rc values for. groundwater in the Murray Group Aquifor. range from -20.8%o to

0.8%o and lac activities range from.less than lpmc to about 2lpmc,with the majority

of sarnples having a raC activity < lpmc (Iable 6.l).

Table 6.1 Carbonate che,rnistry and õr3C and laC concenhations of goundwater.from

the Murray and Renmark Group aquifers. The carbonate species were calculated by
the computor.codo PHREEQM frompH, alkalinity andmajor.ion data (tablo 3.3) and

expressed in mmole units. õl3C composition is expressedtn%orelative to PDB. The

obsen¡ed and adjusted laC activities aÍo expressed in por cent mode,m carbon.

Well Reg.
No.

Depth of screen
fromwater
table (m)

Well
ID

COz(aq) HCO¡- õttC-r Measured
tnc

Adiustedt{c
(mmol/l) (%',PDB) (pmc)

51846

92808
50946
60610
79530
60436
84747
756sr
60450
7965s
58079
98297

M6
M7
M8
M9

M10
M12
M13
Ml4
MT7
Ml8
M19
NL2O

19.8
37.5
47.5
76.4
10.0
44.1,

60.0
42.6
s0.1
73.0
81.6
24.2

1.5

0.8
1.6

0.3
0.4
0.6
0.4
0.3
0.3
0.2
0.2
0.3

5.8
4.9
4.8
4.0
4.6
5.6
5.0
4.9
4.8
2.7
4.2
s.4

-5.90
-4.20
-3.90
-6.40
-s.70
-3.70
-2.90
-3.40
-4.60
-5.90
-9.20
-1.50

6

9.6
9.2

43.9
51.1

13.6
2.4

10.8
5.5
4.6
0

t9.6
8.8

33.1
15.5

47.4
r7.r

22.8
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Table 6.1 Contd.

Well Reg.
No.

'Well

ID
Dqrth of screen

from water
table (m)

Codaq) HCOs- õl3Crur Adiustedt{cMeasured
tnc

(--oVl) (7oo,PDB)

ftrmc)

98254
s4642
82220
6157r
7026-t13
7026-rt0
7027-s66
7027-6s0
7027-606
7027-s92
7027-s97
7027-602
7027-40s
7027-s86
7027-s79
6827-t536
7026-120
6927-s9r
6927-6M
6927-590
6927-588
6927-601
6928-567
6928-4t1,
6928-49
6928-260
7028-503
7025-422
64363
6928-477
6928-27
6828-t12
6928-528
6929-154
6928-2
49677
64363
6929-356
6929-700
6929-7rt
6929-712
6929-7rO
6929-702
6929-70r
6929-684
6929-651
6929-682
6929-685
6929-686
6929-687
6929-689

\t122
\,/L27

r,Ã29

M30
M33
M34
M35
M36
}'Á37

M38
M39
M41
M42
M43
M44
M45
M46
M47
M48
M49
M50
M51
Ms2
M53
M54
M55
M56
M57
M67
M58
M59
M60
M61
M63
M65
M66
M67
M68
M73
M74
M75
M76
M77
M78
M79
M80
M81
M82
M83
M84
M85

50.3
9s.5
68.0

t54.6
32.5
34.5
11.6

74.s
20.8
26.5
45.4
31.8
'll.o
64.4
61.0
35.5
3 8.5
20.5
39.0
47.0
36.6
31.0
32.3
4.7
1.8

22.6
15.3
t.2

105.4
8.2

11.6
1.3

7.4
3.4

28.1
55.5

105.4
18.9
4s.7
40.7
36.0
46.6
32.8
32.5
36.0
37.0
40.0
45.0
4r.o
4r.0
39.0

0.2
0.3
0.8
0.1
0.2
0.2
0.4
0.3
0.4
0.3
0.2
0.2
0.3
0.2
0.3
0.9
0.5
1.2
0.3
0.2

0.4
0.3
0.7
0.9
0.3
0.8
0.5
0.4
0.7
0.9
1.5
1.8
t.4
1.3

4.8
3.8
8.1
4.2
4.2
3.5
4.2
4.1
5.2
4.6
3.6
4.5
4.8
3.8
3.6
7.6
6.5
7.3
4.6
4.2
4.r
4.2
6.3
5.9
7.2
4.7
8.0
5.9
8.5
8.9
8.1

lo.2
12.4
12.6
r0.7
5.3
8.5

7.6
5.3
5.4
4.8
4.4
4.6
4.7
4.1
4.1
3.8
4.L
5.3
6.4
6.8

-3.30
-3.10
-s.70
-0.80
-1.60
-3.70
-7.10
-4.'t0
-2.80
-3.30
-4.60
-3.70
-7.90
-6.80
-4.90
-4.20
-6.t4
-5.80
-7.60
-5.30
-s.40
-7.s0
-5.50
-7.s0
-5.44
-s.90
-5.80
-7.60
-2.70
-6.10
-6.80
-4.40
-5.00
-7.s0
-8.00
-1.00
-2.'.t0
-14.10
-10.10
-1,4.23

-16.50
-17.50
-t8.32
-20.20
-20.82
-19.46
-19.04
-1 8.17
-19.59
-r9.40
-16.00

4
0

t6.6
3.3

3.6
5.8
0

0
0

0

0
0

6.2
3.2
t')
4.5
0

10

0

I
6.5
0

0
0
6.9
0
0
0

15.1

7.9
3.8

12.8
10

20.3
0
0

15.1

15.1

0

3.4

9.3
2t.r

9.2
3.'1,

11.3
7.s
5

6.6
3.8
4.9
4.r

38"7

40.4

37.5

23.6

22.3
1,7.5

18.3

8.9
5.8

7.1
20.6

t7.l
6.9

52.4
31.2
3r.7

0.4
2.3
),
2.3
2.6
2.5,),
2.1
1,8
1.8
1.8
t.4
r.7
2.2
2.0
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Table 6.1 Contd.

