Nat. Hazards Earth Syst. Sci. Discuss., 1, 3577-3624, 2013
www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/
doi:10.5194/nhessd-1-3577-2013

© Author(s) 2013. CC Attribution 3.0 License.

Natural Hazards ¢
and Earth System >
Sciences

Discussions

Fully integrated physically-based
numerical modelling of impacts of
groundwater extraction on surface and
irrigation-induced groundwater
interactions: case study Lower River
Murray, Australia

S. Alaghmand1, S. Beecham1, and A. Hassanli'?

Centre for Water Management and Reuse, School of Natural and Built Environments,
University of South Australia, Adelaide, Australia
2College of Agriculture, Shiraz University, Shiraz, Iran

Received: 24 April 2013 — Accepted: 6 July 2013 — Published: 26 July 2013
Correspondence to: S. Alaghmand (sina.alaghmand @ mymail.unisa.edu.au)

Published by Copernicus Publications on behalf of the European Geosciences Union.

3577

NHESSD
1, 3577-3624, 2013

Impacts of GW
extraction on GW-SW
interactions

S. Alaghmand et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

Combination of reduction in the frequency, duration and magnitude of natural floods,
rising saline water-table in floodplains and excessive evapotranspiration have led to an
irrigation-induced groundwater mound forced the naturally saline groundwater onto the
floodplain in the Lower River Murray. It is during the attenuation phase of floods that
these large salt accumulations are likely to be mobilised and will discharge into the river.
The Independent Audit Group for Salinity highlighted this as the most significant risk in
the Murray—Darling Basin. South Australian government and catchment management
authorities have developed salt interception schemes (SIS). This is to pump the highly
saline groundwater from the floodplain aquifer to evaporation basins in order to reduce
the hydraulic gradient that drives the regional saline groundwater towards the River
Murray. This paper investigates the interactions between a river (River Murray in South
Australia) and a saline semi-arid floodplain (Clarks Floodplain) significantly influenced
by groundwater lowering (Bookpurnong SIS). Results confirm that groundwater extrac-
tion maintain a lower water-table and more fresh river water flux to the saline floodplain
aquifer. In term of salinity, this may lead to less amount of solute stored in the floodplain
aquifer. This occurs through two mechanisms; extracting some of the solute mass from
the system and changing the floodplain groundwater regime from a losing to gaining
one. Finally, it is shown that groundwater extraction is able to remove some amount of
solute stored in the unsaturated zone and mitigate the floodplain salinity risk.

1 Introduction

As groundwater moves from highland aquifer to the river, it needs to pass under the
floodplain. Due to high rate of evapotranspiration in arid and semi-arid regions, such as
Lower Murray River in South Australia, part of groundwater discharges to the floodplain
and leaves salt in the floodplain soil (Fig. 1). Overbank floods leach salt to the ground-
water, wash salt off the salt and add water to the floodplain soils. The highly variable
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nature of surface flow in arid/semi-arid regions has led to regulation of rivers by weirs
and storages instructions (Jolly et al., 1996) which has affected surface-groundwater in-
teractions in the floodplains for instance, the removal of salt by overbank floods occurs
less frequently. A combination of reduction in the frequency, duration and magnitude of
natural floods, rising saline water-table in floodplains (due to river manipulations and
irrigated agricultural land drainage) and excessive evapotranspiration (ET) have led to
an irrigation-induced groundwater mound forced the naturally saline groundwater onto
the floodplain at a relatively high flow rate (Jolly et al., 1993; Holland et al., 2009a).
This has caused reduction of leaching of salt from root zones and accumulation of salt
in unsaturated zones causing dieback of environmentally important riparian vegetation
such as red gum (Eucalyptus camaldulensis) and black box (Eucalytpus largiflorens)
and a decline in river water quality (Allison, 1990; Herczeg, 1993; Jolly et al., 1993,
1996; Peck and Hurle, 1973; Peck and Hatton, 2003). Another example is Mona Park
district along the Burdekin River in Northern Australia. Wide spread use and application
of “imported” surface water has resulted in rising water-table levels. Particular concern
arose for the after a large groundwater mound formed during the wet season of 2000
(Petheram et al., 2008).

