ALCOA OF AUSTRALIA

No. 34

ESTIMATING SEASONAL EVAPORATION
IN REHABILITATED RESIDUE
SAND EMBANKMENTS

I. R. Phillips
August 2010



SUMMARY

Quantifying the water balance is critical to developing long term management stratdgies
designing rehabilitation and closure strategies riEsidue storage areas (RSA3here has been
considerableeffort placed on understanding water movement through residue sand embankuotents,
there is little information othe magnitude ofvater losse$rom bare soil evaporation geand plant
transpiration (T). Combined, these two mechanisms represent an important parameter of the water
balance equation, i.e. evapotranspiration. iflygortance of these parameteos dleveloping reliable

models to describe seiWateratmospherglant dynamicsighlights the need to obtain reliable field
estimates of Eand T. This report provides a firapproximation ofevaporation losses from residue

sand over a range of moistutemperatureand vegetation coveonditions

Evaporationovera temperature range of 2@0°C wasundertaken under laboratory conditipasile

evaporation in residue rehabilitation was undertaken over four monitoring periods:

e Time 1 (drought stres$)2" March to " April 2007 (period of 36 days withmaximum,
minimum andmean daily air temperature 41.4, 5.7 and 22.3C);

e Time 2 (drought stress) 27" October to 2 December 2007 (period of 36 days with a
maximum, minimum andiean daily air temperature 87.1, 5.5 and 18.7C);

e Time 3 (water surplusj 2" August to 18 August 2008 (period of 17 days with a
maximum, minimum andean daily air temperature 0.8, 3.4 and 11.9C); and

e Time 4 (transition between water surpltes drought stressj 239 November to 29
November 2008 (period of 6 days with maximum, minimum andnean daily air
temperature 022.1, 8.3 and 15.%C).

For each ti mét.iwhteerrev anl i (seeta = oty(napdeas galculatbhse c han g
e&d= yd-dn
and the change in total wetness of tHiel00 ¢ m i n;) vas cadcllatefl asd t
ed= @ a
wherez = depth (i.e. 10 cm). For each time interval (i.e. 20 minutes), the loss of water through soil
evaporation wasg,oronsi dered to be ad
Es= @ed
wherez = depth (i.e. 10 cm).



Evaporation lossesnder controlled laboratory conditiomserefound tobe similar to thseobserved

in the field, particularly under summer drought conditionsboratory evaporation rates weren
average,0.0410, 0.1105 and 0.4237 cm/day for constant temperature regimes of 20, 32 and 40°C.
Field evaporation rates were 0.@25.0373, 0.0618 and 0.1595 cm/day for Time 1, 2, 3 and 4
respectively.The relationship between laboratorys Bnd volumetric water conten{ Jf for each
specific temperature was used as input @@taimulating water dynamics in residue sand using the 1
dimensionalwater transpornodel HYDRUS From these simulations, theoretical estimate of-situ

Es was obtained for each monitoring peridéing 0.0174, 0.0163, 0.0300 and 0.046 cm/day for Time
1,2,3and 4

During periods of drought and low plant cover, HYDRUS adequately described water dynamics in
residue rehabilitation. However, with increasing age of rehabilitation and at times when the residue
sand was moist (i.e. winter), modelling results deviated tlmmmeasured data. It was suggested that

this maybe attributed to increasing loss of soil water through transpiration as the vegetation cover
increased and that the initial assumption that no drainage occurred over the studied period was

invalid.

During droughtconditions (Times 1 and 2¢stimatedranspiration and evapotranspiration rates were

in the range 0.0049 0.0066 cm/day, and 0.0223 0.0228 cm/day, respectively. Under wetter
conditions and with good vegetation cover, transpiration and ewagpiration rates were about
0.0803 and 0.1263 cm/day respectively. While these data provide-apjngiximation to plant water

use, it is essential that quantitative information on actual plant water use by residue rehabilitation be
obtained. This infanation is criticalfor quantifying the role of native coastal species in RSA cover
design, and for refining the input data for generating reliameel output representative of actual

field conditions.

INTRODUCTION

Quantifying the water balance is crdicto developing long term management strategms f
rehabilitated residue storage areas (RSAs) .
progressive rehabilitation of the outer residue sand embankments. Recenhresggests that much
(>40%) of the infiltrating water moves below the plant root zone and potentially becomes deep
drainage. Currently, this drainage is retained within the RSA and returned to the Refinery. However,

following refinery closurglong term management of this drainagé ke required.



