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Abstract. The magnitude and timing of deep drainage and
salt leaching through clay soils is a critical issue for dry-
land agriculture in semi-arid regions (<500 mm yr−1 rain-
fall, potential evapotranspiration>2000 mm yr−1) such as
parts of Australia’s Murray-Darling Basin (MDB). In this
rare study, hydrogeological measurements and estimations
of the historic water balance of crops grown on overly-
ing Grey Vertosols were combined to estimate the contri-
bution of deep drainage below crop roots to recharge and
salinization of shallow groundwater. Soil sampling at two
sites on the alluvial flood plain of the Lower Namoi catch-
ment revealed significant peaks in chloride concentrations at
0.8–1.2 m depth under perennial vegetation and at 2.0–2.5 m
depth under continuous cropping indicating deep drainage
and salt leaching since conversion to cropping. Total salt
loads of 91–229 t ha−1 NaCl equivalent were measured for
perennial vegetation and cropping, with salinity to≥10 m
depth that was not detected by shallow soil surveys. Ground-
water salinity varied spatially from 910 to 2430 mS m−1 at
21 to 37 m depth (N = 5), whereas deeper groundwater was
less saline (290 mS m−1) with use restricted to livestock and
rural domestic supplies in this area. The Agricultural Produc-
tion Systems Simulator (APSIM) software package predicted
deep drainage of 3.3–9.5 mm yr−1 (0.7–2.1 % rainfall) based
on site records of grain yields, rainfall, salt leaching and soil
properties. Predicted deep drainage was highly episodic, de-
pendent on rainfall and antecedent soil water content, and
over a 39 yr period was restricted mainly to the record wet

winter of 1998. During the study period, groundwater levels
were unresponsive to major rainfall events (70 and 190 mm
total), and most piezometers at about 18 m depth remained
dry. In this area, at this time, recharge appears to be negligi-
ble due to low rainfall and large potential evapotranspiration,
transient hydrological conditions after changes in land use
and a thick clay dominated vadose zone.

This is in contrast to regional groundwater modelling that
assumes annual recharge of 0.5 % of rainfall. Importantly, it
was found that leaching from episodic deep drainage could
not cause discharge of saline groundwater in the area, since
the water table was several meters below the incised river
bed.

1 Introduction

Water is a major limitation to plant growth in both native
and agricultural systems in the semi-arid areas such as the
western Murray-Darling Basin (MDB) of Australia. Average
annual rainfall of 450–500 mm coupled with relatively large
rates of potential evapotranspiration (>2000 mm) conspire to
limit the quantity of water available for plant growth. In this
area, the precipitation to potential evapotranspiration is 0.23–
0.25. Native ecosystems, with both perennial and ephemeral
plants, have adapted to this and use almost all of the rain in-
filtrating the soil (Crosbie et al., 2010b; Abbs and Littleboy,
1998). Therefore, in soils of high water holding capacity,
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such as the Vertosols of North Western NSW, deep drainage
below the plant root zone is usually close to zero. In con-
trast, annual crop-fallow sequences generally use less water
over the long term, resulting in increased surface run-off and
deep drainage.

When native vegetation is replaced by annual crops with
intervening periods of fallow to replenish soil water reserves,
drainage generally increases, resulting in mobilisation of salt
and other contaminants stored in the soil and ultimately in-
creased recharge to groundwater. The latter effect is benefi-
cial if fresh recharge occurs to depleted aquifers, but in many
areas with saline clayey soils, it can be problematic if shal-
low water tables rise with increased saline discharge into sur-
face systems (Stauffacher et al., 1997). Where chloride oc-
curs at toxic concentrations within the plant root zone, from a
threshold of approximately 250 mg kg−1 to highly toxic lev-
els>1500 mg kg−1, roots, depending on the concentration of
chloride, are progressively unable to penetrate salt laden soil
and therefore cannot access stored soil water and nutrients
(Dang et al., 2008). Deep drainage through Vertosols can be
highly saline with potential implications for water resources.
For example, Gunawardena et al. (2011) reported lysimeter
leachate salinity of up to 2500 mS m−1 at sites in the upper
Murray-Darling Basin of Queensland.

In the past, it was typically assumed that deep drainage
in heavy clay soils was negligible under dryland conditions
in the northern plains of the MDB (Hearn, 1998). Low
hydraulic conductivity of these alluvial sediments (derived
from weathering of Tertiary age volcanics) lead to deep
drainage being ignored in the Basin Salt Audit (SKM, 2010).
However, estimates from crop water balance modelling
based on extensive field data indicate that deep drainage un-
der continuous wheat cropping on Vertosols increased from
30 to ∼100 mm yr−1 (4.8–13.3 % of rainfall) as rainfall in-
creased from 625 to 750 mm yr−1 moving up the Liver-
pool Plains Catchment (Ringrose-Voase et al., 2003). Deep
drainage from dryland agriculture on the widespread grey
Vertosols with saline subsoils may well be an important con-
tributor to saline discharge into agriculturally and ecologi-
cally sensitive areas; possibly more so than irrigated agricul-
ture which occupies only 3 % of the Namoi catchment (Ver-
voort et al., 2003).

Deep drainage, generally a small proportion of the total
water balance, is often assumed to be equal to recharge, as for
example Abbs and Littleboy’s (1998) deep drainage simula-
tions for the Upper Namoi. A soil-vegetation-atmosphere-
transfer model WAVES was used by Vervoort et al. (2003)
to compare deep drainage and groundwater levels under ir-
rigated cotton near Narrabri in the Lower Namoi. How-
ever, non-specific input data were used, and no observations
were available for verification. WAVES was also used to as-
sess the sensitivity of recharge to climatic factors, assuming
drainage below 4.0 m was equal to recharge (McCallum et
al., 2010). Deep drainage below a perennial pasture on a
“typical” Namoi soil was found to be 14 mm yr−1 (1.8 % of

average Namoi rainfall), an order of magnitude higher than
Abbs and Littleboy (1998). All of these studies assumed that
deep drainage was equal to recharge, and none provided an
integrated surface to groundwater assessment for a specific
paddock or site.

Integrated approaches using soil water models to calcu-
late recharge as a calibrated input to groundwater models
are available, but rarely applied. Soil water models typi-
cally generate deep drainage values as the water remaining
after accounting for other components of the water balance
(Ranatunga et al., 2008), while groundwater models are typ-
ically calibrated to observed groundwater levels with esti-
mated hydraulic parameters and recharge as an input (Mid-
dlemis et al., 2000). For example, the MODFLOW ground-
water model developed by Merrick (2001) for the Lower
Namoi catchment reported that diffuse recharge from rain-
fall was a minor recharge source. Recharge inputs were set
at 0.5 % of rainfall in the southern half and 0.1 % of rainfall
in the northern half of the catchment.

