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Abstract

Human-induced landscape salinization, including the effects of dryland salinity, is negatively impacting many catchments in
southern Australia. Salinization occurs due to increased recharge and water-table rise following land clearing of deep-rooted
native vegetation. In low-lying areas with poor drainage, groundwater-level rise can lead to increased evapotranspiration,
mobilization of vadose zone salt, and salt scalding. Alternatively, these same processes of increased recharge and groundwater
rise can lead to decreased salinization as accumulated salts are flushed into surface waters. This study in a high-rainfall area of the
Mount Lofty Ranges of South Australia documents catchment desalinization. A 28-year record (1989-2016) of flow and salinity
in Scott Creek was analysed based on monthly data. Analysis of catchment-scale chloride deposition and export determined that
approximately three times more chloride is exported than is input to the catchment from atmospheric sources. Over the time
period investigated, salt load exported to surface water decreased by, on average, 6.4 t annually due to catchment freshening.
Analysis of monthly salinity balance of a sub-catchment drained by an intermittent stream demonstrates that accumulation of
chloride, rather than export, occurs during drought years. In the catchment, as a whole, salts are being flushed via groundwater
flow into the permanent stream in all years of the record. Deep groundwater is input to the permanent stream, with mixing of
deeper more saline and fresher shallow groundwater. Thus, a complex interaction of landscape hydrologic parameters such as
relief, precipitation, chloride deposition and land-use history, determine whether a catchment undergoes salinization or
desalinization.
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Introduction

Quantifying salinity balance of catchments over time is critical
for evaluating overall river and catchment health (Peck and
Hurle 1973; Williamson et al. 1987; Williamson and van der
Well 1991; Jolly et al. 2001; Guan et al. 2010a; Biggs et al.
2013). Human-induced landscape salinization and catchment
salt balances have been the focus of much hydrologic work in
southern Australia (Ruprecht and Schofield 1989, 1991; Cox
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etal. 1996), in the US (Brown et al. 1983; Scanlon et al. 2005)
and in South America (Jayawickreme et al. 2011; Marchesini
etal. 2017). It is well accepted that in many areas of Australia,
increases in soil and stream salinization have resulted from
wide-spread land clearing of deep-rooted native vegetation
(eucalypt trees) combined with the planting of short-rooted
crops and grasses (Schofield 1992; Greeff 1994; George
et al. 1997; Walker et al. 1999; Jolly et al. 2000, 2001,
Pannell 2001; Hatton et al. 2003; Poulsen et al. 2006); e.g.
in agricultural regions where the native vegetation has been
largely cleared and replaced with annual crop and pasture
vegetation. In Australia, the eucalypt woodland absorbs sub-
stantially more water through root-uptake than the short-
rooted pasture/crops and, as a consequence, salinity tends to
accumulate in the unsaturated zone of uncleared areas.
Following land clearing, the decrease in soil water uptake by
vegetation increases the groundwater recharge rate, which can
mobilize salinity present in the unsaturated zone during water-
table rise (Fitzpatrick et al. 1994; Cox et al. 1996). Increases in
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near-surface evaporation can lead to landscape salinization.
These same processes, however, may result in decreases in
salinization in landscapes that are high in rainfall and well-
drained (Norman 1995; Tyagi 2003; Guan et al. 2010a). In
such settings, the increase in recharge and rise in water table
are thought to have led to increases in stream flow and flush-
ing of stored or historic salinity, i.e. ‘dryland salinity flushing’
(Jolly et al. 2001; Guan et al. 2010a), causing a change in the
catchment salt balance over time.

Catchment-scale stream salinity data have been analysed for
the Murray—Darling Basin (Australia) with the aim to develop
concepts and methods of evaluating ratios of salinity output to
salinity input (O/I ratios; Jolly et al. 2001). These statistical
methods were used to evaluate salinity trends in catchments
where limited data were available. Peck and Hurle (1973)
established that the O/I ratio could be used as a key indicator of
catchments undergoing salinization, assuming steady state or sa-
linity equilibrium prior to clearing. Guan et al. (2010a) further
conceptualized catchment types and suggested how the O/I ratio
could be applied. Allison et al. (1990) determined the influence
that increased recharge due to land clearance had on the Murray
River, South Australia, using groundwater modelling.
Additionally, it has been conceptualized that following a distur-
bance such as land clearing, the catchment salinity balance would
be changed and a new equilibrium or salinity balance would
occur with time (Jolly et al. 2001; Guan et al. 2010a). Notably,
the study presented here assumes steady-state conditions, de-
spite various other factors influencing recharge and salinity
balance, including environmental history (Dahlhaus et al.
2008; Cartwright et al. 2013), climate change (Currell et al.
2016) and flow paths through the regolith and aquifers
(Ruprecht and Schofield 1989; Cox et al. 1996). However,
many studies have shown that vegetation clearance has been
a pivotal driver for hydrological change—for example,
Ruprecht and Schofield (1989) determined the extent that
land clearance had in raising groundwater levels and increas-
ing streamflow in south-western Australia. Similarly
(Ruprecht and Schofield 1991) found that land clearance
transitioned catchments from salinity accumulating to salinity
exporting. Additionally, Williamson et al. (1987) concluded
that in higher rainfall catchments, more salinity had been
exported than in drier catchments 8 years after clearance.
These catchments are expected to attain a new salinity
equilibrium sometime in the future. Having an established
salinity equilibrium is required in order to utilize the chlo-
ride mass balance (CMB) method for estimating ground-
water recharge (Wood 1999); thus, if catchment salinity
input/export is significantly out of equilibrium, increased
error for groundwater recharge estimates will result. For
the Mount Lofty Ranges of South Australia, Guan et al.
(2010a) established that the catchment salinity O/I ratio
provides useful information to determine whether a catch-
ment has reached a new salinity equilibrium and therefore
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whether the application of CMB methods is valid. Other
studies have modelled the timespan required for reaching a
new salinity equilibrium (Sivapalan et al. 1996; Smitt et al.
2003; Dawes et al. 2004; Gilfedder et al. 2009); however,
these studies did not have continuous monitoring history of
the physical parameters to verify the theory that there is a
decreasing export of stored salinity from the system.

