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EXECUTIVE SUMMARY 

The Christmas Creek Life of Mine (LoM) Project will increase dewatering and water disposal 

activities over the extended life of the mine.  Hydrogeological modelling indicates that drawdown 

associated with orebody dewatering may extend to the northern fringe of the Fortescue Marsh, 

which contains samphire vegetation communities of conservation significance. 

A vertical two-dimensional (2-D) numerical model was employed to assess the potential impact 

of drawdown on the soil water availability to the samphire community in and adjacent to the 

Fortescue Marsh.  HYDRUS software by PC-Progress, Prague, Czech Republic, was used to 

construct the numerical model.  Field transpiration data derived from upscaled University of 

Western Australia (UWA) samphire sap flow measurements were used for calibrating 

transpiration parameters of the model.  Field-measured saturated hydraulic conductivities and 

saturated water contents for the top loam-textured layer and parameters extracted from the 

HYDRUS soil database were employed in the simulations.  The numerical model was validated 

by comparing simulated soil moisture content against sampled soil water content profiles at a 

single point in time. 

The CRC’s Stochastic Climate Library (SCL) was used to generate 2000 replicates of long-term 

daily weather sequences using historical observation data at Newman Weather Station.  Daily 

rainfall sequences of 3-year wet weather and 3-year dry weather spells were selected from the 

SCL-generated data based on cumulative probability distribution of 3-year rainfalls.  The 

selected 3-year daily rainfall sequences were applied to the numerical soil water model to 

analyse the impact of mining dewatering on plant root water uptake or plant transpiration. 

Four groundwater levels (404, 403, 402 and 401 mAHD) were selected to set the lower 

boundary conditions of different scenarios of numerical simulations.  The groundwater level of 

404 mAHD represents the average groundwater level in the Fortescue Marsh near Christmas 

Creek prior to mining dewatering, while the GWLs of 403, 402 and 401 mAHD represent Marsh 

groundwater levels  with 1-, 2- and 3-m drawdowns, respectively, introduced by mine 

dewatering . Sensitivity analysis was conducted by manipulating key model parameters. 

The simulation results show that the root water uptake under repeated 3-year dry weather spells 

is little affected by up to 3 m groundwater drawdowns, and soil water content remains above the 

samphire permanent wilting point at all times even under conditions of prolonged drought and 

with a 3-m groundwater drawdown.  Applying the 5%-probability-level 3-year rainfalls over the 

whole LoM is a very conservative practice.  The average annual rainfall of the 3-year dry 

weather spells is 204.6 mm, about 63% of the long-term mean of annual rainfall of 325.9 mm.      

The overall findings suggest that groundwater drawdown of up to 3 m would not introduce any 

significant adverse impact on the samphire communities near the northern fringes of the 

Fortescue Marsh. Surface water inputs (i.e. rainfall and flood waters) are likely to maintain soil 

moisture levels sufficient to meet samphire water use requirements under all but extreme 

climate regimes.  
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1. INTRODUCTION 

Fortescue Metals Group’s (Fortescue’s) Christmas Creek iron ore mine is located approximately 

110 km north of Newman and 35 kilometres east of Fortescue’s Cloudbreak mine in the Pilbara 

region of Western Australia. Fortescue is proposing to redefine the Life of Mine (LoM) plan at 

the Christmas Creek iron ore mine, which will involve: 

• increasing ore production;  

• developing new mine infrastructure; and  

• increasing dewatering and water disposal activities over the extended life of the mine 

(approximately 15 years of operational mining).  

This proposal is referred to as the Christmas Creek LoM Project, 

Fortescue has undertaken a hydrogeological assessment of the Christmas Creek LoM Project 

using a 3D numerical model (Fortescue 2012). The modelling indicates that drawdown 

associated with dewatering the orebody may extend to the northern fringe of the Fortescue 

Marsh, which contains samphire vegetation communities of conservation significance. This 

report is concerned with predicting the potential impact of drawdown on the samphire 

communities. 

The HYDRUS software package was used to construct a vertical 2-dimensional variably-

saturated model to simulate soil water dynamics and plant water uptake by samphire vegetation 

on the fringe of the Fortescue Marsh.  The model was used to investigate the effect of 

groundwater drawdown on samphire vegetation root water uptake and transpiration. 

HYDRUS is a general software package for simulating water, heat, and solute movement in 

two- and three- dimensional variably saturated media.  The software package consists of the 

interactive graphics-based user interface, and a set of computational programs.  The numerical 

computational programs in the HYDRUS package solve the Richards equation for variably-

saturated water flow and the convection-dispersion equation for heat and solute transport.  The 

water flow equation incorporates a sink term to account for water uptake by plant roots.  The 

computational programs in the HYDRUS package have been developed from the condensed 

wisdom of many scientists (Neuman, S. P., 1972; Davis, L. A. and Neuman, S. P., 1983; Vogel, 

T., 1987; Celia, M. A., et al., 1990; and Simunek, J., et al, 1992) and are updated with the 

cutting-edge advancements of compensated root water uptake in variably-saturated soil water 

modelling (Simunek & Hopmans 2009). The HYDRUS model has been successfully applied in 

numerous studies to analyse site-specific problems relating to plant water use and growth, soil 

moisture dynamics and soil salinization (Simunek et al. 2008; Forkutsa et al. 2009a,b; Xie et al. 

2011). 
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2. BACKGROUND 

The Fortescue Marsh is an extensive intermittent wetland, situated in the floor of a broad valley 

that separates the Hamersley and Chichester ranges. The marsh ecosystem is unique in the 

Pilbara, and has multiple conservation values of regional and national significance. Some of 

these include: 

• recognised as a wetland of national importance within the Directory of Important 

Wetlands in Australia 

• classified as a priority ecological community (PEC – Priority 1) by the Department of 

Environmental and Conservation (DEC) 

• includes unique and diverse samphire vegetation communities 

• supports various rare and endangered flora and fauna species 

• has important Aboriginal heritage and cultural values. 

The marsh fringing vegetation is dominated by samphire vegetation types, which exhibit zonal 

species distribution patterns broadly correlated with topographic, edaphic and hydrological 

factors. South of the Christmas Creek mining area the dominant samphire taxon near the marsh 

boundary is Tecticornia indica subsp. bidens (ENV 2012), which grows in heath formations in a 

zone roughly defined by topographic elevations between 406 and 407.5m AHD. It commonly co-

occurs with T. sp. Dennys Crossing (K.A. Shepherd & J. English KS 552) in this zone. Both of 

these samphire taxa are widespread in Western Australia. Other samphire taxa such as 

T. auriculata, T. medusa (Priority 3) and T. sp. Christmas Creek (K.A. Shepherd & T. Colmer et 

al. KS 1063) (Priority 1) typically occur further into the marsh. 

The T. indica subsp. bidens dominated communities are generally more open or ‘sparse’ 

(canopy cover 30-70%) in upgradient locations and closed or ‘dense’ (canopy cover 70-100%) 

further downgradient into the marsh (Figures 1 and 2).  The edge of the samphire vegetation is 

typically abrupt, and abuts a low sparse to open shrubland intersected by shallow drainage 

tracts often lined with Mulga (Acacia aptaneura) and Acacia synchronicia.  