Under some conditions, rapid leakage may occur to sev-
eral meters depth through heavy clay soils (Acworth and
Timms, 2009; Greve et al., 2010; Timms et al., 2002; Timms,
1997). An increase in groundwater salinity, possibly due to
increased saline drainage through the alluvium, has been re-
ported in irrigation areas of the Lower Namoi (Barret et al.,
2006; Smithson, 2009) and several sites in the Upper Namoi
where groundwater salinity appears to have increased dur-
ing the 1990s possibly limiting beneficial use (Timms et al.,
2010).

To our knowledge, there are limited data available
on deep drainage, recharge and salinity in the semi-arid
(<500 mm yr−1 rainfall) areas such as the Lower Namoi
catchment. A classic field study by Kennett-Smith et
al. (1994) included some Vertosol sites, while Tolmie et
al. (2004) provided a range of deep drainage values for Ver-
tosols. Crosbie et al. (2010a) reported clear relationships
between deep drainage and factors such as soil clay con-
tent, land use and rainfall that earlier studies were unable
to develop, although this review apparently was limited in
the state of New South Wales (NSW), to two Vertosol sites.
Crop yields in these western areas are highly dependent on
using stored soil water efficiently, so deep drainage losses
are of concern. Thus, the Lower Namoi is an excellent
study area for assessing the importance of deep drainage and
concomitant impacts on water quality in semi-arid regions.
The main objective of this exploratory study was to deter-
mine if deep drainage under annual cropping might mobilize
the many tonnes of salt stored in these soils, with potential
consequences for downstream water users including natural
ecosystems.

Here we report estimations of deep drainage from direct
measurements of soil Cl and simulation of crop and soil sys-
tems using farmers’ records of crop type and grain yields
and historic weather data. Shallow aquifers were located
and monitored by drilling and installation of continuously
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logged piezometers. The capacity of the overlying regolith
to support deep percolation and store deep drainage was de-
termined from undisturbed cores taken adjacent to piezome-
ters. The potential for saline discharge from shallow aquifers
into streams was assessed using a detailed topographic sur-
vey. The gaps (quantitative, spatial and temporal) between
deep drainage estimated from agronomic water balances and
estimations and assumptions of groundwater recharge are ad-
dressed to assess the possible links of deep drainage with
groundwater systems. Site investigations and monitoring,
farming records, information from long term NOW (NSW
Office of Water) monitoring bores and BOM (Bureau of
Meteorology) data are used as a basis for estimating deep
drainage by numerical modelling.

2 Study area

The study was carried out on 2 sites on the Cryon plain,
a remote area east of the township of Walgett, in the far
west of the Namoi catchment, in the northern Murray Dar-
ling Basin of Australia (Fig. 1). No groundwater irrigated
agriculture occurs this far west in the Namoi catchment,
partly because groundwater supplies are relatively deep and
saline (McLean, 2003). The study sites were located on
the the mixed farming properties Denham (D piezometers)
and Sefton Park (SP piezometers), about 12 km north of the
Namoi River. Field work including soil testing and coring
was carried out at the two sites during 2005, 2006 and 2007.
Unconsolidated alluvial deposits of clay, silt, sand and gravel
occur to a depth of about 110 m in this area. Grey Ver-
tosols (Isbell, 2002) are the dominant soil type and are de-
fined by surface self mulching with deep cracking on drying,
clay content greater than 35 %, and slickensides at depth and
the dominant colour is grey (0–0.5 m). Soil chemistry (0–
3 m depth) (Young, 2009) showed strong alkaline reaction
(pH8), a peak in EC (100–300 mS m−1) at 0.5 to 1.5 m, mod-
erately large CEC (20–40 cmol(+) kg−1) and high levels of
exchangeable sodium (20–45 %,>1 m depth).

Rainfall is non-seasonal, but generally summer dom-
inant. Potential evapotranspiration (Class A pan) is
>2000 mm yr−1 and is greatest in the summer months of
December to February. Mean annual rainfall is 480 mm at
Walgett (480 mm) 30 km to the west of the Denham site
(BOM, http://www.bom.gov.au/climate/data). The Namoi
River flows into the Barwon River at Walgett, approximately
20 and 30 km to the west of the Denham and Sefton Park
sites respectively. As the altitude decreases from 220 m at
Narrabri to 130 m at Walgett, the surface elevation gradient
is <1 % (Young et al., 2002). The plains were covered with
savannah woodland (Beadle, 1981) until clearing for wheat
cropping in 1965 (Denham) and 1985 (Sefton Park).

Fig. 1. Location map, showing the Namoi River, groundwater
monitoring sites and location of stratigraphic section (Google earth
image).

3 Methods

3.1 Soil properties

In May 2005, soil cores (0–5 m) were taken from adjacent
continuously cropped and never cropped perennially vege-
tated sites at 2 locations. A tractor mounted hydraulically
operated coring machine was used to obtain soil samples
to ≤5 m depth using a 50 mm diameter Cr-Mo steel alloy
tube with a 42 mm diameter cutting tip. Two locations (A
and B) approximately 500 m apart were selected at each site
(Denham and Sefton Park) each with adjacent grassland and
cropping. Four cores, approximately 50 m apart, were taken
along a transect on each land use at each location. The posi-
tion of each core was randomly selected, irrespective of sur-
face cracking, but permanent wheel tracks of farming ma-
chinery were avoided.

Soil cores were cut into depth sections (0–0.1 m, 0.1–
0.3 m, 0.3–0.5 m, etc. to≤5 m), air dried (40◦C), ground
<2 mm, for chemical analysis. Bulk density (ρb) at field wa-
ter content of each depth section, was calculated from the
oven dry (105◦C) weight and dimensions of a 94 mm diame-
ter core taken from each transect. Soil samples were analysed
by the NSW Department of Primary Industries’ Diagnostic
and Analytical Services Environmental Laboratory, with the
following methods: water soluble chloride and EC (Rayment
and Higginson, 1992, method 5A1); exchangeable cations
by ICP (method 15E1) and soil pH (method 4A1). Chloride
data for deep drainage estimation were the means for each
depth increment within each site, land use and location tran-
sect. Soil bulk density (ρb) was used to estimate saturated
water content (SAT = [1− ρb/2.65]100) and drained upper
limit, assuming air filled porosity (φ) of 0.02 reducing to
0.005 at 5 m depth (DUL = ([1− φ] − [ρb]/2.65) 100 %). The
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volumetric soil water content in the control native vegetation
was assumed to be at the lower limit of available water
(LL15).

