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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 transport 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
mg/] at the south-eastern basin margin, to ~ 23,000 mg/l about 300 km downgradient
near the discharge area (River Murray). 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 8'®0 and 5°H 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 5*S and
88050, of dissolved SO,> and ¥’Sr/*Sr 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 8°H and 8'*0 composition of groundwater from both aquifers is depleted in ’H and
80 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 §*S, 8'*0s0,* and SO,>/CI 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 5*S

and §'®0s0,* values due to bacterial sulphate reduction.

The ¥Sr/*Sr 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 ¥’Sr/*Sr and
Sr**/Ca®" ratio variations. This conclusion is further supported by 8"°C data, which
shows that 3 °C becomes progressively more enriched as the *’St/**Sr ratio evolves
towards that of the calcite ¥’Sr/*Sr ratio of the aquifer matrix. Sr** concentrations and
¥Sr/%Sr 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 ¥’Sr/**Sr 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 "“C content in groundwater throughout the study area. The measured "'C
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 '*C data was

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

Introduction

1.1 Background and scope of the problem

Groundwater has been an integral part of human day to day activity from the beginning
of civilization. The Old Testament contains many references to groundwater, springs
and wells, e.g., Abraham and Isaac were famous for their success as well diggers. The
importance of groundwater supplies is illustrated in the twenty-six chapters of Genesis

which refers to Isaac’s effort to find water for his tribe and the text reads as follows:

“And Isaac departed thence, and pitched his tent in the valley of Gerar, and dwelt

there.

And Isaac digged again the wells of water which they had digged in the days of
Abraham his father; for the Philistines had stopped them after the death of Abraham:

and he called their names after the names by which his father had called them.

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

And the herdmen of Gerar did strive with Isaac’s herdmen, saying, The water is ours;

and he called the name of the well Esek; because they strove with him.....



Tolman (1937) describes the large underground 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 been proposed by Greek and Roman philosophers to explain the
origin of groundwater. Some of the theories were accurate accounts, and others were
just reverie and fantasies (Meinzer, 1934; Baker and Horton, 1936). For example, in
ancient times springs where considered as miraculous gifts of gods; they wrought
miracles and were places where temples were built (Meinzer, 1934). The Greek
philosophers Plato and Homer, on the other hand, thought that spring water was
derived from the ocean by direct flow through subterranean channels, then purified and
raised to the surface. In describing rain water formation, Aristotle thought that the air
surrounding the earth is turned intc water by the cold of the heavens and falls as rain
and that the air which penetrates and passes into the crust of the earth also becomes
transformed intc water, owing to the cold which it encounters there (Baker and Horton,
1936). It was only in the late seventeenth century that a clear understanding of the

hydrological cycle had been achieved (Todd, 1959).

Furthermore, groundwater tracing also dates from ancient times. Mazor.(1976 a)
describes tracing experiments carried out by Philip, the ruler of the 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 lake and observing it in Banias



Spring. The result of Philip’s tracing experiments 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 surface water in many parts of the
world has greatly preceded the understanding of its origin, occurrence and movement.
Groundwater accounts for about two-thirds of the freshwater of global water resources.
Neglecting the amount of fresh water held in polar ice caps and glaciers, groundwater.
accounts for 98% of fresh water resources on a global scale (Todd, 1970; Freeze and
Cherry, 1979). Moreover, groundwater is especially important in arid and semi-arid
regions where potential evaporation exceeds precipitation, resulting in a small or
negligible and unreliable runoff (Peak, 1979). In such areas only a small fraction of
precipitation contributes to groundwater recharge, a major portion of precipitation
being lost by evaporation from the surface layers. In this case the total dissolved solids
(TDS) in rainwater are concentrated in the soil zone and can produce highly

concentrated recharge water.

Infiltration of high TDS water via local recharge to the water table can directly affect
the quality and chemical composition of groundwater. The small flux of recharge water
in arid and semi-arid regions may result in long residence times for water in the
unsaturated zone which in turn results in extensive water-rock interactions. A
consequence of this is that the concentration of TDS in groundwater may increase and

reach extremely high levels. In addition, arid and semi-arid regions of the globe are



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 identify 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

processces.



A large number of hydrologic investigations of arid and semi-arid regions have been
carried out over the last 30 years using a combination of hydrologic data and stable
isotope ratio of water molecules (*H/'H, *0/*%0) as well as carbon isotopes (°C/"*C,
and *C) of dissolved inorganic carbon. For example, Salati et al. (1974) found some
indication for climate change from stable isotope composition of groundwater in the
Brazilian Northeastern region. Edmunds and Walton (1980) described methods to
estimate recharge in semi-arid regions by stable isotope and CI” content in soil profiles.
Sonntag et al. (1980) also used stable isotopes in combination with the trittum content
of water in the unsaturated zone and groundwater to determine the age and estimate the
amount of recharge in the Dahna sand dune (Saudi Arabia). Lloyd (1980) examined the
groundwater gradients in old groundwaters in southwestern Egypt using radiocarbon
data and concluded that the hydraulic gradient in old groundwaters could persist for a

long period of time in arid regions.

The 2H and '®0 isotopes of water molecules are conservative at ambient temperature
and will remain constant in groundwater unless affected by physical processes, such as
mixing with groundwater with a different isotopic signature, or variation in evaporation
during recharge. Therefore, the effect of these processes on groundwater can be

identified by comparing the §*H and 5'®0 of groundwater and of the rainfall which

recharges the aquifer (Mazor et al., 1985; Herczeg et al., 1992; Love et al., 1993;

Chambers et al., 1995).



The '*C concentration of total inorganic carbon species (COyaq + HCO5™ + CO;%), in
combination with the *C/*?C ratic and carbonate chemistry can be used to determine

the residence time of groundwater Mook, 1980). In addition to this, 3'*C can provide

information on sources and sinks of inorganic carbon, which is an important step in
understanding the geochemistry of groundwater because bicarbonate is a major anion in
groundwater. For example, Pearson and Swarzenki (1974) used *C concentration and
carbonate chemistry to delineate the sources and age of the groundwater in the Northern
Province of Kenya and concluded that groundwater can be divided into two distinct

groups, each representing different recharge events in the past.

Sulphur isotopes (3*S, *2S) of dissolved sulphate can reveal information on the sources
and sinks of sulphate and geochemical processes that modify sulphate concentration
and groundwater (Hendry et al., 1989; Nielsen et al., 1991; Edmunds et al.,1995).
Different sulphur compounds can display distinct isotopic signatures (Nielsen et al.,
1991), potentially allowing the identification of the relative contributions of SO,* to
groundwater from different sources. Oxygen isotopes (**0, 1°0) of dissolved sulphate

(6'3050.%), on the other hand, may reveal information about the sulphur cycle in
conditions where sulphur isotopes information is ambiguous. Often the §'*0s0,*

isotope have provided information on sulphate reduction-oxidation (redox)reactions,
whereas the sulphur isotope provided no evidence of these reactions (van Everdingen et

al., 1982; Tylor et al., 1984 a, b).



Strontium isotopes (*’Sr/*%Sr) unlike light isotopes, are not affected by mass
fractionation. Therefore, if the groundwater has reached chemical and isotopic
equilibrium with the aquifer minerals, the *’Sr/*°Sr of the groundwater reflects that of
the aquifer minerals. In contrast, if equilibrium has not been achieved or only partially
achieved, then the ¥’Sr/*%Sr for the two phases will be different and will depend on the
extent of the reaction between the groundwater and the respective minerals. The
37S1/%Sr isotopes are particularly good tracers as indicators of the interaction of water

and carbonate minerals and its effect on the chemical composition of groundwater.

Utilisation of the above mentioned isotope techniques have led to the advancement of
several hypotheses to explain the occurrence of brackish, saline and hyper-saline
groundwater in the Stripa aquifer in Sweden (Nordstrom et al., 1989; Moser et al.,
1989; Fritz et al., 1989; Clauer et al., 1989) and in the Canadian Shield (Frape and Fritz,
1982; Fritz and Frape, 1982; Frape et al., 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 groundwater in fractured rocks. However, similar.
studies in sedimentary basins have been carried out to understand and interpret some of
the complex features and characteristics of groundwater on a regional scale, for example
the Milk River Aquifer in Alberta, Canada (Hendry and Schwartz, 1988; Hendry et al.,
1991; Drimmie et al., 1991; Frohlich et al., 1991), Snake River Plain Regional Aquifer.
System, Idaho, and Eastern Oregon in United States (Wood and Low, 1988), and the
Great Artesian Basin in Australia (Bentley et al., 1986; Collerson et al., 1988; Herczeg

et al., 1991; Mazor, 1992; Phillips, 1993).



Similarly, the Regional Aquifer-System Analysis (RASA) Program in the United States
has developed quantitative appraisals of the major groundwater systems. For
examples: the Madison Aquifer in parts of Montana, South Dakota, and Wyoming
(Busby et al., 1991); Cambrian-Ordovician Aquifer in Northern Midwest (Siegel,
1989); Florida Aquifer, in Florida and parts of Georgia, South Carolina, and Alabama
(Sprinkle, 1989); Sandstone Aquifers of the Northern Great Plains (Henderson, 1984);
Alluvial Aquifers of Arizona (Robertson, 1987); and groundwater in the Sacramento
Valley, California (Hull, 1984). These studies have used 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 aquifers via various

physical and geochemical processes.

Despite the large body of research into regional groundwater studies, and application of
various conventional and novel methods in hydrologic and geochemical investigations,
the majority of these studies have been carried out in temperate regions of Europe
North America, and United States, and there are very few comprehensive geochemical

and isotopic studies on a regional scale in semi-arid regions.

This study concentrates on the use of ¥’Sr/*%Sr , 8**S and § '®0S0.* in regional aquifers
within the Murray Basin of south-eastern Australia in combination with major ions and
8%H, 5'%0, 51°C, 1C. The main emphasis is to test the usefulness of ¥’Str/**Sr, 5°*S and
5'3050,* 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.



Application of these isotopes may reveal information on long term processes which
cannot be obtained by conventional methods. Furthermore, 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 mg/! at the south-eastern basin margin to ~
23,000 mg/l, 350 km downgradient at the discharge area near the River Murray. 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 §°H, §'*0 in both
aquifers are also similar, so that the assessment of the effect of mixing on water quality
in the Murray (;Jroup 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:

1. to evaluate the usefulness of strontium, sulphur, and oxygen isotopes of dissolved
sulphate in a semi-arid regional aquifer 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;

3) 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 1
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-18 isotopes of dissolved
sulphate in groundwater and their use as tracers, to determine the source of sulphate
and to identify 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-13
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
quantify 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 investigations 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 Barnett (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 may 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 hydrlologic 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 (1991a, b; 1994 ) and Herczeg et 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 km’ of the south-western Murray Basin (Fig.1.1 & 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 Eucalyptus woodland,
known locally as Mallee. Mallee refers to low shrubby trees or tall shrubs with two or
usually more stems. The most common trees are Red Mallee (Eucalyptus socialis),
Gray Mallee (Eucalyptus dumosa), Ridge-Fruit Mallee (Eucalyptus incrassata), Oil
Mallee (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). The Mallee trees are characterized by roots up to
20m deep and are capable of intercepting and transpiring most of the rainfall (Walker et
al., 1990). Over the last 150 years ~ 80% of the study ar.e.a was cleared for dryland
cropping. The present predominant land use comprises of rotational cereal cropping

and sheep and cattle grazing.

1.7 Geological setting

The Murray Basin is a low-lying, saucer-shaped, intra-cratonic groundwater basin
containing Cenozoic sediments deposited in shallow-marine, fluvio-lacustrine and eolian
environments (Brown, 1989; Brown and Stephenson, 1991). It underlies an area of
about 3x10° km?. This closed groundwater basin contains 200-600 m of unconsolidated
sediments, and sedimentary rocks with a number of regional aquifer systems. A

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

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

Oligocene about 20-60 million years ago, when continental deposition of the Warina

.
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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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basement high in the southeastern margin of the basin.
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Sands and Olney Formation, which make up the Renmark Group Aquifer, occurred.
The Warina Sand is a fluvial unit of pale gray to pale brown, medium to coarse quartz
sand and sandstone, soft silt, clay and minor pebble conglomerate (Harris, 1966;
Lawrence, 1975; Brown and Stephenson, 1991). The sand is poorly-sorted at the base
of the formation (Ludbrook, 1961), and moderate- to well-sorted elsewhere
(Lawrence,1975). It is overlain by laterally discontinuous beds of poorly-consolidated,
dark brown, gray carbonaceous silt, sand and clay known as the Olney Formation,
originating fron:x a fluvio-lacustrine environment (Brown, 1989). The Olney Formation
is characterised by an abundance of carbonised plant remains, 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 Group) over the western Murray
Basin. These marine and marginal-marine sediments attain a thickness of up to130 min
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 Limestone its high permeability (Lawrence, 1975). The Renmark Group
Aquifer is separated from the Murray Group Aquifer by a 20 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, 1961; Firman, 1973; Brown and Stephenson, 1991). The Loxton
and Parilla sands consist mainly of weakly cemented and unconsolidated yellow-
brown, fine to coarse, well-sorted quartz sand and sandstone with minor clay, silt and

pebble conglomerate.

1.7 Hydrogeology

1.7.1 Murray Group Aquifer

The compiled potentiometric contours (Barnett, 1989; Murray Basin Hydrogeological
Map Series, AGSO-Fig. 1.4) 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 a very low gradient of 1:4,000 where it discharges into the River Murray.
The longest inf‘erred 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 m/day in the south and 1-2 m/day in the north and

northwest (Lawrence, 1975; Barnett, 1983). Under the present day hydraulic gradient,
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Fig. 1.4 Potentiometric surface and groundwater flow directions for the Murray Group
Aquifer. The dashed line represents the confined and unconfined boundary, i.e. east of

the boundary the water table is in the Pliocene sand aquifer
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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 Aquifer in Victoria is partly confined 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. The boundary between the
confined and unconfined part of the Murray Grouﬁ Aquifer is shown in Fig. 1.4.. The
water table in the confined part lies in the overlying sand aquifer, whereas in the

unconfined part it lies in the Murray Group Aquifer.

1.7.2 Renmark Group Aquifer

Groundwater flow in the Renmark Group Aquifer is to the north and northwest from
the Dundas Plateau (western Victoria), towards the River Murray where it discharges
by upward leakage into the unconfined Murray Group Aquifer (Barnett, 1983).
Horizontal hydraulic conductivity in the Renmark Group Aquifer averages 10-30
m/day at the eastern part of the Murray Basin and decreases to the west towards the
study area to 1-5 m/day (Lawrence, 1975; Woolley and Williams, 1978; Tickell and
Humphreys, 1987). There 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
gradient the situation is reversed with a head difference of up to 20 m indicating a
potential for upward leakage from the Renmark Group Aquifer in the north and north

west of the area (Fig 1.5).

1.8 Groundwater recharge rates

Recharge rates under Mallee vegetation have been estimated in the northern part of the
study area and ranged from 0.04 mm a™ to 0.09 mm a’l (Allison 1985; Cook et al.,
1989; Cook and Walker, 1989). Localized recharge through depressions in the
landscape may also contribute significantly to groundwater recharge. Cook et al. (1991)
estimated recharge through natural clearings in the study area as 7.5 mm a’l and
concluded rates of up to 100 mm 2" 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 texture 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-textured soils
tended to represent low recharge areas especially where native vegetation 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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Positive signs indicate potential for upward leakage from the Renmark Group Aquifer.
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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 1 mm 2 and 50 mm a™
and they give a mean for all sites studied of approximately 17 mm a™. This constitutes
an increase in recharge of more than two orders of magnitude from that under native
vegetation. However, the time delay in transmitting this increase in recharge to the
water table is estimated to be between 50 and 500 years (Allison et al., 1990) and

depends on the depth to the water table.

Groundwater recharge estimates in various parts of this study area were first carried
out nearly twenty years ago using the chloride mass balance method (Allison and
Hughes, 1978). The range of Cl concentration in the unsaturated zone profile in the
study area varies depending on the location, vegetation cover and soil texture (Allison et
al., 1990, Kennett-Smith et al., 1994; Leaney et al., 1995). In the northermn and central
part of the area at Wanbi, Kulkami, Borrika and Maggea (Fig 1.6) the CI” concentrations
in soil water range from 7,500 mg/1 to 16,000 mg/l ( Hughes et al., 1988 a, b, c; Cook et
al., 1992). In these unsaturated profiles the CI” concentrations increased with depth
and reached peak values of between 12,000 and 16,000 mg/l at 2 to 6 m depth. Below
the chloride maximum there is a gradual decrease in CI” concentration with depth due to
diffusion of chl‘oride to the groundwater (Cook et al., 1992). The only information on
the CI” concentration of the unsaturated profile in the southem part of the study area is
given by Leaney et al. (1994, 1995). Their study suggests that, whereas the form of the
CI" distribution in the profile was similar to that obtained from the northern part of the

study area, the CI” concentration was much lower and ranged from 500 to 2,000 mg/1.
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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 specific 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
unconfined 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 a 2 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 100 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 from 2 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 (MP1,
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 (MP1, GRUNDFOS) 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 Ag/AgCl reference calibrated with Zobell
solution. The pH was measured using a glass/AgCl combination pH electrode (Y SI
3530) calibrated with standard pH 4 and 7 buffer solution to an accuracy of = 0.05 pH

units.

Water samples for major ions were filtered through a 0.45 pm cellulose acetate

membrane filter (Millipore), and collected in acid-washed polyethylene bottles.
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Samples for stable isotopes (5'*0 and 5°H) of water molecules were collected in

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

Groundwater samples for 5°*S, and §'*050,* of dissolved sulphate and *’Sr/**Sr ratio
were filtered through a 0.45 um cellulose acetate membrane filter in the field in order to
remove suspended particles. The filtered samples for the 84S and 5'*0s0,* were then

acidified to pH ~ 4 with dilute HC] and stored in two litre plastic bottles. One hundred
millilitres of filtered groundwater-samples were acidified with high-purity HNO;, and

stored in sealed polyethylene bottles for S”** isotope analysis.

Groundwater for '*C analysis was collected in a 25 litre plastic container. Barium
carbonate (BaCOj3) and barium sulphate (BaSO,) were precipitated by the addition of
100 ml of 10M sodium hydroxide (NaOH), 750 ml of saturated barium chloride
(BaCl,), and 40 mg Magnafloc 156 JAEA. 1975). The pH was maintained between 9

and 10 during precipitation by the addition of aliquots of (NaOH).

2.2 Analytical Methods

2.2.1 Major ions

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

Scientific and Industrial Research Organisation) Land and Water chemistry laboratory
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in Perth, Western Australia. The samples were sealed in polyethylene bottles and

shipped over-night.

Total alkalinity was determined by the potentiometric titration method to a fixed end
point using 0.1N H,SO,. Carbonate species concentrations (COxg), HCO5",C05>)
were calculated using the computer code PHREEQM (Nienhuis et al., 1993, based on

PHREEQE, Parkhurst et al., 1980) from alkalinity, pH and major ion concentrations.

Sulphate concentration was determined on an auto-analyser by reduction of sulphate to
hydrogen sulphide, distillation of the latter and its subsequent colourimetric

determination (Keay et al., 1972).

Chloride concentration was determined by the automated ferricyanide method. This
method relies on the liberation of the thiocyanate (SCN), ion from mercuric thiocyanate
Hg, (SCN), by the formation of soluble chloride. In the presence of ferric ions the
liberated thiocyanate forms a highly coloured ferric thiocyanate Fe(SCN),.3H,0

proportional to the original chloride concentration (O’Brien, 1962).

Bromide concentration was determined by the High-Performance Liquid
Chromatography (HPLC) technique. The HPLC procedure for bromide determination
uses UV detection at a wavelength of 200 nm and a buffered (NaCl) eluent. Bromide

has significant UV absorption, so by monitoring at a low UV wavelength and using a
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UV absorbing eluent such as chloride, a sensitive and selective detection can be achieved

(Millipore Corporation 1989).

The concentration of Ca?", Mg?*, Na*, K" and Sr** 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. The amount of light
absorbed is proportional to the concentration of each respective measured element in

the water sample.

2.2.2 & *H and & *0O 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,
1988). An azeotrope is a mixture of two or more liquids where the boiling point may
be higher or lower than the original individual components. For the case of the
kerosene-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 °C ) and kerosene (185 °C)

separately (Walker et al., 1994).

During distillation, the azeotrope boiling point is maintained at 96°C until the water is
depleted. The temperature is then raised to the boiling point of kerosene 185°C. The

heated mixture is cooled in a straight condenser and both condensed phases, water and



33

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, water 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 ., 1959; Dighton et al., 1997). The
preparation line consists of a quartz tube 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 a 2 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 80 measurements, 5 ml of distilled water samples was equilibrated with CO, for
24 hours at 25 °C (Epstein and Mayeda, 1953). The 5°H and & '*O were analysed using

standard techniques on a VG 602 D or Europa Scientific Tracermass stable



34

isotopes gas ratio mass spectrometer. The mass spectrometer separates charged atoms
and molecules on the basis of their masses in magnetic fields. After passing through the
magnetic field, the separated ions are collected in the ion detector and converted into an
electrical pulse, which is then fed'into an amplifier. The ion beams of the respective

isotopes (e.g. >C'°0,, 2C'®0"0, 1?C'*0, ) are collected and measured simultaneously

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

Deuterium and §'20 are expressed in per mil notation (parts per thousand) relative to

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

equation:

(Rcample . RSMOW\

S(SMOW, %) = R X1000 @.1)
SMOW

where R is the '30/'%0 or 2H/'H ratio of the sample and Rgyow is the 130/'%0 or *H/'H
ratio of the standard. Precision for the analysis are + 0.15%o for *0/*°0 and + 1%o for

2H/'H.