Well Reg.
No.

Well
ID

Depth of screen COz(aq) HCO¡- õttC-,, Measwedtnc Adiusted
toc

from water
table (m) (mmoVl) (%',PDB) (pmc)

6929-69t M86
6929-692 M87
6929-693 M88
6929-t082 M91
6929-r04t M90
6929-7046 M89
Renma¡k Group Aquife

-tt.64
-I2.40
-t2.40
-6.39

6.7
7.3
7.8
t.t
8.2
7.8

8.9
9.6
0
4.4

-8.50 5.5

44.0
43.0
42.0
49.0
42.7
42.0

2.3
2.4
2.4
2.3
r.7
2.4

6'.7847

7s669
5811 1

7026-712
7026-Lrr
7027-585
6927-588
6928-542
6827-t530
6929-423
49676
7028-469
6929-760
6829-992
81832
86774
Rb1

R1
R4
R5
R7
R8
R10
Rl1
R12
R13
R14
R15
R16
Rl8
Rl9
R20
R22
R23

0.06
0.20
0.01
0.2r
0.12
0.15
0.13
0.15
0.41
0.37

0.9
0.06
t.2

0.51
0.92
0.09

2.7
5.3
2.9
3.9
3.9
5.9
4.5
10.5
9.9
10.8
6.4
3.8

7.9
6.0
6.9
5.6
5.6

-1 1.1 1

-6.20
-3.90
-4.00
-4.80
-8.90
-9.10

-12.00
-11.50
-r2.70
-13.10
-t4.20
-18.10
-r4.10
-20.23
-21.65
-19.10

0
0

0
0
0

0
0
0

0
0

0

0

0

0

0

0
0

Gror.¡ndwators sampled from the Renmafk Group Aquifor are all devoid of 14C.

Gror¡ndwater of the Murray Group Aquifer is divided into two distinct groups basod

on tho õttC-r. values and HCO:-concontrations (Fig. 6.1). Tho ôt'C-rc values for

tho first goup nurge from -0.8 to -9.2%o and the HCO3-concentrations rango from 3.8

mmole/l to 12.6 mmole/l. Groundwater.samples of this group are from the south and

contral part of the,study afea (ZorLe A). õr3c'Drs valuos of the second group of

samples range from -8.5 ta -20.8%oo and their HCO3- concentrations range 4.lmmole/l

to 7.8 mmole/l. These $oundwater samples aro locatod to the north of the study area

inZoneB. ôr3C1¡¡ç of groundwaters in the Renmark Group Aquifer. from Zono B



219

generally have more depletod õt'C-rc compared with groundwater i¡Zane A and range

from-14.1o/ooto -21.650/oo and from -3.9%oto -13.7%o respectively.

o Zone A, Murray Group O

ZoneB Murray Group O

Zone A,Ronmark Group

ZonaB Renmark Group

0

-5

-10

-15

-20

-25

ea
êi
o\oê\

cn
I(J

4 8

HCO3- mmoVl

12 16

Fig. 6.1 ôl3Crolc composition vs. the HCO3 conce,nhations of groundwater.in the

Mrrray and Renmark Group aquifers. The ôr3Ca¡¡s value inZoneB is relativoly

depleted compared vrith õr3Cî.DçinZane A.

6.4 Discussion

6.4.1Conhols on õ r3Cm1ç of the Murray Group Aquifer (Zone A)

o
o e
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tr

tr() rì
t_.)

o
(Ðo

o

Evolution of õr3Ca¡¡6 of groundwator could occr¡r. either in isolation from the soil CO2
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reservoir or in contact with the soil CO2 reservoir Equilibrium.wilt be established

between the õ13Ca¡¡6 of groundwater and the õl3C of soil CO2 if groundwater is in

contact with soil CO2. The ôt'C-rc value of groundwater in the Murray Group

Aquifer in oquilibrium with soil CO2 (õt3C -17%o to -21%o Dighton and Allison, 1985)

can be calculated by carbon mass balance ( Mook, 1980), as follows:

Cr. (õt3C soiloo2* ôr3Cmrc): at a-s+ be u-e *ct c-e $.7)

where Clis the total dissolved inorganic carbon; õl3C rolcoz and ôl3c-r6 are the 13C

conto,nt of soil CO2 and total dissolved inorganic carbon; a,b, c are the mole fraction of

COr("o), HCO3- and CO32- rospoctively, and t o-g, e b-g, g c-s aro the fractionation

factors betwee,n carbonate species (COrt*1, HCO3- and CO32-) and COz gas (Deines et

a1.,1974). The calculatod õ13C1¡¡6 valuos range from -9.5 to -11.8%o. These ôt'C-rc

values are depleted in 13C comparod to the observed õt'C-r. values of the

gronndwatar inZonaA (Iable 6.1), indicating that the ô13Ca¡¡6 of grormdwater in the

Mnrray Group Aquifer evolved under.a closed or.partrally closed system (in isolation

from soil CO2) conditions"

Carbonate dissolutionmay cause tho relativety enriched ôt'C-rc of groundwater in tho

Murray Group Aquifor. The stoichiometry of tho carbonate dissolution reaction Eq.

