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Abstract 

The effects from long-term rainfall decline in Southwestern Australia are being felt in a wide range of 

environments. Of those, highly weathered terminal catchments, also known as endorheic basins, are of 

particular importance, as these areas often develop as biodiversity hotspots and provide critical and 

unique habitat to endemic and migrating species. The management and mitigation of environmental 

impacts associated with rainfall decline in these areas require a deep understanding of catchment 

dynamics, particularly in relation to the interaction between surface and groundwater compartments.  

However, we currently know relatively little about endorheic catchments and the combination of low 

relief geomorphology, hydrogeology and weather patterns result in a distinct catchment flow dynamics 

that cannot be extrapolated or easily inferred from more widely-studied hillslope catchments. 

Furthermore, the existence of numerical frameworks focused on simulation of surface-groundwater 

interactions in semi-arid environments is lacking. 

The objective of the thesis was to investigate which mechanisms in the dynamics of terminal catchments 

need to be understood (conceptualisation) and quantified (numerical framework) to assess impacts from 

long-term rainfall decline, providing a blueprint for use in other areas of similar settings. Gaps in data 

availability not only in the study site, but endorheic basins in general, posed challenges in the 

conceptualisation as well as non-uniqueness of numerical model solutions and predictive uncertainty, 

leading to the final part of the thesis, where data assimilation, sensitivity analysis and uncertainty 

quantification were employed to maximise the use of available data in conceptualisation and 

quantification of long-term impacts.  

The area of investigation employed in this study was the Lake Muir-Unicup Natural Diversity Recovery 

Catchment (MUNDRC), located in southwestern Australia and listed under the Ramsar Convention as a 

Wetland of International Importance. It consists of a complex system of lakes, swamps and flood plains, 

encompassing an area of 630 km2. As the MUNDRC has been subject to a systematic decline in rainfall 

rates since 1970, numerous questions were identified related to how the catchment’s hydrology is 

responding to non-stationarity. 

An initial conceptualisation phase was undertaken to identify the dominant controls shaping the water 

balance and redistribution processes. These controls related to 1 – the low-relief geomorphology, 

dictating the amount of energy in the system responsible for groundwater and surface water flows, as 

well as inhibiting the development of the surface drainage network; 2 – distribution of hydrogeological 

units, which exert control on groundwater flow paths and spatial distribution of groundwater discharge 

into the lakes; and 3 – rainfall seasonality and the temporal distribution of groundwater recharge events. 

These catchment attributes promote a relatively stagnant groundwater system with respect to horizontal 

flows that is subject to significant vertical oscillations associated with the interplay of recharge and 

evapotranspiration, and amplified by the small amount of runoff, which is inhibited by the large 

infiltration capacity of the aquifers and near-zero land slopes. The elements identified in the 

conceptualisation show parallels with the type “B” systems from the Hydrologic Landscape Framework 

(Winter, 2001), characteristic of playa environments and basins of interior drainage, while the nature of 

Lake Muir and surrounding lake network also resembles the definition of Geographically Isolated 

Wetlands (Evenson et al., 2015).  

A new numerical framework capable of handling dynamic exchanges between the lake network and 

surrounding aquifers was then developed for the MUNDRC. The approach consisted of a dynamically 

coupled lake and three-dimensional groundwater flow model which focused on the main aspects of the 

catchment identified during conceptualisation. This model simulated the period from 1960-2018, 
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encompassing the whole period of rainfall decline occurring since the 1970’s, and provided a number of 

lake and groundwater flow metrics under which the impacts could be assessed.  

The research on MUNDRC, as many other endorheic basins, suffered from data sparsity, resulting in 

several challenges for conceptualisation and large predictive uncertainty. This issue was addressed with 

the utilisation of several Data Assimilation and Uncertainty Quantification techniques. The main data gap 

consisted of the lack of baseline monitoring data prior to the commencement of rainfall decline, which 

was addressed with the development of a data-driven modelling tool capable of running backwards in 

time and providing groundwater level estimates for 1970, which were used for conceptualisation and 

history matching targets during the model calibration. Numerical model parameter and predictive 

uncertainties have been minimised and quantified utilising an Iterative Ensemble Smoother algorithm, 

while further refinement of conceptual model was undertaken following results from sensitivity analysis, 

where major parameter controls groundwater levels and other predictions of interest were quantified. 

Modelling results suggested that, although groundwater drawdowns and decline in lake levels have been 

observed, these environments were more resilient to decline in rainfall than initially hypothesised, at 

least in terms of the lake and aquifer water balance. The ability of these catchments to withstand effects 

from rainfall decline can be explained by the fact that lake evaporation rates reduce considerably with 

lake level decline, as well as the buffering capacity of the surrounding aquifers and upstream flow from 

topographical highs. In addition, these areas showed rapid recovery during a period of increased rainfall 

that occurred from 1988-2017. While the decline on lake and groundwater levels was relatively modest 

at the macro-scale, the effects of these small changes in water levels on endemic vegetation and 

development of groundwater and lake acidification was highlighted to be an increasing risk in specific 

areas and requires further investigation. 

The work and methods developed in this research provide a blueprint for establishment of impacts 

associated to rainfall decline in terminal catchments. On a conceptual level, main drivers of the 

groundwater and surface-groundwater interactions have been identified and corroborated by sensitivity 

analysis results. In terms of quantification and prediction, the developed numerical model coupling 

approaches and data assimilation tools used in the study provide a framework to estimate environmental 

impacts considering inherent hydrogeological and hydrological uncertainty, as well as the ability of 

monitoring data to constrain it. 

The use of data-driven models backwards in time have been pivotal in the study to establish baseline 

conditions prior to the environmental impacts and its application can be of significance in other 

ungauged catchments. Furthermore, it leads to the question whether more sophisticated deterministic 

numerical model frameworks could be refactored to accomplish the same. 
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1 Introduction 

Systematic reduction in southwestern Australia rainfall has occurred over the past five decades and 

imposed significant stresses in surface and groundwater systems in the region (McFarlane, 2020; 

Silberstein, 2012).  Low-relief endorheic basins located in these areas are of particular concern, as they 

host biodiversity hotspots due to high levels of species specialisation and endemism (Rix et al., 2014; 

Moir et al., 2009; Fitzpatrick et al., 2008), and also providing critical habitat for migratory species (BirdLife 

International, 2021; Halse et al., 1995). Endorheic basins are widespread across the globe, many of which 

are under pressure from climate change and/or anthropogenic activities. The hydrologic dynamics in 

these catchments is not trivial and cannot be easily inferred or extrapolated from well-studied hillslope 

catchments. 

Studies focused on hydrologic change in endorheic basins around the world have been typically focused 

on broad changes in storage, lake areas and salinity, but data scarcity largely constrained quantitative 

efforts. In southwestern Australia, despite the existence of studies demonstrating the impacts of rainfall 

decline on surface and groundwater systems, research on the endorheic basins in this area have been, to 

date, restricted to postulation of broad-scale impacts with little effort on quantification.  

Understanding how these hydrological systems respond to changing conditions may help improve the 

prediction of impacts of future environmental changes (Thirel et al., 2015) and implementation of 

management strategies aimed at mitigation of impacts on biodiversity values and facilitate climate 

adaptation. As discussed in Gorelick and Zheng (2015), “the compound challenges now faced by water 

planners require a new generation of aquifer management models that address the broad impacts of 

global change on aquifer storage and depletion trajectory management (…)”. In order to achieve that and 

elucidate the dominant mechanisms in these areas, literature gaps on detailed understanding of 

endorheic basins and their response to long-term hydrologic changes must be addressed. In terms of 

quantification, while the literature on numerical modelling of lakes and groundwater environments is 

vast, the existence of numerical frameworks designed to simulate integrated surface-groundwater 

interactions in semi-arid settings is still lacking (Jolly et al., 2008). 

The inherent complexities and non-linear feedbacks from surface and groundwater systems often leads 

to defective quantitative frameworks that not fully encapsulate the physics of these system and require a 

realistic assessment of uncertainty associated with model defects and absence of field data (Beven, 

1993). Furthermore, research constraints imposed by scarcity of data usually encountered in these areas 

makes the use of emerging techniques in the field of data assimilation, sensitivity analysis and 

uncertainty quantification ever more important. The use of these techniques can help maximise the 

utility of available data to inform conceptualisation, quantify the predictive uncertainty of quantification 

efforts and the ability of field observations (historical or future) to constrain it. The outputs of these 

advanced numerical techniques can also be useful to help focus future field investigations. 

1.1 Research objectives and approach 

The broad objective of this research was to develop a blueprint for assessment of impacts from long-term 

changes in rainfall on integrated surface-groundwater systems in endorheic basins, through the 

investigation of which hydrologic mechanisms need to be understood (conceptualisation) and how best 

to quantify them. The issue of data scarcity is a common theme in the research of endorheic basins, 

which led to the development and application of hindcasting and data assimilation tools as part of the 

research. 
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From commencement of research towards final stages, several specific research questions have surfaced, 

all of which required at least some degree of resolution so that broad objectives could achieved. These 

questions are: 

 

1. What are the controls in the catchment hydrology dynamics that are common and critical to 

endorheic basins? 

2. What is the degree of connectivity between groundwater and surface water compartments in 

endorheic basins? 

3. How the surface water compartments and adjacent aquifers respond to rainfall events and long-

term climate trends? 

4. How rainfall decline impacts on groundwater are propagated onto surface water compartments, 

and vice-versa? 

5. Which mechanisms need to be encapsulated by the numerical framework to enable the 

quantification of impacts associated with rainfall decline? 

6. How to optimise the usage sparse datasets to better inform conceptualisation and quantification 

efforts? 

 

The research was developed using Lake Muir-Unicup Natural Diversity Recovery Catchment (MUNDRC) as 

an area of investigation and test site where the different methodologies were applied. The research 

approach consisted in: 1 – conduct a detailed review and site characterisation of attributes relevant to 

understanding of catchment dynamics (e.g., hydrogeology, vegetation, lake and wetland dynamics and 

climate settings); 2 – conceptualisation of main hydrologic drivers and their response to rainfall decline; 3 

– development of a numerical framework capable of encapsulating the mechanisms postulated in the 

conceptualisation; and 4 – development and application of data assimilation, uncertainty quantification 

and sensitivity analysis techniques to facilitate the previous tasks and address issues associated with data 

scarcity. 

1.2 Thesis outline 

The thesis is composed of six chapters including this introduction. In broad terms, the thesis starts with 

characterisation of catchment and dynamics of the study areas; conceptualisation and the development 

of a numerical framework; and lastly the application of data assimilation, uncertainty quantification and 

sensitivity analysis techniques in these environmental settings. 

Chapter 2, “Site characterisation”, presents the compilation, interpretation, and analyses of all relevant 

data sources available for Lake Muir and provides the foundation upon which the conceptualisation and 

numerical modelling has been built. 

On Chapter 3, “Multi-decadal impacts of rainfall decline on small-scale semi-arid endorheic basins: 

concept and quantification”, a conceptual model is proposed for Lake Muir and general attributes that 

can be extrapolated to other endorheic catchments have been explored. It also proposes a numerical 

framework capable of simulation of long-term impacts in lake, groundwater and exchange fluxes 

between the different hydrologic compartments. 

Chapter 4, “Reconstruction of baseline groundwater levels for studying hydrologic change: Backwards 

Water Table Fluctuation and Highly-parameterised inversion” addresses the main challenge in the 

characterisation of impacts on Lake Muir, which was the absence of historical groundwater levels prior to 

the rainfall decline period. A new methodology capable of provide reverse (i.e., backwards in time) 

groundwater level estimates is proposed and tested on Lake Muir. Results obtained from its application 
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provided pre-rainfall decline estimates, associated uncertainty, and allowed the exploration and 

refinement of the conceptual model through cluster analysis and spatial mapping of groundwater level 

trends. 

Chapter 5, “Data assimilation, sensitivity analysis and uncertainty quantification in semi-arid terminal 

catchments subject to long-term rainfall decline” demonstrates the value of data assimilation, sensitivity 

analysis and uncertainty quantification techniques in improving the conceptual understanding of 

hydrologic dynamics in integrated surface-water systems, evaluating predictive uncertainty of numerical 

models and the ability of historical data to constrain it. 

Overarching discussion and conclusions from this research and recommendations for future research 

directions are summarised in Chapter 6. 
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2 Site characterisation 

2.1 Introduction 

The Muir-Unicup Natural Diversity Recovery Catchment (MUNDRC) consists of a complex system of lakes, 

swamps, floodplains and other wetlands, located in the Southwest of Western Australia. These 

ephemeral and permanent surface water bodies are largely connected to local and regional groundwater 

systems. Changes in the hydrological and hydrogeological regimes within the catchment resulting from 

changes in rainfall rates have been observed over recent decades. These changes may have triggered 

and/or augmented salinization and acidification processes in several areas within the catchment, as 

hypothesized by several authors (Smith, 2010; Smith et al., 2004; Smith, 2003). However, the relation 

between these changes and their effects on catchment is not clearly understood from a quantitative 

point of view. 

This chapter provides a site characterisation of MUNDRC, leading to site conceptualisation on Chapter 3. 

It presents a brief description about the catchment and its history, previous studies, and analysis of 

available data relevant to the study. 

2.2 The Muir-Unicup Natural Diversity Recovery Catchment 

The MUNDRC is located in southwestern Western Australia, approximately 65 km from the coast (Figure 

2.1). Lake Muir is the largest surface water body in the area and is of considerable extension 

(approximately 37 km2, Figure 2.2) and is surrounded by a larger number of smaller lakes and wetlands of 

considerable ecological value (Hearn, 2001). The catchment and study area were defined based on the 

analysis of digital terrain models (DTM’s), encompassing an area of approximately 630 km2. 