2.2.3 § %8 of dissolved SO,*

The 2 litre acidified water samples were heated to boiling point to ensure removal of
CO, and thus minimize co-precipitation of BaCO;. Fifty millilitres of 10% BaCl,
solution was added to the boiled samples to precipitate BaSO4. The BaSO, was

washed with warm, deionised, distilled water. The washed BaSO, was dried overnight
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in an oven at 70°C. After 24 hours, the BaSO, was scraped from the dried beaker and

stored for analysis.

The BaSO, samples for sulphur analysis were converted to SO, gas by the method
described by Coleman and Moore (1978). About 40 mg of BaSO, was mixed
thoroughly in an agate mortar with 250 mg of Cu,O and 700 mg of SiO,. 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 tube was heated to 1200°C until no appreciable outgassing was
observed by a Pirani vacuum gauge. At this temperature, BaSO, thermally decomposes
to SO; and SO,, with the former converted to SO, and collected. The sulphur isotope
composition of SO, was determined with a VG 602 D mass spectrometer. The results

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

2.2.4 & O of dissolved SO,*

For 830 analysis of dissolved sulphate, sub-samples from BaSO4 were separated and

sent to the Environmental Isotope Laboratory, University of Waterloo, Canada.
Oxygen-18 was determined using the method described by Shakur (1982). About 10
mg of BaSO, was mixed thoroughly with ~10 mg pure (99.99%) graphite in an agate
mortar until the mixture was homogeneous. The mixture was placed in platinum foil,

folded and clamped between two electrodes 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 CO,. 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 CO,, and then collected in
a cold finger by liquid N,. When the reaction was completed, the produced CO, was
purified and separated from any remnant H,0O 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 8'*0isotopic 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

+0.5%eo.

2.2.5 %Sr/¥7Sr ratio

Rock samples were taken for *’Sr/**Sr isotope analysis from cuttings from five drill
holes that penetrate the Murray and Renmark Group aquifers. In addition to the whole
rock ¥’Sr/**Sr analysis, the rock samples were crushed and leached with 0.05 M

acetic acid (CH,COOH) in order to determine the *'Sr/**Sr ratio of the carbonate
component of the rock samples. The rock samples were totally digested in sealed

Teflon vessels using distilled HF and HNO; and quartz distilled HCl. The water
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samples were evaporated in the Teflon vessels and dissolved in distilled HCI and

centrifuged in order to separate any undissolved precipitate.

Strontium ions in the water and rock samples were separated from other ions using a
standard cation exchange column procedure. The purified SP** was converted to nitrate

form, and taken up in 30 pl of 0.15 M H;POy,, and loaded on to a single tantalum (Ta)

filament for mass spectrometer measurements.

The isotopic composition of S©** was measured on a Finnigan MAT 261 multi-
collector mass spectrometer, 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 **Sr/*®Sr have been corrected for natural and analytical stable isotope
fractionation to ¥3Sr/%6Sr= 8.3752. The ¥S1/*Sr ratio measurement errors are 26 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 Radiocarbon and 8 *C

The mixed precipitate of BaCOs and BaSO, from 20 litre water samples was placed in a
glass flask, and the BaCO; was converted to CO, by the addition of 5% HCI. The
evolved CO, was purified and separated from other impurities (e.g. HyO, N, Oz) by a

combination of cold traps (liquid N, 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 CO, during radiocarbon analysis were taken for 8"C analysis.
The collected CO, was further purified by the cold finger using liquid N, on a specially
designed line to ensure complete removal of H,0. The “C/"*C composition was

determined on a VG 602 D mass spectrometer.

Carbon-13 values for limestone were determined on the CO, released from carbonates
acidified in a sealed tube with 100% H,PO,. The sample was equilibrated at 25 °C for
24 hours. Analysis of the *C/"*C 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. The “C/"C ratio is expressed in per mil notation relative to
standard PDB (Bellemnitella americana from the Cretaceous Pee Dee Formation,

South Carolina).



39

2.3 Mineralogy and chemical composition of rocks

Detailed petrographic study of the aquifer matrix were carried out on the thin sections
prepared from the rock samples taken from the aquifer matrix. Mineralogical

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

The whole rock samples were carefully 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 the X—ra}li diffractometer for XRD analysis. Analysis was performed
using a Philips PW-1050 diffractometer, utilising Co Ko radiation of wavelength
1.7902 nm (normal focus) with an operating voltage at 50 kV and current 30mA.

Samples were usually analysed in the 2-theta angle range of 3 to 75° in steps of 0.02°.

The X-rays produced in the diffractometer are first collimated to produce a sub-parallel
beam with the angle of divergence depending on the size of the divergent slit. The
divergent beam is then directed at the sample and rotated at a regular speed. The X-

rays will be defracted according to Bragg’s Law as follows:
nA=2d sinb 2.2)

where n is an interger, A 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 the 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 diffractrometer digital out put using computer code XPLOT
(Raven, 1992) as well as the JCPDS (Joint Committee on Powder Diffraction Standard)

data books.

The major element analysis of the rock samples from the Murray and Renmatk Group
aquifers were determined by X-ray fluorescence (XRF). The rock samples were
crushed by Roller crushers employing rotating eccentric ribbed hard steel rollers in a
cone grinder. The powdered rock was then made into pressed pellets by mixing with a
binder and pressed to 20,000 psi (1400 kg/cm?- Norrish and Chappell, 1977) and
analysed by a Philips PW 1480 X-ray Fluorescence Spectrometer, using an analysis
program calibrated against several international and local Standard Reference Materials
(SRMis). A dual-anode (Sc-Mo) X-ray tube was used, operating at 40 kV, 75 mA.
The principal behind this technique is that when a sample is bombarded with high
energy X-rays, secondary radiation is emitted, with the wavelengths and intensities
dependent on the elements present. Measurements of the intensity of the characteristic

radiation for a particular element give a value reflecting its concentration in the sample.
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CHAPTER 3

Hydrochemistry and stable isotopes

3.1 Introduction

The concentrations and types of dissolved ions in groundwater play a major role in the
suitability of the water for intended use. Understanding the processes that might
produce the present day major ion distribution in the groundwater from the Murray
and Renmark Group aquifers is essential for present and future management of this
important water resource. A knowledge of whether the chemical composition of the
groundwater is caused by natural processes or induced by human activities is a
prerequisite in many groundwater management issues such as potential exploitation,

sustainable yield and groundwater contamination.

The main obj ecztives of this chapter are 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 hydraulic gradient in the

Murray Group Aquifer. The information provided in this chapter also serves to
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underpin the discussion of more exotic groundwater tracers in the following three

chapters.

The integrated use of natural tracers such as dissolved ions, various isotopes, and
physical parameters (e.g. temperature and depth to the water table) has proved to be an
effective approach to hydrological and geochemical investigations. Each of the natural
tracers provide specific information and when combined, can be used to elucidate
processes such as the origin of groundwater, the mixing between different groundwater
bodies, quality of water, location of recharge, groundwater residence time, and the
sources of dissolved ions in groundwater (Mazor, 1976 b; Wallick and Toth, 1976;
Elliot, 1990; Le Gal La Salle, 1995). For example, Mazor et al. (1985), have identified
the sources of groundwater in the spa of Schinznach in Switzerland 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 groundwater hydraulic data to determine the origin of groundwater

and the flow regime in the Otway Basin in Australia.

Investigations into the processes that can affect the chemical composition of
groundwater on‘ a regional a scale have been well documented (see below). An early
model describing the mechanisms that control the evolution of chemical composition of
groundwater was presented by Chebotarev (1955). According to his model, the general

sequence of major ion evolution in groundwater was from freshwater, dominated by
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bicarbonate ions, towards a sea water-like composition with the following major anion
sequence as a function of the increasing residence time of groundwater.
HCO; — HCO5 + SO — SO,* + HCOy — SO, + CI' - CI

Back (1960, 1966), and Back and Hanshaw (1965), expanded this model and suggested
that the concentration and type of chemical composition that develop in groundwater
are controlled largely by flow pattern, and by mineralogy of the aquifer matrix. In
general, groundwater flow systems and the associated chemical composition is divided
into three types; (i) local systems that are characterised by shallow depth and high
intensity of circulation. The effect of these conditions on chemistry is reflected by
thorough flushing, resulting in low TDS, and Ca**-HCOj;" type water, (ii) intermediate
systems which are characterised by relatively intermediate flow and residence time, and
with higher TDS compared to water in local systems. Water in this zone is of sulphate
type with relatively low concentrations of Na* and CI" ions, (iii) regional systems
which are characterised by relatively greater depth, longer flow paths and longer.
residence time resulting in high TDS, and Na*-CI" dominance (Back, 1961; Domenico,

1972; Wallick and Toth, 1976).

The studies carried out by Chebotarev (1955), and Back (1960, 1961, 1966) have
demonstrated that the chemical composition of groundwater is also dependent on the
type of minerals forming the aquifer matrix. However, this relationship is not simple,
due to the various factors that can affect the chemical composition of groundwater, for

example, (i) solubility of the elements forming aquifer minerals, (ii) temperature of
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groundwater, (iii) the contact area between water and rock, (iv) the amount and

distribution of soluble ions in minerals and (v) length of contact time.

In sedimentary aquifers the concentration of TDS of groundwater can vary from < 10%
mg/l to >10° mg/l depending on the type of the sedimentary host rock. Four main
geochemically related groups of sedimentary rocks can be identified (Domenico, 1972);
(1) resistates 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 concentrated brines (e.g. gypsum and halite).

Although earlier researchers recognised variations in groundwater composition, which
formed the basis for interpretation of evolutionary reaction processes on regional
scales, they were unable to quantitatively assess and predict the amount of major ion
contribution derived from the aquifer matrix. 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
assoclated Wate'r. Parkhurst et al. (1980) and Plummer et al. (1980, 1983, 1991)
expanded these models, and developed more comprehensive models based on mass

balance calculations to quantitatively predict the geochemical evolution of groundwater.
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However, the evolution of groundwater chemistry, particularly in arid and semi-arid
regions, can be affected by processes other than water-rock interaction. The general
conclusions from regional groundwater studies on the Australian continent suggest that
rock-water interaction alone cannot explain the chemical composition of groundwater
(Evans, 1982; Martin and Harris, 1982; Black, 1989; Herczeg et al., 1991, Mazor and
George 1992). Evans (1982) showed that the chemical composition of groundwater in
the regional fractured-rock aquifer of the Australian Capital Territory cannot be
explained by the type of rocks in the aquifer matrix. Investigation into the evolution of
groundwater chemistry in the Great Artesian Basin (Herczeg et al., 1991) and Otway
Basin (Love et al., 1993) showed that evapotranspiration prior to recharge has a

significant effect on groundwater chemistry.

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 Group aquifers. The stable isotope
composition (82H and 8'®0) is a conservative 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 5°H and "0 composition of rainfall is a function of
elevation, latitude, distance from the coast and temperature, it is often possible to

determine the geographic origin of recharge to groundwater (Gat, 1971; Darling and

Bath, 1988). On the other hand, physical processes such as evaporation prior to
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recharge or mixing with waters with different 5°H and §'30 signatures can change the
original 5°H and §"®0 composition of groundwater. The effect of these processes on
the 5?H and 5'®0 composition can be identified by comparing the isotopic composition

of the groundwater with initial recharge water (Mazor et al., 1985; Herczeg et al., 1992,

Love el al., 1993; Chambers et al., 1995).

Dissolved Cl is a conservative ion in groundwater because it does not take part in
chemical reactions in fresh and saline waters at ambient temperature (Feth, 1981).
Moreover, the CI” concentration can also be conserved if groundwater is undersaturated
with respect to halite (NaCl), and ClI” bearing minerals such as halite or sylvite do not
exist in the aquifer matrix. Under these circumstances, C1” concentration can be used as
a physical tracer to delineate mixing between groundwaters with different CI°

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

The relative importance of chemical reactions taking place in the groundwater of the
Murray and Renmark Group aquifers can also be demonstrated by observing the
variation of major ion concentration along the hydraulic gradient with respect to
conservative ions such as CI". On the basis of major ion variations, mass-balance
calculation can be made and geochemical or conceptual models can be developed to

illustrate geologic, climatic and physiographic effects on groundwater chemistry.
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3.2 Results

3.2.1 Aquifer mmeralogy and mineral chemistry

Fifty four rock samples were 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 representing aquifer mineralogy
along 120km of AA" transect. The samples were analysed by X-ray diffraction, and X-
ray fluorescence for their mineralogical and chemical composition. The results of XRD
analysis for the Murray and Renmark Group aquifer matrix are given in appendix 1, and

the results of the major element composition are given in Table (3.1).

Calcium and silica are the major elements of the Murray and Renmark Group aquifers
matrix respectively (Table 3.1). The CO, and H,O liberated from carbonate and other
minerals during ignition accounts for ~ 33% by weight of the Murray Group Aquifer.
and 9% by weight of the Renmark Group Aquifer matrix. The percent MgO
concentration of the Murray and Renmark Group aquifers matrix is ~4 and ~ 0.7
respectively. Whereas Na,0, K,0, Al,O; from silicates (clay minerals and feldspars),
SO; from sulphur compounds and Fe,O; comprise < 5% by weight of the Murray
Group Aquifer matrix, they comprise ~ 10% by weight of the Renmark Group Aquifer
matrix. The relatively higher Ca concentration is due to the dominance of carbonate
minerals in the Murray Group Aquifer matrix, whereas, the relatively high Si
concentration is due to the dominance of quartz and chert in the Renmark Group

Aquifer matrix.
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Table 3.1
Average chemical composition of the aquifer matrix in % weight of the Murray and
Renmark Group aquifers from core cuttings collected from four boreholes.

Average the Murray Group Average the Renmark Group
Oxides Aquifer matrix (n = 35) Aquifer matrix (n = 18)
% SD % SD
Sio, 16.84 15.00 68.85 17.94
Al O; 1.73 2.08 3.39 2.58
Fe,0; 1.63 1.43 3.83 3.47
MgO 4.62 1.50 0.71 0.44
CaO 39.74 9.69 9.58 6.57
Na,O 0.39 0.11 0.40 0.38
K,0 0.31 0.28 0.57 0.37
SO, 0.53 0.90 2.23 1.69
Organic C 0.70 1.10 2.95 1.90
Loss on ignition 33.54 7.45 9.25 14.28

960 C°

The Murray Group Aquifer is composed primarily of calcite and quartz, with minor
dolomite, organic carbon, and trace amounts of glauconite, clay minerals, and iron
oxides. Quartz is the major mineral in the Renmark Group Aquifer with minor calcite,

lignite and trace amounts of feldspars and clay minerals.

Whereas the carbonate minerals calcite, Mg-calcite and dolomite are the most abundant
minerals ranging from 35% to 93 % by weight in the Murray Group Aquifer, their
concentration ranges from 2% to 30% by weight in the Renmark Group Aquifer matrix.
Mg-calcite accounts for 5% to 10 % by weight of total calcite in the Murray Group
Aquifer. The weight percent of dolomite in the Murray Group Aquifer varies laterally

and vertically within the formation, and ranges from < 1% to 3% by weight. Quartz and
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chert are the major minerals and contribute 60% to 93% by weight of the Renmark

Group Aquifer.

The minor components of the Renmark Group Aquifer, and to a lesser extent the
Murray Group Aquifer, are organic substances (organic carbon and lignite) with organic
carbon being between 1% and 3%. Small amounts of feldspars and glauconite were
present in the Murray Group Aquifer. Kaolinite and smectite were recognised by their
corresponding XRD peaks in the Murray and Renmark Group aquifers. Trace amounts

of sulphide minerals ( primarily pyrite) are present in the Renmark Group Aquifer.

The Renmark Group 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 weathering of parent rocks. The deficiency of alkali earth
elements (Mg>*, K*, Na*) which accounts only for 2% by weight of the aquifer matrix
indicates that these deposits have also been affected by extensive weathering.
Hydrolysis of major silicate minerals results in liberation of the cations which

ultimately causes deficiency of cations within the residual deposit.

3.2.2 Major ion concentrations of groundwater

Results of chemical and isotopic analysis of groundwaters from the Murray and
Renmark Group aquifers are presented in Table 3.2 and 3.3 respectively. The TDS

concentration of groundwater from the Murray Group Aquifer is variable, ranging from



50

550 mg/1 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/] 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 mg/1. 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).

Zone B. Saline groundwater that has a TDS ranging from 5,000 mg/l to ~ 21,000 mg/1
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/l. 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 Zone B near the River Murray. The increase in CI
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 CI’

concentration in the Renmark Group Aquifer (Fig. 3.2 a).



51

|
139°

o M70 o

Victoria

Y H L N P -
8\ Billiat R sNes !

S Cons ME2€, - ==

= Park °

- M58 et

" - lh:EaOM55 @ eM57 n ‘,. 2

27 ME0 .MS-‘& Mdde 9.
’ M53 At 20.1'\11__5__2__“_1 i
-~ OMET, mash:

Mds M46 [RI1IGOMS0 ool
Karoonda®,,,, mas® ‘Mo A0
M40g M39, a1
M47e Mdlg " g Mg qM
Pinnaroo™} emes .-z

[ A
i
l"!""-','r.-l-!--...at_.' -

79 ®\ag

o i e

bt
Rso M18

oM15

Southern Ocean i e

Murray Group ||
Renmark Group o

Fig. 3.1 Groundwater sample location map and boundary between Zone A and B.



Table 3.2 Chemical and 530 and 5?H analysis of groundwaters from the Murray Group Aquifer. The ID numbers refer to our internal code. The

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

Australian Department of Mines and Energy. TDS is expressed as milligrams per litre and is calculated by summing the ion data. The results of
major and minor ions are expressed in millimole and micromole. 5'%0 and 82H are expressed in per mil notation relative to SMOW. SI refers to
saturation state of the groundwater with respect to calcite and dolomite. Dist. refers to approximate distance in kilometres from the basin margin

(Dundas Plateau).
Well Well pH Temp. TDS HCOy CI SO0F Na* K Mg c si* B s % &H SI pCO; Dist.
Reg. No. D. O

(mg/) (mmol/) (tmoll) (%o, SMOW) Calcite Dolomite (atm.) (km)
61922* Ml 543 41 327 021 38 010 1.19 094 022 6 15 -52 343  -03 0.5 0012 15
61930% M2 1498 79 1427 066 135 0.14 317 128 027 22 52 -55 -31.0 -0.0 0.4 0.021 22
77850% M3 1547 59 16.64 076 162 0.6 210 232 024 23 19 -45 280 0.0 0.2 0016 34
111321* M4 1260 51 1371 051 114 0.4 131 272 022 17 14 -35 246 0.1 0.0 0.014 38
67829* M5 893 41 911 031 81 024 1.16 166 027 12 9 -58 -368 -0.0 02 0008 32
51846% M6 6.93 18.4 1445 6.0 14.98 - 0.83 141 023 210 203 041 21 14 -44 -264 -0.4 .07 0.029 34
92808* M7 7.11 182 1075 50 1024 058 98 0.7 1.88 178 041 14 16 -56 -361 -03 0.5 0017 50
50946% M8 6.82 19 702 49 468 028 45 011 1.20 18 033 6 13 37 251 -0.6 1.2 0.030 51
60610* M9 7.48 19.9 587 41 398 018 41 026 097 119 049 7 10 -61 -353  -0.0 0.0 0.007 36
79530%  MI0  7.42 20.6 904 48 807 041 74 017 151 1.87 043 10 13 -65 -345 0.1 02 0.009 50
48559% M1l 2613  12.8 2398 218 247 1.15 357 171 017 35 40 -50 -308 0.5 1.5 0.020 48
60436*  MI2 729 19.2 1413 58 1441 093 134 026 238 211 040 22 24 -55 323 0.0 02 0.014 59
84741%  MI3  7.44 182 885 52 762 026 64 023 160 196 039 14 21 -59 -359 02 03  0.009 60
75651*  M14  7.53 193 998 51 965 0.54 83 026 191 174 039 15 20 -57 343 0.2 0.5 0007 80
75365*  MI15  7.35 18.8 1602 54 17.86 1.10 148 030 3.5 231 042 34 40 -55 -344 0.0 0.4 0.011 98
75351  MI16  7.43 19.8 1406 56 14.58 093 125 030 3.06 205 042 26 34 -57 -358 02 0.6 0010 124
60450*  M17  7.48 218 1500 50 1752 093 161 037 283 182 042 34 24 -58 -355 0.1 0.6 0.008 126
79655  MI18  7.45 22.1 1676 2.9 2392 071 166 045 282 374 029 47 16 -57 -37.7 02 0.3  0.005 108
58079*  MI9  7.64 21.6 1408 43 1656 1.04 167 038 178 1.63 046 29 9 -59 380 0.2 0.5 0.005 119
98297*  M20  7.56 18.7 1015 56 866 083 9.0 024 202 147 041 15 19 -60 -372 02 0.6 0.008 137

[43



Table 3.2 Contd.