The predicted maximum extent of drawdown (1 m drawdown below baseline water levels) 

associated with the Christmas Creek LoM Project intersects the margins of the T.indica subsp. 

bidens communities at some locations (Figure 3). These areas are the subject of the modelling 

study described in this report.   
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3. MODEL DOMAIN AND BOUNDARY CONDITIONS 

MODEL DOMAIN 

Soil water movement in the root zone of the samphire vegetation on the fringe of the Fortescue 

Marsh may be characterised by a vertical 2-dimensional flow system in a transect perpendicular 

to the topographic contour lines across the vegetated strip.  A typical transect consisting of two 

segments of different samphire canopy densities shown in Figure 4 was selected as the 

simulated domain for the HYDRUS model.  This was derived from the growing conditions 

observed in the area depicted in Figure 2. 

BOUNDARY CONDITIONS AT UPSTREAM AND DOWNSTREAN ENDS 

Since the dense samphire vegetation extends significantly further downgradient from the 

downstream end of the simulated domain, and vertical flow usually dominates soil water 

movement in the vadose zone, a no-flux boundary is applied to the vertical segment of the 

model domain at the downstream end.  Similarly, a no-flux boundary is applied to the vertical 

segment of the model domain at the upstream end.  The HYDRUS 2-D model currently ignores 

run-on from upgradient areas and/or floodwaters permeating out of the marsh basin, and 

therefore is a conservative approximation of available water to the samphire vegetation 

communities. In reality the many drainage tracts entering the marsh deliver water to the fringing 

vegetation following significant rains. Marsh flooding, although infrequent1, is also expected to 

replenish soil water in the fringing areas when it occurs. The vegetation is characteristically 

denser near the drainage outlets, and the samphire vegetation communities often protrude into 

these outlets (Figures 2 and 3). 

BOUNDARY CONDITIONS AT THE BOTTOM OF MODEL DOMAIN 

The lower boundary of the model domain is set as a constant head boundary simulating 

groundwater levels.  With the assumed elevation of 398 mAHD along the bottom of model 

domain, a 5 mH2O of prescribed constant head along the lower boundary simulates a 

groundwater level of 403 mAHD. 

BOUNDARY CONDITIONS AT GROUND SURFACE 

The upper boundary of the model domain is the ground surface exposed to the atmosphere.  

Flow conditions on a ground surface exposed to the atmosphere are dependent on the values 

of the primary variable, matric potential or pressure head, and need to be treated as the so-

called system-dependent boundaries in the HYDRUS model setup.  Positive and negative 

fluxes, representing soil surface evaporation and net rainfall or irrigation respectively, are 

applied to a system-dependent ground surface boundary.  The system dependent boundary is 

simulated as a boundary of specified fluxes, if the simulated matric potential at the ground 

                                                
1
 ponding on the marsh occurs only after significant rainfall events of greater than 90 mm/month 

(Fortescue 2012) 
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surface is between the prescribed maximum and minimum matric potential values.  If the 

simulated matric potential at the ground surface exceeds the prescribed maximum value or falls 

below the prescribed minimum value, the system-dependent boundary switches to constant 

head boundary conditions with the constant head value set at the prescribed maximum or 

minimum pressure head accordingly.  The maximum constant head is set at 0, while the 

minimum constant head is set at a value 1 mH2O less than the ‘wilting point2’ (e.g., -1001 mH2O 

with a matric potential of -1000 mH2O at permanent wilting point) in our simulations.  The 

minimum constant head is set slightly lower than wilting point to avoid numerical inflow on an 

evaporation boundary. 

For a ground surface with plant canopy cover, the boundary flux, qSurf, in mm/day, may be 

calculated with 

����� = (1 − 
�) ∗ ��� −	��           [1] 

where (1-fc)*ET0 is the potential evaporation from soil surface (mm/day); fc is the fraction of 

canopy cover on a projected area basis; ET0 is reference daily evapotranspiration (mm/day) 

calculated using FAO56-PM equation (Webb, C. P. 2010); and Pn is net daily precipitation or 

irrigation (mm/day). 

Three year (01/01/2009 to 31/12/2011) reference daily evapotranspiration data from the 

University of Western Australia (UWA) Weather Station located south of the Cloudbreak mine 

(740645E; 7525000N) was used in the simulations. To account for days when the ET0 data are 

missing from the UWA Weather Station data set, ET0 data from Newman Aero Weather Station 

was used to estimate the missing ET0s using the correlation in Figure 5. 

Net precipitation associated with rainfall events is calculated from observed gross precipitation, 

Pg, and the potential/maximum canopy interception loss, Pc.  For a given rainfall event, if the 

portion of gross precipitation falling on the plant canopy is greater than Pc, the difference 

between gross precipitation and the maximum canopy interception loss is the net precipitation.  

Otherwise, the net precipitation of a rainfall event only includes the non-intercepted portion 

falling between the plant canopies, where fc <1.  Assuming the amount of precipitation falling on 

the canopy is proportional to fraction of canopy cover, fc, we have 

�� = � �� − �� , 
� ∗ �� ≥ �� 	(1 − 
�) ∗ ��, 
� ∗ �� < ��        [2] 

The potential/maximum canopy interception of a rainfall event, Pc, is estimated with the 

following dynamic canopy interception model (Dunkerley, 2008; Wang et al., 2012) 

�� = �� + ���                                    [3] 

                                                
2
 the effective pressure head below which plant roots cease to absorb water due to the lack of driving 

gradient. 
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where Sc is the potential/maximum loss of precipitation to static canopy storage; Inc is the 

potential loss due to intra-storm evaporation of canopy-intercepted rainfalls from plant surfaces.  

Using 1 mm over canopy area to estimate Sc of a daily rainfall event, and applying the canopy 

portion of the reference ET, ET0, we have      

�� = (1 +	���)
�                              [4] 

Note that a Sc value of 1 mm is conservative, and was selected based on upper values reported 

in the literature for xerophytic shrubs with various morphological forms (Garcia- Estringana et al. 

2010; Wang et al. 2005; Wang et al. 2012). The vegetative articles of T. indica subsp. bidens 

are characteristically hairless and vertically oriented. Furthermore the surfaces of the vegetative 

articles have been observed to be hydrophobic in glasshouse experiments using this species 

conducted by UWA (Prof. Erik Veneklaas UWA pers. comm.). These traits suggest that actual 

Sc values for T. indica subsp. bidens are more likely to be significantly less than 1 mm. 

The current HYDRUS software can simulate two different system-dependent boundaries: one 

simulated with as so-called atmospheric boundary; and the other simulated as the #1 variable 

flux boundary, i.e., VarFl1.  The standard HYDRUS simulation modules can simulate root water 

uptake from only one plant system.  Hence, the recently-released double vegetation module 

was used in the simulations for the purposes of this study. 
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4. SOIL PROFILE AND ROOT WATER UPTAKE DISTRIBUTION 

Various investigations undertaken by Fortescue have provided information on soil profiles near 

the northern fringe of the Fortescue Marsh (UWA 2012; Astron 2012a; Astron 2012b). This has 

included backhoe pit excavations, soil profile descriptions and vertical sampling for gravimetric 

water content determinations (20 cm depth intervals). The generalised soil profile at the marsh 

fringe south of the Christmas Creek mining area can be described as follows: 

• Silty loam A horizon, typically 30 to 40 cm deep. 

• Clay loam to light clay B horizon with poorly developed sub-angular blocky structure, 

extending to depths of 100 to 250 cm.  

• An underlying layer of nodular calcrete in a clayey matrix, which becomes grittier at 

depth. Backhoe pit excavations conducted in May 2012 revealed shallow watertables 

within this calcrete layer at depths of 1 to 2.5 m, as dictated by surface elevation. 