In addition to the estimation of salinity exported from
catchments, much research has been undertaken to quantify
atmospheric deposition of salinity (Eriksson 1959, 1960;
Blackburn and McLeod 1983; Keywood et al. 1997; Biggs
2006; Guan et al. 2010b). Keywood et al. (1997) documented
that there was a decrease in chloride deposition with the dis-
tance inland from the coast of Australia. Most chloride is
deposited within approximately 100 km from the coast
(Eriksson 1959, 1960). Biggs (2006) derived equations to es-
timate annual average rainfall chloride mass deposition as
well as total salinity deposition in southern Queensland,
Australia; furthermore, Guan et al. (2010b) created a quanti-
tative map of the bulk chloride deposition in the Mount Lofty
Ranges in which distance to the coastline, elevation, and slope
orientation were reported as the most significant factors
influencing chloride deposition. It is evident from Guan
et al. (2010b) that the high-resolution data employed were
important in influencing these findings, which has been a lim-
iting factor of the aforementioned studies.

Many catchment salinity balance studies have claimed that
insufficient data was a major cause that limited the key find-
ings (Williamson et al. 1987; Ruprecht and Schofield 1989);
thus, considering the available literature on salinity balance, it
is evident that high-resolution data are required to thoroughly
evaluate salinity input and export at the catchment scale.
Necessary data include the duration of salinization or desali-
nization, saturated vs. unsaturated salinity storage, and influ-
ence of chloride content of wet-fall and dry-fall. The study
presented here evaluates these factors; furthermore, the find-
ings of this study should be considered when evaluating re-
forestation during the process of land management
planning—for example, plans made in the Mount Lofty region
(AMLRNRM 2013). The study presented here indicates that
reforestation can increase salinity and decrease surface water
flows. These conclusions are based on high-quality long-term
stream and salinity time series data from the Scott Creek
catchment (SCC) within the Mount Lofty Ranges. These data
quantify the catchment salinity balance, resulting in monthly
totals of chloride input and export for a permanent and an
intermittent stream. Similar databases, containing river dis-
charge and salinity exist elsewhere—e.g. the United States
Geological Survey ‘Water Data for the Nation’ program
(USGS 2018). Therefore, following the methods outlined in
this study, these data can be used to quantify salinity loads in
catchments across the globe. This study employs a multiple
regression analysis that reveals a decrease in salinity load as a
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function of both time and flow. These data and quantifications
conclusively show that a decrease in catchment-scale salinity
is occurring; furthermore, this study evaluates the atmospheric
chloride deposition and the stored chloride export (or accumu-
lation) at monthly time intervals. Moreover, the methods pre-
sented here have the potential to quantify the flushing of
stored salinity for other catchments with significant monitor-
ing data and allow the timespan in which the catchment will
reach a new salinity equilibrium post land clearance to be
determined. This paper presents a definition of terms
(Table 1) to assist the reader in understanding frequently used
terms and concepts.

Site background
Hydrology and climate

Numerous hydrogeological studies have been completed at
the SCC (Fig. 1), which includes both the Scott Bottom and
Mackreath Creek sites (Chittleborough et al. 1992; Stevens
et al. 1999; James-Smith and Harrington 2002; Harrington
2004a, b; Ranville et al. 2005; Banks et al. 2009; Bestland
etal. 2016; Anderson et al. 2017). These studies have outlined
the hydrogeological heterogeneity and geological complexity
of the site as well as the soil hydrology of the dominant Red

Brown Earth soils (Xeralfs). Banks et al. (2009) and Bestland
and Stainer (2013) documented the importance of the frac-
tured rock and deep clayey regolith for the groundwater/
surface-water interactions at the site. In addition, several
soil-water studies have recognized the through-flow
hydrochemical characteristics on site (Chittleborough et al.
1992; Stevens et al. 1999; Bestland et al. 2009). These studies
expanded the investigations of James-Smith and Harrington
(2002) and Harrington (2004a, b) that described the basic
hydrology and hydrogeology of the SCC.

The SCC has an area of 28 km? and is located about 30 km
southeast of Adelaide. Scott Creek flows into the Onkaparinga
River; upstream of Clarendon Weir and downstream of Mount
Bold Reservoir. Land-use patterns have changed over the
years in the SCC. Following European settlement of the
SCC beginning in 1838, farming and logging began in nearby
Scott Creek. The building industry in Adelaide made use of
the original red, blue and manna gum, as well as stringy bark.
In 1850 the site was mined for copper followed by silver
(DEHAA 1999); however, since the declaration of the Scott
Creek Conservation Reserve in 1985 (as described in
Nicholson and Clark 1992), agricultural use has decreased
and the native vegetation of the area has been restored to some
extent. At that time, the vegetation was reported to be 47%
native vegetation, 29% residential living and 16% grazing
modified pastures (EPA 2013).