Water dynamics is often describleg the water balance equation

D,=Pi Eri R-&S 1)
where D = equivalent depth of drainadeom a soil profileper unit time P = equivalent depth of
precipitation falling ontdhe soil surfac@er unit time; E = evapotranspiration or equivalent depth of
water lost at theoil surface through evaporation plus transpiration per unit time; R = equivalent depth
of runoff from thesoils ur f ace per unit ti me;-watenshrageedl umts r at e
are expressed in term$length per unit time (e.gno/day).

Immediately following rehabilitation, the surface of residue sand (BRS) embankments have a 100%
cover of wood mulch, with negligible vegetation. After about 12 mongtsbiltated residue sand
embankments exhibit vegetation cover ranging from about 40% over summer (dry season) and >80%
during winter (wet season)Consequently, evaporation fromonvegetated (i.e. surface mulched)
areas represents a major component of the watker balanceAlthough soil evaporation and
transpirationare closely linked(i.e. E), each contributes a variable portion to theerall water
balance. Despite the importaneeEr there have been few studies on quantifyingc@stribution to

waterlosatAl coadés rehabilitated RSASs

Soil evaporation (E) rates are controlled not only by atmospheric demand, but also by the conductive
properties intrinsic t@ specificsoil (Juryet al. 1991).Evaporation can be divided into two stages: (1)

the constant rate stage in whiclk 5 limited only by the supply of energy to the surface, and (2) the
falling rate stage in which water movement to the evaporation sites near the surface is controlled by
the soil moisture conditions and soil hydraulic prdéiesr Fine grained soils (clay) hold more water

than coarse grained soils (sand), @ad maintain a longer period of upward flux of water through
capillary conduction before pore spaces dry Qirice pore spaces dry out, water loss occurs in the
form of vapor diffusion which requires more energy input than capillary conduction (van de Griend
and Owe 1994)Consequently, evaporation losses ggically greaterin fine grainedthan in coarse
grainedsoilssuch as BRS

Direct measurement ofsks difficult and the more common methods incl{Beast 1986)

e Meteorolgical methods whereweather parameters such as net and total solar radiation, air
temperature, relative humidity, rainfall, wind speed are monitored and evaporation calculated

from energy balate equations (e.g. Penman, Pentvmtieth, Bowen Ratipetc) (e.g.

4



Lascano and Bavel 1986ascanocet al. 1987;Jaraet al 1998;Wytherset al 1999;Lascano
2000; Blight 2002)

e Remote sensing methodghere evaporation is estimateg determiningcertain radiative or
reflective properties of the soil, in conjunction with meteorological data, viewed from a great
distance.

e Water balance methodahere measurement anestimate of the soil water fluxt one depth
iIs combined with measurements of wat®ntent changes between that depth and the soil
surface(e.g. Lascano and Bavel 198&leiman and Ritchie 2008lyhan 2005 Ritchie et al
2009, and

¢ Lysimetry methodsyhere a volume of soil is hydrologically isolated from the surroundiiig so
and wate lossas a function of timés determined by weighinge.g. Lascano and Bavel 1986;
Lascancet al 1987; Wyther®t al 1999; Tolk and Evett 2009)

The most common and direct method uses a weighable lysi(Betast 1985 however, this method

has several disadvantages (i.e. size, weight, cost) and simpler mé&ihedsasuringes are often
preferable. One method wsemall lysimeters(or microlysimeters) which involve a pushing thin
walled cylinder (such as PVC tubes)anthe soil, removing it, sealing the bottom, weighing it,
subjecting it to the same evaporative conditions as the surrounding soil sfpecdic time, and
reweighing it. A major limitation of this method is determining how long a microlysincatebe usg

before its isolation from the surrounding soil causes it to deviate enough from reality that the soil in
the microlysimeter must be discarded and replaced by a new sample. Boast and Robertson (1982)
found that microlysimeters can deviate withiin 2 days, but concluded that the time of deviation was

in fact proportional to the length of the microlysimeteascano and Bavel (1986) replaced their
microlysimeters daily if Ewas >1 mm/day and every second dayskE mm/day, but concluded that
microlysimeers area simple, practical and accurate means to estimafgdvided they are frequently

replaced.

Another method of determiningsE nv ol ves monitoring changes 1in
cm’m®) at a specific depth over time. This method asssithat in the absence of drainage and plant
uptake, any loss of soil water can be attributeddoEThi s met hod has t he ad:
in-situ using calibrated moisture sensor probes. If no major disturbance to the soil profile occurs

during ®€nsor installation, then it avoids the problems mentioned above for microlysimetess.



approach has provided a good estimation £fdE a range of soil textures (e.g. Wythetsal. 1999;
Suleiman and Ritchie 2003; Ritcteéal 2009; Tolk and Eve®009).

