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ABSTRACT

The Palm Valley oasis in arid central Australia is characterised by stands of palm trees
(Livistona mariae). How these unique plants, separated by nearly a 1000 kilometres of
arid country from their nearest relatives persist, has long fascinated visitors. Defining
the hydrogeology of the Hermannsburg Sandstone, a regionally extensive and thick
Devonian sequence of the Amadeus Basin that underlies Palm Valley, is the major
thrust of investigation. Appraisal of drilling data shows this aquifer to be a dual porosity
fractured rock aquifer which, on a regional scale, behaves as a low permeability,
hydraulically continuous resource. Groundwater is low salinity (TDS <1000 mg/L) and
bicarbonate rich. Slight variations in cation chemistry indicate different flow paths with
separate geochemical histories have been sampled. Stable isotope (5°H, 8'°0) results
from Palm Valley show groundwater to have a uniform composition that plots on or
near a local meteoric water line. Radiocarbon results are observed to vary from
effectively dead (< 4%) to 87 % modern carbon. To resolve groundwater age beyond
the radiocarbon window the long lived radioisotope *°Cl was also used. Ratios of
36C1/C1 range from 130 to 290 x 107, In this region atmospheric *°CI/CI ratio is around
300 x 10, Thus an age range of around 300 ka is indicated if, as is apparent,
radioactive decay is the only significant cause of *°Cl/Cl variation within the aquifer. A
review of previous, often controversial, *°Cl decay studies shows results are usually
ambiguous due to lack of certainty when factoring subsurface Cl™ addition into decay
calculations. Apparently, due to the thickness of the Hermannsburg Sandstone, no
subsurface sources of Cl° such as aquitards or halites, are encountered along
groundwater flow paths, hence the clear *°Cl decay trend seen. The classic homogenous
aquifer with varying surface topography, the “Toth” flow model, is the simplest
conceptual model that need be invoked to explain these isotope data. Complexities,
associated with local topography flow cells superimposed on the regional gradient,
signify groundwater with markedly different flow path lengths has been sampled. The
long travel times (> 100 ka) indicate groundwater discharge would endure through arid
phases associated with Quaternary climate oscillations. Such a flow system can explain
the persistence of this arid zone groundwater-dependent ecosystem and highlight the
possibility that Palm Valley has acted as a flora refuge since at least the mid-

Pleistocene.
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1 Introduction

1. Introduction

1.1. Background

This thesis examines the hydrogeology of Palm Valley in central Australia. Palm Valley
lies within the Western MacDonnell Ranges of the Northern Territory and is the major
natural attraction of the Finke Gorge National Park, central Australia (Fig.1.1). In this
region mean annual rainfall is around 250 mm/yr and potential evaporation is around
2800 mm/yr; hence the evaporation to precipitation ratio is over 10. The valley is named
after the Red Cabbage Palms (Livistona mariae) that grow in this area. The nearest
similar species are found around 1000 km away in the tropical regions of north
Australia (e.g. at Mataranka, Lawn Hill shown on Fig. 1.1). The incongruity of this
tropical looking palm growing in an arid environment is a source of fascination to
visitors. The palms are described by Latz (1975) and are commonly assumed to
represent a relict stand that has survived since a wetter climate allowed a greater
distribution. Preliminary results of a comparative DNA gene sequencing study of the
morphologically very similar palms at Palm Valley and Mataranka to the north, had
indicated significant genetic divergence, a potential sign of long time separation

between populations, (Bowman, pers. com 2002).

The onset of aridity in central Australia is dated by Chen and Barton (1991) at around
0.9 to 1.6 Ma. Since around 0.7 Ma world climates have been controlled by 100 ka
glacial cycles (Colman et al., 1995). In Australia there is evidence that Pleistocene dry
and wet episodes have oscillated, broadly following worldwide glacial and interglacial
events respectively (Nanson et al., 1992). In central Australia up to 85% of a Quaternary
glacial period is thought to comprise of dry (glacial) to hyper arid (glacial maximum)
conditions with the remainder of cycle wet (pluvial) (White, 1994). The last hyper arid
(glacial maximum) period in central Australia is thought to have occurred around 20 ka.
The last full pluvial period in central Australia was around 100 ka (Kershaw and
Nanson, 1993) though there is some evidence that wetter conditions prevailed around 35

— 50 ka (e.g. Croke et al., 1996).
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Figure 1-1 Location Map

Palm Valley is a part of the Finke Gorge National Park, central Australia, and lies
about 130 km west of Alice Springs. Palm Valley, the main tourist attraction of this
park, is a stand of Livistona mariae palm trees found along the Palm Creek, in the
northwestern extension of the park. The nearest other populations of Livistona sp.
in Australia are closer to the coast at the Hamersley Range, Mataranka and Lawn
Hill locations marked.
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Given this likelihood of protracted arid conditions in central Australia during the
Pleistocene and the fact that many other rare flora (Latz, 1996) and fauna (e.g. Davis,
1995, 1997) are also found at Palm Valley, it is interesting to speculate on how long
these palms have been separated from other Livistona species in tropical Australia. It
may in fact be that Palm Valley represents a refuge that has functioned since the onset

of aridity in central Australia.

Because of the modern day and past aridity of climate in this region, it has long been
suspected that apart from a sheltered habitat, tapping shallow groundwater is how these
palms survive dry times. In this study, the feasibility of groundwater sustaining the
flora refuge at Palm Valley is examined. Because significant recharge may have last
occurred during Pleistocene pluvial events, some of this study is orientated to dating
groundwater. As hydrogeological and radiocarbon data indicated that very old (> 30 ka)
groundwater may exist in this aquifer the *°Cl decay method was applied. This method,
which allows dating well beyond the 30 ka range of the more commonly applied '*C
decay method to ages of around 1 Ma (Phillips, 2000), has been controversial in some
past studies because results are ambiguous. This is chiefly because inconsistent chloride
concentration levels along perceived flow paths (possible evidence of CI” addition post
recharge) complicate the interpretation of 36C1 decay results. This complication is due to
an equivalence phenomenon i.e. there is no way of proving that chloride has been added
slowly and consistently along a flow path or near instantaneously either immediately
post recharge or at some other time during flow (Andrews and Fontes, 1992). Thus,
while *°Cl decay dating offers a valuable tool for assessing groundwater systems with
its long time frame resolution capability, on the other hand, it is also a technique which
has resulted in debate about its veracity. Given the controversy regarding this technique
I have devoted a significant portion of the overall effort to reviewing previous *°Cl
decay groundwater studies and recent developments in the literature that may affect the

application of the method

The use of *°Cl is potentially significant as any new insights gained on the application
of this controversial technique may help future groundwater studies. The study of
groundwater systems is an important endeavour in central Australia as in this region all
industries, communities and presumably many ecosystems are reliant on groundwater.

The characteristic high interannular variability of rainfall along with a lack of

3
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hydrological data due to sparse populations, makes the study of groundwater in arid
regions difficult (Lerner et al., 1990). Thus, in the central Australian region, reliance on
annual or seasonal precipitation is not an option. Indeed many groundwater supplies are
thought to tap old water and to even be non renewable in that the water stored in some
aquifers is believed to be replenished only during past wetter climate regimes (e.g. the
Alice Springs town water supply; Jolly et al. 1991; Jacobson and Lau, 1991).
Consequently, this study of an apparently long lived groundwater dependent ecosystem,
is relevant to the understanding and managing of groundwater in central Australia and

potentially also other arid zone groundwater systems elsewhere.

1.2. Objectives

Thus the principal research objectives of this study are:

1) to evaluate the hydrogeology, hydrochemistry and isotope chemistry of the aquifer
underlying Palm Valley.

2) to review the background theory and previous applications of *°Cl decay dating of

groundwater systems.

3) to apply the *°Cl decay groundwater dating method at Palm Valley and critically

assess results in the context of objectives 1) and 2).

4) to determine the feasibility that groundwater maintains the flora refuge at Palm

Valley

These objectives are addressed in the following chapters. Chapter 2 outlines the
methodologies adopted for this study. Chapter 3 characterises the environmental setting
of Palm Valley. Chapter 4 defines the geology and aquifer characteristics of the
Hermannsburg Sandstone at and near Palm Valley. Chapter 5 outlines the
hydrochemistry of the Hermannsburg Sandstone. Chapter 6 examines the stable isotope
and radiocarbon hydrology at Palm Valley. Chapter 7 reviews the background and

theory of *°Cl decay dating and examines the results from Palm Valley against some
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critical factors known to complicate *°Cl decay age interpretations. Chapter 8 looks at
the relevance of this study by way of a review of previous *°Cl decay groundwater
studies and comparison of results from Palm Valley. Chapter 9 discusses ramifications
of all these results and develops a hydrogeological conceptual model of the groundwater
flow system at Palm Valley. Chapter 10 assembles all the key results and provides a
summary of the evidence that support the hypothesis that groundwater can, and has,

sustained the flora refuge at Palm Valley for a significant period.



2 Sampling and methodology

2. Sampling and methodology

2.1. Introduction

This study started as a request by the National Park rangers for the then Water
Resources Branch of the Northern Territory Government to examine the water supply
sustainability in the Palm Valley portion of the Finke Gorge National Park in 1993. I
was then working as a hydrogeologist for the Water Resources Branch and this job was
assigned to me. Due to the complexity of this task and competing work interests this job
carried on for many years unfinished. So to finish this job and put the study within a
scientific context I made the project the basis of this thesis. Given this origin some
aspects of the methods used for this study are slightly different from some University
initiated projects. The main difference is that as a government worker when much of the
data was gathered I had the luxury of a budget, in house labour and laboratories to
undertake many of the analytical tasks associated with this project. While this has meant
I have missed the experience of preparing my own samples and running analytical
apparatus for chemical and isotope data, the use of professional laboratory services for
this work at least ensures the accuracy of chemical and isotope analyses reported here.
Similarly my role as a Northern Territory Government hydrogeologist equipped me
with a familiarity with the database; this greatly assisted me in obtaining and analysing
data from other bores drilled in the Hermannsburg Sandstone in the vicinity of Palm
Valley. This was crucial for putting data from Palm Valley into a regional context. This
comparison with a compilation of regional data from the Hermannsburg Sandstone also

adds to the integrity of data from Palm Valley.

The complexity and scale of the physical and biological environments encountered by
water as it moves through the hydrologic cycle indicate that application of one scientific
discipline alone is unlikely to be sufficient to fully characterise a groundwater system.
Consequently this study, like many other groundwater investigations, relies on a variety
of techniques. In a similar vein, assessment of a groundwater system often involves
consideration of large areas of country, so it is rare for any one project to supply all the
necessary data to define a groundwater system. Instead, most studies build on previous

work that has been compiled from when an aquifer is first drilled and exploited. This
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can mean an important part of any groundwater study involves collating, assessing and
interpreting relevant pre-existing groundwater data that have been collected by others.
This study is no exception; great reliance is placed on previous groundwater drilling and
chemical analysis data held in the Northern Territory Government database and, to a
lesser extent, some previously published stable isotope data sets. Due to the setting of
Palm Valley within a National Park, the remote and rugged terrain, potential procedural
difficulties with drilling on Aboriginal owned land, and a lack of a large budget (a
constructed water production bore costs over $10 000 in this region) no new drilling
was possible for this project. Thus only existing bores and springs were sampled for this

study.

To allay any potential confusion about originality of data presented because of my ready
familiarity with using data sourced from the Northern Territory Government database, [
have cited the source of all data and interpretations not my own throughout the text. In
essence, I collected all the data presented from Palm Valley, apart from the water bore
drilling data (bores in place before study began) and some major ion chemical data. I
also collected chemical and isotope (including *°Cl) data from a water supply
production bore at each of the surrounding Hermannsburg, Areyonga and Injatnarrma

Aboriginal communities.

For this study I collated and surveyed bore and water levels to produce the

potentiometric surface diagram shown in Figure 4.9.

2.2. NTG database

Groundwater resources are owned and managed by the Crown in Australia. Thus the
Northern Territory Government (NTG) like other Australian Governments, acts as
custodian of groundwater resource information. This information is gathered at the
taxpayers’ expense and is therefore a public domain resource. The NTG database
comprises vast amounts of digital and hard paper copy information. The files for each
NT registered water bore contain paper records of most relevant information. This bore
record information is filed under the registered number (RN) of each bore. Other

information such as water chemistry and bore hydrograph data are held in various
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digital database systems and is often duplicated as a paper record on bore record files.
Reports of all government groundwater investigations and many other pertinent external
groundwater reports pertaining to the central Australian region are also held in the NTG
database. These data are held by and are available from the NT Department of

Infrastructure, Planning and Environment, Alice Springs, NT.

2.3. Survey data.

Bore elevations and heights (in metres of Australian Height Datum) of some springs and
the main stand of palms were surveyed under my supervision by Scotty Balfour and
Alan Russ of the NTG for this study in 1994. These data, which helped with
construction of the potentiometric surface diagrams, are held in the NTG database in
Alice Springs. Traditional dumpy level survey techniques were used for all elevations
determined, apart from the elevation of bore RN14616 which was determined by
differential GPS techniques. The dumpy level survey results were also crosschecked by
the differential GPS method to ensure the level determined for RN 14616 was correct.

These survey results are shown in Table 2.1

2.4. Geology

Apart from the cited published geological mapping, various other geological data were
examined for this study. Results of various field and aerial photography mapping,
conducted near Palm Valley for the petroleum exploration industry are available from
company records held by the NT Geological Survey, Department of Minerals and
Energy, Alice Springs. Data from petroleum wells drilled along the Palm Valley
anticline are also available here. Some NTG water bore record files contain lithological
logs compiled by various geologists from examination of drill cuttings and occasionally
electric logging data. Nearly all bore records contain a lithological log compiled by the
bore driller. Examination of these records and examination of drilling lithological
samples held by the NTG were undertaken for this study. Field geology of the
Hermannsburg Sandstone was examined at Palm Valley and elsewhere along the

Krichauff Range to check the veracity of published and company record mapping.
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2 Sampling and methodology

2.5. Pump tests

Bore test pump data and interpretations are held as time versus drawdown charts on
NTG bore record files. All tests were conducted by specialist NTG government field
crews. Mono (positive displacement) pumps are set for these tests and discharge
readings determined by orifice plates. Drawdown readings are taken by calibrated
electrical “mega” lines. The tabulated readings taken during the pump tests are used to
construct these charts and are held as paper records in the NTG database. Examination
of these test pump records and previous groundwater studies conducted in the
Hermannsburg Sandstone helped build an understanding of the aquifer characteristics.
The supervision of various pump tests of bores sited in the Hermannsburg Sandstone at
Areyonga and Palm Valley (Wischusen, 1994b, 1995a) also helped develop my

understanding of this aquifer.

2.6. Hydrochemistry

Samples for major anion and cation analyses from bores and springs for this study were
taken in new, one litre bottles, filled and rinsed 3 times with groundwater. For bore
samples 3 bore casing volumes were purged and field pH and conductivity readings
were steady before capping the sample bottle. Spring samples were taken in new bottles
filled and rinsed 3 times; bottles were filled by submerging in the deepest part of the
pool. In keeping with standard NTG protocols, samples are not fixed by acid or filtered
in the field. Other bore chemical data used for this study from the NTG database are
assumed to have followed a similar sampling protocol and analyses routine. However
given the various vintages of analyses compared in this study it is possible that slight
differences in methods used exist. Analyses of major cation and anion chemistry are
determined by the water chemistry laboratory of the Department of Infrastructure,
Planning and Environment in Darwin which uses the standard methods of the American
Public Health Association (APHA, 1998). Iron (Fe*"), magnesium (Mg”"), potassium
(K" and sodium (Na') ion concentrations were measured by flame atomic adsorption
spectrometry (APHA, method 3111B). Calcium (Ca®") was determined by flame
atomic absorption spectrometry (APHA, method 3111D). Chloride (CI") concentration

10
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was determined by argentometric titration (APHA, method 4500-CI" B), fluoride (F")
was measured by ion selective electrode technique (APHA, method 4500-F B). Total
alkalinity (as CaCOj3), bicarbonate (HCOs'), carbonate (CO5™) and hydroxide (OH)
were calculated by titration with acid (APHA method 2320 B). Sulphate (SO4>) was
calculated by the colorimetric method of Goguel (1969). Nitrate (NO’;) was calculated
by Ultra Violet spectrophotometric screening technique (APHA method 4500-NOs’, B).
Silica concentrations were measured by colorimetry using a Molybdosilicate method
(APAH method 4500-Si D). Total dissolved solids (TDS) were measured by
evaporation of a sample at 180° C (APHA method 2540C). The pH (laboratory) was
determined using instrumentation (APHA 4500-H', B). Electrical conductivity
(laboratory) was measured in microsiemens/cm at 25° C (APHA method 2510B). The
uncertainty in analytical results for sodium, potassium, calcium and magnesium are + 1
to = 2 mg/L, for chloride, sulphate, bicarbonate, carbonate and nitrate + 2 mg/L and for

fluoride and iron = 0.1 mg/L.

2.7. Chloride bromide ratios

Samples for chloride bromide ratio determination were taken in new 100 mL plastic
bottles. The bottles were filled and rinsed three times before fixing pH with a few drops
of concentrated nitric acid and capping. The CI/Br ratios were determined by the
University of New South Wales (UNSW) University Analytical Laboratory using
standard ion chromatography to determine the chloride level and by Inductively
Coupled Plasma Mass Spectroscopy (ICP/MS) technique for the determination of

bromide from samples taken in 2002

2.8. Trace elements.

Samples for trace element analyses were taken in 100 mL plastic bottles. Bottles were
filled and rinsed three times before fixing pH with a few drops of concentrated nitric
acid and capping. Trace element chemistry was determined by Inductively Coupled
Plasma Atomic Emission Spectra (ICPAES) at the School of Biological, Earth and
Environmental sciences laboratory at the UNSW. Analyses at this laboratory are

obtained by a run through a Perkin Elmer machine (Model: Optima 3000 DV).

11
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Standards preparation and quality control follow the United Sates Environmental
Protection Agency (USEPA) method 1620: Metals by Inductively Coupled Plasma

Atomic Emission Spectroscopy and Atomic Absorption Spectroscopy.

2.9. Stable isotopes

The 8'®0 over &°H ratios for this study were determined by standard mass spectrometry
at the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Isotope
Laboratory in Adelaide, South Australia. Samples were collected in new 30 mL glass
McCartney bottles after filling and rinsing three times with groundwater. Deuterium for
mass spectrometry analyses at this laboratory (Harrington, 1999) is prepared by
reducing 25 pL of water to hydrogen gas over depleted Uranium turnings at 800" C in
the method developed and described by Dighton et al. (1997). Preparation of an oxygen
sample for oxygen-18 analysis entails equilibrating 1 pL of water sample with CO, gas
for several hours at 30° C using the method described by Socki et al. (1992). Stable
isotope measurements are obtained by running the gases produced from the water
sample outlined above through special stable isotope mass spectrometer. CSIRO quote
an accuracy of = 1%o for 6°H and £ 0.15%o for 8'*0 relative to the Vienna Standard

Mean Ocean Water (VSMOW).

2.10. Carbon 13 and 14

Samples were collected in new 20 litre plastic bottles (to ensure enough carbonate was
available for analyses) that were filled and rinsed three times from purged bores that
recorded stable field conductivity. Samples from springs were collected in new 20L
plastic bottles that were filled and rinsed with groundwater once before capping. All
preparation of samples for analyses was undertaken by CSIRO in the Laboratory. In the
laboratory carbonate is precipitated as BaCOs solid after the addition of BaCl, to the
sample. At this laboratory the process (Harrington, 1999) involves adding 600 mL of
1.7 M BaCl, solution per every 20L of sample then raising the pH to between 9 and 10.5
by the addition of sufficient 1I0M NaOH. Overnight precipitation of the white BaCOs
(and BaSOy) is then facilitated by addition 5 — 10 mL of MAGNAFLOC-156.

12
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The resulting precipitate is then acidified under vacuum using 9M HCI and the CO, gas
produced is used for mass spectrometry analyses to determine the carbon-13
composition. CSIRO report an accuracy of =+ 0.1 %o for stable carbon BC results

relative to the standard Pee Dee Belemnite Formation of South Carolina (PDB).

Much of the CO; evolved from the addition of acid on the BaCOs precipitate is also
collected for radiocarbon analyses. The CO, is frozen using liquid N, water vapour is
then removed via a series of ethanol/COy) traps prior to collecting CO; in gas flasks.
The CO, gas is then stored for at least a month to ensure any **’Rn gas present in the
sample has decayed. The CO; gas is then run through a Carbosorb/Permaflour mixture
using the direct CO, adsorption method developed by Leaney et al., (1994). The
resulting CO, saturated mixture is then collected in glass scintillation vials and an ultra

low background Qantalus liquid scintillation counter used for measuring '*C activity.

2.11. Chlorine 36

To ensure that no mixing of recent rain and groundwater occurred, particularly at the
springs, all the *°Cl samples were collected in October 1994 following several months
of no rain at Palm Valley (see Fig. 2.1). Samples were collected in nitric acid washed,
thoroughly rinsed with distilled water, one litre bottles that were prepared by the water
quality laboratory of the NT Department of Infrastructure, Planning and Environment,
in Alice Springs. Bottles were filled and rinsed three times before sealing. Samples

were not filtered or pH fixed.

The water laboratory of the Australian Geological Survey Organisation (AGSO) in
Canberra then prepared samples for analysis (using silver nitrate to precipitate silver
chloride). The AGSO laboratory was geared up for sample preparation, as this
organisation was a significant user of *°Cl analyses for groundwater studies at the time.
After this preparation, samples were analysed for *°Cl by the Nuclear Physics

Department of the Australian National University (ANU) in Canberra.

Determination of *°Cl of a water sample involves several necessary processes to prepare

a suitable sample of silver chloride for analyses by an Accelerator Mass Spectrometer.
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2 Sampling and methodology

Particulars of the steps necessary to prepare a sample, as followed by AGSO and also as

detailed by Keywood (1995) for *°Cl analyses by the ANU are listed below.

In a laboratory, under low light to prevent photo degradation of AgCl and using
spectroscopically pure grade AgNO; and BaNOj; and analytical grade NH4 and HNO;,
chloride from the water sample is extracted as AgCl and then purified to create a
sulphur free sample. This is done by heating 100 to 150 ml of water sample on low heat
for 1 to 2 hours, adding 5 ml of AgNO; and heating until a precipitate is formed. These
samples were then cooled and left to stand overnight covered in parafilm. These
samples are then centrifuged at around 3000 rpm for at least ten minutes. After
repeating this process on all the supernatant, a bead of AgCl is formed in the bottom of

the centrifuge tube.

This bead of AgCl is then dissolved using 1 ml of concentrated NH, solution and
diluted by addition of 40 ml of Milli-Q® water and 5 ml of BaNOj; added after 5 minutes
heating in a water bath. After a further 10 minutes in a water bath these samples are
taken out and left to stand overnight. The supernatant of these samples is then drawn off
using cleaned disposable pipettes into a clean 50 ml centrifuge tube and the BaSO, and
possible BaCO; precipitate discarded. This supernatant solution is then added to a
prepared and heated mixture of 15 ml 2M HNO3, 10 ml Milli-Q® water and 5 ml 10%
AgNOs, a precipitate of AgCl is then formed. After an hour of heating at a low level the
samples are cooled, covered in parafilm and left to stand overnight. The precipitate is
then transferred to a centrifuge tube and centrifuged at 3000 rpm for around five
minutes. The bead of AgCl formed in the bottom of the centrifuge tube is then rinsed
and centrifuged two more times. The centrifuge tube and bead of AgCl is dried
overnight in an oven. This purified bead of AgCl is then ready for **Cl analyses in the
ANU accelerator mass spectrometer. In each batch of samples prepared, a solution of
sodium chloride of known *°Cl concentration (Weeks Island Halite) and Milli-Q® is
prepared and also run through the preparation process to provide a control for the

procedure.

Details of the method of analysis, accuracy of results and a description of the
Accelerator Mass Spectrometer (AMS) used at the ANU for *°Cl determinations are
outlined by Fifield et al. (1987, 1990, 1994). The process begins at ANU when the
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2 Sampling and methodology

prepared AgCl sample is imbedded into a substrate of high purity (Merck, AR grade)
AgBr that coats a copper sample holder used for AMS analysis. This reduces the
amount of rouge *°S that can be produced if the caesium ion beam mistakenly strikes the
copper sample holders used (Fifield et al., 1990). In simple terms the AMS involves the
sample of AgCl being bombarded with a caesium ion beam from a sputter source and
the beam of chloride ions produced being accelerated in the ANU 14UD AMS machine.
En-route to the heavy ion detector for counting, the chloride ions are stripped to C1'*
ions and accelerated by a terminal voltage of 14 MV and then accelerated again (tandem
acceleration) back to ground voltage. A Faraday cup is used to count stable *>C1'*" and
37C1'"" ions, the Faraday cup can be retracted and an in line propane filled ionisation
chamber (heavy ion detector) then used to determine %C1'%" jon counts. This system,
where stable and radioactive isotopes are transported in the same beam, allows the
3%C1/Cl ratio to be determined without reference to a standard (Fifield et al., 1990). The
high energies of ions produced also allow clear separation of ions in the beam so that
the *°S isobar and stable *’Cl isotope do not complicate the *°Cl count. Each suite of
samples prepared by the AGSO laboratory includes one sample prepared from the
Weeks Island Halite which has a known *°CI/CI ratio of below 1 x 10" (Fifield et al.,
1987). An analysis of this sample provides a quality assurance on the sample
preparation process. In addition, for each run through the AMS, one of the 12 sample
holders contains AgCl prepared from a standard of known *°Cl/Cl ratio (GEC standard
with weighted mean value of 436 + 2 x 10" *Cl/Cl). ANU reported no deviations from
the expected *°Cl/Cl ratios for the Weeks Island Halite blank sample or the GEC
standard during any of the analyses performed for this study, consequently no analytical
errors are expected for the *°Cl results reported here. Fifield et al. (1994) report

reproducibility of *°Cl measurements is within + 2% based on regular measurements of

the GEC standard.
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Figure 2-1 Monthly rainfall at Palm Valley 1993- 1994

When sites at Palm Valley were sampled for el analyses during October 1994 it
can be seen that no rain had fallen for months, which reduced the likelihood of
contamination of spring water with modern rainfall.
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3 Environmental setting

3. Environmental setting

3.1. Introduction

Palm Valley is located in central Australia, 130 km west of Alice Springs. Palm Valley
lies within, and is the major tourist attraction, of the Finke Gorge National Park, central
Australia (Fig. 1.1).  The valley is renowned for a unique arid zone floral assemblage
with Red Cabbage Palms (Livistona mariae) (see Plate 3.1) being the obvious unique
vegetation in the valley (see Plate 3.2). A quarter of the plant species recorded from
central Australia occur here. The valley also supports 37 rare, relict and restricted
central Australian distribution plant species (CCNT, 1992). The Palm Valley Gas Field
(Do Rozario, 1991), which supplies Darwin and Alice Springs with natural gas, lies
immediately north of the park. A first management priority of the park is the

conservation of the Livistona mariae palm tree population.

3.2. Climate

3.2.1. Rainfall

Palm Valley lies within the low rainfall arid area defined by the Australian Bureau of
Meteorology (BOM) shown in Figure 3.1. This region is described by the BOM
(www.bom.gov.au) as being dry for much of the year, and having an erratic rainfall
pattern, with a slight summer maximum. Rainfall can occur in any month but is more
likely in summer months. Summers are hot and winters cool in this region. Based on a
limited period of available rain records (1981 — 2002) mean annual rain at Palm Valley

is 325 mm yr'. Monthly mean rainfalls for this period are shown in Figure 3.2.

This chart shows summer rainfall to be in excess of winter rainfall, which is typical of
the central Australian region (e.g. Hesse, 2004). This rainfall mean may be skewed
because the short rainfall record period at Palm Valley which encompasses the

extremely wet years of 2000 and 2001, as seen in Figure 3.3 below.

The mean annual rainfall data based on over 100 years of record for the Hermannsburg

community, only 15 kms north of Palm Valley, is 234mm. Thus it may be that the
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pattern for monthly rainfall data where summer rain is in excess of winter rains, based
on over 100 years of record for the Hermannsburg community, shown in Figure 3.4
gives a truer representation of long term rainfall pattern at Palm Valley. Figure 3.3
illustrates the variable nature of rainfall in central Australia where rainfall in 1996 (78
mm) is an order of magnitude less than in 2000 when over 1100 mm of rain was
recorded for Palm Valley. Spatial variation of rainfall in this region is also evident as
the unusually wet year of 2000 resulted in around 300 mm less annual rainfall at other
rain stations within a 125 km radius of Palm Valley: Wallace Rockhole, 50 km east,
780mm; Ormiston Gorge National Park, 65 km north, 820mm; Watarrka National Park,
125 km west, 824mm. This difference could result from Palm Valley catching one or
two more heavy thunderstorms during 2000 than at some other rain stations. The wettest
month at all these stations was February 2000 when heavy rain was widespread across
central Australia. This event was caused by a rain-bearing tropical depression, the

former Tropical Cyclone Vincent, moving south into central Australia.

L i ) 130° ) 40° . )
L SUMMER RAIN w7 e 140 0 s00km |
Strongly seasonal (S/W > 3) /
ED Weakly  (g/w 13- 3) ,pf
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Figure 3-1 The Australian Arid Zone and rainfall seasonality

The arid zone of Australia lies within the solid black line. Palm Valley lies near the
middle of the Arid Zone where summer rain is usually 1.3 - 3 times winter rainfall.
Adapted from Quaternary International, Vol 118-119, Hesse et al. 2004, “late
quaternary climates of the Australian arid zone: a review” p 87-102, ©2004 with
permission from Elsevier.
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Figure 3-2 Mean monthly rain (mm) from Palm Valley
Mean monthly rain (mm) at Palm Valley, Finke Gorge National Park, Northern
Territory (BOM, station number DR015663).
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Figure 3-3 Yearly rainfall totals at Palm Valley
Yearly rainfall totals at Palm Valley, January 1982 to December 2002. (BOM,
station DR015663).
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Figure 3-4 Mean monthly rainfall totals at Hermannsburg from 100 yrs of record
Mean monthly rainfall totals at Hermannsburg from 100 yrs of record (BOM,
station DR015531).

The Bureau of Meteorology website gives an extensive general overview of climate and
rainfall pattern in central Australia. Much of the discussion below on central Australian
rainfall is sourced from the extensive data contained on this website

(www.bom.gov.au). The rare large widespread summer rainfall events, such as February

2000 discussed above, are attributed to southerly incursions of the northern monsoon,

bringing decaying tropical cyclones or the monsoon trough south into central Australia.

Variability in rainfall is probably also partly linked to variations in the Southern
Oscillation Index (SOI), a measure of major air pressure shift between the Asian and
east Pacific regions that is calculated from the monthly or seasonal fluctuations in the
air pressure difference between Tahiti and Darwin. Sustained positive values of the SOI
(La Nina events) are associated with stronger Pacific trade winds and warmer sea
temperatures to the north of Australia. Together these give a high probability that

eastern and northern Australia will be wetter than normal and an earlier than normal

20


http://www.bom.gov.au
http://www.bom.gov.au

3 Environmental setting

start to the northern monsoon season will occur. The best-known extremes associated
with the SOI are the opposite to La Nina and are known as El Nifio events which are
characterised by sustained negative SOI values. These events impact most strongly on
southern and eastern Australia and are associated with drought conditions.

(www.bom.gov.au).

Analyses of years with positive SOI from 1910 to 1988 by the Bureau of Meteorology,
show that winter- spring rainfall is at the 8" decile on average for these years in central
Australia. It is noted, however, that there is not a direct correlation between high SOI
years and central Australian rainfall as not all La Nina years have resulted in above

average rainfall years.

When the high rainfall years at Palm Valley of 2000 and 2001 (see Fig. 3.3) are
compared to records of the SOI, as shown in Fig. 3.5, it can be seen that these extreme
rainfall years do correlate with a sustained period of positive SOI. When total monthly
rainfall record at Palm Valley is compared to monthly SOI values as shown in Figure
3.6, it can be seen that not all periods of sustained positive SOI have resulted in above
average rainfalls. Thus while the La Nina phenomenon may influence central Australia
summer rain patterns, there is not a direct correlation with positive SOI (La Nina)
events. La Nina years are more likely to result in a longer and more intense northern
monsoon, which in turn then increases the opportunity for favourable synoptic
conditions to occur that allow a southerly incursion of decaying tropical cyclones and/or
the monsoon trough. This fact probably best explains the occasional correlation of
extreme summer rain and La Nina events in central Australia. The occasional nature of
this relationship is shown on Figure 3.5, where it can be seen that even though the SOI
was strongly positive from the spring of 1998 to autumn 1999, no significant summer
rain occurred. In contrast, it can be seen that during the following summer, positive SOI

values are associated with the heavy rains of February and April 2000.
Thus while the causes of heavy rainfall in central Australia are understood, confident

prediction of rainfall is not possible and the Bureau of Meteorology classification of the

rainfall pattern in central Australia as being erratic seems the most apt description.
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Figure 3-5 Monthly rainfall records and value of the Southern Oscillation Index

(SOI) compared for Palm Valley 1998-2001. It can be seen that although a positive
SOI existed for three summer periods in a row (1998-1999; 1999-2000; 2000—
2001) extreme rainfall occurred only during the 1999-2000 summer. Data from
BOM (www.bom.gov.au).
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Figure 3-6 Monthly rain records and value of the Southern Oscillation Index

(SOI) compared for Palm Valley. The majority, but significantly not all of the
wettest months (> 150mm), seem to correlate with long periods of positive SOI.
Data from BOM (www.bom.gov.au).
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3.2.2. Temperature and Evaporation

Along with this low and variable rainfall, temperature and evaporation rate are high
during summer in this region. Figure 3.7 shows the mean maximum and minium
temperatures for Alice Springs; large seasonal and diurnal variations are evident. Mean
monthly maximum temperatures in January are over 36 °C while the minium mean
temperature is around 21°C. Conversely, in July mean maximum temperature is less
than 20 °C (19.6) and mean minimum temperature is 4 °C (www.bom.gov.au; weather

summary, Alice Springs Airport.).

Evaporation rate is also high in this region. Figure 3.8 shows the mean monthly class A
pan evaporation for Alice Springs. When the monthly evaporation is compared to the
monthly rainfall data, it can be seen that evaporation can be expected to far exceed
rainfall even in winter months. The fact that the 9™ decile monthly rain totals shown on
Figure 3.8 are also well below evaporation rates indicate it is a rare month indeed for
rainfall to exceed evaporation. Mean annual evaporation (3068mm) exceeds mean
annual rainfall (285 mm) by an order of magnitude (i.e evaporation / precipitation is

10.8).

3.2.3. Summary

In summary the climate of central Australia is characterised by hot summers and cool
winters. Rainfall is low and erratic with rain more likely in summer months. Rare
incursions of the northern monsoon can result in widespread rain and thunderstorms in

summer months.
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Figure 3-7 Mean monthly maximum and minium daily temperatures (°C) at Alice
Springs Airport (BOM station 015590).
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Figure 3-8 Mean monthly class A pan evaporation with mean and 9th decile
monthly rainfall totals at Alice Springs Airport (BOM station 015590).

24



3 Environmental setting

3.3. Topography

Palm Valley is surrounded by rocky ranges (Plate 3.3). These ranges rise up to 400
metres above the main stand of palms. The topography of the area surrounding Palm
Valley is shown in Figure 3.9. Palm Valley is situated in the flatter area surrounded by
ranges (known locally as Palm Paddock), as shown by the area of wide spaced
topographic contours. The surrounding ranges are steep, as shown by the closeness of
the 20m contours. Simpson et al. (1991) note the range country to be steep to
moderately undulating with slopes of 15-30° common and some erosion gullies to have
sandstone walls with over 200m of relief. The majority of the area, shown in Figure 3.9,
drains to the Finke River. This river runs for hundreds of kilometres south eastwards

towards Lake Eyre from Palm Valley (Fig. 1.1).

