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Abstract Expansion of flood irrigation in the Lower
Macquarie Valley of New South Wales, Australia, hasbeen
suggested as a major cause of increased groundwater re-
charge. The aim of this study was to estimate deep perco-
lation under irrigation on two soils in the valley, in order
to infer groundwater recharge. Three methods were used;
water balance, Darcian flux cal culations and chloride mass
balance modelling. Chloride mass balance modelling and
the water balance method gave comparable estimates of
deep percolation for each soil. Chloride mass bal ance mod-
elling was identified as the most reliable method for esti-
mating deep percolation, but only gave an estimate for
the entire growing season. These estimates were 214 and
104 mm for a cracking clay and red brown earth, respec-
tively. While there is potentially greater error associated
with estimates obtained using the water balance, thistech-
nique provided estimates of deep percolation for each in-
dividual irrigation. Results of the water balance indicated
that deep percolation wasgreatest early in the growing sea-
son, following initial wetting of the soil, when the crop had
alow leaf areaindex. Results cal culated using Darcian flux
equations were highly variable, and were therefore unreli-
able estimates of deep percolation. Groundwater recharge,
inferred from estimates of deep percolation determined
with the chloride mass balance model, was used to esti-
mate the magnitude of potential annual groundwater rise.
The potential groundwater rise during the 1992/1993 cot-
ton growing season ranged from 465 mm beneath the
cracking clay to 267 mm under the red brown earth. It is
suggested that groundwater recharge and rise were highly
dependent on the weather conditions prevailing during this
period.
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Introduction

Irrigation by the ancient civilisations of China, South
America and Mesopotamia eventually resulted in soil sa-
linisation and the halt of agricultural production (Szabolcs
1989). The historical association between soil salinisation
and irrigation has|ed to concern about the devel opment of
waterlogging and salinity in Australianirrigation areas. In-
creasing concern is being expressed at the widespread soil
salinity in some of the irrigated areas of the Murray-Dar-
ling system, which contains four-fifths of the currently ir-
rigated area in Australia (Watson 1986). Flood irrigation
on aregional scale, without provision of adequate drain-
age, has created shallow water-tables and soil salinisation
across extensive areas of the Riverine Plain of New South
Wales, Australia (Slavich 1992). The potential exists for
thisto occur further north, intheirrigated areas of the Mac-
guarie Valley.

Rising water-tables were identified in the Macquarie
Valley during the late 1980s (Anon 1987) indicating the
occurrence of groundwater recharge. Regional groundwa-
ter levels have risen at an average rate of 350 mm year
and piezometric pressures indicate that the water-table is
currently lessthan 5 m from the ground surfacein an area
of 17,000 ha, which represents 20% of the land developed
for irrigation (G. Brereton, personal communication).
Thereistherefore the potential for development of a shal-
low regional water-table, where the aquifer is unconfined,
as groundwater may discharge into the overlying sedi-
ments. This has been observed in the Murray Valley irri-
gation areas of the Riverine Plain (Evans et a. 1990;
Nolan et al. 1991).

In addition to a rising regional water-table, irrigation
has been associated with the formation of shallow perched
water-tables, especially on duplex soils (Loveday et al.
1978; Rab and Willatt 1987; Dowling et al. 1991). Verti-
cal seepage from excess irrigation and horizontal seepage
from channels and reservoirs have been impeded by aless
permeable subsurface layer in some areas of the Mac-
quarie Valey (Anon 1990). This has resulted in some
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waterlogging and isolated patches of salinity (Lubbers
1993).

Groundwater recharge in the Macquarie Valley occurs
from several sources (Salas 1991). The infrastructure re-
quired for irrigation may contribute to groundwater re-
charge through leakage from weirs, reservoirsand irriga-
tion channels. Water is suspected to flow from the river
bed into alocal aquifer system, whileintensiveirrigation
is likely to contribute to groundwater recharge. Within
the Lower Macquarie Valley, theprincipal singleirrigated
crop is cotton, with 34,000 ha grown out of the total
90,000 hairrigated in the 1993/1994 season. Therelative
significance of each source of recharge hasyet to be quan-
tified.

Theprincipal aim of thisstudy wasto estimate deep per-
colation beneath irrigated cotton in the Macquarie Valley
in order toinfer groundwater recharge and rise attributable
to cottonirrigation. Deep percolation was estimated ontwo
soils using a number of methods. The accuracy and reli-
ability of estimates determined using each method were as-
sessed.