There are a range of established models that can sim&be & range of soil and vegetation types.
These models vary from functional models such as that by Ritchie (1972) and later modified by
Suleiman and Ritchie (2003) which describegusing a soitwater diffusion concept; mechanistic
models which fundamentally describe water transport and redistribution (water balance approach) (e.g.
WATBAL by van Bavelet al. 1984; HYDRUS bySimunek and van Genuchten 1999); and water and
energy balance metk (e.g. Lascanet al. 1987; Lascano 200®light 2002.

The primary aim of this study was to estimate evaporation fresidue sand under a range of
temperature and seasonal conditionBe specific objectives wete (1) estimate evaporation rates
under specific temperatures regimepresentative of summer and winter temperature conditions, (2)
estimatein-stu ES based on changes in dv over a rang
conditions, (3) estimate the depth to whighiEn f | u g and @ simuthteEs using the mechanistic

model HYDRUS.

MATERIALS AND METHODS

Estimation of Soil Evaporation ato@itrolled Temperaturs - Laboratory Study

It is well-recognised that ambient air and soil temperature play an important role -waseril
evaporation (e.g. Blight 2002). To obtain an initial estimatesghEesponse to various temperatures,
the following laboratory study was undertaken. Residue sandcuoléected from RSA5 south at
Pinjarra (PJ)and air-dried under laboratory condition2Q°C). After drying, BRS waghoroughly
mixed and then packenhto aPVC tube (50 mm i.d. by 100 mm lgng = 3) to achieve a final bulk
density of 1.4 g/cth The microlysimeters were wetted up to saturation and then allowed to drain until
drainage stopped. The base was then sealed and the surface was covexrdalyaith cB) of wood
mulch to reflect field conditions. The microlysimeters were weigioedbtain their starting weight,

and therplaced in a farfiorced oven at 20°CEach microlysimeter was weighed at least twice daily,
and the change in weight assumed to be a result of evaporation. Weighing was continued until the
differences between5 successe weighings wrenegligible, after which the BRS was removed from
the tube and ovedried (105°C for 24 hours). The final moisture content and total mass of the BRS
were determined gravimetricallyhis procedure was repeated for additional temperatfi@2°€ and
40°C.



Estimation of Upward Waterl&x due toCapillary Rsei Laboratory Study

The ability of BRSto lose water via evaporation is partly dependamthe ability of BRS to supply
water to the evaporation surfadetuitively, there will be areffective depth to which &will influence

d,, which will reflect the ability of BRS to supply water to the surface evaporation sites by capillary
action. The effective depth of influence was determined as folldw&00 mm long core of
Aundi st ur bebthioed BoRPJI REAS north by gently tapping a 550 mm long PVC pipe (50
mm i.d.) into theresidue sand embankmeiihe pipe was then extracted, the two ends sealed to retain
the BRS core within the tube, and returnedthe laboratoryln the laboratory, He end caps were
removed and the PVC pig#aced vertically in a 100 mm depth o61IM HCIL. The BRS core was
allowed to standh this solutionfor a period ofL0 days.Placing the BRS corm 1.5 M HCI providel

a secodary measure of capillary ris€he extent of capillary riseould reflectthe change in pH from

hi ghl y aH k2xtbaipH & muchiless that? following reaction with HCI. Aftef.0 days, the

PVC pipe was removed from solution and BIRS core dis@cedin segmerd of 2.5 cm intervals
close to the wetting front and 5 cm elsewhere. Each BRS segment was analysed for gravimetric
moi st ur ey, elecmidaleonductiyitd (EC) and pH (EC and pH determined using a 1:5 BRS to

water ratio).

The extenbof capillary rise was estimated at the height above watertable where a marked changed in

dy, EC and pH was observed.

In-situ Monitoring of Soil Moisture Content

This study was undertaken at the Pinjarra (PJ) RSAS5 daaiing embankment, within the current
Gypsum/Irrigation trial (GPS locationS32°38.133" E115°54.781Block 1, nonirrigated, deep
gypsum incorporation treatment. site was selected away from \gtion to initially demonstrate
water dynamics in the absence of vegetation, and to monitor how this may change with time and

increased vegetation covéHillips 2010.