3.4. Land Systems

Land systems are areas or groups of areas throughout which there is a recurring pattern
of topography, soils and vegetation (Low et al., 2004). Perry et al. (1962) have mapped
and defined the land systems of the Alice Springs region. The Palm Valley region of the
Finke Gorge National Park is mapped as being Krichauff land system. This system is
noted by Perry et al. (1962) to occur in sandstone range country throughout central
Australia. They describe the geomorphology of this system as eroded and dissected
sandstone plateaux with superimposed drainage of narrow gorges and joint-controlled
tributaries. The dominant vegetation is described as sparse shrubs and low trees over
Spinifex grasses. River Red Gums, Ghost Gums and Ironwoods can also occur along
river channels that dissect the sandstone plateaux. Dames and Moore (1982) determined
the soils of this land system as Lithosol shallow (<10 cm depth) skeletal sands with little
pedological development. These soils are noted to be coarse-textured, noncalcareous,
lacking in coherence and chemically and physically infertile. In larger drainages such as
the Finke River, coarse sands are common. Simpson et al. (1991) describe soils near the
apex of the Palm Valley anticline to be comprised of quartz sands and sandstone
fragment framework and note these red to reddish yellow soils are thin and rich in
secondary iron oxides. The soil matrix is described as kaolinite with traces of illite,

montmorillonite and iron oxides.
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Figure 3-9 Topography of the area surrounding Palm Valley. The upper map
shows the topographic contours at 20m intervals. The close spacing of these
contours prevents annotation with contour heights at this scale but an appreciation
of the steepness of terrain and relative flatness of the plain, known as Palm
Paddock, is discernible. The path of the Finke River as it cuts through the ranges is
clearly marked as a line of no contours in the upper right corner of this map. The
lower map is a plot of only the 100m (AHD) contour data with heights annotated.
The Finke River and Palm Creek drainage lines are seen to cut below the 600m
AHD contour. Contour data are from AusLig, via Finke Gorge National Park.
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Given the name of this land system is taken from the Krichauff Ranges that border Palm
Valley, it is likely the description of this land system well matches the country around
Palm Valley. Figure 3.10 shows a schematic diagram of this land system and highlights
some of its component land units. Land unit number 6 on this diagram, described by
Perry et al. (1962) as narrow valley floors of major through-going drainage, is noted by
Low et al. (2004) to contain a broad diversity of plant species and represents the habitat
within the Finke Gorge National Park where the majority of rare and relict plant species
occur. Figure 3.11 shows a map of the number and distribution of endemic species near
Palm Valley. From this figure, it can be seen that the sheltered gullies running south
from the Krichauff Ranges hold the greatest number of endemic species. Details of the
flora and fauna of the land units of the Krichauff Land system are given by Dames and

Moore (1982) and Low et al. (2004).

3.5. Flora

3.5.1. Introduction

Latz (1996) discusses and rates the relict nature of many of the plant species found in
Palm Valley. The palms are described in some detail by Latz (1975) and are commonly
assumed to represent a relict stand that has survived at Palm Valley since a wetter
climate allowed a wider distribution. In recognition of this relictuality Livistona mariae
is listed by the Australian and New Zealand Ecological Conservation Council as a
vulnerable species worthy of conservation (Morton et. al., 1995). The NT government
information sheets on threatened species series note this palm is listed by the Federal
Environment Protection and Biodiversity Conservation (EPBC) Act (1999) as a

threatened species with a vulnerable status.
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Figure has been removed due to copyright restriction

Figure 3-10 Schematic of Krichauff land system. Numbers mark the various units
that make up this land system. Land unit number 6 is the narrow valley floor of
through-going drainage and represents the habitat in which most rare and relict
plant species occur in the Palm Valley region. (After Perry et al., 1962).
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Figure 3-11 Schematic of distribution of endemic plant species around Palm
Valley. dmage from Dennis Matthews, Finke Gorge National Park.)
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3.5.2. Livistonia mariae

This palm (Family: Arecaceae) was first described, by the naturalist F. von Mueller in
the 1870s, from specimens collected from the Finke River by the explorer Ernest Giles.
Rodd (1998) reviews several of these descriptions and notes there is some confusion as
to which publication actually defines the mariae species, but notes that by 1878 this
name was associated with the central Australian palm. For a long time (first described in
the 1870s by Mueller, Rodd, 1998) perhaps encouraged also by the geographical
separation, the Palm Valley Livistona mariae were regarded as a distinct species.
Similar palms to the north at (e.g. Mataranka and Lawn Hill, Fig. 1.1) were classified as
a separate species, Livistona rigida. In a comprehensive review of the Livistona species
in Australia, Rodd (1998) has now reclassified some of these palms. Due to the very
similar morphology of the Livistona rigida found at Mataranka, eastern Arnhem Land
and far north west Queensland and some remote palms in the Kimberly region of
Western Australia (King Leopold and Durack Ranges) with the Palm Valley Livistona
mariae, Rodd (1998) regards these three geographical populations as subspecies of
Livistona mariae. The Palms at Palm Valley are designated Livistona mariae subsp.
mariae, the northern palms (formerly Livistona rigida) as Livistona mariae subsp.

rigida and the Kimberly palms as Livistona mariae subsp. occidentalis.

Rodd (1998) acknowledges that the assignment of the central Australian palms as being
conspecific with the various northern Australian populations is potentially controversial.
However, apart from the slight but consistent differences in leaves and fruits he notes
between these populations, he concludes that the striking resemblance of most organs is
overwhelming evidence that these populations are the one species. Detailed description

and definition of these three subspecies are given by Rodd (1998).

How long the palms have been separated from their nearest relatives 1000 km away in
the wet-dry tropics of northern Australia is uncertain. Given the arid climate of central
Australia and the fact that Rodd (1998) notes Livistona mariae sp. to always occur near
permanent water even when found in northern Australia suggest groundwater is crucial

to the palms survival at Palm Valley.
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3.5.3. Genetic evidence of isolation

3.5.3.1. Livistona species

Preliminary results of a comparative DNA gene sequencing study of the
morphologically very similar palms at Palm Valley and Mataranka to the north
indicated significant genetic divergence and thereby gave an indication of long time
separation between populations (Bowman, pers. comm., 2002). This seemed to support
the hypothesis that a refugium operates at Palm Valley. However, subsequent analyses
of the chloroplast DNA by Japanese researchers have been unable to detect a genetic
difference between these two populations (Isagi, pers. comm., 2003). In fact
phylogenetic differences between Livistona mariae and other morphologically diverse
northern Australian species (Livistona humilis and L. inermis) could not be recognised
from these analyses of chloroplast DNA. (see Fig. 3.12). Thus, given this indication that
in some instances speciation may not be registered by changes in chloroplast DNA,
further work, perhaps utilising DNA from other types of cells, is needed to determine
which, if any, genetic differences exist between the central and northern Australian

Livistona mariae subspecies.

A comparison of allozymes from an isolated stand of Livistona australis in south
eastern Australia with the nearest major stand 180km further north by Orscheg and
Parsons (1996) had similar results in that no genetic differences were discernible and
hence no insight into how long these two populations may have been separated was

gained.

Thus, as apparently standard genetic testing methods do not give clear information on
genetic differences between populations and sometimes species, more work on the
genetic characteristics of the Livistona species may be needed for useful comparisons

between separate populations to be made.

31



3 Environmental setting

Figure has been removed due to copyright restriction

Figure 3-12 Preliminary unpublished phylogenetic tree of some Australian
Livistona species based on analyses from 6 loci in chloroplast DNA. Reliability of
this tree is considered uncertain by its creators, as genetic variations are very low
based on these data. Additional analyses of these species genetics is ongoing;
however, this diagram illustrates the possibility that the Livistona mariae (Palm
Valley) and Livistona rigida (Mataranka) species are genetically indistinguishable.
Data from Isagi, pers comm. 2003.
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3.5.3.2. Cycads

The other well known endemic, seemingly wet climate plant species that exists in
central Australia and at Palm Valley, the cycad fern (Macrozamia macdonnellii) occurs
in shaded apparently moist gorge habitats throughout the MacDonnell ranges (Morton et
al., 1995). Other Australian cycads occur only in wetter regions along the north, east
and south west coasts (see distribution map Fig. 3.13) so this species, like the Livistona
mariae, has also been considered a relict from when a wetter climate prevailed in
central Australia. Sharma et al. (2004) in a study of genetic variation of cycads in
northern New South Wales noted that even some morphologically distinct species of
Macrozamia had very low genetic differences, which makes it very difficult to
genetically characterise these morphospecies as distinct species. Thus even if cycads
were adopted as a surrogate for the central Australian palms in an attempt to use genetic
differences between central Australian and coastal populations to determine how long
seemingly wet climate relict fauna have existed in the region, results may also prove
inconclusive. Sharma et al. (2004) note that a range of molecular genetic techniques

may be needed to adequately gauge genetic differences between some species of cycad.

3.5.3.3. Discussion

Until rigorous genetic analyses are conducted, other explanations for the existence of
the incongruent tropical flora in central Australia are possible. For instance
transportation of plant seeds by water birds travelling along chains of natural waterholes
less than 200 km apart that link Palm Valley to the south and north of the continent is
proposed by Latz (1996) as a plausible explanation for the presence of tropical (non
relict) like vegetation at Palm Valley. However, the lack of palms in the intervening
country or at other known refugia (Morton et al., 1995) in the central Australian
MacDonnell ranges does not lend support to a bird-borne propagation of this palm.
Orscheg and Parsons (1996) also note the possibility of bird or even mammal
transportation of seed may explain the existence of the isolated stands of Livistona
australis in western Victoria (southeastern Australia). The cycad fern (Macrozamia
macdonnellii) has a similar distribution to the palms, in that no occurrences link the

coastal and central Australian cycad populations, hence a bird-borne propagation
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mechanism, if applicable, has also failed to leave a trail in the intervening country
between cycad occurrences. In fact Sharma et al. (2004) note cycads have no
mechanism for long distance dispersal. Given these points, the explanation of these
“wet climate” plant types being relicts marooned in the arid interior since a previous
wetter time seems more likely. Whether this isolation has operated since the onset of
aridity in central Australia or since some Quaternary pluvial period when perhaps
climate allowed connection to coastal populations along river corridors is yet to be

determined.

3.5.3.4. Conclusion

Application of genetic studies has the potential to give an insight on the genetic
divergence between the so called relict isolated central Australian “wet climate” flora of
palms and cycads with distant analogues that grow in modern day wetter climates.
Unfortunately, straightforward techniques such as comparison of allozymes (Orscheg
and Parsons, 1996; Sharma et al., 2004) and DNA sequencing (Isagi, pers. comm.,
2003) do not necessarily allow ready determination of genetic divergence for these two
types of plants. Thus, a study of the relict nature of palms (and cycads) in central
Australia from genetic characteristics will seemingly require a specifically orientated
comprehensive study using various techniques. The results of any such study would be
of interest as apart from period of separation an indication as to how long shallow

groundwater has discharged at Palm Valley may also be gained.

3.5.4. Water Requirements

It has long been inferred that groundwater sustains these palms (Chapter 1), actual proof
that this is so and what the water requirements of this family of palm are yet to be
determined. There is circumstantial evidence that supports a groundwater dependency
for the Livistona mariae, the palms seemingly survive protracted dry spells here and
exist no where else in the arid zone. The populations of relict fish that exist in nearby
spring pools (Davis, 1997) support the notion of a permanent groundwater supply being
available to the palms at Palm Valley. Protracted dry periods of over 200 days are
occasionally recorded in central Australia (e.g. at Tempe Downs, 130 km south west of
Palm Valley, Bureau of Meteorology records show that no rain at all was recorded for

over 250 consecutive days during both 1894 and 1944).
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The fact that date palms thrive at mound springs but no where else in the desert
surrounding the Great Artesian Basin fed Dalhousie springs in the driest part of the
continent in northern South Australia shows at least one other species of palm that also
is inferred need a groundwater source to survive in the Australian arid zone. In central
Australia there are some data on Date Palm tree water usages, at the Northern Territory
Government Arid zone research institute block at Alice Springs where Date Palms are
irrigated and closely monitored for research purposes Nesbitt (pers. comm., 2005)
reports that drip irrigated mature Date Palms use an average of 200 litres of water each

per day.

The investigation of Livistona palm plant water use physiology is apparently yet to be
done. Indeed two of the leading experts on Livistona Palm species, John Dransfield at
the Royal Botanic Gardens, Kew, England and the Australian expert John Dowe at
James Cook University in Townsville, Queensland both acknowledge that the link of
groundwater to palm growth in desert regions around the world has never been proved
to their knowledge, even though the postulated water requirements of these species of
plant suggest that this is so. For instance John Dransfield (pers. comm. 2005) notes ”
...there are several palms that occur along water courses in areas of very low rainfall,
and it has always been assumed that it is availability of near surface groundwater that
allows these palms to grow in otherwise very hostile environments.” John Dowe ( pers.
comm. 2005) notes “I dont know of any studies or research projects that have assessed

the water requirements of Livistona mariae.”

There are, however, some studies in tropical Australia where plant water use has been
studied e.g. Eamus et al., 2001; Cook et al., 1998; Lamontagne et al., 2005. These
studies have not, however, concentrated on any Livistona species. Interestingly the
recent study by Lamontagne et al. (2005) managed to determine deuterium values for
xylem water from several tree species and by comparison to soil, river and groundwater
deuterium values in the area estimate which tree species where groundwater dependant
during the dry season. Thus it may be that given sufficient data some future adaptation
of this technique may yet confirm groundwater dependency of the Livistona mariae at

Palm Valley.
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Given the above it seems that, like the studies of Livistona sp. DNA mentioned above,
much is yet to be learnt on the physiology of the Livistona mariae or indeed any other

Livistona species.

3.6. Aboriginal connection

The northern section of Finke Gorge National Park in which Palm Valley lies is
surrounded by Aboriginal Land. Aboriginal people lived in central Australia before
European settlement in the 19" century. It is not known exactly how long people have
inhabited the Palm Valley area; however, human occupation has been dated to around
22 ka, 150 km west of Palm Valley in the Cleland Hills by Smith (1987, 1989). Latz
(1995) notes that the Livistona mariae palm features strongly in Aboriginal mythology

throughout the central Australian region.

When the township at Hermannsburg (15 km north of Palm Valley) was settled in 1877
as a Lutheran mission, the local Aranda speaking Aboriginal people slowly began to
congregate at this site. Descendants of these “Western Aranda” people (Stead, 1982)
have strong traditional links to the country around Hermannsburg where most of them
now live. In the late 1990°s a small portion of the Finke Gorge National Park, which
included the main stand of palms in Palm Creek (Palm Valley), was subject to an
Aboriginal Land rights claim under the Federal Government Land Rights (Northern
Territory) Act, 1976. In a report of this land claim, Gray (1999) details the strong
affiliation many Aboriginal people have with Palm Valley, which is known as Ntarea in
the Aranda language. In order to determine what group had claim to this land under the
Act, Justice Gray took evidence from interested Aboriginal parties on their spiritual

connections with sites on the Ntarea estate.
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Figure has been removed due to copyright restriction

Figure 3-13 Distribution of cycads in the Australian region (after Jones, 2002). The
Macrozamia macdonnelii of central Australia, found at Palm Valley and elsewhere
in nearby ranges, is seen, like the Livistona mariae palms, to be an isolated mid-
continent dwelling species.
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The main “dreaming” sites connected to Palm Valley are the Ratapa, or Twins
Dreaming, the Lakabara, or Black Falcon Dreaming and the Yelka, or Bush Onion
Dreaming. At one of the main dreaming sites /faratara, which lies in the bed of the
Palm Creek near the upstream extent of the main stand of palms (see Fig. 3.14), marks
in the bedrock represent the twins of the Ratapa Dreaming. Custom has it that lying on
one of the twins will enable a person to become fat or thin, depending on which twin is

selected (Gray, 1999).

One of the outcomes of the Palm Valley land claim was that a group 978 Aboriginal
people, the Renkeraka/Ratara group who mainly come from Hermannsburg, were
determined to be the traditional Aboriginal owners of Palm Valley. The connection of
Aboriginal people to Palm Valley has long been recognised by Finke Gorge National
Park management. Consultations on park management issues are routinely made. In fact
one of the senior Aboriginal custodians for Palm Valley lives on an outstation 8km
south of Palm Valley. This allows for ready communication between park staff and

traditional owners.
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3 Environmental setting

Plate 3-1 Livistona mariae, Palm Creek, Palm Valley. Red Cabbage Palms
(Livistona mariae) growing in Palm Creek at Palm Valley. The Hermannsburg
Sandstone forms the gorge wall in the background.

Plate 3-2 Palm Valley; roughly half of the main stand of Palms in Palm Creek
looking east towards the Finke River from the top of the northern gorge wall.
Vibrant community with all stages from seedlings to mature trees present.
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Plate 3-3 Palm Plain as seen looking southwest from Palm Valley 8 gas well site on
top of the Krichauff Range from the eastern side of the Finke River (cream
coloured sand and river gums along the Finke are seen in the bottom right of the
photo.). The contrast between the Palm Plain and surrounding topography is
evident. The vast extent of Hermannsburg Sandstone is also illustrated by this
photo, as all hills shown are outcrops of this sandstone.
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4 Hydrogeology

4. Hydrogeology

4.1. Geology

4.1.1. Introduction

The first systematic government geological mapping program to cover Palm Valley was
reported by Ranford and Cook (1964) in a set of notes and map covering the Henbury
1:250 000 sheet area. A detailed account of prior geological work is given in these
notes; reconnaissance appraisals by various geologists and exploration mapping for
minerals and petroleum comprise most of these earlier reports. These notes represent a
part of the Australian Government’s Bureau of Mineral Resources (BMR) systematic
mapping program of the Amadeus Basin, a sediment filled intracratonic depression that
covers a large area of central Australia. Mapping and photo-geological studies by
various petroleum companies prior to this mapping program had identified various
potential petroleum traps based on surface structural expression. One of these features is
named the Palm Valley anticline due to its proximity to Palm Valley. In 1965 a
successful petroleum (gas) exploration well (Palm Valley No. 1) was drilled on the
Palm Valley anticline (a few kilometres north east of Palm Valley on the banks of the
Finke River). This well has subsequently led to the development of a commercial gas

field along this anticline (Do Razzio, 1991).

4.1.2. Mapping

In 1968 the first geological map of the Henbury 1 : 250,000 sheet which covers the
Palm Valley area was published (Cook, 1968). In 1970 detailed results of the BMR
mapping program of the whole Amadeus Basin was also published (Wells et al., 1970).
Figure 4.1 shows the extent of the Amadeus Basin, distribution of some relevant

lithological units, and the location of Palm Valley within the Amadeus Basin.

42



9%

(1661 “1®
19 uosduirg wo.aj pasnpoaday) "A3[[e A WeJ JO UOIIBIO] Y} PUE S)IUN [BIISO[OYII] JUBAI[II JO UOHNLI)SIP ‘UISB SNIpeWY dY [, [-f 91N

uo110111831 JYSIAd0OD 0] NP PIAOWAI U SBY INTI]



144

0L6T “MING 191V paiduwod sem dewr £30[093 S1y) dwir) 9y) j& Juo)spues SINQSUUBULIIH dY) S yons
staquiow ojur pajeaedas Afeurioy uddq jou pey dnois) eieluyiog dYJ, ‘umoys BdIe JY) Ul JUO)SpueS SINQSUUBULIIY dY) JO uonnqrisip
AY) YPIM SIprouIod (weagerp 3y uo dzg se pajejouur) dnoasd eaelupsdg jun 9y) dew sy} uQ *AJeA wWed JAedu A30[099) 7- 9an3I

Uuo11011)831 JYSIAd0D 0} NP PIAOWAI U SBY INJI,]



4 Hydrogeology

Figure 4.2 shows the geology near Palm Valley. On this more detailed map a unit called
the Pertnjara Group 1is annotated as Pzp on the diagram. The Pertnjara Group was first
proposed by Chewings (1931), with the name pertnjara which means ‘many stones’ in
the local aboriginal Aranda language being an appropriate name for a unit which
contains conglomerates. The Hermannsburg Sandstone is a member of this group and
the outcrop shown surrounding Palm Valley is in fact solely comprised of
Hermannsburg Sandstone (see Figs 4.2 and 4.1). The Pertnjara Group has been
differentiated on later larger scale maps. For instance the Henbury 1: 250 000 geological
map (Cook, 1968) clearly shows Palm Valley to be surrounded by Hermannsburg
Sandstone. It should be noted that as the Palm Valley area lies near the boundary of two
1:250,000 map sheets the older smaller scale mapping image has been presented (Fig
4.2) for clarity. The Pertnjara Group was divided into three members (Parke Silstone,
Hermannsburg Sandstone, Brewer Conglomerate) by Wells et al.,, (1970). The
Hermannsburg Sandstone is named after Mount Hermannsburg which lies about 7 km

north of Palm Valley in the Krichauff Ranges (see Fig. 1.1).

The geology of the Hermannsburg Sandstone near Palm Valley has been of ongoing
interest to petroleum companies, and other mapping covering the Palm Valley area has
been presented by Thigpen (1973) and Pancontinental (1984). In all this mapping the
Palm Valley area is shown as an anticline with gentle dips. Palm Valley lies on the
southern flank of Palm Valley anticline and a syncline axis is mapped just south of the
Palm Creek. Dips are very flat at around 5 or less degrees along the southern flank as
seen on examination of Figure 4.3. Detailed structural mapping of the Hermannsburg
Sandstone, while potentially being of interest as a clue to the structure of deeper gas
bearing strata to petroleum companies, has been hampered by a lack of distinct marker

horizons (Magellan, 2003).

4.1.3. Stratigraphy

Palm Valley lies on a vast outcrop of the Hermannsburg Sandstone (Figs 4.1, 4.2). The
Palm Plain area generally has only superficial Cainozoic cover with the Hermannsburg
Sandstone usually within 1 m of the ground surface. Palm Creek, in which the main

stand of palms is found, is incised into this sandstone and drains into the Finke River,
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4 Hydrogeology

one of the major rivers of central Australia. The Devonian Hermannsburg Sandstone is
part of the Amadeus Basin stratigraphic succession as illustrated in Figure 4.4. The
middle to Upper Devonian event, the Pertnjara Movement, initiated the deposition of
the Hermannsburg Sandstone in the Amadeus Basin. A subsequent Late Devonian
event, the Alice Springs Orogeny, resulted in the folding of the Hermannsburg
Sandstone (Wells et al., 1970).

Jones (1991) has further refined the relationship of lithology to tectonics and links
variation in distribution, facies and grainsize of the whole Pertnjara Group with several
distinct tectonic events or pulses during the Alice Springs Orogeny. Initiation of the
Hermannsburg Sandstone deposition is linked to the Henbury Movement. The
predominantly medium grained, red-brown quartzose sandstone with very few siltstone
lenses suggest deposition on an extensive braid plain. The lack of coarse scale detritus

indicates either a low relief or distant source area (Jones, 1991).

The upper Ljiltera Member of the Hermannsburg Sandstone defined by Jones (1972),
which is distinguishable from the lower undifferentiated Hermannsburg Sandstone, by
the presence of medium and coarse grained pebbly sandstones, was deposited in
response to the subsequent Brewer Movement. The presence of larger detritus indicates
a more intense uplift along the northern edge of the Amadeus Basin is associated with
the Brewer Movement than with the Henbury Movement. The following deposition of
3000+ metres of coarse Brewer Conglomerate above the Ljiltera Member (see Fig. 4.4)
indicates the intensity of this movement continued to increase in the Early Famennian.
Major folding of the Pertnjara Group that produced numerous intra-basinal anticlines
(e.g. the Palm Valley anticline) separated by broad synclines in the Amadeus Basin is

inferred by Jones (1991) to have taken place during the Late Carboniferous.
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Figure has been removed due to copyright restriction

Figure 4-4 Stratigraphy of the north east and south central Amadeus Basin.
After Oaks et al., 1991.
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4.1.4. Lithology

The red brown Hermannsburg Sandstone near Palm Valley is observed to be the upper
Ljiltera Member (Warren and Shaw, 1995). This upper sequence is described by Jones
(1972) as orange to reddish brown litharenite and rare sublitharenite, fine to very coarse
sand which is commonly trough cross stratified in co-sets varying from 1 to 5 m in
thickness. Pebbles and mudclasts up to 7 cm in size are common at the base of these
cosets. The cosets generally become finer grained upwards and may merge into smaller
scale tabular cross stratified beds or flat beds. The sequence can therefore be divided

into numerous partially complete sedimentary cycles.

The Hermannsburg Sandstone is described by Jones (1972) as cross stratified and minor
flat bedded medium to very coarse grained sandstone. Fine grained sandstones are rare
and sandy siltstone beds are very rare. The main difference of the Ljiltera Member from
the rest of the section is that generally pebbles or clasts are rare below the Ljiltera

Member.

4.1.5. Structure

The Hermannsburg Sandstone is described by Lindsay and Korsch (1991) as a
synorogenic molasse-like succession. This sandstone thins southwards away from the
northern Amadeus Basin margin, though Jones (1972) infers the Hermannsburg
Sandstone to be over 1000 m thick with the upper Ljilitera Member, characterised by

the presence of occasional pebbly facies, being over 200 m thick near Palm Valley.

The Hermannsburg Sandstone is gently folded in the Palm Valley region (Ranford and
Mikolajczak, 1963). The Palm Creek area is on the southern flank of the Palm Valley
anticline with a syncline axis mapped through Palm Plain. The anticline is mapped as an
arcuate (convex to the north) structure at the surface (Hermannsburg Sandstone) and
from seismic data with steeper deeps on the northern flank (Do Rozario and Baird,

1987). The anticline axis can be traced for over 40 km at the surface.
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In outcrop, this sandstone is jointed near Palm Valley. Thigpen (1973) mapped the
joints/lineaments from airphoto interpretation in this area as part of early petroleum
exploration by Magellan Petroleum. These lineaments/joints were studied to help
understand the nature of the fractured gas reservoir at depth in the Pacoota Sandstone.
Figure 4.5 shows a portion of this fracture mapping (with other features) near Palm
Valley. Analysis of the fracture patterns identified two major trends, a north westerly
and a north easterly. Do Rozario and Baird (1987) interpret these patterns as evidence of
one or more conjugate systems of shear fractures formed by compression during folding
associated with Alice Springs Orogeny. Other trends, as shown on Figure 4.5, are
thought to possibly reflect other episodes of folding and/or younger fracturing due to

post folding horizontal rotation or tensional unloading of the anticline.

Mah et al. (1995) using edge enhancement techniques of satellite images and some field
mapping along the crest of the Palm Valley anticline have classified some east-west and
north-south fracture trends as additional major lineaments. On the basis of these
additional trends, some of which seem to have been previously mapped (Fig. 4.5) by
Thigpen (1973), Mah et al. (1995) propose a possible two stage deformation model for
the formation of the Palm Valley anticline. The first stage, with principle north south
stress direction is believed responsible for an east west trending anticline. The second
stage with an east to west principal stress direction is then inferred to have transformed
the east west Palm Valley anticline into an arcuate anticline. Most other workers
(Lindsay and Korsch, 1991; Warren and Shaw, 1995) favour several pulses of north
south compression during the Alice Springs Orogeny to have caused the structural

features such as the Palm Valley anticline.

While the exact structural history is an important consideration to oil companies
interested in the timing of gas entrapment etc, the present day structural and fracture
configurations are the most relevant aspects of structural geology to groundwater

studies.
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4 Hydrogeology

4.2. Background - Aquifer characteristics

4.2.1. Introduction

The aquifer characteristic usually calculated from test pumping is aquifer transmissivity.
When observation bores in addition to the pumped bore are available aquifer storage
parameters can also be calculated. For an unconfined aquifer, the storage parameter
sought is known as specific yield, and is defined by Hazel (1975) as "the volume of
water which will drain under gravity from a unit volume of aquifer" and thus is
expressed as a dimensionless ratio. It is usually noted that this parameter, while
obviously associated with the aquifer's porosity, refers only to the drainable volume of
stored water; surface tension and lack of interconnected voids will result in some
portion of water being retained within the aquifer once the specific yield is released.
Transmissivity is a measure of the aquifer's ability to transmit water and is related to the
fundamental equation of groundwater flow, known as Darcy's law (Freeze and Cherry,
1979). The derivation of Darcy's mid-nineteenth century empirical law is described in
most hydrogeology texts. Krusemann and de Ridder (1970) define Darcy's law thus
"the rate of flow through a porous medium is proportional to the head loss, inversely
proportional to the length of the flow path, and proportional to a coefficient k, and may

be expressed by

Q =kiA 4.1

where Q is the flow rate (m’/day), k is a constant (m/day), i is the hydraulic gradient,
i.e. the loss of head h over a distance 1, A is the total cross section perpendicular to the

flow (m’) or

QA=v=ki 4.2)

where Q is the flow rate (m’/day), k is a constant (m/day), i is the hydraulic gradient,
1.e. the loss of head h over a distance 1, A is the total cross section perpendicular to the

flow (m?) and v is the Darcy velocity (m/day)".
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Transmissivity (T) is related to the Darcy flow equation coefficient k by the relation;

T = kb (4.3)

where b is the aquifer thickness (Hazel, 1975). The Darcy flow equation coefficient k is
known as the hydraulic conductivity and is defined by Hazel (1975) "as the rate at
which water is transmitted through a unit area under a unit gradient." It should not be
confused with velocity, as the dimension of length / time is a shortened version of
length® / length® x time. Transmissivity is then the rate of flow, under a hydraulic
gradient equal to one, through a cross-section of unit width over the whole thickness of
the aquifer. It is commonly designated by the symbol T and has the dimensions of
length’ / (time x length) or length” / time and is usually expressed in the units m*/day

(Krusemann and de Ridder, 1970).

4.2.2. Fractured aquifers

The extensive mathematical equations used to determine aquifer characteristics under
various hydraulic conditions are mostly based on the Darcy flow equation (Hazel 1975).
However, the vast majority of test pumping equations presented in the literature, where
the analysis of groundwater flow to bores allows the determination of aquifer
characteristics, are based on many assumptions of ideal aquifer performance and usually
restricted to groundwater flow through granular porous media only (Freeze and Cherry,
1979). These assumptions include that the aquifer is homogeneous, isotropic and of
uniform thickness and that flow to the well is radial, laminar and horizontal (Krusemann

and de Ridder, 1970).

The porosity and permeability of the Hermannsburg Sandstone is well documented in
studies of this unit over 100 km east of Palm Valley as part of investigations associated
with the Alice Springs borefield. Read and Paul (2000) present data from cores within
the upper Hermannsburg sandstone where helium porosity of around 20% and
permeability to water around 50 milli Darcy i.e. a hydraulic conductivity of 0.04

m/day). Lau, (1989) measured an average permeability and porosity of 80 milli Darcy
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(0.07 m/day) and 24 % respectively in the Ljiltera member of the Hermannsburg
Sandstone in a cored hole at the Alice Springs town water supply borefield at Roe

Creek.

For fractured sandstone aquifers such as the Hermannsburg Sandstone where some of
the flow to the well is via fractures of potentially various orientations and dimensions,
the usual assumptions made for test pumping analysis and therefore any aquifer
characteristics derived, may not be valid for this aquifer type. For example,
groundwater flow in any sort of fractured rock aquifer is potentially very complex to
analyse as flow may be non-laminar (Mackie, 1982) or non-radial (Milne-Home, 1988)
near to pumping bores. This excludes the determination of transmissivity from test
pumping methods commonly used to analyse granular porous media. Some alternative
testing and interpretation methods for tests conducted in fractured aquifers have been
proposed by some workers (e.g. Barker, 1988; Acuna and Yortos, 1995; Novakowski
and Bickerton, 1997).

As the Hermannsburg Sandstone can be expected to behave as a double porosity aquifer
(fracture and matrix permeability), due to the porous sandstone matrix, still other types
of test pumping analyses of data may be more applicable for this type of aquifer. Lods
and Gouze (2004) review some of the detailed studies that have previously been
undertaken in an effort to combine fractured flow and double porosity concepts (e.g
Hamm and Bidaux, 1996) in analysing test pumping results; they present a computer
model that may help characterise flow in some double porosity aquifers. However, the
use of averaged hydraulic properties is still a requirement of the method presented.
Furthermore, Jourde et al. (2002) demonstrate that in some instances where flow is only
within two different fracture systems, results may erroneously be interpreted as double
porosity flow behaviour (delayed yield like response) and consequently warn that test
data from a single well should be used cautiously when assessing flow properties of

fractured aquifers.
In a straightforward approach Boehmer (1993) notes that double porosity aquifers

should respond in a similar manner to tests conducted in porous media that display a

delayed yield response.
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Some test data from the Hermannsburg Sandstone (e.g. RN012026, NTG bore file)
certainly show a decrease in the rate of drawdown some time (log of time scale) after a
constant rate test has begun (i.e. delayed yield). This suggests use of double porosity
analyses techniques (e.g. Kruseman and de Ridder, 1991) may provide some additional
information (e.g. storage data) on aquifer characteristics for some bores. However, other
test pumping results do not show an obvious double porosity delayed yield effect (e.g.
at the Hermannsburg community borefield, Childs (1990) notes most tests show a
straight line response on drawdown against log of time plots). Thus it seems some bores
within the Hermannsburg Sandstone only display a porous medium like response when
test pumped. This is further evidence that a dual porosity aquifer system characterises

flow in the Hermannsburg Sandstone.

In their classic text book on test pumping analysis and evaluation, Krusemann and de
Ridder (1991) warn that "in spite of the intense research that fractured rocks have
undergone in the last two decades, the problem is still the subject of much debate." A
decade on, the problem of interpreting flow in fractured aquifers was noted to still be at
the frontier of research in hydrogeology (Berkowitz, 2002). Indeed Berkowitz (2002)
notes that the inherent structural and hydraulic complexity of fractured formations
drastically limits the nature and quality of data that can be obtained from field and test
pump results, which in turn limits the certainty of any hydrological conclusions drawn

from such data.

Most textbooks (e.g. Singhal and Gupta, 1999) and reviews of flow in fractured media
(e.g Berkowitz, 2002) note the analysis of flow in fractured rock aquifers can be
approached either as a discrete problem where the hydraulics of flow in individual
fractures is examined or by a continuum approach where the fractured media is taken as
a representative continuum in which spatially defined values of hydraulic conductivity,
porosity, storage, etc are assigned, and it is assumed the fractured media then acts in a
hydraulically similar fashion to granular porous media. It is worth noting that some
detailed experiments that have compared the discrete and continuum approaches to the
analyses of flow in fractured rocks have provided evidence of the validity of the
continuum approach (e.g., Cacas et al., 1990; Troisi and Vurro, 1988). The work in a
deep mine in Switzerland (Cacas et al., 1990) required setting packers to isolate discrete

fractures in boreholes and then testing hydraulic properties for each fracture. Such
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detailed work to gain hydraulic information on discrete fractures is rarely practical,
particularly at remote Northern Territory water bores drilled in the Hermannsburg

Sandstone.

This problem of characterizing groundwater flow in fractured media has inspired
attempts to simulate flow by developing apt computer models of fractured systems.
Many recent studies adopt stochastic approaches as this method can better simulate the
expected wide variations (orders of magnitude, Cacas et al, 1990) of hydraulic
properties in fractured media compared to the deterministic models commonly applied
in granular porous terrains. This strategy of modelling still requires a choice of whether
a discrete or continuum approach is adopted. For example Tsang et al. (1996) develop a
stochastic continuum model of a fractured medium and account for double porosity
affects by assigning a small fraction of the medium higher hydraulic conductivities
concentrated along the perceived fracture planes. In contrast, Masciopinto (in press)
uses a concept of discrete parallel fractures to develop a stochastic model of flow in
carbonate terrain in the Saleno region of Italy. Berkowitz (2002) gives a thorough
background on the theory and types of modelling techniques deployed in fractured rock

media.

The relation of matrix and fracture flow in fractured rock aquifers has also been
examined by finite element modelling techniques. Matthai and Belaynech (2004) by
way of field data-based finite element simulations have examined the flow interaction
between matrix and fractures in double porosity double permeability systems. They
found that stagnation of flow within matrix blocks (a concept used to simulate fractured
flow in some earlier studies) would not be expected to occur unless the fracture to
matrix hydraulic conductivity ratio exceeded 10° and note that this result implies matrix
permeability below that expected in hydrocarbon reservoirs. This result would suggest
that, as the Hermannsburg Sandstone is porous and permeable, groundwater can be

expected to flow both within the matrix and along fractures in this aquifer.