Table 1 Definition of terms ]
Annual cumulative mean export

Atmospheric deposition
Bulk chloride deposition
Chloride accumulation

Chloride export

Dryland salinity

Historic salinity

Intermittent stream

Output/input ratio

Salt balance

Salinity load
Weighted salinity concentration

The summation of the mean mass of salinity (or chloride) exported each
year, which updates by adding the annual mean export from the
previous running total

Mass of salinity or chloride deposited from wet-fall and dry-fall processes
As above

The process by which the mass of chloride deposited to the catchment via
bulk chloride deposition is greater than the mass discharged via surface
water over a given period

The process by which the mass of chloride deposited to the catchment via
bulk chloride deposition is less than the mass discharged via surface
water over a given period

Increases in salinization [as] a result of significant clearing of perennial
native vegetation and... replacement with annual crops and pastures. ..
reducing the amount of evapo-transpiration and resulting in increased
groundwater recharge, sensu stricto (Jolly et al. 2001)

Salinity accumulation in the groundwater and unsaturated zone prior to
clearance of native vegetation and subsequent dryland salinity occurring

[A stream)] that flows only at certain times when it receives water from
springs [or surface water], sensu stricto (Meinzer 1923)

The proportion of salinity (or chloride) deposited into the catchment via
precipitation in relation to that exported out via stream flow

The output of salinity in stream flow equals the current input of salinity in
precipitation [and therefore] a salinity output to input ratio equal to one,
sensu stricto (Williams et al. 1998)

The mass of salinity exported from a catchment via streamflow

The mass of salinity (salinity load) per volume of water discharged from
the catchment (flow)
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Scott Creek Catchment

Fig. 1 a—d Location maps of the a c
Scott Creek Catchment, South
Australia, showing location of
gauging stations (GS) and
Mackreath Creek catchment
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The SCC has a Mediterranean climate with cool, moist win-
ters and warm, dry summers. Here the mean temperature ranges
from 7 to 13 °C in winter, and 14 to 25 °C in summer. The
Mount Lofty Ranges receives varying seasonal precipitation
(almost all as rainfall) with yearly totals ranging from 400 to
over 1,000 mm/yr and with 85% of the rainfall occurring be-
tween May and September (BOM 2016). The great annual
variability in rainfall in this area impacts the groundwater/
surface-water systems as demonstrated by the aforementioned
very low flow and disconnected flow during droughts in Scott
Creek. Winter wet-season recharge causes the water table to rise
between 1 and 2 m (Banks et al. 2009). A pluviometer in close
proximity to the SCC, at the upslope Mount Bold Reservoir
weather station, has an average annual rainfall of 801 mm/yr
(BOM 2016). Mount Bold also has an average evaporation of
1,555 mm/yr, and therefore potential evaporation exceeds
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rainfall from October to May (spring, summer and autumn;
Bestland et al. 2009).

High salinity levels of Scott Creek at the Scott Bottom site
relate to low stream flows and are associated with the
groundwater-fed base-flow. Conversely, high flows have rel-
atively low salinity that reflects mostly surface water run-off
(James-Smith and Harrington 2002). Anderson et al. (2017)
provides an understanding of the cause for a high salinity
groundwater ‘hotspot’ observed on site and traces it to a
tributary stream that flows into Scott Creek. Additionally,
Kretchmer (2007) concluded that throughout harsh drought
conditions (e.g. as arose in the summer of 2006-2007), Scott
Creek diminished to a sequence of disconnected pools sourced
from groundwater. Salinities on site fluctuate from 500 nS/cm
in winter to above 2,000 uS/cm throughout the low-flow pe-
riod from January to April. The seasonal salinity variations at
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Scott Bottom were explained by evaporative enrichment;
and groundwater input during the summer contrasting with
runoff dilution during the winter wet season (Harrington
2004b). Comparatively, the nearby intermittent Mackreath
Creek has much lower salinity than Scott Creek (200-
500 puS/em) and little salinity variation throughout its flow
season, as revealed in Milgate (2007); Bestland et al.
(2009); and Pichler (2009). This sub-catchment has signif-
icant areas of sandy soils. These investigations also
disclosed that Mackreath Creek only flowed after signifi-
cant Autumn—Winter rainfall; however, surface-water salin-
ities at both Scott Creek and Mackreath Creek are not be-
lieved to be in a state of equilibrium (Banks et al. 2009),
reinforcing the theory that stored salts are flushing from the
system. Flushing is thought to occur through two mecha-
nisms: (1) during water-table rise, stored salt is flushed from
the unsaturated zone consisting of soil and regolith
(Anderson et al. 2017); and (2) the accumulated stored salts
from the ambient groundwater is mixed and flushed by
fresher recharge (appendix A; Harrington 2004a). These
mechanisms are illustrated in a conceptual hydrogeologic
model (Fig. 2).

Geology and hydrogeology

Despite the relative geological complexity of this area, the
geology is well studied and understood (Preiss 1987; Banks
et al. 2009; Bestland et al. 2016). The lower one third of the
SCC is underlain by the relatively homogenous Woolshed Flat
Shale unit. Five 3-m-deep backhoe trenches were dug as part
of this project (reported in Bestland and Stainer 2013) from
valley bottom to ridge crest in order to characterize the sapro-
lite and soil zone. From this information combined with drill
logs (Banks et al. 2009), the thick, clayey nature of the regolith
has been determined.

A sequence of shallow to moderate depth piezometer nests
were drilled at the Scott Bottom site in 2005 (Cranswick
2005). The piezometer nests allowed an analysis of the
hydrogeological structure and flow dynamics of the site
(Banks et al. 2009); the drilling logs for these piezometers
are documented in Cranswick (2005). This network added to
the deeper bores described in James-Smith and Harrington
(2002). Piezometer nests adjacent to Scott Creek demonstrate
an upward hydraulic gradient, as expected from the presence
of artesian deep bores. Piezometer nests up-slope from the

Fig. 2 Conceptual model of
Mount Lofty Ranges catchment
groundwater system a prior to
land-clearing and b post land-
clearing

Pre-clearing Eucalypt Woodland
- Greater interception & evapotranspiration
- Weaker more saline recharge
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stream on the mid-slope of the hill demonstrate a downward
gradient; thus, the conceptual model (Fig. 2), which shows the
upward and downward gradient groundwater flow-paths, is
supported by this data.