Monitoring moisture content and temperature profiles as a function of time conmmencad
January 2007using ECT temperature sensors and ECH20 (25 cm long) moisture sense29),(EC
Decagon Devices Inc, WA, USA)attached to m Em5 Datalogger,The moisture sensors were
calibrated prior to installation using residwend over a moistureange of 0o 0.4 n¥ m™ (Appendix

A). Temperature and moisture data were downloaded using the software package ECH20 Utility
(version 1.07), and ECH20O Link (version 2.06) respectivEhe moistureand temperatureensors

were installedat depths of &, 10, 25 and 60 cm below ground level as followg.he sirface mulch
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was removed and stored for replacemediter sensor installation was complefe30 x 30 x ® cm

hole was excavated and residue sand retained for replaceinsniall excavation was mads a
slight downward anglento the "undisturbed" residue sand6@tan below ground level using thHéat

steel blade (2.5 cm wide) of a spatulais ensured that any water passing over the sensor would not
accumulate on top of it and give erroneous megsliThe ECH20 snsor was installed at this depth by
inserting itinto thesmall cavityimmediately after the spatula blade was removed. This ensured good
contact between the moisture sensor and the surrounding BRtBe same depth, a temperature
sensomwas installedy pushing the sensor into the exposed BRS face, but at a distance of about 10 cm
away from the ECH20 sensdnstallation was checked to ensure the sensor maintgouat contact

with BRS Residue sand was returned to the excavation andametpto achieve a similar bulk
dersity to "undisturbed materialtintil a depth of25 cm below surface was achievetihe second
moisture and temperature sena@sthen installed as outlined above. This procedure was repeated
instaling a moistureandtemperaturesensor atlepths ofLl0 and 0.5 cm below ground level. Once the
excavation was rélled with BRS, he wood mulch was returned to provide a surface mulch layer. A
starpicket was hammered into the ground and the dataloggers securely atfdehddtaloggers were
setup to record moisture conteand temperaturever the 60 cm profile at 2@inute intervals.

Estimation of Evaporation

Evaporation was considered to be the primary cause of moisture loss when the field moisture profile
showednac hangeweillowd a depth of 10 cm. This was as:¢
within the 07 10 cm depth interval was due tg Rithout any contributing loss via drainage.
Furthermore, drying legs of the soil moisture curve were selected frooupefdrought stress (late
summerto early spring) and water surplus (late winter to early sptinghvestigate if temperature
and vegetation cover affected.Hhe length of time of each monitoringeriod used to estimatesE

was started immediately ftowing a rainfall event anderminatedonce a subsequentainfall event

occurred.
Four sampling periods were considered to satisfy the above criteria; these being:

e Time 1 (drought stress) 2" March to 7' April 2007 (period of 36 days with maximum,
minimum andmean daily air temperature 41.4, 5.7 and 22.3C);
e Time 2 (drought stress) 27" October to ¥ December 2007 (period of 36 days with a

maximum, minimum and mean daily air temperature of 37.1, 5.5 and 18.7 °C);



e Time 3 (water surpk)i 2" August to 18 August 2008 (period of 17 days with a maximum,
minimum and mean daily air temperature of 20.8, 3.4 and 11.9 °C); and

o Time 4 (transition between water surplus to drought stie88f' November to 28 November
2008 (period of 6 daywith a maximum, minimum and mean daily air temperature of 22.1, 8.3
and 15.9 °C).

For each timenterval(ad = t, i t,.1 wherenis a counter)the change i, ( ag)dvas calculated as:

aed= yd-dn (2)
and the change in total wetness of tHelDc m |1 n t ey wasdalculataxias:
®eg= @& 3)

wherez = depth (i.e. 10 cm)For each time interval (i.e. 20 minutes), the loss of water through soll

evaporation wasg,oronsi dered to be ed

Es=eaed: 4)
wherez = depth (i.e. 10 cm).

Modelling Evaporation

The model HYDRUSLD (hereafter referred to as HYDRUS) was selected to evahoatewell the
laboratoryderived E datarepresentethat occurring in the field. HYDRUS is an interactive software
system for simulating omdimensionalwater transport in uniform or mulayered unsaturated,
partially-saturated and fulkgaturated soil systems using Richards' equafimtailed description of

the governing equations in HYDRUS and their application can be found in Simunek and van
Genuchta (1999). HYDRUSrequires information on the hydraulic properties of BRS as well as
rainfall and evaporation data on a specified time sté@ model simulations were conducted for
water transport only, and ignored plant water uptake since this data wasgaiable.The hydraulic
properties have been determined elsewhere (Appendix B), and the rainfall data was available from on

site weather stations.