The catchment was identified in the Western Australian Government’s 1996 Salinity Action Plan as an 

area of important natural diversity at risk from changing hydrology. In 2001, the area was listed under the 

Ramsar Convention (Wetlands International, 2002) as a Wetland of International Importance.  In the 

same year, Lake Muir and surrounding wetlands were also listed in the Directory of Important Wetlands 

in Australia. 

Some of the wetlands in the MUNDRC are characterized by organic-rich (peaty) substrates, which are rare 

in Western Australia (Smith, 2010). Hearn (2001) defines the area as a biodiversity hot spot, with the 

presence of 850 native plant species, rich aquatic invertebrate fauna and counts of over 50 000 water 

birds recorded in the past. The catchment also provides critical habitat for migratory birds. 

Elevated levels of salinity and acidic pH values have been observed in both surface and groundwater 

within the catchment. This not only points to salinization and acidification processes occurring but also 

demonstrates high connectivity between the different aquifers and overlying surface water bodies. 
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Figure 2.1 - Location of the study area. 

 

 

Figure 2.2 – Lake Muir during dry season, April 2013. 
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2.3 Previous studies in the MUNDRC 

The first studies of the MUNDRC were focussed on regional mapping of native vegetation by Smith 

(1972), further refined by Beard (1981).  Churchward et al. (1988) and Churchward (1992) mapped and 

described the main landforms and soils of the region.  Mapping and classification on major wetlands in 

the Lake Muir-Unicup area was undertaken by V. & C. Semeniuk Research Group (1997).  Pen (1997) 

presents a regional overview of wetlands and other surface water bodies in the Busselton-Walpole 

region. 

Early studies on the local geology were conducted as part of coal exploration programs (Dampier Mining 

Company, 1981).  Regional-scale mapping of the catchment and surrounding areas were conducted by 

Wilde and Walker (1984), and studies focusing on the tectonic history were presented by Myers (1990a, 

1990b). 

Studies focusing on the catchment hydrogeology started in the late 1990’s, following the establishment 

of the MUNDRC.  Smith et al. (1997) divided the different aquifers in the catchment in three 

hydrogeological units.  A surficial aquifer composed by unconsolidated quaternary sediments, a 

sedimentary aquifer comprised by tertiary units, and an aquifer related to fractured and/or weathered 

basement units.  

Regional scale hydrogeologic mapping was completed as part of studies of the Pemberton-Irwin Inlet 

1:250 000 sheet (De Silva, 2000) while airborne geophysical surveys were carried in the same year by 

Chakravartula and Street (2000).  Catchment-scale hydrogeologic mapping was undertaken by Smith 

(2003).  The work from De Silva (2000) was also the first work recognizing the occurrence of salinization, 

while the presence of Potential Acid Sulphate Soils in the area was firstly described by Smith (2003). 

Drilling campaigns aimed at elucidating the spatial distribution of the different hydrogeologic units within 

the catchment were initially undertaken by the former Western Australia Department of Conservation 

and Land Management (New, 2004), further expanded by the Department of Environment and 

Conservation (Grelet and Smith, 2009).  

Preliminary studies focused on surface-groundwater interactions in the catchment have been developed 

by New et al. (2004) and Smith (2010).  The latter also conducted a thorough compilation of all available 

hydrogeological data at the time, developed a conceptual model for the area and hypothesised potential 

hydrogeochemical mechanisms behind the processes of salinization and acidification. While groundwater 

levels have been monitored since early 2000’s, data on hydrogeological parameters is still lacking. 

Nevertheless, the geological formations that compose the local hydrogeology have been tested in areas 

outside the catchment (Reynolds and Marimuthu,2007). 

2.4 Data availability 

The data used in this research has been obtained from several different sources and it is highly 

heterogeneous in respect to spatial-temporal distribution, methodology and purpose. These data can be 

divided in four main groups. The first dataset consists of a comprehensive drilling program and 

installation of groundwater monitoring boreholes undertaken on the site (Grelet and Smith, 2009). Data 

from 199 monitoring boreholes have been provided by the Department of Parks and Wildlife (DPaW), 

including lithology descriptions, borehole construction details and downhole, wireline geophysics data. 

Grain size estimates were also available in the lithology logs and used in the definition of local variations 

within the different hydrogeological units. 

The second group consists of groundwater and surface water monitoring across the catchment.  

Monitoring water data has been acquired in the area for different purposes, including works from Smith 

(2003), Gibson et al. (2004) and New et al. (2004). DPaW is the current custodian of the different data 
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sets and provided the data for this study.  The monitoring of lakes and wetlands have been conducted in 

the catchment since the early 80’s, and include the measurement of lake levels, pH, and electrical 

conductivity (EC). Later monitoring after 2007 also includes the measurement of Dissolved Oxygen (DO), 

turbidity and redox (Eh). The majority of groundwater data was acquired between mid-2004 and 2011. 

Monitoring parameters for this period include groundwater level, pH, EC, DO and Eh. Earlier groundwater 

monitoring going back to 1998 was conducted in a small number of monitoring boreholes installed during 

earlier regional mapping (EMU borehole series) and consisted essentially of groundwater level, 

temperature, pH and EC. 

Water chemistry data beyond the field measurements is limited. Smith (2010) conducted a single detailed 

water quality snapshot analysis of the majority of boreholes within the catchment. Groundwater samples 

collected at the time were analysed for major ions and metals. Further soil chemistry analysis was also 

obtained by the same author using X-Ray Diffraction and Total Acid Extraction. Smith (2010) also 

characterised the sediment mineralogy for a small number of samples from the different aquifers. 

The third data group consists of climate monitoring data. Weather monitoring in the MUNDRC and 

nearby catchments is undertaken predominantly by the Australian Bureau of Meteorology (BoM), 

through 38 weather stations located within a 50 km radius from the catchment. These stations have been 

measuring rainfall in southwestern Australia since the early 1900’s but have variable data consistency. 

Rainfall values for the catchment were generated based on data from the closest station from the area, 

named 009506. This station contains daily rainfall records since 1920. Additional climate data used in this 

study included monthly average rainfall and pan evaporation time series for southwestern Australia. 

Spatially-distributed grids of climate classification, averages for annual rainfall and potential evaporation 

from the BoM have also been utilized. 

The last data group consists of data from remote sensing sources. Historical Landsat imagery was 

obtained from the Global Land Cover Facility website (http://glcfapp.glcf.umd.edu:8080/esdi/), and 

recent (2012) 0.3m resolution LIDAR image was provided by DPaW.  These images served as basemaps 

and were used in the visual assessment of land use. Digital elevation models (DEMs) have been used for 

the definition of the topography and catchment delineations. Publicly available DEMs used in this study 

included the USGS SRTM program and ASTER Global Digital Elevation Model (GDEM). LIDAR 0.1 m 

resolution DEM was further provided by DPaW for the catchment area. 

Data from the Moderate Resolution Imaging Spectroradiometer (MODIS) has been used in its various 

forms in the study. Annual snapshots of landcover classification (MOD12Q1; Friedl et al, 2010) for the 

period of 2001 to 2012 was utilized for the assessment of changes in land use. Spatially distributed 

estimates of evapotranspiration, potential evaporation (MOD16; Mu et al, 2007) and Leaf Area Index 

(MOD15A2; Myneni et al, 2002) available in 8-day snapshots for the same period were used for the 

establishment of evapotranspiration and evaporation rates in the catchment, and to assist the 

assessment land use changes. Airborne geophysics data has been acquired for the majority of the 

catchment using the SkyTEM Survey (Chakravartula and Street, 2000). This survey provided 3D electrical 

conductivity estimates for the entire area and expected depths for the fresh basement. 

2.5 Regional geology and geomorphology 

The MUNDRC is mostly within the Albany-Fraser Orogen (Proterozoic), but the northeast portion of the 

catchment is within the Yilgarn Craton (Archean). These two provinces are juxtaposed by the Manjimup 

Fault, west-northwest in direction and positioned in the northern parts of the MUNDRC. Detailed 

discussions about regional geology and tectonic settings of the area are presented by Wilde and Walker 

(1984) and Myers (1990 a and b), respectively. 
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Basement units are mostly overlain by late Eocene sediments comprising the Werillup and Pallinup 

Formations, forming the onshore margin of the Eucla Basin (Clarke et al., 2003; Hocking, 1990). Surface 

exposure of all units is limited, and their presence is observed mostly in core chips obtained during the 

drilling of monitoring boreholes. Recent quaternary sediments are found overlying these formations over 

a large part of the catchment, particularly in flat areas. The contact between sedimentary units and 

weathered basement is easily identified by their distinct colour and grain size, when the soil/sediments 

are exposed, as shown in Figure 2.3. 

Other regional structures, east-west in direction, are found in the central and southern parts of the 

MUNDRC, namely the Pemberton Fault and the Northcliffe Fault. These structures have a minor effect on 

the current geomorphology of the catchment, only observed at the surface by a slight alignment of local 

drainages along these areas. Nevertheless, these structures are significant to the distribution of the 

sediments, as the vertical movement of the different blocks controlled the distribution of the different 

sedimentary formations in the area. 

The geomorphology of the area is composed predominantly by flat plains, where the recent sediments 

are deposited, and smooth hills in areas where the weathered and fresh basement outcrop. Elevations in 

the MUNDRC range from 300 mAHD down to 175 mAHD at Lake Muir, which is the lowest point in the 

catchment (Figure 2.4). Topographical slope angles along the flat plains are predominantly under 2 

degrees, while slope angles up to 12 degrees are found along the smooth hills (Figure 2.5). The gentle 

topographic gradients, in conjunction with relatively high soil hydraulic conductivities, contributes to 

large infiltration and low runoff rates. As a result, the catchment is characterized by poorly defined 

drainage lines, commonly terminating in swampy depressions or wetlands (Smith, 2010). 

 

 

Figure 2.3 – Contact between Weathered basement (brown sediments) and Quaternary sediments. 
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Figure 2.4 - Topographical contours of MUNDRC, based on LIDAR elevation data (coordinate system MGA94, Zone 50). 
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Figure 2.5 – Topographical slope angles, based on LIDAR elevation data (coordinate system MGA94, Zone 50). 
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2.6 Climate 

The Australian Bureau of Meteorology classifies the study area as temperate with distinctly dry and warm 

summers, using a modified Koeppen classification system (Figure 2.6). Studies on the MUNDRC 

emphasize the characteristic warm dry summers and cool wet winters (Smith, 2010;  Smith, 2003 and 

Pen, 1997). Mean annual rainfall grids from the BoM shows that rainfall ranges from 700 to 900 mm 

within the catchment, decreasing inland towards northeast (Figure 2.7). Mean potential evaporation 

grids show values ranging from 1320 to 1420 mm, with a strong increasing gradient towards east-

northeast (Figure 2.8). Comparing potential evapotranspiration rates to incident rainfall shows that the 

net balance is always in deficit for the lakes and wetlands, even if correction factors (0.7 to 0.8) are 

applied to the potential evapotranspiration. In some years surface water flow will increase lake inflows 

such that water will persist in some wetlands.  

 

Figure 2.6 – Climate classification (based on the Bureau of Meteorology climate grids, 2005, 

http://www.bom.gov.au/jsp/ncc/climate_averages/climate-classifications/index.jsp?maptype=kpn#maps), coordinate 

system Lat/Lon WGS94. 
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Figure 2.7 - Average Annual Rainfall contours for the period 1961-1990 (based on the Bureau of Meteorology rainfall grids, 

2010, http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall/index.jsp), coordinate system Lat/Lon WGS1984. 

 

Figure 2.8 - Average Potential Evaporation contours for the period 1975-2005 (based on the Bureau of Meteorology rainfall 

grids, 2006, http://www.bom.gov.au/jsp/ncc/climate_averages/evaporation/index.jsp), coordinate system Lat/Lon 

WGS1984. 

 

http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall/index.jsp
http://www.bom.gov.au/jsp/ncc/climate_averages/evaporation/index.jsp
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2.6.1 Seasonal trends and their effect in the environment 

Variations of temperature, evaporation and rainfall through wet and dry cycles are quite pronounced in 

the MUNDRC, and the effects of these seasonal oscillations can be observed in the hydrologic dynamics 

of groundwater and lake environments. The analysis of monthly rainfall clearly shows the seasonality in 

the study area (Station 9506) and southwestern Australia as whole. The wet season occurs during the 

period between May and September when average monthly rainfall ranges from 80 to 120 mm (Figure 

2.9). Rainfall rates decline significantly during the dry season (October to April) with monthly rates usually 

below 60 mm. Monthly average potential pan evaporation rates for southwestern Australia show 

maximum values of 260 mm during hot-summer months, down to 60 mm during the winter.  

During the wet season, rainfall values exceed the potential evaporation values, with a positive balance of 

rainwater that replenishes the lakes, wetlands and aquifers through rainfall recharge. During the dry 

season, however, evapotranspiration rates become greater than rainfall, generating a water deficit across 

the entire catchment. These periods of positive and negative water balance have a distinct effect in the 

surface and groundwater systems. Seasonal variations in groundwater levels are observed in the vast 

majority of the monitoring boreholes, down to the deepest portions of the aquifers (as discussed in the 

following sections). 

In the surface water bodies lake levels will tend to have a faster response to seasonality, since rainfall 

into the lakes is immediately translated into lake level increases. Furthermore, evaporation rates are 

higher in the free water surface, if compared to groundwater evapotranspiration. 

 

 

Figure 2.9 - Monthly averages for rainfall and pan evaporation for the period of 1990-2015. 

 

2.6.2 Rainfall decline and implication on hydrology 

Long-term rainfall records for southwestern Australia (including MUNDRC) show a systematic decrease in 

rainfall rates over the past decades. Hope and Foster (2005) analysed winter rainfall rates in Western 

Australia for the period of 1925-2005 and identified an abrupt change in rainfall rates since the 70’s. 