SOIL HYDRAULIC PROPERTIES 

In the HYDRUS model a 2-layered system with a 40 cm loam-textured top layer overlaying a 

clay-loam-textured layer was assumed.  van Genuchten’s closed-form equations are employed 

in the HYDRUS 2-D model to evaluate volumetric water content and hydraulic conductivity at 

different matric potential or pressure head of unsaturated soils.  Parameters of van Genuchten’s 

closed-form equations are estimated from soil texture class (Carsel, R. F. and R. S. Parrish, 

1988) by querying HYDRUS’ built-in soil database.  Saturated hydraulic conductivity (Ks) of the 

top layer is derived from Ks measured in mulga grove and inter-grove areas on the north side of 

Fortescue Marsh, in soils of similar texture (Heyting, M 2011).  The mean of Ks values from the 

intergrove areas was selected, as this was lower than the mean of Ks values from grove areas 

and therefore may indirectly compensate for salinity effects on Ks in the Marsh surface soil 

layer.  van Genuchten closed-form parameters used in the HYDRUS 2-D model are 

summarised in Table 1. 

Table 1.  van Genuchten closed-form hydraulic parameters. 

Layer 

ID 

Extent Texture 

Class 

ϴr (v/v) ϴs (v/v) αααα (1/m) n Ks 

(m/day) 

l 

1 0-40 cm Loam 0.078 0.43 3.6 1.56 0.3288 0.5 

2 

40 cm to 

bottom of 

simulated 

domain 

Clay 

Loam 
0.095 0.41 1.9 1.31 0.0624 0.5 
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Figures 6 and 7 show the soil moisture retention curves of the loam- and clay loam-textured 

soils with small and large ranges of soil matric potentials, while the curves in Figures 8 and 9 

depict the variations of unsaturated hydraulic conductivities with soil matric potential.  Ten-

based logarithm of hydraulic conductivity is used is used in the graphs to demonstrate the high 

non-linearity and drastic decrease (many orders of magnitude) in unsaturated hydraulic 

conductivity as the soils dry out.  The small range retention and hydraulic conductivity curves 

are included to reveal the detailed information near saturation, while the large range curves 

provide more complete overall pictures of the hydraulic characteristics of the soils.         

VERTICAL DISTRIBUTION OF ROOT WATER UPTAKE 

Tecticornia indica subsp. bidens root systems exposed in the backhoe pit excavations did not 

have pronounced taproots, with the woody root systems predominantly confined to the top 

70 cm of the soil profile. Examination of root abundance on pit faces indicated a predominance 

of fine roots in the top 50 cm of the soil profile, but with a few fine roots penetrating to depths of 

up to 2.5 m. The vertical root density distribution was quantified at one location (774600E; 

7516180N) to inform the parameterisation of HYDRUS, which models root water uptake using a 

macroscopic approach (i.e. soil water uptake is averaged over a large number of roots in a 

representative bulk soil volume, with the distribution of root water uptake approximated by the 

relative root density distribution in the soil profile). The normalised distribution of the density of 

fine roots was used to define the stepwise normalised root water uptake model presented in 

Figure 10. The vertical distribution of root water uptake assumes proportionality between the 

density of fine roots and rate of root water uptake.  Note that the current HYDRUS graphic user 

interface can only accommodate a flat ground surface scenario to automatically set up root 

water uptake distribution as per Vrugt’s (Vrugt et al, 2001) root density distribution model, thus 

necessitating the development of the stepwise samphire root water uptake function. 
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5. WATER STRESS REDUCTION MODEL AND COMPENSATED ROOT 

WATER UPTAKE  

WATER STRESS REDUCTION COEFFICIENT 

The dependence of plant transpiration on the root zone soil moisture conditions is modelled 

using Feddes’ (1978) water stress response function.  In Feddes model, the water stress 

reduction coefficient, α(h), is introduced to calculate the actual root water uptake from potential 

root water uptake at any given point in the root zone, i.e.,   

�(ℎ) = �(ℎ)��                                                                 [5] 

where S(h) in T-1 is the root water uptake rate from unit volume of bulk soil at a point where the 

matric potential is h (mH2O); Sp is the potential water uptake rate (T-1).  Figure 11 shows a 

schematic plot of the water stress reduction coefficient, α(h).  h1 is an anaerobiosis point above 

which the plant roots cease to absorb water due the lack of aeration. h2 and h3 are the 

pressures at the upper and lower ends of the optimal water uptake range, in which plants 

transpire at the potential transpiration level. h4 is the effective pressure head or matric potential 

at the plant’s permanent wilting point below which plant roots cease to absorb water due to the 

lack of driving gradient and usually lack of water. 

The HYDRUS software implements a linear interpolation scheme that simulates a variable lower 

end pressure of the optimal water uptake range.   

ℎ = !ℎ ," − #$,%&#$,'(),%&(),' *��," − ��+, ��,, < �� < ��,"ℎ ,,, �� ≤ ��,,ℎ ," , �� ≥ ��,"         [6] 

where h3,L is the pressure head at the lower end of the optimal water uptake range, associated 

with the lower limit of potential transpiration rate, Tp,L; h3,H is the pressure head at the lower end 

of the optimal water uptake range, associated with the higher limit of potential transpiration rate, 

Tp,H. 

A total of 7 parameters are required to define Feddes (1978) water stress reduction model.  

Symbols and descriptions of the parameters are shown in Table 2.  The permanent wilting point 

soil matric potential, h4 and the matric potential at the lower end of the optimal water uptake 

range h3,L, were estimated from glasshouse experiment data (Figure 12a).  

EXPERIMENTAL DETERMINATION OF THE WATER STRESS INDICES 

The water stress indices in Figure 12a were estimated from measured transpiration rates of 

draught-stressed samphire plants grown in in the sealed plastic pots designed to achieve 

gradual depletion of soil moisture (Marchesini et al., 2014).  The experimental pots are 20 cm in 

height and diameter and were packed with 5.6 kg of dry clayey soils with an electrical 
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conductivity of 24.4 dS m-1 measured in the saturated soil-paste extracts.  The WP4 Dewpoint 

Potentiameter (Decagon, Pullman, WA, USA) was used to measure total water potentials of soil 

samples at different soil moisture contents to establish the soil moisture retention curve of the 

clayey soil used for the pot experiments.  The soil moisture retention curve is then used to 

estimate soil water potentials from pot water contents during the experiments. 

Evapotranspiration rates from draught-stressed pots were estimated by weighing the pots every 

2 days.  Sixteen bare soil pots maintained at 100%, 80%, 60%, and 40% of the field capacity of 

the clayey soil, respectively, were used to estimate water losses from soil surface evaporations 

at different soil moisture contents.  Soil surface evaporation from a planted pot on a certain day 

was estimated from the pot soil moisture content on that day using the evaporation-water 

content relationship established from the measurements of the bare soil pots.  Soil moisture 

contents at different times of the draught-stressed pots were estimated from the observed 

weight changes.  Transpiration rates were determined by subtracting the soil surfaces 

evaporations from the evapotranspirations. 

Planted control pots with their moisture contents maintained at levels slightly below field 

capacity were used to estimate potential evapotranspirations at different times.  Potential 

transpirations were derived from the measured potential evapotranspirations and the 

evaporation-water content relationship established from the measurements of the bare soil pots.  

The water stress indices in Figure 12a are the ratios of the transpiration rates from the draught-

stressed pots to the potential transpiration rates from the control pots. 