Evaporation was estimated using laboratoaged k as follows.For each temperature (i.e. 20, 32 or
40°C), the loss of water (i.e.dn units of cm/dayp s a f u pwas fitted to arequatiahof the

form: Es= (axbx d)) + (1 + (a x d,) wherea andb are constants. The resulting equations were:



For T = 20°C E= (7.851x 0.076x d,) ~ (1 + (7.851x df,) F=0.64  (5.1)
For T = 32°C = (33.786x 0.159x d) = (1 + (33.786<d,) F=0.89 (5.2)
For T = 40°C E= (5.540x 0.821x d,) + (1 + (5.540«<d,) F=0.78  (5.3)

The amount of evaporation on a daily basig (Em/day)) was then calculated using the most
appropriate equation based on the measured temperature in the 0.5 cm depth. The criteria for deciding

which equation to use was:

e | f T°C,Gher2l= Eqgn5.1
e If T>20°C and032°C, then E= Eqn 5.2
e If T>33°C, then E= Eqn 5.3

RESULTS AND DISCUSSION

Effect ofTemperature on &

Loss of waterfrom the microlysimeters byvaporation as a function of time for each imposed
temperature regime is presented in Figuré&@. all imposed temperature regimes, evaporative loss
was greatest at the early stage of the experiment, and decreased quickly wiBytDas. 5, the rate

of water loss was very low, particularly for the 32 and 40°C treatments. At thetlamgperature

(20°C), the loss of water was more gradual, and it required nearly 30 days before much of the
available water was evaporated. These findings are not unexpected given the strong influence of
temperature on & At 40°C, daily evaporation rates decreased frapout 0.6 cm/day to <0.001
cm/day; from about 0.17 cm/day to <0.005 cm/day at 32°C, and from about 0.07 cm/day to <0.001
cm/day at 20°C. Similar values have been reported by Lascano and van Bavel (1986) for a sandy clay
loam soil experiencing a daily tem@ture range between 15°C to 35°C (i.e. 0.8 cm/day to 0.07
cm/day).Over a temperature range of 22°C to 25°C, Lasedral (1987) reported daily evaporation

rates for a sandy clay loam soil of 0.5 cm/day which declined to 0.1 cm/day after 3 days)ainede
relatively constant after this perioAlthough the air temperature was not reported, Wytle¢ral

(1999) also reported evaporation rates of about 0.8 to 0.6 cm/day during the early stage of evaporation

for a sandy loam, which decreased to neaglp by Day 30.

There was a linear relationship between cumulatiyerfl the square root of tim&-{} as is expected

for evaporation events exhibiting a first and second drying stage (Ritchie 1972; Suleiman and Ritchie

10



2003). The equivalent depth of tga evaporated from the 20, 32 and°@treatment was about 1.6,

1.0 and 1.2 cm respectively and each treat mgét O .eXthdsévialies de an
consistent with those for sandy textured soils studied by Sulieman and Ritchie (2003; cumglative E
1.7cmover50daysi t h anai @i pdndlgstagoet al (1987; cumulatveEd 1. 2 t o
cm over 16 days with aninitidhyd 0. 25 g/ g) .

To derive an approxi mate r elantb Gwalsi pllndttyeae m
for each temperature reginEigure 3).The resulting equations (5.1, 5.2 and 5.3) were then used to

estimate daily Efor modelling purpses (se&ection3.3).

Water Movement By Capillary Rise

The ability of BRS to transport water from a watertable at depth to the surface for evaporation was
limited to about 8.5 cm (Figure 5Yhis finding suggests that soil evaporation would be most
influential in the upper (0 8.5 cm) portion of the profile, and that much of the water lost via
evaporation, particularly in the early stage, was lost from this podiidhe profile. Thesvaporation

rate would then bgovernedby the declining abilityof BRS to supply water from deeper (> 10 cm)
within the profile. This suggests that much of the soil evamoratbmponent for BRS may be largely

derived from the @ 10 cm depth interval.

This finding is consistent witthat byWytherset al (1999) whoestimatedhe effective soiblepth to

which baresoil evaporation influenced water availability for a range of soil textures. These workers
concluded that clay and silt loam soils dried out to greater depths than sandy sditst Hreldepth

of drying increased with time. For the sandy loam soil, these workers found that evaporation affected
water availability to a depth of about 7.2 cm after 13 days and 9.8 cm after 51 days. Assuming a depth

of about 8.5 cm for BRS would therefore seem valid.

Estimaton d Esln-situ

For eachof the fourtime period monitored,in-situ volumetricwa t e r  c,pah bdoth the 0.5(add

10 cm depts decreased with time (Figurg @his lossof soil water was attributed to evaporation as
there were naetectableehanges n, balow a depth of 10 cm (data not presented). The rate of decline
i n, wds greaterat the 0.5 cm depth relative to the 10 cm depmhd the period over which
evaporation occurred was longer at the 0.5 cm deptheXxample, for Time 1 (Figurea, the rate of
decl i ywih timmat ttie 0.5 cm depth was 0.0157°om® per dayand extended for a period of
about 8 days, whereas at 10 cm, the rate of decline was 0.0888n¢mer day and maintained for
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about 5 daysThe difference in water loss beterethe two depths is consistent with the conclusion
that much of the water lost by evaporation occurs in the uppermost soil layer, and that capillary flow

cannot supply significant quantities of water over distances exceslolnugd.5 cm.

