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HIGHLIGHTS

GRAPHICAL ABSTRACT

* The groundwater flow and evolution
were studied.

« Hydrogeological and hydrochemical
methods were integrated successfully
to improve and understand the
hydrogeologic setting.

* The results confirmed recharge by rain-
fall infiltration as the main source of
water.

 The conceptual model for recharge and
flow is developed.
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Fig. 1 Conceptual diagram of groundwater flow and evolution in the Oratunga Area
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The chemical characteristics of water in the Oratunga Area, Central Flinders Ranges, South Australia have been
used to evaluate and determine the processes controlling water chemistry in addition to the sources of ions.
The isotopic analysis results show that the groundwater is mainly meteoric. Based on the rock and water chem-
istry, ionic ratios, hydrochemical facies and saturation indices, the chemical evolution has been studied. The
chemistry of groundwater revealed two types of water. Thus, in high topographic areas, low TDS, bicarbonate
and mixed water types are dominated and support a rapid and direct recharge. While in the low topographic
areas, high TDS and chloride compositions are the most common attributed to the accumulation of ions and
groundwater evolution. Analysis of the ion concentration, head data and saturation indices shows a composition-
al trend that can be studied as an evolutionary system. The ionic ratios and hydrogeochemical modelling using
NETPATH was used to quantify and verify the different hydrochemical processes. The resulting data shows that
calcite dissolution/precipitation and cation exchange reactions are the major processes affecting groundwater
chemical evolution of the groundwater in the basin. This study has provided a basis for a better understanding
of the hydrogeologic setting in areas of a little data.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In arid and semi-arid areas, the scarcity and uncertainty of surface
water supply makes groundwater an important part of the total water
resource, and plays a useful role as water supply for drinking and
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irrigation (Tsujimura et al., 2007; Keesari et al., 2014). In recent few
years, use of groundwater resources has increased remarkably due to
drought, the rapid growing of the worldwide economy, and an in-
crease in the worldwide population (Llamas and Martinez-Santos,
2005). The over-use of groundwater has caused many severe prob-
lems such as salinization of groundwater, desertification, land salini-
zation, and degeneration of vegetation (Ahmed et al., 2013;
Lapworth et al., 2013). Therefore, the sustainable management of
water and other environmental resources become an urgent issue
worldwide.

Understanding the dynamics of the hydrogeological systems and
identifying the hydrogeochemical evolution processes is required for
the success of sustainable management experiences (Sophocleous,
2010; Eissa et al., 2014; Brkic et al., 2016). Along the flow-paths
within the groundwater systems, the hydrochemical processes af-
fecting the groundwater composition are different; dissolution dom-
inates in the recharge area, ion exchange during the flow, while
evaporation, precipitation and ion exchange dominate the discharge
area in controlling groundwater chemistry (Toth, 1999; Adams et al.,
2001).

For arid regions, where evaporation dominates precipitation, the
hydrogeochemical indicators have been effectively used for tracing
the recharge sources and for quantifying the relative evaporation
(Garfias et al., 2010; Herczeg and Leaney, 2011; He et al., 2015;
Wang et al., 2015). It has often been used to study the interactions
of waters with rocks or sediments and to provide insights into aqui-
fer heterogeneity and connectivity as well as the physical and chem-
ical processes controlling water chemistry (Cartwright and Weaver,
2005; Wells and Price, 2015). In addition, it has been successfully
used with isotopes as effective and economic tools in understanding
the recharge and discharge of aquifer systems (Cartwright et al.,
2006; Dogramaci et al., 2012). Geochemical modelling is used to
quantify the geochemical reactions within groundwater systems
(Hidalgo and Cruz-Sanjulian, 2001; Londofio et al., 2008; Eissa et
al.,, 2013). The quantitative assessment of reactions in groundwater
can be approached using the standard geochemical code,
NETPATH-WIN (EI-Kadi et al., 2011). Most of these studies focused
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on areas of a large amount of data however, it remains unclear that
whether it is feasible to use the available data to develop a reason-
able model on which a sustainability plan for groundwater manage-
ment can be developed.

In the Oratunga Area (Fig. 1), groundwater is the primary source
for fresh water and plays a significant role in occupation and settle-
ment. The region is dependent groundwater stored in fractured
rock aquifers (Clark and Brake, 2009). Although the geology and
stratigraphy of the bedrock have been studied in some detail
(Preiss, 2000; Giddings et al., 2009; Backé et al., 2010; Fromhold
and Wallace, 2012), little or nothing is known about the characteris-
tics of groundwater. Therefore, the main objective of this research is
to evaluate the dynamics of the groundwater in a limited data area in
the Central Flinders Ranges, South Australia; the other aim is to in-
vestigate the presence of geochemical processes which would sup-
port the existence of different hydrodynamic conditions within the
study area. All together directly affect the sustainable management
of the water resources for this area.

2. Study area

The Oratunga Area is located in the Central Flinders Ranges, South
Australia (Fig. 1). Itis situated about 79 km. Southwest of Leigh Creek
and 210 km north-east of Port Augusta. It is considered the topo-
graphically semi-closed basin. The study area includes about
341 km? in Central Flinders Ranges (Fig. 1). The central part has a rel-
atively flat while the marginal areas are hilly and/or mountainous
terrains.

The climate of the Flinders Ranges is described by
(Schwerdtfeger and Curran, 1996) as arid to semi-arid. The winter
rains are prolonged and gentle under low clouds from westerly air
masses, while summer rains are brief, and intensely affected by
northerly air masses (Schwerdtfeger and Curran, 1996). The aver-
age annual rainfall is 300 mm/year, and the mean monthly temper-
ature varies from 16 °C (July) to 35 °C (January). In general, the slow
and prolonged rainfall, cool to cold temperature and low
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Fig. 1. Location map of the Oratunga Area in the Central Flinders Ranges.
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evaporations during winter allows the infiltration and hence re-
charge to occur.

The study was conducted in a sparsely populated part of the Cen-
tral Flinders Ranges nearby to the small town Blinman (population
100 approx). In the region, the most common land use is sheep graz-
ing, and coal mining (NFRS, 2004). Skeletal to thin soil profiles of
lithosol, calcic luvisol, calcic xersol, orthicsolonetz and chromic
vertisol have developed on the underlying Neoproterozoic
metasediments. The present day vegetation is a final product of the
Gondwanic elements of the Australian flora which thrived after the
Late Cretaceous/Early Tertiary separation of Australia and Antarctica
and adapted to aridity during the Oligocene (Boomsma and Lewis,
1980). A low open woodland of native pine and black oak, or mallee
bushland over seasonal grasses and small shrubs dominate the veg-
etation of the upland areas, whereas bluebush and saltbush commu-
nities or taller shrub lands common on the alluvial valleys and
adjacent plains.

3. Geology and hydrogeology

Open to closely folded and refolded metasediments deposited
during the Neoproterozoic and uplifted during the early Cambrian
Delamerian Orogeny form the topographic skeleton of the Central
Flinders Ranges Outcrops of stratigraphic sequences of the
Neoproterozoic Burra Group, Umberatana Group and Wilpena
Group are dominant (Fig. 2). In this area, only Umberatana and
Wilpena Group rocks have been considered, depending on the field
observation and the relationship to groundwater occurrences (Fig.
3). A number of studies have examined stratigraphy as well as the

260000

265000 270000

6575000

6570000

Home Well
L
RN

6565000

6560000

= 6555000

260000 265000 270000

275000 A

geology of the study area (Preiss et al., 1998; Preiss, 2000; Williams
et al., 2008; Giddings et al., 2009; Fromhold and Wallace, 2011;
Gehling and Droser, 2012). In the Central Flinders Ranges, the sedi-
mentary sequence is lesser in thickness and underwent more
uplifting during the post- Delamerian Orogeny. The main tectonic
structure in the Central Flinders Ranges is a series of tight to open,
upright folds which were formed with NNW orientations, and faults
and fractures trending NNE and ENE also formed during the earliest
deformation event. This was followed by another event that led to
major fault-propagation folds oriented ENE placed over folds to
form a domal structure (Flottmann et al., 1994; Flottmann and
Cockshell, 1996).