Until 2011 there has not been a high river flood event for past 13yr but salt has
been accumulating in the floodplain during this period. The sediments underlying irri-
gation areas have also been inducing salt problems. It is during the attenuation phase
of floods that these large salt accumulations are likely to be mobilised and will dis-
charge into the river. The Independent Audit Group for Salinity (IAG-Salinity) in their
report (MDBA, 2010) mentioned the likelihood of severe salt accessions during flood
recessions. This was articulated in their Recommendation 1 and in the previous audit
reports. The IAG-Salinity considers this as the most significant risk in the Murray—
Darling Basin. As an effort to reduce the immediate risk of river salt accession induced
by increased saline groundwater levels, due to field irrigation and excessive evapo-
ration, there has been significant investment into the design and construction of salt
interception schemes (SISs) along the River Murray. South Australian government and
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catchment management authorities have developed salt interception schemes to pump
the highly saline groundwater mixed with irrigation recharge from the floodplain to evap-
oration basins (DWR, 2001). The Bookpurnong floodplain salt interception scheme
(SIS) was constructed in 2005, with seven highland and 16 floodplain groundwater
production pumping bores, including six bores on the Bookpurnong floodplain. Each
bore yields 2-3 Ls™" to reduce the hydraulic gradient that drives the regional saline
groundwater towards the River Murray and improve river water quality (Berens et al.,
2009). The SIS bores have been in operational since August 2005 except some peri-
ods that was shut down (e.g. from November 2006 to May 2007). It is expected they
will prevent about 200 tonnes of salt per day from entering the River Murray by 2040
(White et al., 2009). Before the SISs were operational, an irrigation-induced ground-
water mound forced the naturally saline groundwater onto the floodplain at a relatively
high flow rate, thereby increasing soil salinity in the root zone of the floodplain wood-
lands (Viezzoli et al., 2009; Doble, 2004) (Fig. 1). Clarks Floodplain has been targeted
as a test site to determine the benefits of salt interception. As field investigations have
shown that significant salt accumulation and vegetation dieback has occurred due to
increased irrigation in the surrounding highlands at this floodplain (Doble, 2004).
Some of the most challenging aspects of water resources studies concern the inter-
action between surface and groundwater (Wheater et al., 2010). Rassam (2011) sum-
marized flow and solute exchange between a river and a floodplain aquifer into four
categories: (1) natural exchange flux due to river stage fluctuations such as flooding
(within-bank or overbank), base-flow discharge, reservoir regulations, etc. (Squillace,
1996; Chen, 2003; Moench and Barlow, 2000; Brutsaert and Lopez, 1998), (2) ex-
change flux induced by pumping wells in the adjacent aquifers (Chen and Shu, 2006;
Sophocleous et al., 1995; Sun and Zhan, 2007), (3) exchange flux due to change in
recharge rate; and (4) exchange flux due to changes in evapotranspiration. Ground-
water extraction is one of the most important processes that impact the exchange flux
between surface and groundwater water. Extraction-induced river depletion is defined
as the reduction of river flow due to induced infiltration of stream water into the aquifer
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or the capture of aquifer discharge to the river (Rassam, 2011). The temporal and spa-
tial scales at which these processes contribute to the exchange flux is variable. For
instance, river depletion resulting from groundwater extraction is delayed by time lags
that range from days to hundreds of years; the extent of the extraction activity may vary
along a river reach thus leading to gaining and losing sub-reaches. Because of the
intensive spatial and temporal variability there is a need for dynamic modelling of their
impacts on river flow.

Near-river-aquifer systems are complex due to the difficulties in estimating flows and
solute mass into and out of the aquifer, the complicated nature of the GW-SW in-
teraction processes, and the uncertainty of aquifer properties (Sophocleous, 2010).
Because of this complexity, computer models are used to model groundwater sys-
tems and estimate the exchange flux between surface water and ground-water. These
models are computer-based numerical solutions to the boundary value problems of
concern (Wheater et al., 2010). In this regard, the need to accurately quantify and
forecast surface and groundwater interactions has promoted the use of physically-
based numerical modelling approaches in many studies (Loague and VanderKwaak,
2004; Ebel and Loague, 2006; Beven and Binley, 1992; Beven, 2006, 2002, 2001;
Nasonova and Gusev, 2008). Physically-based models are generally founded on the
blueprint for a physically-based mathematical model of a complete hydrological sys-
tem developed by Freeze and Harlan (1969). Popular physically-based models include
HydroGeoSphere (HGS) (Therrien et al., 2005), Integrated Hydrology Model (InHM)
(VanderKwaak and Loague, 2001; VanderKwaak, 1999), MODular Hydrologic Mod-
elling System (MODHMS) (HydroGeolLogic Inc, 2006), ParFlow (Kollet and Maxwell,
2006), MIKE SHE (Abbott et al., 1986), Modular Modelling System (MMS) (Leavesley
et al., 1996), CATchmentHYdrology (CATHY) (Camporese et al., 2010), FIPR hydro-
logic model (FHM) (Ross et al., 1997), and Penn State Integrated Hydrologic Model
(PIHM) (Qu and Duffy, 2007). Modelling of surface-groundwater interaction needs
knowledge of groundwater modelling, but also a detailed understanding of the ex-
change processes that occur between the surface and sub-surface domains (Barnett
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et al., 2012). Surface-groundwater interactions have been investigated in several stud-
ies (Hoehn and Scholtis, 2011; Lenahan and Bristow, 2010; Sophocleous and Perkins,
2000; Winter, 1999; Kollet and Maxwell, 2006; Krause et al., 2007; Lamontagne et al.,
2005; Liang et al., 2007; Meire et al., 2010; Panday and Huyakorn, 2004; Shlychkov,
2008), but floodplains in arid/semi-arid regions have received considerably little atten-
tion (Jolly et al., 2008). One of the major limitation in this regard is lack of high quality
observed data (Pilgrim et al., 1988). This has resulted in application of experiences
from humid regions in drier regions without knowledge of the consequences. At best,
such results will be highly inaccurate while at worst, they can be the adopted for inap-
propriate management solutions which disregards the features of arid/semi-arid areas
(Wheater et al., 2010). One issue can be the key role of salinity in arid and semi-arid
floodplains (Hart et al., 1991) and role of the unsaturated zone as one of the main
compartments of solute mass storage in the system.