Detailed field studies like some of those mentioned above are seldom possible for
groundwater investigations. In the absence of readily useable models to mimic flow
through generally unknown fracture patterns, representing the fractured media as an

equivalent effective volume of porous media (continuum approach) is often the only
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available approach to studying some groundwater systems (Freeze and Cherry, 1979).
Berkowitz (2002) notes this approach is applicable when the interaction between the
fracture network and the porous/permeable host rock allows sufficient interaction to
establish a local equilibrium. This then suggests if the scale of study allows such
conditions then a continuum approach is a valid concept to apply. Selecting the
appropriate scale to match the available data is stressed as being an important
consideration when evaluating fractured rock aquifers (Cook, 2003; Berkowitz, 2002).
For example Cook (2003) notes that calculating regional groundwater flow rates by
multiplying regional head data by aquifer hydraulic conductivity determined from bore
test pump test results may overestimate the rate of flow in some fractured terrains. This
may arise due to the different scales from which the two data sets are obtained. For
instance, if the nature of fracture patterns is such that fractures are not well connected
away from the individually tested bores, then the regional flow rates would better be
calculated by considering only the matrix hydraulic conductivity rather than the

fracture-enhanced characteristics determined from well testing.

4.3. Hermannsburg Sandstone — Regional data

4.3.1. Introduction

Aspects of the hydrogeology of the Hermannsburg Sandstone have previously been
described by McQueen and Knott (1982), Lloyd and Jacobson (1987), Jacobson et al.
(1989) and Lau and Jacobson (1991). Palm Valley lies in the Amadeus Basin folded
rock aquifer province defined by Lloyd and Jacobson (1987). The Hermannsburg
Sandstone is a reliable source of potable groundwater (Lau and Jacobson, 1991). Bores
are usually deep (>50 m) with modest yields. This aquifer is generally regarded as
unconfined, though higher permeability zones such as fractures / joints can result in
marked water strikes at depth during drilling. Lau and Jacobson (1991) ascribe the
aquifer characteristics of the Hermannsburg Sandstone to both fracture and porous

permeability.
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4.3.2. Test pumping

When Darcy flow conditions are assumed, tests in the Hermannsburg Sandstone can be
analysed as for standard porous media. When analysing unconfined aquifers most
workers note the problem of adequately compensating for vertical components of flow
to the well, as the aquifer is dewatered during the test. However, later during the test
the flow pattern around the well is commonly considered to be a fair approximation of
radial flow in a confined aquifer and consequently the standard methods developed for
analysing flow in confined aquifers can be used (Freeze and Cherry, 1979; Hazel, 1975;
Krusemann and de Ridder, 1991).

One of the commonest methods used to analyse single bore test pump data is the
graphical procedure known as Jacob's straight-line approximation (Mackie, 1989) where
the method of Cooper and Jacob (1946) is approximated and transmissivity is

determined by the equation:

T = 230 (4.4)
47 oS

where 7= transmissivity, O = discharge per day (m’/day) and S = slope of graph

(drawdown per log cycle of time).

Values of transmissivity determined by Northern Territory Government technical
officers using this (semi-log) graphical technique are presented in Table 4.1 and cited by
other studies (e.g. Lau and Jacobson, 1991; McQueen and Knott, 1982). It should be
noted that most of these results are computed from pump tests of eight to 24 hour
duration on individual bores; few observation bores are available. Values are
determined for the latest times of constant rate tests in an effort to meet the confined
aquifer behaviour assumption outlined above. The Jacob drawdown correction for thin

unconfined aquifers (Hazel, 1975) is usually not applied.
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4 Hydrogeology

A shortfall in aquifer testing data is recognised for the aquifer characteristics determined

for the Hermannsburg Sandstone from Northern Territory Government testing because:

(1) the aquifer is a fractured sandstone and may not behave as a Darcian continuum.
(2) observation bore data are limited.

3) delayed yield effects from the double porosity aquifer may have been missed
due to brevity of test.

(4)  hydraulic boundaries may have affected drawdown graphs.

Nevertheless, the similarity of transmissivities recorded in the Hermannsburg Sandstone
(Table 4.1) is an indication of the suitability of late time transmissivity calculations
from the single bore tests. This also then implies that taking mean aquifer characteristics
for the purpose of regional analyses should be justified. That is, the continuum or
equivalent porous media approach is a valid method to assess groundwater flow in the

Hermannsburg Sandstone.

It should be noted that such assumptions are commonly made when assessing
groundwater resources at a regional scale. For example Nastev et al. (2004) apply a
continuum approach when assessing the fractured rock aquifers of south western
Quebec, Canada. It should also be noted that the method used by the NT government for
determining transmissivity in a fractured rock aquifer is not without precedent.
Krusemann and de Ridder (1991) outline the Warren-Root method where transmissivity
is also calculated by use of the Jacob straight line method on late time drawdown data

from a single well test, although in this case a confined fractured aquifer was tested.

4.3.3. Previous assessments

Lau and Jacobson, (1991) compiled drilling data from many water bores drilled in the
Amadeus Basin and tabulated drilling statistics. This work and other regional studies
have included an appraisal of aquifer characteristics for the Hermannsburg Sandstone.

Lau and Jacobson (1991) note transmissivity (T) in the Hermannsburg Sandstone
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4 Hydrogeology

averages around 100 m?/day (includes an anomalous T value of 1500 m*/day). Analyses
of test pumping in the north eastern Amadeus Basin region (McQueen and Knott, 1982)
gave a typical transmissivity (T) range of around 0.2 — 20 mz/day and hydraulic
conductivity (k) range of 0.04 to 1.0 m/day. Nearby to Palm Valley, drilling along the
northern flank of the Krichauff Range generally shows less permeable aquifer
characteristics for the Hermannsburg Sandstone. Childs (1990) notes that all but one
bore drilled for the Hermannsburg community borefield have a T below 4.5 m*/day.
These bores are all deep (97 - 220 m) and water levels are at or near the surface, thus
hydraulic conductivity must also be low, (i.e. 100 m saturated thickness with T= 4.5
m?/day represents k = 0.045 m/day). Elsewhere along the north side of the Krichauff
Range bores drilled into the Hermannsburg Sandstone for outstations show similar
aquifer characteristics to the Hermannsburg borefield, that is, the value of k ranges from

0.04 to 1.0 m/day and T ranges from 4 to 20 m*/day (Salas, 1987).

4.3.4. Hermannsburg Sandstone - aquifer characteristics

A compilation of bores drilled into the Hermannsburg Sandstone at a similar latitude to
Palm Valley is presented in Table 4.1. These bores from the Northern Territory
Government database were determined to tap the Hermannsburg Sandstone by
examination of drilling records and published geological mapping. This compilation
was undertaken to put the data from Palm Valley in a regional context and represent
bores from a similar mid-Amadeus Basin position. The location of the bores presented

in Table 4.1 is shown in Figure 4.6.

At Palm Valley bore RN 12024 was tested at T = 22 m?/ day, k = 0.3 m/day in 1994
(Wischusen, 1995a). Other bores near Palm Valley have recorded lower hydraulic
characteristics. From Table 4.1 it can be seen that RN 14616 and RN 4508 had T values
of 0.4 and 0.14 m*/day and k of 0.003 and 0.002 m/day respectively when tested.

The discrepancy of these aquifer characteristics from the regional compilation of Lau
and Jacobson (1991) may reflect variation in facies and/or structural (joints fractures)
features occurs elsewhere in the Amadeus Basin. It should be noted, however, that the
highest yielding bore in the Hermannsburg Sandstone cited by Lau and Jacobson (1991)
RN 11169, is now regarded by Northern Territory Government geologists (Read and
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4 Hydrogeology

Paul, 2000) to be drilled into the Mereenie Sandstone, a much higher yielding aquifer
in the Amadeus Basin. Given this reclassification of Bore RN 11169 and the small
sample (n =12) used to compile Hermannsburg Sandstone aquifer characteristics by Lau
and Jacobson (1991), it is likely that without this bore, aquifer characteristics would be
computed to be closer to that shown on Table 4.1, where n = 29. (The complete list of
bores used to compile the Lau and Jacobson (1991) aquifer characteristics data is not

known, so mean values cannot be re-calculated excluding RN 11169).

Given these aquifer characteristics are usually derived only from the testing of
successful production bores and not all bores drilled, estimates of hydraulic
characteristics of the aquifer, as a whole, are likely to be at or below the lower end of

the range.

4.3.5. Groundwater flow

Lloyd and Jacobson (1987) estimated head in the Hermannsburg Sandstone and
constructed a regional potentiometric surface diagram in the folded rock province of the
Amadeus Basin. This diagram with some additional radiocarbon information from
Jacobson et al. (1989) is shown in Figure 4.7. Regional groundwater flow is clearly seen

to be from west to east in this diagram.

Brown et al. (1990) used a horizontal and vertical k of 0.03 and 0.003 m/day
respectively when modelling flow through this aquifer. If such aquifer characteristics
are representative, then slow flow through the Hermannsburg Sandstone can be
expected. If aquifer hydraulic conductivity and porosity are known, Darcy’s Law can be
used to estimate the travel time of water over a specified distance under a given gradient

by the formula:

X0 (4.5)

Where T = travel time (in days) over distance x, x = distance in metres, 8 = porosity, i =

gradient and k = hydraulic conductivity in m/day.
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4 Hydrogeology

If a regional gradient of a 100m drop every 50km (Fig. 4.7, i = 2 x 10 ) and a porosity
of 6% (Magellan Petroleum, 1966)) along with a horizontal hydraulic conductivity of
0.03 (Brown et al. 1990) are used to determine travel time assuming Darcy flow
conditions T'is calculated (Eq. 4.5) as 7= 9.85 x 10™ m/day. The average linear velocity

V' can be calculated by use of the formula:

V= 365ﬁ (4.6)
0
Where V= average linear velocity, k = hydraulic conductivity in m/day, i = gradient and

0 = porosity (i.e. effectively 365 x T.)

From the regional data discussed above average linear velocity is then calculated to be
0.36 m year”'. When the k values near those estimated for bores RN 4508 and RN 14616
(Table 4.1) near Palm Valley are used (i.e. £k = 0.0025 m/day), calculated average linear
velocities are around 0.03 m yr''. Both these average linear velocity estimates and the
modelling of Brown et al. (1990), with an average linear velocity of 0.06 m year”
through the Hermannsburg Sandstone, highlight the potential for very slow groundwater

movement through this aquifer.

4.4. Local Hydrogeology

4.4.1. Previous work

The first bore at Palm Valley was drilled near the Campground to service a chalet that
then existed in the area. This bore (numbered out of sequence in the Northern Territory
data base as RN011490) was drilled in 1961 to depth of 51 m in the Hermannsburg
Sandstone. Records are scarce for this bore but it apparently flowed at 0.2 L/s after
initially being thought a dry hole. In 1964, the current campground bore RN 4508 (Fig.
4.8) was drilled, a yield of 0.2 L/s and water level of 1.5 m below ground was recorded.
In 1978, following the drilling of several exploratory bores, the bore RN 12024 was
drilled and constructed as a production bore. In 1986 this bore was deepened in an
attempt to increase yield, and a bore for an outstation (Conrads bore for Intyiamangama

outstation) in Palm Paddock RN 14616 was drilled (Fig. 4.8).
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An investigation was then undertaken in 1988 (Warne and Prowse, 1988) to look for
additional water supplies for planned expansion of the campground at Palm Valley.
Eleven shallow (40-60m) holes were drilled within 2 km to the west of RN 4508 (Fig.
4.8) but no supply greater than 0.1 L/s was encountered, and all these holes were

backfilled (bores RN 14897-14907, Table 4.2).

Based on the results of this and nearby drilling, Warne and Prowse (1988) considered
joint/fracture development was limited. They went on to develop a concept that only a
limited shallow band of fractured Hermannsburg Sandstone, locally recharged from
creek flow, stored groundwater in this region. The potential for intergranular storage
was discounted. This concept raised concern about the possibility of competition
between the unique vegetation of this park and tourists for the then perceived locally

restricted groundwater supplies.

Given these concerns the existing bore RN 12024 was examined to see if its use
presented any danger to the palms groundwater supply (Wischusen, 1995a). This report
concluded that interference to the palms’ water supply from park domestic extractions
from bore RN 12024 would be most unlikely. The reasons were considered to be the
large distance (7 km), potentiometric surface drop between the bore and main stand of
palms of more than 30 m, and limited propagation of drawdown effects in low
permeability aquifers (Theis, 1940) indicated interference to be unlikely. Furthermore,
even discounting additions from aquifer throughflow and induced drainage, something
in the order of 30 m of 6% porosity aquifer over a radial area of 7 km? would need to be
dewatered (i.e. around 270 ML) before affecting the palms. This interpretation readily
allayed fears that the modest groundwater extraction for park use would adversely affect
palm tree health. From analysis of test pump data, it was concluded a yield of 30 m’/day
is sustainable from RN 12024 (Wischusen 1995a). This yield, along with the occasional
use of the bore at the campground (RN 4508), easily meets the requirements of park

visitors and rangers.
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4 Hydrogeology

4.4.2. Groundwater features

4.4.2.1. Introduction

Figure 4.9 shows local groundwater features and bores drilled in the Palm Valley
region. A summary of drilling data from these bores is shown in Table 4.2. The regional
west to east gradient shown through the Hermannsburg Sandstone in Figure 4.7 is
corroborated by the potentiometric data available in the Palm Valley region shown in

Figure 4.9.

Figure 4.5 shows the distribution of joints and fractures in the Hermannsburg Sandstone
mapped from air photos near Palm Valley by Thigpen (1973). The position of
production bores and springs are seen to have some correlation with these mapped
fractures. Most of the dry or low yield backfilled bores shown plot away from mapped
fractures. The lack of supply noted for Bores RN 14897 — 14907, drilled in the vicinity
of Road Spring and Bore RN4508, illustrate how the low k of the Hermannsburg
Sandstone can limit the observed yield of shallow rotary air blast drilled holes when no

fractures are encountered.

4.4.2.2. Discharge sites

Groundwater seepage sites are commonly observed at many locations along the creek
beds in the vicinity of Palm Valley. Low yielding seepages, some of which dry up in
the heat of the day, appear to be bedding related. That is, groundwater apparently oozes
(Plate 4.1) from small lenses of slightly coarser, cleaner sandstone (i.e. at the base of
some crossbed cosets which Jones (1972) notes can be coarser grained). Groundwater
is also seen to seep from joints (Plate 4.2). The line of calcrete deposits associated with

the discharge mark the joint plane.
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Table 4.2 Palm Valley area drilling data

BORE LOCATION Depth SWL Supply Status
RN (m) (m) (L/s)

4508 Palm Valley 92 15 0.2 Production
10774 Areyonga 180 3 8 Production
11940 Palm Valley 55 surface 0.2 Backfilled
12022 Palm Valley 200 10.3 0.13 Open hole
12023 Palm Valley 100 1.8 0.13 Backfilled
12024 Palm Valley 67 8.4 1.9 Production
14616 Palm Valley 121 0.8 0.8 Production
14897 Palm Valley 60 0.1 Backfilled
14898 Palm Valley 40 Backfilled
14899 Palm Valley 40 Backfilled
14900 Palm Valley 30 Backfilled
14901 Palm Valley 40 0.01 Backfilled
14902 Palm Valley 30 Backfilled
14903 Palm Valley 30 Backfilled
14904 Palm Valley 30 Backfilled
14905 Palm Valley 30 Backfilled
14906 Palm Valley 30 Backfilled
14907 Palm Valley 30 Backfilled
14952 Injarrtnama 195 41 2 Production
14165 Hermannsburg 166 surface 3 Production
1/608 Palm Valley 8 3 Shot hole
4/200 Palm Valley 8 6 Shot hole




4 Hydrogeology

The groundwater appears saturated with calcite, as most seep sites are associated with
calcrete deposits. These deposits may be precipitated when the solubility of the calcite
decreases as water temperature rises during the heat of the day. In many instances
active seepages are surrounded by dry calcrete deposits, (Plate 4.3). These dry deposits
appear to be blocked, former seep sites. Calcrete deposits are also common elsewhere
out of the creeks on the surface of the Hermannsburg Sandstone at Palm Valley. Some
of these deposits may represent where seeps from an ancient, higher, potentiometric
surface have occurred (Plate 4.4). Apart from these observable discharge features, it is
also possible that unseen diffuse discharge through the less permeable sandstone matrix
occurs and/or resultant mineral precipitation from evaporation clogs near-surface fine

matrix pores.

The springs shown in Figure 4.9 are evident as 20 — 100 m” pools of water around 1m
deep. Thick vegetation grows near these springs. Only West Spring has no Livistona
mariae palms nearby. West Spring (Plate 4.5) and Road Spring (Plate 4.6) are known as
permanent springs (Finke Gorge Park rangers, pers. comm. 1992). These two springs
are evident as several square metres of pooled water over 1 m deep within bare
sandstone outcrop along creek lines. Small active seepage sites surround each of these
springs and the main pools of water are intersected by vertical joint planes in the
sandstone. Oasis (bottom water) spring (Plate 4.7) is also positioned near a vertical joint
plane. This spring, which has a population of fish, may also be permanent, though the
heavily vegetated upstream main spring area (Oasis Spring, Plate 4.8) could provide a
permanent refuge for fish. It should be noted that this main spring area is so heavily

vegetated that no significant pools of water to obtain samples from were found here.

Another reputed permanent spring is in the Little Palm Creek. This spring is observed
to vary markedly in size and, when sampled, had water of much lower conductivity than
at the other springs and bores in this region (Table 5.1). In contrast to other springs it
was sampled after summer rains in March 1993. The lower conductivity was taken to
indicate that mixing with recent rain had occurred. For this reason and also due to
budget constraints, a full suite of isotope analyses was not run for samples from this

site.
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4 Hydrogeology

Davis (1995, 1997) regards all three of these springs as permanent water bodies on the

basis of limnological studies that describe relict fauna at each site.

All of these springs are taken to represent groundwater discharge from enhanced
permeability conduits, such as joint planes or cleaner sand lenses within the low

permeability Hermannsburg Sandstone

4.4.3. Aquifer type

If the Hermannsburg Sandstone is taken to be a low permeability saturated sandstone
with intermittent joints/fractures providing conduits of enhanced permeability, as
evidenced by occasional springs and higher yielding bores, then the drilling results of
Warne and Prowse (1988) at Palm Valley can be interpreted differently. That is, rather
than showing no groundwater in the Hermannsburg Sandstone, it may be that the
shallow drilling encountered no significant joints/fractures and that insufficient aquifer
area was exposed for groundwater seeping to the hole be noticed during rotary air blast
drilling. All these holes were backfilled immediately after drilling so no recovery of
water level data could be observed. Bore RN 6503, 3 km south of Hermannsburg and
RN 11490 at the campground (Fig. 4.8) when drilled, were thought to be dry but
subsequently flowed. Two bores, RN 7292 and RN 14165 at the Hermannsburg

borefield also flow.

The drilling data either side of the Krichauff Range at Hermannsburg and Palm Valley
can be interpreted as evidence that the Hermannsburg Sandstone - while having a low
hydraulic conductivity unless enhanced by joints/fractures - is a saturated intergranular
aquifer, often with potentiometric levels at or near the ground surface. The porosity,
areal extent and thickness (up to 1300 m; Wells et al., 1970) of the Hermannsburg
Sandstone indicate that large volumes of groundwater may be stored within this aquifer.
Such an interpretation is in keeping with regional hydrogeological studies of the

Amadeus Basin (Fig. 4.7).
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4 Hydrogeology

4.5. Summary

The Hermannsburg Sandstone aquifer is a double porosity aquifer with low matrix k
(Table 4.1). Permeability is occasionally enhanced by fractures. In unfractured regions
deeper bores are often required for viable yield. At Palm Valley occasional permanent
pools of water (springs) are found on Hermannsburg Sandstone outcrops. These springs

result from increased discharge associated with localised permeability enhancement.

On face value (consistent geology and potentiometric trend), it appears this shallow
groundwater originates from a vast resource of water moving slowly through the
regionally extensive Hermannsburg Sandstone. As groundwater is likely to be crucial to
the ongoing survival of the Palm Valley ecosystem, examination of other aspects of the

hydrogeology is warranted.
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4 Hydrogeology

Plate 4-2 Joint related seeps, Hermannsburg Sandstone
Water seep site from a joint in the Hermannsburg Sandstone within Palm Creek.
The pale calcrete deposits associated with discharge clearly mark the joint plane.
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Plate 4-3 Calcrete deposit associated with a seep site.
Seep site in Hermannsburg Sandstone near West Spring where a plant has taken
root in an associated calcrete deposit.

Plate 4-4 Calcrete deposit above current potentiometric surface.

Thick calcrete layer on the Hermannsburg Sandstone along the edge of Palm
Creek near West Spring. This calcrete (seen as a pale bed on top of the darker
Hermannsburg Sandstone) which is now above the potentiometric surface, may
have formed by groundwater discharge when the potentiometric surface was
higher some time in the past.
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Plate 4-5 West Spring.
Some of the ponds of water at West Spring, Palm Valley. No palms grow near to
this Spring.

Plate 4-6 Road Spring.

viewed looking westwards from high on a hill. The lone Livistona palm marks the
location of the permanent spring. At the time of photograph (August 2002) some
flow from recent rain can be seen along creek bed in distance. All land surface seen
in photo is outcrop of Hermannsburg Sandstone.

78



4 Hydrogeology

Plate 4-7 QOasis Spring (bottom water), Palm Valley.

A lone Palm (Livistona mariae) grows at this part of the spring system. Fish are
recorded here. A distinct joint plane forms one boundary of the water pool. This
accessible pool of water was sampled for chemistry and stable isotope analyses.

Plate 4-8 QOasis Spring, main area.

This heavily vegetated area is the main Qasis Spring area. No readily accessible
pools of water were found for groundwater sampling during visits to the area. The
vibrant vegetation, however, suggests a significant resource of groundwater.
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5. Hydrochemistry

5.1. Introduction

Many factors influence the make up of groundwater chemistry. At the ground surface
ionic concentration can be increased by evaporation of rain or stream water and/or by
dissolving surface evaporites. From the time rain or stream water enters the soil, the
chemical reactivity of water ensures a rapid change in the original water composition.
The chemistry of a host rock aquifer then influences subsequent developments of water
chemistry, with additional variables of rock surface area, water residence times, solute
transport rate away from reaction sites and temperature all further influencing water

chemistry (Freeze and Cherry, 1979).

Evaporation of shallow groundwater can influence groundwater chemistry by increasing
ionic concentration. However, direct evaporation of groundwater is restricted to a
theoretical maximum depth below ground surface of 4 m (De Weist, 1965), and is
usually only a factor when groundwater is less than 2 m below ground surface

(Schoeller, 1959).

Transpiration by plant root uptake of water can also be expected to concentrate soil
moisture at the root zone (Allison, 1988), which can then be flushed or dissolved into
groundwater, thereby increasing ionic concentration. Transpiration by direct water
uptake from the saturated zone by tree roots, as postulated by Pidsley et al. (1994) may

also concentrate groundwater.

The chemical equilibrium reactions possible with dissolved soil gases and various host
aquifer compositions and the change of individual constituent solubilities as a result of
various combinations of these chemical factors are extensively examined in texts such
as Hem (1985), Lloyd and Heathcote (1985) Freeze and Cherry (1979), Stumm and
Morgan (1996). Schoeller (1959) gives a comprehensive overview of groundwater
chemistry, especially in relation to arid zone conditions where respiration by plants is
noted to produce significant soil CO, gas which plays an important part in arid zone

groundwater chemistry.
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The most obvious result of these chemical reactions between water and the subsurface is
the amount of dissolved solids within the water, which controls salinity and therefore
the quality of groundwater. Apart from the health considerations of individual ions that
may be present in groundwater, hydrochemical evaluation of groundwater is usually
based on six major inorganic ions: sodium (Na") magnesium (Mg*"), calcium (Ca®"),
chloride (CI’), bicarbonate (HCOj3) and sulphate (SO4¥). The total concentration of
these six major ions normally comprises more than 90% of the total dissolved solids in
water regardless of whether the water is dilute or has salinity greater than seawater
(Freeze and Cherry, 1979). Standard chemical analyses conducted by the Northern
Territory Government often also include potassium (K), fluoride (F"), nitrate (NO'3),

iron (Fe*") and silica (SiO,) determinations in addition to the six major inorganic ions.

5.2. Previous work

The hydrochemistry of the Hermannsburg Sandstone in the Missionary Plain area near
Hermannsburg community (12 bores) was briefly examined by McQueen and Knott,
(1982). Groundwater was noted, based on classification of water types according to the
domain in which they plotted on the major anion and cation triangles of a Piper
Diagram (see Fig. 5.1), to range between a magnesium bicarbonate chemical type and
to a lesser extent calcium bicarbonate type. On a Piper trilinear diagram the
Hermannsburg Sandstone analyses generally plotted near the middle of the cation
triangle with some plots showing Mg*" as the dominant cation. Anions plotted as
bicarbonate water with 25 - 50 % chloride. Sulphate concentration showed only a slight
increase with chloride content. The Hermannsburg Sandstone data were noted to be a
distinct group compared to the Mereenie Sandstone (Deep Well area) where sodium and
chloride were more dominant. Jacobson et al. (1989) also present chemical data from 11
bores thought to tap the Hermannsburg Sandstone in the folded rock belt of the
Amadeus Basin. No chemical distinction was drawn between these bores and the four
other Mereenie Sandstone bores and one Bitter Springs Formation bore that made up
their folded rock belt data group. Cation chemistry showed variation in that calcium,
sodium or magnesium could be the dominant cation in this sample set. Anion data

showed low relative sulphate and either bicarbonate or chloride to be dominant.
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5.3. Palm Valley area

5.3.1. Major ion chemistry

The major ion chemistry of sites sampled for this study is shown in Table 5.1. The
Northern Territory Government Water Laboratory in Darwin conducted all these
analyses. The Standard methods of the American Public Health Association are used at
this laboratory (APHA, 1998). All groundwater is, by central Australian standards, low
salinity with TDS less than 800 mg/L.

Figure 5.1 shows a piper plot of data in Table 5.1. From this figure, it can be seen that
apart from Injarrtnama (RN 14952) these waters have no dominant cation discernable
when using this graphical technique. There is, however, a trend from bicarbonate
dominant to no dominant anion type water. This limited range of graphically classified
water type can then be taken to indicate only slight variation in evaporation
concentration and/or water — rock reaction histories has occurred. For example, Oasis
Spring plots nearest to chloride type water (C1" > HCOj™ Table 5.1), probably a result of

evaporation from this spring pool (see Chapter 6).

The fact that Areyonga, Injarrtnama and Hermannsburg groundwater (RNs 10774,
14952, 14616 respectively) all plot in a similar position to the Palm Valley samples
indicates that no distinct spatial trend in Hermannsburg Sandstone groundwater
chemistry is seen along the regional outcrop (Fig. 4.7). By contrast many previous
studies chart the evolution of anion chemistry from HCOs;™ dominant to either CI” or
SO,* dominant along flow path, particularly in large sedimentary basins (Freeze and
Cherry, 1979; Schoeller, 1959; Jankowski and Jacobson, 1989). These results suggest

comparisons based on anion chemistry may not be helpful here.
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5 Hydrochemistry

Legend:

-+ Palm Valley bores
O Palm Valley springs
V [njarrtnama

> Areyonga

A Hermannsburg

60

40

Ca

80
Ca Na HCO3 Oasis Sp Cl

Analyses from sites sampled - see Table 5.1

Figure 5-1 Piper plot of major cation chemistry.
Samples taken from the Hermannsburg Sandstone at Palm Valley and selected

communities (See Table 5.1).
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Given the similarity in relative major cation concentrations seen in Figure 5.1, it is
likely that some commonly used water type classification schemes, such as the
Szczukariew and Priklonski scheme (Alekin, 1970) where water type classification is
based on listing only the ions that occur in concentrations above 20 % of the molar
concentration of the solution, are not suitable for examining the subtle differences in
cation chemistry seen for this aquifer. Consequently, the more sensitive water type
classification scheme derived from the computer program Aquachem (1999), where
major anions and cations are listed only when concentration in milli equivalents exceeds

10% of the molar concentration of solution is used throughout this study.

Examination of the water types classified in Table 5.1 shows all sites analysed for this
study (apart from Oasis Spring discussed above) are bicarbonate dominant type waters.
This is typical of low salinity arid zone groundwaters where recharge through vadose
zones enriched in CO;, gas from heavy plant respiration, is expected (Mazor, 1997).
Water type classification based on cation chemistry, however, is seen to vary for these
samples. Variation in major cation chemistry is common in groundwater flow systems;
however, detailed consideration of specific hydrochemical processes is often needed for
observed concentrations to be accounted for. A simple examination of cation chemistry
below outlines some of the hydrochemical processes that may occur within the

Hermannsburg Sandstone.

5.3.2. Hydrochemical processes

5.3.2.1. Saturation Indices

Figure 5.2a shows the saturation indices (SI) with respect to calcite and dolomite for
each sample. Only Little Palm Spring water plots as undersaturated, though it is still
close to the range where equilibrium to one or both of these phases might reasonably be
expected (e.g. SI £ 0.3). Saturation indices were calculated using the PHREEQC model
(Parkhurst and Appelo, 1999). As no field HCO;™ determinations were made and field
pH measurements were not recorded at all sites, laboratory results were used to
calculate the SI data shown in Figure 5.2a. While field pH and HCOs;™ measurements are
desirable for accurate SI calculation (Hem 1985) it is believed that these data still give a

reasonable indication of SI. This is because field pH, when recorded at 8 sites, is never
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Figure 5-2 (a-d), aspects of groundwater chemistry sampled for this study in the
Palm Valley area. Plot of (A); saturation indices of calcite and dolomite (B);
magnesium against bicarbonate (C); calcium against bicarbonate (D); sodium

against chloride.
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less than 90% (usually >95%) of the laboratory determined pH. Given the similarity of
field and laboratory pH and the fact that field HCO3- is often higher than laboratory
HCO3- (Hem, 1985), using laboratory parameters to determine SI most likely gives a

fair approximation here.

Given this saturation with respect to carbonates, variations of Ca®", Mg®" and HCO;5”
concentration in groundwater, should not be further influenced by aquifer carbonate
dissolution as equilibrium conditions are indicated. Freeze and Cherry (1979) note that
Ca”**/Mg”" ratio can vary widely due to a number of different processes in calcite and
dolomite terrains, even without cation exchange reactions. It should be noted that a

positive SI does not necessarily mean that phase exists within the system.

5.3.2.2. Dissolution / Precipitation reactions

The majority of samples show magnesium to be the dominant cation (Table 5.1). When
magnesium is plotted against bicarbonate (Fig.5.2b) and compared to a 1:2 ratio line
(representing dissolution of pure dolomite), it can be seen that a simple dissolution of

dolomite;

CaMg(COs), + 2H,0 + 2CO, <> Ca*" + Mg*" + 4HCO; (5.1

cannot account for all the magnesium concentration in this aquifer. While many
different processes may produce magnesium in excess of that expected from dolomite
dissolution, the make up of the Hermannsburg Sandstone gives a clue to possible
processes. Chlorite and micas are noted secondary minerals in the Hermannsburg
Sandstone (Lau and Jacobson, 1991), thus the high Mg”" content of groundwater could
be a result of the weathering of detrital magnesium rich chlorites. For example chlorite

in its most simple form (Drever, 1988) may react as:

MgsSisO10(OH)g + 12H" <> 6Mg*" + 4H,Si04 + 2H,0 (5.2)
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Groundwater calcium is commonly derived from dissolution of calcium rich carbonates

(e.g. calcite):

CaCO; +H,0 + CO, <> Ca*" + 2HCO5 (5.3)

Figure 5.2¢ shows the expected 1:2 calcite and 1:4 dolomite (Egs. 5.1& 5.3) ratio lines,
based on the stoichiometry if calcium were derived from dissolution of calcite or
dolomite respectively. This plot shows dissolution of calcium carbonates could account

for most of the calcium in solution.

Figure 5.2d shows a sodium against chloride plot. While a positive correlation
consistent with evapo-concentration of recharge water is observed, two points plot off
the linear trend. This may indicate some other reactions can interfere with the Na/Cl
ratio of recharge water once it enters the aquifer. As chloride is typically conservative,
reactions with sodium rich feldspars within the feldspathic Hermannsburg Sandstone
may well account for slight anomalies in Na/Cl ratio. For example dissolution of

sodium feldspars would increase Na' relative to C1” by way of the reaction:

2NaAlSi;Os + 11H,0 + 2CO, «<>ALSiOs(OH), + 2Na™ + 4H,Si0; + 2HCO5 (5.4)

Similar reactions of calcium rich plagioclase feldspars and/or back reactions with
weathering products may account for the slight variation of calcium concentration from

the calcite dissolution line (Fig. 5.2¢). For example;

CaAl,Si,05 + 2CO;, + 3H,0 <> Al;Si;,05(OH)4 + Ca2+ + 2HCOy" (5.5)

Cation chemistry may also be influenced by the change of conditions experienced once
groundwater discharges at a spring or seep. Degassing of dissolved CO, and or
temperature rise can be expected to lower the solubility of carbonates, which may then
precipitate. As calcite precipitates more readily than dolomite (Hem, 1985), a decrease
in the Ca®"/Mg”" ratio in spring water when compared to nearby groundwater might be

expected. No such pattern, however, is discernible when spring and bore chemistry is
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compared (Table 5.1). The fact that all sites are saturated with respect to carbonates
(Fig. 5.2a) also means observed variation in Ca*/Mg®" ratios cannot be readily
attributed to preferential precipitation of calcite. The one site not supersaturated with
respect to calcite and dolomite, Little Palm Spring, has Ca>" in excess of Mg*" (Table
5.1). Despite these data, the readily observed calcrete stains and deposits throughout the

area indicate carbonates are precipitated at Palm Valley.

5.4. Regional data set

54.1. Description

To further examine groundwater chemistry of the Hermannsburg Sandstone, chemistry
data from the regional data set of bores used to examine the aquifer characteristics in the
folded rock belt of the Amadeus Basin, presented in Table 4.1, were gathered.
Chemistry data from these bores is presented in Table 5.2. These major ion data are

from the Northern Territory Government database.

Figure 5.3, compares the chemistry of water at Palm Valley with around 40 other bores
(data from Tables 5.1 and 5.2) drilled elsewhere in the Hermannsburg Sandstone within
the folded rock province of the Amadeus Basin. This plot, which also shows the data
from Palm Valley discussed above, confirms that the groundwater at Palm Valley is
chemically typical of the Hermannsburg Sandstone. There is a slightly wider range of
anion chemistry than that discussed above for the Palm Valley data set. For instance one
bore RN 13652 plots (see also Table 5.2) showing chloride to comprise more than 50%
of anion chemistry, while another RN 6949 shows bicarbonate to comprise 80% of
anion chemistry. Apart from these anion outliers, the chemistry represented by this
graphical technique is much the same as shown for the Palm Valley data set above.

Cations are again seen to exist in roughly equal proportions.
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5 Hydrochemistry

Legend:
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o Sites from elsewhere in Hermannsburg Sandstone
For analyses of sites plotted - see Table 5.2

Figure 5-3 Piper plot of major cation chemistry from samples taken from the
Hermannsburg Sandstone. Plot shows the Palm Valley area data from Table 5.1
(Fig. 5.1) compared with the Hermannsburg Sandstone regional data set compiled
from the NTG database and presented in Table 4.2.

92



5 Hydrochemistry

5.4.2. Major Ion chemistry

Figure 5.4 shows plots of some major ions against chloride concentration. Again, the
analyses from Palm Valley are seen to be typical of Hermannsburg sandstone. No
distinct correlation between chloride (commonly assumed to behave conservatively in
groundwater) and the major ions, as would be expected if water chemistry were derived
solely from the concentration of rainfall, is shown in Figure 5.4. The plot of sulphate
against chloride (Fig. 5.4¢c) does, however, show a positive correlation trend. This may
indicate that redox conditions are roughly similiar throughout the Hermannsburg
Sandstone. Such relationships are commonly observed in groundwater from central
Australia (e.g. Harrington, 1999; Jankowski and Jacobson, 1989; Wischusen, 1995b,
1998) and other arid regions (e.g., Schoeller, 1959; Mazor, 1991) and are taken to

reflect the influence of water-rock interactions on groundwater chemistry.