Well Well pH Temp. TDS HCOs CI' SOF Na* K Mg G si* Br s 5o &H SI pCO; Dist.
Reg. No. D. () mgi

mmol/l Hmol/1 (%, SMOW)  Calcite Dolomite (atm.) (km)
103369*  M21 725 42 601 032 58 018 099 155 038 12 6 -60 -384 0.1 0.1 0.007 142
98254* M22  7.68 205 857 50 7.14 053 72 020 1.63 1.44 033 12 14 -58 -390 0.3 0.7 0.005 143
49951* M23 1144 41 1207 0.89 113 026 297 096 045 19 11 -61 -41.0 -0.2 0.2 0.006 159
49952% M24 708 33 6.35 0.53 63 0.18 217 058 040 10 9 60 -391 -04 02 0005 171
49950%* M25 733 3.4 643 0.59 68 0.18 208 058 040 13 9 60 -355 -0.4 0.2 0.006 174
66477* M26  7.18 1275 55 12.89 074 100 1.20 209 209 043 16 13 -57 312  -0.0 0.1 0018 185
54642* M27 849 39 674 1.03 79 0.17 119 131 039 11 10 -65 -386  -0.0 -0.0 0.008 182
54636* M28 1135 56 756 1.73 114 017 142 143 046 12 11 -56 -389 0.0 0.3 0.012 190
82220* M29  7.31 24.9 1496 84 12.10 1.04 142 033 222 154 039 18 27 -61 -40.0 0.2 0.6 0021 202
61571* M30  7.87 22.4 1425 44 1523 147 147 041 2380 133 051 22 21 -59 -43.0 0.4 1.1 0.003 204
65758* M31 906 3.9 852 0.90 80 026 133 139 048 11 13 -63 -42.4 0.0 0.2 0.007 216
77199* M32 1175 44 1244 091 11.0 033 193 151 045 16 19 -6.0 -400 0.1 0.5 0.007 212
7026-113 M33  7.66 20.8 781 44 6.18 0.53 61 018 159 112 043 11 11 -59 -383 0.1 0.5 0.005 149
7026-110 M34  7.56 22.1 866 3.6 8.60 0.46 71 0.64 1.53 142 033 16 11 -64 -38.1 0.0 02 0.005 164
7027-566 M35  7.30 20.9 891 43 838 0.50 7.8 0.18 095 161 024 14 6 -58 -398  -0.1 03 0011 177
7027-650 M36  7.48 22 707 42 536 043 52 016 1.09 137 040 8 7 .57 383 0.0 0.0 0.007 183
7027-606 M37  7.37 23.9 961 53 623 1.12 85 019 143 143 045 11 14 -58 -388 0.0 02 0.012 204
7027-592 M38  7.45 22.4 850 47 578 0.95 74 020 120 1.15 048 11 12 -59 -404  -0.0 0.0 0.009 204
7027-597 M39  7.60 22.0 768 37 640 0.61 78 016 0.80 1.02 037 11 6 -59 -397  -00 0.0 0.005 214
7027-669 M40  7.26 23.5 997 45 9.1 076 107 023 160 066 032 12 0 -60 -407 -0.4 03 0014 218
7027-602 M4l  7.58 214 1030 46 9.00 0093 11.2 020 0.74 1.05 041 15 6 -62 -390 0.0 0.0 0.008 220
7027-405 M42  7.49 225 1370 49 1450 0.93 154 033 154 116 040 23 5 .57 -382 0.0 0.2 0.008 224
7027-586 M43 7.60 24.0 1340 39 1470 1.8 149 030 1.84 134 035 22 14 -58 -403 0.0 0.4 0.005 228
7027-579 M44  7.43 242 986 37 979 091 88 021 126 173 042 15 9 6.0 -43.1 0.0 0.0 0.007 240
6827-1536 M45 723 21 2363 79 2511 194 270 049 348 155 046 43 23 .51 -37.1 0.0 03  0.021 255

7026-120 M46 7.38 28 2473 6.8 27.53 2.32 295 0.64 3.11 1.62 042 40 16 -53 -383 0.1 0.7 0.015 249
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Table 3.2 Contd.

Well Well pH Temp. TDS HCOy I SO MNa* K Mg ¢ s Br s 8% H SI pCO;  Dist.
Reg. No. ID. () mgl

mmol/l pmoll (%, SMOW) Calcite Dolomite (atm.) (km)
6927-591 M47  7.12 19.7 1474 7.6 12.10 1.13 139 031 3.09 1.26 048 24 21 -52 -386 -0.3 0.0 0026 234
6927-644 M48  7.39 254 2092 47 2553 1.97 231 041 28 192 040 40 17 56 -39.1 0.0 0.4 0.010 239
6927-590 M49  7.54 245 2054 44 2446 1.89 244 044 283 1.87 040 34 16 -56 -40.1 0.2 0.6 0.006 234
6927-588 M50  7.92 28.6 2055 44 2437 1.88 248 041 244 201 038 38 13 .58 -41.6 0.6 1.5 0.003 240
6927-601 M51  7.53 22.9 1323 44 1450 096 144 025 193 1.40 034 24 10 -57 382  -0.1 0.0 0.010 245
6928-567 M52  7.60 23.1 1802 6.5 1693 198 215 042 177 1.08 051 27 14 -56 -393 0.1 0.6 0.008 251
6928-411 M53  7.19 253 1996 6.1 2093 2.05 230 050 237 162 036 36 15 -53 360 -0.1 0.0 0.019 258
6928-49 M54  7.16 27.4 2005 75 18.87 198 237 046 233 122 050 33 26 -52 -412 02 0.1 0.026 260
6928-260 M55  7.48 24.6 1234 49 1179 1.08 136 028 139 110 034 21 11 -49 -381  -0.0 0.2 0.009 268
7028-503 M56  7.28 25.2 2339 83 2296 234 27.0 055 344 134 054 35 46 -51 -37.8 0.0 0.5 0.021 262
7025-422  M57  7.35 234 2446 6.2 2866 211 277 091 3.49 203 047 47 34 55 -390 0.0 0.5 0.013 258
6928-477 M58  7.35 227 3785 94 4296 431 457 061 448 171 048 68 53 -51 -37.9 0.1 0.7 0.019 271
6928-27  MS59  7.20 23.7 3644 84 4228 381 452 0.61 420 1.8 053 67 56 -54 -385  -0.0 0.4 0.024 273
6828-112 M60  7.10 22.9 3273  10.8 34.95 3.01 374 056 510 152 046 57 44 -51 357  -0.1 0.4 0.038 275
6928-528 M61  7.08 24.8 5063 132 60.06 3.91 644 059 658 1.63 045 93 70 -49 -360  -0.0 0.6 0.048 281
6928-424 M62  7.07 26.1 6376 151 7221 6.81 854 071 646 1.66 030 120 73 -45 359  -0.0 0.7 0.056 285
6929-154 M63  7.40 25.4 6093 129 7275 5.16 87.8 076 469 116 045 109 55 -50 -36.9 0.0 0.9 0.024 289
6929-169 M64  7.20 23.2 6086 132 71.14 6.38 83.6 0.75 440 145 048 116 63 -47 -36.9 0.0 0.5 0.037 293
6928-2 M65  7.16 24.8 6751 11.5 87.84 4.44 951 1.15 6.66 2.08 050 133 102 -55 -387 0.0 0.7 0.035 300
49677* M66  7.50 2096 55 2482 127 258 078 298 1.06 046 36 25 -62 -42.8  -0.0 0.8 0.009 243
64363* M67  7.51 7434 9.0 101.3 475 113.8 124 381 128 0.54 143 34 -56 -374 0.0 0.8 0.013 254
96929-356 M68  6.70 26.4 15750 8.7 250.9 4.94 2127 203 1822 10.08 025 353 0 -50 -330 -0.0 0.3 0.059 319
85570* M69  7.45 18310 6.5 271.3 13.53 268.8 274 17.19 566 052 333 287 -44 -33.1 0.3 1.3 0.009 281
81833* M70 18130 3.8 2907 7.84 241.1 3.12 2645 1043 053 402 793 -40 -333  -03 07 0.020 295
86775* M71 690 24 21160 59 3393 734 2914 3.17 27.81 11.15 061 439 770 -51 -345 0.0 0.6 0.026 324
6929-705 M72  6.67 25.9 19930 8.0 3023 11.75 278.8 3.38 2049 12.15 0.60 424 294 -45 -301  -0.0 0.2 0.056 330
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Table 3.2 Contd.

Well Well pH Temp. TDS HCOy CI SO Nat K Mg G si* Br s 8% &H SI pCO; Dist.
Reg. No. ID. (C) mgl

mmol/l pmoli (%0, SMOW)  Calcite Dolomite (atm.) (km)
6929-700 M73  6.56 259 17180 82 2674 7.44 241.0 231 1732 943 050 347 216 -47 332  -03 02 0071 330
6929-711 M74  6.54 272 18570 8.5 2968 6.94 250.0 258 19.58 11.78 0.55 401 220 -49 -351  -0.2 0.0 0.077 332
6929-712 M75  6.43 26.6 19751 8.2 3155 731 266.6 2.69 2151 13.45 056 418 237 -46 -31.5 -0.3 0.2 0.087 334
6929-710 M76  6.39 27 22950 7.6 367.1 894 3132 3.04 24.93 1554 049 474 271 -46 -323  -04 0.3 0.085 336
6929-702 M77  6.46 269 20820 7.6 3338 878 2745 271 2353 1582 030 438 253 -46 -321  -02 0.1  0.076 337
6929-701 M78  6.50 26.6 21960 7.6 346.1 10.88 2923 258 2476 17.17 0.26 448 268 -46 -32.1  -0.2 0.0 0.071 338
6929-684 M79  6.50 26.4 23080 6.7 362.7 13.13 307.1 2.61 27.93 16.14 026 464 277 -45 -33.9 .03 0.1 0.062 340
6929-651 M80 650 26.4 22840 6.7 3619 11.19 3049 258 26.16 17.89 025 449 277 -47 -343  -0.2 0.0 0.062 342
6929-682 M81 6.47 25.8 22610 6.3 350.6 1494 2988 247 2505 1794 028 442 277 4.3  -36.1 -0.3 -03 0.061 345
6929-685 MS82  6.62 26.4 22720 6.2 353.1 17.63 289.7 238 2517 17.61 022 437 284 -43 323  -0.1 0.0 0.048 348
6929-686 M83  6.65 25.5 22190 6.3 349.4 13.88 2893 243 2415 1727 021 463 293 -45 -333 0.0 0.1 0.044 348
6929-687 MB84  6.62 256 21620 7.5 3356 1097 297.5 256 2579 1442 022 416 279 -49 -318  -0.1 0.2 0.057 350
6929-689 M85 670 259 19450 7.9 304.6 10.44 263.2 242 19.00 12.55 026 432 226 -50 -373  -0.0 03 0.053 350
6929-691 MS86  6.63 26.6 18700 79 296.1 9.06 2523 242 1732 12.03 035 437 221 .51 -314  -0.1 0.0 0.059 350
6929-692 MS87  6.65 273 16680 83 2599 8.78 228.8 220 1427 933 036 379 178 -51 -340  -0.2 0.0 0.063 350
6929-693 M88  6.70 25.4 13570 87 2050 6.69 1927 197 13.25 634 037 312 146 -52 -358 0.2 0.0 0.060 350
6929-1046 MB89  6.69 22 23570 9.0 336.1 23.84 3328 2.81 248 958 047 456 225 -44 -350  -0.2 0.1 0.057 351
6929-1041 M90  6.85 252 17990 9.2 2622 15.63 251.8 252 1724 659 0.45 353 180 -47 -327  -0.0 0.4 0.047 354

6929-1082 M91 6.66 22.6 22290 8.6 3340 18.69 300.2 271 2674 9.83 053 461 293 -43 -321 -0.2 0.0 0.057 355

3



Table 3.3 Chemical and d'¥0 and d*H analysis of groundwaters from the Renmark Group Aquifer. The ID numbers tefer 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 Australian Department of Mines and Energy. TDS is expressed as milligrams per litre and is calculated by summing the ion data. The
results of major and minor ions are expressed in millimoles and micromoles. d'*0 and d°H are expressed in per mil notation relative to SMOW.
Dist, refers to approximate distance in kilometres from the basin margin (Dundas Plateau).

Well Well pH  Temp. TDS HCOy CrI 804 Nat K' Mg* Cca?* si* Br s 8% &H Dist.
Reg. No. ID. 0) (km)
(mg/) (mmol/1) (pmol/1) (%0, SMOW)
67847* RI1 8.00 189 795 2.82 9.65 0.32 8.7 0.27 1.00 0.86 0.05 15 9 58 -342 5
60623* R2 8.72  22.1 677 3.72 480  0.21 6.7 0.61 0.90 043  0.11 8 11 -60 -374 15
48554* R3 8.48  17.1 2058 5.62  25.30 1.21 26.7 0.43 1.65 072 022 42 8 .55 -372 48
75669* R4 771 223 1317 5.63  12.69 1.02 12.0 0.46 2.67 1.61 023 20 14 57 -39.1 60
60475* RS 7.68  20.5 2206 5.93 2530 1.92 24.1 0.51 3.74 233 049 41 23 58 -382 126
58111* R6 8.64 216 1855 337  22.65 1.79 23.3 0.73 2.02 1.41  0.15 38 13 -50 -337 119
7026-112 R7 7.49 239 875 4.06 8.46 0.57 7.5 0.23 1.37 141 034 13 6 -57 -387 149
7026-111 R8 7.84 253 740 4.11 6.23 0.43 62 0.17 1.06 1.28 0.38 11 6 -62 -40.7 164
66476* R9 1525 725  14.87 0.33 20.5 0.54 0.65 031 018 23 5 -58 -394 185
7027-585 R10 7.98  28.5 1270 6.14 11171 0.53 16.7 0.41 0.53 035 023 17 5 -6.4 -43.1 228
6927-588 R11 7.92  28.6 1108 476  10.72 0.70 12.2 0.37 1.37 0.98 0.22 19 6 -6.1 -41.0 240
6928-542 R12 8.10 288 1870 10.94  15.35 0.34 25.8 0.47 0.21 0.16 022 25 0 -60 -41.0 251
6827-1530 R13 7.65  27.1 2189 10.15  19.80 1.04 32.1 0.41 0.14 018 0.20 33 1 34 340 255
6929-423 R14 772 263 3284  11.30  36.70 1.22 48.5 0.55 0.75 0.44 022 54 7 55 -385 289
49676* R15 7.10  33.1 4562 6.79  61.89 2.59 64.5 1.09 4.01 1.73  0.16 103 37 50 -36.8 243
7028-469 R16 7.90 21.9 4636 5.55  66.46 1.96 70.8 1.13 275 0.09 0.01 90 33 .58 -37.1 278
109458* R17 4816 727  64.29 3.38 67.9 0.98 4.07 1.53  0.17 94 35 58 -359 250
6929-760 R18 6.99 287 14566 9.09  232.0 450 195.3 1.97 16.33 883 0.15 295 159 -52 -346 319
6829-992 R19 7.25 255 15859 6.80 2340 12.84 2223 2.45 15.55 7.14 020 312 148 45 -393 350
81832+ R20 7.04 19176 8.15  304.6 7.97  255.9 2.58 2464 1163 0.19 476 310 35 -303 295
104800* R21 1.01 251 18609 7.68 291.0 772  250.1 2.50 2555 13.45 0.19 390 283 44 -32.6 304

86774* R22 7.94 24 21576 7.37 336.9 11.91 286.2 2.46 28.71 15.14 0.18 438 282 -4.6 -30.0 324

9¢
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Variations in bicarbonate concentration are not as pronounced as the CI” concentration.
However, there is a moderate increase in dissolved HCO5 to as much as 12 mmol/l
occurring in the downgradient part of the Murray Group Aquifer in Zone A. In Zone

B the concentration of HCO;™ decreases to ~ 4 mmol/l (Fig. 3.2 b).

Sulphate concentrations in the Murray and Renmark Group aquifers range from 0.4 to
22 mmol/1, and 0.09 to 12. 84 mmol/l respectively and generally follow the same
pattern as CI” in both aquifers. However, the SO4* concentration in Zone B of the
Murray Group Aquifer is considerably higher than that in the Renmark Group Aquifer
corresponding to the large increase in C1” concentration down gradient near the River

Murray (Fig. 3.2 ¢).

Bromide concentrations in the Murray and Renmark Group aquifers also follow a
similar pattern as CI” concentrations. The Br' concentration in both aquifers in Zone A
ranges from 0.01 to 0.14 mmoV/] and is relatively lower compared with Br’

concentration in groundwater of Zone B (0.4 mmol/l-Fig. 3.2 d).

Sodium follows a similar trend with concentrations of ~3.8 mmol/l, increasing to 85

mmol/] along the 250 km of Zone A, then rapidly increasing to 260 mmol/l in Zone B

(Fig. 3.3 a).

The plot of Ca** and Mg** versus distance (Fig. 3.3 b, c) ), shows a similar trend to

that observed for Na* and CI". However. the magnitude of Ca*" and Mg?" increase is
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much less. There are slight increases in Ca®" and Mg®* concentrations in Zone A from
0.58 to 2.72 mmol/l and 0.95 to 6.4 mmol/l respectively, then a rapid increase to values

of 17.8 mmol/l for Ca**, and 27.9 mmol/I for Mg** in Zone B.

Potassium concentrations range from 0.14 to 0.71 mmol/l in Zone A , then increases
downgradient in Zone B to values of 3.38 mmol/] in the Murray and Renmark Group

aquifers (Fig. 3.3 d).

Silica concentrations in the Murray and Renmark Group aquifers range from 0.17 to 0.8
mmol/l, and 0.01 to 0.4 mmol/] respectively. The variation in silica concentrations in

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

A Piper diagram for the major ions in groundwater from the Murray Group Aquifer is
shown in (Fig. 3.4). Groundwater chemistry throughout the Murray Group Aquifer is
dominated by Na™ and Cl" ions. The general concentration pattern for dissolved major
ions in the sampled waters is:

Cl'> HCO;™ > S0,*" and Na* > Mg** >Ca®" >K".

The percent equivalent of Na™ and CI” increases along the hydraulic gradient from the
basin margin from ~ 50% in the south and south-east to > 90% down gradient near the

River Murray.

Groundwater from the Renmark Group Aquifer has a similar chemical composition to

that in the Murray Group Aquifer (Fig. 3.5). Sodium and chloride are the dominant
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Fig. 3.4 Piper diagram showing chemical composition of groundwater from the Murray
Group Aquifer, in mole percent of cations and anions. Note that all groundwater
samples are Na'-Cl” type water. Arrows show evolution of groundwater from the basin
margin in the south and southeast towards the discharge area in the north and north-
west near the River Murray. Na” and C1" mole percent increase from 50% near the
basin margin to > 90% in Zone B near the River Murray.
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Fig. 3.5 Piper diagram showing chemical composition of groundwater from the
Renmark Group Aquifer, in mole percent of cations and anions. All groundwater
samples are Na™-Cl” type water similar to that in the Murray Group Aquifer. Atrows
show evolution of groundwater from the basin margin in the south and southeast
towards the discharge area in the north and north-west near the River Murray. Na* and
Cl'mole percent also increase from ~ 50% near. the basin margin to > 90% in Zone B
near the River Murray.
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cations and anions regardless of the location or relative major ion concentrations.

3.2.3 8*H and 8'®0 composition of groundwater in the Murray and

Renmark Group aquifers

The 8°H and 8'®0 values in the Murray Group Aquifer range from -42%o to -32%o and

-6.5%o to -4.2%o respectively. Groundwater in the Renmark Group Aquifer has similar

§°H and 5'®0 values and ranges from -43%o to -30%o 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 5°H = 8 5'%0 + 10 (Fig. 3.6).

The plot of §*°H and 50 values along the AA" transect shows that both 5°H and 5'%0

values decrease from the basin margin towards the interior of the basin in Zone A. The
most depleted groundwater samples in “H and '*O are located 120 km from the basin

margin (Fig. 3.7 a, b). Further inland the §°H and 5'®0 values of groundwater in both

aquifers show continued enrichment in ?’H and 'O along the AA® transect and reach a

maximum 5°H and 8'%0 value of -34%o and -4.6%. respectively at Zone A. Generally
the 5*°H and §'30 values of groundwater in Zone B are more enriched relative to

groundwater in the southern and central part of Zone A.
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Fig. 3.6 8°H vs. 8'*0 diagram for groundwaters of the Murray and Renmark Group
aquifers. WMWL = World Meteoric Water Line defined as §°H = 8 §'%0 + 10. No
clear distinction can be recognised between groundwaters of the Murray and Renmark
Group aquifers.
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Fig. 3.7 a, b 8°H and 5" O composition in the Murray and Renmark Group aquifers
along the AA" transect. Groundwaters from the northern part of the study area in both
aquifers have relatively enriched H and *O composition.
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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, 1921), 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

CI in groundwater from the Murray and Renmark Group aquifers are discussed below.

3.3.1.1 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 Br-CI relationship (Fig. 3.8 b). The line of regression between Na' and

CI 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. CI” concentration of groundwater from the Murray and
Renmark Group aquifers. The Na* vs. Cl" (Fig. 3.8 a) and Br'vs. CI" (Fig. 3.8 b) data
fall on the sea water dilution line. This suggests that groundwater may be derived from
rainfall that has Na™: Br’: CI ratios the same as sea water.



68

correlation coefficient (r*) of 0.98, implying a marine origin for C1" 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 deposition.

However, most of the 8'*0 and §*H 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 north-east of the study area, also showed that both ’H and §'*O 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 area at northwest (at
River Murray) to be ~ 200,000 years. The last sea retreat occurred in the study area
approximately 2 million years ago (Evans et al., 1990). 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 CI 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 range of Na™ and CI”
concentration. However, in no case was the activity product of Na™ and CI" close to
saturation with respect to halite (~3.5 g/l-Table 3.2). This indicates the absence of CI’
bearing salts in the saturated aquifer matrix but does not rule out its presence in the
unsaturated zone. X-ray diffraction analysis and petrographic study of the aquifer

minerals did not reveal any evaporite minerals such as halite or sylvite (Appendix 1).

Dilution of waters saturated with halite during recharge can also cause the dominance of
Na" and CI" of groundwater and cannot be ruled out. This can be checked by observing
the C17/Br ratio in groundwater. The C1/Br” mass ratio of halite is one to two orders of
magnitude higher than the marine CI/Br ratio of ~ 290 due to the exclusion of Br™ from
the NaCl crystal lattice during halite precipitation (Braitsch, 1971). The observed
Cl7/Br ratio in groundwater samples in both aquifers ranges from 250 to 350 typical of
the marine C17/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 CI' and Na* ions prior to

recharge

In order to examine this scenario, we assume that dissolved Na* and CI” in groundwater
in the Murray Group Aquifer is derived entirely from rainfall. Data on the distribution

of major ions in rainfall over the Murray Basin showed that Na* and CI” ions are the
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dominant major anion and cation in rainfall, and their mean concentrations are 4.3 and
2.5 mg/1 respectively (Blackburn and McLeod, 1983). Chloride concentration in the
fresh groundwater at the basin margin (south-east) in the Murray Group Aquifer is
about 300 mg/1 (Table 3.2). Assuming the average Cl” concentration in rainfall is 4.3

mg/l, the estimated water loss by evaporation calculated from equation (3.1) is 98%,

Q=% 0o 3.1)
= —t—x :
cl,

where Q is the percent of water loss and Cl, and Cl, are the concentrations of chloride

in groundwater and rainwater respectively.