6.6 suggests that ô 
t'C-r" shouldlange from -8.1 to -10.1 if mixing betweon soil gas

and the addition of õ 13C : 0.8%o was dominant (Ingerson and Pearsor¡ 1964). õttC-r.

values obsorvod forthe majority of groundwator samplos in the Murray Group Aquifer
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from Zone A range from -9.2 o/ooto -0.8o/oo and are too enrichod in 13C to be derived

from congruont dissolution of carbonate minerals alone (Iablo 6.1).

Enrichment of ôl3Ca¡¡6 in groundwator.may be caused by the continuous dissolution

and reprecipitation of carbonate minerals in the Murray Group Aquifer.mahix (Smith,

lg75). This procoss, known as incongnrent dissolution, was infeired from 875r/865r and

õt'C-rc relationships (Chapter.5). The schematic diagram de'picting the effoct of

incongruent dissolution of carbonate on the õt'C-rc and laC of groundurator. is shown

nFig.6.2.

Ð Ð

Dissolution Reprecipitation

õr3C {(0.S) + (-10)}/2 : 5.4 o/oo

'4C{ (0)+ (s0)}/2:25Yo Dissolved calcite
New Cacite precþitate
õrtC=3.6o/oo
r4C -- 24.60/0

Fig.6.2 Sche,rnatic diagram showing tho effect of incongruent dissolution of carbonate

minerals on õl3C composition and lAC activity of grorurdwater. Tho õl3C composition

and lac activity of groundwater approaches that of the carbonate minorals by

continuous addition of onrichod l3C and dead carbon to tho groundwater.

Pore water surrounding
carbonate grains.

:_l}o/oo,r4c: 50o/o

Pore water surrounrling
carbonate grains.

t'Cott :5 '4o/oo,t40 -

water surrounding
carbonate grains

:-5.4o/oo, raC =
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Incongruent dissolution of carbonates occurs in two steps; (1) dissolution of carbonate

minerals causing tho addition of relatively enriched õl3C and carbon devoid of laC to

groundwater. and, (2) reprecþitation of more stablo carbonate minerals causing removal

of carbonate from groundwater.

6.4.2 Adjustment of r4C data of the Murray Group Aquifer (Zone /t)

The lac of the added soil water via local recharge is modiflred by oongrue,nt and

incongnrønt dissolution of carbonato minorals in the Mrnray Group Aquifer as

discussod in section 6.4.1,. Therefore, the offect of the addition of dead carbon by

dissolution of carbonate minerals should be taken into accormt in estimating the corroct

ages of groundwater. The correction of the measr¡rod 14C activity can be accomplished

by adopting the approach described by Ingerson and Pearson (1964) and Wigley et al.,

(1978, lgTg). Tho Ingerson and Pearson (1964) model considers dilution of lac

activity with doad carbon derived from the dissolution of carbonate minerals in the

unsaturated zoÍre. Tho result of this model used as input for tho Wigloy et al. (1978,

1,979) model, which considors the affect of incongruont dissolution of carbonato

minorals in the saturated zone. Roprocipitation of calcito during incongruent dissolution

in the saturated zone in the Wigley et al. (1978 ,1979) model is assumod to occur in

oquilibrium with dissolved carbonate species in the groundwater. It is assumed that the

dissolvod carbonate minerals are part of the original carbonate components in the

Murray Group matrix, and not carbonate minerals that havo been precipitatod from
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gfoundwater. It is also assumed that the amor¡nt of carbonate dissolved is equal to the

amount of carbonate precipitatod from the groundwator.

The carbonato dissolution reaction in the unsaturated zono was estimated via the

following equation (Ingerson and Pearson, 1964):

ôr3c - õ13c*: (õt'co - ôt3cÐ x (6.9)

where õ13C, is the l3C content of total dissolved carbonato in the water sample; õ13Co

and ôr3C* are the rzç¡rzç content at tho beginning of incongruent dissolution and of

carbonate minerals respectively, and tho X parameter is the adjusûnont factor required

for the estímation of laCo activitios in the water. sarrples. A õl3C value of -19loo was

taken as the average value represørting soil CO2 in the study area (Dighton and Allison,