5.4.3. Hydrochemical processes

5.4.3.1. Dissolution / Precipitation reactions

As previously discussed, (Section 5.3.1.), the uptake of CO; in the vadose zone and
dissolution of carbonates and silicates also adequately accounts for the chemical
variations seen in Figure 5.4. This point is illustrated in Figure 5.5a-d where the plots of
Figure 5.2a-d previously discussed are shown with the additional regional data from
Table 5.2. From this Figure it can be seem that saturation with respect to dolomite and
calcite (Fig. 5.5a), magnesium to carbonate ratio in excess of dolomite dissolution
stoichiometry (Fig. 5.5b), calcium to carbonate ratio within that expected from calcite
dissolution stoichiometry (Fig. 5.5¢), and sodium to chloride correlation roughly along a
concentration of seawater trend (Fig. 5.5d), are regional phenomena within the

Hermannsburg Sandstone.
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Figure 5-4 (a-f) Hermannsburg Sandstone (Table 5.2) major ion versus chloride
plots. (A); Mg®* v. CI' (B); Ca** v CI' (C); SO4* v CI' (D); HCO5 v CI' (E); NO3™ v
CI' (F); SiO; v CI'. (note Na" v CI'shown in Fig. 5.5d).
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of groundwater chemistry from the regional

Hermannsburg Sandstone data set plotted with Palm Valley area data. Plot of (A);
saturation indices of calcite and dolomite (B); magnesium against bicarbonate (C);
calcium against bicarbonate (D); sodium against chloride. Compare with Fig. 5.2.
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There is a slight anomaly in Figure 5.5a where it can be seen that in contrast to the
consistent regional trends, three bores plot as being under saturated with respect to
calcite and dolomite. These bores, RN 13652, 10209, 6949 are unusual in that they
alone record acidic water (pH < 7) in this data set, Table 5.2. The relationship to pH and
carbonate saturation is shown in Figure 5.6a where these three bores are readily
identified. As these bores have all been sampled relatively recently (Table 5.2) and all
occur on Owen Springs Station (around 60km east of Palm Valley), this under
saturation probably reflects variation in chemical conditions rather than incorrect pH
being entered in the database. The reason for these anomalous lower pH readings is not
readily apparent from examination of Table 5.2, however, as noted above, two of these
bores (RN 13652, 6949) plot as outliers at either end of the HCO;3™ / CI” range on the
piper diagram (Fig. 5.3). Given this atypical chemistry and pH, a detailed site and bore
lithology investigation may be needed to confirm that these bores do indeed tap the

Hermannsburg sandstone and not some other Amadeus Basin sequence.

5.4.3.2. Factors affecting pH

It is also possible that poor sampling protocol has caused a problem in pH calculation
for the three Owen Springs Station bores, RN 13652, 10209, 6949. In most instances,
water samples collected in the Northern Territory for standard major ion analyses are
not filtered and acidified and rarely are field parameters recorded. While this system
allows non-specialists to collect water so that the groundwater’s suitability for stock or
human consumption can readily be determined, such a sampling protocol may limit the
accuracy of chemical information. For instance, iron is common in central Australian
groundwater; levels of total iron are routinely assessed for water quality purposes (e.g.
high iron can cause staining of washing or unsightly clouding etc.) in samples submitted

to the laboratory, but virtually never at the time of sampling.

Hem (1985) notes the oxidation of ferrous iron to precipitate ferric hydroxide post
sampling can lower pH prior to laboratory analyses. Thus, it is possible that some
peculiarity of aquifer chemistry produces a more reducing environment with a
consequent anomalous amount of dissolved ferrous iron in this region. Such an
environment may have resulted in Ferric hydroxide precipitation post sampling. If so,

this would lower pH and influence saturation calculations based on carbonate equilibria.
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Figure 5-6 (a-e) Plots highlighting some possible hydrochemical processes in the
Hermannsburg Sandstone. Plot (A); pH v calcite saturation indices (B); Alkalinity
v dissolved inorganic carbon, a Deffeyes type plot (C); calcium v sulphate (D);
divalent cations v sulphate plus bicarbonate plot, potential ion exchange trends
annotated (E) plot Na*-CI of against Ca**+Mg**-S0,"-HCO;".
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For example, a plot (Fig. 5.6b) of DIC against alkalinity shows most of the
Hermannsburg Sandstone data to follow a linear trend. Such a tight grouping is
expected for samples within the pH range above 7 — 8.5 (Deffeyes, 1965). The
Hermannsburg Sandstone data set (excluding the anomalous Owen Springs bores) has
mean pH of 7.7, standard deviation of 0.31 and a range of 7.1 to 8.4 (derived from pH
data Table 5.2). If the three anomalous bores are taken to be vertically displaced from
the main Hermannsburg Sandstone group (Fig. 5.6b), this may indicate that a reduction
in alkalinity due to a proton yielding reaction such as nitrification or sulphide oxidation

has occurred (Stumm and Morgan, 1996).

Alternatively, it is also possible that this displacement is caused by addition of CO, and
these three anomalous bores have been shifted horizontally from the main group due to
an increase in DIC content (Deffeyes, 1965). As no ready source of CO, in addition to
atmospheric flux is known for this area, it seems more likely that if these anomalous
bores do represent a deviation from the main group, then some form of pH changing

reaction is the likely cause.

5.4.3.3. Redox potential

Investigation of redox potential of these waters is not possible due to a lack of data;
furthermore, proxy indicators of redox conditions such as nitrate concentration (e.g.
Edmunds, 1995) are also not available. One potential indicator of a more reducing
environment is water depth (i.e. the greater the depth the less connection with
atmospheric oxygen). From Table 4.2 it can be seen that these three Owen Springs
bores have deeper water levels than the mean of 34m below ground level, in fact bore
RN 10209 has the deepest water level recorded at 120+ m. Thus, careful re-sampling
and analysis of chemical parameters may also help explain why these three bores are

anomalous compared to the rest of the Hermannsburg Sandstone data set.

5.4.3.4. Saturation indices

Saturation indices determined by the chemical modelling program PHREEQC
(Parkhurst and Appelo, 1999) are shown in Table 5.3 for all the samples from the

Hermannsburg Sandstone. These saturation indices are shown plotted against TDS in
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Figure 5.7. Apart from the generally positive carbonate (Fig, 5.7a) and dolomite (Fig
5.7b) saturation indices discussed above it can be seen that all samples are under
saturated in respect to both gypsum (Fig. 5.7c¢) and anhydrite (Fig. 5.7d). There is,
however, a trend of increase in saturation indices with increase in TDS for these
sulphate rich phases, which probably reflects the rough positive correlation between
chloride and sulphate observed in Figure 5.7c above. Figure 5.7¢ shows that a small
minority of bores in the Hermannsburg Sandstone are saturated with respect to siderite.
The reason for this saturation is not known, however it is interesting to note that the
bore at Areyonga RN 10774 (shown to be saturated with respect to siderite on Fig. 5.7¢)
was identified to have an iron fouling problem due to unfavourable well hydraulic
characteristics allowing iron compounds to be precipitated in response to pumping
(Wischusen, 1994b). Thus these siderite saturated bores may reflect disturbance of
chemical equilibrium due to excessive pumping rates rather than natural variations in

the chemical characteristics of the Hermannsburg Sandstone.

Figures 5.7f and 5.7g show the saturation indices of chalcedony and quartz respectively
where it can be seen that while most samples are saturated in respect to quartz they are
under saturated in respect to the amorphous chalcedony silica form, a situation that is
not unusual for groundwater (Hem, 1985). While the source of silica is not known
reactions such as the breakdown of feldspar shown in equation 5.4 are among the likely

sources of silica input to groundwater (Hem, 1985).
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5 Hydrochemistry
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5 Hydrochemistry

5.4.3.5. Sulphate

Further chemical characteristics are discernible from these regional data shown in Table
5.3. While lack of field based measurement as discussed above may limit the accuracy
of these data some regional trends are still apparent. For instance, all samples are under
saturated with respect to gypsum. Given the low sulphate concentration in this aquifer
(Table 5.2) and the fact that gypsum is more soluble than carbonates (Freeze and
Cherry, 1979), it seems that dissolution of gypsum plays less of a role than carbonates
in the hydrochemistry of the Hermannsburg Sandstone.

For instance, Figure 5.6c shows the relationship between calcium and sulphate. Nearly
all analyses show that calcium exists in greater concentrations than would be expected

were dissolution of gypsum the sole source of calcium to the system:

CaS04. 2H,0 <> Ca*" + SO,> + 2H,0 (5.6)

As mentioned above, dissolution of carbonates and silicates is a potential source of
calcium in this aquifer. If gypsum and or anhydrite are not major salts in this system

then additional sources of sulphate may also be a factor.

Sulphate forms a significant portion, often in excess of chloride, of inland rainfall
composition (Hem, 1985). Indeed in central Australia Hutton (1983) and Keywood
(1995) found sulphate to be in excess of chloride in rainfall analysed from Alice
Springs. Furthermore, both these studies considered suspended dust provided a
significant proportion of ions to rainfall and the land surface as dry fallout. Therefore,
concentration of rainfall by evapotranspiration and dissolution of dry fall and root zone
salts in the vadose zone could also provide a source of sulphate to this aquifer. Other
sources are also feasible, for example, oxidation of pyrite can also produce SO,* in

groundwater.
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5.4.3.6. Ion exchange

Another possible influence on cation chemistry is ion exchange between ions in solution
and cation receptors such as clays. Figure 5.6d shows a composite ion plot of the
divalent cations against carbonate and sulphate. The divalent cations are plotted as these
ions are nearly always exchanged for monovalent cations like sodium or potassium held
on ion absorbers such as clays (Freeze and Cherry, 1979, Hem, 1985). Cerling et al.
(1989) have previously used this graphical method to investigate ion exchange
processes. A 1:1 relationship is evident if dissolution of gypsum, dolomite and calcite
are the dominant processes. If data plots below the 1:1 line an excess of alkalinity from
silicate weathering (e.g. alkali feldspar weathering in the presence of CO, can also
produce bicarbonate) reactions and/or a reaction that consumes Ca®" and Mg”" (e.g. ion
exchange) is implied (Cerling et al., 1989). As Figure 5.5d shows Na' is not in excess
of CI there is no ready indicator of silicate weathering producing significant excess

alkalinity.

Another method for examining ionic exchange processes is to plot Na'-Cl™ against
Ca*+Mg**-S0,*-HCO;™ where Na'-CI represents the amount of Na gained or lost
relative to halite dissolution and Ca*+Mg*-SO,*-HCO;" represents the amount of
Mg”" and Ca®" lost or gained relative to dissolution of calcite, gypsum and dolomite
(Fisher and Mullican, 1997). If the relationship between these two ionic balance values
is linear along a slope of -1 away from the origin then Fisher and Mullican (1997) note
that cation exchange (e.g. Na~ for Ca®" and Mg2+) may be important in controlling
groundwater mineral composition. Such a plot, displayed as Figure 5.6e, shows the
Hermannsburg Sandstone data to plot mainly about the origin (X,Y = 0,0) though points
are generally distributed along the line of -1 slope annotated on this diagram. Although
some cation exchange may be indicated from this figure, the spread of data points does
not extend very far from the origin like the data shown (origin to -40 along a -1 slope)
by Fisher and Mullican (1997) as evidence for ion exchange in the USA. Thus while
this plot shows some ion exchange may occur in the Hermannsburg Sandstone the
cluster of data points about the origin suggests this process may not be significant. On
examination of Figure 5.6d, it can be seen that ion exchange processes are also indicated
to be unlikely to be a significant influence on cation chemistry as a rough 1:1

relationship is observed.
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These plots (Fig. 5.6 € and d) do not imply, however, that other chemical processes such
as dissolution of chlorite etc discussed above are not also influencing groundwater
chemistry. Indeed the fairly consistent SiO, levels (see Table 5.2 & Fig. 5.5f) and
saturation with respect to quartz (Table 5.3) is a possible indication that dissolution of

silicates (e.g. Eq. 5.4) does occur in the Hermannsburg Sandstone.

5.4.3.77. Discussion

No matter what processes cause these observed variations in cation ratios, it is apparent
that distinct water type groups can be recognised on the basis of cation signature.
Examination of the analyses from the whole Hermannsburg Sandstone data set (Table
5.2) shows that all six types of water based on relative dominance of major cations
exist. Frequency of these “cation” water type ranges are roughly 37% Mg-Ca-Na, 18%
Mg-Na-Ca, 16% Ca-Mg-Na, 14% Na-Mg-Ca, 8% Na-Ca-Mg and 6% Ca-Na-Mg. Based
on these cation ratio groups, five “cation” water types are represented in the data set
used for study at Palm Valley (Table 5.1). From this grouping it is clear that the
majority (55%) of sites sampled in the Hermannsburg Sandstone have Mg®" as the
dominant cation with Na” and Ca*" being equally distributed, each being the dominant

cation at around 22% of sites.

In the absence of evidence to the contrary, it is possible that these observed differences
in cation chemistry are the result of variation in chemical conditions experienced along
differing groundwater flow paths through the Hermannsburg Sandstone. Evidence of
differing conditions along various flow paths may be helpful in understanding the
isotope chemistry of sites sampled in the Palm Valley region discussed below (Chapter

6 and 7).

It should be noted that the use of cation ratios to identify different flow paths is not
without precedent. For instance, Edmunds et al. (2003) distinguish convergence of
different flow lines with separate geochemical evolution in the Chotts area of Tunisia on
the basis of observed differences in cation ratios between some bores sampled in the

region.
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5.5. Conclusion

Groundwater at Palm Valley and in the surrounding Hermannsburg Sandstone is
generally of low salinity (<1000 mg/L) and bicarbonate rich. Comparisons with a
regional data set shows groundwater at Palm Valley to be typical of the Hermannsburg
Sandstone from the folded rock province (Lloyd and Jacobson, 1987) of the Amadeus
Basin. A lack of field measured chemical parameters limits the chemical interpretations
possible from the available chemical data. Nevertheless, it is apparent that apart from a
few exceptions groundwater is saturated with respect to calcite and dolomite.
Magnesium is usually the dominant cation, which apart from a credible carbonate
dissolution origin, may also reflect reactions with magnesium rich accessory minerals
such as chlorite and micas. Cation ratios are, however, variable throughout this aquifer.
Possible processes that explain these differences can be readily identified. The actual
processes that control cation chemistry variation are yet be determined. The variations
in cation chemistry recorded are taken as evidence that different flow paths with
separate geochemical histories have been sampled. This compilation of chemical data
provides the basis for studying the stable isotope and radiocarbon hydrology of the

Hermannsburg Sandstone at Palm Valley discussed in the following Chapter.
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6. Stable Isotope and Radiocarbon Hydrology

6.1. Oxygen-18 and deuterium

6.1.1. Introduction

The isotope ratios of '*0/'°0 and *H/H in a groundwater sample are measured as the
relative difference in ratios to a reference sample by mass spectrometry. The ratios
measured are expressed as delta (8), which is the difference from an arbitrary standard
known as the Vienna standard mean ocean water (VSMOW) in units of parts per
thousand (%o) (Clark and Fritz, 1997).

Delta units (8) for the isotope ratio (R) are expressed by the equation

S (%0) = (R sample - R standard

x 1000 (6.1)
R standard

The 3'®0 and 8”H values for VSMOW are by definition equal to 0%o.

Changes in water isotope concentration (fractionation) occur when water undergoes
phase changes, due to the differing behaviour of different isotopes of water. Thus when
water moves through the hydrologic cycle from the sea, changes in 80 and 8°H
values occur. For instance when clouds are formed by evaporation of sea water the
more common lighter molecules of water (e.g. H,'°0) are slightly easier to evaporate,
thus clouds are depleted in '*O and *H when compared to VSMOW (Gat, 1980). This
fractionation affect is also influenced by temperature, thus rainwater (evaporated sea
water) 8'°0 and 8°H composition also varies with latitude, (cold) high latitude rainfall is
noted to be more depleted than (warm) tropical rainfall when compared to VSMOW
(Gat, 1980). As movement of water vapour over continental land masses can experience
cooler temperatures than at the coast (e.g cooler land surface or elevation change over
mountains) inland rainfall "0 and 8”°H composition can be more depleted than coastal

rainfall (Gat, 1980). However, as first noted by studying fresh water compositions by
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Craig (1961), and later slightly modified after world wide analyses of rain water
composition (Rozanski et al., 1993) most rainwaters in the world are observed to have
8'®0 and 8*H compositions that plot approximately along a straight-line relationship

characterised by the equation:

8"H =18.13 8'"°0 + 10.8 (6.2)

which, when plotted on charts such as Figure 6.1, is known as the world meteoric water
line (WMWL). Clark and Fritz (1979) note that while the meteoric relationships
between '®O and *H such as the meteoric water lines plotted on Figure 6.1 are due to
fractionation due to condensation, it is a Rayleigh distillation process that causes the
difference in warm and cold region rainfall isotopic composition. While the WMWL
gives an approximation to rainfall in most regions, detailed studies can benefit from the

construction of a local meteoric water line (LMWL), if data are available.

The comparison of groundwater 8'°0 and 8”H values to these meteoric water lines has
various applications for the interpretation of groundwater (Allison, 1981). For example
as fractionation of '*O and “H is not known to occur within an aquifer under normal
processes such as flow and plant root uptake, deviation from a meteoric line may
indicate that some form of fractionation process such as evaporation or isotope
exchange with mineral phases has occurred. The inset chart shown in Figure 6.1
outlines some of the processes that may cause deviation away from a meteoric water

line (Fontes, 1980).
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6 Stable Isotope and Radiocarbon Hydrology

6.1.2. Results

The §"0 and &°H values presented for this study were determined by standard mass
spectrometry at the CSIRO Isotope Laboratory in Adelaide, South Australia. These
results, a LMWL for Alice Springs and the WMWL are shown drawn on Figure 6.1.
The LMWL;

8’H = 6.98"0 + 4.5 (6.3)

is constructed from the Alice Springs (150 km east of Palm Valley, Fig. 1.1) station of
the global network of isotopes in precipitation station (IAEA/WMO 2001). Most of the
groundwater samples plot on or near the LMWL. In the main cluster of data points
(around 8'*0 = -7%o) one sample plots slightly to the right of the LMWL. This point,
seismic shot hole 1/608, which has an electrical conductivity 1470 puS/cm, may have
been more affected by evaporation during recharge than other sites and is thus slightly

more enriched in 0 and *H.

Oasis Spring plots above the LMWL. The reason for this is not known, though
localised condensation affects are attributed to cause the shift of '*O and *H above a
LMWL on some water condensed on vegetation in Kenya (Ingraham and Matthews,
1988) and in some water condensed in Arctic caves (Lauriol and Clark, 1993). Clark
and Fritz (1997) note that in low humidity regions re-evaporation of precipitation from
local surface waters creates vapour masses with isotopic signatures that plot above local
meteoric water lines. If such vapour recondenses before mixing with other
atmospherically derived isotope reservoirs, the resulting water will also plot above the
LMWL. It is feasible that such a situation may have occurred at this spring prior to
sampling. The different anion ratio noted previously for this site also indicates
evaporation processes have probably affected the nature of water at this spring when

sampled.

Two data points, Little Palm Spring and West Spring, plot out of the main cluster and
are significantly enriched in 'O and *H when compared to the other samples. Given
these samples are from free standing pools of water, enrichment due to evaporation can
be expected.
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Allison (1982) showed that when a free body of water is evaporated, subsequent
enrichment of stable isotopes results in the evaporated water samples plotting to the
right of the starting water stable isotope composition, when displayed on a & '*O against
8 *H diagram similar to Figure 6.1. The slope of the trend away from the initial isotope
composition can be a function of humidity, salinity and temperature (Gat, 1981).
Allison (1982) also showed that the maximum slope away from the meteoric water line
that could occur for free standing evaporated water samples was along a slope of 5 (i.e.
8 H = 58'"%0) from the starting isotope composition. Thus, if a slope of five was
projected through the West and Little Palm Spring plot points to intersect the LMWL,
an estimate of the starting composition of the water prior to evaporation could be made.
When a trend line between these two springs and the main cluster of data points is
constructed, a line with a slope of around 5 (i.e. slope 4.7, Fig. 6.1) connects the two

sets of data points.

As this line has a slope no greater than five it can be taken as evidence that spring and
groundwater may share a common origin, that is, Little Palm and West Springs at the
time of sampling contained evaporated Hermannsburg Sandstone groundwater and were
not ponds of recent rainfall. The sample from Road Spring, which plots near the
LMWL, may also indicate a groundwater origin of water at this spring. Thus, apart
from Oasis Spring, it is concluded that stable isotope data confirms that the waters

sampled in the Palm Valley area share a similar origin.

The fact that groundwater plots on or near the LMWL suggests little evaporation during
the recharge process, which in turn suggests a rapid indirect recharge mechanism.
Jacobson et al. (1989) have previously postulated that rapid recharge through fissures
may be the dominant process in the folded rock province sandstones in the Amadeus
Basin. If recharge were rapid into the Hermannsburg Sandstone, this would probably
influence groundwater chemistry in that dissolution and weathering rather than

precipitation would be expected in the vadose zone.

Figure 6.2 compares some oxygen/deuterium data that has been previously sampled
from within the regional data sets of bores. These data, presented in Table 5.3, were

sourced from the NTG database and originally published by Jacobson et al. (1989).
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Figure 6-2 Relationship between °H and §'®0 for samples from the regional
Hermannsburg Sandstone data set (Table 5.3) and the Palm Valley area (Fig. 6.1).
The LMWL is obtained from the Alice Springs station (IAEA/WMO, 2001). o’H
and 6'%0 values (apart from some springs) from the Palm Valley area are seen to
be similar to other Hermannsburg Sandstone sites.

112



6 Stable Isotope and Radiocarbon Hydrology

This plot shows that the Palm Valley study samples plot in similar position to other
bores sampled from the regional Hermannsburg Sandstone data set and that given little
evidence of evaporation (deviation from LMWL) the postulated rapid recharge
mechanism of Jacobson et al. (1989) seems likely for Hermannsburg Sandstone at Palm

Valley and elsewhere in the region.

Figures 6.3a and 6.3b show the relation between 8'°0 and & *H  against chloride
respectively. From these figures it can be seen that stable isotopes do not vary with
chloride content which also suggests that evaporation is not responsible for the stable
isotope composition except at some springs sampled at Palm Valley. These Figures also
suggest that chloride content variations within the Hermannsburg Sandstone may result
from differing amounts of surface or vadose zone chloride entering the aquifer at the
time of recharge at different locations and/or times, rather than differing amounts
evaporation. Alternatively it may be that evaporation concentration of chloride is an
active process at recharge but its affect is not sufficient to noticeably influence stable

1sotope composition.

6.1.3. Stable isotopes: a proxy for groundwater age?

It should also be noted that the stable isotope data from the Hermannsburg Sandstone
give no hint as to time of recharge as “H / '*0 depletion is similar in magnitude to that

found in aquifers known to contain modern water elsewhere in central Australia (e.g.
Wischusen, 1994a). Elsewhere in the world stable isotopes can be used to draw
inferences on groundwater age. For instance, Guendouz et al. (2003) note that
groundwater believed to have been derived from Pleistocene rainfall in northern Africa
is often distinguished from that derived from modern and Holocene rainfall as stable
1sotopes were more depleted during the Pleistocene. Zuppi and Sacchi (2004) note this
phenomenon is widespread in the large sedimentary basins of Europe (e.g. Edmunds
and Smedley, 2000) as well as northern Africa (e.g. Guendouz et al., 2003; Rozanski et
al., 1993). This depletion of '*O compared to modern rainfall is attributed to lower

temperatures during the recharge processes during humid periods of the Quaternary.
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They then note that stable isotopes may be used as a proxy to identify palaco waters

over the last 70 ka in this location.

In contrast, Plummer (1993), while noting the widespread correlation of cooler
temperatures and depletion of '*O and *H values for Pleistocene recharged groundwater,
presents data from southern U.S.A. where this depletion phenomenon maybe masked by

associated changes in the season of recharge during the Pleistocene.

While temperature dependant amino-acid racemization reactions have been studied in
fossil emu egg shells at Lake Eyre to interpret temperatures were some 9 degrees colder
during the last glacial maximum in the arid interior of Australia (Miller et al. 1997),
relations of '*O depletion to temperature and hence age of groundwater are not usually
drawn in central Australia. This is because precipitation is so variable in the region that
the amount effect (Dansgaard, 1964) is thought to dominate stable isotope composition.
Rozanski et al. (1993), show that amount of precipitation and not temperature variation
is the dominant influence on stable isotope composition at various locations (e.g. Guam
and India) affected by monsoon rain events. Given the monsoon (Section 3.2) also
affects rainfall in central Australia it is not surprising an amount effect is thought to
dominate in central Australia. This is certainly the case at Alice Springs where the '*O
depletion of rainfall is seen to vary from a mean of —2.5%o for light rainfall months (<
50mm) to > -13.0%o0 for heavy rainfall (200mm) months (calculated from International
Atomic Energy Agency/World Meteorological Organization data by Harrington et al.
2002.) This correlation of 80 to monthly rainfall amount has been used to study the
character of modern recharge rain in several previous studies in central Australia (e.g.

Wischusen, 1994a, Calf et al. 1991).

While the amount effect limits a ready characterization of age of groundwater based on
stable isotopes in the Hermannsburg Sandstone, it is not evidence that this groundwater
is derived from modern rainfall. The fact that groundwater plots on or near the LMWL
suggests little evaporation during the recharge process, which in turn suggests a rapid
indirect recharge mechanism. Jacobson et al. (1989) have previously postulated that
rapid recharge through fissures may be the dominant process in the folded rock province
sandstones in the Amadeus Basin and speculate that this may have occurred during

some previous climatic regime. If recharge were rapid into the Hermannsburg
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Sandstone, this would probably influence groundwater chemistry in that dissolution,

rather than precipitation, would be expected in the vadose zone.

6.2. Radiocarbon (**C)

6.2.1. Background

Radioactive carbon-14 (**C) is formed naturally in the earth’s atmosphere by the
bombardment of nitrogen-14 by cosmic rays. Carbon-14 has a half-life of 5730 years.
Its activity decays exponentially, the law of radioactive decay describes the rate at
which the activity of radiocarbon decreases with time. This is expressed by the decay

equation:
A = Age™ (6.4)

where: A~ Activity at time ¢, Ap=Activity at time 0 (recharge), A = decay constant for

radio isotope (**C =1.2097 x 10 yr'™").

Under natural conditions new carbon-14 forms as older (around 40 ka) '*C atoms lose
their radioactivity (become radioactively dead). Therefore, given a sufficient sample of
carbon atoms, the mix of carbon-14 atoms in various states of decay should remain
constant, thus atmospheric carbon has a constant carbon-14 activity. This atmospheric
(modern) carbon activity is used as the benchmark for radiocarbon analyses with

measured activity expressed as percent modern carbon (pmc).

Due to the changes in the atmosphere since the industrial revolution (i.e. release of old
dead carbon with use of fossil fuels and increase in natural levels of *C following
surface nuclear testing in the 1950's and 1960's) the benchmark modern carbon activity
is taken to be that of atmospheric carbon prior to the Industrial Revolution. Current

atmospheric levels are now well above 100 pmc (Kalin, 2000).
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Radiocarbon dating of groundwater operates on the assumption that once water enters
an aquifer having picked up atmospheric carbon from soil CO, etc, no further addition
of radiocarbon from the atmosphere is expected, thus carbon-14 activity of a
groundwater sample should be related to the amount of time elapsed since recharge

occurred

6.2.2. Carbon 13

Carbon 13 isotope content of groundwater used to be expressed as parts per thousand
from the Peedee Belemnite (PDB) standard of s3C = 0°0, (measured from CO,
prepared from Belemnites collected from the upper Cretaceous Peedee Formation of
South Carolina, USA; Bates and Jackson. (1987). Due to a decline in the reserves of this
standard Belemnite the International Atomic Energy Agency in Viena have set a
hypothetical standard (VPDB, virtually identical to PDB) beside which &°C
determinations are reported (Clark and Fritx, 1997). One of the common uses of carbon-
13 data is to give an indication of the behaviour of '*C in groundwater. For example as
C and "C behave very similarly, if a groundwater sample has a lower than expected

8'°C content, then some dilution of radiocarbon activity can be suspected.

The & shift of >C from the standard can, like 0 and 2H, be caused by fractionation
processes. The change of gaseous CO; to aqueous carbonate species when rainwater
passes through the soil to an aquifer can theoretically cause around + 8 /g fractionation
of the soil "°C value (e.g. Hendy, 1971; Carothers and Kharaka, 1980; Mook et al.,
1974; Salomons and Mook, 1986). Reaction of soil CO, with aquifer carbonates (e.g.
Egs. 5.1 & 5.3) also enriches the 8"°C content of dissolved inorganic carbon (DIC) in
groundwater as non marine carbonates are expected to have 8°C values near 0%o
(Herczeg et al., 1991). The extent of this enrichment depends on the availability of
mineral carbonate, the partial pressure of soil CO, and whether the system is open to the
atmosphere (Clark and Fritz, 1979). Thus the 5"°C of DIC in groundwater is influenced
by several factors including the extent of aquifer carbonate dissolution which influences
radiocarbon interpretations (see below). In studies of carbonate behaviour in
groundwater it is common to plot the relationship between 8'°C and DIC (e.g. Schofield

and Jankowski, 2004). For instance if 8"°C values become more enriched as DIC
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content increases this may be evidence of an increased component of rock carbonate

derived carbon entering the groundwater system.

Figure 6.4a shows a plot of 3°C against DIC for the available analyses from the
Hermannsburg Sandstone data set (Table 5.3) where it can be seen that no strong
correlation exists. Thus these data allow no obvious conclusion as to the effect of rock
or matrix carbonate dissolution on the stable carbon isotope content and hence also no

readily apparent potential dilution of radiocarbon activity.

In some other Australian studies (e.g. Calf, 1978 and1979) the method of plotting 5"°C
against 1/total carbonate outlined by Pearson and Swarzenki (1974) has been used to
estimate soil and mineral 8"°C content by extrapolating trends to intersect the 8'"°C axis
at zero reciprocal carbonate and also to derive estimates of soil gas 8"°C from the slope
of the line of best fit. When 8'°C is plotted against 1/DIC as shown in Figure 6.4b it can
be seen that the spread of plot points (as noted above in Fig. 6.4a) does not allow a
distinct trend to be drawn, hence the use of the Pearson and Swarzenki (1974) technique

is not readily applied here.

Furthermore, Allison (1981) gives some examples on the use of 8'°C data to correct age
determination with '*C activity data, and also notes that the amount of fractionation of
BC can vary in response to water pH and temperature changes, therefore the accuracy of

corrections based on *C may be limited.

6.2.3. Corrections

The major complication in determining radiocarbon age is adequately allowing for
dissolved groundwater carbon reactions with soil and aquifer carbon reservoirs, such as
aquifer and soil carbonates and soil CO; gas. Interaction between water and subsurface
carbon reservoirs has the potential to significantly lower the initial "*C activity (Ao). For
example, recharging water reacting with CO, gas and CaCOs in the subsurface as shown
in Eq. 5.3 would produce groundwater bicarbonate with both solid carbonate and CO,
derived carbon atoms. As subsurface carbonate minerals usually contain old “dead”

carbon (**C activity = 0 pmc), then, depending on the amount of carbonate dissolution,
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6 Stable Isotope and Radiocarbon Hydrology

groundwater '*C activity can be expected to be less than atmospheric carbon '*C

activity, even at the time of recharge.

Various methods exist that attempt to account for carbon exchange processes so as to
estimate the initial groundwater activity Ao at the time of recharge. Some of the
commonly used methods to estimate A for this study have been applied; the empirical
approach of Vogel (1967), Tamers’ chemical mass balance model (Tamers, 1967),
Pearson’s isotope mass balance model (Ingerson and Pearson, 1964) and the Fontes and
Garnier (F-G) chemical mass- balance with isotope exchange model (Fontes and

Garnier, 1979).

Due to a lack of data, several commonly used assumptions are necessary to apply these
models; the atmospheric and mineral carbon activities were taken to be 100% and 0%
(pmc) respectively, 8"°C composition of soil gas CO, and matrix carbon was taken to be
—20%o, and —1.5%o PDB respectively. The matrix carbon 8"°C composition is taken from
measurements made of calcite veins within the Hermannsburg Sandstone by Jacobson et
al. (1989). No soil gas CO, measurements are available in this region so a value
representing a possible mix of carbon fixing mechanisms expected for arid regions
(Clark and Fritz, 1997) was adopted. This value is considered a reasonable estimate as a
soil gas CO, value of around —20%o0 was also assumed by Love at al. (2000) in the arid

north of South Australia.

Reported measured soil gas CO; values from other arid areas (e.g. Murray Basin,
Australia, —18%o, Leaney and Allison 1986; Karmel mountains, Israel, —22%o0 Bajjali
and Abu-Jaber, 2001; Continental Terminal aquifer, Niger, —14 to 21%0, Le Gal La
Salle et al. 1995; Continental Terminal aquifer, Niger, -20%o 1in soil under native
vegetation, Le Gal La Salle et al., 2001; West Texas, —17%o and Russia, —18%o, cited

by Calf, 1979) also indicate —20%o is a reasonable assumption.

Furthermore, as enrichment of soil CO, gas 8'°C values occur during hydration of CO,
and also with increasing carbonate dissolution towards calcite saturation (Clark and
Fritz, 1997), it seems reasonable to assume a soil CO, gas 8'°C value significantly

depleted compared to measured groundwater values (Table 6.1) here.
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The speciation capabilities of the PHREEQC (Parkhurst and Appelo, 1999) model were

used to compute the dissolved inorganic carbon (DIC) carbon content of samples.

6.2.4. Results - Radiocarbon age

The results of carbon—14 and carbon—13 analyses from water samples taken from the
Hermannsburg Sandstone at Palm Valley are shown in Table 6.1. The age of
groundwater, as calculated using the different models discussed above, is also presented
for comparison in Table 6.1. As assumptions have been used to calculate these results,
the reliability of absolute ages determined is questionable. Nevertheless, comparison of
relative ages is interesting in that a significant reduction in initial '*C activity is
indicated, particularly by the F-G model. The chemical mass balance component of the
F-G model uses cation concentrations to determine the amount of matrix (‘*C dead)
derived carbonate in solution. The greater the proportion of matrix derived carbonate,
the lower A,. Given, however, that Mg*" (Eq. 5.2) and Ca®" (Eq. 5.5) maybe derived
from sources other than carbonate dissolution (Section 5.4), the portion of matrix-
derived carbonate may be overestimated, and hence the F-G model may underestimate

groundwater ages.

Furthermore, Harrington (1999) and Harrington and Herczeg, (2000, 2003) note in a
study of groundwater in the Cainozoic Ti Tree sedimentary Basin (250 km north East of
Palm Valley) that existing '*C correction schemes may not be applicable in some arid
settings. This was considered because comparison of strontium isotope (*’Sr/**Sr) ratios
in groundwater with those of local carbonate and silicate minerals indicated that a
significant proportion of groundwater HCO;™ may be derived from silicate weathering
(e.g. Egs. 5.4 and 5.5). As such a source of dead carbon is not adequately accounted for
by the standard correction models, groundwater '*C ages may be younger than
calculated using the standard correction methods if silicate hydrolysis is significant.
Given that dissolution of silicates has been identified as a possible process (Section
5.3.2.2) it may be that corrected '*C ages are similarly affected in the Hermannsburg

Sandstone.

121



(666T ‘ojoddy pue 1sinyyued) DOITHHC Buisn parejnoes uioge) dluebioul paajossig JId «

ulspow 509 ulspow ulspow 6761 LV'E TT- 6. ds 1sam
9,.°¢€ SISVYO

ulapow ulapow ulapow ulapow ZETT 692 26 2'/8 ds WIvd 1
ulspouw 6v.S vECC /99T €60L oT'v 8 TT- vy ds avod
0¥ 00¢/vO0Nd

19°¢€ ¢S617TONY

99691 298¢ 60/8T /6S0¢ 90¢9¢ [4A°] 6- [ % 9T9YTONA
€L9 SGOTYTONY

94699 /860T 19¢S 0801 T€ecT 78'G V'6- G'¢¢ 20CTONA
1S9 ¥/./.0TONA

6T18¢¢ €l€lc 600€¢ 8001¢ 9T.8¢ G9°L 8'0T- T€ 80G1700Nd

S0 S0C (1OGL)
(626T) Ja1UteD abe uos.tead abe  (sieak)abe  (7/j0wuw) (aad) (owd)

7 s9luo4  (296T) 196OA @ uosiabul (L96T) Slewe]  pa1dallodun +Old °%J¢18 Oy ale|dwes

Apnis As|leA wied ‘suondallod pue s)nsal uogledolpey T°9 ajqel



6 Stable Isotope and Radiocarbon Hydrology

Another potential complication to the results shown in Table 6.1 is the fact three of the
samples are from surface water pools at springs, this may mean gaseous exchange
between DIC and atmospheric CO, has occurred. This could then elevate the M
activity of any “old” groundwater discharging at these springs. The fact that '*C
activities at these springs are well below the current atmospheric '*C activity of > 100
pmc (Kalin, 2000) suggests at least that these springs are groundwater derived rather

than ponds of recent rainfall.