The total depttof water lost from the ® 10 cm depth interval was attributed tg Eqn 4), and E

with time, along with cumulative &with time, is plotted in Figure 7. Trends obserwesitu were
consistent to those reported for the laboratory experiments (Figure 2 and 3), and with published
literature (e.g. Lascano and Bavel 1986; Wythedral 1999). In factjn-situ Es generally fell within

the limits of the imposed temperature treatmenfthe laboratory study (Figure 8). For examphield

data at Time 1, 2 and 3 were collected over periods which demonstratadesage (hourly)
temperature of 23°C, 18.7°C and 119°C, respectivelyand should therefore be similar to data from

the labaratory treatments of 20 and 32°&lso, the slope of the relationship between cumulative E

and £*° wasabout0.3(r? = 0.99), which issimilar to thatreported by Sulieman and Ritchie (2003) for

a sandy loam so(kslope = 1.2)

In contrast, Time 4 wataken over a period withnaaveragegemperature of 3.9°C, but displayed a
cumulative E relationship similar to a temperature regime of 40°C (Figurdt &ppears that other

factors may be contributing to water loss other than soil evaporation alone.

The very high hydraulic conductivity @& 20 m/ d) , | i mfrom degpercwatipnitiel ar y
profile, and poor water retention characteristics of BR&jgests that firsttage evaporation (gh
constarwrate stagever which Eis only limited by the spply of energy to the soil surface) this

material may be much smaller relative to seestadje evaporation (the fallirgte stage in which

water movement to the evaporation sites near the soil surface is controlled by the soil hydraulic
properties andoil moisture conditions (Ritchie 1972). This implies that despite evaporation being
lower during secongtage evaporation, the cumulative evaporation during sestage evaporation

can be much greater (Figure 7).

The slope of the £versus time relatimship during secondtage evaporation was determined using
linear regressiomnalysisfor that part of the curve where the cumulativer&mained constant with

time (Figure 9 and 10)Furthermore, by allocating these slopes a specific temperature category
(Temperature Category< TemperatureO 2 0 Té&mpeRature Category=2 Temperaturewithin the

range of21 i 32°C; Temperature Category3 Temp O Gomdpgadhy thesa slopes to the

laboratory data, a very good relationship can be observed for all field data except Time 4 (Figure 11).
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On closer inspection, there appears to be a trend for increasing deviation from the laboratory data with
increasing timesuggesting that other factdie.g. transpirationdre contributing to Ewith increasing

time.

Modelling Insitu Moisture Content Profiles and Comparing to Assumed E

Modelling Es

HYDRUS was used to simulatg with time over each of the four time perioddl simulations were

carried out using the same hydraulic properties (Appendiam) designating a zeftux lower water
boundary (i.e. no drainage was considered to occur below a depth of Ileocriijme 1si mul,at ed
wer e very si mjolveathe 36day mongauirsg pari@d Figdre 12a). For TiRe3 and 4,
however, HYDRUS consistently overs t i mamndahe mafnitude of the differendefiowed the

order: Time 2 < Time 3 < Time 4 (Figure 13ala and 15a). These trends were also observed in total
moi sture (expressed in terms of fAequival ent de
13b, 14b and 15b). Thr@mulationresults suggest that factors in addition to soil evaporationbmay

contributing to moisture loss in theé @0 cm depth interval of the BRS profile.

Other mechanisms which may result in moisture loss from the BRS profile include drainage and
transpiration. The monitoring periods were primarily selected based onstina@fon that drainage

below a depth of 10 cm was not occurring if moisture sensors positioned at greater depths (i.e. 25 and
60 cm) did not e X Toi ebaludte tree rcontributiora of dra&nage mo mdisture loss,
HYDRUS was rerun with the lover boundary condition set to free drainage. For Time 1, inclusion of
drai nage di d orrnotat moguretredationshifs gFigufe 12a abyl relative to ignoring
drainage. For Time 2, i ncl usjaodtotabmoistee remtiomshigpe ma
relative to ignoring drainage (Figure 13a&b). For Times 3 and 4, the inclusion of drainage only
slightly improved the ability of HYDRUS to simulate water dynamics in tliel® cm depth of the

BRS profile (Figure 14 and 15l appears thathe initial assumption that no drainage occurred from

the Oi 10 cm interval over the monitoring period may be invalid.