CONVERTING SOIL WATER POTENTIALS TO MATRIC POTENTIALS 

The abscissa of the Figure 12a is in water potential, not matric potential.   Soil water potentials 

are the sum of the soil matric potentials and the salinity-induced osmotic potentials across the 

semipermeable membrane of the cell walls of plant roots.  However, the Feddes water stress 

reduction module in HYDRUS model uses soil water pressure head or matric potential instead 

of water potential (matric + osmotic) for its input parameters and soil matric potential is the 

primary dependent variable in the HYDRUS simulations.  Hence, the water potentials at 

permanent wilting point and at the lower end of the optimal water uptake range are converted to 

soil matric potentials using the osmotic potential of the soil extracts  

ℎ = 	. − /0/(#)1�                                                                 [7] 

where h is the soil water pressure head or soil matric potential; Φ is soil water potential; ϴs is 

saturated volumetric soil water content; ϴ(h) is unsaturated soil water content at matric potential 

h; and 10 is the osmotic potential.  h, Φ, and 10 are expressed in mH2O. 

Osmotic potential of the soil extracts can be estimated from the electrical conductivity (ECe) of 

the saturated soil-paste extracts following standard procedures (Rhoades, 1982; Steppuhn et 

al., 2005) 
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1� = −3.7189�78                                                                [8] 

where ECe is in dS m-1. 

The background electrical conductivity of 24.4 dS m-1 measured in the saturated soil paste 

extracts of the highly saline clayey soil for the pot experiments was used to convert the water 

potentials of the Feddes module parameters in Figure 12a to soil matric potentials in Figure 12b 

using the Eqns [7] and [8].  Values of the water-stress-reduction parameters used in the 

HYDRUS model for simulating transpiration by the samphire vegetation on the fringe of the 

Fortescue Marsh are summarised in Table 2.  The anaerobiosis point matric potential is set at 

0.5 mH2O to reflect the fact that some species of samphire grow adventitious roots when in 

flooded soils and have specialised intercellular gas-filled spaces in their roots, called 

aerenchyma which acts like a snorkel to provide oxygen to roots under water (UWA Fact Sheet, 

2012). 

COMPENSATED ROOT WATER UPTAKE 

Given a normalized root water uptake distribution function, b(z), the potential water uptake rate, 

Sp(z), may be expressed as 

��(9) = :(9) ∗ ��                                                                 [9] 

where z represents depth from ground surface. 

Combining Eqns [5] and [9] yields 

�(9, ℎ) = �(ℎ) ∗ :(9) ∗ ��                                                  [10] 

Integrating the actual root water uptake rate S(z,h) over the depth of root zone gives the actual 
transpiration, Ta �; = < �(9, ℎ)=9,>� = �� < �(ℎ):(9),>� =9                           [11] 

where Lr is the root zone depth. 

Moving Tp in Eqn [11] to the left side and defining the ratio of actual to potential transpiration as 

water stress index, ω, we obtain 

? = �; ��⁄ = < �(ℎ):(9)=9,>�                                           [12] 
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Table 2.  Input Values for Feddes Water Stress Reduction Parameters. 

Symbols 

Used in 

this 

Report 

Symbols 

Used in 

HYDRUSS 

GUI 

Pressure 

Head/ 

Transpiration 

Rate 

 

Descriptions 

h1 P0 0.5 mH2O Anaerobiosis point matric potential above which 

roots cease to extract water from the soil due to 

oxygen deficiency 

h2 POpt -0.1 mH2O  Matric potential at the upper end of the of the 

optimal transpiration range 

h3,H P2H -3.33 mH2O Pressure head at the lower end of the optimal water 

uptake range, associated with the upper limit of 

potential transpiration rate, Tp,H 

h3,L P2L -60 mH2O Pressure head at the lower end of the optimal water 

uptake range, associated with the lower limit of 

potential transpiration rate, Tp,L  

h4 P3 -1000 mH2O Matric potential at permanent wilting point  

Tp,H r2H 0.005 m/day the upper limit of potential transpiration rate for 

estimating the pressure head at the lower end of the 

optimal water uptake range, h3 

Tp,L r2L 0.001 m/day the lower limit of potential transpiration rate for 

estimating the pressure head at the lower end of the 

optimal water uptake range, h3 
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Eqn [10] does not consider plant roots’ adaptability, i.e., the plant roots’ ability to compensate 

water uptake by absorbing more water from non-stressed or less-stressed portions of the root 

zone to compensate the reduction in water uptake from severely stress portions. Without water 

uptake compensation, the water stress index falls below 1 if the pressure head in any part of the 

root zone goes outside of the optimal water uptake range. However, across a wide range of 

species, experimental evidence suggests that plants can compensate for water stress in one 

part of the root zone by taking up water from other parts of the root zone where water is 

available (Jarvis 1989; Skaggs et al. 2006; Simunek & Hopmans 2009). The current versions of 

HYDRUS include a compensated root water uptake model, which simulates root water uptake 

by scaling up the water uptake term by a factor, 1/ω, i.e.,  

�(9, ℎ) = A�(ℎ) ∗ :(9) ∗ ()B , ? > ?��(ℎ) ∗ :(9) ∗ ()BD , ? ≤ ?�     [13] 

The critical water stress index or root adaptability factor, ωc represents a threshold value, above 

which the root water uptake reduced in stressed parts of the root zone is fully compensated for 

by uptake from other, less-stressed parts. Below this critical value, there is a certain reduction of 

the potential transpiration, although smaller than in uncompensated root water uptake. Hence 

when ωc = 1 root water uptake is uncompensated, and when ωc is near zero root water uptake 

is fully compensated.  Arid zone plants are generally considered to have a low ωc and 

correspondingly high ability to compensate for natural stresses (Simunek & Hopmans 2009). 

The value ωc used in this study was 0.01, which represents a fully compensated system.  

In a fully compensated system, as long as there is enough available water in the root zone to 

satisfy the transpiration demand of a simulated time step, the simulated actual transpiration 

using Eqn [13] equals the potential transpiration.  The available water in the root zone is the soil 

water held to the soil matrix with the matric potentials above the effective matric potential at the 

plant’s permanent wilting point and below the anaerobiosis point. 
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6. MEASURED SAP FLOW AND BASAL PLANT COEFFICIENT 

Research undertaken by UWA as part of ARC Linkage project LP08823503, a project supported 

by Fortescue, included field measurements of sap flow in Tecticornia indica subsp. bidens south 

of the Cloudbreak mine, conducted over a 3 year period. These data were used to derive plant 

scale transpiration fluxes, based on measurements of sapwood cross sectional area in the 

instrumented plants. Transpiration fluxes per unit land area were then estimated using 

measurements of stem cross sectional area per unit land area in the UWA plots (UWA 

unpublished data). In accordance with a conservative approach, the maximum measured sap 

flow rates were used to derive transpiration flux estimates. 

Since the availability of measured sap flow data are usually very limited, we analysed the ratio 

of the measured transpiration flux per unit land area (mm/day) to the reference transpiration T0 

(see Figure 13).  The reference transpiration is estimated from reference transpiration ET0 and 

the fraction of canopy cover, fc, i.e., T0 = fc*ET0.  The moving average of the ratio of the 

measured transpiration flux to the reference transpiration stays about a constant of 0.067 in 

relatively wet summer seasons and drops to about 0.0267 in the relatively dry winter season. 

Observations made by UWA over the life of the field experiment suggest that the root zone soil 

water conditions stayed within the compensable range (i.e. the plants maintained stable water 

uptake rates and did not become apparently drought stressed) in the summer seasons. Hence, 

the wet season average of the sap flow-to-reference transpiration ratios is used as the initial 

estimation of the basal plant coefficient, Kcb, of the samphire community on the fringe of 

Fortescue Marsh (FAO Irrigation and Drainage Papers, Version 56).  The basal plant coefficient 

will be adjusted in the subsequent calibration to minimize the RMSE between the simulated 

actual daily transpiration and the daily transpiration from sap flow measurements. 