There have been no previous studies focused on the hydrogeol-
ogy of the area. Much well drilling has been conducted throughout
the Flinders Ranges in the course of mineral and hydrocarbon ex-
ploration. Although some of these wells have been drilled for
groundwater, most of them are not in operation. This study
shows that the hydrogeology follows closely the main geologic
units. The sedimentary relationship of each unit is shown in (Figs.
3 and 4).

Groundwater generally occurs in semi-confined conditions and/
or confined conditions may exist in places with the standing water
levels (SWL) ranging from I to almost 20 m below land surface. Avail-
able data indicate that the groundwater occurs primarily in fractured
rocks of the Tapley Hill, Etina, Brachina and Bunyeroo formations.
The hydraulic conductivity for the rocks ranges from 1 x 104 —
1 x 1075 m/d(Werner et al., 2014). Estimated well yields range
from 0.5 to 1.5 I/s. No clear pattern of well yields in relation to rock
type can be established.
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Fig. 2. Geological map of the study area showing the main stratigraphic features and distribution of water points (modified from map by Geological Survey of South Australia with the

authority of Department for Manufacturing, Innovation, Trade, Resources and Energy).
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Fig. 3. The main stratigraphic units in the Central Flinders area showing the main units
from oldest to youngest (adapted from Giddings et al., 2009 and Gehling and Droser,
2012 and the field observation).

4. Materials and methods

A hydrogeological survey, water level measurements, hydro-
geochemical and isotopic samplings and analysis were completed
to achieve the objectives of this study. Surface water divides for
the study area were delineated based on available topographical
maps ina 1:50,000 scale. This was improved by means of 30-m res-
olution Shuttle Radar Topographic Mission (SRTM) images which
allowed the determination of the altitude and location of water
points. Water samples were then collected from wells and springs
in May and September 2013. Parameters including temperature,
pH and electrical conductivity (EC) were determined in situ using

Eutech digital portable meters in the field. Three samples were col-
lected from each site and stored in washed plastic bottles for anal-
ysis of carbonate; chloride and other ions (Table 1).

The samples were stored at low temperature in a portable re-
frigerator. Major ion chemistry analysis was performed at the labo-
ratory of the Australian Water Quality Centre (AWQC). The CaCOs3
content was determined as total alkalinity; HCO3 is measured by ti-
tration with 0.05 N HCI and methyl orange as the indicator. The
concentration of CI™ ions was determined by Automated Flow Col-
orimetry while the other elements were analyzed using ICP Spec-
trometry (ICP2). To compare seasonal variation of the
groundwater recharge and evolution, Water level and EC of water
in some wells were measured twice in every year from March
2008 to January 2013 and two samples were collected from Salt
Bore one in May 2013 (almost the end of dry season) and the
other in September 2013 (almost at the end of the major rainy
season).

Eight samples were collected and sent for stable isotope analysis
at the Commonwealth Scientific and Industrial Research Organisa-
tion (CSIRO) laboratory. Stable isotopes of water (62H and 6'%0)
were analyzed using a water equilibration system (WES) coupled
to a PDZ Europa Geo 20-20 mass spectrometer and are reported rel-
ative to the international standard Vienna-Standard Mean Ocean
Water (V-SMOW). Stable isotope values for the precipitation in the
study area are not documented so a Long-term measurement of pre-
cipitation at Adelaide Station (1962-1986) were obtained from the
International Atomic Energy Agency's Global Network of Isotopes
in Precipitation (GNIP), using the Water Isotope System for Data
Analysis, Visualization, and Electronic Retrieval (WISER) interface
(IAEA/WMO, 2006).

A total of 29 rock samples were selected. Each rock sample col-
lected was described and labelled in the field. Samples were crushed
by a crushing machine to reduce the rock aggregate to <0.063 pm
particles. These samples were sieved to get the grain size fraction
<0.063 um. Sample powders were analyzed for their mineralogical
composition using X-ray powder diffraction (XRD) technique using
a Philips PW 1730 X-ray generator with Ni-filtered Cu-Ka, Fe-fil-
tered Co-Ka, and non-filtered Fe-Ka runs at 40 kV and 25 mA. All
these analyses were performed at the Central Metallurgical R & D In-
stitute (CMRDI), Cairo, Egypt.

The hydrochemical data was analyzed using a conventional sta-
tistical diagrams including Piper diagram (Hem, 1985). Hydrogeo-
chemical data were analyzed and evaluated using NETPATH
software (El-Kadi et al., 2011). This was done to quantify the set of
reaction equations that controlled the water chemistry. The model
is applied to reactions along flow of groundwater. The data used to
solve the mass balance reaction model are a set of phases that are
thought to be reacting along the flow path, and concentrations of
the elements in the initial and final waters that correspond to the
composition of the chosen phases.

5. Results
5.1. Isotope signature of groundwater

Stable isotope values for the precipitation in the study area are
not available so a long-term measurements of precipitation at Ade-
laide Station (1962-1986) was obtained from the International
Atomic Energy Agency's Global Network of Isotopes in Precipitation
(GNIP), using the Water Isotope System for Data Analysis, Visualiza-
tion, and Electronic Retrieval (WISER) interface (IAEA/WMO, 2006).
The isotopic signature for precipitation has an average ratio of 520
and 8D of —3.85% and — 19.8% respectively. The difference in eleva-
tion, air temperature and source of water vapour between the Ade-
laide station and study area may result in different isotopic values
in precipitation.
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Fig. 4. Schematic cross section showing the main hydrogeologic units, location of the water points and direction of the water flow throughout the study area.

The results of the isotopic composition are tabulated in Table 1
and Fig. 5, all results are displayed in parts per thousand (%.).The
stable isotope values for the groundwater ranges from — 4.6% to
—6.27% for 6'80, and 6?H range is — 38.2% to — 30.4%. These values
are closer to the local precipitation values and suggesting a local and
good recharge in these areas. The isotopic depletion of samples like
Third Spring and Breakneck Well relative to the Weighted Mean
Precipitation of the Adelaide station (—4.6%), could be due to an al-
titude effect or to a climatic effect. To identify the altitude effect, it is
essential to estimate quantitatively the recharge altitude of the de-
pleted groundwater and confirm the relationship to the elevation of
the aquifer outcrops in the recharge areas (Tarki et al., 2012; Dassi
and Tarki, 2014). This can be done using the equation of Grabczak
and Kotarba (1985), (Dassi and Tarki, 2014):

A = Acnip + (6180GNH’ + 618OGW/AG) /100

Where A is the estimated recharge altitude (in m), Agnp is the al-
titude of the GNIP station (43 m a. m.s.l.), 8'80¢np is the weighted
mean of 6'80 in precipitation for the GNIP station (—4.6%.),
5'80¢w is the mean value of '80 in the depleted groundwater, and
AG is the local altitudinal '%0 gradient in precipitation (%./100 m).
By assuming an '80 altitudinal gradient of 0.3%. per 100 m with re-
gard to the global variation range (Dassi and Tarki, 2014), no
matching is found between the estimated altitudes of the potential
recharge areas and the elevation of the aquifer recharge areas in
the investigated area. Therefore, the altitude effect is not responsible
for this depletion.

Climatic control is another physical effect that could result
in depletion. It was identified as a complicated and varied
physical process in precipitation (Liu et al., 2010). Several stud-
ies have correlated the mean isotopic compositions of precipita-
tion and temperature (Dansgaard, 1964; Van der Straaten and
Mook, 1983; Liu et al., 2010). Most of these studies indicate
temperature effects of about 0.5%0/°C for 6 '®0 and about