Analyses of streamflow data in southwestern Australia undertaken by Zhang et al. (2016) identified a step 

change in streamflow reduction in 1975, likely related to rainfall reductions in the same period. 
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In order to assess cumulative rainfall reductions in the catchment, the Accumulation Monthly Residual 

Rainfall (Ferdowsian et al., 2001) was used. Similar variations of this method are used for groundwater 

recharge estimation, under the name of Cumulative Rainfall Departure (Bredenkamp et al., 1995). The 

method consists of subtracting the monthly rainfall from the respective monthly average and 

accumulating the difference over the entire record length. 

Cumulative Rainfall Departure plots have been generated using the records from the Station 9506 

(closest to the catchment) and the average rainfall rates for southwest Australia (Figure 2.10). The plots 

clearly show two distinct periods. The first period from 1900 to 1970 shows a consistent increase in the 

rainfall departures, showing that during this period rainfall rates were higher than the average for the 

period between 1900 and 2016. The second period from 1970 to 2016 shows the decline in the rainfall 

departures when rainfall rates were lower than the long-term average. Rainfall declines in the MUNDRC 

are more accentuated than for the general southwest Australia trend.  

When using monthly rainfall rates for the period pre 1970 (Figure 2.11), it can be noted that cumulative 

departure for the period of 1900 to 1970 is relatively small (less than 1300 mm), which suggests that 

rainfall rates are consistent over that period. From 1970 to present, it is observed a sharp negative 

departure, with a total deficit of 5500 mm over 46 years.  

Monthly rainfall averages for these two periods were also generate and presented in Figure 2.12, 

showing that monthly rates for the period 1970 to present are lower, particularly during the wet season, 

when lakes and aquifers are most replenished. 

 

Figure 2.10 - Monthly cumulative rainfall departure, based on average values for the entire rainfall record. 
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Figure 2.11 - Monthly cumulative rainfall departures, based on pre 1970 monthly averages. 

 

 

 

 

Figure 2.12 - Comparison of monthly rainfall averages pre- and post-1970. 
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2.7 Land use and vegetation 

Regional studies on native vegetation have been undertaken by Smith (1972), which has been further 

refined by Beard (1981).  These studies identified the presence of medium forest and woodlands 

composed of jarrah (Eucaliptus marginata), marri (Corymbia calophylla), yate (E. occidentalis), E. 

decipiens and wandoo (Eucalyptus wandoo), low woodlands and closed forests. The area was also 

mapped as including various Melaleuca spp., scrublands, thickets, sedgelands and reed swamps. 

The current land use within the catchment consists of a combination of native vegetation and cleared 

land for agricultural purposes. Land clearing in the catchment occurred during the 1950s and 60s for 

intensive grazing and cropping developments (Smith, 2010). Later in the 1990s, timber plantations were 

established aiming at mitigating land salinization and because rainfall decline was making broadacre 

cereal farming uneconomic.  

Visual inspection of historical Landsat imagery snapshots indicates that changes in cleared areas and 

vegetation have occurred mostly in the northern portions of the catchment and have not changed 

substantially since the late 1970s (Figure 2.13). As a result, effects of land use change in the groundwater 

environment are difficult to observe and measure, as the majority of the groundwater monitoring data 

has been collected in the past 15 years, so the development of impacts related to rainfall decline have 

stated prior to hydrological data being collected. 

Recent changes in vegetation and land use can be observed in great detail using remote sensing data 

from the MODIS-Moderate Resolution Imaging Spectroradiometer. These datasets provide land cover 

classification, Leaf Area Indexes (LAI), and evapotranspiration estimates in 8-days snapshots since 2001 

with a spatial resolution of 500 m. 

Classification used by the MODIS land cover may not be entirely compatible with vegetation types 

existing in the catchment. Nevertheless, it is a useful tool to investigate changes in land cover and 

vegetation over the years. Yearly snapshots for the land cover classification have been analysed and 

presented in Figure 2.14. These snapshots show small changes in heavily vegetated evergreen areas of 

from 2001 to 2008, and an increase in woody savannahs between 2008-2012. Croplands have remained 

relatively stable over since 2001 (as also observed in the historical Landsat imagery) with a small decline 

from 2007 to 2012. The land cover grids also capture the evolution of Lake Muir over the years, showing 

long-term drying and wetting cycles over the years. 

The changes in land cover incur changes in bulk evapotranspiration rates across the area and, 

consequently, in the catchment water balance. These can be assessed in terms of Leaf Area Indexes 

(LAI’s) and calculated evapotranspiration rates (discussed in the following sections). Spatially-distributed 

yearly snapshots are presented in Figure 2.15. Small changes in LAI over the years are in the agreement 

with the land cover data, which does not show significant changes at a catchment scale over the same 

period. It is also observed that peaks in LAI values occur between 1-3 months following the wet months, 

evidencing the intrinsic relationship between water availability and vegetation growth/leaf area. 
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Figure 2.13 - Historical satellite imagery of the study area, illustrating changes in land use over time. 
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Figure 2.14 - Spatially distributed MUNDRC land cover changes over time, based on MODIS12Q1 data. 
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Figure 2.15 - Spatially-distributed Leaf Area Index changes over time, based on MODIS data. 
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2.8 Hydrogeology 

The hydrogeological characterization of the catchment is based on findings from the drilling program 

(Grelet and Smith, 2009) and monitoring undertaken in the boreholes and lakes over the years. The 

location of boreholes used in the characterization is presented in Figure 2.16. The geometry of the 

different aquifers across the study area has been defined based on the analysis and interpretation of 

borehole log data, geomorphology and satellite imagery. The spatial distribution and hydrogeological 

properties of these units vary largely across the study area and are discussed in detail in the following 

sections. Groundwater occurrence within the catchment is predominantly within porous storage in 

Tertiary and Quaternary sediments occurring in the area, and weathered portions of the crystalline 

basement.  

The sedimentary units can be subdivided in three major groups, namely Quaternary sediments, Pallinup 

Formation (Eocene) and Werillup Formation (Eocene) which are collectively known as the Sedimentary 

Aquifer (Smith, 2010; Grelet and Smith, 2009). The Sedimentary Aquifer occurs in areas of flat 

topography, pinching out against topographical highs, where the weathered and fresh basement outcrop. 

The connectivity of these aquifers is controlled by the distribution of the topographical/basement highs, 

which generates a large degree of lateral compartmentalisation. The combined thickness of the 

Sedimentary Aquifer varies between 0 to 60 m (Figure 2.17), with thicker portions located North of Lake 

Muir and subordinate pockets in the northern portions of the catchment. 

The Weathered Basement Aquifer covers the majority of the catchment, with exceptions of areas where 

the Sedimentary Aquifer is in direct contact with fresh basement. Fresh basement rocks are expected to 

have low conductivity values and are considered to be an impermeable boundary. While the hydraulic 

conductivities from the Weathered Basement Aquifer are expected to be lower than those from the 

Sedimentary Aquifer, the thicknesses of this unit are considerable, varying between 0 up to 70 m in areas 

of higher topography (Figure 2.18). The combined thickness of sedimentary and weathered basement 

aquifers range between 10-90 and are particularly high to the North of Pemberton Fault, suggesting that 

the fault movement of the basement blocks may have exerted some control in deposition and 

subsequently aquifer thicknesses of the sedimentary basin. 
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Figure 2.16 - Groundwater monitoring boreholes installed in the catchments (coordinate system MGA94, Zone 50). 
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Figure 2.17 – Interpreted isopach contours for sedimentary aquifers (coordinate system MGA94, Zone 50). 
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Figure 2.18 - Combined thickness of sedimentary and weathered basement aquifers (coordinate system MGA94, Zone 50). 
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2.8.1 Quaternary Sediments 

The unconsolidated Quaternary sediments compose the upper most portion of the Sedimentary Aquifer 

in the catchment. Smith (2010) describes the Quaternary Sediments as unconsolidated sands, clays and 

gravels, with occasional occurrence of ferricrete.  Figure 2.19 displays a typical core tray for quaternary 

sediments for the intervals between 0-9 m. The top of this unit is defined by the ground surface, and its 

thicknesses ranges from 2 to 34 m, as illustrated in Figure 2.20. While no hydraulic testing was available 

in the catchment during the development of the model, the hydraulic conductivities of the Quaternary 

Sediments are expected to be moderate to high, given its unconsolidated characteristic and presence of 

predominantly coarse-grained sediments. 

 

 

 

Figure 2.19 - Core tray photograph of the Quaternary Sediments from 0 to 9 m (extracted from Grelet and Smith, 2009). 
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Figure 2.20 - Interpreted isopachs for the Quaternary Sediments (coordinate system MGA94, Zone 50). 
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2.8.2 Pallinup Formation 

The Pallinup Formation has been described by Smith (2010) as sediments consisting of light-grey, well-

sorted quartz sand in a silt matrix. These consolidate sediments have marine origin and are characterised 

by the presence of siliceous sponge spicules ranging between 1 and 2 mm in length. These sediments 

conformably overlie on the Werillup Formation and their occurrence is restricted to the north-eastern 

portions of the catchment, with thicknesses ranging between 2 and 14 m. Outcrops of this formation are 

infrequent since the majority of the formation is covered by Quaternary Sediments. Outcrop expressions 

and core tray samples of the Pallinup Formation are illustrated in Figure 2.21 and Figure 2.22, while 

interpreted isopach contours are presented in Figure 2.23. 

The hydraulic conductivity of the Pallinup Formation is moderate to low, depending on the degree of 

cementation.  Estimates from grain size analysis undertaken by Smith (2010) indicates an average value 

of 1 m/d.  Hydraulic testing in the Pallinup Formation outside the study area has been undertaken by 

Reynolds and Marimuthu, (2007) with conductivity estimates ranging between 0.1 and 0.5 m/d. 

 

 

 

Figure 2.21 - Pallinup Formation outcrop. 
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Figure 2.22 - Core tray photography of Pallinup Formation, from 2 to 12 m (extracted from Grelet and Smith, 2009). 
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Figure 2.23 - Interpreted isopachs for the Pallinup Formation (coordinate system MGA94, Zone 50). 
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2.8.3 Werillup Formation 

The Werillup Formation consists of alluvial sediments widespread across the study area overlying 

weathered and fresh portions of the basement (Smith, 2010). Regional studies of the Eocene formations 

identified distinct depositional facies (Clarke et al, 2003; Gammon et al. 2000, Holdgate and Clarke, 

2000), and these facies have, to some extent, been identified in the study area. The most extensive facies 

consists of river channel sediments. These sediments are in general light grey, with poor sorting and 

quartz grains ranging from silt to gravel side. These sediments have moderate to high hydraulic 

conductivity resulting from the presence of coarse-grained sands and gravels. 

The second depositional facies consists of fine-grained sediments associated to flood plain deposition.  

This facies typically occurs underlying the channel sediments and consists of dark grey to black clays, silts 

and sandy silts, which are often carbonaceous, and fine to coarse-grained quartz sands. Figure 2.24 

shows a core tray photograph with the two distinct facies. While the distinction between river channel 

and flood plain facies is quite clearly observed in the borehole logs and core photographs, the separation 

of these units throughout the entire catchment is unclear given the available borehole log density.   

The total thickness of this unit is greater in the northern portions of the catchment, as high as 80 m, as 

displayed in Figure 2.25. Hydraulic conductivity estimates from grain size analysis indicated high 

conductivity values of 10 m/d (Smith, 2010), while testing in the Werillup Formation indicated values 

between 6 and 10 m/d (Reynolds and Marimuthu, 2007).  Although these are the highest conductivity 

values found in the catchment, a high degree of heterogeneity associated with the alluvial depositional 

environment is typical. Consequentially hydraulic conductivity values are expected to be lower within the 

flood plain facies and hence the Werillup Formation at a regional scale. 

 

 

Figure 2.24 - Core tray photograph of Werillup Formation, with channel facies from 3 to 6 m and flood plain facies from 36 

to 48 m (extracted from Grelet and Smith, 2009). 
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Figure 2.25 - Interpreted isopachs for the Werillup Formation (coordinate system MGA94, Zone 50). 
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2.8.4 Weathered and Fresh Crystalline Basement 

The Weathered Basement Aquifer outcrops around the margins of topographic highs and areas that have 

not been (a) covered during deposition of the sedimentary units or (b) exposed due to erosion. It 

comprises clay to gravely sands, autochthonous in origin, depending on the degree of weathering (Figure 

2.26). This unit occurs across the majority of the catchment. 

Borehole data indicates that the thicknesses of the Weathered Basement Aquifer is up to 43 m, but are in 

general less than 20 m.  It is expected however, that this thickness can be as high as 70 m in areas along 

the hills where thicker portions of the basement have been exposed to weathering (Figure 2.27). Smith 

(2010) estimated an average hydraulic conductivity value of 0.6 m/d based on grain size analysis.  

Expected values for specific yield in the weathered basement can range from 1 to 10 %, depending on the 

degree of weathering. 

Fresh basement units underlying the Weathered Basement Aquifer are comprised essentially of granitic 

and gneissic rocks of Archaean-Proterozoic age (Myers, 1990 a and b).  In comparison to its weathered 

horizons and overlying sediment units, the hydraulic conductivities and yields from the Fresh basement 

are expected to be very low and the unit can be considered effectively impermeable. 

 

 

 

Figure 2.26 - Core tray photograph of Weathered Basement, from 9 to 24 m (extracted from Grellet and Smith, 2009). 
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Figure 2.27 - Interpreted Weathered Basement thickness (m), coordinate system MGA94, Zone 50. 
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2.8.5 Structural controls 

Faults and joints are expected to occur in abundance within the basement and have likely contributed to 

the orientations of paleo valleys and catchment geomorphology. This is commonly the case as structural 

defects are often the most easily weathered areas, which influences drainage patterns, erosion, sediment 

deposition and geomorphology. While the structures themselves do not impose large changes in the 

hydraulic conductivities (given the unconsolidated characteristic of the sedimentary units), they may 

have influenced the geometry of the different hydrogeological units, through the vertical movement and 

juxtaposition of different units. In other areas faults can act as barriers (when fault gouge or 

mineralisation is present) or conduits (when fault breccia is present) but this is not the case in MUNDRC. 