Materials and methods
Site selection

L ubbers (1993) investigated the distribution of topsoil salinity inthe
Lower Macquarie Valley and concluded that salinity levels were
higher on the younger red brown earths than on the heavy cracking
clays. Sites were therefore selected on both ared brown earth and a
cracking clay, to encompass the two extremes in soil with respect to
potential salinisation. Thered brown earth belonged to the Wilgasoil
profile class—calcic phase (McKenzie 1992), and is classified as a
finetypic palleustalf (Soil Survey Staff 1975). The cracking clay was
of theMullah soil profile class—grey phase, andisclassified asafine
entic chromustert (Soil Survey Staff 1975). These soils will be re-
ferred to as the Wilga (C) and Mullah (G) soils. Selected soil chem-

ical properties were measured, while particle size distribution data
of McKenzie (1992) are reported (Table 1).

The experimental sites were located on commerical fields that
had been prepared for thefurrow irrigation of cottoninthe 1992/1993
irrigation season. Each site was 20 m wide and extended the length
of the field, which was 859 m on the Mullah (G) soil and 576 m on
the Wilga (C) soil. Cotton (Gossypium hirsutum) was established at
both sites, with Sicala VI and CS76 being planted on the Mullah (G)
and Wilga (C) soils, respectively. Irrigation commenced in early
October with a total of nine irrigations delivered to the Wilga (C)
soil and five to the Mullah (G) soil. Cultivation was performed
only after the first irrigation. Crop management for both sites was
the same as the standard commercial practice used in the remainder
of thefield.

Deep percolation

Deep percolation under irrigated cotton was estimated during the
1992/1993 irrigation season using three techniques: the water bal-
ance, Darcian flux calculations and chloride mass balance model-
ling.

Allison et al. (1994) state that when soil water flux is calculated
at such a depth in the profile that no further extraction by roots oc-
curs, then the flux will be equal to groundwater recharge. To esti-
mate groundwater recharge, deep percol ation must be monitored be-
low the root zone where it would be constant (Slavich et al. 1995).
Theroot zone of cotton was estimated to extend from 0to 0.8 m, and
deep percolation was calcul ated below this depth so that groundwa-
ter recharge could be estimated. Estimates of deep percolation were
obtained at a depth of 2.0 m using the water balance and chloride
mass balance modelling methods, since water content and chloride
data were collected to this depth. Datarequired for the Darcian flux
calculationswere collected between soil depthsof 0.9and 1.2 m, and
deep percolation was estimated at a depth of 1.2 m.

Water balance

Deep percolation (DP) may be described by Eq. 1, asthe difference
between the amounts of irrigation (1) plus rainfall (R) that have in-
filtrated the soil profile and evapotranspiration (ET) plus changesin
stored soil water content (AS):

DP= (I + 0.8R) — (ET + AS) 1)

Tablel Chemical and physi-

cal properties of the Wilga (C Soil Depth pH EC. Particle size distribution as a percentage
andleEiIah(G) soils 9a(©) (m) (dsm™) of total soil mass
Clay Silt Fine Coarse
sand sand
Wilga (C) 0 -01 6.5 1.03 32 31 5 31
0.1-0.2 6.8 0.55
0.2-0.3 6.4 0.74 36 31 5 28
0.3-0.4 6.3 158
0.4-0.5 6.5 175 34 33 4 29
0.5-0.8 7.7 1.52 33 38 8 22
0.8-1.3 8.2 0.94 47 23 1 19
1.3-16 44 24 12 20
Mullah (G) 0 -0.1 7.8 0.91 49 13 8 30
0.1-0.2 7.7 0.43
0.2-0.3 7.8 0.44 50 14 7 29
0.3-0.4 7.8 0.43
0.4-05 7.8 0.37 49 15 7 29
0.5-0.8 8.1 0.72 52 15 8 26
0.8-1.3 8.2 0.71 52 16 7 25
13-16 51 17 7 25
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Therefore, the estimation of deep percolation requires the measure-
ment of all parameters on the right-hand side of the equation. Deep
percolation was calculated for each irrigation using Eg. 1, and
summed to give an estimate of deep percolation for the entire sea-
son.

Irrigation (I). Nine accesstubes wereinstalled in agrid pattern over
each site, with three tubes installed at the top, middle and bottom of
the field. Neutron probe readings were taken at depths of 0.2, 0.3,
0.4,0.5,0.6,0.8, 1.0, 1.2, 1.4, 1.6 and 1.8 m. Standard counts were
also recorded in a 200-1 water drum on each day the neutron probe
was used. An average standard count was calculated from 290 in-
dividual counts. Count ratios were calculated as the ratio of neutron
probe readings at each soil depth and the average standard count.
These were converted to volumetric soil water contents using
the soil-specific calibration equations of McKenzie et al. (1990).
Volumetric soil water content was converted to millimeters of
water.