1985; Leaney and Allison, 1986). The average ôr3C value measr¡rod for carbonate

minerals of the Munay Group is 0.8%o. The activities of tho carbonate speoies wore

obtained from the computer code PHREEQM and the 'X' pararneter for the congruent

dissolution roaction is calculated from HCO3 and CO21*¡ concenhations for each

groundwater. samplo via the oquation below:

x- mC0r(aq) + O.5mHCOJ

mCO, (aq\ + mHCO;
(6.10)

where mCO2@q) and mHCO3' aro the molar concenhation of dissolved carbon species

in groundwater. Tho X value for the groundrrater. samples calculated from Eq. 6.10

ranges from 0.51 to 0.62. Based on thoso X values, the õr3C-rç and raC activity at the

end of congrue,nt <lissolution according to Eq. 6. 9 were calculatod and rango from

-ll.2o/oo to -70.3%o and from 61pmc ta S2pmcrespectively. For example the õr3C

content for.groundwatetof well M7 wouldbe:
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õr3c : 0.6 (-19 -o.s) + 0.8 : -11.08 (6.11)

And, if tho Ao activity of soil COz is 10Qmc, the initial raC activity at the beginning

of incongruont dissolution of carbonate would be:

A:Ao.X (6.12)

A: 100 x 0.61:6lpmc.

The ôl3C and laC valuos used in the incongruent dissolution model (Wigley et al.,

1978,1979) were as follows:

põt'c - õt'c* + e/T : (B õr3co - õttc* + e/T) X (6.13)

whoro

9: 1+ (a - lÆ");

f : 1 and is the ratio of dissolving to precipitating carbonate; ôt'C is the r3C conte,nt of

total dissolved carbonate in tho wator sample ; õl'Co and ô13C* aro the rzç¡rzçratio of

groundwater. at tho beginning of incongnrent dissolution and of carbonate minerals

respectively; e is the fractionation factor between dissolved and precipitating

carbonates; X is the adjustnent factor

The õl3C valuos for.groundwater at tho beginning of incongrue,nt dissolution of

carbonate minerals were calculated from Eq. 6.10 and averago -11.8%o. Tho õr3C¡ value

for carbonate minerals is 0.8%o. The fractionation factor (e) of 2,5%o between

precipitatod calcite and dissolved carbon spocies was calculated by expressions given

by Deines etal. (1974).
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Progressive dissolution and precipitation of carbonates results in the õl3C1p¡s of

groundwator approaching a constant value of ôl3Cn - e/T in Eq. 6.13. When tho

õt'C-r. of groundwater approaches ( ôr3C¡ - e/Í),the rac activity of the groundwater

will approachzaro. For example, using 2.5%o fotthe fractionation botwoen dissolved

andprecipitated carbonato and 0.8%u for.the õl3C value of carbonato minerals, tho õl3C

limiting value is -1.7%o. Groundwators that have õl3C moro positive than '1.'lo/oo, are

boyond tho limiting õl3C valuewhere the initial raC approaches zero, and the raCo value

for.these groundwaters cannot be determined from Eq. 6.13. Groundwater samples

with l4C concentrations ( 2 pmc and also those vrith õl3Cmrsmoro positive than

- \.7o/oowere thereforo excluded from tho corection model.

Tho a-djustod laC activities for gror:ndwater sanrples of the Murray Group Aquifer. are

preselrted in Table 6.1 and rarrge from 5.lpmc to 5lpmc. Tho variation of lac values is

probably due to the variation in rocharge rates and decay of laC in tho saturated zoîa.

The estimation of the recharge rato from the adjusted raC values in the Murray Group

Aquifer is discussed below.

6.4.3 Estimation of recharge rates from radiocarbon dat¿ for the Murray

Group Aquifer (Zone A)

Mixing of local rocharge that has relatively high toc activity and laterally flowing

groundwater. devoid of rac occurs via advection and/or. diffusion. Generally the
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advection is the dominant process of mixing when the recharge rate is lmm > ar

(Walker and Cook, 1991). Therefore, the depth of groundwater sampled from the

water table is critical in assessing the adjusted 'oC activity data and recharge estimate

in the Murray Group Aquifer.

Vogel (1966) and Bredenkamp and Vogel (1970) presented a model for quantihcation

of recharge rates from the groundwater raC activity. Their model describes movement

of raC derived from recharge coupled with radioactive decay. The schematic diagram

of decay and transport of r4C of groundwater in an unconfined aquifer according to this

model is presented in Fig. 6.3. The decay profile varies depending on the recharge rate.

The relatively high recharge rates cause faster mixing with laterally flowing

groundwater. Therefore, their respective profiles will be steeper than the profiles

corresponding to lower recharge rates. The transport mechanism of raC in the

Bredenkamp and Vogel (1970) model is assumed to be only by advection. However

Walker and Cook (1991) argued that in arid and semi-arid regions where recharge

rates are <0.1mm a-t, diffusion of roC in groundwater may be an important transport

mechanism in the saturated zone. They incorporated the diffi¡sion equation to the

former model (mixing via advection) to account for transport of r4C in saturated zone.

The t4C concentration as a function of depth according to Walker and Cook (1991)

model is given by:

C : Co{cosh [ (l-z') (D'r)]] {cosh [ ( D'r) - 0.5 ]] -' 6.14
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whore Cois the initial laC concenhation of groundwater, C is its concentration at de'pth

Z below the water. table, D*L is desporsion coefficient and expressed as:

D*T.: D60 t

where Do is the diffusion coefficie,nt for carbonate in solution e l.2x 10-e m? s-1), 0 is

porosity of the aquifer. and t is tho tortuosity.