Only some faults have been reactivated with some effect in the overlying sedimentary units.  

Contours of the depth to fresh basement (Figure 2.18) show the basement depths are higher to the North 

of Pemberton Fault, suggesting that the displacement along this structure may have some control on the 

depositional environment (and subsequent thickness) of the Sedimentary Aquifer. The greatest 

Sedimentary Aquifer thicknesses are found in a small area of the southeast of the catchment, 

immediately south of the Northcliffe Fault. 

 

2.8.6 Groundwater levels 

Groundwater levels within the catchment are predominantly shallow, based on monitoring in the area 

conducted over the past 20 years. Groundwater level measurements have been undertaken in a number 

of monitoring boreholes spread across the catchment and screened in various aquifers, as displayed in 

Figure 2.28 and Figure 2.29.  The analysis of historical groundwater levels allowed the assessment of 

aquifer head distributions, hydraulic gradients and seasonal variations.  

Overall groundwater levels and flow direction 

Average groundwater levels were calculated for each borehole for assessment of overall hydraulic 

gradients.  The histogram of average groundwater depths presented on Figure 2.30 shows that the 

majority of groundwater depths are less than 3 m. As a result, the hydraulic heads have a remarkable 

correlation with topography, as illustrated in Figure 2.31. 

Average hydraulic heads in the area range from 170 to 290 mAHD. In general, the groundwater levels 

present smooth gradients that mimic topography, driving groundwater flows from higher-elevation areas 

towards the lower flat plains acting as discharge zones, where wetlands are located. The Lake Muir is the 

lowest area in the catchment and forms the largest groundwater discharge zone. Interpreted 

groundwater level contours based on historical groundwater level averages and topographical data have 

been created for each hydrogeological unit and presented in Figure 2.32 to Figure 2.35. 

Hydraulic gradients are low, reflecting the topographic gradients in the area and the relatively high 

hydraulic conductivities of the sedimentary units. Vertical head differences at nested monitoring sites 

show in general downward vertical trends, with differences under 1 m. The few areas where upward 

gradients are observed are associated either to local discharge zones in surface water bodies or localized 

semi-confined conditions. 
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Figure 2.28 - Multi-level nested monitoring boreholes (MU16). 
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Figure 2.29 – Distribution of groundwater monitoring boreholes in the different aquifers. 
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Figure 2.30 - Histogram with average groundwater depths per borehole. 

 

 

Figure 2.31 - Correlation between average hydraulic heads per borehole and ground elevation. 
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Figure 2.32 - Interpreted hydraulic head contours in the Quaternary Sediments (coordinate system MGA94, Zone 50). 
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Figure 2.33 - Interpreted hydraulic head contours in the Pallinup Formation (coordinate system MGA94, Zone 50). 
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Figure 2.34 - Interpreted hydraulic head contours in the Werillup Formation (coordinate system MGA94, Zone 50). 
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Figure 2.35 - Interpreted hydraulic head contours in the Weathered Basement (coordinate system MGA94, Zone 50). 
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Seasonal variations and relation to rainfall 

The occurrence of distinct dry and wet cycles (discussed in the climate section) has a significant effect on 

groundwater levels. Seasonal variation in the groundwater levels can be clearly observed in the 

monitoring hydrographs in the majority of the monitoring boreholes.  Groundwater levels increase 

mostly during the wet season, when rainfall rates are higher than evapotranspiration, and tend to 

decrease during the dry seasons in a typical seasonal fluctuation pattern for shallow groundwater areas 

(Figure 2.36).  

The fluctuation ranges between 1 and 2 m in most boreholes but can be as high as 5 m in localized areas. 

The analysis of hydrographs show that the seasonal fluctuations almost fully-propagate to depth 

suggesting strong vertical aquifer connectivity. There are some exceptions, such as boreholes MU12, 

MU15 and MU64, which show more pronounced fluctuations in the upper aquifer levels. This likely 

relates to the presence of low-conductivity zones or variation in aquifer storage properties. 

 

Long-term trends in groundwater levels 

Long-term changes in groundwater levels (and the catchment hydrology as a whole) are attributed to 

reduction in rainfall rates since 1970, land clearing occurring mostly between 1950-1960 and land use 

change over the last 20 years (primarily changes from cropping to forestry). The fact that the temporal 

span of detailed groundwater level monitoring data (15 years) is considerably shorter than the period 

since some of these processes started hinders the assessment of long-term groundwater trends. 

Initial attempts to assess long-term changes were undertaken applying linear regression on the 

groundwater level hydrographs. The applicability of this technique, however, has proven only reliable in a 

few cases, as the seasonal fluctuations introduce a significant amount of noise in the regression 

Although long-term groundwater level changes are difficult to observe in the hydrographs (given the 

relatively short monitoring period), there is little doubt about the strong correlation between 

groundwater levels and rainfall. For example, the wet season for the year 2010, a particularly dry year of 

400mm annual rainfall, recharge pulses are barely noticeable in some hydrographs, in others there was 

no groundwater level raise. 

While consistent declining trend is observed on rainfall records, the estimation of cumulative effects from 

long-term rainfall decline is difficult based solely on inspection of available groundwater level records. A 

new methodology to address this challenge is presented in this thesis and discussed in detail on Chapter 

4.  
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Figure 2.36 – Historical groundwater levels in selected boreholes, illustrating the seasonal oscillations in the catchment. 
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2.8.7 Groundwater use 

Direct groundwater utilisation in the study area is small, if not inexistent. Possible reasons for that 

include high salinities found in the area and the lack of need for irrigation in the current agricultural 

activities. The Western Australian Department of Water (DoW) hydrogeological atlas 

(http://atlases.water.wa.gov.au/idelve/hydroatlas/) confirms the absence of supply wells within the 

catchment.  

2.9 Surface-groundwater interactions 

As noted by Smith (2010), the lakes and wetlands and floodplains of MUNDRC are highly connected to 

the shallow groundwater system, hence the need for understanding surface-groundwater interactions 

when studying hydrologic change. Schot and Winter (2006) state that these interactions play an 

important role regarding spatial and temporal availability of surface water and groundwater in the entire 

basin. Furthermore, the authors claim that understanding these processes “help water resource 

managers to deal with such issues as flood mitigation, groundwater exploitation and biodiversity 

conservation, in a more integrated and sustainable manner”. 

Several definitions of surface-groundwater interactions (or groundwater-surface water interactions) can 

be found in the literature. Barnett et al. (2012) refers to the subject as any situation where water above 

the ground surface interacts with groundwater below the ground surface and Mace et al. (2007) defines 

surface-groundwater interactions as the interplay between water on and beneath the land surface. 

Sophocleous (2002) presented a comprehensive review on the state of the science of surface-

groundwater interactions, including major controlling factors, interaction mechanisms, larger-scale 

interactions, quantitative analysis, human impacts and ecological significance. In this same paper, the 

author expands the definition of interactions by including exchanges of solutes and energy. 

Winter et al. (1998) reviews the natural processes of surface-groundwater interactions. The review 

addresses the surface-groundwater interactions in the context of the hydrological cycle, 

hydrogeochemical interactions and surface-groundwater interactions in various landscapes. A more 

detailed analysis of the relation between streams, lakes and wetlands to groundwater flow systems is 

presented by Winter (1999), which emphasises the complex interaction of surface water and 

groundwater resulting from the superposition of local and regional groundwater and surface water flow 

systems. 

Research on surface-groundwater interactions in Australian catchments is well-established, which is 

reflected on the large number of studies available in the literature. Examples include works on field 

methodologies by Turner (2008), hydrochemistry and numerical modelling in lakes Nowergup and 

Jandabup (Turner and Townley, 2006), groundwater flow geometry near circular lakes (Townley and 

Trefry, 2000), and wetlands in the Swan Coastal Plain (Townley et al., 1993). 

In the MUNDRC, groundwater exchanges with the surface environment include wetland-groundwater 

interactions, as well as exchanges with unsaturated zone and local vegetation in the form of recharge and 

evapotranspiration respectively. 

 

2.9.1 Lake Muir and adjacent surface water compartments 

Lake Muir is the largest surface water body in the MUNDRC, with an approximate area of 38 km2. The 

next five largest surface water bodies in terms of area are Lake Unicup, Tordit-Gurrup Lagoon, Lake 

Byenup, Lake Noobijup and Lake Yarnup, with a combined area of over 100 km2. 
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In general, all wetlands in the catchment are shallow, with maximum depths of 2-3 m. Many of these 

surface water bodies typically dry completely during the dry seasons, including Lake Muir. The lakes and 

wetlands in the catchment have different substrate compositions (Smith, 2010), and these differences 

have profound impact in the pH distribution in the lakes, as further discussed in the acidification section. 

These wetlands have been monitored since early 1980’s for water levels, pH and salinity. Hydrographs for 

the water levels have been generated and are presented in Figure 2.37. When compared to rainfall 

records, there is a clear correlation between the water levels and annual rainfall, which is expected since 

rainfall water is the major source for both surface water bodies and aquifers.  

The water balance of the wetlands is controlled by rainfall inflow, groundwater discharge and 

evaporation outflow volumes with surface water inflow and outflow important in the infrequent years 

that result in surface water flow during high rainfall episodes. The comparison of rainfall volumes against 

potential evaporation rates from the MODIS data indicate that there is a general water deficit in the lakes 

(Figure 2.38), which is compensated in part by groundwater discharge to the wetlands. The fact that 

wetlands have shallow depths and large areas maximizes the effects of evaporation in relation to their 

volume. It is important to note, however, that effective evaporation rates will be lower, particularly when 

wetlands become dry (therefore reducing their evaporation area) or water salinity is high.  

The large evaporation volumes in the lakes result in a significant accumulation of salts, which may remain 

in the lake water or precipitate in the dry periods. Precipitated salts may be dissolved and leaked into 

aquifers in the beginning of wet seasons, when rainfall may seep through the lake substrate before the 

water levels are replenished, resulting in high salinity in groundwater with potential for development of 

density-driven flows. 
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Figure 2.37 - Historical rainfall rates and water levels for different lakes and wetlands in the study area. 
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Figure 2.38 - Comparison between monthly rainfall rates and potential evaporation estimates from the MODIS16 dataset. 

 

2.9.2 Evapotranspiration 

Evapotranspiration occurs in the majority of the catchment, with exception of areas that are completely 

inundated (such as the lakes). Evapotranspiration rates are intimately related to local vegetation types 

and water availability. 

The analysis of MODIS data provides valuable information on temporal and spatial distribution of 

evapotranspiration.  Figure 2.39 displays annual evapotranspiration rates for the catchment and show 

that rates vary significantly. Higher rates are found in the southern portions of the catchment and are 

associated with native deep-rooted vegetation occurring in those areas, while evapotranspiration rates 

are lower in areas of low topography and along topographic valleys. 
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Figure 2.39 - Annual evapotranspiration estimates from the MODIS16 dataset. 
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2.9.3 Groundwater recharge 

Groundwater recharge through rainfall infiltration is the dominant inflow source in the catchment.  Given 

the flat topography at the site and relatively high infiltration capacity of the soils, it is expected that a 

large portion of the rainfall infiltrates into the soil. 

Seasonal variations in the rainfall strongly influence the distribution and groundwater level oscillations, as 

observed in the monitoring hydrographs.  Recharge rates are expected to vary slightly depending on land 

use and subcropping geology. 

Chloride mass balance calculations conducted by Smith (2010) resulted in recharge estimates ranging 

from 0.1 to 0.4 % of rainfall.  These values are likely underestimating recharge values for two reasons, 

firstly the use of Chloride mass balance is likely not appropriate in areas of high salinity and where 

evapoconcentration is significant. Secondly, the recharge rates are not compatible with the groundwater 

level oscillations observed in the hydrographs. 

A net rate of approximately 70 mm/yr is obtained when comparing rainfall rates and evapotranspiration 

values from MODIS data for the period between 2011-2012 (Figure 2.40). This number equates to 

approximate 10% of rainfall and is, despite not accounting for other processes such as interception and 

runoff, compatible with the seasonal oscillations observed in the groundwater hydrographs. 

 

Figure 2.40 - Comparison between monthly rainfall rates and evapotranspiration rates from MODIS16 dataset. 

2.10 Groundwater chemistry 

Apart from EC and pH collected during groundwater level monitoring, the groundwater chemistry data 

for the MUNDRC is limited by the groundwater sampling campaign undertaken in 2006-2007 by Smith 

(2010). Chemistry analysis provided measurements of major ions and metals. 

This data is reviewed here aiming at understanding of salinization and acidification processes occurring in 

the catchment. Therefore, it focuses on the major ion chemistry, field measurements and Br/Cl ratios. 
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Results from the major ion analyses are presented in the form of piper and durov plots in Figure 2.41 and 

Figure 2.42. Both plots show the predominance of Sodium and Chloride as major ions. The anions 

distribution is very homogeneous with the dominance of Chloride, with most samples presenting 

percentages of 80% or more. Sodium is the major cation detected, but the relative proportions of cations 

showing a larger range than anions, with an increased proportion of calcium and magnesium in 

particular. 

Comparison the of groundwater dissolved ion composition with average rainfall chemistry from 

Esperance and Perth (Crosbie et al., 2012), show that groundwater has a similar signature, particularly in 

respect to anion ratios. Sodium concentrations and sodium/chloride ratios present some slight variation, 

which may be caused by cation-exchange reactions resulting in upgradient retention of sodium, while 

chloride transport along the flow paths tends to be conservative, preserving the rainwater relative 

abundance of anions. 