The basal plant coefficient, Kcb, enables the predictions of daily potential transpiration of a 

specific plant community (Tp, Plant) from the widely available daily reference evapotranspiration 

(ET0) data (Webb, 2010) under different canopy cover conditions. 

��,			EF;�G = H�I
����                                          [14] 

The estimated daily potential transpirations of the samphire community are then used to set up 

the daily transpiration inputs for the HYDRUS model.   

 

 

                                                
3
 Project titled ‘Ecophysiology of stem succulent halophytes subject to changes in salinity and water 

availability: distinguishing natural dynamics from potential mine related impacts’ 
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7. MODEL CALIBRATION AND VALIDATION 

CALIBRATION of Kcb 

Real time simulation from the beginning of 01/01/2009 to the end of 31/12/2011 was conducted 

to calibrate the basal plant coefficient, Kcb.  The basal plant coefficient is adjusted in the 

calibration to minimize the RMSE between the simulated actual daily transpiration and the daily 

transpiration from sap flow measurements.  The lower boundary was set at a constant head of 

6.945 mH2O, which corresponds to the average groundwater level of 404.945 mAHD at the end 

of 2011. The groundwater levels were observed in the monitoring bore, CCFMM03_S 

(776980E; 7514850N), located near the focus area targeted for modelling assessment. 

Daily rainfall and reference evapotranspiration, ET0, from UWA Weather Station is used to set 

up the inputs for the upper boundary. On the days when the ET0 data are missing from the UWA 

Weather Station data set, ET0 data from Newman Aero Weather Station is used to estimate the 

missing ET0s using the correlation in Figure 5.  Fractional ground cover was estimated from field 

inspections and photograph reference points.  A fractional canopy cover of 0.75 is used in the 

calibration model.  A quasi-steady initial condition is generated by conducting the simulation 

from an arbitrary initial condition for many years using the same 3-year weather data 

periodically.  The quasi-steady initial condition is employed in the calibration simulation.   The 

available sap flow measurement data start on 06/10/2009, while the calibration simulation starts 

on 01/01/2009.  The 3-month gap is expected to render the effect of initial condition on Kcb 

calibration insignificant. 

Figure 14 compares the simulated actual root water uptake/transpiration against the 

transpiration flux estimated from sapflow measurements. The optimized Kcb of 0.0558 results in 

the minimal RMSE of 0.086 mm/day. The agreement is reasonably good, which confirms the 

acceptability of the estimated samphire Kcb for predictive simulations. 

MODEL VALIDATION 

Real-time simulation from the end of 31/01/2012 to 2:00 PM of 08/05/2012 was conducted to 

check the simulated water contents against measured soil water contents in the profiles of UWA 

backhoe pits #CC1 (774602 E; 7516180N), #CC3 (777253E; 7514797N), and #CC4 (775493E; 

7515474N) (see Figures 15, 16, and 17).  The starting date for the real time simulation was 

chosen to avoid the cluster of relatively heavy rainfall events shortly after Tropical Cyclone 

Heidi.  The HYDRUS model experiences convergence problems simulating infiltration into a 

profile approaching being fully saturated at practically affordable time steps. 

The lower boundary for the real time simulation was set at a pressure of 7.68 mH2O, which 

simulates the average water table of 405.68 mAHD, observed in the monitoring bore, 

CCFMM03_S.  The initial condition for the segment in Fortescue Marsh was set near saturation 

(-0.1 mH2O) in the whole profile, while the initial matric potential for the upgradient segment on 

the rise was set at -1.5 mH2O for the top 1-m layer and -0.1 mH2O for the rest of the profile. 
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The UWA Pits are mapped to sections of the simulated transect based on ground-surface 

elevations.  CC1 and CC3 are located in the rise segment, while CC4 falls in the segment in 

Fortescue Marsh.  At CC1, the simulated water contents agree reasonably well with the 

measured data points in the upper and lower parts of the profile.  The measured water contents 

at 120 cm and 140 cm from the ground surface, are significantly lower than simulated results, 

which may be attributable to the presence of calcrete nodules and weak calcrete cementation 

observed in this portion of the soil profile at the sampled location.  The RMSE for Pit CC1 is 

0.073 v/v.  At CC3, the simulated water contents match the measured data reasonably well in 

the lower part of the profile. In the upper part, the model apparently overestimated water content 

values.  The RMSE for CC3 is 0.104 v/v.  At CC4, the simulated water contents match the 

measured data reasonably well.  The RMSE for CC4 is 0.046 v/v.  Considering the temporal 

and spatial variability and complexity of the factors influencing soil water movement under field 

conditions, the match is considered acceptable overall.  Hence, the HYDRUS 2-D model is 

suitable for long-term simulation of soil water regime in samphire root zone and root water 

uptake under different weather conditions. 

Sampled profiles of soil water contents at the UWA Pits are expressed in gravimetric unit (i.e., 

kg/kg or w/w), while the HYDRUS model uses volumetric unit (i.e., m3/m3 or v/v) for soil water 

content.  The measured soil water contents in the sampled profiles are converted into 

volumetric unit by multiplying the ratio of the bulk densities of soil and water.  Measured bulk 

density of 1310 kg/m3 (weighted average of samples taken at depths of 0-10 cm, 10-20 cm, 20-

30 cm, and 30-50 cm, respectively) is used for both the loam top layer and the clay loam sub-

layer in the conversions (Prof. Erik Veneklaas, UWA, pers. Comm.). 
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8. PREDICTIVE SCENARIO ANALYSIS 

SIMULATED SCENARIOS 

The HYDRUS 2-D model is used to quantify the effect of groundwater drawdowns caused by 

mine dewatering on the availability of soil water to the samphire vegetation on the fringe of the 

Fortescue Marsh.  The predictive scenarios simulates root zone soil water movement and root 

water uptake under different weather conditions and at different drawdowns or groundwater 

levels (GWLs). A total of 7 scenarios are included in the analysis:  

I. 3-year wet weather spells at GWL of 404 mAHD;  

II. 3-year wet weather spells at GWL of 403 mAHD;  

III. 3-year wet weather spells at GWL of 402 mAHD;  

IV. 3-year dry weather spells at GWL of 404 mAHD;  

V. 3-year dry weather spells at GWL of 403 mAHD;  

VI. 3-year dry weather spells at GWL of 402 mAHD; 

VII. 3-year dry weather spells at GWL of 401 mAHD. 

The GWL of 404 mAHD simulates groundwater level prior to mine dewatering, while GWLs of 

403, 402 and 401 mAHD simulate groundwater levels with 1-, 2- and 3-m drawdowns, 

respectively. 

WET AND DRY WEATHER SPELLS 

To generate rainfall sequence in the prediction period, the CRC’s Stochastic Climate Library 

(Srikanthan et al., 2007) was used. Two thousand replicates of 28-year daily rainfall sequences 

were generated from 28-year consecutive daily rainfall data (01/01/1970 to 31/12/1997) at 

Newman Aero Weather Station.  Figure 18 shows the cumulative probability of the moving sum 

of 3-year precipitations from the generated rainfall data.  The 3-year daily rainfall sequences for 

both wet and dry weather spells are selected from the generated rainfall data based on 

proximity of the moving sum 3-year precipitations to the 5 and 95 percentile 3-year cumulative 

rainfalls in the cumulative probability curve. 