3.2 Stratigraphy and core testing

Stratigraphic information was obtained from cutting returns
during rotary mud drilling and geophysical bore logs. A
Geovista™ logging system was used with bulk conductiv-
ity (EM39) and natural gamma sondes. Data was collected at
1cm vertical increments in drill holes by running these son-
des at a rate of 1–2 m min−1.

Two minimally disturbed cores were drilled using a split
tube sampler mounted on the drilling rig, from 6–18 m depth
at D1, and 5–17 m depth at D3. Intact 100 mm diameter cores
were successfully recovered forρb and hydraulic conduc-
tivity (K) measurements. A field tensiometer (UMS) was
inserted into a 10 mm diameter hole drilled into an intact
sample from each meter of core, for tension and tempera-
ture measurements one and two hours after insertion. Two
samples were taken per meter forρb. Two samples were
also taken from each meter of core or core fragments and all
traces of drilling mud and loose material were removed by
trimming each sample with a sharp knife. The samples were
then forced air dried (40◦C), ground (<2 mm) and analysed
for chloride, EC and pH using the surface soil methods de-
scribed in Sect. 3.1.

Core sections from D1 and D2 (12–17 m depth, 200 mm
length) were placed into 250 mm long sections of rigid PVC
pipe, 115 mm in diameter, contained within a snugly fit-
ting outer PVC container with screw cap. Two-pack resin
(Megapoxy 240http://www.megapoxy.com) was mixed and
poured onto the core until the PVC pipe was full, and the
core totally encased in resin. The outer container was capped
and the sample was placed in a cool place until the resin had
set, and then stored at 4◦C.

Saturated hydraulic conductivity (Ksat) was measured on
these core sections sealed in PVC pipe using a modification
of the method described by McKenzie et al. (2002). Prior to
testing, each core section was cut into 3 smaller sections.

The core was placed, top end down, onto a vessel made
from similar PVC pipe (115× 100 mm and capped on the
bottom end) containing a bed of coarse sand. The core was
separated from the sand by a circle of thick filter fabric. The
junction of the pipe sections was sealed with a rubber col-
lar. An influent solution of 0.01 M CaCl2 was piped from an
elevated reservoir providing a constant hydraulic head to the
PVC vessel. During operation, the exposed upper surface of
the core was kept moist, but not wet.

3.3 Piezometer installation and groundwater quality

Four nested piezometers were installed in cropped paddocks
on Denham (D1, 2, 3) and one on Sefton Park (SP1) us-
ing the rotary drilling rig and mud methods (Table 1). The

D1 and D3 piezometers were located adjacent to the deep
cores described in Sect. 3.2. Nested 50 mm diameter PVC
piezometers were slotted (1.5 m screen with 1 m sump) in the
shallow sandy material between 10 and 16 m depth (shallow
screen), and in water bearing sandy silty sediments at 18 to
36 m depth. The Denham piezometers were on a north-south
transect, 1.26 and 1.84 km apart (D1 to D2 and D2 to D3,
respectively).

A GEOVISTA bore logging system obtained logs at 1 cm
vertical increments. The natural gamma and EM39 logs were
run at speeds of 2 m min−1, and due to relatively high salin-
ity, the EM39 logs were run using lower sensitivity (Gain 2).
The combination of natural gamma and EM39 logs provides
the ability to discriminate between the effects of clay content
and fluid EC anomalies.

Groundwater samples were obtained by purging bore wa-
ter with either an air powered BENNET pump or 24 V
MOONSOON pump until stable EC, pH and temperature
were indicated by TPS meters and electrodes. These elec-
trodes were calibrated with standard EC solutions each day.

An elevation survey to an accuracy of±5 cm using a Trim-
ble RTK GPS was completed for all monitoring points, and
in a north-south transect following the road to the Namoi
River crossing at Goangra. The elevation of the river bank,
the incised channel and the river level (8 January 2008) were
recorded.

3.4 Rainfall and groundwater levels

Daily rainfall records were obtained from the Bureau of Me-
teorology (BOM) at Walgett council (BOM station 05026),
Koothney north of Cryon (BOM station 52003) and from
the Sefton Park property (F. Denya, personal communica-
tion, 2011). Since the BOM site is located approximately
30 km to the west of the Denham site, local property rainfall
records were used for correlation where possible. The local
residual mass rainfall curve indicates above average rainfall
between April 1998 and 2001, and from February 2007 to
the present, with very high rainfall in 1998 and 2010. From
May 1998, the climate was influenced by a moderate La Niña
event with above average rainfall (http://www.bom.gov.au/
climate/enso/feature/ENSO-feature.shtml).

Absolute groundwater pressures and atmospheric pres-
sures were recorded every 15 min using Schlumberger
Diver® and Baro Diver® loggers respectively, with manual
dip measurements recorded periodically.

3.5 Deep drainage estimation and simulation

Deep drainage was estimated using three methods: transient
chloride mass balance (SODICS), chloride front displace-
ment and APSIM deep drainage modelling.
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Table 1. Summary of piezometers installed (1–2 September 2007), monitoring bore 36541 (NSW Office of Water), groundwater salinity
(EC) and groundwater levels.

Surface Screen Piezo EC
Site elevation interval height [mS m−1]

Groundwater level [m b.g.]

[m AHD] [m b.g.] [m] 23 Oct 2007 23 Oct 2007 29 Jan 2009 23 Jul 2009

D1s 138.73 15.5–17 0.39 – Dry 17.3 Dry
D1d 138.74 22.5–24 0.39 2240 18.95 18.92 18.91
D2s 139.15 14.5–16 0.55 – Dry – –
D2d 139.15 35.9–37.4 0.55 1650 19.33 – –
D3s 139.39 14.5–16 0.55 – Dry Dry Dry
D3d 139.41 38–41 0.49 910 19.33 19.35 19.34
SP1s 136.15 10–11.5 0.56 – Dry Dry 12.08
SP1d 136.13 21–22.5 0.52 2430 16.98 17.04 17.05
36541-1 135.78 33–36 1.27 1645 18.1 – –
36541-2 135.78 57.3–60.3 1.08 1000 20.32 – –
36541-3 135.78 89.6–95.6 1.16 290 17.67 – –

Piezometers were installed 1–2 Sep 2007. Nested piezometers were installed in the same holes, piezo height is the steel monument height above ground level, m b.g. is metres
below ground, AHD is Australian Height Datum, groundwater levels are manual dip measurements.