It is important to emphasize that the majority of the groundwater samples were collected during the dry 

season. It is not clear, therefore, if groundwater cation ratios would resemble rainfall signatures more 

closely during wet seasons. 

The major ion distribution does not show distinct variation between the different aquifers. That, in 

conjunction to the fact that the different aquifers present similar groundwater levels and seasonal 

fluctuations, suggest that aquifers are well connected. 

The durov plots also illustrate the distribution of TDS and pH of the groundwater samples. TDS values 

show that the majority of groundwater is brackish to saline (TDS > 1000 mg/L), which are expected from 

internally drained basins due to evapoconcentration and potentially secondary salinity formation 

(discussed in the following sections). A large number of samples present salinity higher than typical 

seawater values, and can show TDS values as high as 80 000 mg/L. 

Values for pH show that groundwater are generally slightly acidic (5.5 < pH < 6.5). However, pH values 

under 4.5 are found in several samples. Furthermore, pH values tend to be slightly less acidic in samples 

of high salinity. This is probably related to higher alkalinity content, capable of buffering pH, in the more 

saline samples. Carbonate minerals in the aquifers may also be buffering the formations of acidic 

groundwater.  

2.11 Dryland salinity 

Salinisation is referred by Eamus et al. (2006) as the accumulation of soluble salts, such as sodium and 

chloride, in the soil, surface water or groundwater environments. Vengosh (2013) defines salinization of 

dryland environments as “a natural phenomenon derived from a long-term accumulation of salts on the 

ground and a lack of adequate flushing in the unsaturated zone”. Salinity is here discussed in terms of 

Total Dissolved Solids (TDS). 

The existence of dry land salinity in the MUNDRC has long been recognized, and the catchment was one 

of the first identified by the Salinity Action Plan released by the Western Australian Government (1996). 

High salinity values have been recorded in the main lakes and wetlands within the catchment since the 

beginning of monitoring in the 1980’s, and this salinity is likely much older than that. First records of 

saline groundwater date back to 2004. 

 The main lakes and wetlands monitored since the 1980’s include Lake Muir, Lake Unicup, Byenup 

Lagoon, Poorginup Lagoon, Tordit-Gurrup Lagoon and Yarnup Swamp. Monitoring was initially conducted 

on a bimonthly basis, with measurements for lake water depth, pH and TDS. The monitoring was further 

upgraded with weekly measurements since 2006. 
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The analysis of salinity data (integrated with the lake dynamics, hydrogeology and weather data) allowed 

the investigation of main salinity trends in terms of spatial and temporal distribution, as well as the 

development of hypothesis for the origins of salt in the catchment, presented in the following sections. 

2.11.1 Lakes and wetlands 

Vengosh (2013) divides natural sources of salinization in four groups, salinity derived from the evolution 

of freshwater inflows, hydrothermal fluids, remnants of evaporated seawater and accumulation of 

marine aerosols over an exposed continent. The same author classifies salinization processes of 

anthropogenic nature in two distinct types. The first relates to the imbalance between evaporation and 

water inflow and is usually due to the diversion of freshwater discharge, while the latter is related to 

saline inflow in conjunction with evaporation. 

Salinity values above seawater have been observed in the lakes Muir and Unicup since the early 1980’s, 

as illustrated in Figure 2.43. This monitoring data show a strong inverse correlation between the TDS 

values and Lake levels. When, during the wet season, the lake levels are high, TDS values from all the 

lakes decrease, as a result from dilution of lake salts in the newly precipitated rainfall water. 

Extremely high peaks of salinity values associated with low (dry-season) lake levels are found in almost all 

monitored lakes, particularly in the period since 2007 when the monitoring frequency have increased. 

These peaks, when analysed with the entire salinity record, mask a small but consistent long-term salinity 

increase trend observed in most lakes. Examples where this trend are clearly observed include lakes 

Unicup, Yarnup and Byenup Lagoon. These long-term trends reflect the accumulation of salts derived 

from saline groundwater inflows and rainfall. 

 

Figure 2.41 - Piper diagram of the groundwater chemistry results. 
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Figure 2.42 - Expanded Durov diagram of groundwater chemistry results. 
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Figure 2.43 - Historical TDS, pH and levels for selected lakes in the study area. 
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2.11.2 Groundwater 

Mapping of groundwater salinities have been undertaken using data from the continuous EC monitoring, 

and sampling campaign presented by Smith (2010), but discussed in terms of Total Dissolved Solids (TDS). 

These values were assessed in terms of spatial distribution within the different aquifers (Figure 2.44) and 

compared against groundwater levels and depth, as presented in the Figure 2.45 

Groundwater salinities are very high and widespread across the entire catchment and different aquifers, 

with the majority of boreholes presenting TDS values above 1000 mg/L (10% seawater salinity). 

Highest salinity values are as high as 80 000 mg/L (approximately 2.5 times seawater salinity). Areas of 

highest salinity values (> 30 000 mg/L) are concentrated around Lake Muir (which is the largest 

groundwater discharge zone in the catchment) and vicinities. Salinities in these areas are associated with 

shallow groundwater levels less than 5 m depth.  

Given the high salinity values found in the catchment, there is potential for the development of density-

driven flows. However, since the spatial variations of salinity are relatively smooth (as opposed to sharp 

gradients observed in groundwater convective flows), the development of convection cells and saline 

wedges typical of intrusion (Werner et al., 2013) are not likely. Nevertheless, high salinities often found in 

the discharge zones may be sufficient to reduce regional groundwater head gradients and flow as whole. 

 

2.11.3 Salinisation processes in the catchment 

The accumulation of salinity in catchments has been attributed to several mechanisms in the literature 

including surface evaporation (Allison and Barnes, 1985), wetting and drying cycles (Drever and Smith, 

1978), and soil and rock capillarity (Weisbrod et al., 2000). These processes are often divided in two 

categories (Podmore, 2009), namely primary and secondary salinity. Primary salinity relates to the natural 

occurrence of salts in the landscape via evapoconcentration processes, such as salt lakes and marshes, 

while Secondary salinity is associated with human activity such as urbanisation and agriculture. Clarke et 

al. (2002) refer to the replacement of deep-rooted native vegetation with shallow-rooted agricultural 

plants as the main cause for secondary salinity in southwestern Australia. Salinisation associated with 

clearing and replacement of natural vegetation with pastures and annual crops have been demonstrated 

by Peck and Williamson (1987), Ruprecht and Schofield (1991) and Vengosh (2013), while internal 

redistribution of salinity between surface and groundwater compartments have been demonstrated by 

Callow et al. (2020). 

In the particular case of terminal catchments and lake brines in Australia, hypotheses for primary salinity 

accumulation have been developed by a number of authors. Herczeg and Lyons (1991) divide them in 

four main categories, namely evaporation of relict seawater (Lawrence, 1975); dissolution of rocks of 

marine origin (Draper and Jensen, 1976; Johnson, 1980); continual addition of “cyclic” salts via ocean 

spray and continental dust (Williams et al. 1970; Herczeg, 1977; Macumber, 1983; Leaney and Allison, 

1986); and weathering of rocks (Chivas et al. 1986). 

Salinization in Western Australia has been studied by a number of authors. Mayer (2004) presents a 

review of stream salinity in the south-western Australia. Borg et al. (1988) analyses the effects of logging 

on groundwater and stream salinity in Southern Western Australia. Lateral movement of salts and further 

discharge from groundwater into surface water bodies have also been studied in the Blackwood River in 

Western Australia (MacFarlane & Williamson, 2002). Alaghmand (2013) review the current state of 

surface-groundwater interactions with focus on numerical modelling and salt mobilisation. Nulsen (1981) 

explains the relation between groundwater level changes and salinization. 

Previous studies in the MUNDRC have attributed the increase in groundwater and lake salinity to land 

clearing and increased recharge (secondary salinity). The definition of the main mechanisms behind 
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salinization in the catchment is difficult to define when looked solely in terms of groundwater chemistry. 

The integrated analysis of lake and groundwater chemistry with the other elements (hydrogeology, 

weather and vegetation) provide, however, some insights in this regard. 

The highest salinity values in the catchment have been identified around Lake Muir, in the southern 

portion of the catchment. These areas have been less affected by land clearing than the northern 

portions, and if the bulk of salinity was related to land clearing, dissolved salts would have migrated 

mostly from the North, all the way down to Lake Muir. 

Using average values of 0.0025 for hydraulic gradient, 1 m/d for hydraulic conductivity and 10% for 

effective porosity, groundwater flow velocities is in order of 0.025 m/d. Considering a period of 65 years 

since the beginning of land clearing, groundwater would have covered a distance of only 600 m, and not 

arrived at the Lake. 

The analysis of bromide and chloride ratios are useful in the reconstruction of groundwater origin and 

movement (Davis et al., 2005), and also provide some insight into salinisation processes (Figure 2.46 and 

Figure 2.47). The Br/Cl ratios in groundwater show a clear deviation from the seawater ratios for samples 

with TDS value above 10 000 mg/L, which is characteristic from evapoconcentration. When looked in 

terms of spatial distribution, the Br/Cl ratios increase systematically along groundwater flow paths 

towards Lake Muir, demonstrating the progressive evapoconcentration as groundwater flows to the 

discharge areas. 

Studies showing the link between salinization and land clearing demonstrate that, with the increase of 

infiltration rates, groundwater levels raise and dissolve precipitated salts in the previously unsaturated 

zone. While land clearing was significant in the catchment, it is possible that impact of increased 

groundwater levels has been diminished by the fact that rainfall rates decreased since the 1970’s, 

counterbalancing at least some of the recharge increase induced groundwater level rise. As a result, 

dissolution of salts and increase in groundwater salinity may have also been diminished.  

Based on this analysis, while changes in land use and surface water redistribution (as conceptualised by 

Callow, 2000) may have contributed to the movement of salt within the catchment, it seems that the 

natural evapoconcentration is the dominant salinization mechanism at a regional scale. The fact that the 

aquifers constitute a terminal system where the Lake Muir is the main outflow area result in a continuous 

accumulation of the salts in the catchment over its existence, since there is no major outflux of salts from 

the catchment. The presence of higher TDS values in the vicinity of Lake Muir corroborates this 

hypothesis. 

The dissolved salts in groundwater and lake water have been concentrated over time through 

evaporation (along the lakes) and evapotranspiration in the aquifers. Accumulation of salts might be 

faster within the lakes, where near potential evaporation occurs, and relatively slower in the aquifers, 

driven by evapotranspiration rates (usually smaller). 

Another interesting feature identified in the TDS time series is a very distinct increase in salinity between 

2006-2007. Rainfall rates during these periods were atypically high, but these higher rates were not 

significantly reflected in terms of groundwater level raise. Similar processes where increased 

groundwater salinization has been observed after exceptionally wet years have also been observed in 

northwestern Australia by Commander et. al (2004). 
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Figure 2.44 - Interpreted TDS distributions for the different aquifers. 
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Figure 2.45 - TDS concentrations compared against groundwater levels and depths. 

 

 

 

Figure 2.46 - Correlation between chloride and bromide concentrations, grouped by aquifer and TDS values. 
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Figure 2.47 - Interpreted distribution of Br/Cl ratios in the different aquifers. 
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Acidification and Acid Sulphate Soils 

Acid Sulphate Soils (ASS) are defined by the Environment Protection and Heritage Council and the Natural 

Resource Management Ministerial Council (2011) as soils and sediments containing high levels of 

reduced inorganic sulphur (mostly as pyrite or elemental sulphur). These soils, once exposed to oxygen, 

trigger chemical reactions that oxidise sulphide minerals and produces metalliferous drainage and 

sulphuric acid. 

Fanning (2002) divides ASS materials in three broad genetic types, namely Potential Acid Sulphate Soils 

(PASS), Actual Acid Sulphate Soils, and Post-active Acid Sulphate Soils. PASS materials consist of soils 

containing pyrite and/or monosulphides that have not generated significant amounts of acid due to lack 

of oxygen. Actual Acid Sulphate Soils are ASS materials containing sulphuric acid and low pH resulting 

from the oxidation of sulphides, while post-active or ripe Acid Sulphate Soils firm soils resulting from 

drainage and irreversible loss of water. 

Current literature recognises the existence of ASS in a wide range of landscapes. The presence of ASS in 

lakes has been described by Degens et al. (2008), Fitzpatrick et al. (2008) and Simpson et al. (2008). ASS 

materials in wetland environments have been recognised by Fawcett et al. (2008) and Grealish et al. 

(2008).  Although studies focusing on the effects of acidification on ecosystems are somehow scarce, the 

presence of dead vegetation or lack thereof is commonly indicative of presence of ASS (Jacobs et al., 

2014). 

The acidification of surface and groundwater resources due to the presence of Acid Sulphate Soils is 

widespread in Western Australia. This has been the subject of a large number of studies (Fitzpatrick and 

Shand, 2008; Prakongkep et al., 2012; Clohessy et al., 2013; Lilicrap et al, 2014). 

The recognition of ASS materials in the MUNDRC have been initially demonstrated by Smith (2003) and 

Smith et al. (2004). Effects from acidification of groundwater and surface water have a direct impact on 

the local vegetation, as illustrated in Figure 2.48. The findings from Smith (2010) and analysis of 

monitoring data allowed the identification of areas within the catchment affected by acidification 

processes. 



 

59 
 

 

Figure 2.48 - Impact of acidification on local vegetation. 

 

2.11.4  Lake Muir and adjacent surface water compartments 

The lakes and wetlands within the study area have been classified by Smith (2010) in three groups 

according to its substrate. The first group consists of organic-poor clays and sands (Lakes Muir and 

Unicup). The second group is characterised by an organic-rich peat substrate, as found in the Yarnup 

Wamp and Kulunilup Lake. Lastly the third group consists of mixture of both, as observed in the Tordit-

Gurrup Lagoon. 