Volumetric soil water contents were measured at each depth in-
crement in each access tube immediately before and after each irri-
gation event. These were summed to give the total water content of
the profile from 0 to 2 m. The amount of irrigation water that infil-
trated the profile to a depth of 2 m was calculated as the difference
in volumetric soil water content immediately before (6o_2 m) pre
IRRIGATION, MM) and after (Bo_2m) post IRRIGATION, mmi_ an
irrigation event plus any evapotranspiration occurring between irri-
gation cut-off and post-irrigation soil water content measurements

(ETco - reapings, MM):

I= 9(0—2 m) POST-IRRIGATION -0 (0—2 m) PRE IRRIGATION
CO - READINGS (2)

Thediurnal variation in the transpiration rate of cotton was pre-
sented by Jordan (1983). Using this information, transpiration oc-
curring in every hour was calculated as a percentage of total daily
transpiration. Total crop evapotranspiration was then determined for
the day on which irrigation cut-off and post-irrigation soil water con-
tent were measured. Crop evapotranspiration during the time period
between cut-off and post-irrigation measurements was cal cul ated as
theappropriate percentage of daily crop evapotranspiration. Thiswas
often quite significant, ranging from aminimum of 0.3 mmto amax-
imum of 6.1 mm.

Theamount of irrigation water that infiltrated the soil profilewas
determined for each irrigation event on both soils and was the mean
of measurements taken from nine access tubes. Results obtained for
each irrigation event were summed to give an estimate for the irri-
gation season.

Rainfall (R). Rain gauges were installed to record rainfall at each
site. Based on the dataof Murphree and McGregor (1981) and Baum-

Days after planting

hardt et al. (1993), it was assumed that 80% of rainfall infiltrated the
soil profilein afurrow-irrigated cotton field.

Change in stored soil water content (AS). The change in stored
soil water was cal culated as the difference in volumetric soil water
content of the soil profile before subsequent irrigations. Estimates
of stored soil water were the mean of measurements taken from
nine access tubes and were converted to a depth of water in milli-
metres.

Crop evapotranspiration (ET). Cotton evapotranspiration was cal-
culated by determining the reference crop evapotranspiration and
modifying it with the appropriate crop coefficient. Crop coefficients
accounted for both crop transpiration and soil evaporation through-
out the different stages of the growing season (Doorenbos and Pruitt
1977). Reference crop ET was cal culated using climatic data record-
ed at the Trangie Agricultural Research Centre with the NSW
WATERWATCH program (Swann 1987). The NSW WATERWATCH
program calculated reference crop ET by solving a modified Pen-
man equation developed by Swann (personal communication). Dai-
ly reference crop ET was monitored until Sicala VI and CS76 cot-
ton were defoliated 219 and 201 days after planting respectively
(Fig. 1). Crop development stages were monitored to allow the con-
struction of acrop coefficient curvefor both SicalaV1 and CS76 cot-
ton varieties. Crop coefficient values were provided by Doorenbos
and Pruitt (1977), except in theinitial developmental stage where a
value of 0.2 was considered a more reasonable estimate (R. L.
Browne, personal communication). The shape of the curve was
adapted from the cotton water use curve of Browne (1984). Each
curve was subsequently approximated by three straight lines (Fig. 1)
and daily crop coefficients were estimated.

Chloride mass balance

Six soil coreswere collected beforetheirrigation season using a Pro-
line auger. Samples were collected on 1 and 2 September 1992 from
the Mullah (G) and Wilga (C) soils, respectively. Soil sampleswere
collected again after cotton picking, on 11 and 12 May 1993 from
the Wilga (C) soil, and on 19 and 20 May 1993 from the Mullah (G)
soil. These samples were collected using a hand auger. Collection of
soil samples at these times allowed changes in soil chloride to be
monitored over the cotton growing season.

Sampleswere collected for chloride analysisat 0.1-mincrements
from O to 2.0 m. Soil samples were air dried and ground to pass
through a 2-mm sieve. Soil-saturated paste extracts were prepared
following the procedure of Slavich and Petterson (1993). The ex-
tracts were analysed for chloride using the coul ometric-amperomet-
ric automatic titration method of Cotlove et al. (1958).
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An estimate of soil bulk density was also required, to calculate
soil chloride content per volume of soil. Bulk density was not actu-
ally measured at the sites as the excavation of backhoe pits was not
permitted. Bulk density was determined in the Mullah (G) soil, but
in adifferent field, using soil cores. Three cylindrical cores, 75 mm
in diameter, were pushed 50 mm horizontally into a pit face at
0.2-mintervals. Soil sampleswereoven dried and weighed, and mean
bulk density was calculated for each depth increment. McKenzie
(1992) reported the median bulk density of large undisturbed clods
of theWilga(C) soil. Clodswere collected from 26 profiles at depths
of 0.1, 0.3, 0.7 and 1.3 m. The median bulk density was the best es-
timate of bulk density available for the Wilga (C) soil.