Table 1

The hydrochemical analysis of the groundwater and precipitation rainfall (concentrations of ions in mg/l and EC in ps/cm).
Well EC pH ca? Mg? Na* K+ HCO3 S0~ c- TDS 5°H% 5'%0%
Bore 170 1490.0 6.4 145.0 120.0 80.0 3.0 543.0 408.0 114.0 1413.0
Blinman Well 1714.0 7.1 112.0 114.0 182.0 4.5 643.0 216.0 285.0 1556.5
Pendulum Well 2160.0 7.2 103.0 177.0 264.0 6.4 559.0 360.0 521.0 1990.4
Willigen Spring 3640.0 7.1 171.0 130.0 508.0 5.0 545.0 424.0 860.0 2360.0 —34.6 —5.7
Witches Well 4470.0 6.7 188.0 221.0 532.0 4.5 662.0 378.0 1050.0 3035.5 —36.9 —6.1
Home Well 1930.0 6.3 234.0 248.0 404.0 35 628.0 636.0 851.0 3004.5 —329 —57
Salt Bore 8044.0 7.4 370.0 303.0 1450.0 10.8 558.0 1150.0 2480.0 6321.8 —304 —45
Oratunga Bore 1692.0 6.8 16.0 70.0 153.0 15.0 324.0 104.0 194.0 788.0
Breakneck Well 1791.0 7.3 92.0 85.0 160.0 5.0 469.0 102.0 320.0 1090.0 —359 —6.2
Glass Gorge Well 1692.0 6.8 117.0 65.0 166.0 4.0 470.0 96.0 301.0 1240.0 —355 —6.2
Fourth Spring 1262.0 6.0 121.0 49.6 155.0 2.7 421.0 89.1 310.0 11484
Third Spring 1904.0 7.0 119.0 53.0 171.0 3.0 358.0 104.0 367.0 1220.0 —382 —6.3
First Spring 1685.0 7.3 112.0 57.4 212.0 2.8 456.0 103.0 354.0 1297.2
Warra Warra Well 1648.0 7.2 76.0 54.0 146.0 2.0 353.0 86.0 245.0 922.0 —33.1 —55
OC1 Spring 1900.0 8.9 80.0 59.0 211.0 5.0 305.0 169.0 373.0 1150.0
Rainwater 332 1.27 9.54 0.6 9.67 3.63 18.06 —20.2 —42

*Rainfall chemistry from (Crosbie et al., 2012).
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the evolution of groundwater within the study area (b).

5%0/°C for 82H. Within the study area, the variation in climate
does not exist. Thus, the position of the these samples is clearly
close to the LMWL, which indicates that the air mass evolution
was that of the present day, with little evaporation and evolu-
tion from its source (Edmunds et al., 2003). Stable isotope con-
tent of water in semi-arid regions is likely to be controlled
more by precipitation amount and intensity than those in tem-
perate regions, where temperature effects dominate (Clark and
Fritz, 1997; Liu et al., 2010). In the Oratunga Area, the ground-
water system recharge depends mainly on rainwater infiltra-
tion. Evaporation and infiltration are the main factors
impacting the dynamics and recharge of groundwater in the
arid environment. These are more related to other parameters
such as soil properties, hydraulic conductivity and vegetation
cover.

In this area, samples from Home Well, Salt Bore and Witches
Well exhibit the more enriched 6'80 and &%H contents. The enrich-
ment could be attributed either to evaporation of meteoric water
during recharge, or to water-rock interactions following recharge
(Allison et al., 1985). The 6'80 and chloride relationship indicates
that lighter isotopic values are associated with lower chloride con-
centrations and that heavier values are associated with the higher
chloride concentrations (Fig. 5). The chloride is then considered
conservative in the groundwater and the only process that may
change its concentration is evapotranspiration during recharge,
and/or mixing with groundwater of different chloride composition.
It can be used to estimate the recharge using chloride mass balance.

Assuming a steady-state condition, the balance can be represented
mathematically as:

R=ClpP/Clg

Where R is the average recharge rate (mm/yr.), Clp is the aver-
age Cl concentration in atmospheric precipitation (mg/L), Clg is
the groundwater Cl concentration in (mg/L), and P is the mean an-
nual rainfall in mm/year (Bazuhair and Wood, 1996). The recharge
value was estimated using the weighted mean chloride concentra-
tion in rainwater (8.76 mg/L) (Crosbie et al., 2012), the long-term
mean annual rainfall in the study area (290 mm) and the average
chloride concentrations in groundwater (553 mg/L). The recharge
ranged from 1.02 to 22 mm/yr (Unpublished work by the author).
The highest estimated recharge occurred in the high topographic
areas while the lowest values were estimated in low areas regions.
The most enriched 6°H and 6'80 groundwater signatures are found in
areas with lower recharge rates (Salt Bore), in the central and western
areas, while the depleted isotopic signatures of 5°H and 6'%0 groundwa-
ter are found where recharge rates are relatively higher.

5.2. Digital elevation analysis

The SRTM was used to delineate the basin area under analysis.
The Oratunga Area covered by the different altitude ranges (Fig. 6).
The presence of these significant variations makes using 30 m resolu-
tion SRTM images necessary. The elevation ranges from 200 m to
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Fig. 6. Sampling water points, contours and main groundwater flow directions throughout the Oratunga Area.

>800 m. The highest elevation of 850 m is located on the Patawarta
Hill range in the north eastern part of the study area. It constitutes
the highlands and the prominent water divide for the basin. A similar
range of elevation is in the southern and northern parts of the area
where the Mount. Elkington, Mount. Lucus and Anorigina Hill are
present. The lowland area is the most extensive, and it covers the
central and western parts of the study area. Its elevation ranges
from 200 m to 500 m. (See Fig. 6)

Data on potentiometric heads indicate that the potentiometric
surface resembles that of the land surface elevation. In the study
area, the highest values in the northeastern part where the sur-
face topography is greatest, and lowest in the central and south-
western part of the catchment, where the surface topography is
low. Groundwater flow is dictated by this descent in the potenti-
ometric head elevation. Hence, groundwater flow throughout the
majority of the Oratunga Area is in central and western
directions.

In order to support the flow regime, the general trend of increas-
ing ionic concentration along the flow path can be used. The Ca®™
distribution seems to follow the TDS distribution with low concen-
trations observed from in the far northeast and southeast areas in-
creasing in the direction of water flow. Also, the ionic ratios of
water samples were used to confirm the groundwater flow direc-
tions. The ratios show an increase from the regions of high

topography towards the centre of the study area and regions of low
topography which clearly shows the direction of flow of groundwa-
ter (Fig. 7).

In addition, the saturation indices for carbonate, silicate and
evaporite minerals are shown in Table 2. The calculations indicate
that indices of carbonate minerals have both negative and positive
values, indicating the occurrence of carbonate minerals in the solu-
tion. The saturation indices of gypsum and anhydrite reflect high
negative values, indicating sub-saturation and potential for dissolu-
tion of these minerals. In general, the groundwater is saturated with
respect to quartz and undersaturated with respect to amorphous sil-
ica suggesting that silicate weathering possibly controls the ground-
water composition. (Table 2)

The saturation indices calculations indicate that they progress
as the increase in water salinity of the flowing water towards the
central and western areas (Fig. 8). The graphs indicate a relation-
ship between the indices of water saturation towards the calcite
as a function of Ca 2% HCO3, and gypsum as a function of
Ca?™ + SO3 " respectively. The saturation state indicates the evo-
lution along flow, precipitation is expected for calcite and dissolu-
tion is expected for dolomite and gypsum (Appelo and Postma,
2005). However, the semi arid climate and the result of evapora-
tion are another sources for these ions into the groundwater
(Srinivasamoorthy et al., 2008).
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Fig. 7. Spatial distribution of (a) TDS and (b) Ca showing the increase of concentrations from the high areas to the lower areas within the study area.

5.3. Hydrochemical classification

Piper diagram is a commonly used tool to show the linear trends of
cations and anions along groundwater flow (Hem, 1985). The chemical
analyses of the wells and springs were plotted on Piper diagrams for
hydrochemical classification (Fig. 9). Distribution of the groundwater
samples in the Piper diagram shows alteration from magnesium calci-
um bicarbonate or no dominant water type in the high topographic
areas to the Na—Cl type that predominates under lower topographic
areas. This is a common phenomenon in semi-arid to arid groundwater
aquifers (Herczeg and Edmunds, 2000). Hence, the groundwater can be
divided into two groups based on their chemical compositions: Dilute
calcium and sodium-bicarbonate type water (Group I) with relatively
low concentrations of chloride and sulfate occurs in the recharge areas

(Bore170, Blinman Well, Glass Gorge Well and Breakneck Well). The
Group Il water is made up of sodium-chloride water type. This type is
characterized by low concentration of HCO3 and relatively higher con-
centration of CI~ which are mainly distributed among the fine sedi-
ments, occurs in the low topographic and discharge area.