(aC,7omc)
50 100

Fig. 6.3. Schematic diagram showing urixing of water.derived from.local recharge and

laterally flowing groundwater. The concontration of tac in the groundwater is a

function of the rechargo rate and radioactive decay. The higher recharge rates result in
steeper raC profi.le.
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The Walker and Cook (1991) model requires an input of initial raC activity of local

recharge and aquifer porosity and thickness. Generally, the saturated thickness of the

Murray Group Aquifer decreases in the northern part of the study area near the River

Murray as the potentiometric level decreases. The saturated thickness in the north and

central part of the study area is between 60m and 100m (Reed, 1980; Barnett, 1983)

and in the south is higher and range between 80m to 120m. The average value of

100m was used for the saturated aquifer thickness for the south and central part of the

study area (i.e. Zone A). Porosity of the Murray Group Aquifer has been measured as

0.25 (Barnett, 1983) and there appears to be no significant variation with depth.

Using these values for the aquifer parameters and the lowest initial 'aC activity

(51pmc) for local recharge water calculated from the correction models, the calculated

r4C activity as a function of depth below the water table for various recharge rates is

shown in Fig. 6.4. Using this graph, recharge rates estimated from 'oC data range from

<0.1 to 20 mm a'. Groundwater located to the south and southeast of Zone A is

characterised by higher recharge rates, ranging from 1mm at to - 20 mm a-rwhile

groundwater from the northern part of Zone A is characterised by lower recharge

ranging from lmm arto values < 0.01mm a'. Higher recharge rates in the south and

south east part of the study area were also elucidated by Leaney et al. (1994, 1995)

based on Cl- mass balance. They attributed higher recharge rates in this part of the

study area to relatively higher rainfall of - 650mm ar versus 250mm ar in the north

and northeast part of the study area.
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Four groundwater samples that woro sampled from depths of 0.5 to l5m below the

water table have a conected laC activity of < 40pmc, and two samples from just below

the water table having toc < lpmc fall out of the mnge of tho decay profiles shown in

Fig6.4. The lowest raC activity obtained forthe groundwator samplos by the model

considering tho dissolution of carbonato minerals was 5lpmc" Thereforo groundwater

sarrpled from the water table should havo a minimum value of 51pmc unless other

processos occurring in the r¡nsahnatod zono cause furthor dilution of the laC activity of

soil water.before it roachos the water.table.

Several previous studies have also reported a lower. than expected laC activity of soil

water, particularþ in the deep unsaturated zone in semi-arid regions (Thorstenson et

a1., 1983; Tyler et al., 1996). However, the causes for these low values is unknown.

Tho possible explanation for this phenomena could be dilution of the rac of soil water

by CO2 producod by the oxidation of old organic mattor dovoid of raC in the

unsaturated zone. The second possible explanation is that incongruent dissolution of

carbonates could be occurring in the rmsaturated zotre. Thus, causing an apparont

depletion of tho laC of soil water There is no isotopic data from the unsaturated zono

in the study area to evaluate either of these explanations. The interprotation of lower.

than expocted l4C activity of some gtoundwator samples must thereforo await firther.

rosearch into procosses moro likoly to control l4C in the unsaturated zone of tho

Murray Group Aquifer.
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6.4.4 Controls on õ r3Cro,. of the Murray Group Aquifer (Zone B)

Most of the groundwater samples from the Murray Group Aquifer inZone B have

ô'rC-,. < - l4%o (Table 6.1). The depleted ô"C-,. values can only be caused by the

addition of a carbon source that is depleted in r3C. Sulphur isotope data for the

groundwater of both aquifers inZone B suggests the occurrence of sulphate reduction.

Bacterial sulphate reduction in groundwater results in the production of HCO,, causing

the addition of HCO, depleted in r3C via the following reaction:

SOo2- + 2CH2O -+ HrS t HCOr- 6.14)

There is no data available on the ô"C composition of organic matter within the

Murray Group Aquifers. However, the ô'3C reported for organic matter in continental

and marine deposits ranges from - -17 o/ooto - -30%o (Deines, 1980). Assuming the

ô"C for the organic matter has a similar range of values, the production of HCOr- with

these depleted ôr3C values could explain the observed depleted ô''C-,. of groundwater

in the Murray Group Aquifer (Table 6.1).

The sulphur and strontium isotope data also suggests significant upward leakage from

the Renmark Group Aquifer to the Murray Group Aquifer inZone B near the River

Murray. The õr3C-,. of groundwater from the Renmark Group Aquifer in Zone B

ranges from -l4o/oo to -2L 6%0. Mixing of groundwater with these depleted ô''C-,.

water through upward leakage could be the second process that causes the depleted

õ''C-,. values in the Murray Group Aquifer.
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6.4.5 Processes affecting raC activity of the Murray Group Aquifer

(Zone B)

The measured roC activity of groundwater from the Murray Group Aquifer in Zone B

ranges from Opmc to 21pmc (Table 6.1). This variation may be caused by two

competing processes; (1) variation in the recharge rate which adds water containing

modem carbon to the groundwater, and (2) variation in the rate of upward leakage from

the Renmark Group Aquifer which adds water devoid of 'oC to the Murray Group

Aquifer. The higher 'aC activity of groundwater may indicate higher recharge rates

compared with leakage from the Renmark Group Aquifer.