Soil chloride content (S,) and soil solution chloride concentra-
tion (C,) at each soil depth (2) were calculated after Slavich et al.
(1995). The depth-weighted mean soil chloride content (§,_,)) was
determined.

There were no significant changes in mean soil chloride content
at any depth below the root zone of either soil (Fig. 2). The chloride
mass balance was in a steady state and the leaching rate model
(United States Salinity Laboratory, 1954) was used to cal cul ate deep
percolation (DP, mm) over the irrigation season (Eq. 3).

DP=t(l + 0.8R) (C/C,) ©)

Input data required for the solution of the steady state leaching
rate model included the infiltration rate of irrigation and rainfall
(I + 0.8 R, mm day™1), time (t, days), chloride concentration of ir-
rigation water (C;, mol m~3) and the mean chloride concentration of
the soil solution over time (C,, mol m™3) at each measurement depth
(z, m). Irrigation application rate was determined from the amount
of infiltrated irrigation water, as measured with the neutron probe,
and it was assumed that 80% of rainfall also infiltrated. The chlo-
ride content of the irrigation water was monitored throughout the
season.

Deep percolation was estimated below the cotton root zone from
1.0t02.0 m, at 0.1-m increments. The estimates at each depth incre-
ment should be equal, and any differences were attributed to spatial
and experimental variation. Estimates at each depth were used to cal-
cul ate the mean deep percolation at 2.0 m.

Darcian flux calculations

Rose and Stern (1965) described deep percolation (DP, mm) as a
function of matric potential (h, mm), soil depth (z, mm) and hydraul-
ic conductivity at the prevailing soil water content [K(6), mm day™]:

t
DP:£K(9) [{dh/dz+1) dt (4)

Tensiometers were used to measure soil matric potential, with five
groups of tensiometersinstalled below the cotton root zone at depths
of 0.9, 1.05 and 1.2 m in the middle of the furrows adjacent to ac-
cess tubes. A pressure transducer (Marthaler et al. 1983) was used
to measure tensiometer potential. Daily measurements were taken
for 10 days after the first irrigation in October, then progressively
less often until the second irrigation in January. M easurements were
taken daily from 1 January to 30 March, during which period evap-
otranspiration was high and irrigations more frequent. Biweekly
measurements were taken throughout April and May until cotton
picking. Each tensiometer potential was converted to amatric poten-
tial by adjusting for the gravitational potential (height) of the hang-
ing water column. The date and time of each reading were also re-
corded.

The field saturated hydraulic conductivity (K of each soil was
determined using a well permeameter (Elrick et al. 1989) at a soil
depth of 1.05 m. The geometric mean of nine estimates was used to
approximate Ksg between 0.9 and 1.2 m. The geometric mean esti-
mate for the Mullah (G) soil was 0.51 mm day %, while an estimate
of 0.36 mm day ™ was obtained for the Wilga (C) soil. The 95% con-
fidenceinterval sfor these estimatesrangefrom 0.35t00.36 mmday
and 0 to 1.03 mm day ™ for the Wilga (C) and Mullah (G) soils, re-
spectively. The estimate of hydraulic conductivity is referred to as

“field saturated” because under field conditions a certain volume of
air is usually trapped within the soil during the infiltration process
(Reynoldset al. 1985; Elrick et al. 1989). This can result in estimates
of saturated hydraulic conductivity which are lower than if the soil
had been completely saturated (Stephens et al. 1987; Elrick et al.
1989).

During theirrigation season, matric potential estimateswerenev-
er less than field capacity (—33 kPa) and were often greater than air
entry potential (—10 kPa). Field saturated hydraulic conductivity was
used to approximate the range of K(6) valuesoccurring between field
capacity and saturation. This was necessary since the soil moisture
characteristic and unsaturated hydraulic conductivity functionswere
not available. In the Wilga (C) and Mullah (G) soil, 93% and 75%,
respectively, of matric potential estimates were greater than air en-
try potential. The use of K¢ would underestimate K(6) when the soil
was saturated and may overestimate K(6) around field capacity. This
would result in over- and understimation of water flux at different
times during the season.

Potential rise in groundwater levels

Total porosity was determined from bulk density and assumed par-
ticle density data for each soil. By assuming that total porosity re-
mains constant from 2 m to the depth of the underlying aquifer, and
that the lateral-flow hydraulic gradient in the agquifer is negligible,
then the rate of groundwater rise may be calculated as

DP/ITP (5)
where TP istotal porosity (expressed as a fraction).