Durov plot is another composite plot consisting of 2 ternary dia-
grams where the cations of interest are plotted against the anions of in-
terest; sides form a binary plot of total cation vs. total anion
concentration. The diagram gives more insight to the hydrochemical fa-
cies by identifying chemical processes and by classifying groundwater
types accordingly (Chadha, 1999). In this study, the Durov diagram is
compared with the Piper diagram to understand the geochemical pro-
cesses and to follow the groundwater evolution in the study area.
Water samples of the Oratunga Area were plotted into the Durov

Table 2
The saturation indices of the groundwater with respect to different minerals. Negative values indicate under saturation and positive indicate saturation.
Calcite Dolomite Gypsum Anhydrite Quartz Chalcedony Sio, pCO,
Bore 170 —04 —0.6 —-1.0 —12 0.6 0.2 —06 —0.7
Blinman Well 0.3 1.1 —14 —1.6 04 0.0 —09 —13
Pendulum Well 0.2 0.9 —-13 —-15 —15
Willigen Spring 0.3 0.7 —-1.0 —13 0.5 0.1 —0.8 —15
Witches Well 0.0 04 —1.1 —13 0.6 0.2 —0.6 —0.9
Home Well —03 —03 —0.8 —1.0 —0.6
Salt Bore 0.8 1.8 —0.6 —0.8 0.4 0.0 —0.8 —-1.7
Oratunga Bore —-12 —-15 —23 —2.6 0.3 —0.1 —-1.0 —14
Breakneck Well 0.2 0.7 —-1.7 —-19 0.4 —0.1 —-1.0 —-1.7
Glass Gorge —0.2 —04 —1.6 —1.8 0.4 0.0 —0.9 —1.2
Fourth Spring -1.0 —22 —-1.6 —-18 —0.5
Third Spring —0.1 —0.2 —1.6 —1.8 0.4 —0.1 —0.9 —1.5
First Spring —1.7 —35 —15 —1.8 0.8 03 —0.6 —3.6
Warra Warra Well 0.1 0.5 —1.8 —2.0 0.2 —0.2 —1.0 —1.7
0OC1 Spring 1.5 33 —1.6 —1.8 0.1 —03 —1.2 —3.6
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diagram for hydrogeochemical process analysis. Samples from the high
topographic areas are classified as HCO3 or no dominant water types
and located in dissolution field. They coincide with zone 4 in the Piper

diagram (Fig. 10). Groundwater seems to be affected by the composi-
tion and solubility of rock materials in the soil or bedrock and loss or
gain of constituents as water percolates through clay layers.

Samples collected from the lower topographic and discharge
areas are classified as Na—Cl water type and are located in the ion
exchange field, these samples represents endpoint water
(Zaporozec, 1972). It is consistent with samples in zone 2 in the
Piper diagram. The arrows on this diagram show the groundwater
evolution in the Oratunga Area. Thus, the diagram plot revealed
that the groundwater is in the final stage of evolution, represented
by a Na—Cl water type. Groundwater evolution along flow seems
to be significantly affected by same identified chemical processes.

5.4. Mineralogical and geochemistry of rocks

In an attempt to understand the controlling hydrogeochemical pro-
cesses in the groundwater of the area, samples from four water bearing
units (Tapley Hill, Etina, Brachina and Bunyeroo formations) and were
collected and studied to define their mineralogical and chemical com-
position using X-ray diffraction (XRD). An analysis of the majority of
rock samples showed that the occurrence of quartz and albite, clay
and feldspar and the predominant carbonates, calcite and dolomite
(Fig. 11).

5.5. Ionic ratios

Generally, the chemical composition of groundwater is mainly de-
pendent on the geochemical processes along the flow paths within
the groundwater system. In the Oratunga Area, it is assumed to be influ-
enced by many chemical reactions which can be used to infer the
sources of the different ions in the groundwater. Plotting the different
species against each other can reflect the mechanisms controlling the
water chemistry (Fig. 12).
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The geochemical evolution results from the interaction of water that
contains oxygen and carbon dioxide with soils and rocks. Thereby, the
higher the concentration of gases in the water, the more effective the
groundwater reacts. The studied water along the proposed flow trends

Counts/s

characterize by high CO, content (0.125, 0.25 and 0.018 atm.). The
mean CO, pressures show levels of 10-3.5 atm. And 10-1.5-10-
2.5 atm. For atmospheric and soil, respectively conditions (Appelo and
Postma, 2005). The high characteristics of the water along the
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Fig. 11. Example of the XRD patterns of the studied samples from the Brachina Formation. The main phases detected by X-ray diffraction were quartz, albite, illite and chlorite.
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evolutionary trend suggest that reactions take place largely under par-
tially open or open-system. CO, may be derived from a variety of
sources, including release of CO, by oxidation of organic matter and
the interaction of water with carbonates.

In the study area, calcareous rocks are exposed and in contact with
groundwater. The results from the XRD of various rocks revealed that
calcite and dolomite are common minerals in the studied rocks. There-
fore, carbonate dissolution is likely to be an active process determining
the chemical evolution of groundwater. The mechanism of this dissolu-
tion and/or precipitation is mainly controlled by the behaviour of CO,
(Appelo and Postma, 2005). The carbonate dissolution is also supported
by plotting of (Ca® ™4 Mg2™) versus total cations (Fig. 12e) samples
lying under the 1:1 trend reflect a decreased contribution of Ca?™ and
Mg? " suggesting a common source for these ions (Rajmohan and

Elango, 2004). This is most likely supplied by the weathering of various
minerals such as dolomite and calcite (Freeze and Cherry, 1979).

If the dissolution of calcite is a dominant process controlling the
chemistry of natural groundwater, then Ca?* and HCO3 will correlate
to a 1:1 line (Fig. 12c). The relationship between Ca®>* and HCO3
shows an excess of HCO3 relative to Ca>* for the higher topographic
points. This suggests that calcite dissolution is common in these areas.
In the topographically low areas, Ca>* concentration may be low due
to calcite precipitation and cation exchange. Dissolution of dolomite
may also provide Mg? ™ for the solution. When the Mg?™ and Ca®™
are plotted against HCO3 (Fig. 12d) then the majority of the data are lo-
cated along the 1:1 line which confirms that dolomite dissolution is a
significant chemical process. The correlation between Ca?* and Mg?*
shown in Fig. 12b, thus, at low concentrations in higher topographic
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areas, the Ca>™ and Mg? ™ concentration plot close to the 1:1 ratio, with
increasing in concentration, Mg? ™ become more than Ca?*. This may be
due to the precipitation of calcite over dolomite. Furthermore, in Ca®™
versus SO3 ~ plot (Fig. 12a), the distribution of water samples are mostly
above 1:1 line indicating the dominance of carbonate weathering. These
results are also consistent with the calculated saturation indices. The SI
of calcite and dolomite for most samples in the higher areas are above
saturation with respect to calcite which also does recommend that dis-
solution is a significant hydrogeochemical process. The same is evident
for the SI of dolomite distribution with a difference in high values of this
distribution towards the discharge and lower areas. This suggests that
the mineralization of groundwater is controlled by the weathering of
carbonate rocks.

The results from the XRD of various rocks shown that silicate min-
erals are dominant in the studied rocks. So, silicate weathering is anoth-
er key geochemical processes controlling the major ions chemistry of
the groundwater, especially in fractured rock aquifers (Rajmohan and
Elango, 2004). Silicate weathering can be supposed by estimating the
ratio between Nat + K* and total cations (Fig. 12g). The relationship
between Na* + K™ and total cations of the studied samples indicate
that all samples are plotted where the Na* + K* = 0.5 total cations
line (Fig. 12g). The relationship shows the contribution of silicate
weathering in the geochemical processes, which adds mainly sodium
ions to the groundwater (Stallard and Edmond, 1983). Feldspars are
more susceptible for weathering and alteration than quartz in silicate
rocks. Weathering of soda Feldspar (Albite) and Potash Feldspars (Mi-
crocline) may contribute Na* ions to groundwater.

In the Oratunga Area; the presence of clay rich rocks may permit the
groundwater to be well-maintained for a long time causing the ion ex-
change to occur (Faust and Aly, 1981). Plotting of Na/Cl versus Cl sug-
gest that the concentration of Na in the groundwater is dependent on
both ion-exchange and dissolution processes (Fig. 12f). Therefore, ion
exchange and dissolution of feldspars are likely to be another source
of ions (Herczeg et al., 1991). The presence of fractures, faults and inter-
calated shale beds in the study area may contribute the ion exchange
process (Abdalla and Scheytt, 2012). However, in arid climatic condi-
tions, evaporation could cause an increase in the concentrations of all
species in the water. If the evaporation process is dominant, and no min-
eral species are precipitated (Jankowski and Acworth, 1997). To identify
the evaporation effect, a plot of Na/Cl versus EC could be used (Fig. 12h).
The Na/Cl versus EC shows that there is one horizontal trend which in-
dicate dominance of evaporation and the other trend indicates that dis-
solution or ion exchange are common processes.