Evaporation of water prior to recharge not only increases the major ion concentration
but also leads to enrichment in 2H and 'O isotopes in the remaining water. Simpson
and Herczeg (1991) found a 8*°H enrichment of about 0.75%. per 1 % evaporation loss
i surface waters of the semi-arid regions of the Murray Basin by using a model by
Gonfiantini (1986). Using a mean §°H value for rainfall in the study area of -24%o
(Leaney et al., 1995), and water loss by evaporation of 98%, the amount of evaporation
causes enrichment in 8°H of ~72 %o. Accordingly the measured 5°H of the groundwater

would be +48%o. This value is much higher than the measured 5°H values in both

aquifers (Table 3.2), therefore evaporation alone cannot explain the dominance of Na*

and CI” 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 vegetation prior to European settlement
~ 200 years ago. This vegetation is dominated by mallee form ‘eucalyptus’ that are
characterised by multi-trunks and deep roots up to 20 m, capable of intercepting and
transpiring most of the infiltrating rainfall (Walker et al., 1990). Water uptake by these
plants increases the major ion concentration in recharge water. However the original

8'80 and 8°H composition (derived from rainfall) is maintained. This occurs because

no significant fractionation of the heavy isotopes is observed during plant transpiration
(Zimmerman et al., 1967; Allison et al., 1983 b). The 5'*0 and 6°H values reported for
pore water. from many deep soil profiles in the study area, are similar to the mean 5'*0
and 5°H values in rainfall (Hughes et al., 1988 a, b; Jolly et al., 1990; Cook et al., 1992).
Therefore, the most likely scenario for the dominance of Na* and CI" ions in
groundwater. of the Murray and Renmark Group aquifers is the removal of water by

transpiration of deep rooted native vegetation prior to recharge.

3.3.2 Variation of Cl" concentration in the Murray Group Aquifer

Whereas the concentration of Cl” in the Murray Group Aquifer generally increases
along the hydraulic gradient, the spatial distribution of C1” indicates that the lowest CI’
concentration (~ 250 mg/l) occurs in the middle of Zone A rather than at the basin
margin (Fig. 3.9). The rapid increase and decrease of CI in adjacent wells can be clearly

seen when Cl” concentrations are plotted along the hydraulic gradient (Fig. 3.2 a).
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73

Chloride is a conservative ion which does not take part in chemical reactions within the
range of salinity discussed here (Feth, 1981), and there are no other sources for Cl" in
the Murray Group Aquifer but rainfall. Therefore, the variation of Cl” observed along
the gradient can only occur via mixing with waters with different Cl” concentrations.
Because marine relative abundance of Cl', Na* and Br” is maintained over the entire
range of Cl” concentration (Fig. 3.8 a, b), the end member which is mixing with laterally
flowing groundwater must be from the local recharge derived from rainfall which also

has a marine relative abundance of CI°, Na*, and Br’.

The concentration of CI in soil water that eventually recharges the aquifer depends on
several factors; (1) concentration of Cl in rainfall plus contribution of dry fallout, (2)
evapotranspiration (3) soil texture, and (4) vegetation type (Allison and Hughes,

1983; Leaney and Allison, 1986; Simpson and Herczeg, 1993; Kennett-Smith et al.,
1994). Mixing of this water along the hydraulic gradient with laterally flowing
groundwater can cause the variable distribution of CI', whilst maintaining the marine
relative abundance of Cl, Na* and Br’ in groundwater. If the contribution of local
recharge on the other hand was not significant, and the CI' concentration originated from
one single input at the basin margin, followed by lateral flow, the CI” distribution would

be uniform along the gradient.

3.3.3 Sulphate distribution in the Murray and Renmark Group aquifers

Sulphate concentrations in groundwater shows a positive linear relationship with CI”
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concentrations with a slight scatter around the sea water dilution line (Fig. 3. 10 a). The
SO4* concentrations in Zone A tend to fall to the left of the line, whereas the SO,*
concentration of Zone B and the Renmark Group Aquifer fall to the right of the sea
water dilution line. The scatter is probably due to variation of the SO,* content of
rainfall which eventually recharges the Murray Group Aquifer. Although the SO4~/CI
ratio of soil water derived from rainfall in the coastal areas is similar to that of sea
water, often the SO,>/CI" ratio increases further inland in rainfall due to a confribution
of biogenic derived sulphur to the sulphate pool of the atmosphere (Newman et al.,
1991). Therefore, the “excess” SO,* in gr_c;undwater in Zone A may be due to addition
of this biogenic SO, to the sulphate pool of rainfall which recharges the Murray
Group Aquifer (A detailed discussion of SO4* concentrations in groundwater from the
Murray and Renmark Group aquifers is given in chapter 4). The relatively low SO,
concentrations in the Zone B of the Murray Group Aquifer and the Renmark Group
Aquifer may be due to bacterial sulphate reduction. Bacterial sulphate reduction results
in the decrease of sulphate concentration in groundwater. The evidence for the
occurrence of bacterial sulphate reduction in Zone B and in the Renmark Group Aquifer

is obtained from sulphur and oxygen isotopic values of sulphate (see Chapter 4).

3.3.4 Potassium distribution in the Murray and Renmark Group aquifers

Potassium concentrations in groundwater positively correlate with Cl” in the Murray
and Renmark Group aquifers. The K* concentrations of relatively fresh groundwater in

Zone A are slightly higher compared with the sea water composition and falls to the
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Fig. 3.10 a, b Sulphate and K vs. CI" concentration of groundwater from the Murray
and Renmark Group aquifers. The higher SO4* concentration relative to sea water in
the Murray Group Aquifer is probably due to the contribution of biogenically derived
SO4* to the rainfall that recharges the aquifer. K™ vs. CI" data in both aquifers deviate
from the sea water dilution line indicating that groundwater has been modified by cation
exchange reaction within the aquifer.
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left of sea water dilution line. Whereas, at Zone B the K* concentration of more saline
groundwater falls to the right of the sea water dilution line (Fig. 3.10 b) indicating
removal of K™ ions from groundwater by chemical reactions. Reactions involving K*
that take place at ambient temperature and pressure involve cation exchange with clay
minerals. The exchange of K™ for Na* on clay minerals could be the process that is
responsible for the partial removal of K* from the groundwater. Exchange of K™ for
Na" is a well known process in dilute groundwaters (Eugster and Jones, 1979).
Potassium concentration increases approximately 10 fold from 0.4 mmol/1 to 5 mmol/l,
whereas Na* concentration increases 100 fold. The Na*/Cl ratio for the majority of the
groundwater samples is slightly higher than the sea water ratio, the lower than expected
K* value in the Murray and Renmark Group aquifers in Zone B may be caused by
removal of K™ from groundwater by exchange with Na" on clay minerals via a cation

exchange reaction.

3.3.5 Ca**-Mg*"-HCOj5  relationship in the Murray Group Aquifer

Groundwater in the Murray Group Aquifer is enriched relative to the sea water dilution
line in Ca®*, and Mg?* (Fig. 3.11 a, b). Ca®* and Mg** have a relatively small
concentration range of 0.8 to 2.5, and 0.8 to 6.5 mmol/] respectively, compared with the
large range of 10 to 370 mmol/l for CI” concentration. This suggests that in addition to
evapotranspiration, the Ca®* and Mg®" concentrations are affected by chemical
reactions in the unsaturated zone or in the aquifer. The processes which are likely to be

most important in modifying the Ca** and Mg?* concentrations within the Murray



77

100 T T
7 Murray Group
O Renmark Group a
= 0 Sea water. 1
=
:
. ! -
Nc'd
O
0.1 -
0.01 ! '
il 10 100 1000
Cl" (mmol/1)
100 T T
%) Murray Group
@) Renmark Group b
. Sea water
§ =
%
o
=1¥]
2 |

1 10 100 1000

Cl" (mmol/])

Fig 3.11 a, b Calcium and Mg?* vs. CI” concentration of groundwater from the
Murray and Renmark Group aquifers. The higher Ca* and Mg?*
concentrations relative to sea water in the Murray Group Aquifer in Zone A
suggest that groundwater has been modified by reactions occuring within either
the unsaturated zone or the aquifer.
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Group Aquifer include congruent and incongruent dissolution of carbonate minerals,

and silicate weathering.

Carbonate dissolution reactions in the unsaturated zone occurs in two steps; (1)
acquisition of CO; in soil water derived from respiration of plants and bacterial
oxidation of organic matter in the soil zone followed by, (2) reaction with carbonate
minerals, resulting in the addition of Ca**, Mg®* and HCO;" to the solution. The

carbonate dissolution reactions may be expressed by the following reactions:

Congruent Dissolution of carbonate minerals
(Ca 1-Mg)CO; + H,0 + CO, & (1-x) Ca*" + xMg** + 2HCO5’ (3.2)
Incongruent Dissolution of carbonate minerals

(Ca 1. Mgo)CO; + Ca**, <> CaCO; + xMg** (3.3)

Carbonate minerals are ubiquitous in the soil zone in the study area and their.
concentration varies over three order of magnitude from < 0.1% to ~ 50% by weight
(McCord, 1997). The mole fraction of Mg** of 28 Murray Group limestone samples
were estimated from XRD analysis and ranged from 5% to 11%. However, no
information exists on the mole fractions of Mg** in carbonates in the soil zone.
However, if dissolved Ca**, Mg®* and HCOj5’ in the groundwater results mainly from
dissolution of carbonate minerals according to equation 3.1, then the molar proportions
of (Ca**+Mg?") to HCO5 should be linear with a slope of 0.5. The Ca** and Mg**

concentrations are summed together because of the variability of the Mg** mole
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fraction within the carbonate minerals. The line of regression of Ca’**+Mg”" versus
HCOj (Fig. 3.12 a) for groundwater samples in the Murray Group Aquifer has a slope
of 0.41 with a correlation coefficient () of 0.5. The scatter and poor correlation
coefficient of data suggest additional processes modifying the (Ca**+Mg”") and HCO;’

relationship in the Murray Group Aquifer.

One possible mechanism responsible for the deviation of (€a**+Mg”") vs. HCO, data
from the carbonate dissolution line of 0.5 is calcite precipitation during
evapotranspiration. Progressive water loss by evapotranspiration causes an increase in
the HCO, and Ca** concentration of soil water until calcite saturation is attained.
Beyond the calcite saturation point, the increase in HCO, and Ca** concentrations of
soil water is coupled with their removal by calcite precipitation. Because calcite
precipitation removes half as much Ca*" as HCO; according to the stoichiometry of the
calcite precipi';ation reaction (Eq. 3.2), the ratio of Ca**/HCO, remains unchanged if
the initial Ca**/HCO5 ratio in soil water was 0.5. That is, the amounts of Ca®* and
HCOj; increase beyond calcite saturation by evapotranspiration equals the amount of
Ca’" and HCO, removed from the solution by calcite precipitation. However, if the
Ca®*/HCOj, ratio of soil water was greater than or less than 0.5, then calcite
precipitation causes change of the Ca** /HCOj, ratio of the residual water due to the
removal of Ca** 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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Fig. 3.12. a, b The relationship between (Ca*" + Mg**) and HCO;" of groundwater of
the Murray Group Aquifer in Zone A. (b) Schematic diagram for the evolution of soil
water during evapotranspiration and calcite precipitation. Diagonal line represent calcite
saturation. Evapotranspiration of soil water that falls into the light gray area
(Ca**/HCO5 > 0.5) beyond calcite saturation causes an increase in Ca**/ HCOs ratio
whereas, evapotranspiration of soil water that falls into the dark gray area

(Ca*/ HCO5 < 0.5) beyond calcite saturation causes a decrease of the Ca**/ HCO5"
ratio. Open circles represent various stages of soil water evolution that have an initial
Ca**/ HCOj5 ratio of 1 by evapotranspiration.
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The deviation of the data from the carbonate dissolution line in Fig. 3.12 a therefore,
may be caused by calcite precipitation during evapotranspiration of soil water.
However, incongruent dissolution of carbonate minerals in the aquifer can also result in
an increase of the (Ca?*+Mg”") concentration relative to HCO3', causing the deviation
observed from the carbonate dissolution line. The effect of this process on the Ca®*

and Mg*" is discussed below.

3.3.6 Incongruent dissolution of Mg-calcite

The degree of calcite saturation that results from the mixing of soil water in equilibrium
with respect to calcite with groundwater flowing laterally depends on the final pCOs,,
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 equal to that calculated by conservative mixing of the two end
members, and this is particularly true in a carbonate system, due to the differences of
ionic strength and the redistribution of carbonate species (H,COs, HCO5,C05%) in the
mixture. For example, two end members which are both saturated with respect to
calcite can yield a mixture that is either saturated or undersaturated depending on the
relative proportions and chemical characteristics of the two end members (Thrailkill,

1968; Wigley and Plummer, 1976).

Most of the groundwater samples from the Murray Group Aquifer in Zone A are close

to saturation with respect to calcite (Table 3.2), indicating that no further dissolution of
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calcite occurs in the groundwater following addition of soil water to laterally flowing
groundwater. However, incongruent dissclution of Mg-calcite (equation 3.3) and
subsequent precipitation of calcite can change the relative concentration of Ca** and
Mg?*, by releasing more Mg?* than Ca®* to groundwater which causes the Mg®*/Ca**
ratio to increase. Because the overall change in Ca®>" and HCOj;" during this process is
small (Wigley et al., 1978), the change in the Mg®*/Ca*" ratio is a useful indicator of the
extent of this process in the Murray Group Aquifer. Groundwater with a Mg?*/Ca*"*

ratio <1 tends to occur in relatively fresh water in the south and south-eastern part of

Zone A (Fig. 3.13-Table 3.2).
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Fig. 3.13 The relationship between CI” concentration and Mg**/Ca** ratio in the
Murray Group Aquifer. Note that the Mg?*/Ca®* ratio increases with an increase in CI

concentration
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The Mg*"/Ca” ratio 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 Mg?* calcite and the addition of Mg®* to the groundwater
may be the second process that causes the observed (Ca’**+Mg*") and HCOj relationship
in the Murray Group Aquifer (Fig. 3.12 a). The effect of incongruent dissolution of
Mg-calcite on the increase of Mg®' and Sr** concentrations relative to Ca*, as well as

the Sr*" isotope distribution, will be discussed in more detail in Chapter 5.

3.3.7 Silicate weathering

Addition of Ca*' 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)

CaAlLSi,O; + 2CO, + 8H,0 <> 2Al(OH), + Ca** + 2H,SiO, + 2HCO; (3.5)

Ca-smectite (beidellite) (Kaolinite)
6Ca o 16 Al, 35 Sis ;0,0 (OH) , + 2CO,+ 25H,0 <> 7Al,Si,05(OH) , + Ca*" + 8H,SiO, +

2HCO, (3.6)

Because these reactions release 2 mole of HCO; for each mole of Ca* produced, their
effect on the overall Ca®>’/ HCO, 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 Ca** 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 Ca** and HCO,  concentrations.

3.3.8 Development of a reaction model to explain Ca’>* Na* and HCOy

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’ Ca® Mg* CI SO> HCO,
(mg/l)
2.48 035 12 057 425 384 091




85

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 H,0O molecules from the rainwater in
10 steps representing progressive water loss from the recharge water until 99.9% of the
initial amount of water was lost. The residual solution in each step was equilibrated
with calcite and cation exchange between Ca’* with Na' under a fixed soil pCO,. The
equilibrium constant (Kd) of 0.5 was used for the cation exchange reaction. Na" and
Ca® concentration increases due to evapotranspiration, and Na' is released from clay
minerals in exchange for Ca’". The Na'/Ca®" ratio therefore increases with the evolution
of chemical composition of soil water. In addition to this, removal of Ca** 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'/Ca** ratio were used as indicators in

comparing the modeled and observed groundwater data.
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The modeled results are shown in Fig. 3.14 by solid lines on a graph of bicarbonate
concentration versus Na*/Ca?" ratios in equilibrium with calcite, at pCO, of 107, 107

and 10”2 atmospheres.

20

15

HCO,- (mmol/l)
>

1 10 100 1000

Na*/Ca?* (Molar ratio)

Fig. 3.14 The relationship between Na*/Ca** molar ratio and bicarbonate concentration
of groundwater from the Murray Group Aquifer. The solid lines on the graph are
bicarbonate concentrations and Na*/Ca®* ratio in equilibrium with calcite, at pCO, of
107, 10" and 107 atmosphere calculated by computer code PHREEQM (see text).

The observed data from the Murray Group Aquifer suggest that the evolution of
recharge water occurs at pCO, between 10" and 10 atmospheres, which is typical of

CO, 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*, Ca®, and HCO; observed in the Murray Group Aquifer in Zone 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 §°H and
5'%0 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 CI', Na'" and Br™ are maintained in
both aquifers throughout the study area. However, 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 CI variations in the Murray
Group Aquifer. However, the CI concentration of groundwater at Zone 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 CI” 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 CI” concentrations at the bottom of the Murray

Group Aquifer.
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Fig. 3.15 The variation of CI' concentration in mmol/l of groundwater from the
Murray and Renmark Group aquifers along the AA" transect. The rectangular
symbols denote the groundwater samples from the Renmark Group Aquifer that
have higher Cl- concentration compared to the groundwater samples from the
Murray Group Aquifer at the same location.
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There is no evidence for an increase of CI 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 of the study area at 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 CI 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; Wasson and Donnelly, 1991; Wood and
Imes, 1995; Stute et al., 1995) and shows altemating humid and dry periods.

Therefore, variations in CI” concentrations in the confined Renmark Group Aquifer may
represent a proxy record of the alternating humid and dry climate over the past 200,000

years.

3.3.10 The effect of evapotranspiration on chemical composition of

groundwater in the Renmark Group Aquifer

The variable amount of water loss during evapotranspiration causes variation in the
concentration of Cl” and other major ions at the same rate. Thus the cation or anion to
CI ratios remain constant with an increase in the absolute concentration of CI if all ions
behave conservatively during evapotranspiration. If this were true and the only
process for the distribution of major ions was the variation in evapotranspiration, the
ions/Cl” versus Cl” concentration from the Renmark Group Aquifer should fall on a
straight line parallel to the X axis in Fig. 3.16 a, b, ¢, d. On the other hand, if the major
ion concentration was modified by reactions with the aquifer matrix, the ion/Cl” and CI’
concentration might fall on a line with a positive or negative slope, depending on the net
addition or removal of respective ions from the groundwater. Mixing of groundwater in
the Renmark Group Aquifer through downward leakage from the Murray Group
Aquifer can also cause the latter relationship. However, groundwater from the

Renmark Group Aquifer in Zone A has a higher CI” concentration than the Murray
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Fig. 3.16 a, b, ¢, d The relationship between the Mg?*, Na*, HCOx", Ca**/Cl ratio and
CI' concentration in the Renmark Group Aquifer in Zone A. The Ca*"/Cl” and Mg*"/CI
ratio decreases with an increase in CI' concentration suggesting removal of Ca*" and

Mg** from the groundwater.
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Group Aquifer at the same locations (Fig. 3.15) suggesting that downward leakage from

the Murray Group Aquifer is not likely to control the variation in the ion/Cl ratio.

Figures 3.16 a, ¢ show the decrease of Mg**/Cl" and Ca”"/Cl ratios with an increase in
the CI concentration, indicating the removal of Mg®* and Ca** ions from the
groundwater. In contrast, the Na'/Cl versus CI  concentration shows a highly scattered
distribution of Na'/Cl with an increase in CI” 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/CI ratio in groundwater can be related to other major
ion/CI  ratios by a number of processes that are schematically depicted in Fig. 3.17,
using the Na'/Cl" and Ca*"/CI relationship as an example. If the groundwater was
dominated by lateral flow and there was no alteration of Ca*" and Na* via interaction
with the aquifer matrix, the Na'/Cl” and Ca*"/Cl” data would be represented by a single
point. If the concentration of Na* or Ca** was altered by the addition or removal of only
Na' or Ca”', 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 Ca?* concentrations due to reactions involving both ions, the

data would show a relationship between the Na*/Cl" and Ca*"/Cl ratio.

The data in Fig. 3.18 a, b show a negative relationship between Ca**/Cl, Mg*"/Cl and

Na'/Cl, indicating removal of Ca** and Mg”" and an addition of Na' to the groundwater
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in the Renmark Group Aquifer. This process may be initiated by exchange of Ca"

and/or Mg** for Na* on clay minerals which may perturb calcite and dolomite

equilibria.
Addition of Ca%* by dissolution Addition of Ca?* and Na* to
of minerals from aquifer matrix groundwater by mineral
A dissolution
)
fﬁ
s
g = Addition of Na* via
e mineral dissolution
O
&
<
O
Y .
Removal of Ca?* by mineral Addition of Na* and removal
precipitation from aquifer matrix of Ca®" from groundwater

Na*/CI" (molar ratio)

Fig. 3. 17 Conceptual diagram illustrating the change in Na*/Cl" and Ca**/Cl 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 1on/Cl ratio.