Results and discussion
Deep percolation
Water balance

Total deep percolation was higher on the Mullah (G) soil
than on the Wilga (C) soil during the 1992/1993 irrigation
season (Table 2). Inputs and outputs of water at each site,
along with the duration of each irrigation event and itstim-
ing with respect to planting provide information regarding
the irrigation events throughout the season (Table 3).
Changes in deep percolation in different irrigation cycles
indicated variation in deep percolation over the season.

Table2 Quantities of deep percolation and leaching fractions esti-
mated for two soilsusing three techniques. The quantity of water that
has infiltrated the profile (I + 0.8 R) is 758 mm and 630 mm on the
Mullah (G) and Wilga (C) soils, respectively

Method Soil Deep Standard Leaching
percolation error fraction
(mm) (mm) (%)
Water balance  Mullah (G) 236 n/a 31
Wilga (C) 145 n/a 23
Mass balance Mullah (G) 214 13 28
Wilga (C) 104 2 17
Darcian flux Mullah (G) 67 53 8
calculations
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Table 3 Characteristics of each irrigation cycle of the 1992/1993 season as calculated by the water balance method (I amount of irriga-
tion water that infiltrated the soil profile, R rainfall, AS change in stored soil water, ET-gop Crop evapotranspiration, DP deep percolation)

Soil Irrigation Days Irrigation | R AS ET crop DP

number from time (h) (mm) (mm) (mm) (mm) (mm)
planting

Wilga (C) 1 4 20.95 78.5 222.6 9.3 98.3 149.0
2 91 24.75 77.7 3.0 10.2 49.9 20.0
3 106 13.75 39.8 56.7 -15 52.9 337
4 119 13.25 354 5.2 -2.3 40.5 14
5 127 14.00 26.6 0 -14.6 454 4.2
6 135 13.60 43.2 23.0 14.4 46.2 1.0
7 144 12.00 21.2 0 -7.2 63.5 -35.1
8 155 12.75 29.0 17.0 18.0 60.6 -36.0
9 164 10.00 26.6 0 -73.8 85.1 154
Harvest 260

Mullah (G) 1 4 29.30 1734 245.2 87.0 120.3 162.2
2 96 28.80 119.0 395 27.0 88.9 34.7
3 118 17.20 90.2 438 254 63.7 4.9
4 130 11.50 535 23.0 -28.4 108.9 -8.6
5 150 12.00 65.7 22.6 -162.1 203.0 42.9
Harvest 269

On both soils, deep percolation was higher during the
first irrigation cycle than during any other irrigation cycle
in the season. This was attributed to the application of a
large amount of irrigation water in the first irrigation and
to the high rainfall and low evapotranspiration that pre-
vailed from planting to late December 1992 (Table 3).
Smaller quantities of deep percolation were observed af -
ter all other irrigations (Table 3). Thiswas partly because
the duration of eachirrigation event was shorter, and there-
fore less water was applied to each site, and also because
daily evapotranspiration had increased.

In some instances, no deep percolation occurred at all
(Table 3). Thisindicated that more water had been used by
the crop than had been supplied by irrigation, rainfall or
theinitial store of soil water. Thiswas apparent following
irrigation 4 on the Mullah (G) soil and irrigations 5, 7 and
8 on the Wilga (C) soil. However, the amount of evapo-
transpiration in excess of estimated plant-extractable wa-
ter duringirrigations 7 and 8 on the Wilga (C) soil wastoo
largeto be derived from stored soil water and suggeststhat
an upflow of water occurred from a shallow water-table.
A shallow water-table was noted at a depth of 2.15 m at
the end of the 1992/1993 growing season when access
tubes were removed, and again at the beginning of the
1993/1994 season.

A slight increasein deep percol ation was observed dur-
ing thefinal irrigation cycle on both soils, when compared
with the previous irrigation (Table 3). This was due to
lower evapotranspiration associated with a rapid decline
in leaf area index attributed to plant maturation (Grimes
et al. 1969). Cooler temperatures towards the end of the
growing season would also have decreased evapotranspi-
ration and allowed a greater proportion of soil water to be
lost as deep percolation.

Chloride mass balance

Estimates of deep percolation, using the chloride mass bal -
ance model were obtained for the entire season but not for
individual irrigation cycles throughout the season. It was
expected that changesin mean stored soil chloride (S,_)
would only be accurately detected over the irrigation sea-
son, and that changes occurring at each irrigation would
be too small to measure. In addition, the time required for
soil sample collection, preparation and analysis for each
irrigation was prohibitive.

A total of 758 and 630 mm of irrigation water and rain-
fall infiltrated the Mullah (G) and Wilga (C) soils, respec-
tively. Irrigation water applied to the Mullah (G) soil had
a chloride concentration of 0.96 mol m— while the chlo-
ride concentration of water applied to the Wilga soil was
1.57 mol m~3, Mean total quantities of water which perco-
lated below the depth of 2 m were higher on the Mullah
(G) than the Wilga (C) soil (Table 2).