This paper investigates the interactions between a river (River Murray in South Aus-
tralia) and a saline floodplain (Clarks Floodplain) in asemi-arid area significantly influ-
enced by groundwater lowering (Bookpurnong SIS). Hence, the main objective of this
research is to quantify the relative impacts of the groundwater lowering on the surface-
groundwater interactions in semi-arid saline floodplain highlighting the dynamics of flow
and solute. To this aim two numerical model scenarios are defined including the one
withSIS operation (with-SIS) and another one without SIS operation (without-SIS). The
question is what could be the water and solute dynamic at the study site if there was not
any groundwater lowering. It was hypothesized that groundwater extraction via SIS may
lead to lower water-table and less saline floodplain aquifer. Moreover, the HGSs capa-
bilities to reproduce surface and groundwater flow and solute dynamics are also tested.
In this regard, HGS model is developed and calibrated according to well-documented
observed surface and groundwater data. This paper comprises of two sections; de-
veloping and calibrating the numerical model and applying the model according to the
defined scenarios. During evaluating the scenarios the calibrated model (2006—2010)
is used without further parameters changes.
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2 Study site

The study was conducted over the Clarks floodplain adjacent to the Murray River in
the Bookpurnong Irrigation District of the Riverland region of South Australia (Fig. 2).
The area, located ~ 12 km upstream from the township of Loxton, has been the focus of
trials to manage a marked decline in tree health that has been observed along the River
Murray in South Australia. The study site is typically vegetated by a mixture of river
red gum (Eucalyptus camaldulensis), black box (Eucalyptus largiflorens), river cooba
(Acacia stenophylla) and lignum (Muehlenbeckia florenta). The study site is located
within the semi-arid inland of Australia, with annual rainfall varying between 200 and
300 mm and annual potentialevaporation of approximately 1800 mm.

The Coonambidgal Clay ranges from 2 to 7 m thick, while the Monoman Formation
is approximately 7m thick in this area. The cliffs adjacent the floodplains consist of
a layer of Woorinen Sands over Blanchtown Clay, each approximately 2 m thick, over-
lying a layer of Loxton Sands up to 35m in depth. The whole area is underlain by
the Bookpurnong Beds, which act as an aquitard basement to the shallow aquifer that
encompasses the Monoman Formation and Loxton Sands (Doble et al., 2006). The
Bookpurnong Beds act as an aquitard basement to the shallow, unconfined aquifer
that encompasses the Monoman Formation and Loxton Sands. Saline groundwater lies
beneath the floodplain, within the Monoman Formation, with the depth to water-table
ranging from 2 to 4 m below the surface. The majority of the floodplain groundwater
has an approximate conductivity of 50 000 (uScm’1). It is worth noting that the physio-
logical limit for water uptake in this environment is 30 000 (uS cm‘1) by river red gums
and 55000 (uScm'1) by black box trees (Overton and Jolly, 2004). More detailed de-
scription of the study site is discussed by Brown and Stephenson (1991), Jarwal et al.
(1996) and Doble et al. (20086).
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3 Numerical model

The HydroGeoSphere (HGS) model provides a rigorous simulation capability that
combines fully-integrated hydrologic/water quality/subsurface and transport capabili-
ties with a well-tested set of user interface tools. The subsurface module is based on
the University of Waterloo and Université Laval three-dimensional (3-D) subsurface
and transport code FRAC3DVS (Therrien, 1992). The surface module is based on the
Surface Water Flow Package of the MODHMS simulator, which is itself an enhance-
ment of the popular US Geological Survey code MODFLOW (Brunner and Simmons,
2012). The numerical formulation of HGS is based on the assumption that a subsur-
face flow equation for a porous saturated or unsaturated medium is always solved.
A 3-D modified formulation of the Richards equation is applied. The van Genuchten
(1980) or Brooks—Corey (Brooks and Corey, 1964) relationships are available to relate
pressure head to saturation and relative hydraulic conductivity. Surface water flow is
simulated using a 2-D depth-averaged flow equation (the diffusion-wave approximation
of the Saint—Venant equations). The common node approach (based on conductivity
of hydraulic head between two domains) (Therrien and Sudicky, 1996) and dual node
approach (based on a first-order exchange coefficient) are used in HGS in order to
couple surface and subsurface media. HGS requires pre- and post-processor tools in
order to handle input preparation (complex topography and grid) and visualization of
the outputs. In this study, Grid Builder (McLaren, 2005) and Groundwater Modelling
system (GMS) (AquaVeo, 2011) are used as pre-processors to generate the input grid
domain. Also, GMS was applied as a post-processor to visualize the model results. The
next section describes the governing equations of the model.

3.1 Governing equations

The following text derived from Therrien et al. (2010b). The HGS uses the following
modified form of Richards’ equation to describe three-dimensional transient subsurface
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flow in a variably-saturated porous medium:
0
~V-(Wm@) + D Tex£Q = Win =+ (0sSw) (1)

where w,, [dimensionless] is the volumetric fraction of the total porosity occupied by
the porous medium (or primary continuum). The fluid flux g [LT‘1] is given by:

q=-K-kV(y+2) (@)

where k, = k.(S,,) represents the relative permeability of the medium [dimensionless]
with respect to the degree of water saturation S, [dimensionless], y is the pressure
head [L], z is the elevation head [L] and &, is the saturated water content which is as-
sumed equal to the porosity. Fluid exchange with the outside of the simulation domain,
as specified from boundary conditions, is represented by Q which is a volumetric fluid
flux per unit volume representing a source (positive) or a sink (negative) to the porous
medium system.
The hydraulic conductivity tensor, K [LT'1], is given by:
_P9,

U
where where g is the gravitational acceleration [LT‘Z], u is the viscosity of water [M
L~ T'1], k is the permeability tensor of the porous medium [L2] and p is the density
of water [M L‘3], which can be a function of the concentration C [M L‘S] of any given
solute such that p = p (C).