5.6. The hydrochemical modelling

On the basis of the analysis of the rock samples, saturation indices,
ionic ratios and chemical trends along the observed flow paths, the ob-
served reaction hypotheses were tested using a mass-balance geochem-
ical model. Two distinct hydrochemical processes were considered in
determining the chemical evolution of the groundwater. These were re-
actions of meteoric water as it infiltrates through the unsaturated zone
to the groundwater, and 2) reactions of groundwater as it moves from
topographically high area (recharge area) down gradient to topograph-
ically low area (discharge area). The limitations imposed by mineral sat-
uration and mass balance are then applied to constrain the set of
reactions into a model that explains the chemical evolution of the
groundwater along the flow path, and describes the similar patterns of
changing groundwater composition observed along other flow paths.
Calcite and dolomite are thermodynamically preferred to dissolve and
contribute calcium, magnesium and bicarbonate ions into the ground-
water system. Carbon dioxide is included as a source of carbon in addi-
tion to calcite. The presence of clays indicates the potential for cation
exchange reactions and/or silicate weathering.

According to hydrochemical trends, one flow path was chosen to
support the geochemical evolution of groundwater in this area. Three

Table 3
The results of the geochemical modelling (in mg/L) for the selected water points. Negative
values indicate precipitation and positive indicate dissolution.

Rainfall-Witches Witches Well -Home Home Well -Salt

Phases Well Well Bore
Calcite —-1.6 —6.6 —4.2
Dolomite 1.1 3.9 —6.0
Exchange —-0.5 —-0.8 2.2
Gypsum 0.5 4.6 9.6
Na-Cl 3.6 1.0 —-16
Si0y 0.1 —04 0.1
CO, 1.1 83 —42

water points assumed to study the groundwater evolution according
the hydraulic heads, TDS and ionic ratios. The evolutionary trend of
the groundwater continues from a Na-Mg-Cl-HCO5-SO, in the assumed
recharge area at Witches Well (TDS = 3035 mg/L) to intermediate Mg-
Na-Ca-CI-SO4 Home Well (TDS = 3004) and finally a more concentrat-
ed Na-Mg-Cl-SO, water at Salt Bore (TDS = 6321 mg/L). The NETPATH
model results provided as many possible models based on different con-
straints and phases used (Table 3).

The evolution of the Na—Cl precipitation water to Na-Mg-CI-HCO3
(Witches Well) involves the dissolution of both CO, in soil zone and
weathering of silicates and carbonates. Thus precipitation of calcite
and dissolution of dolomite result in release of Mg?* and HCO3- ions
into solution while dissolution of silicates and/or ion exchange increases
the Na ion with a subsequent formation of kaolinite and other clay min-
erals. Dissolution of atmospheric salts may also be the source for chlo-
ride increase.

The low pH values and dominance of Na™ and Cl~ ions are charac-
teristic of Na-Mg-CI-HCO3; water type. It is probably indicated the
short residence times within the groundwater flow system than other
types. It represent recent infiltration of acidic recharge waters through
the unsaturated zone to the upper part of the water bearing rocks,
where carbonate is present or has been largely dissolved by weathering.
Then the groundwater evolves from Na-Mg-Cl-HCO3; water (Witches
Well) to Mg-Na-Ca-CI-S04-HCO5; (Home Well) can occur as a result of
many processes including dissolution and/or precipitation of carbonates
and silicates which released additional Mg+, Na* and HCO3 into solu-
tion. There is a general increase in concentration of Mg?™* and Ca?™
along the flow path.

Moreover, it is evident that there is an overall increase in the SO .
Although the results show dissolution of gypsum as a significant source
for sulfate, in the study area, dissolution of pyrite seems to be a possible
source of this ion. The occurrence of pyrite in the rocks and oxygen
might produce sulfate and hydrogen ions as well as iron hydroxide pre-
cipitate. Therefore the oxidation reaction is considered a common reac-
tion and the main contributor to sulfur in the groundwater. Increasing
CO, gas is also noticed and confirmed the open system which required
addition and increasing of CO-. The Salt Bore in the northwest area
has quite different composition from the low salinity water in the rest
of the area. Na-Mg-Cl-SO,4 water is distinguished with high saline
water. Thus, Na—Cl water can be described as the end result of a num-
ber of geochemical processes (Freeze and Cherry, 1979).

6. Discussion

In the Oratunga Area, the lithological and topographic variations can
change the chemical composition, flow and distribution of recharge and
discharge areas. As observed, the chemical results show distinct
hydrochemical features across the Oratunga Area. For most of the chem-
ical parameters measured there were two distinct areas: (1) an area of
high parameters was found within the low topographic features in the
central and western areas. (2) Another area with low parameters was
found on the high topographic areas along the marginal areas in the
far north and the south.
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The water-type distribution in the Piper and Duorv diagrams which
was assigned as recharge, evolution and discharge areas according to
their topographic location, agree with the evolution of groundwater
chemistry. Dilute calcium and sodium-bicarbonate type water with rel-
atively low concentrations of chloride and sulfate occurs in the recharge
areas. The low compositions of these constituents in the rain samples
and high composition in groundwater samples may be due to rapid re-
charge through times which result in less interaction of the water with
the weathered sediments exposed in these areas. The magnesium-calci-
um bicarbonate waters may result from the dissolution of carbonate
minerals or cation exchange processes with surrounding clays and
clay minerals. The moderately higher TDS and the dominance of Na—Cl
type for groundwater and water from springs may be due to a longer
time of contact with the dominant fine sediments and/or a moderate in-
teraction with the atmosphere and evaporation which leads to concen-
tration of salts in groundwater (Herczeg and Edmunds, 2000). In the
flow path model, there is considerable agreement in the model output
and its compatibility with the observed chemical and the calculated
mass transfer of the selected minerals phases. The obtained models rep-
resent the evolutionary trends in three steps: from rainfall to recharge
water, from recharge water to intermediate evolved (transit area)
water, and from intermediate evolved water to evolved water (dis-
charge area).

The evolutionary trends show enrichments in Na™ and CI™ concen-
tration which is possibly due to long-term water rock interaction; evap-
orative concentration; the dissolution of halite and mixing of connate
water and meteoric water (Rogers, 1989; Kresic, 2006). As sodium feld-
spar (Albite) was identified in the XRD data, dissolution of sodium feld-
spar is a possible mechanism providing excess Na*t. The albite
dissolution consumes hydrogen ions of carbonic acid and produces bi-
carbonate ions, which increase the alkalinity and pH of the groundwater
a (Freeze and Cherry, 1979). For the groundwater along the evolution-
ary trend, the increase in Na™ and a decrease in HCO3 are obvious. The
decrease in HCO3 in water and the low content of Na,O support the oc-
currence of different reactions than the silicate hydrolysis. Therefore,
the effects of feldspar dissolution are not likely to produce significant
geochemical changes. Groundwater can also add Na™ if it flows across
highly soluble minerals. Although the currently under-saturated state
with respect to halite and Na/Cl ratios (Na/Cl < 1) clearly supports
that the dissolution of halite is unlikely the appropriate conditions
existed for the addition of Na™ ion. It is therefore that the Na excess
water did not form as a result of evaporites dissolution as the ground-
water migrated through the Brachina Formation.

Another possible mechanism is evaporative concentration. The '80
and 8D data suggest that water of Witches Well and Home Well are
more depleted and diluted water while that Salt Bore is enriched and sa-
line. The recharge values confirm the evaporative effects in the unsatu-
rated zone which seem to be more effective when the recharge rate is
less than about 1 cm/year (Fontes et al., 1986). Areas of high recharge
in the north eastern and southern edges have been less influenced by
these effects and areas in the southern areas are more subject to evapo-
rative effects. Dilution of groundwater may also occur, especially during
the rainy seasons in the unsaturated zone, a phenomenon that has been
observed in a wide range of environments (Mathieu and Bariac, 1996).