The removal of Ca** and/or Mg** may cause calcite and dolomite to dissolve, thus
adding Ca®*, Mg?** and HCO5" to the groundwater. The addition of Na" ions to the
groundwater by cation exchange reaction may also cause Na' ion reaction with clay
minerals, particularly kaolinite, to produce a secondary clay mineral such as Na-
smectite. The presence of kaolinite and Na-smectite was detected from X-ray analysis

of the Renmark Group Aquifer matrix and these proposed reactions are discussed

below.
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Fig. 3.18 a, b The Ca?*/Cl", Mg?*/CI vs Na*/Cl" relationship of groundwater.
from the Renmark Group Aquifer in Zone A. The decrease in the Ca?*/Cl and
Mg2*/Cl ratio and the increase in Na'/Cl" ratio suggests the removal of Ca?* and

Mg?" and the addition of Na* to the groundwater.
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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 sequence of reactions proposed 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 groundwater. The reactions used in the model along with
the mass balance equations are:

Cation exchange;

Ca* +2Na-X — Ca-X + 2Na" (3.7)

-ANa = 2A (Ca**" +Mg*") (3.9)

Dissolution of calcite (i) and/or dolomite (ii)

(I) CaCO; + CO, +H,0 —2 HCO;5™ + Ca** (3.9)
(i) 2CO, + CaMg(CO3), + 2H,0 — 4HCO; + Ca*" + Mg** (3.10)
A HCO;5™ = 2A (Ca** +Mg*) (3.11)

Formation of cation rich clay bearing minerals

3A1,S1,05(0H)4+ Na* +4H,Si04 —3Nag 33Al, 33513 ¢701(0OH), + H'+11.5H,0.
Kaolinite Na-smectite
(3.12)

~ANa*= AH' (3.13)

In order to express all the variable ions in term of HCO;™, Na*, Ca** and Mg*", the
change in proton concentrations by kaolinite back reaction expressed as change in
HCO; concentration as follows:

A H'=- A HCOy (3.14)
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combining Eq. 3.13 and Eq. 3.14 results in

-ANa"= - A HCOy (3.15)

To calculate the change in major ion chemistry along the transect AA’, only those wells
located on or near the transect were included in the mass balance calculation. The major.
ion concentration for each well was normalised to the Cl” concentrations in the
downgradient well to eliminate the effect of evapotranspiration. The method for
normalising major ion concentrations is demonstrated for the first two wells R1 and R2
(Table 3.3) and an example is given for normalising Na* concentrations:

1. The CI” concentration in the upgradient well (R1) is divided by the CI" concentration
in the downgradient well (R2):

9.65 +4.80=2.01

2. The above factor was multiplied by the Na™ concentration in the downgradient well
R2):

2.0 X 6.7=13.4 mmol/l

3. The measured Na" value in the upgradient well was subtracted from the normalised
Na* value

13.4-8.7=4.7 mmol/l

4. The above procedure was carried out for Na*, Ca**, Mg** and HCOj5 for all the wells
along the AA" transect shown in Fig. 3.1 and the normalised Na" conceniration was
compared with the calculated Na* concentration by a mass balance equation (sum of
Eq. 3.8, 3.11 and 3.15)

ANa* = A HCO; - 2 A (Ca®* +Mg?") (3.16)

The normalised and calculated ANa" values from mass balance (Eq. 3.16) are presented
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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 Ca*" and Mg”>* 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 Ca*", Mg”*, HCO, 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 Well CI' HCO, Na"™ Ca** Mg" AHCO;, ACa*™ AMg*  ANa’ ANa*
Reg. No ID

Measured  Calculated
67847 R1 9.65 282 87 0.86 1.00 4.62 0.01 0.80 4.7 3.0
60623 R2 480 3.72 6.7 043 090 -2.65 -0.30 -0.59 -1.7 -0.9
48554 R3 2530 562 267 072 165 5.6l 249 3.68 -2.8 -6.7
75669 R4 1269 563 120 1.61 276 -2.66 -0.44 -0.80 0.1 -0.2
60475 R5 2530 593 241 233 374 -2.17 -0.76 -1.49 1.9 23
58111 R6 22.65 337 233 141 202 748 235 1.65 -3.3 -0.5
7026-112 R7 846 406 7.5 141 137 158 0.35 0.08 1.0 0.7
7026-111 R8 6.23 4.11 62 128 1.06 -1.09 -1.15 -0.79 2.4 2.8
66476 R9 1487 7.3 205 031 065 0.57 0.14 0.03 0.7 0.2
7027-585 R10 11.71 6.14 167 041 053 -0.93 0.72 096 -3.4 -4.3
6927-588 R11 10.72 476 122 098 137 2.89 -0.87 -1.22 5.9 7.1
6928-542 R12 1535 1094 258 0.16 021 -921 0.21 0.76 -9.7 -11.1
109458 R17 6429 727 679 153 4.07 1245 -0.76 -2.76 16.7 19.5

7028-469 R14 36.7 113 485 044 0.5
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The activity-activity diagram for the Na“- H" - H,Si0, system (Fig. 3.19) indicates that
the groundwater samples plot within the kaolinite and Na-smectite field, and that the
hypothesized reaction between kaolinite and Na-smectite may be valid. The presence
of both kaolinite and smectite in the Renmark Group Aquifer matrix is probably further

evidence that the proposed back reaction of Na* with kaolinite is occurring in the

groundwater.
12
A Renmark Group Aquifer
10 O Murray Group Aquifer |
~ Albite
+d3
&
R
= Gibbsite
Smectite
4 L
Kaolinite
2 | i 1 1
5 4.5 4 35 3 2.5

-log a Si(OH),

Fig. 3.19 Activity-activity diagram depicting the stability field of Na minerals.
Thermodynamic data for calculation of mineral stability are at 25°C (Faure, 1992). The
activities of dissolved species are at groundwater temperature 25-30°C. Note that all

the groundwater data from the Murray and Renmark Group aquifers are at or close to
equilibrium with respect to kaolinite and Na-smectite.

Distribution of major ions of the Renmark Group Aquifer in Zone A appear. to be

controlled by a combination of evapotranspiration prior to recharge, and water-rock
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interaction which modifies the concentration of Na', Ca"’, Mg'?, and HCO, ions relative
to CI'. However, because the magnitude of the CI” 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 in Zone B has an average Cl” concentration one order of
magnitude higher than the average Cl concentration in Zone 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 CI” 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 mg/1)
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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 in Zone 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 mixing in Zone 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 *H and "*O compared to sea water. This occurs because
light isotopes of water molecules evaporate more efficiently 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 8°H and 8'°0O of meteoric water is
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related by the empirical equation known as the World Meteoric Water Line WMWL

(Craig, 1961):

§H=838"0+10 (3.17)

The slope of the WMWL in §*H versus 8'*O space is related to the equilibrium isotopic
fractionation factor of H and O during evaporation, and condensation of

water (Craig et al., 1963) by the following equation:

gy =1 _ 0.074
A —1 0.0092

(3.18)

where a ;) and o ) are the equilibrium fractionation factors for H and O respectively.
An added Kkinetic fractionation during partial evaporation from surface water or from the
soil water in the unsaturated zone affects the fractionation between '*O and °O to a
greater extent than that between *H and 'H, causing a shift from the meteoric water line.
The relationship between 8°H and 'O 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 (3.4). The majority of the groundwater samples from the
Murray and Renmark Group aquifers are depleted by 6 to14%o in 8°H, and by 0.5 to

1.5%o in 8'0 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 precipitation weighted mean of 8°H and 5'®0 from 10 years of measurement in
Melbourme are -28.3%o and -4.91%. respectively and in Adelaide are -23.3%o and

- 4.36%o respectively. Extrapolation of the linear regression of the 8°H and §'*0
relationship back to the WMWL gives an intersection at values of 3'30 = -6.4%o and
8*H of -41%o. These values are similar to the §?°H and §'%0 values of the groundwater

from the south and south-eastern part of the study area at the basin margin (Dundas

Plateau).

One explanation for general isotope depletion of the groundwater in the south and
south-eastern part of the study area is the “amount effect” (Dansgaard, 1964; Rozanski
et al., 1993) where negative 3°H and §'®0 values are correlated with an increase in
rainfall. This implies that the relatively negative 5°H and 5'20 values of the
groundwater correspond to relatively higher rainfall episodes. This explanation is
probably 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 contribute to recharging the aquifer.

A second explanation for the depleted 5°H and 5'%0 values is the “continental effect”
which results in more negative 5°H and 5'®0 values in precipitation with increasing

distance from the coast. This occurs due to the gradual removal of moisture from air

masses because of preferential removal of the heavy isotopes during condensation
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processes. The *H and 'O depleted rain water eventually recharges the aquifer further
inland with relatively more negative values compared to the isotope values of rainfall
near the coastal area. The continental effect has been documented in rainfall from
Europe and North Africa (Sonntag et al., 1978) and in North America (Sheppard,
1969). The 5°H gradient in these studies ranges from 1 to 20%o per 100 km. The
location of the groundwater samples (Fig 3.1) in the Murray and Renmark Group
aquifers at the south and south-eastern part of the study area range from ~150 to 250
km inland from the coast, therefore the depletion of 16%e in §°H may be due to
continental effect if the gradient in the Australian continent is similar to that measured

in Europe and North Africa.

Although the §'*O composition of groundwater from the Murray Group Aquifer is
generally depleted in '*O compared to that of rainfall in the coastal cities (i.e.
Melbourne and Adelaide), groundwater §'*0 composition further inland is more
enriched compared to §!*0 composition from downgradient wells (Fig. 3.7-Table 3.2).
Therefore, there must be additional processes affecting 5'*0 composition of
groundwater from the Murray Group Aquifer further inland. The 5°H and 5'®0 data
for groundwater in the Murray Group Aquifer fall to the right of WMWL (Fig. 3.6).
The best fit line for the §°H and 5'®0 relationship is defined by §°H = 3.6 §'*0 - 17.

The slope of 3.6 for the groundwater is probably due to partial evaporation of the
recharge water from the soil zone (Zimmerman et al., 1967; Dincer et al., 1974; Allison,

1982; Barnes and Allison, 1988). The slope of the §'*0 and §°H relationship for soil
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water from various unsaturated zone profiles in the study area ranged from 2.6 to 4
(Allison, 1982, 1986; Allison and Hughes, 1983; Allison et al., 1983). The theory for
the enrichment of 130 and the development of the low slope of the §°H and 5'%0 in the
soil water is discussed in detail by Barnes and Allison (1983). They attributed the
higher enrichment in '30 in the unsaturated zone to kinetic fractionation during
evaporation from the soil zone. The 8°H and §'®0 relationship of water evaporated
from the saturated soil has a slope of ~5, similar to that observed for evaporation of
water from free surface (i.e. water body open to atmosphere). As evaporation
proceeds, the initially saturated soil dries out and becomes unsaturated then the soil
water vapor will diffuse through the increasing thickness of the dry surface layer. The
increase of the thickness of the dry surface through which the soil water must diffuse
causes an increase in the kinetic fractionation, leading to a concomitant change of the

slope in the 8°H and 5'%0 relationship (Allison, 1982; Barnes and Allison, 1988).
Allison et al. (1993b) showed the variation in the slope of the °H and 5'%0

relationship ranging from 5 to 2 for different thickness of the same dry porous material
over which soil water evaporated under identical conditions. Following this, if the soil
water is displaced by subsequent recharge events, and this becomes the main source for.

groundwater recharge, the groundwater will also have a similar 5°H and §'*0
relationship. This type of relationship between the §°H and §'*0 slope of water from

the unsaturated zone and groundwater is also observed in other arid regions in Africa

(Dincer et al., 1974).
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The §°H and §'®0 values in the groundwater from the Renmark Group Aquifer
generally have a similar range as those in the Murray Group Aquifer, and are
indistinguishable from the Murray Group Aquifer throughout the study area. This
implies that the groundwater in the Murray and the Renmark Group aquifers have the

same source of recharge which is the cause for the similar §°H and 'O values in

groundwater from both aquifers.

The difference in chemical composition of the groundwater in the Renmark Group

Aquifer between Zone A and B is also reflected in the 5°H and 5'®0 composition (Fig.
3.7 a, b). Groundwater in Zone B is more enriched in 5°H and 8'*0 compared with

Zone A. This is probably due to the difference in the recharge area for the two water
types and a difference in flow regime. The more *H and *O enriched groundwater in
Zone B represents groundwater recharge in the Riverine Province 400 km to the east of
the study area. This may have evolved through mixing with various waters such as the
reflux of evaporated waters in the surface discharge area, and mixing with groundwater
from the overlying Calival aquifer (Evans and Kellett, 1989). Groundwater.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

Groundwater from the Murray and Renmark Group aquifers shows a progressive

increase in salinity along the hydraulic gradient. The interpretation of hydrochemical,
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and stable isotope (5°H, 5'%0) data suggests the following physical and geochemical

processes occur. in the Murray and Renmark Group aquifers:

1. The relative abundance of CI°, Na*, and Br” are similar to that of sea water, indicating
the dominance of marine airborne salts as a source of these ions to the Murray and

Renmark Group aquifers.

2. The Na*/Cl" molar ratio, and Ca®*, Mg?** and HCO5 distributions indicate that
evapotranspiration prior to recharge, carbonate dissolution and cation exchange on clays
are major processes causing the current chemical composition of groundwater in the

Murray Group Aquifer.

3. The §°H and 8'®0 composition of water molecules suggests that groundwater. of the
Murray and Renmark Group aquifers is derived from meteoric water. The relatively

enriched 5'®0 and the slope of 5?°H and §'®0 relationship of 3.6 may be caused by

partial evaporation of rainfall from the soil zone.

4. The progressive increase in CI” concentration, whilst maintaining marine relative
abundance of Na* and Br’ in the groundwater of the Murray Group Aquifer in Zone A,
is due to mixing with more saline recharge water with a marine relative abundance of CI’,
Na" and Br". Upward leakage from the more saline Renmark Group Aquifer in Zone B
is probably the mechanism that causes further increase in Cl” concentration and in TDS

reaching values up to 23,000 mg/! in the Murray Group Aquifer.
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5. The variation in the amount of water loss by evapotranspiration during recharge is
the main process causing the variation in Cl” concentration in Zone A in the Renmark
Group Aquifer. The mass balance calculations for the carbonate mineral dissolution,
cation exchange, and back reaction of Na* with kaolinite shows the added influence of
theses reactions which further modify the concentration of Na*, Ca**, Mg®*, and

HCO; in the Renmark Group Aquifer.

6. The information obtained from chemical and stable isotope data on the possible
geochemical and physical processes occurring in both aquifers can be used as a basis for

further discussions (chapter 4 and 5) on (a) the usefulness of §**S and 50 of dissolved

SO, and *’Sr/*®Sr ratios as tracers of mixing and (b) the nature of carbonate mineral -

groundwater reactions and their effect on radiocarbon data in the groundwater.
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CHAPTER 4

Isotopic behaviour of sulphur and oxygen of dissolved SO,* in

the groundwater of the Murray Basin

4.1 Introduction

Sulphur and oxygen isotopes of dissolved sulphate (SO,*) 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 (**S & **S) fractionation arises in many processes in the
sulphur cycle and this causes the variation in §*S values of different sulphur
compounds (Nielsen et al., 1991). For example, primary sulphide originating in the
upper mantle of the earth has an average ™S close to zero (Grinenko and Thode, 1970;
Mitchell and Krouse, 1975). However, sedimentary sulphides have a large range of
5*S values (+30 %o to -30 %o), with a tendency to be depleted in **S (Lein, 1983). On
the other hand, marine evaporite sulphates are enriched in **S ranging from ~ +10 %o to
+35%, due to temporal variation in the isotopic composition of marine dissolved
sulphate (Holser and Kaplan, 1966; Davies and Krouse, 1975; Claypool et al., 1980).
The distinct 8*S of the various forms of sulphur can be advantageous in many aqueous
systems in identifying 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 that may eventually recharge
groundwater is highly variable, depending on the source of the sulphate in atmospheric
aerosols. For example, in coastal areas, rainfall chemistry is generally dominated by sea

spray. Therefore the §°*S and 5'®0S0.* of the dissolved sulphate in the rainfall in these

areas has a marine signature (Newman et al., 1991).

The §**S and 5'*0 composition of dissolved sulphate in groundwater, on the other.
hand, depends on a number of factors, such as: (1) the 5**S and §'®0S0,* ratic of
sulphate of rainfall that recharges groundwater; (2) dissolution of evaporite minerals
(gypsum, anhydrite) and/or oxidation of sulphide minerals (e.g. pyrite); (3) bacterial
sulphate reduction in the groundwater; and (4) mineralisation of organic sulphur in soil,

which modifies the 5§!20s0.%.

The mineralogy of the aquifer matrix and the redox state of the groundwater also play a
major. role in modifying the concentration of the dissolved SO, and in changing
isotopic composition. Because the redox conditions within the Murray and Renmark
Group aquifers are different, the 5**S and §'*0s0,> of sulphate in each aquifer system
are also likely to exhibit different 5**S and 6'*0s0,* signatures. In the highly reducing
Renmark Group Aquifer, the 5**S and §'*0s0,* of the residual dissolved SO,> may be
relatively enriched through the preferential metabolisation of *>S during bacterial

sulphate reduction. In contrast, the 5**S and 6'*0S0.* values in the aerobic unconfined
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Murray Group Aquifer may be dominated by SO,% having 5**S and §'30 values similar

to rainfall isotope values, if there are no other sources of SO,* in the aquifer.

Several studies have used sulphur or. oxygen isotopes as tracers to delineate the sources
of sulphate and the mixing of different groundwaters. For example, Edmunds et al.
(1995) assigned the origin of dissolved sulphate in the groundwater of the East
Midlands Triassic Aquifer to a number of sources using sulphur isotope data. Rye et al.
(1980) showed that sulphur isotopic fractionation between dissolved sulphate and the
sulphide formed from bacterial sulphate reduction can be related to groundwater
residence time and flow path. Rightmire et al. (1974) used 5°*S as a tracer for
groundwater mixing with ocean water in the Floridain Aquifer. Bottrell (1991)
identified mixing between different groundwaters by using a profile of §°**S values of
aqueous sulphur species in groundwater from Bahamian blue holes. §**S and & '0s0.*,
combined with hydrogeology, have been used to identify the origin and distribution, as

well as the sources, of groundwater recharge in Saskatchewan, Canada (Dowuona et al.,

1993).

In this chapter, the combination of §°*S and §'0s0,* isotopes have been used in the

large scale regional aquifers of the south-east Murray Basin:

o to evaluate their usefulness as physical tracers to identify inter-aquifer mixing in
Zone B;

o to establish the significance of mixing and its effect on the salinity in the Murray

Group Aquifer;
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e to identify the source(s) of sulphate in the groundwater of both aquifer systems;
¢ to elucidate the importance of the vertical solute input through local recharge

relative to lateral inputs to the Murray Group Aquifer.

4.2 Background

4.2.1 Sulphur isotope variation of different sulphur forms

Sulphur has four stable isotopes with the following relative abundances, *2S = 95.02%,
38 =0.75%, **S = 4.21% and S = 0.02 % (Macnamara and Thode, 1950). Sulphur
occurs as sulphate, sulphide, sulphite, and elemental sulphur in the +6 +4, 0 and -2

valence states respectively.

Gaseous sulphide emitted during volcanic activity in the oceans is in the form of H,S
and SO,. These gaseous forms of sulphur may react with metals producing sulphides
which may form deposits or may oxidise to sulphates and circulate in oceans.
Transformation of sulphur. compounds during sulphur. cycling in the earth biosphere
occurs mainly by bacterial organisms, which are also responsible for the variation of
%S values between different forms of sulphur. This results mainly from kinetic
isotopic fractionation during dissimilatory and assimilatory bacterial reduction and
oxidation processes (Harrison and Thode, 1958; Kaplan and Rittenberg, 1964).
Dissimilatory reduction of sulphate occurs under anaerobic conditions in which bacteria

uses sulphate as a terminal electron acceptor. to support respiratory metabolism.
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The generalised form of this reaction is as follows:

SO4 i 2 CH20 -> HzS + 2HCO3- (41)
where CH,O in this reaction is a simplified representation of organic matter.

Laboratory experiments using sulphur reducing bacteria such as Desulfovibrio or.

Desulfotomaculum have produced H,S with §**S that are 3 %o to 46 %o depleted relative
to 8°*S values in the initial sulphate (Kaplan and Rittenberg, 1964; Krouse and

McCready, 1979; Chambers and Trudinger, 1979).

In contrast to sulphate reducing bacteria, there are many microorganisms that are able to
oxidise sulphides under aerobic conditions, using the oxygen from the water molecule,
gaseous or.dissolved O,, and nitrate. Some of these organisms, e.g. Thiobacillus
thiooxidans can exist and oxidise sulphur under extremely acidic conditions (pH as low
as 0.5) and high temperatures (>100 °C) (Schoen and Rye, 1970). However, the
fractionation of sulphur isotopes between sulphur compounds during oxidation
processes is relatively small ranging from > 1% up to 18%, compared with the
fractionation during sulphate reduction (Kaplan and Rittenberg, 1964; Fry et al., 1992).
Assimilatory reduction of sulphate is the process by which plants and other biota (e.g.
bacteria, fungi) take up sulphate from the surrounding environment, reduce it and then
fix it into sulphur-containing compounds and other organic compounds. A detailed

review of assimilatory reduction of sulphate is given by Anderson (1980). The §**S

fractionation during assimilatory reduction of sulphate stored in plants or atmospheric
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SO, is very small, ranging from 0 to 4 %o with the organic sulphur generally depleted in

heavy isotopes relative to that in sulphate (Mekhtiyeva et al., 1976).

The 5**S of dissolved sulphate in the ocean has changed over geologic time due to
variations in 8°*S of input sulphate from rivers and the output of sulphate from the

oceans by bacterial reduction and gypsum precipitation (Thode and Monster, 1965;
Holser and Kaplan, 1966; Davies and Krouse, 1975). The 5**S of marine evaporites
(mainly gypsum) has varied over geologic time from +35 %o in the early Cambrian, to
+10 %o by late Permian, and subsequent increase to +21 %o in contemporary sea water.
(Davies and Krouse, 1975; Claypool et al., 1980). Gypsum precipitating from a
sulphate bearing solution at ambient temperature is isotopically enriched by only

1.65 %o relative to the sulphate in solution (Thode and Monster, 1965).