Mixing of groundwater devoid of taC with groundwater containing measurable amounts

of 'aC, results in a mixture with an indeterminate age. This occurs because

groundwater that contains no measurable roC could have any age> 40,000 years

þractical limit of groundwatertaC dating). Calculation of the age of mixture of two

waters that have measurable toc from their mean taC activity also result in a large effors

for age estimate. The effect of mixing of such groundwaters is schematically shown in

Fig (6.5).

The age of mixture of modem and 40,000 year old water calculated from the mixing

equation is represented by a solid line. The age of the same mixture was calculated by

the radiocarbon decay equation from the mean taC activity of the two waters and is

represented by a solid curye. It is apparent from Fig. 6.5 that the error associated with

the age calculated from the mean activity of the end members in some cases is greater
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than the real age of the mixture. Accordingly upward leakage of groundwater devoid of

lac from the Ronmark Group Aquifer in ZaneB with groundwater containing

measurablo amounts of lac of the Murray Group Aquifor rosults in groundwater with

an indeterminate age. Therefore, the lac activity of growrdwator of the Murray Group

Aquifer can only be usod qualitativoly to highlight the significance of local recharge to

the Murray Group Aquifer in this part of the study area.
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Fig. 6.5. Relationship between mixing proportion of groundwaters with different laC

activity and age of the final solution. The two circles represent ages of a final solution

that results from mixing of modern water. (0 age) and 40,000 years old in the same

proportion. Tho age of the mixture calculated by two component mixing oquation (gay
circle) is throe times higher.than the age calculated from the mean raC activity of tho

two waters by tho docay equation (8q.6.1) (white circle).
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6.5 Conclusions

Information provided by toC data of the groundwatcr. in the Murray and Ronmark

Group aquifers conhibutes significantly to the main thome of this study and suggests

that:

1. Local recharge is the only source of measurable laC concentration in the Murray

Group Aquifer. This conclusion supports previous conceptual models obtained from

the chomical and isotopic composition of groundwater in the Murray Group Aquifer

indicating the significance of local recharge relative to lateral flow.

2. In addition to radiocarbon decay, congnrent and incongruent dissolution of carbonate

minerals in the Mr.uray Group Aquifer is the primary causo for apparent dilution of tho

laC activity of groundwator. Based on the geochemical corroction models, measurod laC

data was adjusted for the offect of tho above mentioned processes and rocharge rates

were estimated in various parts of tho shrdy area.

3. Recharge ratos in the south and southeastem part of Zono A range from 1 mm a-l to

20 tnlar.a-r and aro higher than estimated recharge rates in tho northern part which are

<lmm r. The higher recharge rates in the south and southeast corroborate those

estimated by Loaney ot al. (1995 ,7996) using Cl mass balance.

4. Mixing of grotrndwater of the Renmark Group Aquifer devoid in laC via upward

leakage with the Murray Group Aquifer containing laC, results in a mixture with
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indeteirninate age. However, the variation of laC activity for groundwater. of tho

Mnray Group Aquifer inZoneB suggests tho significanco of two compoting

procossos, namely local rocharge and upward leakago from the Ronmark Group Aquifer.
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CHAPTER 7

Concluding Remarks

7.1 Regional groundwater chemistry

In the semi-arid southwestem Murray Basin, where potential evaporation exceeds

precipitation, the small fraction of precipitation that contributes to groundwater

recharge is concentrated in the soil zone and can produce highly saline recharge water.

Introduction of the highly saline recharge water to the groundwater particularly, in the

northern part of the study area, causes the current chemical composition and salinity in

the Murray Group Aquifer. Mixing of saline groundwater from the Renmark Group

Aquifer through upward leakage also plays a major role in the curent distribution of

major ions and contributes to the increase in salinity of the Murray Group Aquifer in

the north and northeastern part of the study area.

Rock-water interaction in groundwaters which have a residence time of > 40,000 years

can also be a factor in modifying the chemical composition of groundwater along the

inferred flow lines in the Murray and Renmark Group Aquifers. Generally the long

residence time is caused by the low relief and the low groundwater hydraulic gradient,

which in turn provide sufficient contact time for aquifer minerals-groundwater

reactions.
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Quantiffing the above mentioned long term processes is not possible by conventional

hydrological and hydrochemical investigations. For example, chemical composition

and stable isotopes of water molecules in both aquifers are similar, and although they

can be used as primary investigation tools to provide information on distribution of

major chemical ions and the sources of water molecules in groundwater. They are not

useful as groundwater mixing tracers in the Murray Basin" Therefore, this thesis

explored the usefulness of alternative environmental isotopes such as ô34S and õt8O of

dissolved sulphate and ttsr/t6Sr ratio of dissolved strontium in groundwater as tracers

of inter-aquifer mixing and rock water interaction in the semi-arid region of the

southeastern Murray Basin.