Water saturation is related to the water content 8 [dimensionless] according to:

9% (4)

The two-dimensional Saint Venant equations for unsteady shallow water flow consist

of 3 equations, which are given by the following mass balance equation:

0Pohy N 0(0,dp) N 0(vy0do)
ot ox oy

K (3)

Sy =

+d0r0:|:00=0 (5)
3585

NHESSD
1, 3577-3624, 2013

Impacts of GW
extraction on GW-SW
interactions

S. Alaghmand et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

coupled with the momentum equation for the x direction:

0 0 0 od

E(Uxodo) * 55 (0)2(0%) + w(uxouyodo) + gdoa—xo = 9dp(Sox — Si) (6)
and the momentum equation for the y direction:

0 0 0 ad,

E(Uyodo) + @(Uyodo) + a(()xol)yodo) + gdoa = gdo(soy - Sfy) (7)

where d is the depth of flow [L], z, is the bed (land surface) elevation [L], h, is thewater
surface elevation [L], v,y and v, are the vertically averaged flow velocities in the x
and y directions [LT'1], Q, is a volumetric flow rate per unit area representing external
source and sinks [LT'1], and ¢, is a surface flow domain porosity which is unity for
flow over a flat plane, and varies between zero at the land surface and unity at the top
of all rills and obstructions, for flow over an uneven surface.

Three-dimensional transport of solutes in a variably-saturated porous matrix is de-
scribed by the following equation:

8(6,S,,AAC)

—V W (GC = 65,DVC) + W8S, RAC] + D Qo+ Q. = Wy, [ o

+ GSSWFMC]B)
where C is the solute concentration [M L‘S] of the current species amongst possibly
multiple species and A is a first-order decay constant [L™"]. Solute exchange with the
outside of the simulation domain, as specified from boundary conditions, is represented
by Q. [M L3 T‘1] which represents a source (positive) or a sink (negative) to the porous
medium system. The dimensionless retardation factor, R, is given by:

Po

R =1
" 9.5,

K' (9)

where p,, is the bulk density of the porous medium [M L‘3] and K' is the equilibrium
distribution coeffiient describing a linear Freundlich adsorption isotherm [L'3 M].
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The hydrodynamic dispersion tensor D [L2 T_1] is given by:
6.5,D = (a) - at)% +a,ql + 6,5, D0 (10)

where a; and a; are the longitudinal and transverse dispersivities [L], respectively, q is
the magnitude of the Darcy flux, 7 is the matrix tortuosity [dimensionless], Dj., is the
free-solution diffiusion efficient [L°T~'] and / is the identity tensor. The product TDfree
represents an effective diffusion coefficient for the matrix.

ET is calculated as a combination of transpiration and evaporation. Transpiration
from vegetation occurs within the root zone of the subsurface and is a function of the
leaf area index (LAI) [dimensionless], nodal water (moisture) content (8) [dimension-
less] and a root distribution function (RDF) over a prescribed extinction depth. The
rate of transpiration (Tp) is estimated using the following relationships (Kristensen and
Jensen, 1975):

Tp = f1(LAI)f2(6) RDF[Ep — Ecan] (11)

where Ep is the reference potential evapotranspiration which may be derived from pan
measurements or computed from vegetation and climatic factors [LT'1] and Ecan is
the tree canopy evaporation [L T‘1]. The value and description of Ep has followed the
notation and conceptualization of Therrien et al. (2010a) and Kristensen and Jensen
(1975). The vegetation function (f1) correlates the transpiration (Tp) with the leaf area
index (LAI) in a linear fashion and the moisture content (8) function (f2) correlates Tp
with the moisture state at the roots. The root zone distribution function (RDF) is defined
by the relationship:

[S21F (2)dz

RDF = =
o IF(2)dz

(12)

where C1 and C2 are dimensionless fitting parameters, Lris the effective root length
[L], z is the depth coordinate from the soil surface [L] and rF(z) is the root extraction
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function [L3 T‘1] which typically varies logarithmically with depth. Below the wilting point
moisture content, transpiration is 0; transpiration then increases to a maximum at the
field capacity moisture content. This maximum is maintained up to the oxic moisture
content, beyond which the transpiration decreases to 0 at the anoxic moisture content.
When available moisture is larger than the anoxic moisture content, the roots become
inactive due to lack of aeration (Therrien et al., 2010a).

In HGS, evaporation from the soil surface and subsurface soil layers is a function of
nodal water content and an evaporation distribution function (EDF) over a prescribed
extinction depth. The model assumes that evaporation (Es) occurs along with transpi-
ration, resulting from energy that penetrates the vegetation cover and is expressed as
(Therrien et al., 2010a):

Es = a-(Ep - Ecan)[1 - f1(LAIl)x]EDF (13)

Where a is a wetness factor which depends on the moisture content at the end of the
energy-limiting stage and below which evaporation is 0. For further details on the code
the reader is referred to Therrien et al. (2010a).