It should also be noted that the two bores RN 4508 and RN14616 are at or near
background '*C activities, for instance Love et al. (2000) note that < 4% (pmc) is
considered the limit of detection for the direct adsorption method. Given that
significant drawdown can be expected from low k aquifers (e.g. Theis, 1940), it is
possible that aeration during pumping (production pumps used for sampling) has
resulted in slight gaseous exchange with atmospheric CO,. Furthermore, Walker and
Cook (1991) have also noted that vertical diffusion of atmospheric '*C may increase
radiocarbon activity in low recharge arid zone aquifers. Geyh (2000) also notes that
diffusion of modern carbon is significant when old groundwater rises towards the
surface, so much so that Pleistocene groundwater may erroneously carry a Holocene '*C
signature in some instances. Thus, it may well be that groundwater at these bores is in

fact older than the detectable limit of radiocarbon (>30 ka).

Given these potential shortfalls in estimating groundwater '*C ages and lack of
knowledge of the exact chemical composition and process occurring, it may be better to
think of the radiocarbon technique as a only a semi quantitative indicator of

groundwater age in the Hermannsburg Sandstone.

Apart from these considerations of absolute radiocarbon age determination, results in
Table 6.1 show groundwater age may vary across, or even exceed, the whole
radiocarbon detection range. Consequently, it was decided to further examine the age

of groundwater using a radionuclide with a longer half-life than '*C.
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7 Chlorine-36

7. Chlorine-36

7.1. Chlorine — 36 in the environment

7.1.1. Introduction

Chlorine-36 is an unstable isotope, production in the atmosphere is by cosmic-ray
interaction, mainly with argon in the stratosphere and fallout shows a strong latitudinal
dependence. The greatest atmospheric fallout occurs at mid-latitudes. The atmosphere
also contains stable chloride (*°Cl and °’Cl) derived from sea-spray, and from
remobilised terrestrial salts. Chlorine-36 mixes with stable chloride in the atmosphere
and this mixture of isotopes then travels the hydrologic cycle as the chloride ion.
Chlorine-36 is also produced by cosmic ray interaction with near-surface rocks (epigene
production) and hence may be released by weathering. Chlorine-36 is also produced in
the deep subsurface (hypogene production) through neutron-capture on *°Cl (the neutron
flux arising from the decay of natural radioactivity), producing a low and roughly
constant level of background chlorine-36 to groundwater systems (Bentley, et al.,
1986a). Figure 7.1 shows a schematic of *°Cl and CI” in the hydrological cycle which

illustrates some of these processes.

The ratio of chlorine-36 to stable chloride (*°Cl/Cl) can be measured readily using
accelerator mass spectrometry on a few milligrams of chloride precipitated from
groundwater as silver chloride (Elmore et al., 1979) and varies in natural systems from
around a thousand parts in 10" of total chloride, down to a background of a few parts in
10", The fact that *°Cl is radioactive and has a half life of around 300 ka means that
this radio isotope offers the potential to date groundwater to over a million years
(Bentley et al., 1986a). The conservative nature of the chloride ion chemistry, hence
also *°Cl, in groundwater suggests use of this isotope for dating old groundwater should

be widely applicable (Fontes and Andrews, 1994).

Age dating groundwater with radioisotopes is based on the principle that once water
reaches the saturated zone it is closed off from the atmosphere. Thus any measured

radioisotope activity in groundwater that is less than atmospheric activity at the time of
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7 Chlorine-36

recharge, can be taken to indicate radioactive decay, and can then be used to estimate
groundwater age or residence time. The law of radioactive decay (as previously
described in Eq. 6.4) describes the rate at which the activity of a radioisotope decreases

with time. For radio chlorine this is expressed by the decay equation:
A=Age™ (7.1)

where: A= Activity at time 7, Aj=Activity at time 0 (recharge), A = decay constant for
C1=2.3028 x 10,

Thus, if activity at the time of recharge (Ao) is known, measured groundwater activity

can be used to compute age by rearranging the standard decay equation as;
t:_—l(lnij (7.2)

where A, is the activity for the groundwater sample, A, is the radioisotope activity at
time of recharge, t is the period of radioactive decay in years and 1/A is the mean life of

the radioisotope ( *°Cl = 434,251 yrs).

The direct application of equating groundwater age with observed radioactivity is not,
however, necessarily straightforward. Some of the considerations and pitfalls of
applying radioactive tracer techniques are discussed in detail in specialist texts such as
Fritz and Fontes, (1986), Clark and Fritz, (1997), Mazor, (1997) and Cook and Herczeg,
(2000).

For groundwater age studies using chloride-36, the amount of *°ClI in the atmosphere in
relation to stable chloride needs to be established at the time of recharge. Commonly the
ratio of *°Cl to stable chloride in rainfall (°CI/Cl) is assumed to represent the initial or
input radioactivity of chloride-36. The determination of the natural (input) rainfall
3%C1/CI ratios is a major undertaking in its own right and is not yet clearly defined in all

parts of the world (Phillips, 2000).
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7 Chlorine-36

Three further complexities also exist: this input ratio may have varied in response to
changes in the earths magnetic field in the past (Plummer et al., 1997). Atmospheric
testing of nuclear weapons in the 1950 and 1960 produced a short lived “bomb” peak
of *°Cl many orders of magnitude above natural *°Cl levels (Suter et al., 1987).
Chlorine-36 can also be produced by subsurface nuclear reactions associated with
neutron production from uranium-thorium decay; when this production is significant
compared to decay concentrations of atmospheric derived Cl, interpretation of

groundwater age is difficult.

Many previous *°Cl groundwater studies have found evidence that chloride additions
post recharge have complicated interpretation of measured 38C1/CI ratios. For example
dissolution of old chloride with no *°Cl can lower the *°C1/Cl ratio of groundwater, and
indicate an age greater than that derived from radioactive decay of *°Cl. Given the
potential complexities in calculating which mechanism is responsible for measured
38CI/Cl ratios, it is apparent that all sources and sinks of chloride to an aquifer should be
determined and allowed for when estimating groundwater age using the *°Cl decay

method.

A background to the processes affecting 3%Cl distribution in the environment is

presented below.

7.1.2. Measurement

The abundance of *°Cl in the environment is very rare with activity in natural samples
ranging from 1 by 10™° to 1 by 10™'° **ClI/Cl. Most samples, however, record *°*Cl/Cl
ratios near the lower end of this range (Bentley et al., 1986a). Indeed chemical data
reference texts reflect this rarity as they only list the abundances of *>Cl and *’Cl (at
75.5% and 24.5% respectively). The measurement of the ratio *°Cl/Cl only became
readily feasible with the advent of Accelerator Mass Spectrometry (AMS) techniques in
the late 1970s (Elmore et al., 1979). The **Cl/CI ratio is commonly measured in natural
groundwater systems from a background level of 1 to over 1000 parts in 10" of total
chloride. However, fallout from atmospheric nuclear testing may result in *°CI/Cl ratios

of over 5000 parts in 10" being measured in some systems (e.g. Davis et al., 2001).
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Most *°Cl analyses conducted for studies in Australia are run at the Australian National
University (ANU) in Canberra. This is one of the four centres in the world which
routinely determine *°Cl on water samples, (Phillips, 2000). Fifield et al. (1987, 1990,
1994) describe the 14 million-volt 14UD accelerator AMS system used at the ANU,
Canberra, Australia. The technique involves converting a small sample (of only a few
milligrams) into ions, and then accelerating these ions in the 14UD particle accelerator.
As the ions emerge from the accelerator, they are separated by magnetic and electrical
fields according to their mass, and then counted by various detectors (Fifield et al.,
1987). Analysis of *°Cl from water samples requires chloride to be precipitated out as a
pure silver chloride, low in sulphur. This solid is then subjected to a beam of Cs ions
which then provides the source of Cl ions for acceleration through the AMS, and
subsequent analysis of *°Cl isotope content. The ratio of chlorine-36 to total chloride is
derived from the observed currents of stable Cl ion beams and the counting rate of *°Cl

ions measured at a detector (Fifield et al., 1987).

By convention, this ratio is reported as *°Cl/CI by 10" which give values from 0 to
several thousand for the amount of *°Cl typically found in the environment. Fifield et al.
(1994) note that repeat measurements on reference standards show system variations
contribute at most a 2% standard deviation to *°Cl/Cl ratios determined at the Australian
National University AMS. When total chloride content of the water sample is
determined separately by standard analytical techniques such as titration by silver
nitrate with potassium chromate indicator (APHA, 1998) or ion chromatography, the

number of *°Cl atoms per litre can also be calculated:

36Cl
c] x mCl x 4° = 3Cl atoms per litre (7.3)

where; *°CI/CI is the ratio determined by AMS, mCI is the number of moles of CI’
determined by standard analytical techniques, 4° is Avogadro’s number i.e. around
6.022 by 10%. This concentration of *°Cl is often multiplied by a factor of 10 to give
values between 0 and 100 (Clark and Fritz, 1997).

It is common practice to report results as both the *°Cl/Cl ratio measured by AMS and

as the number of *°Cl atoms per litre calculated. This is because different processes can
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be examined by each result. For example when comparing waters that have undergone
differing amounts of evaporation the *°Cl/Cl ratio does not change during concentration

by evaporation whereas the concentration of 36C1 atoms will (Clark and Fritz, 1997).

The relationship between *°Cl atoms, *°CI/Cl and total Cl varies for different processes
that may affect groundwater. The effect of various processes on “°Cl and ClI levels is
shown for various combinations of these parameters on the charts presented in Figure
7.2. Many *°Cl decay dating studies report results in a similar format to one or more of

these charts.

7.1.3. %C1 production

7.1.3.1. Atmospheric fallout

Chlorine-36 is formed in the atmosphere by spallation reactions of atmospheric gases

with cosmic radiation. The spallation reaction of **Ar is the most important reaction;

PAr + p — *Cl+n+a (7.4)

Where: p = proton, n = neutron and a = alpha particle.

The neutron activation reaction of *°Ar to produce **Cl was once thought to contribute
around 33% of *°Cl production in the atmosphere (Bentley et al., 1986a). However,
subsequent studies cited by Andrews and Fontes (1992) have since shown negligible

3%Cl is produced by this reaction;

®Ar+n — *Cl+p (7.5)
Where n = neutron; p= proton.
Most (>60%) of the atmospheric *°Cl is produced by spallation in the stratosphere (i.e.

the layer of atmosphere above about 12 km from the surface of the Earth at mid

latitudes) with the rest produced by spallation in the underlying troposphere layer.
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Figure 7-2 The affect of various processes on **Cl and CI levels illustrated by a)
CI/Cl versus CI' and b) 3CI/CI versus **Cl atoms. After Bird et al., 1991.
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Variability in the Earths magnetic field, hence also variability in cosmic radiation
shielding efficiency, means spallation production of *°Cl varies in relation to

geomagnetic latitude within the stratosphere (Fontes and Andrews, 1994).

Due to various atmospheric circulation processes and seasonal adjustments of
troposphere thickness, much of the air mass in the stratosphere transfers to the
troposphere at mid (35-40") latitudes (Keywood, 1995; Hainsworth et al., 1994). As a
result, the *°Cl formed in the stratosphere mixes with aerosols comprised of marine (and
terrestrial) derived Cl along with *°Cl produced in the troposphere. These aerosols only
survive in the atmosphere for about a week (Andrews and Fontes, 1992) and then fall

out as either dry or wet (rain) deposition to the surface of the Earth.

Consideration of these factors of spallation rate, latitude dependence and likely
atmospheric circulation, has allowed charts showing expected *°ClI fallout in atoms m™
s' to be plotted against latitude. The initial latitude dependence of 35CI fallout was
determined by Lal and Peters (1967). This estimate was then altered (Bentley et al.,
1986a) to incorporate possible additional *°Cl production in the atmosphere. Andrews
and Fontes (1992), on consideration of subsequent research showing a lack of evidence
for *°Ar neutron activation reactions (Eq. 7.5) in the atmosphere, reinstated the Lal and

Peters model.

Andrews and Fontes (1992) show *°Cl fallout latitude dependency as symmetrical for
both hemispheres — ranging from a maximum of 20 atoms m™ s™' at mid latitudes to less
than 5 atoms m™ s™ at the poles and equator. The mean *°Cl fallout is computed as 11

2 -1
atomsm~ s .

As marine CI has negligible *°Cl activity (Fontes and Andrews, 1994) and terrestrially
derived CI usually has low °Cl activity, the ratio of *°Cl ions to stable Cl ions in
precipitation is largely determined by the ratio of cosmogenic *°Cl to marine and
terrestrial derived CI (Davie et al., 1989). Near the coast, precipitation contains a large
amount of marine Cl; however, because of fallout (dry and wet) with some modification
due to prevailing wind and orographic affects (Bentley et al., 1986a), the amount of
chloride in rain decreases markedly with distance inland (Hutton, 1976). The fallout of

3%Cl is superimposed on this pattern (see Fig. 7.1) with only a latitude affect (Bentley et
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al., 1986a). Consequently, at a given latitude, a lower rain *°Cl/CI is expected at
continental margins than in continental interiors. By combining an estimate of latitude
dependant *°Cl fallout with records of stable chloride content of rainfall, Bentley et al.

(1986a) predicted the long-term average *°CI/Cl in atmospheric fallout across the USA.

Later studies of *°Cl in rainfall in the USA and Australia (Hainsworth et al, 1994;
Keywood, 1995; Keywood et al., 1998) found that the predictions of Lal and Peters
(1967) underestimated recorded *°Cl fallout to the Earth. Consequently, Hainsworth et
al. (1994) note the initial prediction of *°Cl/CI fallout variation across the USA by
Bentley et al. (1986a) based on Lal and Peters (1967) work is also likely an
underestimate of *°Cl fallout in some regions. Keywood (1995) proposed that the
estimates of Lal and Peters should be multiplied by a factor 1.47 in the southern
hemisphere. Phillips (2000) synthesised data from the USA and Australia (Keywood’s
1998 data) to produce a new estimate of “°Cl latitude dependent fallout. In contrast to
previous studies, Phillips (2000) estimates 36CI fallout latitude dependency to range
from a maximum of about 50 atoms m™ s™' at mid latitudes down to around 10 atoms m"
% 5™ at the poles. Phillips (2000) and Keywood (1995) both estimate the mean fallout to
the surface of the earth to be around 30 atoms m™ s™. The reasons for *°Cl fallout being
higher than the earlier estimates is unknown, though various explanations such as the
existence of unidentified additional *°Cl atmospheric production reactions are

speculated upon by Phillips (2000) and Keywood, (1995).

Keywood et al. (1998), on comparing the smaller fallout rates recorded in Australia than
those in published USA data sets, note that fallout of *°Cl may well be asymmetric
about the two hemispheres, as was the case for *’Sr fallout from surface weapons
testing. Unfortunately, direct comparison between hemispheres is not possible, as very
little overlap of sample collection latitude exists. The possibility that, if bomb derived
3°Cl is still retained in the biosphere (e.g. Milton et al., 1997; Cornett et al., 1997), it is
more likely to occur in the northern hemisphere, is another feasible reason proposed by
Keywood et al. (1998) to explain the observed skewness of *°Cl fallout between
hemispheres. Moreover, analyses of rain and dry Cl fallout from composite annual
samples collected from 28 meteorological stations around the world (Blinov et al

(2000); Scheffel et al., 1999) have also shown *°Cl fallout to be higher than predicted.
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The possibility that bomb derived *°Cl is still circulating in the atmosphere is the

explanation of elevated *°Cl fallout preferred by these authors.

While these calculations of *°Cl fallout infer a constant rate at a given latitude, actual
results of methodical rainfall monitoring undertaken in Australia (Keywood, 1995,
1998) and USA (Kniess et al., 1994; Hainsworth et al., 1994) have shown significant
seasonal variations in fallout at any one field site. Furthermore, Kniess et al. (1994)
record *°Cl concentrations to vary even during the one rainfall event. Keywood et al.
(1998) noted only a weak correlation between *°Cl fallout and rainfall amount in
Australia in contrast to stronger correlation noted by Kniess et al (1994) in the wetter

less variable rainfall climate of Indiana, USA.

The fallout rate is an important parameter to measure for hydrological studies. For
instance, in the absence of nearby rainfall monitoring of **Cl content (as is usually the
case) estimates of *°Cl fallout are combined with best knowledge of total stable chloride
fallout (estimate of dry fallout and Cl content of rainfall) to calculate the likely input
3®CI/C] ratio of any groundwater recharge. Dry fallout, which in general terms can be
expected to mix with subsequent rain and contribute to recharge, is estimated to
represent < 50% of Cl fallout by Keywood (1995), and < 30% by Hainsworth et al.
(1994).

Other local studies of *°Cl in precipitation have been conducted in some other parts of
the world. Herut et al. (1992) report that *°Cl determinations from high Cl rainfall
events in Israel indicate a significant terrestrial derived Cl source for these events.
Magaritz et al. (1990) use a *°Cl/Cl determination from snow on a mountain in Jordan to
determine likely precipitation *°Cl content in this region. Finkel et al. (1980) report on

3CI determinations from Antarctic surface ice.

Phillips (2000), notwithstanding the documented variations in *°Cl fallout observed
between hemispheres, seasons and rain events, has used selected northern hemisphere
data sets to derive a precipitation e deposition correlation, normalised for latitude and
a mean latitude precipitation rate. This correlation is used to update the work of Bentley
et al. (1986a) and construct a new map of *°CI/Cl ratio of meteoric deposition across the

USA. Interestingly, when data typical of Alice Springs, central Australia (chloride
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concentration of rain 0.6 peq/l, mean rain of 250 mm yr™, latitude of 22° S; Keywood et
al., 1997, 1998) are used in Phillips (2000) correlation equation, the meteoric deposition
36C1/CI ratio calculated is about 300 by 107, This is comparable to the mean *°Cl/Cl
ratios calculated from two years of rain and dry fallout observations in this region by

Keywood (1995).

The use of annual average assumptions commonly applied for hydrologic assessments
in temperate zones should only be employed with caution in arid areas, given the spatial
and temporal variation of rainfall in arid areas (e.g. Lerner et al., 1990). This implies a
long term assessment (decades) of atmospheric fallout may be necessary to delineate the
possible range of *°Cl/Cl ratios in rainfall. For instance Ambroggi (1977) postulates
unusually heavy rain events may only be expected once every fifteen years in arid
regions. Such events may be crucial sources of replenishment to arid zone aquifers.
Thus, unless a considerable period of monitoring is undertaken, the *°Cl/Cl ratios of
some significant hydrologic events may go unrecorded. This dilemma is demonstrated
by Keywood’s (1995) work where the period of sample collection in central Australia
(1992 — 1994) was unremarkable in that annual rainfall was within 150 mm of the
mean. By contrast during the “big” wet years of 1974 and 2000 annual rainfall was
more than five times the mean (www.bom.gov.au). Due to the likelihood of significant
recharge for some arid area aquifers during these unusually wet years, it is probable that
a more accurate determination of likely groundwater input *°Cl/CI ratios would have
been obtained if assessment of atmospheric *°Cl fallout had occurred during “big” wet
years. Such considerations are common to all aspects of hydrological assessment in arid
areas (Lerner et al., 1990), hence the need to heed the caution of using average annual
assumptions (unfortunately often the only available data) when assessing hydrological

data in arid zones.

Natural fallout of *°Cl is still being defined. Recent data collected from both
hemispheres seems to indicate that the rate of *°Cl fallout to Earth is higher than
predicted by Lal and Peters (1967). The reasons for this disparity between theoretical

and recorded fallout rates are yet to be determined.
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7.1.3.2. Changes in fallout rate in the past

Bird et al. (1991) note that because of the long half life, changes in the past affecting
3%CI concentrations such as unknown variation in cosmic ray flux or climate could affect
the accuracy of any radio chlorine determined age. Earlier *°Cl groundwater studies
(e.g. Bentley et al., 1986b) did not consider past variation in e atmospheric
production. More recently Plummer et al. (1997) calibrated 3%C1 data from fossil pack
rat middens with '*C data and concluded that atmospheric *°Cl/Cl ratios dropped
markedly at the start of the Holocene in semi arid inland U.S.A. This variation is
thought to arise from recorded changes in the earth’s magnetic field strength. When the
earth’s magnetic field is stronger, more cosmogenic energy is deflected and *°Cl
production is less (i.e. atmospheric *°CI/CI ratios are likely to be less during periods of
higher magnetic field strength). At the around start of the Holocene, field strength rose
to around current levels after a long period (>10 ka) of lower mean field strength (Tric
et al., 1991; Guyodo and Valet, 1999). Thus, pre Holocene atmospheric ®C1/Cl ratios
are expected to have been up to 50% higher than present levels at mid latitudes

(Plummer et al., 1997).

While Plummer et al. (1997) also postulate that one possible cause of this past
atmospheric *°Cl/Cl variation is climate change affecting atmospheric circulation and
hence latitude dependence of *°Cl fallout rate (Section 7.1.3.1), both Davis et al. (1998a)
and Phillips (2000) consider that past variation in the earth’s magnetic field to be the
most significant influence on cosmogenic *°Cl production. This conclusion is partly
based on the fact that detailed independently dated '*C measurements show radiocarbon
activity (which is not latitude dependent) in the atmosphere 25 ka was almost double
that of modern times and that the pattern of '*C variation with time seems to correlate
with reconstructions of past magnetic field variation (Phillips, 2000). However, a
detailed study of '*C concentration calibrated against a *"Th chronology in a stalagmite
by Beck et al. (2001) concluded that the variation in the *C record cannot be accounted
for by modulations of the earth’s magnetic field alone, and suggest that substantial

fluctuations in the carbon cycle must also have occurred over the last 45 ka.

Given this evidence for a climate change effect, in addition to the geomagnetic

influence on cosmogenic nucleide production, exact reconstruction of past fluctuations
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of *°Cl production in the atmosphere may be difficult. Nevertheless Davis et al. (1998a)
use the geomagnetic palaco-intensity data of Tric et al. (1991) to construct a diagram
showing relative production rate of atmospheric *°Cl over the last 80 ka. This diagram is
reproduced in Figure 7.3 where it can be seen that the major past deviations from
current conditions have been periods of increased atmospheric *°Cl production rates. In
keeping with this pattern Guyodo and Valet (1999), in a study of the relative intensity of
the earths magnetic field, note that many intensity lows have occurred over the last 800
ka. Modern magnetic intensity is then apparently at around the maximum field intensity
recorded for this period, as seen in Figure 7.4 which shows Guyodo and Valet’s (1999)
work. Given the above data, and relying on earth’s magnetic field intensity as the major
control on **Cl production, it would seem unlikely that atmospheric C] levels were
ever significantly lower than current levels during the Pleistocene. Thus, *°Cl decay
dating of groundwater is only likely to underestimate groundwater age if past
fluctuations in atmospheric *°Cl/Cl ratios at the time of recharge are unknown. Given
these past fluctuations, however, there is a potential discrepancy where two
groundwater samples, recharged 10 ka apart, may have markedly different *°Cl/Cl
ratios. In recognition of this and other potential complications such as bomb pulse *°Cl
contamination Davis et al. (1998a) recommend a suite of complementary analyses when
assessing shallow groundwater *°Cl values. These and other considerations are

discussed in Section 7.1.4 below.

7.1.3.3. Epigene production

Production of *°Cl by cosmogenic reactions also occurs in the upper few metres of the
earths crust and oceans. As argon is not abundant here, the main production reactions
(Phillips et al., 1986a) are from spallation of K and Ca by energetic secondary neutrons

and thermal neutron activation of >>Cl:

®Cl +n — *Cl+y (7.6)
YK + n - *Cl+n+a (7.7)
YCa +n — 36C1+p+(1 (7.8)

Where n = neutron; p= proton; a = alpha particle; y = gamma radiation, (Clark and Fritz,

1997).
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Figure 7-3 Relative production rate of atmospheric *°Cl over the last 80 ka.
Reproduced from Davis et al., 1998a with kind permission of Springer Science and
Business Media. Original data from Tric et al., 1991.
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Figure 7-4 Variation of Earths Magnetic field strength over last 800 ka. Note
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atmospheric fallout 8C1 is unlikely to have been lower than at present during the
last 800 ka. Reprinted by permission from Macmillan Publishers Ltd: Nature,
Guyodo and Valet, 1999. © 1999.
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Andrews and Fontes (1992) calculated the equilibrium *°Cl/Cl ratio in the topmost
metres of the ocean from epigene production would be 1300 x 107°, however, with the
oceanic circulation of *°Cl dead chloride from deep old waters continuously mixing
with near surface chloride, the *°Cl/Cl ratio of the oceans is actually < 4.2 x 107",

Fallout of atmospherically produced *°Cl to the oceans is similarly diluted.

On the land, *°Cl from cosmic ray processes builds up as soon as a rock is exposed at
the surface. Eventually the *°Cl/Cl ratio will attain a secular equilibrium with the
production rate and the *°Cl half-life (i.e. the exposed rock accumulates *°Cl until the
rate of *°Cl decay, which increases with the number of *°Cl atoms, equals the rate of
production, Phillips et al., 1986a). If the chemical composition of the rock and its
altitude are known, it is possible to calculate the secular equilibrium *°CI/Cl ratio
(Bentley et al., 1986a). If a rock were suddenly exposed at the surface (eg. basalt)
secular equilibrium is not reached until around 1 Ma, thus *°Cl accretion information
can be useful as geological dating tool in the 1 to 500 ka range (Bentley et al., 1986a).
As most rocks are exposed at the surface by erosion and epigene *°Cl production is
rapidly attenuated with depth, most rocks do not reach a secular equilibrium **Cl/Cl
ratio. If the erosion rate is fairly constant, it is possible calculate erosion rates from the
amount of cosmic-ray produced *°Cl build-up (Bentley et al., 1986a). Gosse and Phillips
(2001) give a detailed account of surface exposure dating methods using multi terrestrial
in situ cosmogenic nucleides and Phillips et al. (2001) present improved methods for

calculating neutron flux in the epigene.

The potential effect of *°Cl epigene production on groundwater *°Cl/Cl ratios has been
considered by a number of workers. Andrews et al. (1991) note the theoretical epigene
secular equilibrium *°CI/Cl ratio at 1m depth for the sandstone at Milk River, Canada to
be in the order of 16,000 x 10", and speculate that epigene produced **Cl may explain
high *°C1/Cl found in this aquifer. Andrews and Fontes (1992) note that in arid zones
much chloride may exist at shallow depths due to evapotranspiration processes and thus
a potential source of mobile epigene *°Cl may complicate hydrological applications of
3%Cl in these regions. Fontes and Andrews (1993) calculated a 0.3 m deep brine with Cl
= 60,000 mg/l and stream water with 7 mg/l of Cl at 0.3 m to have theoretical epigene
secular equilibrium *°Cl/Cl ratios of 105 and 7800 x 107" respectively. Interestingly the

rates of increase in *°Cl/Cl ratios as a result of epigene production were calculated to be
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modest at only 0.24 ka for the brine and 18 ka for the stream water. As epigene *°Cl
production takes many thousands of years to build up, and water flux through the upper
few metres of subsurface is comparatively usually much more rapid, it seems unlikely
that epigene °Cl production would affect many shallow groundwater systems.
Furthermore, bomb peak *°Cl horizons are found in the unsaturated zone in many
localities (Section 7.1.3.5) including arid zones (e.g. Liu et al., 1995). This suggests that
epigene production, which theoretically produces more *°Cl than bomb peak fallout

given sufficient time (Andrews et al., 1991), is not readily discernible at many locations.

Phillips et al. (1986a) note that as epigene *°Cl is created by cosmic ray reactions largely
within mineral grains that must be released by weathering before entering groundwater,
epigene production is rarely likely to affect groundwater *°Cl/CI ratios. Furthermore,
Phillips (2000) calculates the annual release of in situ cosmogenic produced *°Cl from
most rock types, under high and moderate weathering rates, to be extremely small.
Carbonate rocks, due to greater susceptibility to weathering, are likely to release the
most *°Cl. As cosmogenic *°Cl production increases with altitude, all rock types other
than sandstone were shown to begin to have appreciable release when above 2 km in
altitude. Based on these calculations Phillips (2000) concludes that except at high
mountain elevations *°Cl released by weathering from most rock types will be
insignificant in comparison to meteoric input. Davis et al. (1998a) also doubt that
epigene production would normally affect to any significant degree the input ratio of

%Cl/Cl in groundwater systems.

Given these considerations, it seems that while epigene production can theoretically
produce high *°CI/Cl ratios in shallow subsurface rocks and water, the rate of build-up
and release is so slow when compared to the flux of water that the effects of epigene

3%C1 production can usually be disregarded for groundwater studies.

7.1.3.4. Hypogene production

Chlorine-36 is also produced in the deep subsurface through neutron-capture on *>Cl,
the neutron flux arising from the decay of natural radioactivity producing a low, and
roughly constant level of background chlorine-36 to groundwater systems (Bentley, et

al., 1986a).
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Fontes and Andrews, (1994) note that o particle emissions by U and Th and their decay

products in rocks produces *°Cl by way of the reactions:

PCl+n—°Cl+y (7.9)
YK +n—*Cl+a (7.10)

Of these two reactions the thermal neutron activation of >Cl is by far the most
significant. Consequently, subsurface production rate of *°Cl is usually proportional to
CI' concentration. Therefore, hypogene *°Cl production is usually expressed as the
38C1/CI ratio at secular equilibrium (Rg.) with subsurface neutron flux, and not as the

number of *°Cl atoms produced per unit volume per unit time (Phillips, 2000).

Hypogene production reaches 97% of equilibrium after 5 half-lives of *°Cl, about 1.5
Ma (Fontes and Andrews, 1994). The equilibrium rate is usually much less than
atmospheric rates unless a very high source of radioactivity, such as a uranium ore

body, is present. .

Generally, at depths below the influence of cosmogenic radiation, the maximum Rge
expected is about 50 x 10" (Phillips, 2000). Bentley et al. (1986a) outline a method of
calculation for Ry, and note that apart from needing to know the rock density, porosity
and chloride concentration of groundwater, the calculation of the neutron flux derived
from natural radioactivity is difficult. The method presented by Feige et al. (1968) is
commonly used to estimate neutron flux (e.g. Phillips, 2000, Andrews and Fontes,
1992, Bentley et al., 1986a). Bentley et al., (1986b) note that hypogene production is a

factor to consider if determining absolute groundwater age by way of the equation:

-1, R-R,
t=—In—<

7.11
ﬂ36 RO _Rse ( )

where 7 is time, A34 is the decay constant of 36C1, R is the measured **Cl/Cl ratio, R, the

initial **Cl/Cl ratio, and Ry. the secular equilibrium due to hypogene production.
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From this equation, hypogene production can be seen to be an important factor for
determining groundwater ages, particularly in very old groundwater where hypogene
production of **Cl may approach the level of *°Cl activity left after decay of initial

atmospheric *°Cl.

Fontes and Andrews (1994) tabulated the hypogene production Ry, for various rock
types, as calculated from published average US rock analyses. Ry for common rock
types; basalt, granite, sandstone, limestone and clay/shale are calculated as 6.9, 28.3,
2.1, 8.8 and 2.1 by 107" respectively. Bentley et al., (1986a) give guideline averages of
30 x 10" for granites, 10 x 10" for shales and limestones and 5 x 10" for sandstones
and basalts. These values give an indication of the groundwater *°CI/Cl ratio in various
systems that can be approached before *°Cl groundwater dating is implausible.
Addition of chloride along flow lines in an aquifer by leakage from aquitards,
subsurface brines or mixing with another groundwater of unknown CI" concentration
can complicate interpretation of hypogene content and hence also groundwater dating.

Such situations seem common as outlined in Chapter 8 below.

Conversely, in high U and Th host rocks such as uranium ores or some granites the R,
can be very high. For example Fabryka-Martin et al. (1987) report very high *°Cl/Cl
ratios in some groundwaters (up to > 1700 by 10"°) around the Alligator River Uranium
Ore Province in the Northern Territory (NT) of Australia. Songsheng et al. (1994) also
report on high **Cl/Cl ratios in groundwater (up to 1200 by 10™") around a uranium ore

body in China.

High levels of *°Cl production associated with granites are reported from Sweden
(Andrews et al., 1986; Mahara et al., 2001) and Canada (Gascoyne et al., 1994).
Lehman and Loosli (1990) report on hypogene production from various lithology types
in northern Switzerland. In these instances hypogene production is greater than
atmospheric sources of *°Cl and groundwater dating by way of *°Cl decay is not
possible. Fontes and Andrews (1994) and Andrews and Fontes (1992) note, however,
that dating may sometimes be possible by determining the amount of *°Cl ingrowth
before secular equilibrium is obtained. This situation, with no CI™ addition, is illustrated

in Figure 7.1.
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The use of discordance between calculated subsurface equilibrium ratios and measured
values in samples to calculate water residence time (ingrowth method of Fontes and
Andrews, 1994) is the usual method of dating geothermal systems (Phillips, 2000). For
example, Aquilina et al. (2002), in a study on the origin of thermal springs in southern
France, make a rough (order of magnitude) estimate of geothermal groundwater age
(200 ka) by assuming that the ingrowth of hypogene *°Cl (assumed secular equilibrium
of 11 x 10™"°) has raised the deep aquifer *°CI/Cl ratio above the input sea water ratio
(i.e. = 0 x 107). Fehn et al. (1994) make preliminary age estimates of very deep (> 1.8
km) groundwater in Germany and California, USA by considering the amount of likely

subsurface production of *°Cl in each region.

Lippmann et al. (2003) consider the high *°Cl concentrations of groundwater sampled in
ultra deep mines (>0.7 km) in South Africa to indicate subsurface *°Cl production is at
secular equilibrium and thus groundwater is assumed to be at least 1.5 Ma (5 times A
%Cl). This conclusion is confirmed by complementary noble gas data that show

groundwater to be very old (range 1 — 100 Ma).

Phillips (2000) notes *°Cl is also useful to distinguish the source of the Cl in geothermal
systems. For example Balderer and Synal (1996), on the basis of *°Cl results and
complementary geological data, speculate that at the Tulza geothermal area of Turkey
tectonic processes are squeezing brine from Agean Basin sediments through crystalline
basement faults, where the brines are heated before rising and mixing with low salinity
shallow groundwater in overlying volcanics. A similarly complex source of chlorides is
derived from *°Cl data for the hydrothermal fluids in the Valles caldera in New Mexico,
USA by Rao et al. (1996). They propose that brines are derived from meteoric waters
that travelled through Precambrian basement and Palaecozoic strata leaching chloride
before reaching the intra-caldera volcanic suite via convective up-welling. Some low
chloride, high **Cl/C1 groundwaters of recent meteoric origin are also distinguishable at

this caldera.

Recent work by Chimiel et al. (2003) has shown rocks such as carbonaceous shales,
coals, phosphorites and granites/pegmatites can concentrate high levels of uranium and
may consequently have significant in situ *°Cl production when compared to

. 36
atmospheric sources of *"Cl.
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Consequently, on the basis of the above discussion, it appears that unless measured
36C1/C1 approaches expected Ry, values and/or exceptionally high rock U and Th values
are suspected, *°Cl groundwater dating should be possible in systems with consistent
chloride concentrations. If Ry is unknown then an approximation of age may be made,

assuming R to be small or negligible.

7.1.3.5. Anthropogenic sources

7.1.3.5.1. Bomb Peak

The advent of nuclear technology has resulted in an anthropogenic component of
radioactive nuclides now being present in the environment. Surface testing of
thermonuclear weapons in the 1950s and 60s released many radioactive nuclides into
the environment (Bentley et al., 1982). The production of *°Cl occurred during these
events because *Cl has a large thermal neutron capture cross section and free neutrons
are easily absorbed (see Eq. 7.6). Consequently, the nuclear testing on barges in the sea
(i.e. irradiation of seawater *>Cl) near Bikini and Eniwetok atolls in the Pacific between
1952 and 1958 resulted in a large amount of *°Cl being released into the atmosphere

(Phillips, 2000).