7 .2 õ345 and õrsosoo'

The õ34S and ö 
ttO composition of dissolved sulphate primarily depends on the sources

of sulphate and the redox condition of groundwater. Because the redox conditions and

mineralogy within the Murray and Renmark Group aquifers are different, the ô34S and

õt8O of dissolved sulphate in the groundwater in each of the aquifers also exhibits

different õ 
34S and ôttOSOo' signatures. In the highly reducing Renmark Group

Aquifer, both õ'oS and ôrtO of residual dissolved sulphates are relatively enriched due

to bacterial sulphate reduction. In contrast, the ô34S and õt8OSOo'- values in the

relatively aerobic Murray Group Aquifer are dominated by sulphate having ô'4S and

ô"OSoo,- values similar to atmospheric aerosol isotope values, plus the mineralisation

of organic sulphur from the soil zone during recharge. These distinctive signatures are
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used as tools in identifiing upward leakage from the Renmark Group Aquifer, as well

as the relative importance of vertical input of sulphate via diffuse local recharge.

In the absence of significant anthropogenic emission of sulphur to the atmosphere, the

measured õ3aS isotope of dissolved sulphate in groundwater from the Murray Group

Aquifer generally reflects the original õ34S of the rainfall that recharges the aquifcr.

Therefore, in the absence of sulphate minerals (e.g. gypsum) in the aquifer matrix, the

õ34S of dissolved sulphate in aerobic aquifers can be an effective tool in revealing

information on rainfall patterns over relatively long periods of time. Previous

investigations (Chivas , lggl) in Western Australia also found that the õ34S of gypsum

precipitated from surface waters reflects the õ34S of sulphate pool in rainfall over a

regional scale.

õ3oS and ôttosoo'composition in the Murray and Renmark Group aquifers from the

northern part of the study area suggests the occurrence of upward leakage south of the

River Murray. However, the amount of upward leakage from the Renma¡k Group

Aquifer could not be quantified because the õr4S and õ'8Osoo2- composition of the

Murray Group Aquifer could not be explicitly identified due to possible sulphate

reduction after mixing. Hence the resulting isotopic character of the mixture through

upward leakage from the Renmark Group Aquifer could not be interpreted with

respect to the original end-members by application of the two-component mixing

model.
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7 .3 87311865r ratio

Because strontium ions can substitute for Ca ions in carbonate minerals, their

concentration and isotopic signature in groundwater from the carbonate Murray Group

Aquifer can be used to identif, the source of Sr and the extent of water-rock

interactions. The relatively long groundwater residence time provides ideal

environments for chemical and isotopic equilibrium between the carbonate Murray

Group Aquifer matrix and groundwater. Furtherrnore, unlike õ34S and ôrsOSOo'-

isotopes of dissolved sulphate, the 875r/865r ratios of groundwater are not affected by

the redox conditions of the groundwater. Therefore, the distinct ttsr/tusr ratio of the

groundwater in chemical and isotopic equilibrium with carbonate rocks in the Murray

Group Aquifer is successfully used to estimate upward leakage from the Renmark

Group Aquifer.

The 875r/865r ratio revealed that in addition to the upward leakage of groundwater from

the Renmark Group Aquifer, significant amounts of water from the Mu:ray Group

Aquifer in the northern part of the study ¿rea are derived from local recharge" This

observation could not be corroborated by ô34S and õl8osoo" composition because the

ô34S and õt*Osoo'' signäture of local recharge following mixing with laterally flowing

groundwater were altered by bacterial sulphate reduction in the Murray Group Aquifer

However, introduction of local recharge to groundwater in the northern part of the

study area was supported by measurable amounts of toC.
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7 .4 Carbonate-solution interaction

ttsr/*usr ratios of groundwater from the Murray Group Aquifer in the south and central

part of the study suggest that dissolution of carbonate minerals occurs as soil water

percolates through the unsaturated zone. A model of the "Sr/tusr and Sr/Ca ratio

relationship also suggests the occurrence of incongruent dissolution of carbonate

minerals following the addition of local recharge to the laterally flowing groundwater.

This conclusion is further supported by ôt3C data, in that total inorganic carbon

dissolved in groundwater becomes progressively more enriched in ßC as the ttsr/tusr

ratio decreases towards that of carbonates in the aquifer matrix.

Dissolution of carbonate minerals has a direct effect on toC content of groundwater due

to the addition of dead carbon from the aquifer matrix that causes dilution of the raC

content. The measured laC data therefore, was adjusted to account for congruent and

incongruent reactions using appropriate models. The adjusted raC data then was

converted to estimate recharge rates in the south and central part of the study area,

using the model presented by Walker and Cook (1991). The taC age estimation for

groundwater of the Murray Group Aquifer in the northem part of the study area

(mixing zone) was not possible because of upward leakage of groundwater from the

Renmark Group Aquifer that is devoid of 1aC. The measurable amount of IaC in the

Murray Group Aquifer results in a mixture with indeterminate water age'

Finally, this thesis has highlighted the effectiveness of the application of multiple

isotopic techniques in identifying long-term processes that affect the chemical
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composition of groundwater in semi arid regions. The application of strontium,

sulphgr, oxygen, and carbon isotopes are useful because they integrate the spatial and

temporal variability of large-scale heterogeneous aquifers. They also provide an

insight into the temporal variation of the physical and chemical processes that occur in

the aquifer in the context of solute concentration and transport.