RESULTS AND SUMMARY  

The simulated actual root water uptake at different GWLs (404, 403, and 402 mAHD) for both 

wet and dry weather spells (3-Year) are basically the same (see Figures 19 and 20). This 

indicates that samphire transpiration is not adversely affected by the groundwater drawdowns, 

which may occur based on the predicted extent of drawdown associated with the Christmas 

Creek LoM Project. 
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Figures 21 and 22 show the simulated average root zone water content at different GWLs under 

3-year wet and dry weather spells, respectively.  Figure 23 shows the simulated root zone water 

contents at a 3-m drawdown from the pre-mining water levels (GWL 401 mAHD) using the 

compensated root water uptake module.  Average root zone water contents stays above water 

content at permanent wilting point at all times for all the scenarios simulated.  The fully 

compensated root water uptake mechanism maintains transpiration at the optimal level as long 

as there is enough water in the root zone to satisfy transpiration demand.  The simulated 

average root zone water content above permanent wilting point indicates that there is still 

available water left in the root zone after satisfying vegetation transpiration demands, which 

confirms that samphire transpiration is not adversely affected by up to 3m groundwater 

drawdowns. 

Figure 24 shows the simulated water stress index at a 3-m drawdown from the pre-mining water 

levels using the uncompensated root water uptake module.  There is growing experimental 

evidence that plants, especially non-cultural plants, can compensate for water stress in one part 

of the root zone by taking up water from parts of the root zone where water is available (Taylor 

and Klepper, 1978; Hasegawa and Yoshida, 1982; English and Raja, 1996; Stikic et al., 2003; 

Leib et al., 2006).  The uncompensated root water uptake mode ignores the capability of the 

plant root system to compensate reduced water uptake from one part of the rhizosphere with 

increased uptake in another less-stressed region of the rooting zone and, therefore, over-

predicts the water stress conditions.  The average water stress index for the last 3 years of the 

LoM (Figure 24) is 0.67, indicating that the plant community is not under severe water stress 

under repeated 3-year dry weather spells for the whole LoM.  Because of the very low 

transpiration demand of the samphire plants (per UWA sap flow measurements), 3-m 

drawdowns from the pre-mining groundwater levels will not cause severe water stress to the 

samphire community along the fringes of the Fortescue Marsh.  

Figures 25 and 26 show the cumulative fluxes of different mass balance components in dense 

and sparse samphire areas, respectively, under 3-year wet weather spells with GWL at 404 

mAHD.  Figures 27 and 28 show the cumulative fluxes of different mass balance components in 

dense and sparse samphire areas, respectively, under 3-year dry weather spells with GWL at 

402 mAHD.  Under prolonged wet weather conditions with a relatively high water table, net 

recharge to groundwater from percolated rainfall dominates flows at the lower boundary. Under 

prolonged dry weather conditions with a relatively low water table, phreatic evaporation 

(negative recharges in Figures 27 and 28) dominates flows at the lower boundary.  Cumulative 

actual transpiration stays at the optimal level in both cases. 
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9. SENSITIVITY ANALYSIS 

Sensitivity analysis is conducted to investigate uncertainties in model input parameters on the 

simulated cumulative fluxes of the mass balance components.  The following scenarios are 

simulated for sensitivity analysis: 

• Increase plant coefficient Kcb by 50%; 

• Increase static canopy storage for rainfall interception to 1.5 mm; 

• Reduce fractional canopy cover in the sparse samphire segment to zero; 

• Increase effective wilting point to -700 mH2O; 

• Use the alternative root water uptake distribution in Figure 10; 

• Use uncompensated root water uptake. 

Figures 29 and 30 show the effect of Kcb on simulated cumulative fluxes in the dense and 

sparse samphire areas, respectively, under 3-year dry weather spells and with a GWL of 402 

mAHD.  In both areas, increasing Kcb by 50% slightly reduces the simulated actual soil surface 

evaporation.  The increase in transpiration is balanced mainly by the increase in phreatic 

evaporation.  Examination of the simulated average root zone water content reveals that the 

average root zone water content is still above the water content at permanent wilting point after 

increasing Kcb by 50% (see Figure 31), which means the root zone soil water is able to meet the 

plant’s optimal-level transpiration.  However, increasing KCB by 50% pushes the average root 

zone water content to a level very close to water content at permanent wilting point. 

Figures 32 and 33 show the effect of static canopy storage on the simulated cumulative fluxes 

in the dense and sparse samphire areas, respectively, under 3-year dry weather spells, and 

with a GWL of 402 mAHD.  Increasing the static canopy storage by 0.5 mm has a greater effect 

on the simulated actual soil surface evaporation in the sparse samphire area than in the dense 

samphire area.  The reduction in net precipitation due to the increase in static storage is 

balanced mainly by the decrease in soil surface evaporation. 

Figure 34 shows the effect of ground canopy cover on simulated cumulative fluxes in the sparse 

samphire area under 3-year dry weather spells with a GWL of 402 mAHD.  Reducing canopy 

cover to zero significantly increases net precipitation received by the ground surface.  The 

increase in net precipitation is mostly lost to increased soil surface evaporation.  Reducing 

ground canopy cover to zero also eliminates the transpiration component, which results in a 

much reduced phreatic evaporation. 
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Increasing effective wilting point to -700 mH2O or switching root water uptake to the alternative 

distribution in Figure 10 did not cause discernible changes in the simulated cumulative fluxes 

against the base scenario.  Within the ranges investigated, the model is insensitive to effective 

wilting point and root water uptake distribution. 

Figure 35 shows variations of water stress index for uncompensated root water uptake under 3-

year dry weather spells.  Average root zone water content is included in the graph to 

demonstrate the synchronized behaviours of the water stress index with water content under 3-

year dry weather spells.  The water stress indices in the dense samphire area under 3-year dry 

weather spells stay above the level of 0.8 over about 53% of the time (579 days out of 1096 

days) and fall below 0.6 over about 5% of the time (56 days out of 1096 days).  The average 

dense-samphire water stress index under 3-year dry weather spells is about 0.83. 

The water stress indices in the sparse samphire area under 3-year dry weather spells stay 

above the level of 0.8 over 37% of the time (401 days out of 1096 days) and fall below 0.6 over 

about 6% of the time (66 days out of 1096 days).  The average sparse-samphire water stress 

index under 3-year dry weather spells is about 0.73. 

The relatively high water stress indices for both samphire communities under 3-year dry 

weather spells suggest that the plants are not severely stressed even without compensated root 

water uptake. 

Figure 36 shows variations of water stress index for uncompensated root water uptake under 3-

year wet weather spells.  Again, the average root zone water content is included in the graph.  

Under 3-year wet weather spells, water stress indices for both the dense and sparse samphire 

communities stay above the level of 0.99 over the vast majority of the simulated time (about 

98% for both dense and sparse samphire communities).  The downward spikes of the water 

stress index correspond to peaks of average root zone water content, which is opposite to the 

synchronized behaviours of the water stress index with water content under 3-year dry weather 

spells.  Examination of the pressure head profile on day 44 (corresponding to the first water 

stress spike) reveals that the sharp decrease in water stress index is caused by reduction in 

root water uptake due to anaerobiosis in the top soil layer saturated by the clustered rainfall 

events (see Figure 37).  The anaerobiosis effect in the top soil layer vanishes quickly as the 

infiltrated water redistributes into lower portions of the profile.  Sharp decreases and recoveries 

of water stress index associated with anaerobiosis effect result in the reversed spiky pattern in 

the water stress indices under 3-year wet weather spells.  In a situation with anaerobiosis effect, 

the root zone usually has more than enough water to satisfy the vegetation’s optimal 

transpiration demand.  It is one of the typical scenarios for the plant roots to adopt compensated 

water uptake mechanism.   
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10. SUMMARY AND CONCLUSIONS 

A vertical 2-dimensional (2-D) numerical model was employed to assess the impact of 

Christmas Creek LoM Project orebody dewatering on the soil water availability to samphire 

communities in and adjacent to the Fortescue Marsh.  HYDRUS software by PC-Progress, 

Prague, Czech Republic, was used to construct the numerical model.  Time series 

measurements of samphire transpiration fluxes derived from sap flow measurements were used 

for calibrating plant transpiration parameters.  Field-measured saturated hydraulic conductivities 

and saturated water contents for the top loam-textured layer and parameters extracted from the 

HYDRUS database based on soil texture were employed in the simulations.  The numerical 

model was validated by comparing simulated soil moisture content against sampled soil water 

content profiles at a single point in time. 