Darcian flux calculations

While deep percolation was estimated at a depth of 2 m
using the other two methods, an estimate was obtained
only on the Mullah (G) soil at a depth of 1.2 m using
Darcian flux calculations (Table 2). An upward flux of
soil water was observed in the Mullah (G) soil at 1.05 m
and at both 1.05 and 1.2 m in the Wilga (C) soil (Fig. 3).
The net upward flux of soil water for the irrigation sea-
son was 78.5+36.4 mm in the Mullah (G) soil, and
34.9+£19.0 mm and 20.9+£25.7 mm in the Wilga (C) soil
at 1.05 and 1.2 m, respectively. Estimates of soil water
flux are mean values. The variation in each estimate
often encompasses both upward and downward flow, as
indicated by the standard error. Mean values are presented
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throughout the discussion but thislevel of variation must
be kept in mind.

Thelargest upflow of soil water for the season occurred
following thefirst irrigation at 1.05 m dueto capillary rise
from thewet subsoil and evaporation on both soils(Fig. 3).
Conditionsduring thefirst irrigation cyclewere conducive
to soil evaporation, as vegetative cover was less than 10%
and the soil surfaceremainedrel atively wet (Ritchie 1972).
Deep percolation occurred at 1.2 m in the first irrigation
cycle on both soils (Fig. 3). Therefore the plane of zero
flux was situated between 1.05 and 1.2 m after the firstir-
rigation of both soils.

A net upward flow of water occurred in every other ir-
rigation cycle at both depths in the Wilga (C) soil, and at
1.05 min Mullah (G) soil (Fig. 3). Although cotton roots
did not extend below 0.8 m, plant water uptake in the root
zoneislikely to create anegative upward hydraulic gradi-
ent leading to the observed upward water flow. Evapotran-
spiration maintained agradient for upward flow for at least
some of the soil water, resulting in anet upward flow from
these depths.

TN IR TN N T N B |
1 2 3 4 5 6 7 8 9

Irrigation number

Comparison of soils

Deep percolation in the two soils can be compared by ex-
amining estimates obtained at 2 m using the water balance
and chloride mass balance modelling methods (Table 2).
Deep percolation was greater on the Mullah (G) soil than
the Wilga (C) soil, may be because more water infiltrated
the profile. The Mullah (G) soil received more rainfall,
and more irrigation water was applied due to longer fur-
rows. Significant deep percolation may have also oc-
curred down cracksin the Mullah (G) soil, whereas there
was no opportunity for this to occur in the non-swelling
Wilga (C) soil. Theleaching fractions (Table 2) show that
deep percolation was higher on the Mullah (G) soil, in-
dicating that there was areal difference in deep percola-
tion between the two soils and that it was not solely due
to differences in the amount of water that infiltrated the
profile. The low hydraulic conductivity of the Wilga (C)
subsoil restricted deep percolation and resulted in thefor-
mation of a shallow water-table, which further reduced
the potential for deep percolation. Data of Bird et al.
(1996) showed that a proportion of Wilga (C) soils had a



lower saturated hydraulic conductivity than some Mullah
(G) soils.

The 1992/1993 season was atypical of the long-term
seasonal rainfall pattern. During the first irrigation cycle
(October —December), 272 mm and 236 mm of rain were
recorded on the Mullah (G) and Wilga (C) soils, respec-
tively. The long-term average was considerably lower,
with 121 mm recorded for the October —December period.
Above-average rainfall would have resulted in above-av-
erage deep percolation. Deep percolation is enhanced
when rain falls on soil kept relatively wet by irrigation
(Chiew and McMahon 1991) since the capacity of the soil
to store additional water is low and it moves rapidly
through the profile to be lost as deep percolation. There-
fore, deep percolation in aparticular soil ishighly depen-
dent on weather conditions. Deep percolation occurring
during the 1992/1993 irrigation season may be approach-
ing an upper limit since rainfall was above average dur-
ing this period.

Humphreys and Muirhead (1991) reported that
100-200 mm of water was lost as deep percolation from
intermittently flood irrigated crops grown in the Riverina
under normal commercial practices. Results of this study,
obtained with the water balance and chloride mass balance
techniques, indicate that deep percolation on the Wilga (C)
soil iswithin this range, while that on the Mullah (G) soil
isaboveit. Hence, deep percolation in the Macquarie Val-
ley isat least comparable with that occurring in other irri-
gation areas where shallow water-tables and salinisation
have developed. Therefore, there is cause for concern re-
garding the sustainability of irrigation in the Macquarie
Valley.