3.2 Model set-up

The River Murray 2008 Stitched Digital Elevation Model (DEM) was one of several
outputs delivered through the Imagery Baseline Data Program, completed late 2008
by Department for Water, Government of South Australia. The DEM, completed by
CSIRO, is a product of several smaller “River Murray” DEMSs, stitched together using
GIS methods. The resolution of these DEMs ranged from 2m to 50 m with the final
stitched DEM having a resolution of 2 m. Where LiDAR has been used to acquire data,
the vertical accuracy is approximately £0.15-0.2 m. For this study, the Digital Elevation
Model (DEM) of the study site was generated at 10 m grid resolution using LiDAR data.
10m grid resolution seemed to be an optimal resolution as finer resolution made the
model too large to be modelled. Still, 10 m grid resolution is able to represent the study
area efficiently.
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A total of 20 sub-layers were considered including finer grids, 15 sub-layers for the
top 5m, and relatively larger for lower layers, 5 sub-layers for buttom10m. The final
geometry grid consists of 78 624 nodes that form 143500 elements. As illustrated in
Fig. 3, the geometry grid covers part of Clark’s floodplain from the floodplain slope
break to the River Murray main channel. This includes two SIS production wells (32FP
and 34FP) and nine observation wells. In this case, the length of the river bank was
570 m and the distance from the river bank to the SIS well varies between 480 m and
650 m. Two types of soil layers are constructed according to drill log data. The 10m
thick Monoman Formation Sand is overlaid by spatially variable semi-confining heavy
Coonambidgal Clay (Fig. 3).

The properties of the porous media (soil) of the model and unsaturated van
Genuchten function parameters (van Genuchten, 1980) are adopted from Jolly et al.
(1993) and Doble et al. (2006) who adjusted and proposed van Genuchten functions
parameters for the Lower Murray River soil types including semi-confining heavy Coon-
ambidgal Clay, Monoman Sand and two forms of the transition layer (Table 1). In natural
condition, the hydraulic parameters of the surface domain (river bed and floodplain cor-
ridor) have significant differences and so divided in the model into main channel (river)
and floodplain. Table 2 indicates the values used as surface properties of the numeri-
cal model (Therrien et al., 2005). During the time frame of the model no flow above the
river bank has occurred (i.e. only non-flooding conditions occurred) and so the surface
properties of the floodplain are not that sensitive in the model.

ET is one of the main drivers of the hydrological processes in an arid/semi-arid re-
gion, such as the lower River Murray (Doble et al., 2006; Holland et al., 2009a). The
two main vegetation types occurring at the study site (Eucalyptus tree and grass) have
significantly different characteristics in terms of root depth, water demand and leaf area
index. In order to obtain a better representation of the actual condition, vegetation cov-
erage of the floodplain was customized into two different categories. Normalized evap-
oration and root depth functions are mapped onto porous media elements above the
maximum depths. Currently, four evaporation and root depth functions are available in
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HGS; constant, linear, quadratic and cubic. In this study, quadratic evaporation and root
depth functions are applied. Table 3 shows the values of ET components for Eucalyp-
tus and grass adopted from Hingston et al. (1997), Banks et al. (2011), and Verstrepen
(2011).

The boundary conditions for the numerical model of the study site includespecified
heads for the porous media domain at the end of the floodplain of the model. In this
case, observed groundwater heads at the location of the 31FO, 33FO and 35FO are
assigned to the nodes along the model edge as shown in Fig. 3. On the other hand,
groundwater lowering through production wells was represented by lowering the head
at the location of the 32FP and 34FP consistence with their recorded pumping rates.
Observed river levels for the surface domain were set at the river side of the model.
In this regard, the observed water levels downstream of Lock 4 were applied to the
river nodes of the model. In addition, rainfall was simulated for the entire model surface
domain beginning on day 1. Other aerial boundary condition was assigned in the ET
domain. ET was dynamically simulated as a combination of evaporation and transpira-
tion processes by removing water from all model cells of the surface and subsurface
flow domains within the defined zone of the evaporation and root extinction depths.
The daily rainfall and potential evaporation values used in the model were based on
the recorded daily rainfall at the Loxton station. Figure 3 illustrates the configuration of
all boundary conditions of the model.

Initial conditions refer to the head and solute concentration distributions everywhere
in the model at the beginning of the simulation. In this context, field-measured head
values or solute concentrations do not represent the real initial condition as they are
obtained at a time when the natural ground-water system is in equilibrium (Barnett
et al., 2012). For instance, if the field-observed data values are used as initial con-
ditions, the model response in the early time steps would reflect not only the model
stress under study but also the adjustment of model head values to offset the lack
of correspondence between model hydrologic inputs and parameters and the initial
head values (Franke et al., 1987). Therefore, in a transient state problem, the initial
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conditions should be determined through a steady/dynamic steady-state solution to
generate dynamic cyclic initial conditions such as evaporation and rainfall seasonal
cycles (Anderson and Woessner, 1992). Barnett et al. (2012) suggested carrying out
a simulation which begins long enough before the calibration period allowing for an ini-
tial model equilibration time. In this study, stress period starts from 1 January 2006 and
ends on 1 September 2010. So, the initial model covers 30 yr to create the equilibrium
initial condition for the stress period. The initial model was intended to show equilibrium
behaviour while its last time steps should be equal to the first time steps of the stress
model which are observed (Fig. 4). Hence, simulated GW heads are compared with
absolute observed values at observation wells (BO1: 10.4, B20: 10.15, BO3: 10.01,
BO4: 10.20, BO5: 10.14 and BO6: 10.07 mAHD, Holland et al., 2009c). Also, the sta-
tus of the solute concentration distribution at the beginning of the study (stress) period
was checked with the general solute distribution pattern at the floodplain which was
observed in the field and the related reports. This can be considered as two zones;
relatively fresh GW zone within 50 m distance of the river banks (BO1: 6500 uScm‘1
and BO4: 1200 uS cm_1) and saline zone (BO2: 53 000 pS cm™', BO3: 54000 uS cm™',
BO5: 50900 uScm‘1and BO6: 52000 uScm'1) for the rest of the floodplain (Holland
et al., 2009c).