3.5.1 Transient chloride mass balance

Firstly, deep drainage was estimated from chloride mass-
balance using the SODICS software (Rose et al., 1979;
Thorburn et al., 1991). The software was run for several
depths and the most “sensible” result from the likely bot-
tom of the crop root zone was selected (accounting for toxic
layers of chloride). Chloride mass balance, including SOD-
ICS (Rose et al., 1979) software, has been widely used to
predict deep drainage under irrigation and after conversion
of perennial native vegetation to rainfed cropping (Walker,
1998; Young and McLeod, 2001; Silburn et al., 2011; Tolmie
et al., 2011).

3.5.2 Chloride front displacement

Secondly, deep drainage was calculated from the difference
in depths of the chloride peaks (Cl FD) or “fronts” un-
der cropped and control areas (Allison and Hughes, 1983;
Walker et al., 1991). This method relies on the chloride pro-
file retaining its shape during leaching and the movement of
the profile is used to infer the rate of movement of water.
For each site, total deep drainage since the change in land
use was calculated as the difference in the drainable vol-
ume (Dr) = SAT-LL15 in the soil volume above the peak in
the control area compared to that above the Cl peak in the
cropped area. Here, we assume that for drainage to occur,
soil water content>DUL, and that soil water measured at
the time of sampling may not = DUL due to depletion since
the time when drainage occurred due to extraction by crops
or evaporation via deep cracks.

3.5.3 Deep drainage simulation

Thirdly deep drainage, water use and crop growth from farm-
ers’ records of crop sequences, yields and historic weather
records was predicted with APSIM (Agricultural Production
Systems Simulator). APSIM was parameterised to simu-
late cropping history, supplied by farmers, and changes in
chloride profile data using historic weather data with deep
drainage as output. The APSIM farming systems software
consists of a series of interconnected modules, for plant
growth, soil water and rooting depth where the crop types,
fertiliser rates and planting rules are defined by the user
(Keating et al., 2003). A set of biophysical modules sim-
ulates biological and physical processes in farming systems
including rotations, residues, crop establishment and death
and management issues responsive to weather or soil condi-
tions. The model operates at a paddock scale (1-D) with a
daily time step allowing it to capture episodic deep drainage
events. The fate of rainfall is determined by potential evapo-
ration, and the characteristics of the soil surface and the crop
root zone. For example, if rain falls faster than it can infil-
trate, then the module generates surface run-off. If rainfall
infiltrates and tops up the soil water store faster than the crop
can use water, driven by solar radiation, the water escapes
below the crop root zone as deep drainage. Soil evaporation,
during fallows in particular, were tuned so that the model
closely simulated both the grain yield records and the chlo-
ride leaching observed in the field samples.

This study used the SoilWat2 module with APSIM, a “cas-
cading bucket” model that is applicable to both Vertosols and
the rigid soils of the Liverpool Plains (Ringrose-Voase et al.,
2003). The model was developed from the CERES (Jones
and Kiniry, 1986) and PERFECT models (Littleboy et al.,
1992). Water redistribution in the profile is calculated by
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Fig. 2. Measured soil bulk density (ρb) and water holding capacity
at “perennial vegetation lower limit” assumed =−15 bar (LL15) and
derived water holding capacity at saturation (SAT) and drainable
water capacity (DR).

allowing a fraction of the drainable water in each layer to
drain to the next layer each day (Jones and Kiniry, 1986).
For water contents below DUL, water movement depends
upon the water content gradient between adjacent layers and
the average water contents of the two layers. Soil chloride
is redistributed within the soil profile as the result of both
convective, or mass flow with water movement and diffusion
processes.

For these APSIM SoilWat2 simulations the soil was di-
vided into 26 layers of 0.1 m for the surface layer and 0.2 m
for the remaining layers to 5.0 m depth. The SoilWat2 mod-
ule requires a number of soil properties and water holding ca-
pacity inputs. The drained upper limit (DUL) was calculated
from bulk density assuming material density of 2.65 t m−3

and air filled porosity at DUL of 0.05. The volumetric soil
water content in the perennially vegetated control areas were
used as estimates of the moisture lower limit at−15 000 hPa
(LL15) (the samples were taken during an extended dry pe-
riod). Saturated moisture (SAT) and air dried moisture con-
tent and permeability near saturation (K at−5 hPa) were also
estimated from field information. Deep drainage was consid-
ered as the amount of water draining from the soil at 5.0 m
depth.

4 Results

4.1 Soil properties

Soil properties to≤5 m depth are presented in detail else-
where (R. R. Young, personal communication, 2009) and
are summarised here. The soil profiles were grey cracking
clays (Grey Vertosols) with alkaline reaction (pH 8–9) con-
stant to 5 m depth. Bulk density (ρb) at field moisture content
was large: 1.2 (Denham)–1.4 (Sefton Park) near the surface,

increasing to a constant value of 1.6 at 1.0–1.5 m (Fig. 2).
Despite differences in field water content,ρb was not ap-
parently different between land uses. Cation exchange ca-
pacity (CEC) was high throughout the profile with a small
peak,∼40 cmol(+) kg−1, at∼1 m. The soils are highly sodic
(exchangeable Na/CEC %∼10 % at the surface increasing to
30–50 % at 3 m depth).

Chloride increased to phytotoxic levels (1000 mg kg−1 for
durum wheat, Dang et al., 2008) by∼1 m, within the usual
rooting depth of most annual crops. There were significant
peaks in chloride concentrations at 0.8–1.2 m depth under
perennial vegetation and at 2.0–2.5 m depth under continu-
ous cropping indicating deep drainage and salt leaching since
conversion to cropping (Fig. 3, note that chloride data are
kg ha−1 and have been adjusted for equal mass balance for
land uses within each comparison). This assumption ap-
pears reasonable as there was little evidence for leaching be-
low 5 m.

Despite the difference in the depth of salt peaks, leaching
had not been to the extent that significant differences were
detected in salt load under (<5 m) cropping and perennial
vegetation. The average salt loads (t NaCl equivalent ha−1

in 0–5 m) calculated for transect 1 and 2, respectively were
Denham cropping, 91, 140; Denham perennial vegetation,
91, 139; Sefton Park cropping, 163, 124; Sefton Park peren-
nial vegetation, 229, 99 t ha−1 of NaCl. Total salt loads are
approximately treble these values with large concentrations
of sulphates (800–3600 mg kg−1) and carbonates between 1
and 3 m depth.