The CRC’s Stochastic Climate Library (SCL) was used to generate 2000 replicates of long-term 

daily weather sequences using historical observation data at Newman Weather Station.  Daily 

rainfall sequences of 3-year wet weather and 3-year dry weather spells are selected from the 

SCL-generated data based on cumulative probability distribution of 3-year rainfalls.  The 

selected 3-year daily rainfall sequences were applied to the numerical soil water model to 

analyse the impact of mine dewatering on plant root water uptake and transpiration. 

Four groundwater levels (404, 403, 402 and 401 mAHD) were selected to specify the lower 

boundary conditions of different scenarios of numerical simulations.  The groundwater level of 

404 mAHD represents the average groundwater level in the Fortescue Marsh near Christmas 

Creek prior to mining dewatering, while the GWLs of 403, 402 and 401 mAHD represent Marsh 

groundwater levels  at 1-, 2- and 3-m drawdowns respectively. 

The simulation results show that the root water uptake under both wet and dry weather spells 

(3-year) is little affected by up to 3 m groundwater drawdowns, and soil water content is above 

the wilting point at all times even under conditions of prolonged drought and groundwater 

drawdown (i.e. repeated 3-year dry weather spells for the whole LoM and at a 3-m groundwater 

drawdown).  Under wet weather conditions, the water use requirements of the samphire are 

fully met by rainfall inputs. Under prolonged dry conditions, phreatic evaporation from shallow 

groundwater contributes to replenishing soil water in the samphire root zone.  

The findings of the modelling study suggest that groundwater drawdown of up to 3 m would not 

introduce any significant adverse impact on the samphire communities near the northern fringes 

of the Fortescue Marsh. Based on the modelled cumulative fluxes of different mass balance 

components in dense and sparse samphire areas under the various scenarios tested, it is likely 

that surface inputs (i.e. rainfall and flood waters) are sufficient to meet samphire water use 

requirements under all but extreme climate regimes.   
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11. MODEL LIMITATIONS 

The latest, state-of-the-art, double-vegetation version of the HYDRUS program is used to 

simulate the soil water movement in the root zones of the dense and sparse samphire 

vegetation communities.  Because the model simulates water flow only, the effect of salinity on 

plant root water uptake is not modelled explicitly in this project. 

However, the effect of salinity was indirectly accounted for as follows: 

(1) Parameters for Feddes water stress reduction coefficient module (e.g., wilting point matric 

potential, etc) were derived from UWA experimental data from plants growing in high salinity 

soils; 

(2) the samphire basal plant coefficient, Kcb, was estimated from measured sap 

flows/transpirations fluxes in Fortescue Marsh samphires growing under representative saline 

conditions south of the Cloudbreak mine site;  

Since the current HYDRUS programs do not temporal variation of the soil hydraulic properties,  

water flow parameters used in the simulations were invariant of soil water salinity levels. 

Experimental investigations indicate that high salinity levels may cause reductions in soil 

hydraulic conductivity and soil water retention (Singh & Wallander 2011).  Hence, the simulation 

results may not fully represent the field conditions.  
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GLOSSARY 

Basal plant coefficient, Kcb 

Basal plant coefficient, KCB is a coefficient introduced in the dual crop coefficient approach to 

estimate plant transpiration from reference evapotranspiration.  In FAO56 (FAO Irrigation and 

Drainage Papers, Version 56), the crop coefficient approach is used to estimate crop 

evapotranspiration, ETc, from reference evapotranspiration, ET0, i.e., ETc = KcET0, where Kc is 

the crop coefficient.  Most of the effects of the various weather conditions are incorporated into 

the ET0, while Kc varies predominately with the specific crop characteristics and only to a limited 

extent with climate.  When values of Kc are needed on a daily basis, the dual crop coefficient 

approach is used to separate plant transpiration and soil surface evaporation.  The basal crop 

coefficient is used to estimate potential transpiration of a specific plant (i.e., Tp, Plant = KCBET0), 

while the soil water evaporation coefficient is used to estimate evaporation from soil surface.  

The basal crop coefficient, KCB, as defined in Eqn (57) of the (FAO56) is further modified to 

include the fraction of canopy cover (fc) to enable the estimation of plant transpiration from 

reference evapotranspiration under different canopy cover conditions (i.e., Tp, Plant  = KcbfcET0).  

Compensated root water uptake  

Compensated root water uptake is also called root adaptability.  It refers to a compensation 

mechanism to balance reduced water uptake from one part of the rhizosphere by increased 

uptake in another less-stressed region of the rooting zone. 

Critical water stress index, ωc  

Critical water stress index, ωc is a threshold value of water stress index defined as the ratio of 

actual to potential transpiration of uncompensated root water uptake.  Above the critical value, 

ωc, the root water uptake reduced in stressed parts of the root zone is fully compensated for by 

update from other, less-stressed parts.  Below the critical value, ωc, there is a certain reduction 

of the potential transpiration, although smaller than in uncompensated root water uptake.  For 

ωc = 1, root water uptake is uncompensated.  For ωc = 0, root water uptake is fully 

compensated.  Cultural (including agricultural) plants are expected to have relatively high ωc, 

while natural plants, especially desert species, are expected to have relatively low ωc reflecting 

their ability to compensate for natural stresses. 

Intra-storm evaporation loss 

Intra-storm evaporation loss refers to the evaporation loss of intercepted precipitation from plant 

canopies during a rainfall event.  In our model it is estimated as the product of fraction of 

canopy cover, fc, and reference evapotranspiration, ET0, i.e., fcET0. 

Osmotic potential 

Osmotic potential is the pressure to which the solution (rather than the pure water) is subjected 

in order to be at equilibrium through a semipermeable membrane with pure water.  Osmotic 

pressure can be regarded as a solute suction, which arises from the presence of both solutes in 
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the soil water and a semipermeable membrane permeable to pure water but impermeable to the 

solutes.  

Permanent wilting percentage (PWP) 

Permanent wilting percentage (PWP) is the soil water content at which plants remain wilted 

overnight or in a humid chamber unless they are rewatered. Briggs and Shantz (1911) 

published their concept of the permanent wilting percentage, which was refined by Richards and 

Wadleigh (1952), Veilhmeyer and Hendrickson (1928, 1950).  Slatyer (1957) pointed out that 

instead of being a soil constant, the permanent wilting percentage really depends on the water 

potential at which leaves lose their turgor, which depends on their osmotic properties and the 

meteorological conditions affecting transpiration, and on soil conditions that affect water 

absorption. 

Phreatic evaporation 

Phreatic evaporation refers to evaporation from groundwater.  It is the upward flux at water 

table. 

Potential/maximum canopy interception loss 

Potential/maximum canopy interception loss of a rainfall event includes the static loss due to 

canopy storage and the dynamic loss due to intra-storm evaporation from canopy surfaces.  

The static loss is limited by a canopy’s storage capacity.  Hence, potential/maximum canopy 

interception loss of a rainfall event equals the storage capacity of a canopy plus the intra-storm 

evaporation from canopy surfaces during a storm event. 