Comparison of methods

Comparable estimates of deep percolation were obtained
using the water balance and chloride mass balance meth-
ods (Table 2). Slavich and Yang (1990) also reported that
resultscal culated using awater balance agreed closely with
those calculated using a chloride mass balance model. In
our study, the water balance gave higher estimates of deep
percolation than the chloride mass balance, but the differ-
ences may be accounted for by error associated with each
technique. Darcian flux calculations only provided an es-
timate of deep percolation in the Mullah (G) soil, and this
estimate was lower than that obtained using the other two
methods (Table 2).

The error associated with the estimate of deep percola-
tion from the water bal ance method may be evaluated from
the level of uncertainty in the input parameters. It is not
possible, in thisstudy, to eval uate the error associated with
evapotranspiration and rainfall estimates asthese measure-
ments were not replicated. However, a source of error in
therainfall estimates arises from the assumption that only
80% of rainfall infiltrated thesoil profile. Infiltration meas-
urements were replicated, yielding an average coefficient
of variation of 16% and 69% for the Mullah (G) and Wilga
(C) soils, respectively. This level of uncertainty alone
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would contribute to considerable error in the estimate of
deep percolation, regardless of the error associated with
evapotranspiration and rainfall. The level of uncertainty
in evapotranspiration and rainfall has been estimated at
+5% and £10%, respectively (Gee and Hillel 1988). An
error of 5% in two of the input parameters will magnify
to an error of 200% in the difference between them. The
similarity between estimates of deep percolation obtained
from the water balance and chloride mass balance tech-
niques suggests that such alarge error was not associated
with the water balance estimates. However, some error in
the estimation of |, ET and R would have contributed to
variation in the deep percolation estimates in the other
methods.

The chloride mass balance model gave higher esti-
mates of deep percolation than the Darcian flux calcu-
lations, and lower but comparable estimates to the water
balance method. The coefficient of variation in mean
deep percolation was 7% for the Wilga (C) soil and 17%
for the Mullah (G) soil. The errors related to these esti-
mates arise from spatial variation in soil chloride. Uncer-
tai nty inthese estimateswasal so associated withthe chlo-
ride concentration of irrigation water and irrigation ap-
plication rate, however these are considered to be mini-
mal. Experimental error associated with the determina-
tion of soil chloride content in the laboratory is estimated
at +2%.

Solute mass balance modelling assumes matrix flow
and therefore deep percolation will be underestimated
where preferential flow issignificant below the root zone.
However preferential flow may occur within theroot zone
(i.e. 0—0.8 m) without effecting estimates of deep perco-
lation made below the root zone (1 m). The occurrence of
“bulge”-type profiles, in the absence of a shallow water-
table, is indicative of chloride transport to depth by pre-
ferential flow (Allison 1988). Bulge-type profiles were
not encountered during the 1992/1993 season and there-
fore results obtained from this technique are not consid-
ered to be underestimated due to the occurrence of prefe-
rential flow.

The use of Darcian flux calculations to estimate soil
water flux below the root zonein the Mullah (G) soil gave
the lowest estimate of deep percolation. Darcian flux cal -
culationsal so produced the most variabl e estimates. While
an upward flow of soil water was observed in the Wilga
(C) soil, the variation in these estimates may be consid-
ered in order to assess the reliability of this method in es-
timating deep percolation. Thestandard errors of the mean
soil water flux represent an uncertainty ranging from 50
to 80% on the Mullah soil, and 55—-125% on the Wilga
calcic soil. Thislevel of error can encompass estimates of
both upward and downward flux of water in some in-
stances. High spatial variability of soil hydraulic proper-
ties may contribute to the variability of the deep percola-
tion estimates, with Gupta et al. (1994) reporting a coef-
ficient of variation of 80% for hydraulic conductivity.
High variability in these estimates may also result from
the large variability in tensiometer potential observed as
the soil dries (Hulme et al. 1991). Dueto the high level of
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uncertainty associated with the results, and the large la-
bour inputs required, this method was not considered to
be suitable for the estimation of deep percolation inirri-
gated cotton.

Comparable estimates of deep percolation were ob-
tained using the water balance and chloride mass balance
methods. This suggests that both these techniques are re-
liable methods for the estimation of deep percolation.
While there is potential for a large error associated with
estimates of deep percolation from the water balance, this
does not appear to be the casein this particular study. The
chloride mass balance was considered the best technique,
because the level of uncertainty associated with estimates
of deep percolation was measurable and had the lowest |a-
bour requirementsin the field.

This study demonstrates that reliable estimates of
deep percolation, and thus groundwater recharge, can be
obtained using either the water balance or chloride
mass balance techniques. However, it is recommended
that both these methods are employed for the estimation
of deep percolation in the field. The level of uncertainty
in deep percolation estimates can be quantified when
using the chloride mass balance method. This allows
the accuracy of the results obtained using the water
balance to be verified. In addition, the water balance
method can provide more information on the pattern of
deep percolation throughout the irrigation season, since
deep percolation can be assessed at each irrigation. The
combined use of these two methods allows both a reli-
able and detailed study of deep percolation over an irri-
gation season.