The water content of soil under cropping was larger than
that under perennial vegetation for some depth. The depth
at which the water content of cores from perennial vegeta-
tion and cropping converged was deemed to be the depth of
the wetting front. The wetting front was identified at 2.5 m
at Sefton Park and 5.0 m at Denham where cropping began
approximately 20 yr earlier (Fig. 3). Bulk density, average
LL15 and derived values for SAT and Dr were used in tran-
sient Cl mass balance (SODICS) and chloride front displace-
ment (Cl FD) calculations of deep drainage.

4.2 Stratigraphy and core testing

The stratigraphic section (Fig. 4) shows alluvial sediments
across approximately 30 km from west to east across the
Cryon plain. There is about 13 m of elevation change over
this distance, as the elevation survey confirmed an east-west
gradient of about 0.04 % in the Cryon area. The section
shows lenses of sand and gravel at 12 to 28 m below ground
(the Narrabri Formation), and sand gravel aquifer from 40
to 86 m below ground (the Gunnedah Formation). A confin-
ing layer of clay with a thickness of almost 30 m separates
this middle aquifer from the underlying Cubbaroo Forma-
tion, underlain by shale bedrock (NOW bore stratigraphy e.g.
GW036541 on Fig. 4).
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Bulk density (ρb) of the cored sediments, near D1 and D3,
underlying the top soil varied from 1.4–2.0 t m−3 (average
1.7, N = 35), reflecting textural changes with no clear trend
with depth (Fig. 5). Gravimetric moisture (θg) varied from
0.16 to 0.30 g g−1 (average 0.22 g g−1, N = 36). Tension val-
ues at 1 h varied substantially (−13 to −1552 hPa, average
−559 hPa,N = 37) but on average indicated relatively high
suctions.

The potential storage space, i.e. air space (Va), in
the sediments for future deep drainage was estimated
based on available information. The calculated air space
(Va = [1− ρb/ρs] − [ρb × θg]) or pore volume available for
storage of additional deep drainage appears to be less than
zero (Fig. 6a), if particle density,ρs = 2.65 t m−3, the usual
assumed value (Cresswell and Hamilton, 2002). Likely er-
rors in the measurement ofρb were insufficiently large to

produce such anomalies inVa. If the smallest estimates of
Va are assumed to be∼ zero, so allowing the remainder pos-
itive volumes, thenρs 2.9–3 t m−3 (Fig. 6b), values that are
likely to be overestimated. Then, unlessρs actually varied
substantially from sample to sample the largest likely aver-
age values ofVa in core D1was<0.053 m3 m−3 and D3 was
<0.017 m3 m−3. Naturally high bulk conductivity of sed-
iments at the piezometer and core sites was evident from
EM39 logs (Fig. 5). Although there was variation between
sites, the highest values (46.3 mS m−1) were recorded at 2–
4 m depth at site D1, with high values also at 15–26 m depth.
Natural gamma activity indicated a relatively homogeneous
clay between 2–10 m at D3 and 1–6 m at D1. The sediment
appears to be relatively homogeneous on a scale of meters,
since the downhole bulk conductivity logs at site D3 (Fig. 6)
are almost identical from the surface to 16 m depth for the
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Fig. 4. Stratigraphic transect from west to east (location shown on Fig. 1), through the Denham monitoring piezometer site.

piezometer and core holes that are were located 5 m apart.
However, there are significant stratigraphic heterogeneity ob-
served at bores that are located more than a few metres apart
(Figs. 4 and 5).

Salt content generally decreased with depth (1800 to
400 mg kg−1), from relatively high values at 2–5 m depth,
except at 15 m depth associated with more clayey sediments
(Fig. 5). Chloride and electrical conductivity (EC) were pos-
itively correlated and to a lesser extent, with soil moisture
(Fig. 5). The higher salt storage in shallow soils and sedi-
ments was also observed in groundwater. Groundwater salin-
ity (Table 1) varied spatially from 910 to 2430 mS m−1 at 21
to 37 m depth (N = 5). Deeper groundwater was less saline
(290 mS m−1).

Tests ofKsat were successful only on some core sections
with a large hydraulic gradient. A relatively large vertical
hydraulic gradient of 3 (0.3 m head over 0.1 m core section)
applied to 14 core sections was insufficient to saturate cores
and produce transmission of solute over periods of 14 to
35 days. A larger vertical hydraulic gradient of 18 (1.86 m
head over 0.1 m core section) applied to 10 cores over pe-
riods of 2 to 35 days, saturated 3 cores (D1, 12–13 m and
16–17 m depth; D2, 12–13 m) with subsequent transmission
rates of 0.0040, 0.0006 and 0.0046 mm h−1, respectively.
The equivalentKsat values are 6× 10−11 m s−1 for D1, 12–

13 m, 9× 10−12 m s−1 for 16–17 m and 6× 10−11 m s−1 for
D2, 12–13 m depth. However, the impact onKsatof swelling
(under laboratory conditions) in the absence of the confining
stress found at depth in the field is unknown. Hydraulic con-
ductivity for unsaturated conditions would be expected to be
significantly less than theseKsat measurements.

When dissected, the cores for whichKsat measurements
were not successful were found to have become wet around
20–30 mm into the core and had swollen such that the core
material protruded 2–3 mm from the resin and PVC pipe.
The lack of flow through all but 3 cores, even with high hy-
draulic gradients and lengthy testing times, indicates that the
hydraulic conductivity of these sodic clays is very low. Ad-
vanced permeability testing methods are required for these
materials to apply stress equivalent to the core depth, to
match in-situ porosity and controlling swelling while allow-
ing for variable moisture content.

4.3 Surface and groundwater levels

The relative elevation of bores, piezometers and the nearby
Namoi River showed that groundwater levels are located ap-
proximately 10 m below the stream bed (Fig. 7). This in-
dicates that the Namoi River either is losing water or is
hydraulically disconnected from groundwater at Goangra
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crossing, depending on the bed and bank permeability.
That is, the river could be losing-connected, or losing-
disconnected. Under these conditions, discharge of saline
groundwater in the local area is not possible, but could be an
issue further downstream.

Shallow piezometer screens (16 to 18 m depth) remained
dry throughout the study period with one exception, and neg-
ligible groundwater level changes occurred in the piezometer
screens between 22 and 42 m depth. Confined groundwater
conditions were indicated by levels above the screen intakes
and low barometric efficiencies of 30 % for D1d and 18 %
for D2d (Timms et al., 2010). Groundwater levels in con-
fined aquifers below the study area have been stable since

1984 (Fig. 8). Manual groundwater dip data, collected ap-
proximately four times per year do not show response to rain-
fall events in shallow screens, or any evidence of significant
groundwater extraction from the deep screens (GW036540
and GW036541).