The regolith at the site plays an important role in ground-
water flow and recharge and has been separated into zones.
The deep, weathered bedrock saprolite zone of up to 15 m
depth is generally very clayey with a massive structure
(Cranswick 2005). Fractured bedrock underlies this zone.
The degree and depth of weathering of the saprolite is vital
in directing groundwater flow and recharge. Banks et al.
(2009) outlined three zones that control groundwater flow at
the site—the soil zone, saprolite zone and fractured bedrock
zone. The soil zone is characterized as a duplex soil with a
sandy-silty A horizon (10-20 cm depth) over thick clayey B
and C horizons (Chittleborough et al. 1992).

The saprolite zone changes gradually from poorly struc-
tured (massive) clay down to the unweathered bedrock
(Cranswick 2005; Bestland and Stainer 2013). Banks et al.
(2009) found that the hydraulic conductivity of this zone
ranged from 0.04 to 2.5 m/day and was usually less than the
hydraulic conductivity of the fractured bedrock zone. The un-
weathered bedrock (Woolshed Flat Shale) consists of a grey
siliceous slate. Hydraulic conductivity here ranged from 1.5 to
14 m/day. The fractured rock aquifer (FRA) is the most active
part of the groundwater system with some deep bores being
permanently artesian.

The thick clayey character of the saprolite developed from
the meta-shale is responsible for the very low hydraulic con-
ductivities found in this material (Banks et al. 2009). In addi-
tion, these low permeability zones cause widespread areas of
perched through-flow in the Mount Lofty Ranges (Cox et al.
1996). Very low rates of groundwater recharge below these
zones are thought to result in local areas of very high ground-
water salinity (Anderson et al. 2017). Conversely, areas in the
SCC, and elsewhere in the Mount Lofty Ranges, underlain by
strata containing sandstones (quartzite) result in rocky and
sandy soils, much higher rates of recharge, and much lower
groundwater salinities.

The nearby Mackreath Creek study site (Fig. 1) is underlain
by similar geologic units to the Scott Bottom site and includes
meta shales, sandstone-quartzite, and minor carbonate units
(Preiss 1987). The site has 100-300 m of relief, reasonably
steep slopes in many areas and narrow riparian-floodplain
zones. The hydraulic head of the FRA is 2-3 m lower than
the streambed at the gauging station on site, which demon-
strates the disconnection between the surface water and the
FRA.

The Mackreath Creek area has varying soil types as
outlined in Bestland et al. (2016). In addition, three 3-m deep
backhoe trenches were excavated and sampled for soil and
regolith hydrochemical properties (Bestland and Stainer
2013). To summarize these soil properties, the regolith that
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occurs over meta shale consists of a stony heavy clay, and
where the regolith occurs over quartzite, it is composed of a
silty stony sand with some clayey zones; additionally, minor
quartzite outcrops are distributed along steep side slopes and
narrow ridge tops.

Variation in flow and precipitation

Precipitation and stream flow at the SCC is representative of
its Mediterranean climate, exhibiting high annual variability
(Fig. 3). Most years have below 900 mm precipitation and less
than 3,000 ML of flow; however, the maximum precipitation
and flow over the 28-year period occurred in 2016, which had
an annual precipitation above 1,200 mm, and flow that
surpassed 9,000 ML. This vastly exceeded the annual mean
for the years analysed of 804 mm of precipitation and 3,496
ML of flow. By contrast, the lowest annual flow occurred
between the years 2002 and 2009 when most years were be-
low 2,000 ML. In particular, 2006 was the driest year in this
record with 1,057 ML of flow and 530 mm of precipitation.
This was well below the average for the period of analysis. In
addition, the standard deviation for flow was 2,000 ML and
for precipitation 135 mm; this highlights the extent of the
annual climatic variability of the site.

The variability in flow strongly correlates with the general
climatic conditions for south-eastern Australia (BOM 2016;
Murphy and Timbal 2008). Notable, in 2006 during the sec-
ond worst drought in recorded history (Watkins 2005; Bettio
2006), the lowest flow was recorded at Scott Bottom.
Moreover, between 1997 and 2006 (during ‘the millennial
drought’) Southeastern Australia experienced a decade of
record-breaking drought conditions (Murphy and Timbal
2008). This period also coincides with low flows on site. In
contrast, flow on site in 2016 (the highest flow) concurred
with the state of South Australia (including the Mount Lofty
Ranges) having the highest September rain in recorded history
with some sites in the Mount Lofty Ranges having had their
highest annual rainfall (BOM 2016). Therefore, observed data
from this investigation was consistent with the climatic con-
ditions for the region and was therefore representative of over-
all climatic conditions of this area.

Methods
Flow and salinity data

Flow and surface-water-salinity-time-series data are available
from hydrometric monitoring stations located adjacent to
weirs at both the Scott Bottom and Mackreath Creek sites
(Figs. 1d and 4). In addition, rainfall measurements are avail-
able from the nearby Mount Bold Reservoir weather station
(Fig. 3). The Scott Creek data set has accumulated over many
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Fig. 3 Monthly stream flow from
Scott Creek and rainfall at Mt.
Bold Reservoir station from 1989
to 2017 1200
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decades; whereas, the Mackreath Creek site was only in oper-
ation for the years 2001 to 2008. The data recorded for the
Scott Bottom site over the last 5 years are available in SAW
(2017) and the full data set available on request from the
current custodian, SA Water (Scott Bottom) and DEWNR
(Mackreath Creek).

Measurements of both electrical conductivity (EC; nuS/cm)
and the total daily volumetric flow (ML) were utilized during
this investigation between the periods from 1989 to 2016. In
addition to flow data, EC measurements at the Scott Bottom
site were collected by acquiring samples of water passing
through the site using the flow proportional composite
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sampling method (Nicholson and Clark 1992); thus, reported
EC values represent the mean flow-weighted concentration
for specified sampling periods (Fig. 4). In 2013, an in-situ-
water-quality sensor was installed less than 5 m upstream of
the weir; henceforth, the sensor recorded EC measurements
every 5 min and data from this sensor were utilized instead of
the composite sampling method for this study.