The pH distribution in the different lakes is strongly related to their different substrates (Figure 2.43). The 

lakes with organic-poor clays tend to have a neutral to slightly alkaline pH, oscillating around 8-8.5. The 

slightly alkaline pH of these water may be associated with evapoconcentration processes of the lakes, 

where the increased alkalinity may act as a buffer for the pH. 

Lakes with acidic pH, on the other hand, are associated with areas of organic rich substrates. Examples of 

these include the lakes Yarnup and Noobijup, where pH readings present values as low as 3. In these 

lakes, there is a remarkable correlation between lake depth and pH, with lower pH values are found 

when the lake levels are low. In these periods, it is likely that the lower levels trigger the acidification 

processes, exposing portions of the lake substrate to atmospheric oxygen and promoting the generation 

of acid. 

2.11.5 Groundwater 

Overall, the groundwater pH is neutral to slightly acidic, ranging mostly between 5.5 to 6.5 across the 

catchment. The distribution of pH results from the groundwater sampling is shown for the different 

aquifers in Figure 2.49. Groundwater in areas of higher salinity values tend to be less acidic, and 

salinization trends are also associated with some pH increases in some monitoring boreholes. This is 

probably related to the fact that, in general, alkalinity values are also higher in these areas. 
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The pH values found in the Werillup formation are in general slightly more acidic if compared to the other 

aquifers. This is possibly related to the larger amounts of organic matter and sulphide minerals in the 

flood plain facies. In the other hand, the high content of carbonate minerals in the Pallinup Formation 

may provide some buffering capacity to acidification. 

Based on the available data, two processes can be hypothesised to explain the presence of acidic water in 

the catchment. Given that the presence of slightly acidic pH (5.5 – 6.5) groundwater is widespread in the 

area, the first process must be intrinsic to the mineral composition of the aquifers and wetland 

sediments, particularly the presence of sulphide minerals, as displayed in Figure 2.50. 

The fact that the pH values are lower in the aquifers with the higher content of organic matter (i.e., 

Werillup Formation) also suggest that the overall pH values are associated with the aquifer mineral 

composition. Minor acidification trends observed in the monitoring data show some degree of 

correlation with a decline in groundwater levels, leaving larger portions of the aquifer exposed to 

atmospheric oxygen. 
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Figure 2.49 - Groundwater pH values for the different aquifers, measured during the sampling campaign from Smith (2010). 
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Figure 2.50 - Drilling chips from borehole MU62, with the presence of sulphide minerals (in yellow). 

2.12 Summary and final remarks 

The MUNDRC, as noted by different authors and emphasised here, is a unique area, not only in terms of 

biodiversity, but also by its intrinsically complex and linked surface and groundwater systems. This study 

provides a characterisation of the MUNDRC catchment’s hydrogeology and the dynamics of lakes and 

wetlands. Ultimately, the characterisation and analysis of the different components (surface water, 

groundwater, weather, vegetation and salt fluxes etc) was intended to formulate a framework for the 

development of numerical models capable of providing predictive estimates of hydrologic change 

associated with rainfall decline.  

The hydrogeological characterization has taken into account the catchment geology, geomorphological 

attributes, and surface-groundwater interactions. Main aquifers in the catchment were mapped and have 

their geometry defined, along with major groundwater flows, seasonal oscillations and relation between 

groundwater, rainfall recharge and interactions with the lakes and wetlands. 

Four main aquifers were identified in the area. The aquifers are Quaternary Sediments, Tertiary 

Sediments from the Pallinup and Werillup Formations, and weathered horizons from the crystalline 

basement. The combined thicknesses of the aquifers can be as high as 80 m, and comprise an estimated 

storage volume across the catchment is in the order of 700-750 GL. 

The different aquifers have moderate to high permeability and are in general well connected, as 

evidenced by the similar chemistry and almost full propagation of seasonal head changes to depth. 

Groundwater levels in the catchment are mostly shallow (< 5 m) and tend to mimic topography, flowing 

from higher topography areas where the crystalline basement outcrops towards flat plains where Lake 
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Muir is found. The catchment constitutes a terminal system, as all known groundwater outflows are 

through evapotranspiration in the vegetated areas and evaporation at the lakes and wetlands. 

The catchment is characterized by flat topography and moderately high hydraulic conductivity of soils 

and shallow aquifers. As a result, runoff volumes in the catchment are not significant in an average year, 

and aquifer recharge volumes are defined by the balance between rainfall and evapotranspiration 

volumes. 

When comparing rainfall rates with potential evaporation data, it is observed that there is an overall 

water deficit through most of year, with exception of the wet months. Consequently, the 

rainfall/evaporation in lakes and wetlands is mostly negative, being compensated by groundwater 

inflows. The aquifers, in the other hand, tend to have a slightly positive balance, as annual rainfall rates 

tend to surpass evapotranspiration, with the surplus being discharged in the lakes and wetlands. 

The analysis of the chemistry data also allowed the mapping of groundwater salinity in the catchment 

and lakes. High salinity groundwater is widespread over the entire catchment, with the majority of 

chemistry results showing salinities above seawater. The highest TDS values are found in the lower 

weathered basement unit and terminal parts of the catchment. Evapoconcentration occurring in the 

groundwater outflow zones, is one of the major processes responsible for accumulation of salts, 

especially considering the total area of lakes and the age of the sedimentary basin. 

Season patterns in salinity have also been observed, salinity in the lakes tend to decrease in the wet 

seasons as a result from rainfall dilution. Wet seasons, especially in atypical wet years, increase salinity in 

groundwater, by mobilizing salts precipitated in the unsaturated zone. 

The development of dryland salinity resulting from land use changes (secondary salinity) is well 

documented in Western Australia. The current chemistry dataset, however, is not sufficient to clearly 

define whether the land use changes have triggered or augmented salinity in the catchment. The analysis 

of Br/Cl ratios in groundwater and highest TDS values found around Lake Muir suggest that 

evapoconcentration (or primary salinity) may be the dominant factor.  

Groundwater acidification, as suggested by previous literature, have been confirmed in the area. Low pH 

water is found in its majority along lakes of organic-rich substrate and groundwater in the immediate 

vicinity. A relation between lake/groundwater level and acidity is found, with lower pH values during 

periods of lower groundwater levels. The water level reduction facilitates the ingress of atmospheric 

oxygen, and consequently the oxidation of sulphide minerals in the lake substrate and aquifer sediments. 

One of the main challenges found in the site characterisation was that the monitoring period of the 

different environments (particularly groundwater) is short when compared to the period since the 

beginning of rainfall decline. Significant changes in land use and rainfall have been clearly identified in the 

study area but have remained roughly unchanged over the last 40 years. This makes the impact 

assessments of these changes in the groundwater and lake levels particularly difficult. Furthermore, it is 

possible that the catchment, after 45 years of rainfall reduction and changes in land used, may have 

achieved a new equilibrium state, masking the effects of land clearing and rainfall decline on 

groundwater and lake levels. 
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3 Multi-decadal impacts of rainfall decline on small-scale 
semi-arid endorheic basins: concept and quantification 

Abstract 

Endorheic basins around the world are often biodiversity hotspots that are subject to impacts from 

climate change and anthropogenic activities. In the particular case of low relief terminal catchments, 

assessing the impact of non-stationarity in climate drivers is difficult as our understanding of the water 

dynamics cannot be extrapolated from better-studied hillslope catchments. The aim of this paper is to 

conceptualise the flow dynamics in a terminal catchment with a complex network of wetlands and 

propose a numerical framework that can be utilised for quantification of the impacts of rainfall decline. 

The area of investigation is the Lake Muir-Unicup Natural Diversity Catchment, located in southwestern 

Australia. The data analysis, conceptualisation and numerical modelling undertaken demonstrates that 

the combination of flat topography, high specific yield, shallow water table and shallow lake bed 

geometry result in a relatively stagnant groundwater system and low horizontal fluxes with the potential 

for density driven flows. Despite the low flow velocities, large seasonal oscillations driven by the balance 

of recharge and evapotranspiration occur and are enhanced by small amounts of runoff related to the 

aquifer’s high infiltration capacity and near-zero land slopes. The numerical framework captured the 

interaction between the heterogenous sub-surface and wetlands using a three-dimensional groundwater 

model dynamically linked with a lake water balance model, which together quantified the water balance 

adjustment associated with rainfall decline. The results showed that these systems are more resilient to 

change than was hypothesised due to a compensatory decrease of evaporation losses as the lakes reduce 

in area and the high buffering capacity of the sedimentary aquifers. Furthermore, the system showed a 

rapid recovery during a short period where rainfall increased to a value typical of the pre-decline mean. 

Despite the catchment-scale resilience in the water balance, changes associated the drying climate are 

creating increasing areas of ecological risk associated with salinisation and acidification. The 

quantification of hydrologic changes in these environments can assist management and adaptation 

planning, though we highlight large uncertainty due to the lack of long-term monitoring data, and discuss 

the need for data assimilation, sensitivity analysis and uncertainty quantification techniques to overcome 

these challenges. 

3.1 Introduction 

Endorheic basins are catchments characterised by the absence (or limited occurrence) of surface and 

groundwater outflows. They comprise a variety of geomorphic environments with often distinct 

characteristics relative to typical river basins, such as complex and intriguing patterns of lakes and 

wetlands. They are widely distributed across the globe, as presented by Yapyiev (2017), with notable 

examples including the Salar the Atacama (Chile), Lake Eyre (Australia), Lake Chad (Africa), Lake Urmia 

(Iran) and Qinghai Lake (China). Many of these areas are biodiversity hotspots (Dorsaz et al., 2005) and 

serve as habitats for migratory species (Halse et al., 1995). Despite their ecological importance, low relief 

endorheic basins are less well-studied, when compared to traditional hillslope catchments, and there is a 

need to further understand them to underpin their management.  

These catchments tend to be characterised by low-relief and high degree of weathering, which result in a 

number of unique characteristics such as low groundwater flow velocities and high connectivity of 

shallow water table aquifers to surface water features (lakes, wetlands and swampy depressions), since 

water can only be removed from the catchment through evaporation or evapotranspiration. The high 

connectivity between groundwater and surface-water compartments may lead to non-linearities 
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regarding the relationships between rainfall, runoff and groundwater recharge, while continuous 

evapoconcentration of salt in surface water compartments lead to development of hypersaline 

environments and potential for density driven groundwater flows. The resulting biota that inhabits these 

systems have developed unique strategies for thriving in these environments, often displaying high levels 

of endemism and genetic diversity that are threatened by anthropogenic forces (Rix et al., 2014; 

Zadereev et al., 2020). 

An assessment of published literature specifically on these systems (Table 3-1) reveals that:  1 – scarcity 

of site-specific local monitoring data, evidenced by the fact that studies to date have relied heavily on 

remote-sensing data; 2 – hydrologic mechanisms and conceptual dynamics from well-studied hillslope 

catchments cannot be directly applied to low-relief catchments (Zimmer and McGlynn, 2017; Callow et 

al., 2020), 3 – the majority of conceptual models addressing terminal lakes and endorheic basins do not 

address seasonality and its effects on the catchment dynamics, and 4 – there is a gap in literature 

regarding robust numerical frameworks for the simulation of integrated surface-groundwater systems in 

semi-arid endorheic basins (Jolly et al., 2008).  

As with other basins, these systems have been experiencing climate change and subject to changes 

brought about by anthropogenic activities such as land clearing, river diversions and groundwater 

abstraction (Wang et al., 2018; Gao et al., 2011; Ma et al., 2010, Qiao et al., 2019, and Mokgedi et al., in 

press; Zadereev et al., 2020). Effects of climate change on endorheic basins have been analysed mostly in 

terms of broad changes in storage volumes, lake areas and salinity. However, very few studies have 

addressed the long-term effects from rainfall decline. While impacts related to rainfall decline and land 

use are expected to be significant from a conceptual perspective, evidence of hydrologic impacts in the 

typically sparse monitoring datasets is not always clearly observe and quantify, leading to multiple 

hypotheses. For example, it may be argued that a new equilibrium state will be achieved after decades of 

rainfall decline, whereas a competing hypothesis is that these surface-groundwater systems are more 

resilient than initially thought and less sensitive to changing rainfall regimes, for example due to 

dampening feedbacks between recharge and evapotranspiration. Ultimately, management of these 

catchments to facilitate adaptation to rainfall decline require robust and detailed conceptual models and 

quantification frameworks able to assess short and long-term mitigation measures, for example, related 

to water use, drainage, revegetation and conservation.  

Quantification of environmental impacts in wetland environments where surface water compartments 

and surrounding aquifers are highly connected requires the coupled modelling of both systems to 

simulate the dynamic exchanges between them and associated feedbacks. Numerical approaches to 

simulate groundwater-lake interactions were originally documented by Winter (1976, 1978, and 1983), 

Townley and Trefry (2000) and Smith and Townley (2002). Nowadays, we rely more sophisticated 

modelling codes, of which commonly used packages include MODFLOW (McDonald and Harbaugh, 1988; 

Harbaugh and MacDonald, 1996; Harbaugh et al., 2000; Harbaugh, 2005), FEFLOW (Diersch, 2014), 

SUTRA (Voss and Provost, 2008) and FEMWATER (Yeh and Ward, 1980).  