Automated logger data was captured for two large
(>70 mm) rainfall events at selected sites. During Event 1,
70 mm fell over 8 days at the Walgett BOM station com-
mencing on 19 December 2007, compared with rainfall at
Sefton Park homestead of 81 mm over 3 days and 83 mm over
4 days recorded at the Koothney BOM station.

Event 1 resulted in a maximum groundwater level increase
of 0.09 m on the same day of the event at 36 m and 95 m
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depth (GW36541, screens 1 and 3). Groundwater levels in-
creased in D1d by 0.04 m (Fig. 9) and SP1d by 0.05 m dur-
ing this event and returned to average values soon afterwards.
Equipment failure during 2007 unfortunately meant baromet-
ric data during the December 2007 event was not available.

During Event 2, on 14 February 2008, 112 and 116 mm
rain was recorded at Sefton Park and Walgett BOM sta-
tions respectively. Over the 6 day event, totals of 189
and 191.4 mm were recorded at Sefton Park, and Walgett
BOM stations, respectively. The Koothney BOM data is
not considered reliable as 11.4 mm was recorded only on the
12 February 2008. Event 2 resulted in an immediate 0.04 m
increase at SP1d, with groundwater levels returning to aver-
age values within days (Fig. 9). In contrast, a 0.107 m level
increase was recorded at SP1s, commencing 15 h after the
increase in SP1d. The levels in 5 SP1 gradually declined to
pre-event levels over about 10 days.

Collection of water occurred in the sump below the screen
intake, since the maximum level in SP1s was about 11.8 m
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below ground. The logger record of water in the sump was
confirmed by a series of dry manual dip measurements be-
fore the event, and 0.1 m of water observed on 23 July 2009
(Table 1). It is significant that all three shallow piezometers
at Denham were found to be dry on both these occasions,
unfortunately multiple failures of Schlumberger Diver® log-
gers meant that no automated recordings were available from
the shallow or deep piezometers.

4.4 Estimated recharge rates

Rainfall events of 80 to 190 mm, almost half the annual rain-
fall, clearly do not result in significant groundwater level in-
creases. A 107 mm level rise is equivalent to recharge of
1.5 % of a 189 mm rainfall event (or 0.6 % of 2009 rainfall
total of 495 mm at Sefton Park), assuming a specific yield of
0.25 for the top of the saturated zone. However the actual
recharge could be less due to preferential inflow around the
bentonite seal that fills the annulus around the PVC pipe at
9 m depth. This estimate of recharge at just one of four lo-
cations during one major rainfall event is therefore subject to
considerable uncertainty and requires further verification. If
recharge is<0.6 % of annual rainfall during very wet years
and is limited to localised areas of the plains, then the 50 yr
average recharge rate expressed as a long term average could
therefore be<0.01 % of rainfall (<0.6 % per year divided by
50 for a 1 in 50 yr recharge event). Detection and verifica-
tion of such a small (or negligible) rate of recharge for Grey
Vertisols on the plains is a significant challenge.

4.5 Deep drainage estimation and simulation

4.5.1 Transient chloride mass balance

The SODICS software did not lend itself well to calculation
of deep drainage from this chloride data. This was due to
the negligible loss of salt (although downward displacement
of the chloride peak under cropping was quite apparent) and
root zone chloride concentrations under a cropped area being
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Table 2. Deep drainage estimated using chloride mass balance, chloride front displacement and APSIM simulations of paddock records
using historic weather data.

Denham Sefton Park

Transect 1 Transect 2 Transect 1 Transect 2

Chloride load: control,cropped(t ha−1 to 5 m depth)

52,56 73,82 138,95 49,66

Deep drainage

Time period 1966–2004 1986–2004
SODICS(mm yr−1 at depth (m)) 15 (1.8) 19 (1.4) 56 (1.0) 10 (1)
Cl FD (total, mm) 128 171 82 80
Cl FD (mm yr−1) 3.2 4.3 4.1 4.0
APSIM (mm total) 196 61
APSIM(mm yr−1) 5.0 3.2
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greater than the control due to natural variation, resulting in
negative deep drainage values (Table 2). Deep drainage at
the bottom of the root zone (i.e. chloride≥1000 mg kg−1 or
2.0 m, whichever occurred first) ranged from 13–68 mm yr−1

(Table 2). The lack of success of the SODICS method was
despite considerable success when applied to data in higher
rainfall areas where more leaching had occurred through
Black Vertosols (Young and McLeod, 2001).

Table 3. Simulated deep drainage over time and as a proportion of
rainfall 1966 to 2004.

Deep drainage Denham Sefton Park Time Period

Total (mm) 196 – 1966 to 2004
179.7 61 1986 to 2004
46.3 3.0 1986 to 2004 (except 1998)

Average (mm yr−1) 9.5 3.3 1986 to 2004
% of annual rainfall∗ 2.1 0.7 1986 to 2004

0.5 0.03 1986 to 2004 (except 1998)
% of total in 1998 74.2 95.0
>10 mm (no. of years) 2 – 1966 to 2004 (39 yr)
> 2 mm (no. of years) 12 1 1986 to 2004 (19 yr)

∗ Walgett BOM data.

4.5.2 Chloride front displacement

The displacement of peaks in chloride concentration were at
the same depths as the peaks in chloride rate ha−1 shown
in Fig. 3. Deep drainage estimations using soil water hold-
ing capacity data were around 4 mm yr−1 at both the sites
(Table 2).

4.5.3 Deep drainage simulations

APSIM provided reasonably good simulations of actual grain
yields (Fig. 10), although crop yield data were only avail-
able since 2000 for comparison with simulations. The model
was initialised using Cl measurements from native vegeta-
tion (grass) and provided acceptable predictions of Cl move-
ment over the period from clearing to 2004. Predicted values
for cropping were close to average chloride values (Fig. 3)
measured for four cores at each of the two locations at Den-
ham and Sefton Park; providing confidence in predicted to-
tal deep drainage estimations. Elsewhere (R. R. Young and
S. Harden, personal communication, 2009) have shown that
the downward shift in Cl peaks is statistically significant.

Both observations and simulations show that the peak in
soil salt has moved downwards from about 1.0 m to 2.0 and
3.0 m depth at these sites (Fig. 3). Greater salt mobilisation
was apparent at the Denham site, presumably because it was
cleared 20 yr earlier than Sefton Park. Salts within the root
zone are now lower in cropped areas, than in grassland 5 ar-
eas. However, total salt storage remains high to 5.0 m in the
shallow cores (Fig. 3), and up to 10.0 m depth in the deep
cores (Fig. 5).