3.3 Coupled flow and transport calibration

Observed hydraulic heads and groundwater solute concentrations at the observation
wells are used as calibration criteria during coupled flow-and-transport calibration of
the model (Barnett et al., 2012). This process aims to assess the ability of the surface-
groundwater model to correctly distribute water and solute between the two domains
(Li et al., 2008). Two different approaches are employed for the flow and solute calibra-
tions. While, the aim of the calibration process for groundwater flow was to match the
absolute observed hydraulic heads at the observation wells, given the difficulty associ-
ated with the quantification of the solute transport model parameters (lack of accurate
estimations of the hydraulic conductivity and porosity of the aquifer, etc.), the solute
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was calibrated to the observed concentration patterns. This was because concentra-
tion patterns are much more sensitive to local-scale geological heterogeneity than
are hydraulic heads, and models may have difficulty reproducing the concentrations
or their temporal variability at single observation wells. Hence, in this case, because
of significant salinity differences between 50 m distance to the river bank (BO1 and
BO4: EC < 7000 uScm™") and the rest of the floodplain (BO2, BO3, BO5 and BOS:
EC = 30000-50000 uScm'1), an aggregate quantity like the plume mass is a more
suitable calibration criterion (Barnett et al., 2012).

Calibration of the model was conducted manually with more consideration to the sen-
sitive parameters. The model performance for both flow and solute transport was tested
by visual comparison between observed and simulated series of hydraulic heads and
solute concentrations at observation wells BO1, BO2, BO3, BO4, BO5 and BO6. More-
over, quantitative evaluation was undertaken using goodness-of-fit measures. Figure 5
demonstrates the performance of the calibrated model of the Clarks Floodplain. Seek-
ing to minimise a measure of goodness of fit during the calibration period, or to achieve
a specific predefined value of goodness of fit, may be the best way to increase con-
fidence in predictions (Barnett et al., 2012). The goodness-of-fit measures, including
root r-square (/-';’2), Nash—-Sutcliffe (Nr), mean sum of residuals (MSR) and root mean
squared error (RMSE), are used to evaluate the simulated values against the observed
data (Table 4). Moreover, the solute concentration distribution results show that the
calibrated model was able to reproduce the surface-groundwater interaction processes
in an acceptable manner as they present a good agreement. For instance, the EM31
survey in November 2007 showed a distinct zone of low conductivity along the eastern
margin abutting the river channel. This shows the presence of freshwater within the
floodplain aquifer (bank storage) and was supported by groundwater salinity data col-
lected at the riverbank piezometers at that time. Figure 6 visualizes the snapshot of the
solute distribution for the calibration model at last day of the simulation (1 September
2010).
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4 Results and discussions

Often the objectives of numerical modelling involve a quantitative assessment of the
response of heads or solute concentrations to future stresses on the surface or sub-
surface system. Predictive scenarios can be formulated to quantify groundwater be-
haviour in either absolute or relative terms. In the case of the latter, the particular mod-
elling outcome is obtained by subtracting one model result from another (null scenario).
A null scenario is a predictive model that has no future changes in the stresses that are
being investigated. Considering the prediction approach suggested in the Australian
groundwater modelling guidelines (Barnett et al., 2012), even though it may be difficult
to calibrate the surface—groundwater interaction model, at the same time there may
be reasonable confidence in a model to predict the right trends. In these situations,
it is not common practice for one set of predictions to be made using the best possi-
ble model, and for further predictions to be presented in absolute terms. Rather, the
differences are often presented relative to this base case. In this case, to investigate
the surface-groundwater interactionsinduced by groundwater lowering, the calibrated
model (2006—2010) was used as the null scenario without further parameter changes
to investigate the water balance and the solute mass balance. It should be cautioned
that results discussed here are based on a calibrated numerical model based on avail-
able data that may include some uncertainties particularly in term of solute dynamics.
Figure 7 shows the groundwater heads at the boundary of the models (SIS wells) for the
defined scenarios. In without-SIS scenario there are constant values equal to 10.1 m for
31FO, 10.25m for 33FO and 10.01 m for 35FO (observed just before commencement
of the SIS production wells). This assumes no significant groundwater head changes
were occurred. For the with-SIS scenario it is influenced by SIS production wells.

4.1 Water balance

One of the main starting points for analysis of the flow dynamics in a surface-
groundwater system is accurate modelling of the water balance. In this case, three
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forms of water balance outputs are considered as indicators to compare the scenar-
ios. These indicators include changes in water storage in the porous and/or overland
domain, the amount of water movement between the two domains (flow flux) and the
groundwater head profile along the observation transects. Hence, three outputs of the
model are considered in the analysis of the system water balance of including the accu-
mulation rate in the porous medium (m3 day‘1), flux (m3) from the river to the floodplain
aquifer and groundwater head profile alongtransectB1.

The accumulation rate represents the changes in water storage that occurs in the
floodplain aquifer. As shown in Fig. 8, the water accumulation ratefor the without-SIS
scenario shows a relative balanced trend during the study period. A correlation be-
tween the accumulation rate and the river water level fluctuation are observed. This
is because asthe river water level increases, the accumulation rate increases as more
surface water is stored in the floodplain aquifer. In contrast, a river water level decrease
leads to a lower accumulation rate. Note that in this study a constant groundwater head
is applied (assuming no significant changes in GW head) as the boundary condition.
This is why the accumulation rate in the without-SIS scenario corresponds significantly
to the river water level fluctuations.