The actual amounts of *°Cl released from these tests have been calculated by Synal et al.
(1990). Fallout of *°Cl from these tests was recorded in precipitation by Schaeffer et al.
(1960). Measurement of *°Cl in shallow ice cores from Dye-3 in Greenland has
provided a record of this “bomb peak” or pulse (Elmore et al., 1982; Suter et al., 1987;
Synal et al., 1990). The results from three separate cores near Dye-3 show a peak in the
late 1950s of 500 to 1000 times the expected cosmogenic *°Cl production. (Synal et al.,
1990). These data are interpreted to show that *°Cl fallout had returned to natural levels
by around 1985. In keeping with this interpretation, Vogt et al. (1994) concluded no

bomb *°Cl was present in precipitation samples they analysed from Indiana in the USA.

The distribution of the bomb peak *°Cl fallout from these tests near the equator was

assumed by Bentley et al. (1986a) to be equally dispersed about the hemispheres. This
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interpretation was backed up by cited data (Lockhart, 1959), which shows '*W fallout

from some of these tests to be equally distributed in northern and southern hemispheres.

Conversely, Keywood et al. (1998) cite *°Sr fallout data (Machta and List, 1959) that
shows fallout from these tests was four times greater in the northern hemisphere than
the southern. This asymmetry is also noted to apply to aerosols and ozone and is
attributed to the different topography of the northern hemisphere land masses causing a
much more turbulent troposphere, which then results in greater troposphere —

stratosphere transfer in the northern hemisphere (Keywood et al., 1998).

The worldwide peak of *°Cl injected into the atmosphere from the thermonuclear
weapons testing programs of the 1950s and 1960s is of potential benefit to hydrological
studies as it provides a readily detectable tracer (Bentley et al., 1986a). This is
particularly so as bomb peak tritium (half life of only 12.4 years) has largely decayed to
modern rain levels in the subsurface, which has virtually rendered bomb tritium an
ineffective tracer in the southern and most of the northern hemisphere (Hendrickx and
Walker, 1997). Phillips (2000) notes that the advent of chlorofluorocarbon (CFC) and
tritium/helium 3 techniques to study modern water has probably resulted in bomb *°Cl
being under utilised as a tracer. Nevertheless, Bomb Peak *°Cl has been used as a tracer

for various hydrological applications in many parts of the world.

Inferences on recharge have been attempted, using bomb peak *°Cl. For example; Liu et
al., (1995) in shallow vadose zone in the desert of Arizona, USA; Cook et al. (1994) in
the vadose zone of the Murray Basin, South Australia; Scanlon et al. (1990) in Texas,
USA; and Norris et al. (1987) in Nevada, USA. Phillips et al. (2000) note that the use of
bomb *°Cl in the vadose zone to study recharge has been largely inconclusive in many
arid zones as slow recharge rates have resulted in the bomb *°Cl being concentrated near

the root zone.

Another application of bomb *°Cl is as an indicator for the presence of a component of
modern (post nuclear testing) recharge in groundwater. Samples that show *°*Cl/Cl ratios
above expected atmospheric levels can indicate the presence of bomb*°Cl. For example
Campbell et al. (2003) present some data from the Yucca Mountain proposed nuclear

waste repository in Nevada. High *°Cl levels at 200m below ground surface indicate
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water containing bomb *°Cl has travelled via preferred pathways to this depth in the
vadose zone. Murad and Krishnamurthy (2004) interpret the *°Cl data from eastern
United Arab Emirates aquifers to indicate a component of bomb *°Cl, and hence post
1950 recharge, has reached these aquifers. Although no comparison to expected
atmospheric *°CI/Cl ratios is made, the evidence of anthropogenic contamination from
other chemical data confirm the presence of bomb peak *°Cl. A study in Zimbabwe by
Larsen et al. (2002) attempted to look at recharge rates by tracing bomb peak 3%Cl in the

Karoo Formation but preliminary results proved inconclusive.

Davis et al. (1998a) discuss criteria to identify groundwater that may have a component

of bomb **Cl so that such samples can be disregarded in *°Cl decay age dating studies.

7.1.3.5.2.  Recirculation of bomb *ClI

While surface nuclear testing has ceased and atmospheric *°Cl levels are now back to
pre-testing levels (Suter et al., 1987) some recent studies (Blinov et al., 2000; Corcho
Alvarado et al., 2005; Cornett et al., 1997; Herczeg et al., 1997; Milton et al., 2003;
Scheffel et al., 1999) note that some bomb *°Cl may still be circulating in the
environment with the potential to complicate hydrological studies using *°Cl. In North
America due the fact that chloride is known to be an essential micronutrient for higher
plants (e.g. White and Broadley, 2001), this effect is thought to be related to the
entrapment, and subsequent slow release, of bomb *°Cl in the vegetation rich biomass
associated with conifer forests (Milton et al., 2003; Cornett et al., 1997.) Production by
plants is now recognised as a significant source of methyl chloride in the atmosphere
(Rhew et al., 2000, 2003) so, depending on the halide retention time within plants and
availability of bomb °Cl, some bomb *°Cl may well be currently released to the
atmosphere. The magnitude of this effect on atmospheric *°Cl/CI ratios is difficult to
estimate. The evidence from the Dye-3 ice core analyses discussed above suggests this
effect may be only subtle on a global scale. This point is reinforced by Yokouchi et al.
(2000) who suggest only 12% of estimated global CH3Cl flux cannot be accounted for

by oceanic fluxes.
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In south-eastern Australia Herczeg et al. (1997) noted that groundwater *°Cl/CI values
are greater than predicted atmospheric *°Cl/Cl ratios and speculate that bomb **Cl may
be recirculating back to the environment in the vicinity of sinkholes and thereby
affecting groundwater *°Cl/Cl ratios. However, as the predicted atmospheric ratios
3%CI/C] ratios are based on the Lal and Peters (1967) *°Cl fallout rate which has since
been found to underestimate natural fallout (Keywood, 1998; Phillips, 2000), it may be
that no evidence of bomb *°Cl exists. Indeed Herczeg et al. (1997) note an alternative
explanation is that a component of continental-derived Cl in rainfall from dust
containing some bomb *°Cl, as discussed by Simpson and Herczeg (1994), results in
groundwater *°Cl/Cl ratios being above expected atmospheric levels. In the Yass Valley
of New South Wales Turner et al. (1992) also explain recorded ®C1/CI ratios from
shallow groundwater slightly above the expected Lal and Peters (1967) predictions as
being the result of bomb *°Cl. Again it is possible that a reappraisal of atmospheric

3%C1/Cl ratios in this region may diminish the perceived effect of bomb *°Cl.

Scheffel et al. (1999) and Blinov et al. (2000) suggest recycling of bomb *°CI may be
occurring. This is on the basis of *°Cl analyses of composite annual rainfall from
various sites around the world showing elevated **Cl/C] compared with predictions of
an atmospheric transport model they had developed. However, it should be noted that
samples from various years between 1989 and 1996 were used and only two sites from
the southern hemisphere in New Zealand were sampled. Thus, other factors such as
rainfall intensity and alternative atmospheric circulation models as proposed for the
southern hemisphere by Keywood et al. (1998) may also influence these results. By
contrast Vogt et al. (1994) from results at Indiana, USA concluded no bomb *°Cl was
circulating in the atmosphere. A recent study of groundwater *°C1/Cl ratios from 38 sites
across the United States and previously published data by Moysey et al. (2003)
attributes observed differences in *°Cl/Cl to natural variation expected in the atmosphere
(e.g. variation in Cl fallout in rainfall) across a continental land mass. The possibility of
bomb *°Cl still circulating in the environment was not invoked to explain *°Cl/Cl
variation across the continent. Thus it may be that recycling of bomb *°Cl in the

environment is only a localised phenomenon.
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Hence, given there is still some uncertainty that recirculating bomb *°Cl is ubiquitous in
the environment, it may be that further studies of atmospheric *°Cl fallout need to be

undertaken to clarify this matter.

7.1.35.3.  Localised anthropogenic *Cl sources

Apart from the worldwide distribution of bomb *°Cl resulting from nuclear testing in the
Pacific, other anthropogenic activities produce *°Cl in the environment which may be
used as a tracer at a local scale. For example, Milton et al. (1994) and Beasley et al.
(1993) trace reactor-produced *°Cl in the vicinity of nuclear power plants at Ontario,

Canada and Idaho, USA respectively.

Local nuclear testing may also provide useful radioisotope tracers. Cresswell et al.
(2002) speculate that British onshore nuclear weapons testing at Maralinga in central
South Australia between 1952 and 1963 has resulted in a *°Cl bomb peak in some
shallow aquifers further north in the Anangu Pitjantjatjarra Lands of South Australia.
British weapons’ testing is considered to be the source because this bomb peak is
recorded only in a narrow band to the north east of the test site. Bird et al. (1991) note
3%C1/Cl ratios at up to 107! at the surface near Maralinga, which is the same as recorded
(non-hazardous) contamination around the Lucas Heights research reactor in southern
Sydney. Although onshore tests are not thought to produce significant *°Cl (Phillips,
2000) due to a lack of nearby *>Cl, this pattern might indeed represent the remnants of

localised windblown radioactive contamination following the weapons testing.

7.1.4. Inputs

To measure the *°Cl decay in groundwater it is necessary to have an idea of the initial or
input *°CI/Cl ratio to use the decay equation (Eq. 7.2). When local *°Cl fallout data are
not available, as is often the case, other strategies are needed to estimate input Nele
ratio. Davis et al. (1998a) give a review of the considerations necessary to best predict
this ratio. One method is to use the theoretical fallout of *°Cl and the expected amount
of chloride in precipitation for a given area to calculate atmospheric *°CI/Cl ratios.

Another more empirical approach is to measure *°Cl/Cl ratios in groundwater at
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locations perceived to lie in recharge areas and assume these ratios represent pre-
anthropogenic atmospheric input ratios. Consideration of changes in past fallout ratios
due to variations (discussed Section 7.1.3.2) in the earth’s magnetic field are also

recommended by Davis et al. (1998a).

Given the problems in accurately predicting atmospheric *°Cl fallout discussed above
(Section 7.1.3.1) and inherent uncertainties associated with identifying recharge zones

Davis et al. (1998a) note these methods may have serious weaknesses.

Previous Australian studies or discussions have relied on measured *°Cl/ClI ratios of
shallow groundwater in assumed recharge zones to provide an estimate of input ratio
(e.g. Kellett et al., 1990; Torgersen et al., 1991; Mazor, 1992; Love et al., 2000;
Cresswell et al., 1999a). While such an approach has, on first impressions, the potential
to provide a true input ratio as natural variations in atmospheric *°Cl/Cl ratios may all be
integrated into a representative sample, care must be taken because many factors may

potentially affect the *°Cl/CI of shallow groundwater.

Davis (1998a) propose that when no actual atmospheric *°Cl/Cl measurements are
available, shallow groundwaters need to be screened to assess that no bomb *°Cl or dead
chloride additions have affected the *°Cl/Cl ratio. Screening of samples usually
involves measuring for other radio isotopes (tritium or *C) to ensure that no bomb *°Cl
contamination is indicated and that the sample is in fact young enough to provide an

estimate of modern atmospheric e input.

While unravelling the provenance of all chloride content in groundwater to check for
addition of dead chloride or other potential complications is acknowledged to be
difficult, much weight is given to the insights offered from studying the Cl/Br ratios of
groundwater. Like chloride, bromide is also considered to act conservatively in
groundwater (Hem, 1985) and therefore the Cl/Br ratio of recharge water should remain
constant through an aquifer unless addition or a loss of halides occurs. In simple terms,
the use of the Cl/Br ratio is based on the premise that halides in rainfall or recharge
water are of oceanic origin. Given the high solubility of halides, losses of chloride or
bromide via precipitation of salts from solution are not expected in any but hyper-saline

groundwaters. Hence, as the CI/Br mass ratio of seawater is around 290 (Hem, 1985),
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any measured groundwater CI/Br ratio in excess of 290 can indicate chloride content
may have a component derived from other sources. If other sources of chloride are
indicated use of the decay equations (Eq.7.2) for *°Cl decay dating becomes
problematical. Given this utility, the use of CI/Br ratios has been recommended as part
of routine assessment of *°Cl groundwater data sets by Mazor (1992) and Fontes and

Andrews (1994).

There is an exception to this general trend that should be considered for studies of hyper
saline groundwater. For instance Penny et al. (2003) note groundwaters derived from
remnant evaporated brines beyond halite saturation can exhibit Cl/Br ratios less than
seawater. Davis et al. (1998b) cite several studies of hyper saline (TDS > 100,000
mg/L) groundwaters which have very low CI/Br ratios apparently as a result of this
phenomenon. Davis et al. (1998b) give a review of the use of Cl/Br mass ratios in
groundwater studies and recommend bromide concentrations to be determined as a

matter of course in groundwater investigations.

The use of CI/Br (or Br/Cl) ratios as a tool to trace subsurface chloride origins has been
widely reported in many studies. For example: Edmunds (1996) uses Br/Cl ratios to
examine origins of salinity in several British aquifers; Fabryka- Martin et al. (1991) use
halide ratios to study the origins of subsurface chlorides in the Milk River aquifer in
Canada; Herczeg et al. (1991) use Cl/Br ratios to study the behaviour of chloride in the
Great Artesian Basin; Andrews et al. (1994) and Edmunds and Smedley (2000) use
Br/Cl ratios to examine the Midlands aquifer of England; Cartwright et al. (2004) make
much use of Cl/Br ratios when tracing the origins of salinity in the Murray Basin of

south eastern Australia.

In recognition of the usefulness of shallow groundwater analyses to determine **Cl/Cl
input ratios, a large project to assess *°Cl distribution across the USA has focussed on
shallow groundwater *°CI/Cl ratios. Results from this project are reported in a series of
publications (Davis et al., 1998a, 2000, 2001, 2003; Moysey et al., 2003). At the
culmination of this study Davis et al. (2003) set criteria to evaluate groundwater
samples for anthropogenic affects or chloride contamination (e.g addition of subsurface
brine) to ensure useful *°CI/Cl data are determined. These criteria are: Chloride

concentration < 10 mg/L, Tritium < 2 units, '*C < 86% (pmc), **Cl/Cl < 2000 x 107",
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Cl/Br mass ratio < 260, NO; < 5 mg/L. In other parts of the world, some of these
criteria may not be suitable as indicators of anthropogenic contamination. For example
in central Australia, where virtually no agriculture or pollution is expected in this
sparsely populated region, high NO; levels are endemic with natural levels often in
excess of 50 mg/L (Murray and Seibert, 1962). Various natural biological factors are
considered responsible for generating these high nitrates in central Australia (Barnes et
al., 1992). Groundwater salinity, hence also chlorinity, is also high in central Australia.
Tickell (1997) maps groundwater salinity to be at least above 500 mg/L TDS in this
region. Another study in this region, which included data from over 800 bores, recorded

only one analysis where chloride was less than 10 mg/L (Wischusen, 1998).

Consequently, it seems that radioactive evidence of anthropogenic contamination
(Tritium, "*C, high *°CI/CI ratio) and deviation from expected atmospheric Cl/Br ratios
to highlight subsurface brine contamination etc. (Davis et al. (1998b, 2001), are the only
criteria that may be applicable to determining integrity of shallow groundwater *°Cl data

in central Australia (and most likely other sparsely populated arid regions).

7.1.5. Conclusions

Natural fallout of *°Cl to the earth is yet to be categorically determined. The theoretical
fallout calculated by Lal and Peters (1967) seems to underestimate fallout when
compared to the available, but limited, empirical data sets. The amount of 3°C1 fallout in
precipitation is shown to vary with seasons at any particular field site, so an average
annual assumption is used to estimate *°Cl fallout. More routine collection of *°Cl in
rainfall across continents is needed to better estimate the spatial distribution of

atmospheric *°CI/C] ratios.
Studies of the palaeo intensity of the earth’s magnetic field over the last 800 ka indicate

intensity has never been significantly higher than at present. Consequently, atmospheric

36C1/Cl ratios are unlikely to have ever been lower over the same period.
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The effects of epigene *°Cl production can usually be ignored on groundwater studies as
the rate of epigene *°Cl production is very slow compared to the flux of water in the

subsurface.

Hypogene production is usually only small (<10 by 10"°) when compared to
atmospheric *°CI/Cl ratios. Only when exceptionally high rock U and Th contents are
suspected, or measured groundwater ratios approach hypogene production levels, is it
an important consideration in *°Cl decay dating. Geothermal systems can sometimes be
dated by comparing the amount of *°Cl ingrowth with a known secular equilibrium
ratio. More often age is difficult to quantify. Use of *°Cl has proved useful as a tracer to

help identify origins of chloride in some geothermal systems.

Bomb peak *°Cl is a useful hydrological tracer. There is some evidence that bomb
produced *°Cl is still being released into the environment via methyl chloride
production from plants. Based on known global methyl halide budgets the significance
of this effect seems slight. It may be that in some heavily vegetated areas the effect is

more pronounced.

Determination of an initial input *°Cl/Cl ratio when atmospheric data are absent is
necessary to determine °Cl decay age. Evidence of anthropogenic radioactive
contamination and deviation from expected atmospheric Cl/Br ratios are the most
appropriate criteria against which to test shallow water samples for *°Cl integrity in

sparsely populated arid regions.

7.2. Results

7.2.1. Introduction

Chlorine-36 (*°Cl) is a radioactive isotope with a half-life of 301 000 years. As chloride
is hydrophilic, study of this isotope has the potential to be used as a groundwater dating
tool for waters some millions of years old. Thus, this isotope also has the potential to
determine whether measured '*C activity is truly representative of groundwater

residence time or merely the signature of the mixing of older water with modern carbon-
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14 bearing water. Bethke and Johnson (2002) illustrate how only slight contamination
of a very old water by a modern water can result in an apparent isotope age very much

younger than the actual mix ratio of vintages would suggest.

Once all the factors that can affect *°Cl decay dating are accounted for (see review of
3%Cl in the environment in Section 7.1 above), **Cl/Cl ratios can be used to estimate age
of groundwater if four assumptions are made (e.g. Andrews and Fontes, 1992):

e the only sink for *°Cl in the aquifer is radioactive decay;

e the only source for additional **Cl is normal deep subsurface production;

e additional *°Cl sources can be identified and quantified;

e production rate for *°Cl is the same now as at the time of recharge.

The groundwater may then be dated using the standard decay equation (Eq. 7.2) where
A is the *°Cl/Cl ratio for the groundwater sample, A, is the *°C1/C] ratio for the recharge
(or input function), and 1/A is the mean life of *°Cl (434,251 years).

7.2.2. 3%C1 analyses

The results of *°Cl analyses of samples taken from Palm Valley and at several other

sites along strike in the vast Hermannsburg Sandstone outcrop are shown in Table 7.1.

Plots of these data using one of the standard graphical presentations outlined by Bird et
al. (1991) are shown in Figures 7.5 and 7.6. When the data are plotted as shown on
Figure 7.5 it can be seen most data points fall along the *°Cl decay line centred on a
chloride content of around 100 mg/L. One point (shot hole 1/608) plots along the
evaporation line, another, RN 14952, seems to plot on a dilution line, when these results
are compared to the processes chart included in Figure 7.5. Figure 7.6 shows a distinct
decay trend when data are compared to the included processes chart. It seems that

evaporation effects could account for all deviations off the decay line seen in Figure 7.6.
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Figure 7-5 Plot of *CI/CI versus chloride for Hermannsburg Sandstone process
trends are shown by arrows. If the concentration of chloride in rainfall by
evaporation is assumed to account for groundwater chloride concentration of
around 100 mg/L, then the range of data points is most (from the process chart)
readily explained as radioactive decay of Chlorine — 36. The outliers to this trend
14952 and 1/608 can be explained by differing amounts of evaporation affect. The
Data for the Ti Tree rainfall is after Keywood, (1995).
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Figure 7-6 Plot of **CI/Cl versus *°Cl atoms for Hermannsburg Sandstone sites
sampled for this study, process trends are shown by arrows. This diagram also
shows a *°Cl decay trend like Fig. 7.3. Data points not on the decay trend shown by
the main cluster of data points can again be explained by different amounts of
evaporation affect. These data support the conclusion that radioactive decay is the
main reason for **CI/Cl variations within the Hermannsburg Sandstone and that
consequently groundwater age varies by hundreds of thousands of years between

some sample points.
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It should be noted that while the magnitude of likely error for these *°Cl/Cl ratios has
been computed by the ANU and included in Table 7.1, these errors are too small to be

included as error bars on these plots.

It should also be noted that no aquifer ever has exactly consistent chloride content when
sampled along flow paths. NT Government records show that even samples taken from
the same bore at different intervals will have slightly differing chloride contents. As
discussed above (Section 7.1) this variation can arise from slight differences in the
amount of evaporation during recharge or even addition of subsurface chlorides. It is
because of this that *°Cl results are initially evaluated by way of process charts, as
shown in Figure 7.2, so that the likely cause of variation of chloride concentration
between samples can be seen. Given this expected variation, statistical appraisal of *°Cl
results by way of r* values of lines of best fit etc. on say *°Cl/Cl v Cl plots is never
applied. Indeed there is no instance of statistical analyses of trend lines for *°Cl/CI or
3%CI atoms versus chloride plots reported in any of the literature cited in this thesis.
Thus, while the result plots shown in Figure 7.5 and 7.6 are useful to look for relevant
trends, like any graphical technique, some caution should be exercised when
interpreting results. For instance manipulation of axis scales can change the apparent
significance of any process trend observed. For example, if larger scale axes had been
used in Figure 7.5 the decay trend observed might have been more pronounced.
Conversely, if smaller scale axes had been used no significant trend may have been
discernable as data points would plot as a scatter filling the graph. To illustrate that the
decay trend seen here is real and not an artefact of manipulation of plot axes, the *°Cl
decay results are compared graphically to many other *°Cl groundwater results from

other studies in Chapter 8 below.

This clear decay trend, an unusual luxury in *°Cl groundwater studies (see Chapter 8),
allows these data to be interpreted without contemplating un-measurable complex
sources and sinks of chloride within the aquifer. For example the limited range of
chloride in the samples here (44 - 212 mg/L, Table 7.1) is reasonably explained as
variation in evaporation during recharge and discharge or in the dissolving of some
residual sub surface chloride left over from evapotranspiration processes en route to the

aquifer, rather than an intra aquifer source or sink of chloride effect.
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The variation between the highest and lowest *°Cl/Cl ratio is about one half life for all
samples from the Hermannsburg Sandstone. At Palm Valley a significant variation
between sampled *°Cl/CI ratios is also apparent when bore RN 4508 is compared to
either RN 12024 or West Spring (Table 7.1). Thus, if a shallow groundwater with some
radiocarbon activity (e.g. West Spring) was taken as a likely input ratio, (a strategy
adopted for some Australian 38C1 studies e.g. Kellett et al., 1990; Torgersen et al., 1991;
Mazor, 1992), groundwater age would vary by about one *°Cl half life (300 ka) between
West Spring and RN 4508.

7.2.3. Factors affecting the use of *°Cl as a chronometer.

7.2.3.1. Introduction

In Section 7.1 a review of factors that may affect the use of *°Cl decay to date
groundwater were presented. These factors are considered below in relation to the

results from Palm Valley.

7.2.3.2. Input ratio

In Section 7.1.31 a review of studies examining fallout of *°CI to the Earth’s surface
was presented. The validity of the observed *°Cl data at Palm Valley is complemented
by recent work elsewhere in central Australia. Keywood (1995) measured atmospheric
3%C1/Cl ratio in precipitation at Ti Tree (250 km north east of Palm Valley) at 325 by 10°
1. This value compares to the least decayed data point shown on Figure 7.6 (290 x 10"
'* at bore RN 14952 Injarrtnarma). Furthermore, this value is approximately the same as

that calculated using the formula of Phillips (2000) discussed in Section 7.1.3.1.

The variation between the highest and lowest *°Cl/Cl ratio is about one half life for all
samples from the Hermannsburg Sandstone. At Palm Valley a significant variation
between sampled *°Cl/CI ratios is also apparent when bore RN 4508 is compared to
either RN 12024 or West Spring (Table 7.1). Thus if a shallow groundwater with some

radiocarbon activity (e.g. West Spring) was taken as a likely input ratio, (a strategy

156



7 Chlorine-36

adopted for some Australian 3C1 studies e.g. Kellett et al., 1990; Torgersen et al., 1991;
Magzor, 1992), groundwater age would vary by about one **Cl half life (300 ka) between
West Spring and RN 4508.

Therefore assigning a *°Cl/Cl input ratio of around 300 by 107" for groundwater studies
in this region has some credence. If the assumptions pertaining to equation (2.2) are
assumed valid, and an input ratio of 325 by 107" is used, groundwater age is calculated

to vary by over 300 000 years in the Hermannsburg Sandstone (Table 7.1).

Given that *°Cl/Cl ratios are noted to vary with season (Keywood, 1995) and rainfall
amount (Kniess et al., 1994) an exact input ratio may be impossible to estimate. Thus
while an indication of relative ages remains feasible, predicting actual age of
groundwater using *°Cl decay maybe somewhat problematical. An error function of say
at least around +/- 20 % may be the best way to view estimates of absolute groundwater
age at Palm Valley. This implies correlation of recharge to past Quaternary pluvial

events may also only be an approximation here.

7.2.3.3. Past changes of *°Cl fallout rate

The potential for *°Cl fallout to have been different in the past has been discussed in
Section 7.1.3.2. While potential complications are recognised from this phenomenon it
is highly unlikely that *°Cl fallout has ever been less than at present. Thus, the relative
difference in *°CI/Cl ratios, if taken to be a result of radioactive decay, indicate around

300 ka distinction between some groundwater sampled at Palm Valley.

7.2.3.4. [Epigene Production

Epigene *°Cl production in the upper few metres of the Earths crust is reviewed in
Section 7.1.3.3. This review concluded that due to the relatively fast movement of
groundwater compared to the rate of epigene *°Cl production that in most instances
epigene *°Cl production can be ignored (e.g. Phillips, 2000). There is no evidence that

suggests this general conclusion should not also be valid at Palm Valley.
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7.2.3.5. Hypogene production.

Hypogene production of *°Cl is reviewed in Section 7.1.3.4. In general, hypogene *°Cl
production rates are low. For instance, the maximum *°Cl/Cl secular equilibrium for
sedimentary rocks is around 10 x 10™'°. Furthermore, it is only when groundwater
36C1/CI ratios approach hypogene production rates that its affect on *°Cl decay age

determination is significant.

As the lowest *°CI/C] ratio at Palm Valley is 130 by 107" it is unlikely that, if typical
hypogene production rates apply (i.e. sandstone R, max 10 x 107°), hypogene
production is a significant factor here. The only way hypogene production is likely to
affect results here is if the Hermannsburg Sandstone has an unusually high uranium

content.

To investigate this possibility samples from bores at Palm Valley were examined for
trace element content by Inductively Coupled Plasma Atomic Emission Spectra
(ICPAES) techniques. The results of these analyses are presented in Table 7.2 where it
can be seen that as U content does not exceed 9 pg/L, which is within the normal range

expected for groundwater (Hem, 1985).

No whole rock chemistry analyses of the Hermannsburg Sandstone were conducted for
this study. Simpson et al. (1991) however, reports XRF analyses from 20 sites in the
Hermannsburg Sandstone from near the top of the Palm Valley anticline only 3 km
north of the main stand of Palms. While Simpson et al. (1991) do not report a uranium
measurement, thorium levels are reported. The Th concentrations reported are never

more than 14 parts per million (ppm) and usually well less than 10 ppm.

158



Table 7.2 Trace element groundwater chemistry from 3 Palm Valley sites

BORE ID
ELEMENT 4508 12024 14616

All results in pg/L

Ag 0.01 <0.006 0.01
Al 273.39 4,71 45.41
As 2.70 2.85 0.35
Ba 87.30 77.15 45.47
Be 0.10 0.01 0.01
Bi <0.02 <0.02 <0.02
Cd 8.48 2.69 2.73
Ce 0.48 0.01 0.23
Co 0.27 0.11 0.16
Cr 6.36 0.73 4.62
Cs 0.39 0.09 0.09
Cu 3.77 2.06 32.43
Dy 0.08 0.01 0.03
Er 0.04 0.01 0.01
Eu 0.04 0.02 0.03
Ga 1.99 1.61 1.02
Gd 0.11 0.00 0.04
Ge 0.17 0.04 0.05
Ho 0.02 0.00 0.01
La 0.17 0.02 0.16
Li 33.81 14.43 12.19
Lu 0.01 0.00 0.00
Mn 25.44 <0.07 46.98
Mo 0.43 0.85 0.18
Nb <0.03 <0.03 <0.03
Nd 0.34 0.02 0.21
Ni 23.64 2.47 2.70
Pb 26.03 0.64 10.90
Pr 0.07 0.00 0.05
Pt <0.009 <0.009 <0.009
Rb 20.30 9.64 5.21
Sh 0.05 0.03 <0.02
Sc <0.11 0.67 <0.11
Se 3.32 6.36 3.08
Sm 0.08 <0.009 0.04
Sn <0.07 <0.07 <0.07
Sr 285.22 372.35 204.96
Ta 0.03 0.03 0.02
Th 0.01 0.00 0.01
Th 0.13 0.01 0.01
U 1.12 8.79 2.37
\% 0.92 19.43 0.30
W 0.22 0.12 0.08
Y 0.45 0.06 0.11
Yb 0.04 0.00 0.01
Zn 318.20 55.60 151.33
Zr 0.13 0.11 0.08

The less than (<) values are detection limits for the method
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As Th (a daughter product of U decay) is nearly always more abundant than uranium in
rocks (Hem, 1985) these data are taken to indicate that U levels are not anomalously
high in the Hermannsburg Sandstone. Examination of Gamma Ray geophysical logs of
bores drilled in the Hermannsburg Sandstone held in the NTG database show a typical
sandstone low count response, this is indicative of lower U and Th levels than those

typically found in clays or shales.

Consequently, it is concluded that hypogene *°Cl production is not a significant

consideration when assessing *°Cl results from Palm Valley.

7.2.3.6. Anthropogenic Sources

Anthropogenic *°Cl production (mainly from surface testing of nuclear weapons) is
reviewed in section 7.1.3.1. Elevated *°Cl/Cl ratios have been attributed to weapons
testing elsewhere (e.g. Davis et. al., 2000). As *°Cl/Cl ratios are consistently at or below
known nearby atmospheric ratios (Keywood, 1995) and carbon-14 values are less than
100 %MC, there is no prima facie evidence to suggest *°Cl results at Palm Valley are

complicated by bomb pulse affects.

7.2.3.7. Addition of “dead” chloride.

In Chapter 8 it is noted that many previous attempts to use *°Cl decay to date
groundwater have suffered because subsurface addition of chloride is indicated and
consequently *°Cl decay results were liable to ambiguous interpretation. At Palm
Valley the plots of *°Cl and Cl data (Figs. 7.5 & 7.6 discussed above) do not indicate

that subsurface addition of ClI has occurred.

7.2.3.8. CIl/Br ratios

Many workers (e.g. Andrews and Fontes, 1993; Mazor, 1992; Davis et al., 1998a,
2000; see Section 7.1.4) recommend comparing groundwater CI/Br ratios, with
reference to those of seawater, as a check for addition of extra aquifer derived chloride.
The results of four Cl/Br analyses from water samples collected in 2002 are shown in

Table 7.1. As these ratios are less than the Cl/Br (mass) ratio of seawater (i.e. 290,
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Hem, 1985), which is also expected in inland Australian rainwater due to loss of
chloride from sea salt aerosol by volatilisation with H,SO4 and HNO; (Keywood et al.,
1997), an atmospheric source of chloride can be assumed here. It should be noted that
inland rainfall with Cl/Br ratios less than seawater have also been described in Nigeria

by Goni et al., 2001.

Given the significance of subsurface chloride addition to *°Cl decay dating studies it is
worth looking at CI/Br ratios in more detail. As part of her investigation into rainfall
across a north to south transect of continental Australia, and a west to east transect
across Western Australia, Keywood (1995) also recorded Br levels in precipitation.
Bromide and chloride concentrations from precipitation were determined by Ion
chromatography. Given the low concentrations recorded, accuracy of Br analyses are
reported by Keywood (1995) to be less (9.6%) than those of CI (0.31%). Even with
these accuracy constraints compilation of these data allow a check on atmospheric Cl/Br

ratios in the central Australian region.

Table 7.3 shows a compilation of CI/Br ratio values calculated from Keywood’s (1995)
data obtained from her central Australian sample stations (i.e. stations that are a similar
distance from the coast as Palm Valley.). Figure 7.7 shows the location of these stations
and a graphical display of the data presented in Table 7.3. These data confirm that Cl/Br
levels are indeed below the seawater ratio of 290 in inland Australian precipitation.
Seasonal and perhaps amount related variation in precipitation composition along with
the limited accuracy of the Br measuring technique probably preclude quantitative use
of the recorded atmospheric Cl/Br ratios to determine actual amounts, if any, of
subsurface Cl addition. Nevertheless, these values indicate groundwater CI/Br ratios in
central Australian aquifers should be below the seawater ratio when there is no

contamination by subsurface derived chloride.

Thus, comparison of groundwater Cl/Br data to the seawater ratio is seen to be an
appropriate technique to investigate the sources of chloride in central Australian
aquifers. Furthermore, contamination of groundwater by windblown halite (i.e. a
possible source of dead chloride that could lower *°Cl/C] ratios in groundwater) derived
from distant central Australian playas (i.e. halite CI/Br = 1000+, Davis et al., 1988b) is

not indicated here.

161



Table 7.3 Keywood's (1995) central Australian atmospheric Cl/Br (mass) ratios

STATION SEASON RAIN Cl Br Cl/Br
(mm) vg/L vg/L (mass)
Carnegie A9l 16 170.15 0.80 213
Carnegie W91l 153 181.50 3.19 57
Carnegie SP91 1 187.88 0.80 235
Carnegie S91 55 372.21 2.40 155
Carnegie A92 194 195.32 7.19 27
Carnegie W92 31 167.67 1.60 105
Carnegie SP92 20 203.12 3.19 64
Carnegie S92 33 38.99 1.60 24
Gunbarrel A9l 36 256.65 1.60 161
Gunbarrel W91l 118 120.52 2.40 50
Gunbarrel SP91 14 197.45 1.60 124
Gunbarrel S91
Gunbarrel A92 265 141.08 4.79 29
Gunbatrrel W92 31 221.55 1.60 139
Gunbatrrel SP92 0.00 0.00
Gunbarrel S92 79 75.86 2.40 32
Everard Jn A91 11 147.11 0.00
Everard Jn W91 118 97.13 3.19 30
Everard Jn SP91 50 278.27 1.60 174
Everard Jn S91 0.00 0.00
Everard Jn  A92 191 163.06 6.39 26
Everard Jn W92 22 153.85 1.60 96

Everard Jn SP92
Everard Jn S92

Wintinna W92 27 296.35 3.19 93
Wintinna SP92 134 233.96 7.19 33
Wintinna S92 31 322.58 1.60 202
Wintinna A93 31 152.43 3.99 38
Wintinna W93 49 375.75 5.59 67
Wintinna SP93 66 272.95 4.79 57
Wintinna S93 74 223.33 3.99 56
Wintinna A94 43 198.51 3.99 50
Alice Sp w9o2 10 81.53 0.80 102
Alice Sp SP92 69 163.06 3.99 41
Alice Sp S92

Alice Sp A93 149 77.99 18.37 4
Alice Sp w93 14 189.29 1.60 118
Alice Sp SP93 62 400.57 6.39 63
Alice Sp S93 85 114.50 3.19 36
Alice Sp A94 2 54.95 0.00

Tennant Ck W92 0 5.67 0.00

Tennant Ck  SP92 57 236.44 3.99 59

Tennant Ck S92
Tennant Ck  A93

Tennant Ck W93 5 25.17

Tennant Ck SP93 59 404.11 7.19 56
Tennant Ck  S93 56 804.68 11.18 72
Tennant Ck  A94 0 14.18 0.00

MEAN CI/Br AT STATIONS MEAN CI/Br
Carnegie 79
Gunbarrel 70
Everad Jn 70
Wintinna 65
Alice Springs 32
Tennant Ck. 62

NB. A = Autumn, W = Winter, SP = Spring, S = Summer.
Note also different period measured for WA sites. Data derived from Keywood, 1995.
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Figure 7-7 Inland Australian atmospheric Cl/Br ratios as recorded at several
stations over several seasons by Keywood, 1995. The location of these stations in
relation to Palm Valley is shown. The graphical display of the CI/Br data for each
season sampled at each station is based on data presented in Table 7.3. Actual
seasons sampled vary slightly between WA and the SA and NT stations (see Table
7.3). These data confirm that atmospheric CI/Br levels are below the seawater ratio
of 290 in inland Australian precipitation.
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7.2.3.9. Complementary data

Edmunds (1995), Edmunds and Smedley, (2000), Edmunds et al. (2003) and Guendouz
et al. (2003) note that other chemical factors, given the right conditions, can sometimes
be used as a proxy to indicate groundwater age. For instance in confined aquifer
systems decrease in nitrate concentration can be taken as an indication of an
increasingly reducing environment and hence increase in groundwater age. Similarly,
some trace elements such as Lithium behave conservatively and are not typically subject
to solubility constraints. Therefore, such elements can be used as a proxy indicator of
relative groundwater age as concentration is expected to increase along a flow path as
dissolution associated with groundwater evolution continues. The Hermannsburg
Sandstone is unconfined and apart from the data shown Table 7.2 no other trace element
data are available. Thus, no other complementary chemical indicators of groundwater

age are available for this study.