Despite these variations in EC sample frequency over the
last 28 years, readings were usually taken on at least a fort-
nightly basis (approximately 90%). In the case measurements
were missing in a month (less than 5%), a power regression
between flow and EC (Fig. 5b) was used to estimate EC in

Fig. 4 Monthly salinity 2500-
measurements from Scott Creek
in 1989-2017
20004
&
o
o |
2
O
L
10004
5004

1990 1995

2000 Year 2005

@ Springer



1236 Hydrogeol J (2019) 27:1229-1244
i 0.5
Fig. 5 a Mackreath Creek a y = 251.72x + 0.2495 b =-0.039In(x) + 0.2975
chloride (Cl) measurements cor- 100k ) 3
related to electrical conductivity R2 =0.08 R? =0.76
. . é 0.4
(EC) measurements using a linear ° °
equation. b EC correlated to flow 3‘ °
measurements using a logrithmic 80 K =l
. . °
equation . Rd % .
g_ I el e - .-
k=" ~ IR L TR o900
g § P 8 ° .
© 3 .
o. 3
0.1p
a0l .

cases where flow data existed but EC data were missing. In
general, where in-situ-water-quality data were available, this
was used in preference to composite samples; however, limi-
tations of the sensor method included equipment malfunction.
EC of less than 150 puS/cm were assumed to be due to faulty
equipment or low flow and in this case, data from the com-
posite sample method were employed instead.

Salinity and chloride budget calculation

Based on EC measurements, a salinity load was calculated
for Scott Creek at the Scott Bottom site (Fig. 6a). Salinity or
total dissolved solids concentration (TDS, mg/L) of Scott
Creek was thereby estimated from EC (in S cm) measure-
ments multiplied by a conversion factor of 0.64 (Mackay
et al. 1988; Ali et al. 2012). Daily salinity loads were quan-
tified by multiplying salinity concentration by the total dai-
ly stream flow. These were then summed to provide month-
ly and annual salinity loads from the two stream systems.
Additionally, chloride concentration data for Scott Creek
and Mackreath Creek were correlated with EC in order to
generate time series of chloride concentration (Fig. 5a, b).
The monthly totals for atmospheric deposition of chloride
were based on average chloride concentrations (4.45 mg/L)
in bulk rainfall for the area (Guan et al. 2010b), the rainfall
from Mount Bold station and the area of each catchment
(28.4 and 3.3 km?® respectively). The monthly totals of
chloride load in Scott Creek were based on flow measure-
ments from the gauging station and estimated using an ex-
ponential relationship with EC for the Mount Lofty Ranges
(Guan et al. 2010a). At the Makcreath Creek site, chloride
load was calculated by multiplying flow with the concen-
tration correlation equations shown in Fig. Sa,b. Two dif-
ferent sets of correlation equations for the two streams were
necessary because of the very different character of the
streams: one is permanent, fed by groundwater and higher
in salinity, and one is intermittent, fed by runoff and soil
water through-flow, and lower salinity.
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Results and discussion
Stream salinity hydrograph and trends

In this strongly Mediterranean climate although there is a
good seasonal correlation between rainfall, stream flow,
and stream salinity (Figs. 3 and 4), there are however times
when groundwater input to surface flows has had a delayed
response to rainfall on a year to year basis. This interpre-
tation is supported by the contrast in flow that occurred
between 1993 and 1994, both low rainfall years. The year
1993 followed the anomalously wet year 1992 and had
considerably more flow (>40%) with the same rainfall to-
tals. This lag time in flow response to rainfall is assumed to
be reflective of significant groundwater recharge during
wet years. Such pulses of recharge generating stream flow
is the mechanism envisioned to cause more saline ground-
water to flush. Loh and Stokes (1981) found similar vari-
ations in flow and salinity following changes in flow in
south-western Australia.

Similar to the aforementioned flow data, the EC data at
the Scott Bottom site are highly variable (Fig. 4), with a
standard deviation of 503 uS/cm over the 28-year period.
In addition, seasonal variation during this sampling period
ranges from above 1,500 pS/cm in the summer months
(Dec—Feb) to below 400 uS/cm during the winter months
(June—Aug). Furthermore, the wettest years (e.g. 1992,
1995, 1996, 2000, and 2016) had much lower than average
salinity minimums (below 220 puS/cm). Conversely, during
the millennial drought (during the years 1997-2006) there
is a visually obvious trend of higher salinities, with maxi-
mums reaching over 2,000 puS/cm; therefore, it has been
well established that there is strong correlation between
flow and salinity. The variability in annual flow and salin-
ity of Scott Creek is of critical importance to concepts of
salinity flushing from the groundwater system. The season-
al salinity variation is caused by mixing of precipitation-
induced runoff and groundwater input. During the drier
summer months groundwater contribution to stream-flow
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Fig. 6 a Yearly salinity load (total
dissolved solids, TDS, in tonnes)
and b yearly mean salinity
concentration (kg/ML), plotted
against flow from Scott Creek
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is dominant (Kretchmer 2007), which dramatically in-
creases the EC. During wetter winter months there is fresh-
water dilution from precipitation and runoff lowering the
EC (Banks et al. 2009).

As anticipated, both the highest salinity load and flow
occurred in winter (June—Aug) followed by spring (Sep—
Nov; Fig. 7). The lowest flow and salinity load occurred in
summer (Dec—Feb) and autumn (March—May), which are,
approximately equivalent. The highest flow occurred in
spring; however, even with similar flow, a higher salinity
load is flushed in winter compared to the spring period.
Flushing of salinity, however, continues during the spring,
but then declines by summer. By this time, flows have
dropped off and the water table has lowered, unless during
years when tropical moisture is present in South Australia
(BOM 2016) as in the case of the September 2016 period.
During these periods, transient flows can be high; thus, the
change in season plays an important role in the amount of
historical salinity flushed from the catchment.