4.2.2 Oxygen isotope variation of dissolved sulphate

The oxygen isotope composition of dissolved sulphate (5 '*080,*) can vary over a large
range of values ( -20% to +20%) depending on the environment under which the
sulphates are formed. Further modification of the 8 1*0s0,* can occur after formation

of sulphate molecules, via sulphate reduction, precipitation of sulphate minerals or.

mixing between two end members with different 5 *0S0,* values.

The & *0S0.* during oxidation of sulphur depends on the §'®0 value of the oxygen
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source and a fractionation factor between oxygen sources and dissolved SO,> . Lloyd
(1967) measured the fractionation during oxidation of sulphide to sulphate by bubbling
0, through Na,S solution and found that the SO,* produced was depleted by 8.7 %o in
130 relative to the O,. The fraction of oxygen contributed from the water molecules
was estimated to be two thirds of the overall oxygen pool within the dissolved SO,>.
Taylor et al. (1984) also studied sulphur oxidation, using pyrite in their experiment, and
found that 87.5% of the oxygen in the sulphate came from the O, and the rest came
from the water molecules. These results were further substantiated by laboratory
experiments carried out by Van Everdingen and Krouse (1985) and Gould et al. (1989).
The various experimental results suggest that during sulphide oxidation, the §'*0s0,*

depends on the available source of oxygen and the reaction conditions.

During sulphate reduction by bacteria, light isotopes of sulphate (**0 and *S) are
preferentially metabolised, resulting in relative enrichment of the remaining sulphate in
180 and **S. Mizutani and Rafter (1969a, 1973) have shown from laboratory
experiments that during sulphate reduction there is a linear relationship between 'S
and 8'*080,” of the remaining sulphate. However, the slope of best fitted line of the
6%S vs. 6'%0s0,* data of the remaining sulphate varied in each experiment. Therefore,
Mizutani and Rafter (1973) concluded that there are additional processes affecting the

513050, of the remaining sulphate.
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The fractionation of §'%080,* during precipitation of anhydrite from a sulphate rich
solution is 3.2 %o at 25 °C whereas precipitation of gypsum results in a fractionation of
2 %o (LIoyd, 1968), the § 130s0,* of the solution being more depleted 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 sources.
These include sea spray sulphate, biogenic aerosols and anthropogenic sulphate. Sea
spray sulphate has the same 5**S signature as marine sulphate (~+21 %o - Rees et
al.,1978). The 5**S values of rainfall more negative than +21 %o are attributed to a
biogenic sulphur contribution via aerosols, which are mainly ocean derived (Newman et
al., 1991). Biogenic sulphur bearing aerosols are mainly formed by oxidation of
dimethyl sulphide (DMS) and H,S, the dominant volatile sulphur compound in ocean
waters (Turner et al., 1988; 1989). 5°*S values of ~ +17 %o were found for DMS by

direct measurement (Calhoun, 1990). There are several other sulphur compounds in the
atmosphere, including CS, (carbon disulphide) and COS (carbonyl sulphide) but their
contribution relative to DMS is less than 5% (Andreae and Jaechke, 1988). Oxidation
may occur.in gas-phase reactions, in the surface of solid particles, and in the liquid-
phase of cloud drops. About half of the SO, emitted into the atmosphere is removed
by dry deposition (Garland, 1978). The other half is removed by wet deposition

consisting of oxidation, hydration, 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 significant 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 ot algae
following algal blooms (Bremner and Steele, 1978). The &S value reported for DMSP
of ~+19.8 %o (Calhoun and Bates, 1989) is slightly enriched in **S compared with the

S value of DMS.

The contribution of H,S 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 5**S values of H,S depend on the rate of reduction of SO,”, the redox conditions of
the environment (Nakai and Jensen, 1964; Rees, 1978), and the ability of H,S to move
from the aqueous environment into the atmosphere. Whereas 3*S of H,S varies in
shallow marine regions from -28 %o to -15 %o, the values in estuaries and coastal tidal
zones range from -22 %o to +12 %o (Grinenko and Grinenko, 1974). Furthermore, the
5*S values of the H,S produced by sulphate respiration can be as low as -40 %o

(Chambers and Trudinger, 1979). The average &S for H,S formed under different
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conditions is probably close to -10 %o (Volkov and Rozanov, 1983). The average 5°*S

of all biogenic sulphur compounds emitted to the atmosphere from the
oceans and continents, calculated by the isotopic mass balance equation, is close to 0 %o

(Newman et al., 1991).

In industrial areas, anthropogenic sources of sulphate from the combustion of coal and
fossil fuels, power plants, and the combustion and refining of oil and gas can be

significant. §**S values of sulphate from these sources can vary from -30 %o to +30 %o
(Newman et al., 1992). The emission of SO, from the Pb-Zn (5**S = 0) smelter at Port

Pirie (~ 300 km west of the study area) has occurred for 94 years. However, a study of
heavy metal contamination of soils in the area (Cartwright et al, 1976) suggests that the
effect is minimal. Therefore, contribution of this source to the atmospheric sulphate

pool is not significant in the Murray Basin.

The excess-sulphate (biogenic) contribution to the sulphate pool in rainfall can be
estimated by comparing the ratio of SO,*/CI"in rainfall samples to that of marine SO,
/CI'ratios (Mizutani and Rafter, 1969 a, b). The SO,%/Cl ratio in rainfall near the coast
areas is similar to that of the ocean. However, this tends to increase further inland due
to the contribution of finer aerosol particles from the oxidation of biogenic sulphur
compounds, which travel further inland across the continent and increase sulphate
concentration in the atmosphere relative to sea spray (Wakshal and Nielsen, 1982).
Aerosols derived from sea spray that are produced 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 (Duce, 1981; Georgii, 1978; Husar et al., 1978). Therefore, the larger
particles derived from sea spray are likely to be deposited via rainfall nearer. the coast,
and from lower altitude air masses than the smaller particle size sulphate produced
from oxidation of the biogenic sulphur compounds. This effect was suggested by
Chivas et al. (1991) to explain the relationship between the increasingly negative §*4S
values found in gypsum in the west and south-west Australian salt lakes with the

distance from the coast.

4.2.4 Oxygen 1sotope variation of sulphate in rainfall

8'3050,* values in rainfall are influenced by the same sources as §**S. These are: (1) sea
spray sulphate; (2) oxidation of biogenic sulphur compounds; and (3) anthropogenic
SO,. The final value is primarily controlled by the conditions under which the sulphur

is oxidised.

The 5'*050,* values of rainfall in coastal areas, dominated by sea spray are similar to
ocean 5'3080,> values (+9.6 %o - Lloyd, 1967, 1968). However, oxidation of biogenic
sulphur can have a significant effect on the overall 5'*0S0,* composition of rainfall.
The oxygen in SO, may come from O, molecules in the atmosphere which have

830 = +23 %o, or from water vapour which has a variable §'*0 values, depending on
its sources in the atmosphere.

The §'®0s0,* value resulting from oxidation of biogenic sulphur compounds is variable

due to the combination of the oxidation reactions that produce the SO,. Holt et al.
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(1981, 1983) showed that the §'3050,* produced by different chemical oxidation
reactions in laboratory experiments was always more negative than those observed in
the atmospheric aerosols and rainwater. Therefore, the contribution of the oxidised
biogenic components to the SO,> pool in rainfall may result in a more negative

5'0s0,* signature than that of marine §'30s0,%.

SO, in the atmosphere will rapidly equilibrate isotopically with water. vapour or the
liquid water. phase. The isotopic signature of equilibrated SO,, therefore, will depend
entirely on the 630 of associated water. or water vapour, and the equilibrium
fractionation factor. Further modification occurs to the §'*0 of SO, when it oxidises to
SO,*. The final §'3050.* value depends on the mechanism by which SO, oxidises to

SO,*, such as oxidation in the presence or the absence of aqueous-phase water and the

type of catalyst (Holt et al., 1981, 1983).

Anthropogenic SO, is associated with industrial activities which produce SO, from
power plants and the burning of fossil fuel. The SO, produced by these activities may
oxidise to SO,* in the atmosphere. The important product of this source is primary
sulphate which has a an enriched §'*050.* composition (~ +40 %o - Holt and Kumar,
1984). The contribution of this source to the sulphate pool in the atmosphere is

insignificant in the Murray Basin.
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Regardless of the mechanisms and type of catalyst which drive the oxidation reactions
of SO,, the majority of previous studies observed that the variation in the §!3050.* in
rainfall correlated with § '®OH,0 variations in atmospheric water vapor and rainfall

(Cortecci and Longinelli, 1970; Holt et al., 1981,1982). This indicates that the sulphate
in rainfall is formed predominantly by the oxidation of SO, in the aqueous phase. In
contrast, the oxygen isotope ratio in the atmospheric aerosol sulphate varies randomly

with the seasons (Holt et al., 1981,1982).

In summary, it can be inferred that the 5'*0S0,* values of rainfall in coastal areas not
affected by industrial activities will be similar to the values of rainfall (+9.6 %o) that
originate mainly from sea spray. Because the 5'®0S0,* composition derived from
oxidation of SO, (produced from oxidation of biogenic sulphur compounds) is depleted

in 0 compared with §'®080,> of sea spray, the increased contribution of this source

further inland slightly decrease the §'*0s0,* value in rainfall.

4.3 Results

The results of §°*S and §'®0S0,* analysis as well as the SO,> and CI" concentrations of
groundwater from the Murray and Renmark Group aquifers is shown in Table 4.1 and
4.2, The spatial distribution of the SO,>/CI" ratio in the Murray Group Aquifer is
shown in Fig 4.1. The SO,*/CI" ratios were used to normalise any effects of

evaporation and evapotranspiration so that changes to the SO,*/CI" ratio will be
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Table 4.1 The °*S and 530 of dissolved sulphate in groundwater from the Murray
Group Aquifer. The registered number with (*) is the Victorian Sinclair Knight Merz
(groundwater data base GDB numbers) and Registered Bore number of the Australian
Department of Mines and Energy. The results of Cl” and SO,* are quoted in milligrams
per litre. 5**S and 5'%0 are expressed in per mil notation relative to standard CTD
(Canyon Diablo Triolite) and SMOW (Standard Mean Ocean Water) respectively.

Well well Cr SO, so/r/cr 5*s 5'*0so0,
Reg. No. ID.
(mg/l) (%-,CTD) (%o, SMOW)
61922* M1 116 20.3 0.17
61930* M2 506 63.6 0.13
77850* M3 589 72.9 0.12
111321* M4 486 48.9 0.10
67829* M5 322 29.7 0.09
51846* M6 531 80.1 0.15 20.8
92808* M7 363 56.1 0.15 19.8
50946* M8 166 26.8 0.16 19.4
60610* M9 141 17.1 0.12 20.0
79530* M10 286 39.0 0.14 18.6
48559* M11 850 207.0 0.24 17.5
60436* M12 511 86.1 0.17 17.7
84741* M13 270 25.1 0.09
75651* M14 342 52.2 0.15 17.2
75365* M15 633 105.6 0.17
75351* M16 517 89.7 0.17
60450* M17 621 88.8 0.14 14.1
79655*% M18 848 67.8 0.08 15.8
58079* M19 587 99.6 0.17 15.7
98297* M20 307 79.5 0.26 9.2
103369* M21 213 30.3 0.14
98254* M22 253 513 0.20 11.2
49951* M23 428 85.5 0.20
49952* M24 225 50.7 0.23
49950* M25 228 57.0 0.25
66477* M26 457 71.1 0.16 11.2
54642* M27 239 99.3 0.42 4.7
54636* M28 268 166.5 0.62
82220* M29 429 99.9 0.23 13.2
61571* M30 540 140.7 0.26 6.8
65758* M31 302 86.1 0.29 8.5
77199* M32 441 87.3 0.20
7026-113 M33 219 50.7 0.23 13.1 8.6
7026-110 M34 305 44.4 0.15 14.5 9.1
7027-566 M35 297 48.0 0.16 10.0
7027-650 M36 190 41.4 0.22 4.6
7027-606 M37 221 107.1 0.48 1.0
7027-592 M38 205 91.5 0.45 0.3 4.8
7027-597 M39 227 58.8 0.26 13.2 7.5

7027-669 M40 323 72.6 0.22 14.6
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Well well Cr SO SO0 /C1 8 5'*0s0,
Reg. No. 1D.

(mg/1) (%0,CTD) (%o, SMOW)
7027-602 M4l 319 89.7 0.28 12.4 7.8
7027-405 M42 514 89.7 0.17 14.9
7027-586 M43 521 112.8 0.22 14.8 53
7027-579 M44 347 87.6 0.25 6.6
6827-1536  M45 890 186.3 0.21 11.7 7.0
7026-120 M46 976 222.6 0.23 6.1 7.1
6927-591 M47 429 108.0 0.25 10.1 5.7
6927-644 M43 905 188.7 0.21 11.5 7.1
6927-590 M49 867 181.8 0.21 12.5 6.8
6927-588 M50 864 180.3 0.21 14.2 5.8
6927-601 M51 514 91.8 0.18 12.3
6928-567 M52 600 190.2 0.32 7.0 8.0
6928-411 M53 742 196.5 0.26 11.6 7.0
6928-49 M54 669 190.2 0.28 9.1 8.4
6928-260 M55 418 103.8 0.25 9.9
7028-503 M56 807 224.4 0.28 6.9
7025-422 M57 1016 202.5 0.20 5.8
6928-477 M58 1523 414 0.27 11.7
6928-27 M59 1499 366 0.24 10.3
6828-112 M60 1239 289 0.23 11.9
6928-528 Mé61 2129 375 0.18 15.3
6928-424 Mé62 2560 654 0.26 17.7
6929-154 M63 2579 495 0.19 18.6 7.2
6929-169 Mé64 2522 612 0.24 18.4 7.4
6928-2 M65 3114 426 0.14 13.6
49677* M66 880 122 0.14 7.0
64363* M67 3590 456 0.13 21.0
6929-356 M68 8894 474 0.05 38.7
85570* M69 9617 1299 0.14 27.0
81833* M70 10310 753 0.07 24.6
86775* M71 12030 705 0.06 35.2
6929-705 M72 10720 1128 0.11 28.5
6929-700 M73 9480 714 0.08 35.1
6929-711 M74 10520 666 0.06 37.4
6929-712 M75 11180 702 0.06 36.7
6929-710 M76 13010 858 0.07 35.2
6929-702 M77 11830 843 0.07 32.2 15.6
6929-701 M78 12270 1044 0.09 29.6
6929-684 M79 12860 1260 0.10 28.1
6929-651 M80 12830 1074 0.08 27.4
6929-682 M81 12430 1434 0.12 25.4
6929-685 M82 12520 1692 0.14 24.6
6929-686 M83 12380 1332 0.11 26.3
6929-687 M84 11900 1053 0.09
6929-689 M85 10800 1002 0.09 33.3
6929-691 M86 10500 870 0.08 33.8
6929-692 M87 9213 843 0.09 33.8
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Table 4.1 Contd.

Well well Cr SO  SO”/Cr &S 8"*0s0,
Reg. No. ID.

(mg/l) (%0,CTD) (%0, SMOW)
6929-693 M88 7267 642 0.09 324
6929-1046  M89 11910 2289 0.19 253 16.6
6929-1041 MO0 9294 1500 0.16 26.7
6929-1082  M91 11840 1794 0.15 26.5

Table 4.2 The &S and 8'*0S0,> of groundwater from the Renmark Group Aquifer. The
results of chemical ions are quoted in milligrams per litre. The §**S and §'®0 are
expressed in per mil notation relative to standard CTD (Canyon Diablo Troilite) and
SMOW (Standard Mean Ocean Water respectively. f refers to fraction of residual
sulphate in groundwater. SI refers to saturation state of groundwater with respect to
pyrite.

Well Well Ccr SO* H,S TotalFe SOX/CI f 58 5'%0s0,  SI

Reg. No. ID. Pyrite
(meg/l) (%o, CTD) (%o, SMOW)

67847* R1 342 86 0.09 0.42 321

60623* R2 170 204 0.12 0.55 21.7

75669* R3 450 978 0.22 0.99 21.0

48554* R4 897 1159 0.13 0.59 29.0

S58111* R5 803 172 0.21 0.97 20.0

60475* R6 897 184.6 0.21 0.93 17.0

7026-112 R7 300 549 ND 0.13 0.18 0.83 14.9 11.6 8

7026-111 RS 221 41.1 ND 0.02 0.19 0.85 19.0 11.8

66476* R9 527 31.2 0.06 0.27 51.0

7027-585 R10 415 50.7 <1 0.07 0.12 0.56 38.5 134

6928-542 RI1 544 324 3 0.5 0.06 0.27 56.4 153 10

6927-588 R12 380 669 ND 0.03 0.18 0.8 17.3 14.2

6827-1530 R13 702 99.6 2.5 <0.02 0.14 0.64 343 18.0

6929-423 R14 1301 116.8 1.5 0.33 0.09 0.41 51.8 15.0 10

7028-469 R15 2356 188.5 5 <0.02 0.08 0.36 36.7 15.9

49676* R16 2194  248.8 2.5 0.11 0.52 24.2

109458* R17 2279 324 0.14 0.65 26.0

6929-760 R18 8223 432 1 0.13 0.05 0.24 39.0

6829-992 R19 8297 1233 1 0.33 0.15 0.68 26.4 15.8 9

81832* R20 10780 7656 1.5 0.07 0.32 343

104800* R21 10340 741 1.5 0.07 0.33 32.0 10

86774* R22 11940 1143 2 034 0.10 044 352
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indicative of a net addition or removal of SO, in the atmosphere and/or modification of
the SO,* concentration due to geochemical and/or biogeochemical processes in the
aquifer. The groundwater collected from the south and southeastern part of the study
area has a SO,>/CI ratio of ~ 0.16, which is slightly higher than the marine ratio of
0.14. The SO,*/CI ratio increases along the hydraulic gradient to the north and
northwest. The highest value of SO,*/CI is 0.62. This occurs to the north of Big
Desert in Victoria and north of Ngarkat Conservation Park in South Australia near
Pinnaroo (Fig. 4.1). Further inland and to the far north and north-west, the SO,*/Cl"

ratio decreases to values of 0.08.

Fig. 4.2 shows the distribution of §**S in the Murray Group Aquifer. The §**S value in

the south and south-east is ~ +20 %o, and systematically decreases toward the north

and north-west, where 53*S values are ~+0.3 %o north of the Big Desert and Ngarkat
Conservation Park near Pinnaroo. The large area of low 5>*S corresponds to a high
SO,%/CI  ratio of ~ 0.5. Further north and north east the §3*S values increase to

+38.7 %eo.

The SO,*/CI ratios for groundwater. of the Renmark Group Aquifer range from 0.22 to

0.06 and 8**S values range from +14.9 %o to +56.4 %o (Table 4.2). A general trend is
observed between 5°*S values and SO,%/Cl ratio, with more enriched 8**S values

corresponding to a relatively lower. SO,%Cl ratio (Fig. 4.3).
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Fig. 4.1 Spatial distribution of SO,*/CI’ in the Murray Group Aquifer. Note that
groundwaters that have the highest SO,*/Cl ratio are located in the central part of the
study area north and northwest of Big Desert.
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Murray Group Aquifer.



127

60 T T T T
50 |- o © -
é 40 - ) o o o
) ® 6@ ®
g ®
S 30 F ® .
w2
3 oD
e (<>]
2 | N e 0% -
® ®
@
10 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25
soz/cr

Fig. 4.3 §**S value vs. SO,%/CI" ratio in the Renmark Group Aquifer. Note that the
relatively depleted 5°*S values correspond to a higher SO,%/Cl ratio.

Groundwater samples that have 5°*S value similar to marine §**S values of +21 %o also

have an average SO,>/CI ratio of 0.2 which is slightly higher than the marine ratio of

0.14. This indicates little or no modification of SO,* concentration in the aquifer.
Deviation from the marine SO42/CI  ratio to a lower value is due to the removal of SO,>
by bacterial reduction. Sulphate reduction is implied by the presence of dissolved
sulphide in the groundwater from the northern part of the study area (Table 4.2).
Oxidation of organic carbon, which serves as the energy source for the bacteria, may be
provided by thin beds of lignitic carbon that are present in the Renmark Group Aquifer

matrix. Hence, there are favorable conditions for sulphate reduction in this aquifer.
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The 8'%0s0,> 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 '*O compared to
the 8'*0s0,> values of groundwater from the north and north-east near the River
Murray, which have §'*0s0,> values of > +15 %o (wells adjacent to the River
Murray). The 8'*%0so> values in the Renmark Group Aquifer are generally more

enriched than the Murray Group Aquifer and range from +11.6 %o to +18 %o (Table

4.1,42).

4.4 Discussion

4.4.1 SO,7/CI ratio and 5**S 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. M72
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, CI" and SO,> concentrations as well as §**S 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 (MH1, MH2, MH3) is shown in Fig. 2.1.

Table 4.3 The SO4%/CI ratio and §**S composition in groundwater from discrete depth
below the water table of the Murray Group Aquifer. The depth below water table is
expressed in metres. The results of CI” and SO4> are quoted in milligram per litre.
The 8**S is expressed in per mil notation relative to standard CTD (Canyon Diablo
Triolite). WT Depth in the third column stands for depth of waler table below the
surface.

Cr SO,~ SO/CT S
Depth (m) WT Depth mg/l %0(CTD)
R %3 — An— SP—
33 874 200.7 0.23 6.8
36 874 202.5 0.23 6.8
39 839 200.7 0.24 6.4
48 817 192.3 0.24 6.7
57 853 196.5 0.23 6.2
66 879 205.2 0.23 6.6
MH2 63.8
72 386 85.2 0.22 14.6
75 377 80.4 0.21 14.3
78 354 79.2 0.22 14.8
87 366 80.4 0.22 14.5
90 323 72.6 0.22 14.6
93 299 65.7 0.22 14.1
102 298 69.9 0.23 14.1
MH3 68.3
84 320 62.4 0.20 12.9
87 321 59.1 0.18 12.3
90 300 59.7 0.20 12.1
99 310 59.7 0.19 12.0
108 342 64.8 0.19 12.3
114 341 65.1 0.19 12.3

The concentrations of Cl” and SO42' in MH2 and MH3 from the sampled intervals are
similar, and range from 298 mg/1 to 377mg/1 and 59.1 mg/l to 85.2 mg/l respectively.
The concentrations of C1" and SO4* in groundwater from MH1 down gradient are
relatively higher and range from 817mg/l to 879mg/1 and 192.3mg/1 to 205.2 mg/l
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 SO4* corresponds to the similar change in the
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concentration of CI. Consequently the SO,*/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 SO,” concentrations is due to the evapoconcentration effect prior to
recharge. The higher rate of evapoconcentration increases the overall concentration of
the dissolved ions of water recharging the aquifer without altering ion/Cl ratio.