HYDRUS is a highly sophisticated mathematical model based on fundamental equations which are
known to simulate water dynamics in posomaterials. The general findings from the modelling
suggested that HYDRUS ad edynngdryeperiypds df¢he year,jabdemienc h a
little vegetation capable of transpiration, was presensitgn For example, Times 1 and 2 were
selected to represent conditions of drought steess at times when transpiration by vegetatauld

be negligible Interestingly, HYDRUS simulated the field measured data quite well (particularly with

13



the inclusion of drainage). For these two these times HYDRUS suggested that much of the moisture

loss was a result of soil evaporatio)(&nd drainage (D) (Figure 12nd 13c).

Times 3 and 4 were selected to represent a period when moisture was readily available for plant
uptake, and when the BRS surface supported actively growing vegetation (Figlmelusion of
drainage only slightly improved the ability of HYDRUto simulate water dynamich its current

form, HYDRUS has only been calibrated for bare soil conditiand parameters for plant water
uptake (i.e. transpiration rates, root growth, rooting depth density, and root length density) have not
been quanti®d. Therefore, it is possible that neglecting transpiration has severely-estiteated

water loss in BRS during periods of adequate plant available water and when plants are capable of

transpiration.

Modelling has shown that HYDRUS can simulate soilpewation in residue rehabilitation during
times when plant water usend drainage aneot expected to contribute significantly to moisture loss.
To allow this model tomore closelysimulate water dynamics for rehabilitation of varying age and
moisture avdability (i.e. seasonal moisture statu)enan accuratestimateof plant water use during

periods of active transpiratias still required

Estimation of Transpiration (T) andrE

The field measured cumulative; Eor each time period includes contributions of actuglEand T,
however, the magnitude of these contributions vary depending on age of rehabilitation (hence surface
vegetation cover), moisture condition (winter versus summer), and whether plantstiaety ac
transpiring or not (adequate moisture availabiligy subtractingthe estimated contributionfr
predicted (HYDRUS) Eand Dfrom actual fieldmeasured & thedifferences in equivalent depth of

water may be due folant transpiration]. Furthemorg the combined contributions from predictegl E

and T may provide a firsgapproximation of evapotranspirationtE

Values for cumulative &(measured and predicted) and D for each time period are provided in Table

1. Assuming that HYDRUS provides accarate description of water dynamics in theence of plant
uptake,thel e f i cit bet ween the fAknownodo parameters, 0 |
water for times 1, 2 and 4, respectively. Unfortunately, the wet conditions over time t&ddsul
HYDRUS estimating more D than E, and no estimate of T could be determined.
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Time 1 and 2 reflected conditions of summer water stress and over-ttegy 36onitoring period, the
resulting transpiration rate was 0.0049 and 0.0066 cm/day respeckeelwetter conditions (Time

4), the estimated transpiration rate increased to 0.0803 cniZsi@iyate rates ofHor time 1, 2 and 4
were 0.0223, 0.0228 and 0.1263 cm/day. Mitcaell (2009) reported f£rates for the forest floor of
semtarid eucalypt woodland in southestern Australia of 0.0B0 . 0 8 ¢ m/ d,aagge of .20r a
i 0.25 cnilem®,

Although these rates have been calculated using a linear relationship, field data clearly shows E
declinesexponentially with time (Figure 7), reflecting changes in the ability of residue sand (or soil) to
supply water to the evaporation sites. Thus, there exists an intricate relationship betweemdTE
which is governed by the actual availability of se#ter. In other words, as the proportion of soil
water lost by rapid drainage increagege to rainfall intensity anduration,unsaturated and saturated
hydraul i ¢ c¢ ondugasdtci) théntpsoporticmaiely dessesdagariable fdr evaporatiah
transpiration(Mitchell et al 2009. Understandably, quantitative information on platthosphere
residue sand interactions are a-prquisite before reliable modelling of water dynamics in residue
rehabilitation can be validated.

CONCLUSIONS

An estimation of evaporation losses from residue sand over a range of moisture and temperature
conditions was undertaken. Evaation from laboratory studies covering a temperature range of 20
40°C was found to be similar to that observed in the field,iqodatly under summer drought
conditions. These data provided a relationship with volumetric water content for simulating water

dynamics in residue sand using thdithensional model HYDRUS.