7.3. Conclusion

The plots of **Cl/Cl ratio against **Cl atoms (Fig. 7.6) and chloride (Fig. 7.5) show no
apparent loss or gain of chloride within the aquifer. These data and other considerations
outlined above all support radioactive decay as being the cause of variation of **Cl/Cl
ratios within the Hermannsburg Sandstone at Palm Valley. Hence groundwater age

varies from recent to around 300 ka at Palm Valley.
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8 Relevance of this study

8. Relevance of this study

8.1. Background

The use of *°Cl decay dating to provide a window beyond the radiocarbon dating range
for groundwater resource assessment was championed with the advent of suitable AMS
techniques in the late 1970s. The review of *°Cl decay dating studies outlined below,
however, shows that the early promise has since been rendered a controversial
technique. It seems that depending on opinion, results to date have been difficult or
impossible to interpret. Many of the data suites from previous studies display these
ambiguous trends with no clear decay component when plotted on a *°Cl/Cl versus CI

chart (see Section 8.2.4).

The controversial status of *°Cl decay dating of groundwater is mirrored in textbooks on
isotope hydrology. Clark and Fritz (1997) express doubt on the validity of the technique
when subsurface chloride addition is indicated. However Phillips (2000) thinks *°Cl
decay dating is still feasible when well over 50% of aquifer chloride is derived from

subsurface sources.

8.2. Review of groundwater **Cl decay studies

8.2.1. Introduction

Studies of groundwater using *°Cl as a tracer have been undertaken in many aquifers
around the world. While there have been many applications of *°Cl in groundwater
studies it is commonly acknowledged (eg. Davis 1998a: Andrews and Fontes, 1992;
Phillips, 2000) that interpretation of results has often been difficult. This is usually
because of doubt about sources and sinks of *°Cl in the subsurface and/or the magnitude

of atmospheric *°CI/Cl ratio at time of recharge.
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8 Relevance of this study

This is particularly so for groundwater dating where, as previously discussed in Section
7.1, the *°CI/CI ratio may be used to estimate ages of groundwaters only if certain
assumptions are made (Andrews and Fontes, 1992). Davis et al. (2000) note in most
instances that the main problem with *°Cl dating is an inverse relationship between
chloride concentration and *°Cl/Cl ratio being observed in the aquifer system. Indeed
Andrews and Fontes (1993) make the general observation that dating of groundwater
using *°Cl cannot be undertaken when chloride is added along flowpaths. However, in
many *°Cl groundwater studies (discussed below) addition of chloride in the subsurface
has been accounted for and age estimates made. Phillips (2000) states *°Cl decay dating
should be feasible even when up to 90% of groundwater Cl is aquifer derived in most
instances. The necessity of estimating/assuming the amount and rate of chloride
addition over long time periods must, however, diminish the reliability and accuracy of

the *°Cl method in these circumstances.

8.2.2. Renowned **Cl decay groundwater studies

8.2.2.1. Great Artesian Basin

An example which deals with the issue of chloride addition along flow paths is the
pioneering *°Cl decay dating Australian studies in the Great Artesian Basin (GAB). The
3%C1 decay dating of the GAB groundwater by Bentley et al. (1986a) and Torgersen et
al. (1991) have been reinterpreted by Mazor (1992), Mazor and Nativ (1994) and
Andrews and Fontes (1992, 1993). These reinterpretations question the groundwater
age determinations presented as it is considered that sources and sinks of chloride along

basin flow paths were inadequately accounted for.

The original authors argue that they have recognised and allowed for the addition of CI'
along flow lines (down dip) in these basins. Data plots show general trends of **Cl/Cl
and *°Cl to decrease along perceived slow flow paths, *°Cl decay commensurate with
expected range of hydrogeological parameters and likely atmospheric *°CI/Cl inputs is
indicated, thus some addition of CI" at a slow rate is invoked to explain increase of

chlorinity along flow path. Andrew and Fontes (1992, 1993) argue that mixing of two
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8 Relevance of this study

3%C1/C1 end members in the aquifer, one at atmospheric level, the other at aquifer secular
equilibrium, can equally well explain these *°Cl and CI' data. This point is then
illustrated with theoretical mixing curves plotted on **Cl/Cl against CI” concentration
diagrams. Andrews and Fontes (1993) show that variation of the mixing rate (from
100+ millions of years to instantaneous) of subsurface derived CI° with input
atmospheric derived CI to attain observed aquifer Cl levels has no discernible affect on
mixing trend lines. Given this potential ambiguity, Andrews and Fontes (1993) state
3%Cl decay dating of old groundwater should be limited to cases where chlorinity is
constant. In reply, Torgersen and Phillips (1993) note among other points that the
extreme example of instantaneous mixing is not evident as *°Cl concentration decreases
down flow path and therefore there is a discernible component of **Cl decay in the GAB

waters and therefore *°Cl decay dating of groundwater in the GAB is sound.

Mazor (1992) Mazor and Nativ (1994) and Mazor (1995) introduce a concept of
stagnant groundwater that may affect some parts of the GAB, and postulate measured
3®C1/Cl ratios only reflect aquifer secular equilibrium values and not *°Cl decay and thus
no dating is possible. This concept, which is in contrast to standard theories of
groundwater flow (eg Toth 1995), has been refuted by various other workers (Kellett et
al. 1993; Phillips, 1993). Fontes and Andrews (1993b) also question much of the
interpretation made by Mazor (1992) of previous *°Cl groundwater studies. Mazor
(1993a,b,c) reiterates his arguments in a series of replies to this criticism but there is no

apparent resolution of these differences of opinion.

The debate on the applicability of *°Cl decay dating in the GAB and elsewhere is not yet
resolved. Clark and Fritz (1997) in their text on isotope hydrogeology discuss the *°Cl
data for the GAB and reiterate the arguments raised by Andrews and Fontes (1992).
They plot GAB groundwater samples on a 3%C1/Cl versus CI diagram and illustrate how
a mixing process between a subsurface high C1" low *°Cl brine and a low CI” higher *°Cl
recharge water also explains the GAB results. Clark and Fritz (1997) do, however,
concede that the difference in *°Cl activities between recharge and distal groundwaters
in the GAB indicate water is at least 300 ka (one *°Cl half life) old. This discussion
which incorporates aspects of several opinions on *°Cl decay dating in the GAB

illustrates that the use *°Cl as a dating tool is still somewhat controversial.
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Subsequent *°Cl studies have been undertaken in the GAB. Radke et al. (2000) in their
compilation of all GAB hydrochemical data note that *°Cl data only provide limited
information on groundwater flow rates as in much of the GAB **CI/Cl ratios are
commensurate with expected in situ *°Cl production rates. In other areas, interpretation
of *°Cl data requires an estimate of the magnitude and rate of Cl addition to the aquifer
to be made. Radke at al. (2000) note an inverse relationship between *°Cl/Cl ratio and
alkalinity and speculate that further work on this association may allow *°Cl decay age

determinations to be extrapolated further into low *°Cl/ClI regions of the GAB.

Love et al. (2000) sampled bores in the western GAB in South Australia and note that
unmeasurable rates of diffusion of Cl from aquitards and potential past secular variation
in atmospheric *°Cl fallout preclude determination of absolute groundwater age in the
western GAB. They prefer to use *°Cl/Cl data to compute relative age differences
(hence groundwater flow velocity) between sample points. Love et al. (2000) show Cl
concentration decreases along flow path in some areas and propose upward leakage with
increasing head may remove solutes from the aquifer. The possibility that decrease in
chloride concentration downdip may also occur as the result of less evaporation due a
different climatic regime at the time of recharge is also noted. This situation, which is
contrary to that found in the eastern GAB (Bentley et al., 1986b), allays some of the
concerns raised by Andrews and Fontes (1992) for *°Cl studies in the GAB discussed

above.

In a follow up study, Lehmann et al. (2003) calibrate the western GAB *°Cl data
presented by Love et al. (2000) with Krypton-81 measurements and calculate some
bores to have around 80% subsurface derived Cl, which they consider unsuitable for
3%Cl decay dating. The technique of age dating groundwater with ®'Kr is only suitable
for confined aquifers and has the logistical inconvenience of requiring large volumes of
sample for analyses and is a major technical undertaking (Collon et al., 2000) which
explains in part why this isotope has not used in conjunction with **Cl more often.
Sturchio et al. (2004) have now developed a *'Kr measurement technique that requires
less sample volume (2 tonne), if such improvements in sampling logistics continue this

technique may be more readily applied in future groundwater studies.
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The hydrological characteristics of the GAB have also been used as a template for a
hypothetical reactive transport modelling exercise of *°Cl decay and aquitard diffusion
of *°Cl by Bethke et al. (2000). This study concludes groundwater age in the GAB is
probably older than that indicated from Darcy flow calculations, however many of the
assumptions needed for previous studies in the GAB still need to be invoked for this
work. Park et al. (2002) developed this modelling exercise further noting the potential
limitations of *°Cl decay dating given conditions similar to those found/perceived in the
GAB. Among these potential limitations, it is noted *°Cl decay age cannot be interpreted
when groundwater is only moderately saline (Cl = 75 — 150 mg/1). Park et al. (2002)
assume an input CI concentration to their model of 23 mg/l, as used in previous GAB
studies, thus the threshold percentage of subsurface derived Cl that precludes *°Cl decay
dating based on this work is around 65 — 85 %.

8.2.2.2. Milk River

The International Atomic Energy Agency (IAEA) sponsored study of the Milk River
Aquifer, southern Alberta, Canada by Phillips et al. (1986b) encountered similar
problems to the GAB, in that chloride concentration increases down flow path in this
aquifer also. The results were difficult to interpret here as this aquifer is considered
much more hydrochemically and hydraulically complex than the GAB. Phillips et al.
(1986b) reconcile *°Cl decay age and hydraulic data by proposing the additional
chloride is derived from an ion filtration process and discount the possibility that
additional CI is sourced from the flushing of connate brines. In a subsequent appraisal
of this aquifer Hendry and Schwartz, 1988 prefer a diffusion model to account for
additional CI', and deduce a younger groundwater age in the aquifer than Phillips et al.
(1986b). Nolte et al. (1991) obtained further *°Cl data and further developed a CI
diffusion flux model for the aquifer and estimated the maximum groundwater age to lie
between the respective age estimates of 2 Ma and 0.5 Ma by Phillips et al. (1986b) and
Hendry and Schwartz (1988). Fabryka-Martin et al. (1991) resolved the conflict on
theories of the source of additional CI" to this aquifer by proposing an intra aquifer
origin as the dominant source. Other processes such as ion filtration and diffusion from
aquitards are still considered potentially valid origins of extra CI', but in a minor
capacity only. Fabryka-Martin et al. (1991) propose local diffusion of saline water

primarily from low permeability units within the Milk River Formation as the simplest
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explanation of source of additional CI" within the Milk River Aquifer. A common
subsurface input source for all halides in the aquifer is indicated as halide ratios
approach constant values along flow paths. Even though up to 90 % of the chloride at
the distal ends of this aquifer may be derived from subsurface origins Fabryka-Martin et

al. (1991) still calculate groundwater age from *°Cl decay data at around 1 Ma.

Mazor (1992), in a similar vein to his criticisms of the GAB *°Cl studies mentioned
above, questions whether the Milk River Aquifer is hydraulically continuous. Phillips
(1993) again refutes Mazor’s interpretation and cites many studies that confirm the

hydraulics of the Milk River Aquifer.

Andrews and Fontes (1992) also discuss the Milk River Aquifer *°Cl results and note
high *°Cl inputs compared to predicted local atmospheric **Cl/CI ratios may reflect a
component of *°Cl produced in the epigene zone or barring this it may mean that bomb
36Cl is leaking through confining beds which may confuse interpretation. As mentioned
above (section 7.1.3.3) epigene production is now considered an unlikely complication
in groundwater studies. A recent empirical study of shallow groundwater *°Cl/Cl ratios
in the USA (Davis et al., 2003) now show higher ratios than previously predicted for
this region of North America. Thus this indication of leakage of bomb 3%Cl, noted by

Andrews and Fontes (1992) may now not be significant.

Frohlich et al. (1991) give an overview of Milk River Aquifer studies and support the
work of Fabryka-Martin (1991) to explain the various Cl  addition mechanisms
proposed. Frohlich et al. (1991) also notes that *°Cl decay age estimates, with in situ
production accounted for, were only around 30% older than those calculated using zero
in situ production. However, it is also noted that when groundwater chloride reaches
approximately 500 mg/l in the Milk River Aquifer, in situ production dominates the *°Cl
signature. Hence no reliable *°Cl1 decay ages are considered likely when chloride content
is high. The high atmospheric *°Cl/Cl (input) ratios compared to predicted subsurface in
situ **Cl production rates help the application of *°Cl decay dating at Milk River.

Clark and Fritz (1997) however, in keeping with points raised by Andrews and Fontes
(1992) make the comment that at distal ends of this aquifer the *°C1 brought in with the

additional subsurface CI reflects the residence time of the brine and that no *°Cl decay
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dating is possible. This interpretation, which is in contrast to conclusions drawn by
Phillips (2000) in another isotope hydrology text book again illustrate the differing
opinions on the applicability of *°Cl decay dating when addition of subsurface CI is
apparent. Phillips (2000) presents plots that show *°Cl/Cl ratio and *°Cl concentration to
decrease with distance along flow path to back his argument. Process charts, like those
shown in Figure 7.2, which are used by Andrews and Fontes (1992) to illustrate the
ambiguity of *°Cl decay dating when subsurface additions of CI" occur in the GAB are
not illustrated. Instead Phillips (2000) presents a diagram that, given certain
assumptions (i.e. atmospheric *°Cl/CI 30 times greater than in situ secular equilibrium)
shows subsurface production of *°Cl from additional subsurface Cl would not be
expected to dominate atmospheric *°Cl in low salinity groundwater until 500 ka of
residence and when over 90% of CI" was derived from subsurface sources. Given this
debate, it is readily appreciated that at the Milk River Aquifer the validity of *°Cl decay
dating is controversial. This is largely due to the uncertainty regarding the source and

rate of subsurface additions of chloride that occur within the aquifer post recharge.

8.2.2.3. Magadi-Natron Basin

Another *°Cl study that has sparked debate in the literature is the examination of
Magadi-Natron Basin in the East African Rift, near the Kenyan-Tanzanian border, by
Kaufman et al. (1990). They date brine in the basin at around 760 ka by comparing
*CI/CI ratios in dilute modern waters with those found in the brine. To do this the
assumption is made that the basin is a closed system with Cl derived from accumulated
precipitation since the basin was formed. Concentration by evaporation and continual

mixing of a component of dilute recharge with recirculating brine is also assumed.

Fontes and Andrews (1993a) comment on this work in the Magadi-Natron Basin and
dismiss the attempt to use *°Cl decay to date brines as they consider that there are to
many uncertainties in the estimated input (atmospheric) *°Cl/Cl ratio used and epigene
and hypogene *°Cl production are not accounted for adequately. Furthermore, they note
the influence of bomb peak *°Cl fallout in the closed system has not been calculated and
that mass balance considerations of retaining all Cl fallout within the basin in the period

proposed could not be accommodated unless considerable halite was deposited.
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Kaufman et al. (1993) respond by noting that the inherent uncertainties in estimating
atmospheric fallout of *°Cl, bomb peak fallout, epigene and hypogene production and
past atmospheric **Cl/Cl ratios can equally be invoked to refute the arguments of Fontes

and Andrews (1993a).

In his text book chapter on *°CI Phillips (2000) cites the Kaufman et al. (1990) work in
a discussion on *°Cl as a tracer for salinity studies without mention of the subsequent
debate outlined above. It is not known if this is a tacit rebuttal of Fontes and Andrews
(1993a) concerns. This point notwithstanding, it is apparent from the Magadi-Natron
study that when uncertainty of sources and sinks of Cl in the subsurface exist, doubts

about the viability of *°Cl decay dating method will also exist.

8.2.2.4. Mazowsze Basin

Dowgiallo et al. (1990) sampled the Oligocene aquifers of the Mazowsze Basin in
Poland for *°Cl analyses. The results are taken to indicate *°Cl decay has occurred and
that some groundwater is over 200 ka old, however, the likelihood of addition of

subsurface derived chlorides is noted.

Zuber et al. (2000) criticise this interpretation as it does not match their understanding
of the flow dynamics where maximum residence time is expected to be only 35 ka and
that no trend of *°CI/Cl or *°Cl decreasing along flow path in the aquifer is discernible.
Furthermore, it is noted that noble gas data indicates these groundwaters are connected
to the atmosphere. It is argued that the differences in *°Cl/Cl ratios observed in this
basin (488 to < 20 by 10™"), taken to indicate *°Cl decay by Dowgiallo et al. (1990),
may be explained by variation in the amount of epigene *°Cl production at different
recharge sites. This potential for complications of *°CI/Cl interpretation due to recharge
waters picking up epigene produced *°Cl and thereby causing differences in *°Cl/CI
inputs throughout the aquifer was originally noted by Andrews and Fontes (1992) when
discussing the Milk River Aquifer. As mentioned above, it is now generally thought
unlikely that epigene production is a significant factor to be considered in *°Cl
groundwater studies, particularly at altitudes less than 2000 m. Thus it may be that
unknown complications of the flow system and subsurface chloride need to be resolved

before assessing *°Cl/Cl data for this basin.
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Further potential for complication is noted by Zuber et al. (2000) in that hydrochemistry
of the Oligocene aquifer is described as a mosaic throughout the basin and factors such
as the influence of salt diapirs and discharge from underlying Mesozoic units are called
upon to explain variations in chloride concentrations. This observation suggests that not
all sources and sinks of chloride to the aquifer are known and therefore reliability of the
3%C1 decay dating by Dowgiallo et al. (1990) is problematic. These uncertainties may

equally render some of Zuber et al. (2000) conclusions on groundwater age uncertain.

It is apparent that, as noted by both Dowgiallo et al. (1990) and Zuber et al. (2000),
more information is needed to properly assess groundwater age in the Mazowsze Basin.
The process chart of *°CI/Cl versus Cl presented by Dowgiallo et al. (1990) illustrates

the complexities in the chloride cycle of this basin, as no clear trends are discernible.

8.2.2.5. Murray Basin

The studies of *°Cl in the Murray Basin in south-eastern Australia by Kellett et al.
(1990) and Davie et al. (1989) have also resulted in some debate. In this basin,
decreasing *°C1/Cl with increase in chloride concentration is taken to show addition of
dead Cl to the confined aquifer and not *°Cl decay. The *°Cl data are considered roughly
consistent with expected atmospheric *°Cl/CI ratios in the vicinity and are used to
elucidate recharge processes. Mazor (1992) by way of a graphical technique to
determine *°CI/CI input ratio considers evidence of *°Cl decay exists and that some of
the groundwater in the Murray Basin maybe very (100s ka) old. Kellett et al. (1993) and
Fontes and Andrews (1993b) dismiss most of the points raised and propose that Mazor
(1992) invokes assumptions that do not match the known hydrological environment to
support his controversial arguments. Some of this debate also considered likely
atmospheric *°C1/Cl inputs in the Murray Basin region. Simpson and Herczeg (1994) as

outlined previously, also discuss aspects of the atmospheric **Cl/Cl ratio in this region.
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8.2.3. Other Studies that attempt *°Cl decay dating

8.2.3.1. Introduction

Studies that attempt *°Cl decay dating of groundwater are still reported in the literature.
These studies have seemingly not attracted the same level of debate on *°Cl decay
dating as that outlined above for the GAB and Milk River Aquifer systems. As most of
these studies also show an inverse Cl to *°Cl/Cl relationship, the literature debate
outlined above is probably equally applicable to some of these studies. The reason for a
lack of debate may reflect a general acceptance of the limitations of *°Cl decay dating
and/or the untimely deaths of both John Andrews and Jean-Charles Fontes who led
much of the discussion on the application of *°Cl decay dating in aquifers without
constant chloride content. Some geothermal systems, as discussed above in section
7.1.3.4, have also been dated using the ingrowth of *°Cl compared to estimates of host

rock *°Cl secular equilibrium rates.

8.2.3.2. International studies

Penny et al. (2003) present some *°Cl/Cl ratio data from two transects in a coastal plain
aquifer in Alabama, USA as a small part of an integrated groundwater study. If natural
3%Cl decay along flow paths is assumed groundwater ages >100 ka are calculated. Such
ages are commensurate with the known hydraulic characteristics of this aquifer. Caution
is reccommended when viewing these data as progressive mixing from low *°Cl high CI
residual evaporate brines is known to occur in this region. This uncertainty is reflected
by the fact that the *°*Cl/CI versus chloride concentration chart presented shows no clear
decay trend. The low chloride and decreasing *°Cl/Cl ratio along flow path data
presented for the eastern transect look, on face value, promising for the application of
3%Cl decay dating. Perhaps further investigation in this area will better define *°Cl decay

ages along this transect.

Sturchio et al. (2004) correlate six *°Cl/Cl ratio results from the Nubian aquifer in Egypt
against ®'Kr decay age results and fit a decay curve to estimate *°Cl decay ages.
Discordance of *'Kr - *°Cl ages of some samples are attributed to subsurface addition of

Cl or hypogene *°Cl. Different atmospheric **Cl/Cl input ratios between some samples
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are also noted to be a possible explanation of this discordance. Sturchio et al. (2004)
conclude these results demonstrate the vulnerability of *°Cl decay dating integrity to
subsurface Cl additions, whereas the new *'Kr decay dating method they present is
considered much less vulnerable to interpretation problems associated with subsurface
sources or sinks of Kr. When these *°*Cl/Cl ratios are compared to Cl concentration, an
inverse relationship between Cl and *°Cl/Cl ratio is apparent rather than a decay trend.
Thus uncertainty about the amount and rate of subsurface Cl addition render the *°Cl
decay aspects of this study liable to ambiguous interpretation like the GAB discussed

above.

Cresswell et al. (2000) present *°Cl data from three deep wells and a spring from the
Kathmandu Basin in Nepal and make some preliminary estimates of groundwater age.
of between 200 and 400 ka. The ages are considered feasible within the hydrogeological
context. A slight increase in CI” concentration with decrease in elle| is, however,
evident from this limited data set. Given this flag for potential difficulties of
interpretation of *°CI results (e.g. Andrews and Fontes, 1992) and the lack of chemical
or other isotope data to corroborate this story, the estimate of groundwater age is rightly

considered provisional.

Zhou et al. 2001 report on *°Cl results measured in the Hebei Plain in eastern China.
Differences in *°*Cl/CI ratio measured at surface (62 x 10™"°) and deep borehole (23 x
107"°) were use to calculate that some groundwater in Quaternary sediments is over 250
ka old. This interpretation relies upon the assumption that ion filtration is a valid
process (see Fig 7.2) that can reconcile differences in chloride concentration between
some samples. This assumption and the fact that only four analyses are available make
this calculation of groundwater age potentially dubious as other processes such as
addition of subsurface chloride may equally well explain these limited results. It may be
that ongoing work on these heavily stressed aquifers in the North China Plain (e.g.

Foster et al., 2004) will refine the use *°Cl decay dating in this region.
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8.2.3.3. Australian Studies

8.2.3.3.1.  Attempted **Cl decay dating

Several other Australian studies apart from the GAB and Murray Basin discussed above

have attempted to date groundwater using *°Cl decay as a chronometer.

In the Northern Territory of Australia *°Cl results from Amadeus Basin aquifers have
been reported by Jacobson et al. (1994) and Cresswell et al. (1999b). Age dating of
groundwater is basically attempted by comparing the *°Cl/Cl ratios from shallow bores
with *°Cl/Cl results obtained from deep petroleum exploration wells that intercept the
same aquifer at depth. While ages of several hundreds of thousands of years are
determined, which is in keeping with the known flow dynamics of this basin, there is a
readily observable inverse relationship between *°Cl/Cl ratio and Cl concentration
which needs to be accounted for. Cresswell et al. (1999b) deal with this potential
interpretation problem by estimating a rate of addition of subsurface chloride so *°Cl
decay dating can be attempted. A mixing rate of 0.2 mg/L of CI' per 1000 years is
assumed and plotted as a best fit to link data plot points from shallow and deep samples
on a *°Cl/Cl versus Cl content diagram. No heed is given to any of the concerns raised
by some workers (as discussed above for the GAB) about the validity of *°Cl decay
dating when subsurface additions of chloride are present. While the air drilled
petroleum exploration holes in the Amadeus Basin gave a rare opportunity to sample
deep aquifers, the significant but difficult to quantify addition of surface make — up
water and compressed air during drilling has the potential to complicate the
interpretation of *°ClI results. This is evidenced by the results of some the samples taken
while drilling the Palm Valley 8 exploratory gas well. At 990 m depth a concentration
of "C equal to 29 pmc (i.e. less than 30 ka old) was recorded (NT Government bore file
RN 16018), however, the 897 m sample above is recorded to have a **Cl/Cl of 99 x 10°
"> which is taken to indicate an age of several 100 ka using regional shallow bore
3®C1/Cl ratios of around 176 x 107" as an input ratio, as did Creswell et al. (1999b). The
990 m sample was the lowest conductivity water produced from the hole and was
thought at the time of sampling to be the least contaminated by drilling fluids when
drilling was monitored in 1994 (NTG, Water Resource Branch file No. 60.16). The
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8 Relevance of this study

sample at 928m recorded a '*C concentration of < 2% pmc (i.e. beyond detection range
of 'C). The difficulty in deciphering these results, where apparent age is not correlated
to depth, highlight the difficulties in obtaining uncontaminated groundwater samples
during potentially favourable air drilling of petroleum wells. While air drilling of
petroleum wells in the consolidated sediments of the Amadeus Basin gives a rare
opportunity to access deep aquifers, the attempts to sample groundwater as a piggy back
operation to petroleum drilling has resulted in some doubts of groundwater sample
integrity. Incorporation of groundwater sampling into the well prognosis (e.g. packer
test of aquifer) from the outset is probably the only, but expensive, way to ensure
groundwater sample integrity from deep aquifers intersected by hydrocarbon drilling

operations.

Cresswell et al. (1999a) report on *°Cl/CI results from bores spread over a wide area of
arid country west of Alice Springs. Samples for *°Cl analyses were opportunistically
obtained during a survey of drinking water quality from bores in the region.
Consequently no specific hydrogeological system was investigated by such methods as
sampling sequential bores down dip in the same aquifer. Nevertheless, some
preliminary conclusions on groundwater age based on apparent *°Cl decay were
attempted. *°CI/C] ratios from 18 bores are observed to roughly fall into two distinct
populations with **Cl/CI ratios of 170 and 205 x 10™°. The higher value was taken as an
indication of input *°Cl/Cl ratio in the area and the lower group to represent
groundwater 80 ka old, which may match an interglacial pluvial event. While no inverse
trend of *°Cl/Cl ratio and CI is apparent from these results, chlorinity varies markedly
and different degrees of evaporation for each sample needs to be assumed (rather than
subsurface Cl” addition etc) to assess groundwater age from these results. These
assumptions, discordance with '*C data (all samples have measurable '*C) and
measured atmospheric 36C1/Cl ratio in the region (325 x 1077, Keywood, 1995), mean
reliability of this interpretation is uncertain. Other interpretations such as all water is
less than 40 ka old as indicated by '*C results and *°Cl/CI variation is due to differing
amounts of contamination by subsurface Cl or *°Cl addition remain valid alternatives.
Interpretation of this data set may benefit from consideration of additional chemical data

and better integrating physical hydrogeological factors.
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Jacobson et al. (2000) present some *°Cl and other isotope data from Cainozoic and
underlying Palaeozoic aquifers near Ayers Rock (Uluru), Northern Territory.
Considerable discordance of '*C and *°Cl indicated ages from most samples were taken
to indicate subsurface mixing of different ‘vintages’ and possibly some diffusion of
modern “C below the water table. A few samples with '*C concentration below
detection limits gave the slightly lowest *°Cl/Cl ratios and these data allowed an age of
over 200 ka to be calculated for some samples. The plots of *°Cl data from this region
on *°Cl atoms against CI (mg/L) and *°Cl/Cl against Cl (mg/L) charts did not, however,
show any clear *°Cl decay trend. On comparison with the processes charts shown in
Figure 7.2, data points from this study are seen to plot along a dilution — evaporation
process line. This lack of clear *°Cl decay trend line and discordant isotope ages make
interpretation of these results complicated. While it may be that these data are a
consequence of complex hydrogeology in the region, a better understanding of chloride

flux in the subsurface would aid interpretation here.

Bureau of Rural Sciences (2001), as part of an assessment of low permeability strata to
house nuclear waste in the centre of South Australia, measured 3Cl in nine bore holes.
Due to a large variation in chlorinity between samples a *°Cl atoms against Cl (mg/L)
plot showed these samples to be distributed along a dilution — evaporation line.
Although such a trend usually precludes *°Cl decay dating, the authors note that if two
distinct evaporation trends are assumed, then a difference of 100 ka is indicated between
trend lines. As no consideration of possible subsurface addition of chlorides or how
these samples maybe hydraulically related is undertaken, the reliability of such an
interpretation is uncertain. Further work is needed to confirm these estimates of

groundwater ages.

8.2.3.3.2.  Unsuitable for **Cl decay dating

Several previous Australian studies have considered uncertainties on sources and sinks
of subsurface chloride and/or lack of great hydraulic age to preclude the use *°Cl as a

groundwater dating tool.
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Commander et al. (1994) and Turner et al. (1995) present some °Cl results from
Palacochannel aquifers in the Goldfields region of Western Australia but found
probable mixing of remobilised playa salts in these hyper-saline aquifers hindered any

quantitative interpretation of *°Cl results.

Hostetler (2000, 2002) presents some “°Cl data from shallow bores in the Alice Springs
region of the Amadeus Basin. Because there is no observed relationship between '*C
and *°Cl/Cl he considers groundwater too young to be dated by the *°Cl decay method.
No decay trend is evident from *°Cl/Cl v Cl plots of these analyses, though as different
unconnected aquifers have been sampled in part, this is does not necessarily preclude

3%C1 decay.

Turner et al. 1992 found *°CI/Cl ratios in shallow groundwater with variable chlorinity
in some inland catchments in NSW, Australia to all be of a similar magnitude and hence
not be suitable for *°Cl decay dating. The magnitude of **Cl/Cl ratios was noted to be
higher than the expected atmospheric ratios for this latitude; however, subsequent
upwards revision of expected atmospheric **Cl/CI ratios in Australia (Keywood, 1995,
1998) may now mean most of these data are closer to expected atmospheric ratios.
Nevertheless *°Cl decay dating of groundwater in these small catchments is unlikely to

be feasible as groundwater is thought move very rapidly (Shekarforoush, 2000).

Thorpe and Davidson (1990) measured *°Cl/Cl ratios from confined aquifers in the
Perth Basin, Western Australia and found that the **Cl/Cl ratios were very low (< 10 by
10"°). As these values could approximate both the input **Cl/Cl atmospheric ratio at
this coastal setting and expected in situ *°Cl production from sandstones, no *°Cl decay

dating of groundwater was possible.

Jacobson et al. (1991) ran a few samples for *°Cl determination from various depths in a
couple of exploratory bores drilled at Lake George near Canberra, Australia. They
concluded no *°Cl decay ages were determinable as mixing and dilution rather than *°Cl
decay were the dominant processes evident from *°*Cl/Cl against CI” and *°Cl against CI
plots. Interpretation was further complicated as the sample with the lowest *°Cl/Cl ratio,

at 100m in bore 353, had a significant tritium value compared to other samples.
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8 Relevance of this study

While some of these studies may benefit from additional data and further examination
of local hydrology, they illustrate that the *°Cl method is certainly not suitable in all

locations.

8.2.4. Discussion

Table 8.1 shows a summary of the groundwater *°CI studies discussed in the preceding
sections. There are, comparatively, a large proportion of Australian studies listed in this
table. This is probably both a reflection of ready access to some unpublished data sets
from within Australia and the keen interest in potentially old groundwater resources in
this arid continent. Apart from the Australian studies the other studies cited in this table
are readily obtained from publications. Some of these international studies are classified
as being occurrences where the application of *°Cl decay dating was considered
unsuitable for a variety of reasons. These studies have not been discussed in the text due
to brevity considerations but are shown in Table 8.1 to complete the review of *°Cl

groundwater literature.

Figure 8.1 shows a plot of **Cl/Cl versus chloride content for the studies that have been
identified as attempting *°Cl decay dating of groundwater. On comparison of this Figure
with the process chart shown in Figure 7.2 it can be seen that apart from the data of
Penny et al. (2003) no data set shows a clear “°Cl decay trend. When these data are
viewed with CI concentration plotted on a log axis, as shown in Figure 8.2, it can be
seen that the low chloride aquifer from Alabama (Penny et al., 2003) also does not show

a *°Cl decay trend.

For the purpose of comparison and to give a regional perspective for this study Figure
8.3 shows the results of all the Australian *°Cl groundwater studies cited above. On
comparing this figure with the process chart shown in Figure 7.2 it can be seen that no
Australian study cited shows a clear *°Cl decay trend. Many factors such as the addition
of chloride, dissolution of vadose chlorides and variations in Cl concentration due to
different evapotranspiration effects have been invoked to estimate a *°Cl decay age in

some of these instances.
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8 Relevance of this study

However, from the data shown in Figure 8.3 and discussion presented above regarding
interpretation of *°Cl decay data (e.g. considerations of Andrew and Fontes, 1992) the

lack of a clear decay trend in these studies renders any such age estimate ambiguous.

8.2.5. Conclusion

Previous attempts at °Cl decay dating of groundwater have been controversial.
Uncertainties on the provenance of subsurface chlorides often manifested as an
observed inverse relationship between *°Cl/Cl ratio and chloride concentration along
flow path has been the chief concern. There seems to be two schools of thought — those
that think *°Cl decay dating is still possible even when well over 50% of Cl is derived
from subsurface sources post recharge and those that think indications of subsurface

chloride additions preclude the use of the *°Cl decay dating method.

In nearly every instance where *°Cl decay dating of groundwater has been attempted
chloride to *°Cl/Cl relationships are such that no clear decay trend is evident. In some
instances supporting hydrologic evidence such as decrease in *°Cl content along flow
paths perceived to have very slow flow rates exists, however, there is a school of
thought that doubt that a *°Cl decay age has been proved. In short, where *°Cl decay

dating has been attempted to date, results are ambiguous.

8.3. Comparison to other studies

The work at Palm Valley, central Australia, outlined above and summarised by
Wischusen et al. (2004), presents a suite of *°Cl data showing a distinct decay trend
(Figs 7.5 & 7.6). No subsurface additions of *°Cl or Cl are apparent and results are
consistent with a viable flow model (Fig 9.2). When these results are compared to other
3%Cl decay studies, as shown on Figure 8.4, it can be seen that the Palm Valley results
stand alone in displaying a clear decay trend. This pattern is also observed when results

are compared to data from all other previous Australian studies Figure 8.5.
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8 Relevance of this study

While it may be that further work or alternative hypotheses are developed to refute this
interpretation, it is worth considering why this study, seemingly rare among *°Cl decay

studies, allows an unambiguous interpretation of *°Cl decay.