A relatively constant SO,*/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/CI
ratio. Therefore, the observed spatial variation in SO,*/CI ratio of the Murray Group

Aquifer (Fig 4.1) is not an artefact of sampling methodology.

This is also true for the 8**S values measured from the three bores below the water
table (Fig.4.4). The §*S profile shows a slight variation, which is not related to the
sampling depth below the water table (i.e. systematic change with depth). The §*S
values for the groundwater samples vary only by 0.5 %o and never exceed 0.8 %o in
any given profile. Given the analytical error of + 0.2 for 6*S measurement, the
relatively small variation from different depths is not significant, particularly when
the observed spatial difference in $*'S values between the groundwater sampled along

the gradient in Zone A is up to 20 %o and in Zone B is up to 35 %eo.
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the Murray Group Aquifer. The error bars on the 8>*S profile represent analytical
error of + 0.2 for the 8°*S.

The profiles in fig 4.4 show no significant variation in either SO4*/CI ratio or in §**S

values below the water table in the Murray Group Aquifer. The large spatial

differences in both SO,*/CI ratio and 5**S values (Fig 4.1 and 4.2) therefore must be

due to chemical and/or physical processes occurring in the aquifer.
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4.4.2 Spatial distribution of 8**S in the Murray Group Aquifer

Groundwater. from the Murray Group Aquifer can be divided into two zones according

to 5°*S values and hydraulic head distribution; (1) Zone A, which represents

groundwater from the south and central parts of the study area that are unaffected by
mixing with the Renmark Group Aquifer; (2) Zone B, which represents groundwater.
from the northern part of the study area near 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 between groundwater in the

Renmark and Murray Group aquifers (Fig. 1.5).

4.4.2.1 S of the Murray Group Aquiferin Zone A

Groundwater in the south and south-east part of the study area (Zone A) shows an
increase in SO,*/CI" ratio and decrease in 5°*S values along the hydraulic gradient. The
SO,*/CI ratio in the Renmark Group Aquifer in Zone A is always less than that in the
Murray Group Aquifer. Thus, the source of extra SO,* in the Murray Group Aquifer.
in Zone A is not from the Renmark Group Aquifer through upward leakage. There

must therefore, be other sources of dissolved SO,> in the Murray Group Aquifer.

Groundwaters in the Murray Group Aquifer that have 6°*S values of ~ +20 %o suggest

that the SO,* concentrations are 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 6°*S values from +14.2 %o to +20.5 %o (Schmid, 1985; Jacobson
1988; Chivas et al., 1991) is not likely to be a significant source of SO,* along the
hydraulic gradient, because the §**S values of SO, in the groundwater decrease
systematically towards the central part of the basin (Fig. 4.2). Groundwater in the
central part has the lowest 5>*S values (+0.3 %o and +1 %o - Table 4.1). If wind blown

gypsum was a dominant factor in increasing SO,> concentration, the wells in the central

part, which are closer to the playa lakes, would have higher 5**S values than the wells

in the basin margin in the south and south-east of the study area.

Groundwater in the Murray Group Aquifer is undersaturated with respect to gypsum.
Therefore, gypsum dissolution from the aquifer matrix is not likely to produce the extra
sulphate in groundwater. However, this does not rule out dissolution of gypsum in the

soil and the unsaturated zone. This is also unlikely because the 5**S values of gypsum
in the Australian continent are dominated by marine §**S ranging from +14 %o to
+20 %o (Chivas et al., 1991). These values are much higher than the §**S observed in

some of the groundwaters in the Murray Group Aquifer.

Pyrite oxidation will also increase SO4% concentrations, but decrease 5°*S values and

increase acidity. The reaction may proceed either by the direct oxidation of pyrite
exposed to air. or water. (Eq. 4.1), or by the reduction of ferric iron via Eq. 4.3 - 4.5

below (Stumm and Morgan, 1981):
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FeS,+ 7/2 O, + H,0 = Fe** + 2580, + 2H" 4.2)
Fe** +1/40, + H* - Fe&* + 1/2H,0 4.3)
Fe** + 3H,0 = Fe(OH); + 3H* ' 4.4)
FeS,+ 14Fe* + 8H,0 = 15F¢*" + 280,> + 16H" @.5)

Fe?* produced via Eq. 4.5 may re-enter the reaction cycle again via reaction Eq. 4.3.

The production of acidity via pyrite oxidation may then result in the dissolution of
calcite. This can be quantitatively tested via mass balance/mass transfer calculations.
The oxidation of pyrite along the hydraulic gradient from the basin margin to the central
part was modeled to account for the increase of SO,> concentration, using computer
code PHREEQM, (Nienhuis et al., 1991). Two wells were selected; one in the
southwestern margin to represent recharge water in the south, well M9, and the second

well in the central part with lowest 5**S value at well M37 (Fig 3.1). The effect of

pyrite oxidation on the evolution of groundwater was carried out by an irreversible
reaction of pyrite with oxygen (pO,= 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. Chemical composition, pH, pe and
mass transfer were calculated for 10 steps of addition of O,, until the concentration of
the SO, in the groundwater was equal to that measured at well M37 ( The detailed
input data for the pyrite oxidation model is given in Appendix 2).

Oxidation of 0.25 mmol/l of pyrite would be needed to account for the observed 0.5
mmol/l increase in SO,* concentration between well M9 and M37. This should

correspond to an increase in Ca* concentration to 2.55 mmol/l via calcite dissolution,
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and a decrease in pH from 7.37 to 7.1. No increase in Ca** concentration in
groundwater from the south to the central part of the study area is observed, indicating
that pyrite oxidation does not contribute to the observed increase in SO,*
concentration in the Murray Group Aquifer. This finding was further supported by a
petrographic study of cutting specimens of five drill holes in the Murray Group
Aquifer. These specimens show no evidence of pyrite or any sulphide minerals in the

aquifer matrix.

The most likely explanation for the observed increases of both dissolved SO>
concentrations and SO,>/Cl ratios in the Murray Group Aquifer further inland is an
increase in the contribution of biogenic SO, in the rainfall recharging the aquifer. The
84S values of the groundwater decrease from ~+20 %o (i.e. similar to marine SO, and
approach those of biogenic SO4* ~ 0 %o). Figure 4.5 shows that water at one end of the
spectrum has SO,>/CI" ~ 0.14 and has a marine 5**S signature of ~ +20 %o. The other
end of the spectrum represents biogenic sulphur with relatively high SO,*/CI"and a

5**S signature of ~ 0 %o. Samples that have higher SO,Z/CI (exceeding 0.14), generally

have lower and decreasing 5**S values depending 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 between marine and biogenic §**S values. If mixing between a
distinctly biogenic source and a marine source of sulphate were the sole factor in

controlling the SO,2/CI" and 534S in the Murray Group Aquifer, the data in Fig 4.5



136

25 . . . . .
20 | 8 .
s @
® &
)
~ 15 | B -
: s> & " ®
£ o o280 d
o 10 F & n
-5 ® %%@
2]
& @% @® ©
St o o I
0 1 1 1 1 [4p) e|
0.0 0.1 0.2 0.3 0.4 0.5 0.6
SO,%/Cr

Fig. 4.5 88 vs. SO,*/CI ratio in the Murray Group Aquifer from the south and
central part of the study area.

would fall on a straight line. One possible mechanism that may be responsible for the
scatter of the data is mineralisation of organic sulphur in the soil zone (Mayer et al.,
1991). This would cause an increase in the sulphate concentration and the SO,*/CI"
ratio without a significant change in 5**S values (fractionation during oxidation is ~

+1 %o; Norman, 1994). The amount of mineralised organic sulphur in the soil zone and
its contribution to the sulphate pool in groundwater depend on the recharge rate and the
concentration of organic sulphur present in the soil zone. The contribution of organic
sulphur to the sulphate pool in the Murray Group Aquifer is estimated by §'*0s0,*

mass balance calculations and is discussed in detail in section (4.4.4).
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The spatial variation of SO,*/CI" and 5**S values, and their relationship in groundwater
from the south and central parts the Murray Group Aquifer suggest that: (1) the 5**S

of dissolved sulphate in groundwater from the Murray Group Aquifer generally
conserves its isotopic signature as precipitation infiltrates through the soil zone; (2)
processes such as dissolution of gypsum, oxidation of pyrite, or reduction of SO,> in
the groundwater are not significant; (3) contribution of wind blown gypsum particles
from the playa lakes is not a significant source for sulphate; and (4) vertical input of

SO,* via local recharge is more significant compared with that derived from lateral flow.

4.4.2.2 5%S of the Murray Group Aquiferin Zone B

SO4*/Cr ratios of the Murray Group Aquifer in the northern part of the study area
(Zone 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 4.1). At the same time sulphate 5°*S values
increase from +0.3 %o to a maximum value of +38.7 %o at Woolpunda. The **S value
of groundwater in well M68 located in the centre of the Woolpunda groundwater
mound, is almost identical to the Renmark Group Aquifer (R18) at the same location
(6**S= 439 %o). The similarity of the 5**S and SO,*/Cl" in the two aquifers is an
indication of the high degree of upward leakage in this part of the study area. Previous
studies conducted at the Woolpunda site (Herczeg et al., 1989; Cook et al., 1992)

support the conclusion that the groundwater mound at Woolpunda is due to upward

leakage from the Renmark Group Aquifer. The reason for the high degree of mixing at
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the Woolpunda site could be due to a large hydraulic head difference between the two
aquifers (~25m), resulting in a high potential for upward leakage from the Renmark
Group Aquifer. Telfer (1990) documents a thinning of the Renmark Group Aquifer
beds from ~ 400m to ~100m at this site due to the Hamley Fault which could be
responsible for upward diversion of groundwater to the Murray Group Aquifer.

The hydraulic head distribution between the Renmark and Murray Group aquifers
(Chapter 1, Fig. 1.5) indicates that the hydraulic potential for upward leakage increases
from the central part of the study area to the north and north east. As upward leakage
from the Renmark Group Aquifer proceeds, the 8°*S signature should increase in the
groundwater in the Murray Group Aquifer. However, this is not observed at all of the
wells sampled adjacent to the River Murray (M72 to M91). The §*S values of
groundwater from these wells range from +25.3 %o to +37.4 %o, and are higher than the
observed 5**S value in the Renmark Group Aquifer (R19 - Table 4.2). A plot of §**S
versus SO4>/Cl"in groundwater for the Murray Group Aquifer wells adjacent to the
River Murray at Woolpunda and Waikerie show a strong inverse correlation (Fig. 4.6).
This is most probably the result of sulphate reduction, where low redox conditions
may be induced by mixing with the anaerobic groundwater from the Renmark Group
Aquifer. That is, the reducing conditions induced on the Murray Group Aquifer
following upward leakage result in relatively more enriched 8°*S values compared to

groundwater in the Renmark Group Aquifer.
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Fig. 4.6 S vs. SO,%/Cl ratio in the Murray and Renmark Group aquifers for, the
wells adjacent to the River Murray in the northern part of the study area.

The sulphate concentration in groundwater from the Murray Group Aquifer at
Waikerie and Woolpunda ranges from 642 to 2289 mg/l. Six of these wells have
sulphate concentrations higher than the groundwater of the Renmark Group Aquifer.
(i.e. 1233 mg/l). This suggests addition of SO, to the groundwater of the Murray
Group Aquifer by processes other than upward leakage from the Renmark Group
Aquifer. Because the SO,2/CI ratio increases with increase in SO,> concentration
(Fig .4.7), there is a net addition of SO,* to the Murray Group Aquifer. The increase
in SO,* concentration may be due to addition of sulphate to the Murray Group

Aquifer by dissolution of gypsum as water percolates through the unsaturated zone.
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Gypsum has been reported in exposures along the River Murray cliffs near the study

area (Jack, 1921; King, 1951).

0.3 1 1 1 I
® Murray Group Aquifer (Woolpunda)
A Murr ay Group Aquifer (Waikerie)
O Renmark Group Aquifer
N 02 K
9
N A
©
@
01 F ©® 6@ o
o % %
OB
00 1 | 1 1
0 500 1000 1500 2000 2500
SO,% mg/l

Fig. 4.7 SO,*/CI ratio vs. SO4> concentration from wells adjacent to the River Murray

in the Murray and Renmark Group aquifers.
Gypsum dissolution may increase the dissolved SO,* and Ca®* concentrations in
groundwater according to Eq. 4.6,

4.6)

CaS0,.2H,0 — Ca?" + SO, +2H,0 K= 102 5t 25° C

As dissolution of gypsum progresses, the molar. proportion of Ca®* to SO, increase is

1:1. If the increase of dissolved SO,> and Ca** in groundwater at Woolpunda and
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Waikerie was mainly from gypsum dissolution, their molar concentration should
increase in equal proportions. Fig. 4.8 shows that the groundwater at Woolpunda and

Waikerie represents two distinct waters with different chemical characteristics.

50 T | 1 I
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A o
40 - Waikerie gypsum saturation =
- 30 -
= Ca/SO4 =1
:
=20 F i
S ® g &
& o
10 o A A .
A
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SO, (mmol/1)
Fig. 4.8 Ca®*vs. SO,2 molar concentrations in the Murray Group Aquifer at

Woolpunda and Waikerie. The groundwater from Woolpunda site is characterised by
higher Ca concentration due to bacterial sulphate reduction.

The molar SO,*/Ca’" ratio of groundwater at Waikerie is > 1, suggesting that gypsum
dissolution is not the main factor in the increase of SO,* concentrations in these
groundwaters. The increase in SO4> concentration in the Woolpunda wells, on the
other hand, corresponds to an increase in the Ca** concentration but not in 1:1 ratio.
Most of the data fall to the left of the 1:1 ratio line suggesting removal of SO,* from

the system, which results in an increase in the Ca?*/SO,* ratio. Only three (M81,M82
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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 §*S value
for these wells can be calculated for the three groundwater samples via chemical and
mass balance equations to check whether the SO,* concentration in the Murray Group
Aquifer was derived from a combination of upward leakage from the Renmark Group

Aquifer and gypsum dissolution during recharge.

The 58 values reported for gypsum from the South Australia and the Victorian playa

lakes ranges from +14.2 %o to +20.5 %o (Schmid, 1985; Jacobson 1988; Chivas et al.,

1991). Assuming the average 5**S values of +18 %o for gypsum, and §**S value of the

groundwater in the Renmark Group Aquifer of +26.4 %o at this specific location, the
5**S value of the groundwater in the Murray Group Aquifer can be estimated by the
following mass balance equation:

{88 (SOM)}m={8"S (SOM)}xt {8°*Sg (SO }mm 4.7

where 6*S and (SO,%) are the sulphur isotopic composition and sulphate concentration
respectively, and subscripts M and R refer. to the Murray and Renmark Group
aquifers, §**S is sulphur isotopic composition of gypsum in the unsaturated zone, and

(8O4*)yz is the difference in SO,> concentration between the Murray and Renmark

Group aquifers.
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The results of calculated §°*S values for the three wells at Woolpunda are presented in
Table 4.3, and are similar to the observed §°*S value. This is further evidence that the

increase of the SO,* concentration in the groundwater in this part of the basin is due to

gypsum dissolution.

In summary, the variation in sulphate concentration and the relatively enriched 5**S in
the Murray Group Aquifer at the Woolpunda site could be due to a combination of
three processes: (1) gypsum dissolution during local recharge; (2) upward leakage from

the Renmark Aquifer; and (3) bacterial sulphate reduction.

Table 4.4 The observed and calculated 5**S values obtained via a chemical and isotopic
mass balance equation for three wells at the Woolpunda site.

SO~ Observed 8** Calculated 53*S

mg/l %o (CTD) %o (CTD)
Renmark Group Aquifer

1233 26.4
R19
Murray Group Aquifer
MS81 1434 25.4 25.2
M82 1692 24.6 241
MS83 1332 26.3 25.7

4.4.3 8**S in the Renmark Group Aquifer

The Redox potential (Eh) measurements for the confined Renmark Group Aquifer are

generally < -80mV which indicates that the groundwaters are oxygen free.
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Groundwaters from the south and south-east (i.e. upgradient) are more oxidising (Eh ~ -
80 mV) compared to groundwaters further north and north-west near the River Murray
(Eh ~ -400 mV). The relatively more positive Eh values in the upgradient part of the
Renmark Group Aquifer are associated with recharge water from the Dundas Plateau in
Victoria. The low redox potential and the presence of significant amount of organic
matter in the Renmark Group sediments (2.95% by weight) provides an ideal
environment for bacterial sulphate reduction (Thode, 1991). Most of the groundwater

samples from the Renmark Group Aquifer have 5°*S values higher than marine 5**S of
+21 %o indicating bacterial sulphate reduction. 5°*S values of up to +56 %o were

measured in groundwaters at Zone B in the northern part of the study area.

According to the bacterial sulphate reduction (Eq 4.1), each mole of sulphate reduced
produces one mole of sulphide. The dominant sulphide species (H,S & HS") in
groundwater is determined by pH. Because the dissociation constant of H,S is
(PKyso¢= 6.96), and the pH of groundwater ranges from 7 to 8.7, the dominant sulphur
species in the Renmark Group Aquifer is HS". The sulphide produced from the
reduction reaction is scavenged by dissolved Fe*?, and precipitates initially as
amorphous FeS. As the solubility of pyrite is low (pKjsec = -18.6 - Stumm and
Morgan, 1996), trace amounts of sulphide are sufficient to precipitate pyrite in the

presence of Fe**.
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The saturation index (SI) with respect to pyrite was calculated with the computer
program WATEQ within the NETPATH package (Plummer et al., 1991), for water.
samples from the Renmark Group Aquifer (Table 4.2). The groundwater from these
wells is over saturated with respect to pyrite. Test runs were carried out for
groundwater from well R14 (Fig. 3.1) to determine the minimum amount of H,S
required to achieve pyrite saturation in the presence of 0.02 mg/l Fe** (the detection
limit for Fe** concentration by the Atomic Absorption method). The result indicates
that 1:3X10"° mg/l of sulphide is sufficient for equilibrium with respect to pyrite. The
calculated concentration of H,S is well below the detection limit, ( the threshold odour
concentration of HyS in water is between 2.5x107 and 2.5x10* mg/l). Therefore, pyrite
saturation could be achieved in the Renmark Group Aquifer without detecting the
presence of H,S or Fe**. However, several wells in the Renmark Group Aquifer
contain measurable amounts of H,S (Table 2.4). Therefore, 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 other forms of sulphide minerals

such as amorphous iron sulphide.

Sulphide produced during sulphate reduction is always depleted in **S due to the
kinetically more favored *2S reactivity facilitated by bacteria (Nakai and Jensen, 1964).
Although the concentration of organic matter in the Renmark Group Aquifer is high in
places up to 3% weight, the rate of the reduction reaction is controlled by the amount
of labile organic matter, not the total concentration of particulate organic matter. The

reactivity of organic matter decreases with time, due to the consumption of the more
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labile proportion with early flushing of the aquifer. In addition to the amount of
organic matter, the rate of reduction depends on the abundance of sulphate. The
decrease in reactivity of organic matter will result in lower rates of SO,> reduction.
Lower reaction rates may correspond to an increase in the enrichment factor between
residual sulphate and produced sulphides (Harrison and Thode, 1958; Kaplan and
Rittenberg, 1964). In the presence of abundant sulphate, the reduction will proceed

until all available organic matter is consumed.

The enrichment factor of §°*S in the Renmark Group Aquifer between SO,2 and H,S
can be calculated using the method described by Strebel et al. (1990), where in a closed
system such as the Renmark Group Aquifer, the reaction follows a Rayleigh-type
distillation process. Isotopic enrichment of the reactant (SO,%) can be described by the
relationship:

g = 8; + & Inf (4.8)

where 8 and 8; are the initial and residual 5°*S values, respectively, £ is the isotopic
enrichment factor, and f is the fraction of initial SO,> remaining. The enrichment factor

can be obtained from the slope of the regression line fitted to the semi-log plot of 5**S
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versus f (Fig. 4.9). In this case, f has been determined relative to the highest observed
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Fig. 4.9 §'S vs. the fraction of sulphate remaining (f) as a result of bacterial sulphate
reduction in the Renmark Group Aquifer.

SO,*/CI ratio in the groundwater. (SO,2/Cl"= 0.22). The 0.22 ratio is assumed to
represent the initial input. The rest of the groundwater SO,%/Cl ratios were divided by
the initial value to determine the fraction of sulphate remaining for each sample. The
regression line shows a correlation coefficient 1* of ( -0.62) between 5**S and f and an
enrichment factor of ~ -22 %o £ 6.5 (90% confidence interval). The enrichment factor.
(€) estimated in this study is similar to the kinetic fractionation factor of -22 %o

measured in laboratory experiments by Harrison and Thode (1958). A smaller

enrichment factor of -9.7 %o was observed by Strebel et al. (1990), for. the Fuhberger
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Aquifer in Germany and -15.5 %o by Robertson and Schiff (1994) for groundwaters at
Sturgeon Falls, Ontario, Canada. They attributed the small enrichment factor to low

concentrations of organic matter and SO,> in these aquifers.