4000 5000 6000 7000 8000 9000

Flow (ML)

2000 3000

Deep groundwater salinity flushing

Critical to the discussion of catchment-scale salinity mass bal-
ance is the consideration and description of the groundwater
flow system. As mentioned, the Scott Creek experimental site
has numerous nested piezometers as well as several deep open
bores from which groundwater salinity profiles have been
obtained (Fig. 8). Groundwater salinity measurements sur-
rounding the streambed (piezometer nests D and E; Banks
et al. 2009) are similar to the summer time stream salinity
(between approximately 2,000 and 3,000 puS/cm; Banks
et al. 2009). However, in this upward hydraulic gradient area
in the valley bottom there is good evidence of groundwater
mixing of fresher soil water with more saline deep groundwa-
ter (Banks et al. 2009; Bestland and Stainer 2013), which is
thought to be the path for considerable salinity flushing from
the groundwater system.

Deep open bores (up to 120 m) with groundwater EC pro-
files reveal an increase in salinity with depth (Fig. 8). There
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Fig. 7 Total dissolved solids a load and b concentration, calculated for
each season (spring, winter, summer, and autumn) over the time span of
1989-2017 804
are obvious steps in the salinity increase with depth in most
bores (Harrington 2004b)—bore PN 57830 (black profile in
Fig. 8), which has a step in salinity at about 20 m and again at
approximately 40 m, also bore PN 57830 (blue profile) has a 1007
salinity step increase at 40 m, while bore PN 57830 (red pro-
file) shares this step at 20 m. Similarly, bore PN 57835 reveals
a step but not to the extent of the other bores, whereas bore PN
58095 (green profile) does have an increasing step, but at

100 m, much deeper than the other bores.

The salinity rise observed at 2060 m below the ground
surface is interpreted as historic groundwater salinity that is
flushing due to increase and freshening of recharge. The
groundwater system in this valley has a strong upward gradi-
ent with several deep bores being artesian (Cranswick 2005;
Banks et al. 2009). Banks et al. (2009) describes how the
fractured bedrock zone at this site plays an important role in
groundwater flow. Variation in the depths of these salinity
steps are probably due to the locations of fractures that both
access deeper more saline water as well as provide pathways
for fresh recharging groundwater. Therefore, the steps in sa-
linity found in most of these bores are interpreted as the result
of historic salinity flushing.

The salinity increase in bore PN 58095 at over 100 m pre-
sumably represents the deep, unflushed ambient groundwater
system. Carbon 14 dating of deep bores within close proxi-
mately to the Scott Bottom site (within 8§ km) by Harrington
(2004b) reveal the apparent age was over 1,000 years.
Similarly, Radon-222 data by Cranswick (2005) suggest that
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Fig. 8 Electrical conductivity (EC) depth profiles from open bores at the
Scott Bottom site (data from Harrington 2004a)

water from deeper piezometers has considerably longer resi-
dence times. In addition, age dating by Banks et al. (2009)
based on CFC-12 and CFC-13 found the shallower ground-
water (< 30 m) to be a few decades old, considerably younger
than that of the deeper bores. Therefore, as land clearing ini-
tiated in the 1840 and 1850s, the stored salinity discharging
into the stream would have commenced post this era.

The export and accumulation of chloride

For the Scott Creek catchment, defined from the Scott Bottom
gauging station, analysis of the monthly chloride deposition
and load reveals periods of both export and accumulation
(Fig. 9). Overall, during most years, there is over two times
more chloride exported from the system than deposited by
atmospheric chloride deposition; i.e. on average per month
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Fig. 9 Catchment-scale chloride

export or accumulation data

(black line) calculated from 100-
monthly atmospheric chloride
deposition (blue line) subtracted
from monthly averaged stream
chloride load (not shown)
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8.5 tonnes (t) of atmospheric chloride is deposited and 19.6 t
of chloride is exported. It should be noted, however, that any
groundwater export from the catchment that does not involve
measured surface water flow has been omitted from this anal-
ysis. More stored chloride is generally exported during pe-
riods of higher flow, which supports the regression in Fig.
6a—for example, the month with the highest amount of chlo-
ride export is July 1995, with over 110 t exported. This oc-
curred during a monthly flow of approximately 3,000 ML,
which is about 10 times higher than the average monthly flow
of 291 ML. Conversely, accumulation of chloride occurs dur-
ing some summer months that have low stream flow but sig-
nificant rainfall—for example, for the month of January 2007,
4.2 t of chloride were deposited while flow was only 6 ML. In
such an extreme Mediterranean climate with large summer
moisture deficit even moderate summer precipitation events
can result in little runoff; therefore, these calculations and
trends are consistent. Furthermore, January 2016 had the
highest chloride accumulation of the years under investiga-
tion. Eight tonnes of chloride accumulated during this month,
following two of the driest years on record (2014 and 2015).
Overall, the data illustrate that the amount of chloride exported
is highly variable with a standard deviation per year of 22.7 t.
The variance was thereby dependent on both time and flow
with more stored salinity accessed and exported when water
tables rise during periods of high precipitation and flow.
During these periods, more historical salinity discharged into
the surface waters; however, during dry, summer and autumn
months (Dec—April) chloride accumulation occurred during
rainfall events, expressed as negative values in chloride load
(Fig. 9; Table 2). Remarkably, there are higher, longer periods
of chloride accumulation in more recent years, probably due to
drought years with low flow accompanied by some summer

2000 Year 2005

rainfall. Overall, however, the data suggest that the highest
contributions to surface water salinity are stored historical sa-
linity rather than salinity recently deposited from precipitation.