8.3.1. Discussion

Most *°Cl decay studies (Table 8.1) have, naturally enough, been orientated to aquifers
with potential for old groundwater. This has meant that large confined sedimentary
aquifers have usually been sampled (e.g. GAB, Milk River). Given bores in such
environments are deep and expensive to drill, existing water supply bores comprise
most of the sample points. These bores are therefore constructed to maximise yield

rather than provide a sample window to discrete aquifer horizons.

Thus in many instances sample integrity of *°Cl samples cannot be assured as doubts
exist as to which formation(s) have provided chloride to the sample. For example, bore
screens may be set so that several litholgies are intersected and/or in the case of
gradational aquifer — aquitard contacts found in many basins, inadvertently set adjacent
intra aquitard sand lenses rather than the main aquifer. If only some samples within a
suite of analyses contain a mix of water and/or chloride derived from two sources with
different *°Cl/CI ratios due to age of chloride or hypogene production rates, the
interpretation of results can be difficult or at least ambiguous. This is because a plot of
data points on any *°Cl/Cl against CI or *°Cl diagram would then be expected to show a

scatter rather than any clear trend such as decay or solely addition of dead chloride.

Furthermore, the intercalation of aquitards and aquifer horizons in many sedimentary
settings means natural leakage of chlorides from aquitards into aquifers can be ongoing
along flow paths, which adds further potential complication to interpreting *°Cl results.
Fabryka-Martin et al. (1991) note that even intra aquifer low permeability horizons are
probably the source of the increasing halide concentrations observed along flow paths in

the Milk River Aquifer that complicate the interpretation of *°Cl results.

Another potential complication is the fact that many basins previously sampled are

stressed due to groundwater extraction. This may then result in the equilibrium that
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8 Relevance of this study

existed for many years under natural conditions being upset. Such a change of
conditions may alter rates of leakage of chlorides from aquitards at various parts of an

aquifer system, which could also complicate interpretation of results.

Another scenario, which may also cause problems, is when chloride concentrations vary
markedly due to differing concentration by evapotranspiration effects at the time of
recharge. For instance, an older more evaporated parcel (low *°Cl/Cl, high CI) of water
further along the aquifer flow path when plotted with modern less evaporated water
parcel nearer the start of the flow path (higher *°ClUCI, lower Cl) may give the
impression of addition of dead chloride when plotted on a *°Cl/Cl versus Cl process
chart. Such considerations are why tracers indicative of chloride provenance such as
CU/Br ratios are recommended (e.g. Davis et al., 1998a) accompaniments to *°Cl decay

studies.

Recharge mechanisms may also be a relevant factor. In some instances, such as large
arid inland sedimentary basins where direct recharge rates are low, it may be that very
old chloride held in a thick vadose zone slowly (and erratically?) mixes along
groundwater flow paths mainly derived from indirect recharge along basin margins or
streams. The potential for such an effect to complicate the determination of subsurface
chloride and stable isotope origin is developed in detail by Wischusen (1998) when
discussing groundwater chemistry of the Cainozoic Basins a few hundred kilometres
north of Palm Valley. The hazard of vadose zone salts contaminating groundwater
systems is demonstrated by a study in the semi arid Murray Basin of south eastern
Australia by Leaney et al. (2003). They note that increased mobilization of vadose salts
due to enhanced recharge rates following land clearing may result in the salinization of
important underlying fresh groundwater resources. Direct recharge rates are thought to
be very low in some inland Australian Basins. For example Kruseman (1997), in a
discussion on the Cainozoic Western Murray Basin in South Australia, notes the water
flux of very saline water (chloride 10000 to 20000 mg/L), below 2m depth under
eucalypt vegetation and above the 30m deep watertable, to be between 0.04 and 0.06
mm/yr (about 1m in 20000 years). So in some regions it is feasible that very old (100+
ka) chlorides slowly leak into much younger, saturated groundwater flow paths. Thus
old stored vadose zone chlorides derived from a slow direct recharge mechanism may

also have the potential to complicate the interpretation of *°Cl decay results in some
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8 Relevance of this study

instances. While this consideration may also be a factor in considering *°Cl results for
the Hermannsburg Sandstone, the stable isotope data (Section 6.1.2) that plot along the
LMWL indicate little evidence of an evaporation effect. Hence, assuming some
evaporation effect would be discernible from stable isotope data plots if a direct
recharge mechanism contributed significantly to groundwater composition, there is no
evidence that a direct (vadose zone) recharge mechanism contributes chlorides to the
Hermannsburg Sandstone. However, it is noted that apportioning the contribution of
various recharge mechanisms to an aquifer is a very difficult task (e.g. Lerner et al.,
1990). Hence measuring the effect of differing recharge mechanisms on *°Cl/Cl ratios in

an aquifer is also likely to be a difficult task.

All samples at Palm Valley are taken from the Hermannsburg Sandstone, an extensive,
thick (> 900m) outcrop of Devonian litharenite. This unit is described as a monotonous
sequence of fine to very coarse grained sandstones with only very rare sandy siltstone
interbeds (Jones, 1972). The high energy deposition environment (in response to nearby
orogenic event) of this sandstone means apart from occasional mud clasts that virtually
no aquitard material is associated with this unit. As all samples at Palm Valley are
taken from areas of outcrop, the nearest significant aquitard occurs in the underlying
Parke Siltsone formation, many hundreds (>500) of metres below sampling points.
Thus, in effect, samples from this study are sourced completely from only one
lithological unit, mixing of waters or chlorides derived from different lithologies are

unlikely. Consequently, integrity of *°Cl samples is assured in this instance.

The demonstration of a distinct suite of *°Cl decay data from such a setting suggests
that to be given a chance to assess “°Cl decay, future studies should strive to sample
water derived from only one common lithological unit. In many previous study sites
however, ensuring such integrity of samples may prove very expensive and logistically

challenging (e.g. electric logging, setting packers etc).

8.3.2. Conclusion

Determination of *°CI/Cl ratios has been likened to identifying one particular sugar
grain from a room full of sugar. Consequently, it stands to reason that *°Cl decay dating
of groundwater is likely to be unusually sensitive to contamination by outside aquifer

sources of chloride. Consequently, all efforts to minimise potential ambiguity on the
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8 Relevance of this study

provenance of chlorides including maintaining sample integrity whenever possible seem
justified. While such measures cannot necessarily counter unfavourable conditions such
as distribution of lithologies, disruption of hydraulic equilibrium due to extraction or
additional *°Cl production factors, the successful application of the *°C1 decay method at
Palm Valley shows that *°Cl decay dating can be a viable tool for studying groundwater

systems.
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9. Discussion

9.1. Flow

9.1.1. Flow threshold?

The isotope and hydraulic indicators of old groundwater in aquifers raises the question
of whether groundwater actually flows or whether groundwater age is a result of zero
flow conditions. For instance there is some speculation that there may be a threshold
gradient in some media below which groundwater does not flow (e.g. Neuzil, 1986;
Bernadiner and Protopapas, 1994). Similarly, it is also noted that groundwater gradients
in some instances may be the result of coupled flow (an osmosis and ultrafiltration
effect) or even geologic factors such as subsidence. Under such conditions non-Darcian
behaviour (i.e. no direct proportionality between flow and groundwater gradient) might

be expected (Neuzil, 1986).

While feasible mechanisms to cause such effects can be speculated upon, there is little
or no experimental evidence to prove them. This is because the theoretical conditions
for such phenomena (coupled flow etc) cannot be readily reproduced or measured in a
laboratory due to the very low hydraulic conductivities and gradients involved. Neuzil
(1986) reports experiments that have recorded Darcian flow behaviour at hydraulic
conductivities lower than 10" m/day, though this requires high artificially created
gradients (around 107). In the 1930’s a series of experiments conducted by the United
States Geological Survey proved Darcian flow valid in porous media at gradients as low

as 107 (Meinzer and Fishel, 1934; Fishel, 1935).

The simultaneous testing of flow at very low gradients and very low hydraulic
conductivities remains problematical due to the prohibitive lengths of time involved.
However, as the hydraulic conductivity and gradient measured at Palm Valley (i.e. k >
10”° m/day, gradient > 10, Section 4.3 and Table 4.1) are well within the normal range
expected for Darcy flow behaviour, it is reasonable to assume groundwater is indeed

moving through the Hermannsburg Sandstone.
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9.1.2. Diffusion from flow in fractured aquifers

Burton et al. (2002) note that using environmental tracers to date groundwater in
fractured rock aquifers may be affected by dispersion and diffusion effects which can
result in apparent tracer ages older than actual hydraulic age. In a detailed study using
modern multi tracers (e.g. chlorinated fluorocarbons) and nested piezometers they note
such effects are difficult to quantify and, in their study of the effects of aquifer
anisotropy on groundwater ages in a fractured sedimentary aquifer in Pennsylvania, note
while diffusion may effect computed ages by an unknown amount, the pattern of

relative ages should not be altered.

Even though the Hermannsburg Sandstone is in part a fractured rock aquifer, effects of
diffusion on apparent isotope age are not considered for this study. This is because, as
detailed in Chapter 4, this aquifer is considered a granular porous medium of significant
porosity and permeability that is only occasionally fractured. While some discrepancy
between matrix and fracture groundwater residence times may exist in some instances,
the use of the continuum approach for studying regional groundwater flow caters for
this by conceptualising fractures as repeating large pores within the system (Fetter,
1993). Thus, radiocarbon data are not considered to have been affected by this
phenomenon. Furthermore, any diffusion of CI" from fractures to the matrix is only
likely to affect CI" concentration but not alter groundwater *°Cl/Cl ratios. Hence
indicated *°Cl decay ages are unlikely to be affected by diffusion from flow through

fractured media.

9.1.3. Flow model

9.1.3.1. Introduction

The data presented above shows the groundwater isotope data at Palm Valley to be
discordant. That is, if groundwater simply moves from west to east down gradient, as

shown in Figures 4.7 and 4.9, then an increase in groundwater age to the east should be
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matched by decreasing activity of both '*C and *°Cl down gradient. For instance, bore
RN 12024, which is 5 km away and down gradient from bore RN 4805, is more
radioactive than the up gradient bore. Similarly, Road Spring has more '*C but a lower
*%C1/CI ratio than RN 12024 further down gradient. It should be noted, that the variation
in cation chemistry (Chapter 5) and the fact that many of the sites sampled are discharge
zones, discounts the likelihood that these discordant data can be explained by simple
mixing of old groundwater with modern rainfall. Given these considerations, a
hydraulic model that accounts for the distribution of isotopically discordant
groundwater along a seemingly continuous west to east regional flow system (Brown et

al. 1990; see also Fig. 4.7) needs to be developed.

In the past such discordant isotope data in the same basin has been taken as evidence for
compartmentalisation of groundwater and support for a lack of hydraulic continuity in
some basins (Mazor, 1992). Toth (1995), however, has long argued that hydraulic
continuity should exist even if low permeability barriers are present. In developing his
argument that hydraulic continuity is expected even in large sedimentary basins, Toth

(1995) describes groundwater flow within a unit basin model.

9.1.3.2. Toth unit basin model

In a unit basin three distinctly different groundwater flow regimes are noted - recharge,
midline and discharge regions characterised by descending, lateral and ascending flow
respectively. However, when significant topographical variations exist composite flow

patterns are superimposed on the unit basin flow pattern (Toth, 1995).

An example of the composite flow pattern arising from topographical affects on a
simple homogenous aquifer as constructed by Toth (1995 - also discussed by Freeze and
Cherry, 1979) is shown in Figure 9.1 where the superposition of different scale (order)
flow systems can be clearly seen. Given the topographic expression of the outcropping
Hermannsburg Sandstone aquifer seen at Palm Valley (see Figs. 3.9 & 9.3) and in fact
along the whole region of outcrop between Areyonga and Injarrtnama (Fig. 4.7), it can
be reasonably assumed that groundwater flow patterns as least as complicated as that
shown in Figure 9.1 exist within the Hermannsburg Sandstone if Toth's model holds

true.
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9 Discussion

As the Hermannsburg Sandstone is probably anisotropic (Brown et al. 1990) with
hydraulic conductivity greater parallel to bedding, it is probable that flow patterns are
more complex than shown in Figure 9.1. Indeed Toth (1995) and Ophori and Toth
(1990) show variable flow length patterns calculated for heterogenous aquifers with
varying topography to be similar in style but more complex when compared to the
homogenous aquifer model. While this likelihood of more complex flow paths in the
Hermannsburg Sandstone is noted, actual distribution of aquifer heterogeneity within
the Hermannsburg Sandstone is unknown, thus the simpler homogenous aquifer model

1s used for illustrating the potential complexity of flow patterns at Palm Valley.

Such an approach is considered valid by Domenico and Schwartz (1998, p83) when
discussing regional flow in basins; “Although the ideal homogenous case is contrary to
field observations, it is merely a condition in the mathematical development, not an
assumption necessary to the general validity of the theory. Further, the steady state

solutions do not deny the existence of a fluctuating upper boundary of flow”.

While the validity of Toth's flow model is still debated (e.g. Mazor, 1996; Laing, 1996),
the flow patterns outlined, even in a homogenous aquifer, appear complicated enough to
explain how seemingly discordant isotope ages could be found nearby in the same
aquifer. For example the two bores RN 14616 and RN 4805, which have “C contents
(Table 6.1) approaching levels unsuitable for dating (indicated age > 25 ka, Andrews
and Fontes, 1993), have significantly different *°Cl contents (Table 7.1). As these bores
have much the same: depth of sample point, stable isotope composition, '*C content and
water type (bicarbonate waters with slightly different Ca*"/Mg*" ratios, e.g. 1 and 1.3
respectively) it is readily conceivable that the different *°Cl/CI ratios observed at each

bore are due to variations in groundwater flow path length.

Thus *°Cl (groundwater age) variance may be explained as the sampling of either

different flow cells or different flow paths at Palm Valley.

The regional topography shows the Palm Valley area (see Figs. 3.9 & 4.7 and Plate 3.3)
to be part of the Palm Plain, a low-lying flat area surrounded by high hills. On a
regional scale this suggests the whole Palm Plain has the potential to have areas where

groundwater flow lines of various length may discharge in close proximity, as
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illustrated in Toth’s homogenous model, Figure 9.1. This scenario and relation of

topography to the Palm Valley area is shown in Figure 9.3.

9.1.3.3. Conceptual model

Figure 9.2 shows a conceptual model based on Toth’s work on groundwater flow in an
isotropic aquifer with topographic effect at Palm Valley. It can be seen that even
assuming a simple isotropic aquifer a flow pattern complicated enough to explain the
seemingly discordant isotope data at Palm Valley may still result. Data from Palm
Valley gas well number 3 shows water level within the Hermannsburg Sandstone at the
apex of the Krichauff Range (see Fig. 9.3) at around 627m. This is in keeping with the
conceptual model. If analogous flow systems are assumed to be equally likely at the
other sites sampled along the large outcrop of Hermannsburg Sandstone (i.e.
Hermannsburg, Areyonga, and Injarrtnama, Fig. 4.7), then the similar isotope and
chemistry data observed at these sites (Tables 5.1 and 7.1) may be explained in the same

mannecr.

In Section 4.3.5 an analytical model of flow in the Hermannsburg Sandstone is
presented. A range of feasible average linear velocities, based on drilling data and pump
tests, allow analytical modelling. For instance, if a low k value is adopted as being
representative of the Hermannsburg Sandstone, as evidenced by some of the testing near
Palm Valley (i.e. k = around 0.0025 m/day, see RN14161 and 4508 Table 4.1) a water
age of 300 ka would (using Eq. 4.4 and the hydraulic properties presented in Section
4.3.5) represent travel through 9 km of the Hermannsburg Sandstone occurred before
reaching Palm Valley. Alternatively, if an average linear velocity an order of
magnitude larger (0.025 m/day i.e. around double the mean k value of 0.06 m/day
calculated from all results shown in Table 4.1) is assumed, then a water age of 300 ka
would represent travel through 90 km of the Hermannsburg Sandstone. It is entirely
feasible given the extensive outcrop of Hermannsburg Sandstone (Fig. 4.7) that water
could have recharged at a point 9 to 90 km away and is now discharging (or in a
shallow bore) at Palm Valley. Any future numerical model that was developed for this
area would also need to be based on these data. As there are no bore hydrographs at

Palm Valley future numerical modelling would probably be a steady state, fairly broad
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scale approximation and not necessarily much of an improvement on the existing

modelling of Brown et al 1991.

The groundwater ages calculated from *°Cl decay data are credible when compared to
the hydraulic analytical model. The flow pattern conceptual model is based on the Toth
model which was developed purely on mathematically derived hydraulic principles.
Consequently it is considered that the hydrogeological conceptual model developed

here is adequately tested against both mathematical and hydraulic principles.

9.2. Sustainability

9.2.1. Introduction

Assessment of groundwater resources often involves determinations on how best to
manage an extraction program so that perpetuation of a useful resource is maintained
with no undue consequences for the environment. Such assessments usually require that
a sustainable or safe yield of an aquifer be calculated. The concept of sustainable or safe
yield can be difficult to define in many instances and has long been the subject of debate
(e.g. Thies, 1940; Schoeller, 1959; Todd, 1959; Bredehoeft, 1997; Alley et al., 1999).
At Palm Valley the interest centres on the likelihood that natural groundwater flow in

the Hermannsburg Sandstone can sustain the flora refuge.
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Figure 9-2 Schematic conceptual flow model for the Palm Valley area. Different
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have different orientations depending on topography. Localised flow cells are
shown superimposed on the regional scale west to east flow direction shown in Figs
4.7 and 4.9. The potential for differing length flow paths and/or a mixture of
different length flow paths discharging at some locations is illustrated.
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topographically lower Palm Valley area. This diagram is in keeping with the work
of Toth shown in Fig. 9.1 and assumes the Hermannsburg Sandstone to be a
homogenous aquifer for the purpose of this illustration.
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In arid areas, groundwater recharge is often irregular, and the natural groundwater flow
of an aquifer may then vary with time. This implies that the determination of the
likelihood and magnitude of recharge are important factors in assessing arid
groundwater systems. Lerner et al. (1990) and Foster (1988) note that the determination

of recharge is extremely difficult in arid areas.

There is no evidence of significant recharge (nor depletion) in modern times in the
Hermannsburg Sandstone. Hydrograph records are, however, of relatively short
duration (= 30 years). Thus, it may be that some recharge occurs at some locations
under the current climatic regime. For example rare super floods associated with
extreme southerly transgressions of the northern monsoon, thought to have occurred in
the Holocene (e.g. Pickup et al., 1988; Bourke, 1998), may cause some recharge. The
short duration of observed occasional modern day incursions of the northern monsoon

(usually days) limits the likely significance of recharge from these events.

9.2.2. Palaeo-climate considerations

Jacobson et al. (1994) discuss the likelihood of Holocene and late Pleistocene recharge
in the Amadeus Basin. Kershaw and Nanson (1993), Croke et al. (1996), Magee et al.
(1995) and Nanson et al. (1992) present evidence for periods of thousands of years
(interglacial pluvial) within the Quaternary glacial cycles when climate in central
Australia may have been significantly wetter, particularly around 100 ka. These
workers note some evidence for renewed wet conditions around 50 -35 ka may exist,
however, this event may not have been as significant in central Australia as in south

eastern Australia.

Nanson et al. (1998) note there is also some evidence for a possible wet period just prior
to the last glacial maximum (22-26 ka) which may correlate with the evidence of
ephemeral fluvial deposition also noted at about this time by Croke et al., (1996).
Johnson et al. (1999) however, present evidence that the influence of the Australian
monsoon in central Australia (Lake Eyre region) has declined since around 45-65 ka,

which may limit the likelihood of significant recharge since this time.
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Hesse et al. (2004) note that the palaeo-climatic reconstruction of the Australian arid
zone is limited by many unconstrained variables that control climate proxies such as
runoff, vegetation and aeolian processes. Given this uncertainty in reconstructing and
accurately dating past climate events and notwithstanding the pitfalls of dating
groundwater mentioned above, it is apparent more data are needed before definite

correlation of groundwater *°Cl decay ages and palaco climate events can be made.

9.2.3. Discussion

If significant recharge to the Hermannsburg Sandstone is mainly restricted to periods of
wetter climate such as at 50 or 100 ka, then groundwater *°Cl/Cl ratios may be expected
to be lower than rainfall ratios due to radioactive decay. If recharge last occurred such a
long time ago then slow decay of hydraulic head would now be occurring. Given that
the hydraulic modelling of Brown et al. (1990) derived groundwater travel times of
several million years through the Amadeus Basin within the Hermannsburg Sandstone,
it is likely, if significant increase in head during such recharge events is assumed, that
these heads could take several hundreds of thousands of years to dissipate. Thus,
groundwater features such as springs and seeps can be expected to have the potential to
last without recharge through the arid periods associated with the Quaternary glacial

cycles.

For instance based on Equation 7.2, groundwater at bore RN 4508 with a *°Cl/CI ratio
of 130 by 10™"° may have been recharged at around 400 ka if the rainfall ratio of 325 by
10" recorded by Keywood (1995) at Ti Tree is taken as a likely input ratio. Even if the
3%C1/CI ratio measured from shallow groundwater at West Spring or bore RN 14952 is
taken as a more reliable estimate of input ratio (i.e. Mazor, 1992), groundwater at RN
4805 1is still calculated to have been recharged around 300 ka. Determination of the
exact timing of recharge to this aquifer, given the complex flow paths, lack of data
points and inherent uncertainty in estimating input ratio at time of recharge, is, however,

speculative.

In other arid areas, such as Egypt, past Quaternary higher water table (pluvial) events
have been determined by the uranium-series disequilibrium method dating of travertine
spring deposits (e.g. Crombie et al., 1997). It is possible that older higher calcrete

deposits at Palm Valley will yield similar information on the timing of past wetter
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climates if dated. There are, however, some pitfalls in dating calcrete with this method:
assumption of initial activities can be crucial (Sturchio and Binz, 1988) and, most
importantly, calcrete must be assumed to have remained a closed system to U and Th
since formation for an accurate age determination (e.g. Williams et al., 1993; Sturchio
and Binz, 1988). Given the ready potential of calcrete to remobilise during repeated
episodes of dissolution and precipitation (Arakel, 1991), processes that can lead to the
cement of old calcrete being made of components of different ages (e.g. Geyh and Eitel,
1998), the timing of past pluvial events by applying uranium-series disequilibrium
method may be no more, or perhaps even less, certain than the inferences drawn from

3%C1 decay dating of groundwater.

This range of groundwater ages and the complex flow path geometry discussed above
indicate that the shallow groundwater supply thought to maintain the unique flora at
Palm Valley is in part likely to be hundreds of thousands of years old. If Palm Valley
has been a floral refuge during the arid phases of the Pleistocene glacial cycles, as
speculated earlier, then fossil groundwater moving through the Hermannsburg
Sandstone may be the key to the continued survival of the unique stand of remnant flora

at Palm Valley.

Such a scenario, at least within the Hermannsburg Sandstone, provides a framework
that offers indirect evidence for conclusions drawn by other studies in central Australia.
The survival of remnant aquatic fauna noted by Davis (1995, 1997) in this region and
evidence of human occupation 22 ka in central Australia - which would require
permanent waters to be viable (Smith, 1987, 1989) - benefit from the identification of a

flow system that is maintained even during hyper arid periods such as glacial maxima.

9.2.4. Conclusion

The computed age and proposed flow path mechanism of groundwaters within the
Hermannsburg Sandstone indicate that systems dependent on natural groundwater flows
such as Palm Valley should be sustainable. As flow may be maintained by slow decay
of hydraulic head after interglacial pluvial recharge for considerable periods, modest
developments such as the Hermannsburg Community water supply should also be

sustainable.

204



10 Conclusion

10. Conclusion

10.1. Main conclusions

This study has examined and characterised the hydrogeology of Palm Valley and
applied the *°Cl decay dating method. The background and theory of this method have
been reviewed and the results obtained assessed in context against other previous
studies. The culmination of this work has allowed the development of a conceptual
model that goes a long way towards outlining the link between groundwater and the
presence of a flora refuge at Palm Valley. Like many other groundwater studies the
complexity and scale of the physical and biological environments encountered by water
as it moves through the aquifer system has prevented an exact understanding of all
facets of the hydrologic cycle being gained. The data obtained and interpretations made
do, however, provide a sound basis for any further work to build on. To demonstrate
how the objectives of this study have been achieved or attempted a summary of
pertinent conclusions developed throughout the thesis is presented below for each of the

four objectives presented in Chapter 1.

Objective 1) Evaluate the hydrogeology, hydrochemistry and isotope chemistry of the
aquifer underlying Palm Valley:

The biology (genetics and physiology) are not yet fully understood for the Livistona
mariae though they do appear very closely related, if not the same species, to some
tropical dwelling Livistona sp. palms in northern Australia. Exact proof of groundwater
dependence is not yet available for this or any other Livistona species. Groundwater
dependence is, however, inferred by many people due to the climate and limited

distribution of these and many other desert dwelling palms elsewhere in the world.

Groundwater movement is very slow within the Hermannsburg Sandstone and
hydraulically it can be conceptualised as a low permeability double porosity aquifer
where water moves through both fractures and sandstone matrix. Groundwater is low
salinity and bicarbonate rich. Slight variations in cation chemistry seem to indicate

slight differences in reactions experienced along different flow paths. The stable
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isotopes of water data ('*O and *H) indicate recharge has been rapid and via an indirect

mechanism. Radiocarbon results range form modern to beyond the limit of detection.

Plots of *°CI/C1 v. Cl and **Cl show a decay trend and no apparent gain (or loss) of
chloride within the aquifer. The *°Cl/Cl ratios vary from around known modern

atmospheric values to ratios consistent with over 300 ka of radioactive decay.

Objective 2) review the background theory and previous applications of °Cl decay

dating of groundwater systems:

There is much consideration needed before using *°Cl results as a decay dating tool.
There are some uncertainties in assigning input values of *°Cl/CI ratios, not least
because natural fallout of *°Cl to the earth is yet to be categorically defined. Shallow
groundwater “°Cl/Cl are sometimes used as a proxy for input ratio when atmospheric
36CI fallout data are absent. Evidence of anthropogenic radioactive contamination and
deviation from expected atmospheric Cl/Br ratios are the most appropriate criteria to
test shallow water sample integrity in sparsely populated arid regions. While changes in
3%Cl fallout have occurred in the past, the nature of the variation in the Earths magnetic
field mean that is unlikely that fallout has ever been less than at present; hence it is
unlikely that *°Cl decay method would ever underestimate age because a lower than

present atmospheric input ratio operated at the time of recharge.

The affects of epigene *°Cl production can usually be ignored for groundwater studies
as the rate of build up and release is slow compared to the flux of groundwater.
Hypogene production is usually only small (<10 by 10-15) when compared to
atmospheric *°Cl/Cl ratios. Only when exceptionally high rock U and Th contents are
suspected or measured groundwater ratios approach hypogene production levels is it an
important consideration. There is some evidence that bomb produced *°Cl is still being
released into the environment via methyl chloride production from plants. Based on
known global methyl halide budgets the significance of this effect seems slight though it
remains possible in areas of heavy vegetation such as temperate forests, accordingly it is

not a consideration in central Australia.
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Uncertainties on the provenance of subsurface chlorides, often manifested as an
observed inverse relationship between *°Cl/Cl ratio and chloride concentration along
flow path, has complicated previous *°Cl decay dating of groundwater studies. The main
problem is that addition of subsurface chloride makes decay age determination
ambiguous as un-testable assumptions on the rate and amount of chloride addition need

to be made.

Objective 3) apply the *°Cl decay dating method at Palm Valley and critically assess

results in the context of objectives 1) and 2):

The clear *°Cl decay trend and indication of great groundwater age obtained for this
study is significant. The application of the *°Cl decay dating technique has provided an
unambiguous set of results, an unusual occurrence when compared to other studies. This
suggests some lessons may be gained from this work. The review of previous *°Cl decay
studies show the crucial factor to unequivocally apply *°Cl decay dating is to ensure that
no addition of chloride occurs along groundwater flow paths after recharge. At Palm
Valley, this condition is apparently met due the considerable thickness and monotonous
lithology of the Hermannsburg Sandstone. In addition, the very low extraction to
aquifer storage ratio which exist for this aquifer mean that near natural hydraulic
equilibrium conditions exist. These results highlight the importance of ensuring that
groundwater which has only flowed through the same lithological unit should be
compared for explicit *°Cl decay dating. The amount of aquifer stress may also be a
factor to consider. Given these results it may be that other studies which have usually
used existing water production bores drilled through sedimentary succession of
differing lithology have suffered because of a mixed lithological setting. For instance,
as noted by Love et al. (2000) in the GAB, possible poor bore construction and/or lack
of certainty on lithology type and aquifer horizon sampled may lead to problems with
sample integrity in confined aquifer settings. In addition, the juxtaposition of different
lithology types such as clays and sandstones means that mixing of chlorides derived
from aquifer, aquitards and intra aquifer clay/shale horizons can be expected. Given the
likelihood of mixed provenance of chloride where age and hence also *°Cl content is
anticipated, it is little wonder that many studies have produced *°Cl/CI against Cl or *°Cl

plots that do not provide unambiguous decay trends.
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Determination of *°Cl/CI ratios has been likened to identifying one particular sugar
grain from a room full of sugar. Consequently, it stands to reason that *°Cl decay dating
of groundwater is likely to be unusually sensitive to contamination by outside aquifer
sources of chloride. Consequently, all efforts to minimise potential ambiguity on the
provenance of chlorides including maintaining sample integrity whenever possible seem
justified. In many previous study sites however, ensuring such integrity of samples may
prove very expensive and logistically challenging (e.g. electric logging, setting packers

etc).

In an effort to limit these uncertainties some of the most recent applications of this
method have tried to obtain complementary age data from other techniques such as *'Kr
and *He (e.g.; Lehmann et al., 2003; Sturchio et al., 2004). While these other techniques
also have their own problems of application and interpretation, the continued
employment and refinement of many different dating techniques in conjunction with
36C1 sampling offers the chance to reduce the ambiguity of dating groundwater in future
studies. It is worth noting that even this study relied upon ¢, stable C, H, and O
isotopes, major-ion geochemistry, and hydraulic characteristics in combination with
hydrologic modelling to support the conclusion that *°Cl decay dating is feasible at
Palm Valley. This point illustrates the maxim that as much data that it is possible to

gather should be used in interpreting groundwater flow systems.

Objective 4) Determine the feasibility that groundwater maintains the flora refuge at
Palm Valley:

The clear *°Cl decay trend and indication of great groundwater age obtained for this
study has also helped meet the objective of determining the feasibility that groundwater
maintains the flora refuge at Palm Valley. The distribution of several vintages of
groundwater discharging contemporaneously in close proximity allows a conceptual
hydrogeologic model to be developed. This model, based on the standard
mathematically derived Toth groundwater flow theory, shows these data are consistent
with modern and mid to late Pleistocene groundwater discharging at Palm Valley. This
model could represent recharge form several previous Quaternary pluvial events now
discharges at Palm Valley though direct linkage to these climate drivers is yet to be

proved. Whatever the nature of recharge, episodic or continuos, this conceptual model
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demonstrates a flow system able to sustain dependent flora during previous Quaternary
hyper arid phases. It is therefore feasible that groundwater maintains the palms at Palm

Valley and that it has operated as a flora refuge since at least the mid Pleistocene.

10.2. Recommendations

Hydrogeology is a complex science, not only do groundwater flow and chemistry within
an aquifer need to be characterised but ideally the mechanism, chemistry, spatial and
temporal nature of all flows into and out of an aquifer also need to be measured for a
complete understanding of a groundwater system. This study, like many other
groundwater studies, suffers from the fact that not all these parameters have been
determined. The task of dating groundwater is also a complex science — water of several
vintages maybe mixed within an aquifer and different isotopes may indicate differing
groundwater ages from the same sample (e.g. Bethke and Johnson, 2002). As this study
concentrated on the radio-chlorine decay dating method I have included some
recommendations on its application along with some specific points that should improve

the understanding of the local hydrogeology and ecology.

The hydraulic understanding of Palm Valley is based on sparse data points and little or
no monitoring data. While there is no pressing justification to disturb the National Park
for installation of monitoring bores, the opportunity to do so during other future work
projects such as shelter or road building should be considered. In fact as the
Hermannsburg Sandstone is an important aquifer elsewhere in the central Australian
region, a well funded designated study of the hydrogeology of the entire aquifer, would
be of benefit for the management and allocation of water resources in the Northern

Territory.

The link to groundwater and Palm survival is only circumstantial, irrefutable proof by
way of studies linking tree physiology and groundwater use are desirable. The relict
nature of the palms is also only circumstantial and yet to be proved. The work on
genetic comparisons with near relatives should continue so that a quantitative estimate
on the period of isolation for this palm can be made. Such an estimate may provide

some corroboration of the conclusions drawn from the hydrogeologic conceptual model
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developed. These points indicate that a more comprehensive understanding of the Palm
Valley flora refuge will only be achieved by a multi disciplinary study. It is therefore
recommended that future studies of probable groundwater dependant ecosystems such
as Palm Valley in central Australia enlist a range of scientific disciplines to work on a
collaborative basis. A start point for further work at Palm Valley could be the
comparison of deuterium levels in xylem water of Livistona mariae, sampled after a
long period (months) without rain, with the deuterium values of groundwater in the
underlying Hermannsburg Sandstone. This may allow, in a similar manner to that
outlined in the study by Lamontagne et al. (2005) for other tree species in northern
Australia, an appreciation of the degree of groundwater dependence (at least at the time

of sampling) of the Livistona mariae.

The flows into and out of the Hermannsburg Sandstone and the climate events that drive
the hydrologic cycle are largely unknown or proven. Further work is needed to create a
better knowledge of the water balances of this aquifer. Such information may allow the
development of a functioning numerical model to aid the understanding and
management of this aquifer. It is worth noting, however, that even after much study and
expenditure some major exploited groundwater resources in arid central Australia such
as the Alice Springs town supply and the Great Artesian Basin are yet to have water
fluxes characterised to the extent that fully calibrated dynamic numerical models can be
constructed. This suggests that the hydrogeology of large aquifers such as the
Hermannsburg Sandstone in the arid zone is complex and therefore requires much

further effort to be fully understood.

The atmospheric *°Cl/Cl ratios for this area have only been measured over a two-year
period in early 1990s (Keywood, 1995). Knowledge of this crucial factor in the dating
of groundwater would benefit from a long-term collection programme so that the
relationship of *°Cl/CI ratio to the full suite of possible climatic conditions could be
examined. For example the *°Cl/Cl ratio of precipitation during the anomalous ‘big wet’
years of 1974 and 2000 in central Australia would be of interest as recharge may be

significant for some aquifers only during these events.

Rainfall and dry fallout chemistry data are also meagre in central Australia; most future

groundwater studies would benefit from a systematic collection of these data.
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The chemical and isotopic data that forms the basis of this study is largely obtained
form only one round of sampling. A better understanding of the system maybe gained if
repeat sampling of groundwater along with some data from rain and dry fallout were

obtained.

It is worth analysing the Hermannsburg Sandstone to obtain some solid phase chemical
data as an aid to any future geochemical studies such as reactive transport modelling

using the PHREEQC (Parkhurst and Appelo, 1999) computer code.

The past hydrologic regimes that have existed at Palm Valley should be further
examined — consideration of dating aquifer precipitate deposits such as the calcrete
lenses noted in the area above the water table should form a part of any further

groundwater studies at Palm Valley.

While the ideal of adequately accounting for all sources and sinks of chloride has long
been recognised for successful *°Cl decay dating, it has rarely been achieved. This may
in part be due to the expense and logistical difficulties associated with maintaining
sample integrity in large deep sedimentary basins. This study highlights that
unambiguous *°Cl decay results do occur in some natural systems; hence future studies
should plan and budget for much effort in ensuring that only one lithological unit is
sampled. In many instances, however, this may not feasible. Better control on mixing
end members by way of sampling solid phases and aquitard pore waters for halide
signatures and *°Cl/Cl ratios along with aquifer waters is recommended to add credence
to interpretations of groundwater ages necessarily based on allowing for mixing of dead
chlorides along flow paths etc. Where possible the use of complementary techniques

such as 8'Kr and *He should also be considered.
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