Simulated deep drainage values are summarised in Ta-
ble 3, and shown in comparison to annual cropping infor-
mation in Fig. 10. Significant deep drainage occurred only
during the wet periods with high antecedent soil moisture.
Between 1966 and 2004, deep drainage of 57 and 133 mm
(Sefton Park and Denham sites) occurred only during 1998
for paddocks with relatively moist soil. Significant deep
drainage occurred 1 in 39 yr at Denham, with deep drainage
>10 mm for 2 of 39 yr. Over a period of 19 yr, simulated
deep drainage was equivalent to 0.7–2.1 % of annual rainfall,
or 0.03–0.5 % of annual rainfall excluding 1998 data. The
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Fig. 10. Actual crop yields (pink), APSIM predicted crop yields (grey) and deep drainage (blue), compared to paddock records and grain
yields for(a) Denham since 1966 and(b) Sefton Park since 1986. One significant deep drainage event is evident in 1998.

highly episodic nature of deep drainage is evident in that this
occurred 1 in 39 yr at Denham, with deep drainage>10 mm
for 2 of 39 yr. Over a period of 19 yr, simulated deep drainage
was 0.7 and 2.1 % of annual rainfall for Sefton Park and Den-
ham sites respectively, or 0.03 and 0.5 % of annual rainfall
excluding 1998 data.

5 Discussion and conclusions

5.1 Significance of deep drainage

Displacement of chloride profiles under cropping compared
to perennial vegetation control areas and water balance mod-
elling show that water has drained below the plant root
zone despite the low rainfall, high rates of evapotranspira-
tion and relatively large water holding capacity of these Grey

Vertosols. However, simulation of paddock cropping history
using historic weather data indicated that deep drainage was
highly episodic and associated with very wet conditions. But
most of the time, it was very small. Average annual deep
drainage was in the order of 3–5 mm for the Sefton Park and
Denham sites estimated either by the chloride front displace-
ment or APSIM.

Groundwater modelling assumed constant annual recharge
(Merrick, 2001), in contrast to the highly episodic nature
of deep drainage. This assumption is appropriate consider-
ing the attenuation of episodic events through a 20 m thick
vadose zone. A significant deep drainage eventoccurred 1
in 39 yr at Denham, with deep drainage>10 mm for 2 of
39 yr. The episodic nature of deep drainage is well known
in the crop sciences (Crosbie et al., 2011; Lewis and Walker,
2002). For example, deep drainage simulations by Abbs and
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Littleboy (1998) using PERFECT over 108 yr and for differ-
ent dryland farming practices showed 54 of 108 yr with no
deep drainage.

5.2 Groundwater response to large rainfall events

This study has established that a water table occurs at 20 m
depth at four exploratory drilling sites on the Denham and
Sefton Park properties, and that there is generally no sig-
nificant groundwater level response to large rainfall events.
The lack of groundwater level response was to be expected
given the large water holding capacity of the surface clays
and the very low hydraulic conductivity limiting vertical
flow through the vadose zone. This was in contrast to rapid
groundwater level response in the Upper Namoi catchment
(Timms and Acworth, 2005). The depth of the shallow saline
water table had not previously been recorded in this area, as
monitoring bores drilled in the 1960s had targeted high yield-
ing deep aquifers and the shallowest monitoring bore screen
was positioned at over 30 m depth in a semi-confined sand
aquifer (GW036541-1).

High frequency groundwater level data reported in this
study indicated that recharge is<0.6 % of annual rainfall and
is limited to localised areas of the plains (1 of 4 sites, SP1s).
Considering the uncertainties involved, the recharge is con-
sidered very small or negligible. The representative average
recharge rate for Grey Vertsols on the plains, expressed as a
50 yr average must therefore be<0.01 %. Detection and ver-
ification of such a small (or negligible) rate of recharge is a
significant challenge.

The lack of evidence for significant recharge is consis-
tent with available natural isotope data for the area, although
no studies of isotope variations after major rainfall have yet
been attempted. Oxygen-18 and deuterium isotope values
plotted in two groups relative to the Local Meteoric Wa-
ter Line (Timms et al., 2008), with Group A (including D3
and GW36541-2) probably recharged in a wetter, cooler cli-
mate, whereas Group B (including sites D1, SP1 and D2)
being relatively similar or relatively enriched compared with
weighted modern rainfall values. Some additional evidence
of very old groundwater is available from a detailed hydro-
geochemical and isotope study in the Lower Namoi catch-
ment (McLean, 2003). Carbon-14 activities for GW36542 of
3.9 and 1.1 % modern carbon respectively for 75 and 101 m
depth, corresponding to 22 650 and 33 530 yr (apparent age).
Although this was the only bore site sampled west of the irri-
gation area, there was clear evidence for increasing ground-
water age downstream in the catchment, without significant
modern recharge at depth.

5.3 The gap between deep drainage and recharge

Transient hydrological conditions in the sub-surface are an-
ticipated where recent land use change may have increased
deep drainage and where lateral flow pathways and moisture

storage occur above the water table (Bond, 1998). Perennial
vegetation at the Cryon sites was cleared for dryland wheat
cropping in the 1960s. Whether the water draining beyond
the root zone after a change to leakier land management ul-
timately recharges the groundwater system at some time in
the future, will depend on the water storage capacity in the
soil and regolith below the root zone, impediments to down-
ward water movement which may create pockets of satura-
tion/perched water tables and sub-surface lateral redistribu-
tion of water leading to discharge into lower lying surface
waters or landscapes.

Deep drainage should be equal to recharge if there are no
storage or lateral flows in the unsaturated/vadose zone, and
a hydrological steady state has been achieved. For example,
an increase in water storage in the vadose zone would indi-
cate that deep drainage is greater than recharge of underlying
groundwater. The estimates of storage capacity from the core
samples are equivocal. At most,∼4% of soil volume is air
space (Va≈ 0.04 m3 m−3 or 800 mm over 20 m of sediment)
remains as water storage capacity. At the least, there may
be no water storage capacity (Va≈ 0,) which, together with
very low rates of hydraulic conductivity, may render much
of the vadose zone hydrologically inactive and a barrier to
groundwater recharge from leakage from overlying surface
sediments. The gap between deep drainage and groundwater
recharge estimates is due in part to the separation of scien-
tific disciplines and limitations of 1-D models such as AP-
SIM as recognised by Ringrose-Voase et al. (2003). If the
total amount of water that could be stored between the sur-
face and the water table at 20 m depth was in the order of
0.8 m, then with a deep drainage rate of∼10 mm yr−1, it
would take∼80 yr for the wetting front presently at 2.5 to
5 m depth to advance sufficiently to recharge water tables
at 20 m depth. This estimate assumes a minimum hydraulic
conductivity of 0.0001 mm h−1 in any layer and a relatively
large deep drainage rate because of the widespread adop-
tion of zero tillage cropping in North Western NSW which
captures and conserves far more rainfall than previous sys-
tems. By comparison, studies of Vertosols in Queensland
found deep drainage over the last 30 to 50 yr was stored in
the unsaturated zone indicating a long time lag between land-
use change and groundwater response (Silburn et al., 2011;
Silburn and Montgomery, 2008). Lag times between deep
drainage and recharge in other soil types have been reported
by Jolly et al. (1989) and Leaney et al. (2011).