Standard groundwater model codes can account for interactions with surface water bodies with use of 

boundary conditions, but often oversimplify interactions with surface water features and the potential 

feedback mechanisms between them. Since the initial version of MODFLOW, ongoing programming 

development efforts have added packages able to handle the particularities of surface water features, 

such as rivers (Modbranch, Swain and Wexler, 1996; Streamflow Routing Module SFR1, Prudic et al., 

2004; Streamflow Routing Package SFR2, Niswonger and Prudic, 2005), lakes (Lake Package LAK3, Merrit 

and Konikow, 2000) and reservoirs. These developments have culminated with the development of 

GSFLOW (Markstrom et al., 2008) where the surface water model code PRMS was integrated with 

MODFLOW. Further development added enhanced surface water flow capabilities within the MODFLOW 

source code, such as Surface Water Routing package (Hughes et al., 2012), and the One-Water Hydrologic 
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Flow Model MODFLOW-OWHM (Hanson et al., 2014). In parallel to these developments, enhancements 

in commercial groundwater codes have also been undertaken, such as MODHMS (Panday and Huyakirn, 

2004), coupling of MIKE 11 and FEFLOW (Monninkhoff and Li, 2002 and 2009), and FEFLOW modules able 

to handle lake water balance (Monninkhoff and Luo, 2012). Nonetheless, despite the large diversity of 

modelling codes developed for lake-groundwater interactions, the vast majority have been developed for 

or tested in temperate to humid areas, typically in hillslope catchments. As pointed by Jolly et al. (2008), 

the existence in literature of numerical frameworks tailored to simulate surface-groundwater interactions 

in semi-arid settings is lacking. Few published examples of models applied to endorheic basins (e.g., 

Grizard et al., 2019) occur in the relevant scientific literature, so it remains unclear their suitability to 

resolve the subtle interactions that occur between the complex patterns of surface lakes and depressions 

and the surrounding aquifer. 

The aim of this paper is two-fold, to investigate which mechanisms in the dynamics of endorheic 

catchments need to be understood (conceptualisation) and quantified (numerical framework) to assess 

impacts from long-term rainfall decline. For this assessment, we focus on a catchment, and its associated 

wetland-complex, situated in the south-west of Western Australia, where there has been a long-term 

drying trend reported since the 1970’s, which is expected to continue (Silberstein et al., 2012; McFarlane 

et al., 2020). The area of investigation employed in this study is the Lake Muir-Unicup Natural Diversity 

Recovery Catchment (MUNDRC), which is listed under the Ramsar Convention as a Wetland of 

International Importance. Following initial conceptualisation of the catchment basin, a three-dimensional 

numerical model is developed to quantify how surface water – groundwater interaction has changed over 

the period of rainfall decline, with a particular focus on the nature of lake-aquifer interaction.  

From the conceptualisation and numerical modelling undertaken we sought to highlight the attributes of 

these catchments that impose controls on the flow dynamics and identify those which are responsible for 

the distinct characteristics of terminal basins. The findings and insights obtained in this study are hoped 

to help in climate adaptation efforts, and the approach can be used as a blueprint for conceptualisation 

and quantification of environmental impacts in similar hydrological settings.  

 

Table 3-1 - Literature examples on endorheic basins. 

Authors Location Study focus Environmental settings 
Bagheri et al. (2017) Lake Urmia, Iran Water budgets and remote 

sensing. 
Large endorheic basin 

Cooper et al. (1984) Walter Lake, United States Salinity and biota 
characterisation 

Arid environment, large 
lake 

Demlie et al. (2007) Ethiopia Water balances and 
hydrological 
characterisation 

Closed lakes in highlands 

Dinka et al. (2014) Lake Basaka, Ethiopia Water budget modelling Semi-arid highland, small 
lake. 

Dorsaz et al. (2013) Atacama Desert, Chile Geomorphometry  

Fang et al. (2016) Tibetan Plateau, China Long term changes in lakes, 
climate change 

 

Fraedrich (2015) Qinghai Lake, China 
Lake Chad, Africa 

Water budget and 
modelling 

 

Gao et al. (2018) Third Pole, Asia Hydrological classification High altitude, low 
temperature, snow melt 

Gao et al. (2011) Lake Chad, Africa Hydrological modelling  

Gokmen et al. (2013) Konya Basin, Turkey Remote sensing, 
ecohydrology and 
anthropogenic impacts. 

Large scale semi-arid  

Grizard et al. (2019) Tsagaan Eels, Mongolia Conceptualisation and 
groundwater modelling 

Large scale semi-arid 
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Habeck-Fardy and Nanson 
(2014) 

Lake Eyre basin, Australia Characterisation and 
contemporary 
environmental conditions 

Large-scale endorheic 
basins. 

Hamann et al. (2015) Synthetic case studies Numerical modelling, 
density driven flow and 
groundwater geochemistry 

 

Heagle et al. (2013) St. Denis National Wildlife 
Area, Canada 

Surface-groundwater 
dynamics and salinity 

Prairie wetland 

Herrera et al. (2016) Laguna Tuyaito, Chile Groundwater dynamics and 
geochemistry 

Arid, snowmelt 

LaBaugh et al. (2018) Cottonwood Lake area 
wetlands, United States 

Fluctuations in pond 
permanence, size and 
salinity. Surface 
groundwater interactions 

Semi-arid Prairie pothole 
wetlands 

Lei et al. (2014) Tibetan Plateau Lake dynamics and climate 
change 

High altitude, snowmelt 
feed 

Li et al. (2019) Heihe River Basin, China Catchment storage changes  

Li et al. (2018) Heihe River Basin, China Water Budgets, 
ecohydrology and climate 
change 

Arid environment 

Ma et al. (2010) China Changes in lake areas and 
presence, climate change 
and anthropogenic impacts 

Variable 

Marazuela et al. (2019) Salar de Atacama, Chile Hydrodynamics  

Mokgedi et al. (in press) Lake Ngami, Botswana Surface dynamics  

Niswonger et al. (2014) Walker Lake, United States Hydrologic modelling and 
decision support 

 

Policelli et al. (2019) Lake Chad, Africa Lake dynamics and surface 
water area estimation 

Large scale 

Qiao et al. (2019) Tibetan Plateau Lake water storage 
responses to climate 
change 

 

Risacher et al. (2003) Chile Geochemistry and origin of 
salinity 

Salars 

Tweed et al. (2011) Lake Eyre, Australia Groundwater recharge and 
salinization 

 

Vásquez et al. (2013) Atacama salt flat, Chile Groundwater geochemistry 
and reactive transport 
modelling 

Hyper-arid, high altitude. 

Wang et al. (2018) Global Recent water storage 
decline using GRACE data 

 

Worku et al. (2014) Omo-Ghibe basin, Ethiopia Environmental impacts 
associated with changes in 
land use. 

Large scale 

Yan et al. (2002) Lake Qinghai, China and 
Lake Turkana, Africa 

Geochemical evolution  

Yapiyev et al. (2019) Kazakhstan Water storage changes due 
to climate change and 
anthropogenic activities 

Small endorheic lakes 

Zhang et al. (2017) Tibetan Plateau Long-term changes in lake 
volumes 

High altitude, snowmelt. 

Zilberman et al. (2017) Israel Geochemistry and its 
effects on evaporation 

Dead Sea  
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3.2 Study area 

Several small-scale endorheic catchments can be found in southwestern Australia (Lane, 2015). The Lake 

Muir-Unicup Natural Diversity Recovery Catchment (MUNDRC) is the most notable, and consists of a 

complex system of lakes, swamps and flood plains in the lower third of the catchment (Figure 3.1). The 

catchment encompasses an area of approximately 630 km2, situated 65 km from the coastline. 

The catchment was identified in the Western Australian Government’s 1996 Salinity Action Plan as an 

area of important natural diversity at risk from changing hydrology. At that time the focus of 

management was reduction of potential impacts from rising groundwater tables and salinization due to 

land-clearing, leading to the prioritisation of land management and conservation efforts to protect the 

biodiversity assets in this catchment. According to Halse et al. (1995), 52,000 waterbirds have been 

counted on Lake Muir, a number rarely surpassed in other Western Australian wetlands. In 2002, the area 

was listed under the Ramsar Convention (Wetlands International, 2002) as a Wetland of International 

Importance. In the same year, Lake Muir and surrounding wetlands were also listed in the Directory of 

Important Wetlands in Australia. 

The MUNDRC has a long history of human intervention, with large deforestation activities and the 

introduction of agricultural activities since 1950 for grazing and cropping. Land clearing decreased after 

the introduction of legislation for clearing control in 1978. In the 1990’s timber plantations (mainly blue 

gums for pulpwood production) were implemented to help control land salinisation. Superimposed on 

these changes, the catchment has also been subject to long term changes in rainfall rates. Consistent 

decline in the rainfall rates in the catchment, and southwestern Australia in general, have been observed 

in rainfall monitoring data since 1970 (McFarlane et al., 2020). 

 

Figure 3.1 - Location of study area (left), Lake Muir and nearby surface water bodies (right). 
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3.3 Conceptual elements of terminal catchments 

3.3.1 Geomorphological and hydrogeological context 

The geomorphology of a catchment, specifically in terms of its topography, often dictates the amount of 

gravitational energy driving groundwater flows and runoff, therefore flow velocities and water residence 

time. In the case of ancient highly-weathered landscapes, the typical low-relief of the topography 

contributes to slower groundwater flow velocities (regardless of the presence of highly conductive 

aquifers) and poor development of surface drainage, with implications for the accumulation and 

movement of salt (Callow et al., 2020).  

The Muir-Unicup catchment and wetland complex exhibits geomorphology that is dominated by flat 

plains (peneplains), where recent sediments occur, and smooth hills (monadnocks) in areas where 

weathered and fresh basement units outcrop. Elevations across the catchment range from 300 metres 

Australian Height Datum (mAHD) down to 175 mAHD at Lake Muir, the lowest point in the catchment. 

Slope angles along the flat plains are mostly under 2 degrees while slope angles of up to 12 degrees can 

be found on smooth hills.  

The small declivity in the area, in conjunction with relatively high hydraulic conductivities found in the 

aquifers, contributes to predominance of infiltration over runoff. As a result, the catchment is 

characterized by poorly defined drainage lines, commonly terminating in the complex network of 

swampy depressions (Smith, 2010). The geometry of the lakes in these areas is also controlled by the 

geomorphology, with remarkably flat lake bathymetries, which have implications to lake-groundwater 

interactions, as small changes in lake level results in large changes in lake areas, and more specifically, the 

areas interfacing with surrounding aquifers. 

The catchment’s topography overall slopes gently towards Lake Muir and adjacent lakes and wetlands 

located in the central portions of the catchment. These lakes are the lowest topographical points in the 

study area, which makes the groundwater catchment a predominantly terminal system. Exceptions arise 

when extremely large rainfall events promote overflow onto adjacent areas, with the only record in the 

1900’s, according to personal communication with local inhabitants (Lane et al., 2015). 

Groundwater in the catchment occurs within Tertiary and Quaternary sediments as well as the 

weathered portions of the basement (Table 3-2). Hydrogeological studies in the MUNDRC have started in 

the early 2000’s (De Silva, 2000; Chakravartula and Street, 2000; Smith, 2003; New, 2004). The site 

characterisation presented in Chapter 2 builds on the conceptual hydrogeological model from Smith 

(2010), providing a detailed characterisation of the area, including the delineation of main 

hydrogeological units in three dimensions, and providing a more quantitative definition of the main 

hydrodynamic processes in the catchment. Analysis of borehole logs from past drilling programs (Grelet 

and Smith, 2009) allowed for the mapping and geometric modelling of each of the aquifers. 

The sedimentary units can be subdivided in three major groups, namely Quaternary Sediments, Pallinup 

Formation and Werillup Formation. These aquifers occur in areas of flat topography, pinching out against 

topographical highs, where the weathered and fresh portions of the basement outcrops. As a result, the 

sedimentary aquifers are compartmentalized, with their connectivity being controlled by the distribution 

of the topographical highs, as illustrated in Figure 3.2. The combined thickness of the sedimentary units 

varies between 0 to 60 m (Figure 3.3), with thicker portions located North of Lake Muir and subordinate 

pockets in the northern portions of the catchment. 

The weathered basement covers the majority of the catchment, with exceptions of areas where the 

sedimentary aquifers are in direct contact with fresh basement. While the conductivities from the 

weathered basement are expected to be lower than those from the sedimentary units, the thicknesses of 

this unit are considerable, varying between 0 up to 70 m in areas of higher topography.  



 

70 
 

Despite the flat geomorphology of the MUNDRC, groundwater levels present a remarkable correlation 

with topography on a regional scale, as the gentle slopes and absence of major discharge zones 

contribute to development of very shallow water tables with an average depth of 3 metres. Nevertheless, 

flows within the catchment are influenced by the geometry of the different aquifer units. This is 

particularly noticeable in the northern portions of the MUNDRC, where the channel-shaped sedimentary 

aquifers are considerably more permeable than the weathered basement. 

 

Table 3-2 - Summary of hydrogeological units in the MUNDRC. 

Unit Coverage 
area (km2) 

Average 
thickness 
(m) 

Total 
Volume 
(GL) 

Estimated 
Specific 
Yield (%)(1) 

Hydraulic 
Conductivity 
(m/d) 

Estimated 
Pore 
Volume 
(GL) 

Quaternary 
Sediments 

257.3 7.9 2033.0 9.7 3.0(1) 197.2 

Pallinup 
Formation 

66.7 5.4 358.7 6.7 0.1 – 1.0(2,3) 24.0 

Werillup 
Formation 

271.8 18.3 4963.9 9.5 6.0 - 10.0(2,3) 471.6 

Weathered 
Basement 

583.9 25.6 14930.0 13.0 0.6(2) 1940.9 

(1) Estimates based on lithological descriptions from borehole logs, (2) Smith (2010), (3) Reynolds and 

Marimuthu (2007). 

 

 

Figure 3.2 - Schematic diagram of MUNDRC hydrogeological units. 
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Figure 3.3 - Interpreted isopachs for the different hydrogeological units. 
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3.3.2 Surface-groundwater interactions 

The interactions and exchanges between lakes and surrounding aquifers in low-relief catchments are 

expected to be highly dynamic despite the absence of steep topographical gradients to drive water flows. 