Although laboratory experiments generally have shown that € during bacterial sulphate
reduction is close to the kinetic fractionation factor, some of the experiments produced
€ values of up to 62 %o (Harrison and Thode, 1958; Kaplan and Rittenberg, 1964;
Nakai and Jensen, 1964; Mizutani and Rafter, 1973). High enrichment factors are also
observed in natural environments such as the Black Sea (Vinogradov et al., 1962), the
coast of California (Kaplan et al., 1963), Madison Aquifer, USA (Busby et al., 1991)

and a carbonate aquifer in Florida (Rye et al., 1980).

Many hypotheses have been proposed to explain the wide variation in the observed
enrichment factor. Some of these hypotheses relate a higher enrichment to the
conditions of the experimental conditions such as temperature, concentration of
sulphate and the type of electron donor (Kemp and Thode, 1968) or factors relating to
the mechanisms and the pathways by which sulphate reduction occurs (Rees et al.,
1973). Another suggestion is that these high € values are probably due to the
establishment of the isotopic equilibrium between the sulphate and sulphide (Rye et al.,
1980). However, Thode (1991) stated that there is no evidence of isotopic exchange
between sulphate and sulphide at ambient temperatures, and that the time required to

establish equilibrium may be long even on geological 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
groundwater in the Renmark Group Aquifer. Therefore, it is concluded that the
fractionation of 22 %o represents the dominance of kinetic fractionation which is caused
by the unidirectional biochemical reaction. There is no evidence that the equilibrium.

enrichment factor has influenced the §**S value during sulphate reduction in the

Renmark Group Aquifer.

4.4.4 §'*0s0,* in the Murray Group Aquifer

The 5'3050,” values of groundwater. from the Murray and Renmark Group aquifers are
shown in Table 4.1 and 4.2. The §'*0s0,* values for the Murray Group Aquifer in the
south and central part of the study area range from +4.8 %o to +9 %o . These values are
less than the marine aerosol §'30S0,* value of ~ +9.6 %o (Lloyd, 1967, 1968).
Although no analysis of rainfall samples was conducted in this study, §'*0s0,* values
measured in other investigations indicate that §'*0S0,* values for rainfall that are not
affected by industrial activities averages ~ +10 %o (Mizutani and Rafter, 1969b; Holt,

1986; Caron, 1986; Norman, 1991; Van Stempvoort and Krouse, 1992).

Water that percolates through the soil zone to the groundwater has been observed to be
depleted in '*0s0.* compared with local rainfall (Holt, 1986; Caron, 1986). Thus, it is

expected that the 5'*050,* values for the Murray Group Aquifer would be lower than
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the anticipated value for rainfall (~ +10 %o). Therefore, low 5'30s0,> values observed
in groundwater of the Murray Group Aquifer are not the result of addition of depleted
3'8080,* via pyrite oxidation. Earlier. discussion of the 5**S showed that oxidation of

pyrite in the soil zone is not significant (section 4.5.1). The 8'30s0,* value also does

not change by sorption or retention of sulphate in the soil zone (Van Stempvoort et al.,

1990).

Isotopic exchange between the oxygen in sulphate molecules and the oxygen atoms in
the water molecule cannot account for low §'3050,* compared to rainfall '*0s0.*

values, because this process is too slow. Lloyd (1968) concluded that the time required

for almost complete exchange between 5'*0OH,0 and 530S0, at a temperature of 25 C°
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 importance of 5'*0 exchange between water and
sulphate. However, the 8'*0 data of groundwater and sulphate suggest that the
equilibrium fractionation factor which ranges from ~28 %o to 32 %. at 25C° ( Muzituni

and Rafter, 1969 b; Lloyd, 1968) has not been achieved, despite the long residence time

of groundwater of >40,000 years.

The process more likely to cause the observed depletion of §'®*0s0.* in groundwater is

mineralisation of organic sulphur within the soil zone which results in 2 %o to 9 %o

depletion relative to atmospheric precipitation (Van Everdingen et al., 1982; Holt and
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Kumar, 1986; Mayer et al., 1991; Van Everdingen and Krouse, 1992; Mayer et al.,
1995). Sulphate in groundwater consists of the atmospheric derived sulphate
accompanying recharge water, and sulphate from mineralisation of organic sulphur in

the soil zone.

Estimates of the proportion of sulphate contribution from mineralisation of organic
sulphur to the groundwater can be made by the mass balance (Eq. 4.7). During the
mineralisation process, the organic sulphur in the soil zone acquires oxygen from both
dissolved oxygen and H,O molecules according to the relationship (LIoyd, 1968):
8130804 = X(Bmz0 +€m0) + (1-X) (Bo2 + €02) @.7)

where X is the fraction of ®O atoms from water during the formation of sulphate; €m0
and €, are the equilibrium fractionation factors between oxygen attached to water
molecules and dissolved oxygen with respect to oxygen atoms in sulphate molecules;
8o and 8o, are the §'20 of the water and dissolved oxygen respectively.

Using values of X=0.68, and €x,0=0 %o, €g; = -8.7 %0 given by Lloyd (1968 ) and
dmo = - 5.5 %o for groundwater. from the Murray Group Aquifer and, assuming that
the dissolved oxygen has the same value as that of O, in atmosphere (8o, = + 24.5 %o
Kroopnick and Craig, 1972), the calculated contribution from mineralisation of organic
sulphur to the sulphate pool in groundwater ranges from 20% to 30%. These numbers

are only rough estimates for the sulphate contribution from oxidation of organic sulphur.

to the groundwater.
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The 8'®0s0,* data above suggest that the vertical input of sulphate via local recharge
may be an important source of sulphate in the Murray Group Aquifer. Once SO,
reaches the saturated zone, no change in the §'*0s0,* values of sulphate occurs unless
there is addition of SO,” 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 §'*0S0,> must be due to addition
of SO,* via mineralisation of organic sulphur in soil zone during local recharge. This
conclusion is also substantiated by &S values which show that the variability of the
SO,*/Cl ratio and S 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 3"*0s0,” in the Renmark Group Aquifer

The 8'*0s0,> values for the Renmark Group Aquifer are more enriched compared to
those of the Murray Group Aquifer, and range from +11.6 %o to +18 %o. The SO,*/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. 4.10). As mentioned in section 4.5.2 the relatively low
SO,*/CI ratios in the Renmark Group Aquifer are most probably caused by the

removal of SO,” by bacterial sulphate reduction.

The 8'*0s0,> values in the Renmark Group Aquifer appear to be independent of §*'S

(Fig. 4.11). Because bacteria preferentially metabolise both light oxygen and sulphur
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Fig. 4.10 §'®0s0.* vs. SO,%/CI ratio in the Murray and Renmark Group aquifers. The
relatively enriched §'*0S0,* values in the Renmark Group Aquifer are caused by
bacterial sulphate reduction.

(**0 and ¥S) of dissolved sulphate, more positive values of §'*0s0,* and §3“S for the
remaining sulphate can be expected. However, in both field observations and
laboratory experiments, the §**S enrichment is not always accompanied by a
cotresponding 5'*0s0,” enrichment (Mizutani and Rafter, 1973; Fritz et al., 1989).
Their studies concluded that while the fractionation factor for 5**S does not change
during sulphate reduction, the §'*0s0,” of residual sulphate is modified by oxygen
exchange between SO, and H,O through the intermediate steps (sulphate-enzyme

complexes and water) during sulphate reduction. Therefore, the §'*080,> of residual
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sulphate depends on the §'*0 composition of the associated water, as well as the rate

of reaction.
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Fig. 4.11 The 5**S and §'®0s0,* relationship in the Murray and Renmark Group
aquifers. Both 5**S and §'®0s0,* values of dissolved sulphate in the Murray Group
Aquifer are depleted in heavy isotopes compared with the groundwater in the Renmark

Group Aquifer.

Fritz et al. (1989) estimated a fractionation factor of ~ 25 %o at 30°C for.5'30 between

residual sulphate and associated water. 8'30H,0 values in groundwater from the

Renmark Group Aquifer range from -6 %o to -3.5 %o. Therefore the expected 5!30s0,*

value for. groundwater using a fractionation factor obtained by Fritz et al. (1989) would

range from +19 %o to +22 %.. However, the observed 5'*0S0,* values for. groundwater
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samples affected by sulphate reduction (enriched in *S) are +13 %o to +18 %o. The
experiment carried out by Fritz et al. (1989) had abundant nutrient and SO,
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 §'°0s0,> 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 §'*0 and &*S compositions of dissolved sulphate in the Murray and
Renmark Group aquifers are caused by different redox conditions and differences in
sources of SO,”. Therefore, a mixing zone between the two aquifers can be identified
when the values of '*0 and &*'S are plotted as a function of SO,*/CI for all the
samples from both aquifers. Fig. 4.10 and Fig. 4.12 show that the §*'S and §'*0s0, 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 **S and '*0s0,>
compared to that in the Murray Group Aquifer. The 6**S and §'®0s0,* 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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Fig. 4.12 The °*S values vs. SO,>/CI ratio of groundwater in the Murray and Renmark
Group aquifers. The data for the mixing zone fall between the data of the groundwater.
from the Murray and Renmark Group aquifers.

from the Renmark Group Aquifer near the River Murray can be identified (Fig. 4.10,
4.12), where groundwater. of the Murray Group Aquifer displays similar §'%0s0,*
values to those of the Renmark Group Aquifer. The relationship between §3*S values
and CI' concentrations of groundwater also shows two distinct groups of data

(Fig. 4.13). Groundwaters from the Murray Group aquifer that have a relatively high

CI" and located to the northern part of the have relatively enriched 5**S values.
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Fig. 4.13 °*S value vs. Cl" concentration in mmol/l of the groundwater. from the
Murray and Renmark Group aquifers. The relatively high CI” concentrations and
enriched 5**S value in the northem part of the study area are caused by upward leakage
from the Renmark Group Aquifer.

It is apparent therefore that the hydraulic head distribution has a major effect on CI’
concentration and subsequently on the water quality in the Murray Group Aquifer.
The highest CI” concentration (> 7500 mg/l) in the Murray Group Aquifer coincides
with areas of similar CI” concentration in the Renmark Group Aquifer, where there is
high potential for upward leakage, (head difference >15m) from the Renmark Group

Aquifer.
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The distribution of the SO,*/CI", §**S and §'*0s0,* values suggest that:

1. Sulphate in groundwater from the Murray Group Aquifer originates primarily from
rainfall. Further modification and increase in the sulphate concentration in the down
gradient part of the study area occurs due to mixing with the Renmark Group Aquifer,

through upward leakage. Dissolution of gypsum in the unsaturated zone near the River

Murray increases the concentration of sulphate above that measured in the Renmark

Group Aquifer;

2. The relatively enriched §**S values and low sulphate concentration in the
groundwater from the Renmark Group Aquifer is due to the removal of sulphate
through sulphate reduction. The enrichment factor between residual SO,* and H,S
produced during bacterial sulphate reduction of 22 %e. is identical to the kinetic
fractionation factor, indicating the dominance of kinetic processes in this natural

environment;

3. The spatial distribution of the §**S and SO,”/CI ratio suggests that vertical input of
sulphate into the Murray Group Aquifer through local recharge is the dominant process
relative to recharge at the basin margins, followed by lateral flow. This finding was also
supported by the 4 %o variation of §'*0s0,* values in the Murray Group Aquifer,
indicating that this variation is a result of the groundwater originating from local

recharge percolating through the soil zone in 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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5!%0s0,* varies depending on the amount of organic sulphur contribution to the

sulphate pool in groundwater.

4. Inter-aquifer mixing locations can be identified from 5**S and 5'®*0s0,* values. The
high 83*S value in the Murray Group Aquifer near the River Murray is caused
primarily by upward leakage from the Renmark Group Aquifer. Quantifying the
fraction of mixing between the two aquifers is not possible by 8**S isotopes due to the
variation of 8**S values because of further sulphate reduction occurs in the Murray

Group Aquifer.
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CHAPTER 5

87Sr/*Sr ratio as an indicator of carbonate mineral

dissolution and inter-aquifer mixing

5.1 Introduction

Interactions between carbonate minerals and groundwater in limestone aquifers may
play an important role in the composition and evolution of groundwater chemistry.
Because Sr** ions can replace Ca?* ions in carbonate minerals (Faure, 1986), Sr**
concentrations and ’Sr/*¢Sr ratio in groundwater can be used to identify the source of
Sr** and the extent of carbonate mineral-groundwater interactions (Stueber et al., 1984,

1993; McNutt et al., 1984, 1987, 1990; Collerson et al., 1988).

Furthermore, carbonate mineral reactions with groundwater. can reduce the C
concentration of groundwater independently of radiometric decay by adding “dead”
carbon into solution. To correct groundwater. *C concentration for this dilution effect,
the precise nature of these reactions must be known. Groundwater in carbonate
aquifers, particularly in large basins in arid and semi-arid regions, often has a long
residence time. Therefore, equilibrium may be established between carbonate minerals

and groundwater. Reactions involving these minerals may occur by the mechanism
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known as incongruent dissolution i.e. dissolution of one phase and concomitant
reprecipitation of a second carbonate minerals. In aquifers containing calcite with
different Mg concentrations, incongruent dissolution involves dissolution of high Mg-
calcite and concurrent precipitation of low Mg-calcite ( Hanshaw and Back, 1979). The
association of Sr** ions with Ca?* ions in carbonate minerals and their similar chemistry
therefore can be useful in providing information on the nature of these reactions and in

determining their effect on *C activities in groundwater.

In the previous chapter the use of stable isotopes of dissolved sulphate (5**S and §'30)

as physical tracers to discern mixing between the Murray Group and Renmark Group
aquifers was examined. However, the “pure” §**S and 5'*0S0,* composition of the
Murray Group Aquifer could not be explicitly identified due to the possibility of
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 a two-component mixing
model. This problem may be eliminated by using concentration and isotopic ratio of
dissolved Sr** in both aquifers. Because the dissolved Sr** ions are not affected by
redox conditions of the groundwater in the Murray Group Aquifer, their concentration
and isotopic ratios of the resulting mixture are preserved, and can be used to calculate
the proportion of upward leakage from the Renmark Group Aquifer, by applying

mixing equations (Faure, 1986).
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The main objectives of this chapter are:
1. to examine the usefulness of strontium isotopes (*’Sr/**Sr) as a quantitative

physical groundwater mixing tracer to validate the §**S and §'*0Os0,* isotopes

results;

2. to assess the extent and types of chemical reactions occurring between carbonate
minerals and groundwater in the unconfined Murray Group Aquifer, and to
elucidate the affect of these reactions on overall groundwater chemistry.

3. to determine the importance of carbonate-water interaction when calculating *C

ages of groundwater in the Murray Group Aquifer.

5.2 Background

Strontium is an ubiquitous minor element in the earth’s crust. Its concentration in
common rock types is typically a few hundred parts per million (Turekian and Kulp,
1956). The ionic radius of Sr** (1.13 A) is similar to that of Ca®" (0.99 A) and
therefore Sr** can replace Ca®* in many Ca bearing minerals ( e.g. carbonates and
plagioclase). The concentration of Sr** in Ca-bearing minerals is higher than in K-
bearing minerals (e.g. mica and K-feldspar). Thus, Sr** concentrations and isotopic
ratios can be used as geochemical tracers to assist in determining the origin and

conditions of diagenesis of carbonate rocks and minerals (Baker et al., 1982).
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The Sr** concentration in carbonate minerals varies over time due to diagenesis after.
precipitation. As groundwater flows through a marine carbonate aquifer, geochemical
processes such as dissolution and recrystallisation occur. Aragonite and high Mg-calcite
convert to a more stable form of low-Mg-calcite (Hanshaw and Back, 1979). Because
Sr** ions fit more readily in the orthorhombic aragonite structure than the rhombohedral
calcite structure, Sr* is partially rejected from the recrystallisation materials. The
observed increase of Sr** content in groundwater along inferred flow paths in carbonate
aquifers has been thought to result from this process (Plummer et al., 1976; Hanshaw

and Back, 1979).

Strontium has four stable isotopes *Sr.(0.55%),%¢Sr.(9.86%), ®3Sr (82.59%) and
%751(6.99%). ¥'Sr/*Sr ratios vary in minerals over a wide range from ~ 0.700 to ~1.000,
depending on their age and initial Sr** and Rb** concentration. While the ¥Sr, ¥Sr, 33Sr
isotopes do not change in abundance with time, *’Sr increases with time as a result of
its production from the radioactive decay of 3’Rb, with a half life of 4.9x10'° years.
Therefore, the ¥Sr pool is derived from two different sources: (1) non-radiogenic *’Sr
which is formed in the cosmos at the same time as other Sr** isotopes, and (2)
radiogenic ¥”Sr which is formed due to radioactive decay of *’Rb. The relative amount
of these two sources of *’Sr to the total Sr** pool determines the final ®’Sr/3Sr ratio of

minerals.

Rubidium ions have a similar ionic radius to potassium, and can replace potassium ions

in K-bearing minerals. The high Rb**/ Sr** ratio in K-bearing minerals results in greater
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radiogenic ¥ Sr production, causing a relatively higher ¥’St/*¢Sr ratio than minerals with a
low Rb**/ Sr** ratio. Ca-bearing minerals generally have a lower Rb*/ S*** ratio.

Hence, their *’Sr/**Sr ratio is lower than that in the K-bearing minerals. Figure 5.1
shows the evolution of ¥S1/%Sr values for three minerals with initial Rb®"/ Sr** ratios of
30, 10, 1 respectively, each with an initial ¥Sr/%%Sr of 0.704. Each of the three minerals
will have different *S1/*®Sr ratios, depending on the initial Rb*>*/ S*** and the elapsed

time as *’Rb decays to *’Sr.
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Fig 5.1 The *’Sr/**Sr evolution diagram, based on three hypothetical minerals formed
1000 million years ago. Each had the same initial *’St/**Srratio of 0.704 but different
Rb/Sr contents. Over time their ¥Sr/*®Sr ratios change due to 3’Rb decay.
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Strontium ions in marine carbonate minerals are derived from dissolved Sr** in sea
water. The Sr** concentration and ¥’Sr/**Sr ratio in sea water has varied systematically
over time due to changes in fluxes of Sr** from various rivers draining the continents, as
well as input from hydrothermal vent waters. The ¥’Sr/*®Sr ratio of sea water has
fluctuated between 0.7068 and 0.7092 over the last 600 million years (Burke et al.,
1982; Hess et al., 1986). Rivers supply more radiogenic Sr** than hydrothermal fluids
due to the weathering of various continental formations (Krishnaswami et al., 1992).
The 3"St/*St ratio of carbonate minerals formed in marine environments has an identical
87S1/*6Sr ratio to that of sea water at the time of deposition (Faure, 1986). The ¥’Sr/*Sr
ratio for the Miocene carbonates of the Murray Group Aquifer range from 0.7082 to

0.7090 (Hodell, 1991).

Strontium dissolved in rainfall is derived from aerosol sea spray and wind blown dust
from the interior of the continent. Aerosols composed of sea salt have a marine
%7S1/*¢Sr ratio and are typically several micrometers in diameter (Georgii, 1978). These
aerosols are removed from the atmosphere by rainfall and dry fallout. Therefore the
¥7S1/*Sr ratio of rainfall near the coast approximates the present day ocean ¥Sr/*Sr
ratio (~ 0.7092-Burke et al., 1982; Hodell et al., 1990). Rapid removal of these aerosols
in coastal regions by rainfall causes a decrease in their contribution to the Sr** pool in
the atmosphere further inland (Graustein, 1987). Wind blown dust further inland,
contributes significant amounts of alkali earth elements, including Sr**, to rainfall.
Previous studies found that at least 50% of Sr** in rainfall further inland is derived from

the weathering of soil minerals (Seimbill et al., 1988; Herut et al., 1993). Seimbill et al.
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(1988) have found that the major component of Sr** in rainfall in Paris, France, is
derived from dissolution of limestone present in soil dust. Herut et al. (1993) derived
an analytical equation to quantify the contribution of Sr** from various sources to the
Sr** pool in rainfall in Israel, and concluded that > 50% of St** is derived from recent
marine minerals and mineral dust eroded from rock outcrops and soil. Simpson and
Herczeg (1994) studied the transport of marine chloride in precipitation in the Murray
Basin and concluded that 50% of C1” ions were derived from continental dust resulting
in high Ca®*/Na" ratios of rainfall. It is likely that Sr** ions further inland in the study

area also exhibit similar behaviour and may also be derived from similar sources.

Strontium dissolved in groundwater is initially derived from rainfall followed by
dissolution of minerals in the unsaturated and saturated zone. Although in some
surface waters the flux of atmospherically derived strontium may exceed the flux from
mineral dissolution (Graustein and Armstrong, 1983), the latter usually is the larger.
source by a factor of ten or more (Brass 1976), especially in groundwater. Therefore
the ¥'Sr/*%Sr ratio in groundwater is more likely to reflect the 3’Sr/*Sr ratio of the
minerals in the soil and aquifer matrix, rather than the initial Sr** input from the rainfall.
Given that various minerals in a rock have different ¥’Sr/*Sr ratios, the ¥Sr/*Sr ratio of
water in contact with the rock will probably differ from that of the bulk rock because of
differences in the rates at which different minerals release strontium. The relative rate
depends on mineral solubility and the chemical environment in the soil and aquifer
matrix (Bullen et al., 1996). The ¥St/*¢Sr ratio released into solution may be 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 ®’Sr/*®Sr 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 ¥'Sr/*®Sr ratio, therefore, reflects the relative contribution of Sr*t
from different minerals that are in contact with groundwater, as well as evapo-

concentration of dissolved Sr** in rainfall.

A schematic diagram for the possible sources of Sr** 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 *’Sr/**Sr 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. Therefore *'Sr/*®Sr ratios of groundwater from the Renmark
Group Aquifer reflect the more radiogenic silicate minerals. Thus, groundwater in this
aquifer will have a *’St/*®Sr ratio higher than in the Murray Group Aquifer (e.g. >
0.7092). The distinct *’Sr/*®Sr ratio of groundwater in the two aquifer systems may
permit the identification of mixing zones and allow mixing proportions to be

calculated.
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