A clear connection between the groundwater head fluctuation and the water accu-
mulation rate can be seen. Increase of accumulation rate correlates with an increase in
groundwater head. In this scenario, it seems that the groundwater head fluctuation is
the main driver rather than river water level changes. In other words, when the SIS pro-
duction wells are in operation, groundwater heads decline due to extraction that leads
to negative accumulation rate. But, when the SIS production wells stops working (no
extraction), the groundwater heads increase as the floodplain aquifer is recharged by
the river and the highland groundwater. This makes the accumulation rate positive. An-
other explanation for this process can be a change of floodplain groundwater regime
from losing (due to groundwater extraction through SIS production wells) to gaining
(due to groundwater recharge). This shows that the river water level fluctuation is not
the dominant driver in this situation; otherwise, an increase of accumulation rate would
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have occurred during the operation of the SIS production wells when the floodplain
aquifer was in a losing regime.

Figure 9 shows that the amount of water moved from the river to the floodplain aquifer
during the study period for the defined scenarios. ltis clearly related to the river water
level. In other words, the amount of water that moves from the river to the floodplain
aquifer increases with increasing river water levels and vice versa. This shows that for
the study site there is a good connection between the river and the floodplain aquifer
through bank recharge. On the other hand, the general trend in both scenarios is al-
most the same, although the amount of fluxfrom the river to the floodplain aquifer is
relatively higher for the with-SIS scenario. This is attributed to the operation of the SIS
production wells that creates a groundwater gradient away from the river. In the with-
SIS case, fresh river water is drawn towards the SIS production wells which may result
in a relatively fresher floodplain aquifer. It is worth noting that in high river level condi-
tion, as occurred at the end of the study period, less difference in the flux is observed.
This means in high flow situations amount of flux is too high that groundwater extrac-
tion (at least in this scale) can make any significant difference. Also, when the SIS was
shut down from November 2006 to May 2007, the flux from the river to the floodplain
was same.

Following SIS commencement in July 2005, a water-table gradient away from the
river developed with observation well BO3 being up to 0.5 m below the observed river
level. From June and November 2006, under relatively stable river levels, observations
indicate a groundwater gradient away from the river between BO1 (at the riverbank) and
BO3 of 0.4 m over a distance of 130 m. During the SIS shutdown from November 2006
to May 2007, groundwater levels across Transect B1 indicated a reduced gradient with
BO1, BO2, and BOS3 at similar elevations. Monthly means of the BO1 hydrograph in-
dicate groundwater elevations were greater than river levels during February, March
and April 2007, indicating gaining stream conditions with the B1 and SIS midpoint hy-
drographs above the recorded river level. Following the reinstatement of the SIS in

3595

NHESSD
1, 3577-3624, 2013

Impacts of GW
extraction on GW-SW
interactions

S. Alaghmand et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

May 2007, recorded levels of Transect B1 wells indicate the losing stream gradient was
rapidly restored and maintained in the absence of further SIS stoppages.

The dynamic of the floodplain groundwater as a hydrograph and as a longitudinal
profile along transects B1 and B2 are shown in Figs. 10 and 11, respectively. In Fig. 10,
the impact of groundwater lowering due to the SIS production wells is much more
significant at the end of the floodplain (BO3) compared to the river bank (BO1). The
only times that the two defined scenarios show the same groundwater heads are when
the SIS production wells stopped working (from November 2006 to May 2007). For
instance, in March 2007 the groundwater head increased to the normal level (equal to
the without-SIS scenario). Given the river water level fluctuations and the groundwater
responses, it can be seen that in the without-SIS scenario, the river water level change
is the main driver of the surface-groundwater processes. Hence, the floodplain aquifer
near the river bank (BO1) is more sensitive to the river water level changes compared
to further away from the river bank (BO2 and BOS3). In the with-SIS scenario, it is
groundwater lowering induced by the SIS production wells that has more influence
on the system. Figure 11 shows three longitudinal profiles of the floodplain aquifer
groundwater head. Again, areas further away from the river banks are more influenced
by the SIS production wells and these influences become more significant during the
SIS operation periods.

4.2 Solute mass balance

Figure 12 shows the temporal trend of the total amount of solute mass stored in the
system. The without-SIS scenario leads to a more saline floodplain aquifer, and also the
amount of solute mass stored in the floodplain aquifer increase with time. In contrast,
the SIS production wells maintain the floodplain aquifer salinity at a relatively stable
level. Except when SIS was shut down, there was an increase in stored solute mass.
In fact, the SIS production wells create a fresher floodplain aquifer by drawing the fresh
river water towards the saline floodplain aquifer and extracting saline groundwater at
the same time. Overall, groundwater lowering through saline groundwater extraction
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leads to a less saline floodplain aquifer. This is consistent with the field observations
of Berens et al. (2009) and Holland et al. (2009b). According to the results, total solute
mass stored in the system in with-SIS scenario reduces up to 4% (1680 ton) while
without-SIS scenario shows 2 % (846 ton) increase. Depend on the scale of the model;
these values can be considerable. It is worth noting that in without-SIS scenario, there
is a relative decline in solute mass in the system at the end of the study period. This
is due to occurrence of river high flow before the overbank flow that happened just
after the study period. Hence, in that short period solute accumulation decreased and
relatively less solute mass stored in the system.