Conventional hydrogeological investigations, which deal with aquifer characteristics

and present day water level measurements alone, are not adequate in quantiffing the

effect of these processes on¡the current distribution of major chemical ions and

groundwater salinity. The information obtained from the isotopes also has major

management implications because it provides information on important parameters

such as recharge rates, source and origin of solutes, groundwater residence time, etc'

For example, some of the models developed in the study area with important

management implications were; (i) the models showing spatial distribution of

groundwater salinity caused by natural processes over long periods of time that were

not induced by human activities, (ii) Quantification of the extent of inter-aquifer

mixing (one of the major sources of salinity in the Murray Group Aquifer in the

northern part of the study area) and, (iii) Estimation of groundwater residence time and

recharge rate to the Murray Group Aquifer.

Furthermore, study has contributed towards a better understanding of how the

systematic of various isotopic techniques work in regional aquifers of semi-arid

environments, and has also demonstrated the added value of the information obtained

from the isotopes in redefining and validating the conventional hydrological model of

the study area.
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Appendix 1

Results of XRD analysis

The results of XRD analysis of the rock samples taken from cuttings of drill holes

(M33, M34, M50,1M52,M64) penetrating the Murray and Renmark Group Aquifers

are shown according to their depth from the surface. The 20 angle increases from

left to right on the horizontal scale and the intensity of the diffracted peaks above

the background is given by the vertical scale. The major peaks corresponding to the

dominant minerals in the rock samples are also shown for each spectrum.
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Appendix 2

Pyrite oxidation model

The input data for pyrite oxidation model by computer code PHREEQM. The

model investigate the increase of sulphate concentration of groundwater from the

Murray Group Aquifer by oxidation of pyrite. The starting solution is groundwater

from well M9. The pH of solution is buffered by equilibrium with calcite and iron in

solution is controlled by goethite equilibrium. The final solution composition, pH

and mass transfer are calculated for 0.0. 0.001, 0.0015. 0.002, 0.0025, 0.003, 0.004,

0.0045, 0.005 and 0.01 mmole/kg addition of oxygen.

Example
003011000010 1 0.00000
SOLUTION I
M9
9 15 2 7.48 4.0 r9.9 1.0

44.8000E+01 5 2.3700E+01 6 9.5400E+01 7 1.0000E+01 12 1.0800E+00

13 1.8000E+00 l4 1.4100E+02 152.5100E+02 16 1.7100E+01

MINERALS
cALCrrE 2 4.0 -8.480 -2.297 I 0.00

15 1.0000E+00 4 1.0000E+00
-r71.9065 -.077993 2839.319 71.595

GOETHITE 3 3.0 -1.0 0 0.00

115 1.0000E+00 3 2.0000E+00 l-3.0000E+00
PYRITE 4 0.0 -18.48 11.3 0 0.00

t-2.0000E+00 2-2.0000E+00 I 1.00008+00 42 2.0000E+00

REACTION
32 1.000 4.000

STEPS
0.000E+00 1.000E-03 1.5008-03 2.000E-03 2.5008-03 3.000E-03 4.0008-03

4.500E-03 5.000E-03 1.000E-02
END
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Appendix 3

The model for the addition of soil water to the laterally flowing

groundwater followed by equilibrium with calcite

The input data for the model of addition of soil water to laterally flowing groundwater

followed by equilibrium with calcite by computer code PHREEQM. Soil V/ater

represented by groundwater in well M70 is added in incremental steps to laterally

flowing groundwater represented by M9. The final solution in each step equilibrated

with calcite and the change in Ca and Sr concentration are calculated as discussed in

section (5.5.1 .2)

Example
0000011000 0 0 0

SOLUTION 1

M9
9 t5 2 7.48 4.0 19.9 1.0

4 4.8000E+01 5 2.37008+01 6 9.5400E+01 7 1.0000E+01 12 1.08008+00

13 1.8000E+00 14 l.4l00E+02 152.51008+02 16 1.7100E+01

MINERALS
cALCrrE 2 4.0 -8.480 -2.297 I 0.00

15 1.0000E+00 4 1.0000E+00
-17r.906s -.077993 2839.3r9 7t.595

END
Example
0000012000 0 0 0

SOLUTION 2

M70
9 15 2 7.04 8.0 25.0 1.0

4 4.1800E+02 5 6.4300E+02 6 5.5430E+03 7 1.2200F+02 12 6.6150E+01

14 1.0306E+04 15 2.32008+02 167.5300E+02 223.2100F+01
MINERALS
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CALCITE 2 4.0 -8.480 -2.297 I 0.00

l5 1.0000E+00 4 1.0000E+00
-r71.9065 -.077993 2839.319 71.595

END
Example
00100110001 0 1.00000

MINERALS
CALCITE 2 4.0 -8.480 -2.297 1

15 1.0000E+00 4 1.00008+00
-177.9065 -.077993 2839.3r9 71.595

0.00

STEPS

9.998-07

END
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