Therefore, evaporation as a major process was considered to be in-
fluenced the water composition in the evolutionary trend. The meteoric
origin is also supported by the values of Na/Cl ratios for the groundwa-
ter. The value of this ratio for seawater is 0.85, Na/Cl ratios of Witches
and Home wells are closest to the standard seawater value and this in-
dicate the meteoric origin of the groundwater, while for the Salt Bore,
the value is slightly more than the standard seawater values suggesting
evolution of water. The high Na™ groundwater may also explained as a
mixing of meteoric water with existing saline water which results re-
moving the original water. A marine source for the groundwater is sug-
gested since the area is outcropped mainly by marine sediments (Preiss,
1987). The occurrence of saline water is probably resulted in the

adsorption of sodium on the clays in the shales and siltstones. As
water contain calcium and bicarbonate, these were slowly flushed the
saline water from the rocks, the adsorption of the dissolved calcium
and magnesium on the clays occurred releasing sodium to solution.
The decrease in calcium concentration permits more dissolution and ad-
ditional calcium and bicarbonate to the water. The added calcium then
existed for more exchange with sodium.

Further, if chloride is not affected by ion exchange, the Na/Cl ratio
can be a potential tracer to understand the washing out the marine sed-
iments. The Na/Cl ratios increase from the Witches and Home wells to-
wards the Salt Bore indicating that the recharge water replaces the
saline water or flushing the marine sediments. The presence of clay
rich lithologies in this area permits the groundwater to be retained for
a long time causing the ion exchange to occur (Faust and Aly, 1981).
Clay minerals and albite were detected by the XRD analysis in some of
the rocks. These may dissolve under acidic conditions to yield sodium
and silica ions (Herczeg et al., 1991).

As indicated that with residence time (distance of transport) of
groundwater increases, calcium and magnesium increase while bicar-
bonate shows a noticeable decrease. The groundwater composition
has changed significantly by interaction with carbonate minerals. It is
possible that that change in water chemistry resulting from precipita-
tion/dissolution of carbonate minerals. Most of soils and rocks in the
Oratunga Area contain amounts of carbonate minerals. During infiltra-
tion of rainfall, the dissolution of carbonate minerals adds calcium, mag-
nesium and bicarbonate ions and increases the pH of groundwater. But
also dissolution of these carbonates in the presence of carbonic acid pro-
duced from the mineral itself should add to the bicarbonate remaining
from the disassociation of carbonic acid and this is not evident. This de-
creasing of bicarbonate is attributed to availability of CO,. Water perco-
lating through the soil becomes enriched in CO, and then dissolves
carbonate. As this water reacts with calcite the CO, gets consumes,
and, there is no additional source of CO, the water become saturated
with respect to calcite and not be able to dissolve the rock. The Ca/Mg
ratios for the groundwater samples are more than that of seawater
which reflect enrichment of Ca by dissolution of carbonate minerals in
the rock matrix or in the fracture zones. However, the increase in ratios
between water in the Witches and Home wells to the higher Salt bore
and the close to unity is likely indicating that either dolomite dissolution
or Mg enrichment along the movement of groundwater is the common
process. A change along groundwater flow in the Oratunga Area appears
to be dominated by the dissolution/precipitation of minerals in the soils
and rocks matrix. The groundwater contains sodium, calcium and mag-
nesium balanced with chloride, sulfate and bicarbonate. As this ground-
water flow down the hydraulic gradient they are modified by these
processes.

Other naturally occurring constituent of interest along the evolu-
tionary trend is sulfate. The increase in sulfate concentration can be at-
tributed to dissolution of sulfate minerals and/or oxidation of sulfide
bearing minerals. Soil of the Oratunga Area may include gypsum, a
very soluble mineral. Recharge passing through soil and underlying
rocks with soluble gypsum can substantially increase the calcium and
sulfate content. In that case calcium-sulfate waters result and this
water type is not identified along the flow path. Also, the saturation in-
dices of both anhydrite and gypsum are very low; sulfate dissolution
does not seem very likely in much of the study area.

The Ca/SO4 ratio is also taken as a guide for detecting any excess of
sulfate. In groundwater associated with sulfate mineral dissolution,
the Ca/SO4 ratios should be gradually increased along the evolutionary
trend from Witches Well to the Salt Bore and this is not evident. The ob-
served ratios indicate other sources than the soluble evaporite minerals.
The fine grained rocks in the Oratunga Area contain the mineral pyrite
(FeS,). The pyrite weathers to produce dissolved iron and sulfate. The
iron can then oxidize and precipitate as iron oxides which produce the
red coloration commonly occurring in different rock units. The solution
from pyrite weathering is acidic and dissolves additional calcite in a
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Fig. 13. Conceptual diagram of groundwater flow in the Oratunga Area, Locations of the flow lines are shown in Fig. 4.

neutralization process. These processes increase the calcium and sulfate
concentrations dissolved in groundwater which is evident along the
flow of groundwater. The high sulfate in both low and high salinity
water indicates that pyrite oxidation is significantly important to the
chemical evolution of the groundwater.

Based on the isotopic and chemical analysis of groundwater, a con-
ceptual model of groundwater flow was developed to understand
groundwater evolution in the study area (Fig. 13).

The Oratunga Area is typical of such a hydrologic system: termed
mountain front recharge sedimentary basin. Thus, diffuse recharge of
low relief basin is often controlled by low rainfall and a high potential
for evaporation from deep zones. While, the adjacent mountain ranges
have higher rainfall and lower temperatures with shallower soil profiles
attributes that reduce the potential for evaporation and permits dilu-
tion, while enhancing rates of direct rainfall recharge and streambed re-
charge of shallow sedimentary and fractured rock aquifers (Wilson and
Guan, 2004). Two possible hydrogeological processes can be distin-
guished that determine the hydrological function in the study area
(Fig. 13): (1) Fractured Rock: water follows regional and local fracture
system. The abundant precipitation in the mountains and high density
of fractures allow infiltration and comprise the main source of ground-
water recharge in area (rapid and direct). This infiltrating water dis-
solves mainly carbonate and silicates minerals. Therefore water with a
predominantly bicarbonate signature is found in these areas. In case of
the regional fracture system and the hydraulic connection of the differ-
ent units, the groundwater flows from marginal areas through moun-
tainous and hilly areas and enters the valleys. During this process,
aquifer material is dissolved into the groundwater with low TDS. Due
to the rapid groundwater flow, dissolution is possible the dominant pro-
cess affecting the evolution of groundwater. In absence of the hydraulic
connection, local fracture system seems to be the main controlling fac-
tor allows lateral flow to act as the primary source of groundwater re-
charge, whereas local precipitation is insignificant. (2) Groundwater
Discharge and Sub-surface Flow.: While in lower topographic and dis-
charge areas, only a little amount of the precipitation that recharging
groundwater. Water-rock interactions and the leaching of soluble
salts, from the unsaturated zone lead to high concentrations of dissolved

ions in groundwater. The evaporation and ion exchange are considered
the dominant processes. As a result, sodium chloride waters are pre-
dominant in these areas (diffusive recharge).

7. Conclusion

The hydrological and hydrochemical methods were combined to un-
derstand the recharge areas, flow path, and geochemical processes in
the Oratunga Area. The groundwater flow seems to follow SSW and
NNE directions from the recharge areas to the central and discharge
areas. The chemical relations define significant hydrochemical trends
and facies in this area. The mixed ion facies and low TDS that generally
represent the recent meteoric recharge occur in the higher areas and the
chloride facies with high TDS groundwater controlled and influenced by
the input of ions along flow process in the lower areas. The ionic ratios
results show that the main reactions controlling the groundwater
chemistry can be explained by the weathering of carbonates and sili-
cates controlled by soil zone CO,, the dissolution/precipitation of calcite,
and cation exchange. The major chemical species from these sources are
Na™, Ca®™, Mg?™ and HCO3. The evolutionary trend for the groundwa-
ter was relatively consistent along the proposed flow path. A geochem-
ical model was used to confirm the chemical processes using the
compositional differences between water points on a flow path. The
model was completed within the constraints of minerals and mass bal-
ance modelling and the results are consistent with other chemical re-
sults from arid areas around the world. In this particular case, the
hydrochemical zoning and geochemical evolution identified within
the Oratunga Area are of interest for development in the groundwater
flow system, which are of major economic importance in the Flinders
Ranges region.