Unsaturated zone may act as an essential compartment of the solute mass stored in
the floodplain aquifer. Particularly, in area such as the study site that salinity is driven
by increased discharge of saline groundwater and reduced leaching of salts from the
soils. High rate of ET can accelerate this process. According to the results, at the last
time step (1 September 2010) in with-SIS scenario around 19 % of the total solute mass
is stored in the unsaturated zone. This is 16 % for without-SIS scenario for the same
time step. In fact, groundwater lowering that maintains lower water-table in the flood-
plain aquifer, increases the ratio of unsaturated zone to saturated zone. For instance,
unsaturated nodes for the with-SIS and without-SIS scenarios are 15647 and 12755
out of 78624 nodes, respectively. If only unsaturated nodes at the beginning of the
study period are considered, at the last time step of the model 7120 ton solute mass
is stored in the without-SIS scenario while this is 6562 ton for with-SIS scenario for the
in the same nodes. Hence, groundwater extraction is able to remove some amount of
solute stored in the unsaturated zone. It is worth noting that this ratio can be different
for different model configuration. Perhaps shallower model (recall that this model was
up to 16 m depth) gives higher ratio as ratio of unsaturated zone to the total zone is
higher. Figure 13 illustrates solute mass stored in the unsaturated zone for the defined
scenarios. In Fig. 13a distribution of solute mass removed from the unsaturated zone
is shown. It seems groundwater extraction via SIS operation removed solute mainly
from middle part of the floodplain. Figure 13b shows the amount of solute mass that
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could be stored in the system if SIS was not installed on the floodplain. In fact, as it
could be expected without groundwater extraction more solute could have stored in
the floodplain aquifer. This is consistent with results shown in Fig. 12 that groundwater
extraction may lead to less saline floodplain as well as less solute mass storage in the
unsaturated zone.

The dynamic of groundwater salinity is demonstrated in Fig. 14. From Fig. 14, it
appears that at the relatively fresh buffer zone near the river bank, the groundwater
salinity is almost the same in both scenarios. Away from the river bank, towards the
SIS production wells, the influence of the SIS production wells can be clearly seen.
The groundwater salinity slightly increases during the study period in the without-SIS
scenario while in the other scenario the ability of the SIS operation to mitigate the
salinity is significant. Again, the influence is stronger in the floodplain than close to
the river bank. However, in this case, groundwater extraction is not able to change
the overall pattern of the salinity of the floodplain aquifer. As, even with SIS operation
there is a dramatic salinity difference between river bank (less than 7000 uS cm‘1) and
the floodplain salinity (above 40 000 uS cm_1) and decrease in salinity due to SIS is in
same order.

5 Conclusions

The relative impacts of groundwater lowering through saline groundwater extraction
(SIS production wells) on the interactions between a river and its adjacent semi-arid
floodplain have been investigated. A fully integrated physically-based numerical model
was used to simulate two defined scenarios, namely with and without SIS. The numer-
ical model was first calibrated according to the available observed data. The results
showed a reasonable correlation between observed and simulated values. The model
was able to effectively reproduce the surface-groundwater interactions. Then, the cali-
brated model was used to simulate the defined without-SIS scenario.
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Water balance analyse show that groundwater extraction may change the floodplain
aquifer regime from losing to gaining (or at least reduce the losing rate). This happens
by changing the head gradient towards the floodplain. This can lead to more river fresh
water flux to the saline floodplain aquifer and a fresh water lens along the riparian vege-
tation at the river bank. Also, deeper water-table is observed as a result of groundwater
extraction. This is more significant in the area around the production wells in the flood-
plain rather than further away towards the river banks. In the without-SIS scenario it is
the river water fluctuations that dominate the surface-groundwater interactions while in
the other scenario; the groundwater extraction is the main driver.

In term of solute balance, SIS operation gives less saline floodplain aquifer as less
amount of solute stored in the system in compare with without-SIS scenario. Moreover,
it was shown that groundwater extraction is able to remove some amount of solute
mass from the unsaturated zone. Overall, the saline groundwater extraction from the
floodplain aquifer is shown to be an effective salt interception measure. This occurs
through two mechanisms; extracting some of the solute mass from the system and
changing the floodplain groundwater regime from a losing to gaining one. The latter
may result in more flux from the river to the floodplain aquifer. The current manage-
ment of the SIS operation seems to be effective in maintaining the floodplain salinity at
a stable level.
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Initial interception storage (m) 0.0003 0.04
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Table 4. Results of the calibrated model performance statistics.

Observation Wells  R® N, MSR (m) RMSE (m)
BO1 091 076 0.054 0.067
BO2 0.87 0.71 0.075 0.088
BO3 0.85 0.657 0.080 0.091
BO4 0.83 0.77 0.044 0.058
BO5 0.83 0.63  0.031 0.041
BO6 0.81 061 0.048 0.061

3610

Jadeq uoissnosiq | Jeded uoissnosiq | Jadeq uoissnosig | Jeded uoissnosiq

NHESSD
1, 3577-3624, 2013

Impacts of GW
extraction on GW-SW
interactions

S. Alaghmand et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Highland Floodplain River
e il
Irrigation
recharge S
evapotranspiration ’
3 4 4 <
Upper Loxton Sands ol T 3
'j;,,fﬂgi?. P e
—_— _Coonambidgal Clay
Regional :
groundwater "% Monoman Sands
| ——— .
\
—_— Lower Loxton Sands

Fig. 1. Conceptual model of groundwater inputs to the floodplain and potential groundwater
discharge pathways within the floodplain in the Lower River Murray (Holland et al., 2009a).
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3624

Jadeq uoissnosiq | Jeded uoissnosiq | Jadeq uoissnosig | Jeded uoissnosiq

NHESSD
1, 3577-3624, 2013

Impacts of GW
extraction on GW-SW
interactions

S. Alaghmand et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3577/2013/nhessd-1-3577-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