Importantly however, higher rates of salinity export are not
only related to flow, but are also related to time. For instance,
30.6 t of chloride were exported during September 2016, the
month exhibiting the highest flow (approximately 4,600 ML;
Fig. 3) during the 28-year time series. However, this was sig-
nificantly less than the chloride exported during the next
highest flow month of July 1995, with 114.9 t of chloride
exported despite less flow.

Given the strong correlation between salinity and flow
within the SCC, there is an obvious and expected correspon-
dence between the amount of the annual salinity load and the
flow volume (Fig. 6a). An increase in salinity load is observed
with a logarithmic increase in flow. Additionally, this relation-
ship has a confidence level of nearly 100% (p value =4.7 x
107" and a significant coefficient of determination (R?) of
0.83 (Table 3). Similarly, salinity concentration in mg/L ex-
hibits a high correlation with flow in which lower salinities are
correlated to higher flow (Fig. 6b; R* =0.85).

In addition to correlations between salinity and flow, sta-
tistical trends are also apparent between time and flow. While
there is no significant correlation regarding a decrease in sa-
linity with time alone, a logarithmic regression with salinity
load as a function of both time and flow exhibits a strong
correlation (Table 3). This had an R? value of 0.85 with <1%
likelihood that it occurred by chance (significance of F=
6.89E-11). This regression reveals that 6.4 t less salinity was
exported each year from the 110 t being exported annually on
average (p value =0.04). This strong relationship of a de-
crease in salinity exported from the system each year is con-
sistent with the theory that this site is reaching a new salinity
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Table 2 Chloride load regression statistics. SE standard error
Coefficient SE t-stat p value 95% confidence interval
Lower Upper
Chloride load —2299°t 96.7 t —2.377 0.0254 —429.1t -30.7t
Reduction in chloride load per year since 1989 -1.8t 08t —2.254 0.0331 —345t —0.16 t
Logarithmic flow 140.7 ML 27ML 5.202 221x107° 84.97 ML 196.3 ML

balance. The gradual freshening of the catchment over the
28 years of record, expressed through a reduction of 6.4 t of
discharging salinity annually, indicates a decrease in salinity
flowing into the stream presumably from increased recharge
and freshening of the groundwater.

Analogous to the trend in annual salinity load, the annual
chloride load for SCC also shows a decreasing trend with time
(Fig. 10a). Chloride is not being exported consistently at the
average observed rate (approximately 22 t/year), as depicted
in Fig. 10 and summarized in Table 4. The observed cumula-
tive load is estimated by regression to decrease over time with
chloride export declining by 1.8 t of chloride per year
(Fig. 10b). Unlike the historic chloride exported from the
stream, the trend in atmospheric chloride deposition remains
relatively linear throughout the analysed period. Therefore,
whilst there is a relatively long-term steady value for chloride
deposition, the amount exported is decreasing and indicates
the site is attaining a new salinity balance, consistent with the
study by Guan et al. (2010a).

Intermittent stream export and accumulation
of chloride

Having established the overall salinity trend in the SCC, it is
noteworthy that significant differences in the mass of chloride
accumulated or exported are evident from the intermittent
Mackreath Creek (Fig. 11). The Mackreath Creek catchment
with its intermittent surface-water flow had no winter flushing
in the years 2002 and 2006. Chloride accumulated during
these years according to the mass balance based on chloride
deposition and stream flow (Fig. 11). These differences be-
tween the annual chloride masses exported or accumulated for
these two catchments is expressed as a mass per time per area
(t/yr/km?; Table 4). Markedly, Mackreath Creek exported

0.21 t of stored chloride per km*/yr averaged over the 8-year
monitoring period. In comparison, perennial Scott Creek
exported 8.1 t/ km?/yr averaged over the same 8-year period
indicating that far more of this historical salinity is exported
each year through the perennial steam. Additionally, the
amount of chloride exported at Mackreath Creek only
exceeded accumulation in three of the 8 years monitored. In
contrast, the mass of chloride exported from Scott Creek was
greater than the amount accumulated every year throughout
the 28-year monitoring period. Furthermore, over the 8-year
period Mackreath Creek had a maximum annual export of
3.7 t/km? in 2003 compared to Scott Creek which has a max-
imum of 10.3 t/km? in 2001. Over this 8-year period, the most
extreme year in terms of chloride mass balance for Mackreath
Creek was 2002 when 2.2 t/km? of chloride accumulated (no
export occurred). The most extreme year in terms of chloride
mass balance for Scott Creek was 2006 with a minimum chlo-
ride export of 4.9 t/km?. Furthermore, the amount of chloride
exported per km® from Mackreath Creek is only 2.6% of that
from Scott Creek. Overall, this study revealed that there were
vast differences when comparing the amount of chloride
discharging from the intermittent stream compared to the pe-
rennial stream.

It is evident that the intermittent Mackreath Creek catch-
ment, which is representative of most of the landscape of the
SCC, has a low rate of chloride export compared to the SCC as
a whole. This is due to the fact that most intermittent streams
are losing streams where the groundwater does not rise
enough to flush the stored salinity into the stream. During
drier years there are extended periods of chloride accumula-
tion with no apparent winter flushing. Specifically, this occurs
during drought when the low rainfall causes low stream flow.