Acknowledgments

The authors gratefully acknowledge the financial support provided
by the Goyder Institute for Water Research, the South Australian Arid
Lands NRM Board and the Egyptian Government. The authors thank
Mr. Robert Aebi for his valuable support in field work.

Total Environ (2016), http://dx.doi.org/10.1016/j.scitotenv.2016.07.123

Please cite this article as: Ahmed, A., Clark, [, Groundwater flow and geochemical evolution in the Central Flinders Ranges, South Australia, Sci



http://dx.doi.org/10.1016/j.scitotenv.2016.07.123

A. Ahmed, 1. Clark / Science of the Total Environment xxx (2016) xXX-xXx 15

References

Abdalla, F.A, Scheytt, T., 2012. Hydrochemistry of surface water and groundwater from a
fractured carbonate aquifer in the Helwan area, Egypt. J. Earth Syst. Sci. 121, 109-124.

Adams, S., Titus, R, Pietersen, K., Tredoux, G., Harris, C., 2001. Hydrochemical characteristics
of aquifers near Sutherland in the Western Karoo, South Africa. J. Hydrol. 241, 91-103.

Ahmed, M., Samie, S.A., Badawy, H., 2013. Factors controlling mechanisms of groundwater
salinization and hydrogeochemical processes in the Quaternary aquifer of the Eastern
Nile Delta, Egypt. Environ. Earth Sci. 68, 369-394.

Allison, G., Stone, W., Hughes, M., 1985. Recharge in karst and dune elements of a semi-
arid landscape as indicated by natural isotopes and chloride. ]. Hydrol. 76, 1-25.

Appelo, CAJ., Postma, D., 2005. Geochemistry, groundwater and pollution. CRC Press.

Backé, G., Baines, G., Giles, D., Preiss, W., Alesci, A, 2010. Basin geometry and salt diapirs in
the Flinders Ranges, South Australia: insights gained from geologically-constrained
modelling of potential field data. Mar. Pet. Geol. 27, 650-665.

Bazuhair, A.S., Wood, W.W., 1996. Chloride mass-balance method for estimating ground
water recharge in arid areas: examples from Western Saudi Arabia. J. Hydrol. 186,
153-159.

Boomsma, C., Lewis, N.B., 1980. The native forest and woodland vegetation of South Aus-
tralia. Bulletin. Woods and Forests Department, South Australia.

Brki¢, Z., Briski, M., Markovi¢, T., 2016. Use of hydrochemistry and isotopes for improving
the knowledge of groundwater flow in a semiconfined aquifer system of the Eastern
Slavonia (Croatia). Catena 142, 153-165.

Cartwright, I, Weaver, T.R,, 2005. Hydrogeochemistry of the Goulburn Valley region of the
Murray Basin, Australia: implications for flow paths and resource vulnerability.
Hydrogeol. J. 13, 752-770.

Cartwright, 1., Weaver, T.R,, Fifield, LK., 2006. Cl/Br ratios and environmental isotopes as
indicators of recharge variability and groundwater flow: an example from the South-
east Murray Basin, Australia. Chem. Geol. 231, 38-56.

Chadha, D., 1999. A proposed new diagram for geochemical classification of natural wa-
ters and interpretation of chemical data. Hydrogeol. J. 7, 431-439.

Clark, L, Brake, L., 2009. Using local knowledge to improve understanding of groundwater
supplies in parts of arid South Australia. GeoJournal 74, 441-450.

Clark, L.D,, Fritz, P., 1997. Environmental isotopes in hydrogeology. CRC Press, Boca Raton, FL.
Crosbie, et al., 2012. New insights into the chemical and isotopic composition of rainfall
across Australia. CSIRO Water for a Healthy Country Flagship, Brisbane, Australia.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus 16, 436-468.

Dassi, L., Tarki, M., 2014. Isotopic tracing for conceptual models of groundwater hydrody-
namics in multilayer aquifer systems of central and southern Tunisia. Hydrol. Sci. J.
59, 1240-1258.

Dogramaci, S., Skrzypek, G., Dodson, W., Grierson, P.F., 2012. Stable isotope and
hydrochemical evolution of groundwater in the semi-arid Hamersley Basin of sub-
tropical Northwest Australia. J. Hydrol. 475, 281-293.

Edmunds, W.,, et al., 2003. Groundwater evolution in the continental intercalaire aquifer
of southern Algeria and Tunisia: trace element and isotopic indicators. Appl.
Geochem. 18, 805-822.

Eissa, M.A,, et al., 2013. Groundwater resource sustainability in the Wadi Watir delta, Gulf
of Aqaba, Sinai, Egypt. Hydrogeol. . 21, 1833-1851.

Eissa, M.A,, et al., 2014. Geochemical and isotopic evolution of groundwater in the Wadi
Watir watershed, Sinai Peninsula, Egypt. Environ. Earth Sci. 71, 1855-1869.

El-Kadi, AL, Plummer, L.N., Aggarwal, P., 2011. NETPATH-WIN: An interactive user ver-
sion of the Mass-Balance Model, NETPATH. Groundwater 49, 593-599.

Faust, S.D., Aly, 0.M., 1981. Chemistry of natural waters. 1981. An Ann Arbor Science
Book, Butterworths, Boston MA, p. 400.

Flottmann, J., 1994. Early Palaeozoic foreland thrusting and basin reactivation at the
Palaeo-Pacific margin of the southeastern Australian Precambrian Craton: a reap-
praisal of the structural evolution of the Southern Adelaide Fold-Thrust Belt.
Tectonophysics 234, 95-116.

Flottmann, J.P., Cockshell, C., 1996. Palaeozoic basins of southern South Australia: new in-
sights into their structural history from regional seismic data. Aust. J. Earth Sci. 43,
45-55.

Fontes, J.C., Yousfi, M., Allison, G., 1986. Estimation of long-term, diffuse groundwater dis-
charge in the Northern Sahara using stable isotope profiles in soil water. J. Hydrol. 86,
315-327.

Freeze, R.A, Cherry, J.A.,, 1979. Groundwater, 1979. Printice-Hall, New Jersey.

Fromhold, T., Wallace, M., 2011. Nature and significance of the Neoproterozoic Sturtian—
Marinoan boundary, Northern Adelaide Geosyncline, South Australia. Aust. J. Earth
Sci. 58, 599-613.

Fromhold, T., Wallace, M., 2012. Regional recognition of the Neoproterozoic Sturtian-
Marinoan boundary, Northern and Central Adelaide Geosyncline, South Australia.
Aust. ]. Earth Sci. 59, 527-546.

Garfias, J,, Arroyo, N., Aravena, R., 2010. Hydrochemistry and origins of mineralized wa-
ters in the Puebla aquifer system, Mexico. Environ. Earth Sci. 59, 1789-1805.

Gehling, J.G., Droser, ML.L., 2012. Ediacaran stratigraphy and the biota of the Adelaide Geo-
syncline, South Australia. Episodes Newsmagazine Int. Union Geol. Sci. 35, 236.

Giddings, J., Wallace, M., Woon, E., 2009. Interglacial carbonates of the Cryogenian
Umberatana Group, Northern Flinders Ranges, South Australia. Aust. J. Earth Sci. 56,
907-925.

Grabczak, J., Kotarba, M., 1985. Isotopic composition of the thermal waters in the central
part of the Nepal Himalayas. Geothermics 14, 567-575.

He, J., Ma, ], Zhao, W., Sun, S., 2015. Groundwater evolution and recharge determination
of the Quaternary aquifer in the Shule River basin, Northwest China. Hydrogeol. J. 23,
1745-1759.

Hem, ].D., 1985. Study and interpretation of the chemical characteristics of natural water.
Department of the Interior, US Geological Survey.

Herczeg, A.L., Edmunds, W.M., 2000. Inorganic ions as tracers, environmental tracers in
subsurface hydrology. Springer, pp. 31-77.

Herczeg, AL, Leaney, F., 2011. Review: Environmental tracers in arid-zone hydrology.
Hydrogeol. J. 19, 17-29.

Herczeg, A.L, Torgersen, T., Chivas, A., Habermehl, M., 1991. Geochemistry of ground wa-
ters from the Great Artesian Basin, Australia. J. Hydrol. 126, 225-245.