System dependent boundaries 

System dependent boundaries refer to the boundaries, along which the numerical conditions 

cannot be defined a priori due to their dependence on the primary unknown variable, pressure 

head/matric potential.  Ground surface exposed to atmospheric conditions is one of the system-

dependent boundaries simulated by HYDRUS.  The current HYDRUS package can simulate 

ground surfaces of two different characteristics (such as fraction canopy cover): with one set to 

Atmospheric Boundary and the other set to Variable Flux 1 Boundary.    

Water stress reduction coefficient 

Water stress reduction coefficient is also called water stress response function.  It is a 

prescribed dimensionless function of the soil water pressure head proposed by Feddes (1978) 

to quantify the ratio of actual to potential water uptake rate at any point in the root zone.  There 

are 4 parameters in Feddes’ water stress response function: h1 is the anaerobiosis point, above 

which the plant roots cease to absorb water due to lack of aeration; h2 and h3 are the upper 

and lower limits of the soil water pressure head, between them the root water uptake stays at 

the optimal level; h4 is the wilting point pressure head, below which the plant roots cease to 

absorb water due to lack of available water.  Feddes’ model does not simulate the effect of 

solute in soil water (such as salinity) explicitly.  However, the lower limit of the optimal range, h3 

and the wilting point h4, can be adjusted to the so-called effective values to implicitly 
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incorporate the effect of salinity on plant transpiration.  The implicit approach to simulate the 

effect of salinity on transpiration is limited by the dynamics of solute components.  If 

concentrations of the component species are significantly affected by the transport process, 

solute transport needs to be included in the model to adequately simulate the effect of salinity 

on plant transpiration.     
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P1 Low open shrubland with more densely vegetated 
drainage tract in distance (775000E; 7516250N) 

P2 Low open (sparse) shrubland  with samphire 
boundary in background (775000E; 7515850N) 

P3 Low open shrubland  with samphire boundary in 
far distance (775500E; 7515850N) 

   

P4 Open samphire heath (775000E; 7515600N) P5 closed samphire heath further down gradient 
(775000E; 7515200N) 

P6 Open samphire heath grading to closed samphire 
in background (775500E; 7515500N) 

Figure 1 Photographic examples of samphire vegetation and adjacent low open shrubland near the edge of the Fortescue Marsh 
targeted by the modeling study (looking approximately south in all cases) 



 

 

 

Figure 2 Aerial image showing Marsh land system boundary (blue), maximum predicted extent of drawdown below baseline water 
levels (pink dashed) and ground based photograph points (as shown in Figure 2). The samphire vegetation boundary is 
readily discernible. 
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Figure 3 Fortescue Marsh samphire vegetation (green shaded), Marsh land system boundary (blue) and maximum predicted extent 
of drawdown below baseline water levels (pink dashed) under the Christmas Creek LOM Project  
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Figure 4. Typical transect and simulated domain of HYDRUS model
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Figure 12b.  Water stress reduction coefficient 

for the high salinity soil 
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Figure 15.  Comparison of Simulated Soil water Content

against Sampled Profile at UWA Pit CC1
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Figure 16.  Comparison of Simulated Soil water Content

against Sampled Profile at UWA Pit CC3
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Figure 17.  Comparison of Simulated Soil water Content

against Sampled Profile at UWA Pit CC4
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Figure 20.  Actual Root Water Uptake at Different GWLs

3-Year Dry Weather Spell
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Figure 21.  Root Zone Water Content at Different GWLs 

3-Year Wet Weather Spells
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Figure 22.  Root Zone Water Content at Different GWLs

3-Year Dry Weather Spells
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Figure 23.  Simulated root zone water content at a 3-m drawdown

from the pre-mining water levels

using the compensated root water uptake module

Water Content at Permanent Wilting Point

Notes:

1. The 3-m drawdown and repeated 3-year dry weather spells

are applied through the whole LoM;

2. The water contents are for the last 3 years of the LoM



0.0

0.5

1.0

0 365 730 1095

Time (days from 01 Jan)

W
a

te
r 

S
tr

e
ss

 I
n

d
e

x 
(T

a
/T

p
)

Figure 24.  Simulated water stress index at a 3-m drawdown

from the pre-mining water levels 

using the uncompensated root water uptake module

Notes:

1. The 3-m drawdown and repeated 3-year dry

weather spells are applied through the whole LoM;

2. The water stress indexes are for the last 3 years of the LoM
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Figure 25.  Cumulative Fluxes for Dense Samphire Area 

Under 3-Year Wet Weather Spell 

with GWL = 404 mAHD
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Figure 26.  Cumulative Fluxes for Sparse Samphire Area 

Under 3-Year Wet Weather Spell

with GWL = 404 mAHD
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Figure 27.  Cumulative Fluxes for Dense Samphire Area 

Under 3-Year Dry Weather Spell 

with GWL = 402 mAHD
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Note: Negative recharge represents

phreatic evaporation
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Figure 28.  Cumulative Fluxes for Sparse Samphire Area 

Under 3-Year Dry Weather Spell

with GWL = 402 mAHD
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Note: Negative recharge represents

phreatic evaporation
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Figure 29.  Effect of Kcb on Simulated Cumulative Fluxes

in Dense Samphire Area Under 3-Year

Dry Weather Spells with GWL = 402 mAHD
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Note: Negative recharge 

represents phreatic evaporation

Dash lines are for

150% base Kcb, while

the solid lines

are for base

scenario
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Figure 30. Effect of Kcb on Simulated Cumulative Fluxes 

in the Sparse Samphire Area Under 3-Year

Dry Weather Spells with GWL = 402 mAHD
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Note: Negative recharge

represents phreatic evaporation

Dash lines are for 

150% base Kcb, while

the solid lines

are for base

scenario
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Figure 31.  Average Root Zone Water Content of Dense Samphire

at Different Kcbs under 3-Year Dry Weather Spells 
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Figure 32.  Effect of Static Canopy Storage on Simulated 

Cumulative Fluxes in Dense Samphire Area

Under 3-Year Dry Weather Spells 

with GWL = 402 mAHD
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Note: Negative recharge represents

phreatic evaporation

Dash lines are for

static storage of 

1.5 mm per unit

canopy area
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Figure 33. Effect of Static Canopy Storage on Simulated 

Cumulative Fluxes in the Sparse Samphire Area 

Under 3-Year Dry Weather Spells

with GWL = 402 mAHD
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Note: Negative recharge represents

phreatic evaporation

Dash lines are for 

static storage of

1.5 mm per unit
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Figure 34. Effect of Canopy Cover on Simulated 

Cumulative Fluxes in the Sparse Samphire Area 

Under 3-Year Dry Weather Spells

with GWL = 402 mAHD
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Note: Negative recharge represents

phreatic evaporation

Dash lines are for bare

grounds, while solid

lines are for 50%

canopy cover



0.1

0.2

0.3

0.0

0.5

1.0

0 365 730 1095

Dense Samphire Water Stress Index

Sparse Samphire Water Stress Index

Dense Samphire Root Zone Water Content

Time (days from 01 Jan)

W
a

te
r 

S
tr

e
ss

 I
n

d
e

x 
(T

a
/T

p
)

W
a

te
r 

C
o

n
te

n
t 

(v
/v

)

Figure 35.  Variations of Water Stress Index for Uncompensated

Root Water Uptake under 3-Year Dry Weather Spells
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Figure 36.  Variations of Water Stress Index for Uncompensated

Root Water Uptake under 3-Year Wet Weather Spells
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Figure 37.  Profile of pressure head at  the end

of a clustered rainfall events (day 44).