However, drainage can occur beyond the wetting front to-
wards the water table, even at constant soil moisture, by grav-
ity if the moisture is above the DUL, and by a suction gra-
dient that is downwards. Core data (Fig. 5) indicates that
a significant suction gradient exists within the sedimentary
layers with orientation both up and down, suggesting an ad-
ditional impediment to downward flow in some layers. Con-
sidering all these factors, the proportion of deep drainage that
becomes actual recharge is likely to negligible in this area of
the Lower Namoi catchment.
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5.4 Sediment heterogeneity and preferential flow

Preferential flow, if verified, could be via heterogeneity
within the sediment matrix, cracking, slickenside surfaces or
leakage along the piezometer-soil interface. The sediment
appears to be relatively homogeneous on a scale of meters,
but varies between bores that are more than a few meters
apart. Sediment heterogeneity at a scale hundreds of meters
on this flood plain is consistent with the possibility of ancient
channels (Young et al., 2002). The observation of water col-
lecting in the sump of a previously dry piezometer (SP1s)
after a 190 mm rainfall event could be significant, but is dif-
ficult to interpret. Independent confirmation, using geochem-
ical and isotopic signatures is required to verify whether this
observation was a direct result of recharge at depth.

5.5 Salt storage and potential for mobilisation

High salt storage to 10 m depth was measured at these sites
with evidence for mobilisation of salt by deep drainage be-
neath crops. There were significant peaks in chloride con-
centrations at 0.8–1.2 m depth under perennial vegetation
and at 2.0–2.5 m depth under continuous cropping indicat-
ing deep drainage and salt leaching since conversion to crop-
ping. A similar range of total salt loads (91–229 t ha−1 NaCl
equivalent) were measured for both perennial vegetation and
cropping.

The present annual rate of deposition, via rain and dryfall,
of marine NaCl is∼ 11.3 kg ha−1 at Gunnedah in the Up-
per Namoi (Blackburn and McLeod, 1983). Accounting for
the salt store in the top 10 m of up to 229 t ha−1, would re-
quire over 20 000 yr of aerial deposition by this mechanism,
and assuming no leaching to groundwater. However, a sig-
nificant proportion of salt storage is likely to be related to
Aeolian dust deposits from inland Australia (rather than ma-
rine sources) that peaked approximately 13 000 yr ago in this
area (Young et al., 2002). Leaching of accumulated chloride
at toxic concentrations can only benefit crop growth by in-
creasing the availability of soil water to crops (Dang et al.,
2008). Figure 3 shows chloride concentrations with depth
relative to the 50 % yield reduction threshold for salinity in
durum wheat (Dang et al., 2008). APSIM predictions suggest
that the rate of deep drainage and leaching will substantially
increase if zero tillage continuous winter cropping continues
without improved water use efficiency and productivity. Wa-
ter loss as deep drainage is doubled under continuous win-
ter cropping using zero tillage practices compared with tra-
ditional cultivation practices (Young, 2009).

A small fraction of saline deep drainage mixing with rel-
atively fresh groundwater or river water could have sig-
nificant consequences for beneficial use and the environ-
ment. Groundwater salinity varied spatially from 910 to
2430 mS m−1 at 21 to 37 m depth (Table 1,N = 5). Deeper
groundwater, with use restricted to livestock and rural do-
mestic supplies in this area, was less saline (290 mS m−1)

compared to seawater salinity of 5800 mS m−1. The EC
of leachate from deep drainage was not measured at these
sites, but over time, would add to the mass of salt in shallow
groundwater.

5.6 Implications for catchment management

This study found that deep drainage may affect groundwater
in the long term, but not the nearby Namoi River. The possi-
ble risk of discharge of saline groundwater from the Namoi
catchment to surface water in the Darling catchment (Jolly
et al., 1989) was not assessed in this study. Although it is
very likely that deep drainage and mobilisation of subsoil salt
will be greater under zero tillage cropping compared to native
vegetation, there is no apparent risk of discharge into streams
or onto low lying flood plains in the foreseeable future within
the Namoi catchment. Groundwater moves slowly to the
south-west, but cannot discharge to the surface because the
Namoi River bed is located at least 10 m above the water
table.

Surface waters in this area appear to be either losing-
disconnected or losing-connected, depending on the perme-
ability of the bed and bank sediments and the degree of satu-
ration below the bed. In this area, deep drainage could mat-
ter most as lost production, since 1 mm is required for every
3–5 kg ha−1 wheat yield. It is acknowledged however, that
most of the time, deep drainage is sufficiently small that pro-
duction losses would be negligible. A significant benefit of
deep drainage is the leaching of salt from the crop root zone,
likely to be large where salt stores are large, but it will take
time and probably a series of wet seasons. The implications
of increased salt leaching to the water table are not a primary
concern this far west in the Namoi catchment where livestock
are watered from much deeper artesian bores.

The substantial time lag for changes at the soil surface
to affect groundwater, perhaps decades, could constitute an
unseen threat to natural resources, but is also an opportu-
nity to quantify small, gradual changes and to implement
the necessary land management actions. Silburn and Mont-
gomery (2008) for example report a time lag of 30 to 40 yr
for new equilibrium fluxes to establish in clayey soils of the
northern MDB.

Integrated analyses of flow systems from the ground sur-
face to the saturated zone are lacking, particularly over both
dry and wet climatic periods. This paper is a contribution
to linking the scientific disciplines of crop water balance and
hydrogeology. Current work is extending this exploratory
approach to saline risk areas by direct comparison of deep
drainage and recharge measurements and models, combined
with high resolution isotope and salinity measurements of
groundwater and pore water in the vadose zone to detect pos-
sible changes over time.
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