Hidalgo, M.C., Cruz-Sanjulidn, J., 2001. Groundwater composition, hydrochemical evolu-
tion and mass transfer in a regional detrital aquifer (Baza basin, southern Spain).
Appl. Geochem. 16, 745-758.

IAEA/WMO, 2006. Global Network of Isotopes in Precipitation.

Jankowski, J., Acworth, R.I, 1997. Impact of debris-flow deposits on hydrogeochemical
processes and the Developement of dryland salinity in the Yass River catchment,
New South Wales, Australia. Hydrogeol. ]. 5, 71-88.

Keesari, T., et al., 2014. Geochemical characterization of groundwater from an arid region
in India. Environ. Earth Sci. 71, 4869-4888.

Kresic, N., 2006. Hydrogeology and groundwater modeling. CRC Press.

Lapworth, D., et al., 2013. Residence times of shallow groundwater in West Africa: impli-
cations for hydrogeology and resilience to future changes in climate. Hydrogeol. J. 21,
673-686.

Liu, et al,, 2010. Stable isotopic compositions in Australian precipitation. ]. Geophys. Res.-
Atmos. 115.

Llamas, M.R., Martinez-Santos, P., 2005. Intensive groundwater use: silent revolution and
potential source of social conflicts. ]. Water Resour. Plan. Manag. 131, 337-341.
Londoiio, 0.Q., Martinez, D., Dapeifia, C., Massone, H., 2008. Hydrogeochemistry and iso-
tope analyses used to determine groundwater recharge and flow in low-gradient
catchments of the province of Buenos Aires, Argentina. Hydrogeol. J. 16, 1113-1127.

Mathieu, R., Bariac, T., 1996. An isotopic study (*H and '®0) of water movements in clayey
soils under a semiarid climate. Water Resour. Res. 32, 779-789.

NEFRS, 2004. Northern flinders ranges soil conservation board district plan. The Board, S.
Aust.

Preiss, W, 1987. The Adelaide Geosyncline: Late Proterozoic stratigraphy, sedimentation,
palaeontology and tectonics. Department of Mines and Energy.

Preiss, W, 2000. The Adelaide Geosyncline of South Australia and its significance in
Neoproterozoic continental reconstruction. Precambrian Res. 100, 21-63.

Preiss, W, Dyson, L, Reid, P., Cowley, W., 1998. Revision of lithostratigraphic classification
of the Umberatana Group. MESA J. 9.

Rajmohan, N., Elango, L., 2004. Identification and evolution of hydrogeochemical process-
es in the groundwater environment in an area of the Palar and Cheyyar River Basins,
Southern India. Environ. Geol. 46, 47-61.

Rogers, R.J., 1989. Geochemical comparison of ground water in areas of New England,
New York, and Pennsylvania. Groundwater 27, 690-712.

Schwerdtfeger, P., Curran, E., 1996. In: Davies, M., Twidale, C.R,, Tyler, MJ. (Eds.), Climate
of the flinders ranges. Natural history of the flinders ranges. Royal Society of South
Australia Inc., pp. 63-75.

Sophocleous, M., 2010. Review: groundwater management practices, challenges, and in-
novations in the High Plains aquifer, USA—lessons and recommended actions.
Hydrogeol. J. 18, 559-575.

Srinivasamoorthy, K., et al., 2008. Identification of major sources controlling groundwater
chemistry from a hard rock terrain—a case study from Mettur taluk, Salem district,
Tamil Nadu, India. ]. Earth Syst. Sci. 117, 49-58.

Stallard, R., Edmond, J., 1983. Geochemistry of the Amazon: 2. The influence of geology
and weathering environment on the dissolved load. ]. Geophys. Res. Oceans 88,
9671-9688.

Tarki, M., Dassi, L., Jedoui, Y., 2012. Groundwater composition and recharge origin in the
shallow aquifer of the Djerid oases, southern Tunisia: implications of return flow.
Hydrol. Sci. J. 57, 790-804.

Téth, J., 1999. Groundwater as a geologic agent: an overview of the causes, processes, and
manifestations. Hydrogeol. J. 7, 1-14.

Tsujimura, M., et al., 2007. Stable isotopic and geochemical characteristics of groundwater
in Kherlen River basin, a semi-arid region in eastern Mongolia. ]. Hydrol. 333, 47-57.

Van der Straaten, C., Mook, W., 1983. Stable isotopic composition of precipitation and cli-
matic variability. Palaeoclimates and Palaeowaters: A Collection of Environmental
Isotope Studies.

Wang, L, Li, G., Dong, Y., Han, D., Zhang, J., 2015. Using hydrochemical and isotopic data to
determine sources of recharge and groundwater evolution in an arid region: a case
study in the upper-middle reaches of the Shule River basin, northwestern China. En-
viron. Earth Sci. 73, 1901-1915.

Wells, C.M,, Price, ].S., 2015. The hydrogeologic connectivity of a low-flow saline-spring
fen peatland within the Athabasca oil sands region, Canada. Hydrogeol. ]. 23,
1799-1816.

Werner, A, et al,, 2014. Developing an application test bed for hydrological modelling of
climate change impacts: cox creek catchment, mount lofty ranges. Goyder Institute
for Water Research Technical Report Series no, 14.

Williams, G.E., Gostin, V.A., McKirdy, D.M., Preiss, W.V., 2008. The Elatina glaciation, late
Cryogenian (Marinoan Epoch), South Australia: sedimentary facies and
palaeoenvironments. Precambrian Res. 163, 307-331.

Wilson, J.L., Guan, H., 2004. Mountain-block hydrology and mountain-front recharge.
Groundwater Recharge in a Desert Environment: The Southwestern United States,
pp. 113-137.

Zaporozec, A., 1972. Graphical interpretation of water-quality data. Ground Water 10,
32-43.

Total Environ (2016), http://dx.doi.org/10.1016/j.scitotenv.2016.07.123

Please cite this article as: Ahmed, A., Clark, I., Groundwater flow and geochemical evolution in the Central Flinders Ranges, South Australia, Sci



http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0005
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0005
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0010
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0010
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0015
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0015
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0015
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0800
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0800
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0020
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0025
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0025
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0025
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0030
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0030
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0030
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0035
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0035
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0040
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0040
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0040
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0045
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0045
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0045
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0050
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0050
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0050
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0055
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0055
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0060
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0060
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0065
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0070
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0070
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0075
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0080
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0080
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0080
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0085
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0085
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0085
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0090
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0090
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0090
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0095
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0095
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0100
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0100
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0105
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0105
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0110
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0110
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0805
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0805
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0805
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0805
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0810
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0810
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0810
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0115
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0115
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0115
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0120
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0125
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0125
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0125
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0130
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0130
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0130
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0135
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0135
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0140
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0140
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0145
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0145
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0145
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0815
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0815
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0150
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0150
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0150
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0155
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0155
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0160
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0160
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0165
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0165
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0170
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0170
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0175
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0175
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0175
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0820
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0180
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0180
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0180
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0185
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0185
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0190
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0195
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0195
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0195
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0200
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0200
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0205
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0205
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0210
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0210
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0210
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0215
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0215
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0215
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0215
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0220
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0220
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0225
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0225
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0230
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0230
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0235
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0235
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0240
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0240
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0240
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0245
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0245
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0250
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0250
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0250
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0255
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0255
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0255
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0260
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0260
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0260
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0265
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0265
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0265
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0270
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0270
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0270
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0275
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0275
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0280
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0280
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0285
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0285
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0285
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0290
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0290
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0290
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0290
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0295
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0295
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0295
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0300
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0300
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0300
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0305
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0305
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0305
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0310
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0310
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0310
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0315
http://refhub.elsevier.com/S0048-9697(16)31568-6/rf0315
http://dx.doi.org/10.1016/j.scitotenv.2016.07.123

	Groundwater flow and geochemical evolution in the Central Flinders Ranges, South Australia
	1. Introduction
	2. Study area
	3. Geology and hydrogeology
	4. Materials and methods
	5. Results
	5.1. Isotope signature of groundwater
	5.2. Digital elevation analysis
	5.3. Hydrochemical classification
	5.4. Mineralogical and geochemistry of rocks
	5.5. Ionic ratios
	5.6. The hydrochemical modelling

	6. Discussion
	7. Conclusion
	Acknowledgments
	References