Potential rise in water-table levels

The rate of water-table rise was estimated for the 1992/
1993 season using data derived from chloride mass bal-
ance modelling. Estimated rates were 267 mm year—* and
465 mm year ™ for the Wilga (C) and Mullah (G) soils, re-
spectively. Over recent years, the Department of Water Re-
sources has monitored piezometer levelsin the Macquarie
Valley as an indicator of groundwater rise, with increases
of 100—500 mm year—* observed. The average rate of wa-
ter-table rise is 350 mm year (Salas 1991). The coinci-
dence of estimates from the present study with the longer-
term observations in piezometer readings increases confi-
dence in the representativeness of these numbers. It also
provides circumstantial evidence that irrigation isamajor
contributor to groundwater additions effecting water-table
levels.

Excessive groundwater recharge will increase the
piezometric pressure of underlying aquifers, eventually
resulting in an upward flux of groundwater to the over-
lying sediments. This process has occurred in the
Murray Valley, New South Wales, asadirect consequence
of irrigation (Evans et a. 1990). Where the aquifer is
unconfined, groundwater will rise into the overlying
sediments forming a shallow water-table at the site of
groundwater recharge. In a confined aquifer, an increase

in piezometric pressure will result in lateral ground-
water flow. Flow will occur until an unconfined area
is reached where the increase in pressure may be allevi-
ated through groundwater rise. The Macquarie ground-
water basin is essentially closed (G. Brereton, personal
communication) and therefore groundwater recharge of
the magnitude estimated in this study will certainly re-
sultinariseintheregional water-table somewherein the
valley. The development of a shallow regiona water-
table of a permanent nature poses a serious threat to the
long-term sustainability of irrigated agriculture in the
Macquarie Valley.

Conclusions

Thisstudy clearly showsthat repeatabl e estimates of deep
percolation may be achieved using the water balance and
chloride mass balance methods. It is recommended that
both techniques are employed so that the water balance
estimates can be compared with those obtained using the
chloride mass balance, in order to assess the reliability of
the estimates. Soil water fluxes after each irrigation can
be monitored using the water balance, thus providing
greater insight into deep percolation throughout anirriga-
tion season. Darcian flux cal culations were unsuitable for
the estimation of deep percolation beneath irrigated cot-
ton.

Deep percolation beneath irrigated cotton was higher
on the Mullah (G) soil than the Wilga (C) soil. Total deep
percolation was estimated as 236 and 145 mm using the
water balance, and 214 and 104 mm using the chloride
mass balance, on the Mullah (G) and Wilga (C) soils,
respectively. Lower subsoil hydraulic conductivity and
the presence of a shallow water-table restricted deep per-
colation in the Wilga (C) soil relative to the Mullah (G)
soil.

Deep percolation beneath irrigated cotton was signif-
icant on both soils. While above-average rainfall would
have resulted in above-average deep percolation during
the 1992/1993 season, the magnitude observed suggests
that deep percolation occurring in an average year
would be substantial. Thereisarisk that shallow regional
water-tables will develop in the Lower Macquarie Valley
as a result of groundwater recharge from cotton irriga-
tion.

To prevent the devel opment of shallow water-tablesand
subsequent soil salinity and waterlogging, research aimed
at devel oping systemsto minimise deep percolation issug-
gested. Theefficiency of currentirrigation design and tech-
niques requires assessment to identify anirrigation system
that will minimise deep percolation under furrow-irrigated
cotton systems. Alternatively, crop rotation systems, in-
volving winter cropsto use soil water remaining in the pro-
filefollowing theirrigation season and winter rainfall, may
be considered as an option to reduce deep percolation. Es-
sentially any practice which maintain the soil profilein a
drier state for longer periods of time than is currently the
case will reduce deep percolation.



In order to understand the process of groundwater rise,
it is crucia that aquifer systems and their connections
with the land surface and each other are defined. Further
studies regarding the hydrogeology of the Lower Mac-
guarie Valley are also suggested. Thisinformation is nec-
essary for the prediction of the groundwater flow and dis-
charge patterns that will occur in response to increasing
aquifer pressures, and will enable the prediction of areas
in which shallow water-tables will develop. These pro-
cesses were identified in the Murray Basin aquifer
systemsafter shallow water-tables had devel oped and wa-
terlogging and salinity problemsbecame evident. Itisde-
sirable to have an understanding of the hydrogeology of
the Macquarie Valley before shallow water-tables be-
come widespread.
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