The considerably lower rate of historical chloride exporting
into the surface water at Mackreath Creek is emphasized by

Table 3  Salinity load regression statistics. SE standard error
Coefficient SE t-stat p value 95% confidence interval
Lower Upper
Salinity load —2,589 t 360 t =7.191 1.550x 1077 -3,330 t -1,847 t
Reduction in salinity load/yr since 1989 -6.38t 298t —2.145 0.042 —12.51t -0.253 t
Logarithmic flow 1,105 ML 100.637 ML 10.980 4702x 107" 898 ML 1,312 ML

@ Springer



Hydrogeol J (2019) 27:1229-1244

Atmospheric Chloride Deposition (t/yr)

Fig. 10 a Yearly chloride export 350
from Scott Creek catchment from
1989 to 2017 showing trend line
of decreasing chloride export
(1.8 t/yr). b Monthly cumulative
chloride export (blue line)
compared to cumulative mean 250
chloride export (averaged over =
years 1989-2016) and cumulative ‘q';
mean chloride export minus °
observed chloride export decrease o
of 1.8 t/yr -
(@)
150
50
<6000
]
o
s 5000
)
hel
5 4000
ey
O
£ 3000
®
>
€ 2000
]
O
1000
0 @
1990

the significantly lower salinity in the stream (Milgate 2007;
Bestland et al. 2009; Pichler 2009). Presumably, recharge is
moving salinity to the water table where flow toward the per-
manent stream allows this salinity to be flushed. Another con-
sideration is the significant areal extent of sandy soil present in
the Mackreath Creek catchment (Bestland et al. 2009) com-
pared to the thick, clayey soil of much ofthe SCC (Banks et al.
2009; Bestland et al. 2016). Anderson et al. (2017) observed
that the soil at Scott Bottom can retain high salinity due to low
rates of infiltration and recharge. When geology and porosity
of the soil restrict drainage, shallow saline groundwater can
occur (Cartwright et al. 2013). Therefore, as more salinity has

Table 4  Descriptive statistics of chloride load at the Mackreath and
Scott Bottom catchments

Descriptive statistic Mackreath Creek  Scott Bottom
Minimum chloride load (tyrkm?) 2.2 49
Maximum chloride load (t/yr/km?) 3.7 10.3

Mean chloride load (t/yr/kmz) 0.21 8.1

12010

1995

2000 Year 2005 2015
been historically stored, there is more salinity available to
flush. Considering the variation in salinity load exported be-
tween the perennial and intermittent streams within the
subcatchment, the perennial stream proves to be by far the
more important means of exporting these historical salts.

Timeframe to reach new chloride equilibrium

The quantification of flushed salinity loads over a time inter-
val can be used to approximate the timeframe for the catch-
ment’s restoration to a new salinity equilibrium (Fig. 12).
Results from this investigation allowed the development of a
conceptual model similar to that of Guan et al. (2010a) and
Jolly et al. (2001). However, the model in this study has a
plethora of data to support the theory of reaching a new salin-
ity equilibrium. To do this, an approximate period was calcu-
lated on a linear scale, whereby, remarkably, this determined
that the site would reach equilibrium by 2090.

Findings from this investigation support findings by Guan
et al. (2010a) who reported that catchments in the Mount
Lofty Ranges with an annual rainfall of >900 mm would have
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already reached equilibrium by the year 2008. Therefore, it is
understandable that a catchment such as the SCC, with an
average annual rainfall of 800 mm, would be approaching
equilibrium by the year 2090. Although, Jolly et al. (2001)
found that catchments in the Murray Darling Basin with an-
nual rainfall of above 800 mm revealed minimal changes in
their salinity balance; furthermore, in the Murray Darling
Basin, catchments with an annual rainfall of 500-800 mm
displayed a rising trend in the salinity balance. However, these
catchments were only analysed over a 10-year period from
data collected 20 years prior to the last values in this current
investigation; furthermore, clearing began in the Murray
Darling Basin several decades prior to clearing in the SCC
(Walker et al. 1993). Therefore, various factors would come
into effect causing this variation and for these reasons, the
Murray Darling Basin of similar annual precipitation would
understandably precede the SCC in the achievement of salin-
ity equilibrium.

This study has determined that the SCC is returning to
equilibrium in terms of salinity input/output following clear-
ing of the native vegetation over 100 years ago. Following

Time interval
/ of this study

Chloride output/input

N

Time since Clearance

Fig. 12 Conceptual model of chloride output/input ratio change follow-
ing land clearing (modified from Jolly et al. 2001 and Guan et al. 2010a)
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clearing, increased recharge and water-table rise has flushed
stored salinity. Eventually, an equilibrium will be reached be-
tween salinity export and salinity deposition (Jolly et al.
2001). Then, as the salinity is leached from the system, the
salinity will drop until a new equilibrium is achieved.

Conclusions

Human-induced salinization, in particular dryland salinity, has
had devastating impact on the hydrology of catchments in
southern Australia and elsewhere. Notably, cases of salinity
imbalance occurred following clearances of native vegetation;
however, this study has focused on a catchment that is
returning to a new salinity equilibrium. Following the land
clearance at the SCC, evidence indicates that stored salinity
is flushing into the surface water, driving the catchment to a
new equilibrium. Two flushing mechanisms are envisioned:
(1) the rising water table flushes salinity stored in the unsatu-
rated zone and also flushes ambient groundwater, (2) in-
creased recharge flushes salinity from the soil-regolith.
Additionally, there is a considerable difference between the
perennial and intermittent stream on site in the amount of
salinity exported. Whilst the perennial Scott Creek had pe-
riods of salinity accumulation during dry months of certain
years, the intermittent Mackreath Creek had entire drought
years of salinity accumulation. Ultimately, this study reveals
trends in salinity for this cleared catchment, using methods
that are transferable to other catchments within the Mount
Lofty Ranges and elsewhere.

The results presented here give conclusive evidence that
the SCC is returning to a new salinity balance. Furthermore,
it has revealed that despite the long-term variability in flow,
salinity, and rainfall, significant trends were able to be deter-
mined. Thus, this study has exposed a decreasing trend in
salinity with time, achieved through a multiple regression of
a 28-year data set. Additionally, the amount of surface-water
salinity that originates from atmospheric deposition and that
from stored sources was able to be determined. Three times
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more salinity derives from stored sources as affirmed by the
chloride analyses. In fact, at the rate the salinity load is de-
creasing, an estimated new salinity equilibrium will occur by
approximately 2090.
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