Incrementaldeclinesi n, dufingdrying of residue san@ere sedto estimaten-situ soil evaporation

(Es). During periods of drought and low plant cover, HYDRUS adequately described water dynamics
in residue rehabilitation. However, with increasing age of rehabilitation and at times when the residue
sand was moidi.e. winter), modelling results deviated from the measured data. It was suggested that
this may attributed to increasing loss of soil water through transpiration as the vegetation cover
increasedlt was estimated that during drought periods, transpiratia evapotranspiration rates were

in the range 0.0049 0.0066 cm/day, and 0.0223 0.0228 cm/day, respectively. Under wetter
conditions and with good vegetation cover, transpiration and evapotranspiration rates were about
0.0803 and 0.1263 cm/day resipesly.
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While these data provide a firgpproximation to plant water usk,is essential that quantitative
information on actual plant water use by residue rehabilitation be obtained. This information is critical
to quantifying the role of native coaktpecies in RSA cover design, and for refining the input data

for generating reliable output representative of actual field conditions.
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Table 1.Estimation of transpiratiofl) and evapotranspiration {Jpover the four time periods

monitored
Time Days Measured Predicted Predicted | Estimated | Estimated | Estimated | Estimated
Monitored | Cumulative | Cumulative | Cumulative T T E Er
Es Es Drainage
(cm) (cm) (cm) (cm) (cm/day) (cm) (cm/day)
1 36 0.928 0.625 0.125 0.178 0.0049 0.803 0.0223
2 36 1.342 0.584 0.520 0.238 0.0066 0.822 0.0228
3 17 1.051 0.506 0.986 - - - -
4 6 0.957 0.276 0.199 0.482 0.0803 0.758 0.1263
NOTE:

T (cm) = Measure€umulative E (cm)- Predicted Cumulatived{cm)1 Predicted Drainage (cm)

T (cm/day) = T + Days Monitored
Er = Predicted Cumulativeggcm) + T (cm)

Er (cm/day) = & + Days Monitored
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Figure 1. Location of moisture sensors at PJ R$&hith. (a) Vegetation cover at commencement of

study January 2007, (b) vegetation cover in September, 2003 c) vegetation cover October 2009
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0.8 =

Daily Evaporation (cm/day)

16

Time (days)

Figure 2. Daily soil evaporation(Es) from microlysimeters under three imposed temperature regimes
e20AC, 2z 32 AcCVauesgpresgnted dr&€the mean and standard deviation of three replicates.
Solid lines represent a line fitted to each dataset of the f@rrmaébt where E = soil evapaation, t =

time anda andb are constants

20



(@)

Cumulative E (cm)
e
N
PR |
———
2
8
8
e
Fey
HoH
Y

0 10 20 30 40
Time (days)

(b)

Cumulative E (cm/day)

' I ' I ' 1
2 4 6
SQRT Time (days®®)

Figure 3. Cumulative evaporation from microlysimeters under three imposed temperature regimes
20AC, 232 ACasafurdtioryot @)AifBe and (b) tifite Values presented are the mean and
standard deviation of three replicatés). Solid lines represent a line fitted to each dataset of the form
CumulativeEs = bt*® + awhere s = soil evaporation = time anda andb are constantgzor T=20°C:
CumEs = 0.300°° r* = 0.99; T=32°C: Cumg= 0.270°° r* = 0.97; T=40°C: Cumg= 0.587°° r* =

0.99
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Figure 4. Relationship between daily evaporations)(E a n uhdedthree imposed temperature
regimess2 0AC, 2z32AC and Yy40AC. Solid lines fEeprese
(axbxd)+ (1 + @xd) whereaandb are constantésee Equations 5.1, 5.2 and 5.3)
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Figure 5. Estimation of capillary rise in a column of dry BRS. Capillary rise is estimated by the height
above watertable at which there .dsetomnthe upwandi o u s
movement of 1.5 M HClep H, z E C . &alidhorigodtal shows that capillary rise occurred t

about 8.5 cm above watertable
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Figure 6.C h a n g eover time af a depth of 0.5ce)( a nd 1 for the mon{toeng periods of
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A Temp <21°C E =0.044t + 0.475 r2=0.98
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Cumulative E (cm)
o
(0]

0.4

| ' | ' | ' | ' I
0 ) 10 15 20 25
Time (days)

Figure 9. Cumulative evaporatiowversus time over the linear portion of the relationship during

secondstage evaporation for the three imposed temperature regitn@sA C, z32AC and Y4
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Figure 10. Cumulative evaporation versus time over the linear podfdhe relationship for (a) Time
1, (b) Tme 2, (c) Time 3 and (d) Time 4
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Figure 12.C h a n g e s, ati0.b cn( dapth, (b)) total moisture (equiveldepth of water) in © 10
cm depth and (c) cumulative,B&vith time for Time 1 = Field data, solid line = HYDRUS simulated
data ignoring drainage, long dashed line = HYDRUS simulated data including drainagdashed

line = sum of Es and D
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Figure 13.C h a n g e s, ati0.b cn( dapth, (b)) total moisture (equivalent depth of water) ih@
cm depth and (c) cumulative,B&vith time for Time 2. = Field data, solid line = HYDRUS simulated
data ignoring drainagéyng dashed line = HYDRUS simulated data including drainage, short dashed

line = sum of Es and D
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