Large ratios between interface areas and volumes and large variations in lake area due to change in lake 

levels, in conjunction to different time scales and rainfall responses of lakes and “higher-memory” 

aquifers make exchanges between these compartments highly variable. 

This can be observed in Lake Muir, where a lake level change from 171.3 to 171.5 mAHD result in an 

increase in lake area by a factor of 3 (from 10 to 30 Km2, as illustrated in Figure 3.4). Lake Muir is the 

largest surface water body in the catchment and is located in the lowermost area, conditions that make it 

the largest outflow zone in the study area. 

A large number of smaller surface water compartments surrounds Lake Muir on east and northeast 

portions, most notably Byenup and Tordit-Gurrup lagoons. While the surface connectivity of these water 

bodies is restricted by lack of overland flows, all these surface water features become connected through 

the shallow groundwater tables, particularly in wet seasons during which these smaller lagoons and 

swamps become flow-through systems where groundwater from eastern boundaries flow through them 

and are discharged along the western portions towards Lake Muir. These compartments become 

disconnected during dry seasons or periods of long rainfall deficit, when groundwater levels drop below 

their base elevation and promote their drainage until they become dry (Figure 3.5). 

The exchanges between the smaller surface water bodies and surrounding aquifers have also and 

influence on groundwater level signatures and responses to rainfall events and net recharge. Cluster 

analysis presented in Chapter 4 on calibrated groundwater level hindcasts identified a cluster composed 

by boreholes located in the vicinity of Byenup and Tordit-Gurrup Lagoons. This cluster is characterised by 

large drawdown hindcasts from 1970 to 1988, followed by stabilisation, and low negative net recharge 

estimates (compared to the remaining clusters) for the period from 1970-2010, suggesting that these 

surface water bodies may be buffering effects from rainfall decline and/or inhibiting the occurrence of 

evapotranspiration (by absence of vegetation) in these areas. 

In terms of spatial distribution, discharge rates within the surface water compartments are expected to 

be dependent on the distribution of the different aquifers, with main discharge areas occurring where 

the surface water bodies overly the sedimentary units (as opposed to lower permeability weathered 

basement). 
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Figure 3.4 - Lake Muir extent at 171.3 mAHD and 171.5 mAHD (left), and stage curves for Lake Muir (right). 

 

 

Figure 3.5 - Schematic representation of Lake Muir showing the connectivity between surface and groundwater 

compartments during wet season (a) and dry season (b), with vertical exaggeration for illustration purposes. 

Lake level at
171.3 mAHD

Lake level at
171.5 mAHD

Lake Muir

Upstream lakes/swamps

Groundwater
table(a) – Wet season / recharge surplus periods

(b) – Dry season / recharge deficit periods

Sedimentary aquifers

Weathered basement

Saturated zone

Groundwater flowpaths
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3.3.3 Climate and seasonality 

In areas where groundwater recharge is composed predominantly by rainfall infiltration, changes in 

rainfall rates will directly affect net recharge and the catchment groundwater dynamics as a whole. In the 

case of terminal catchments, such as the MUNDRC, effects from rainfall seasonality are particularly 

pronounced given that 1 – Absence of groundwater inflows from adjacent areas (since it is a closed 

basin), 2 – The low declivities and relatively high permeabilities favours infiltration processes as opposed 

to overland flow and 3 – The shallow groundwater tables present a rapid response to rainfall events.  

The Australian Bureau of Meteorology (BoM) classifies the study area as temperate with distinctly dry 

and warm summers, using a modified Koeppen classification system. Studies on the MUNDRC emphasize 

the characteristic warm dry summers and cool wet winters (Smith, 2010; Smith, 2003; Pen, 1997).  

Mean annual rainfall grids for the period from 1981-2010 developed by the BoM 

(http://www.bom.gov.au/jsp/ncc/climate_averages/rainfall/index.jsp) show rainfall ranges from 700 to 

900 mm within the catchment, decreasing inlands towards the northeast. Mean potential evaporation 

ranges from 1320 to 1420, with increasing gradients towards east-northeast, based on average annual 

pan evaporation grids (http://www.bom.gov.au/jsp/ncc/climate_averages/evaporation/index.jsp). 

The analysis of monthly rainfall rates clearly shows the seasonality in the study area (station 9506, 

nearest BoM weather station to the study area) and southwestern Australia as whole (Figure 3.6). The 

wet season occurs during the period between May and September when monthly average rainfall ranges 

from 80 to 120 mm. Rainfall rates decline significantly during the dry season (October to April) with 

monthly rates usually below 60 mm.  

Comparing potential evaporation rates to rainfall shows that the annual net balance is always in deficit 

for lakes and wetlands, which enhances the Lake Muir and adjacent surface water body’s ability to 

remove water from the catchment. Comparison of monthly average rainfall and evaporation rates (not 

shown) show that, during the wet season, the rainfall flux surpasses the potential evaporation flux, with a 

positive balance of rainwater that replenishes the lakes, wetlands and aquifers through rainfall recharge. 

During the dry season, however, evapotranspiration rates become larger than rainfall, generating a water 

deficit across the entire catchment.  

The inspection of historical groundwater level records from the Western Australia Department of Parks 

and Wildlife (DPaW) presented by Smith (2010), show that rainfall dry-wet cycles are observed in the vast 

majority of groundwater monitoring boreholes and are, to different degrees, ubiquitous within the study 

area. Groundwater level changes up to 3 metres between dry and wet cycles have been observed in 

historic measurements, and groundwater level response to rainfall events is almost immediate, as 

illustrated in Figure 3.7. 
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Figure 3.6 - Average monthly rainfall for station 9506 (a) and southwestern Australia (b). 
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Figure 3.7 - Interpreted average groundwater level contours and historical groundwater levels at selected locations. 
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3.3.4 Groundwater and dryland salinity 

The existence of dryland salinity in the MUNDRC has long been recognized, and the catchment was one 

of the first identified by the Salinity Action Plan released by the Government of Western Australia (1996). 

High salinity values have been observed in the main lakes and wetlands within the catchment since the 

early 1980’s, and first observations of saline groundwater date back in 2004. 

Previous studies on dryland salinity on Western Australia have attributed the existence of elevated 

salinity levels in groundwater and the lakes to land clearing and increased recharge (secondary 

salinisation). While these processes may have facilitated the mobilisation of salts in the unsaturated zone 

to groundwater, it is unlikely that they have induced significant changes in the total amount of salt in the 

MUNDRC. As the majority of water outflows in the catchment are related to evaporation in the surface 

water bodies and evapotranspiration in vegetated areas, it expected that salinity in the catchment 

accumulates over geological time. Sources of salinity in the MUNDRC are related to inflow from rainfall 

water and, to a much lesser extent, weathering of the different geological units in the area. Subtle 

changes in groundwater levels and surface drainage, however, can impact upon the local manifestation 

of salinity impacted areas (Callow et al., 2020).  

The existence of density-driven groundwater flows related to salinity in endorheic basins has long been 

identified in literature (Fan et al., 1997) and the high salinity ranges (100-90,000 mg/L) observed in the 

groundwater across MUNDRC indicates the potential for density-driven flows to occur. Effects from 

density-driven flows based on available data could range from negligible to fully-developed convection 

cells (Figure 3.8), but cannot be clearly determined given the large distances between monitoring 

boreholes (both vertically and horizontally). Since salinity gradients are relatively smooth (i.e., no sharp 

salinity contrasts have been identified), it is unlikely that convective flow due to density occurs in the 

area, but rather reduced outflows into Lake Muir, as the density effects increase the environmental 

heads at the discharge areas, therefore reducing head gradients. 
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Figure 3.8 - Conceptual groundwater discharge patterns into Lake Muir: (a) without density-driven flows, and (b) with 

density-driven flows. 

 

3.3.5 Long-term rainfall decline and associated impacts 

Long-term rainfall records for the catchment and southwestern Australia show a systematic decrease in 

rainfall rates over the past decades, particularly during the wet seasons. Hope and Foster (2005) analysed 

winter rainfall rates in Western Australia for the period of 1925-2005 and identified an abrupt change in 

rainfall rates since the 1970’s. Analyses of streamflow data in southwestern Australia undertaken by 

Zhang et al. (2016) identified a step change in streamflow reduction in 1975, likely related to rainfall 

reductions in the same period. 

A comparison between monthly rainfall rates pre- and post-1970 is presented in Figure 3.6. The figure 

shows that monthly rates for the period 1970 to present are lower, particularly during the wet season, 

when lakes and aquifers are most replenished. Long-term declining trends can also be observed when 

applying a 10-year moving average to annual rainfall records, as illustrated in Figure 3.9. 

The assessment of cumulative rainfall reductions in the MUNDRC have been conducted utilising the 

Accumulation Monthly Residual Rainfall (Ferdowsian et al., 2001), also displayed in Figure 3.9. The 

method consists of subtracting the monthly rainfall from the respective monthly average and 

accumulating the difference over the entire record length. Accumulated Residual Rainfall plots have been 

derived from the BoM weather station 9506 (closest to the area) and from spatially averaged series for 

southwest Australia, using rainfall averages from 1900-1970. It can be noted that cumulative departure 

for the period of 1900 to 1970 is relatively small (less than 1300 mm), which suggests that rainfall rates 

are consistent over that period. From 1970 to present, it is observed a sharp negative departure, with a 
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total deficit of 5500 mm over 46 years. This reduction may have a considerable effect in the catchment, 

particularly in the lakes (discussed further in the following sections). 

 

Figure 3.9 - (a) Yearly rainfall time series and 10-year moving average for station 9506, (b) Yearly rainfall time series and 

10-year moving average for station average southwestern Australia and (c) Cumulative Rainfall Departure from the pre-

1970 average for station 9506 and southwestern Australia. 

 

Flow-related impacts 

Long-term reduction in rainfall rates in areas where rainfall constitutes the dominant source of 

groundwater recharge are expected to promote widespread drawdown. Groundwater level impacts 

associated with decline is also expected to propagate to surface water compartments through reduction 

of groundwater discharge rates. The magnitude of lake level impacts due to reduction in groundwater 

discharge is dependent on the relative contributions of groundwater and rainfall to the lake. 

In the MUNDRC, despite the consistent decline of rainfall for a 50-year period, the identification of long-

term drawdown is very subtle and difficult to undertake and reasons for that may be associated to 

changes in local water balance outputs countering rainfall decline, the ability of the catchment to adapt 

to lower recharge regimes or limited data coverage (historical groundwater levels). 

During wet seasons and periods prior to 1970, thicker unsaturated zones along monadnocks and areas 

where the weathered basement outcrops allow for larger increases in groundwater levels, while in 
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peneplains the shallow groundwater levels are constrained by the topographical surface, from which 

evaporation (at near potential values) would remove excess water. Conversely in dry seasons and long 

recession periods, groundwater levels are likely to present higher drawdowns along the monadnocks, 

while groundwater level in the peneplains are expected to show smaller drawdowns due to buffering 

from upstream monadnocks and decrease in evaporation rates as groundwater table moves away from 

the ground surface (maintaining net recharge rates that are possibly not too different from wetter 

periods). 

Given that rainfall reductions in the catchment have been consistent over such a long period, the small 

and/or unclear drawdown signatures in historical levels could alternatively be explained by the fact that 

the catchment is heading towards a new equilibrium state, with small groundwater level changes over 

the past 10-15 years as the system has already “adapted” to the lower recharge regime. 

In terms of data coverage, most historical groundwater level data covers the period from 2000-2015, 

starting 30 years after beginning of rainfall decline and covering just over a third of the entire decline 

period (1970-present). Under these circumstances, there is a need for the development of hindcasting 

methods to provide groundwater levels beyond the period where historical records are available and 

prior to rainfall decline, so that 1 – subtle drawdown trends become more apparent over larger periods 

and 2 – seasonal and short term (i.e., less than 5 years) rainfall increases (such as year 1988) can be 

“isolated” from long-term trends.  

 

Acidification 

The reduction of groundwater levels and surface water inundation patterns in swamps and other 

groundwater compartments may lead to the oxidation of previously anoxic sulphur-rich sediments and 

subsequent potential for acidification. The acidification of surface and groundwater resources due to the 

presence of Acid Sulphate Soils (ASS) is widespread in Western Australia and have been subject of a 

number of studies (Fitzpatrick and Shand, 2008; Prakongkep et al., 2012; Clohessy et al., 2013; Lillicrap et 

al., 2014). The recognition of ASS materials in the Muir-Unicup wetland complex has been initially 

demonstrated by Smith (2003) and Smith et al. (2004) and have a direct impact on the local wetland 

water quality and vegetation health (Figure 3.10). 

While the geochemical characterisation of MUNDRC is limited to a small number of soil samples (Smith, 

2010), coarse hand calculations are useful to illustrate the potential for acidification in the catchment. 

Assuming a 3 m average drawdown in the catchment (estimated in chapters 4 and 5), an average 

sulphide content of 72.88 mg Fe2S/kg (Smith, 2010) and a sediment bulk density of 1,600 kg/m3, 

groundwater level decline would expose a total of 2.28 x 108 tons of pyrite to atmospheric oxygen. 
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Figure 3.10 - Impact of acidification on local vegetation, note the strong iron staining at the base. 

3.4 Quantification of surface-groundwater interactions and impacts associated 
to rainfall decline 

The findings from data review, analysis and conceptualisation served as the basis from which a numerical 

framework was built. While the numerical framework was originally planned to address impacts on 

groundwater salinity and acidification, the final form has focused on flow-related impacts due to data 

coverage and computing requirements. For instance, the simulation of salinity in the model framework 

would require detailed conceptual models of aquifer and lake geochemistry, particularly in terms of 

sources, sinks and amount of salt within the unsaturated zone. The establishment of conceptual 

geochemistry model was highly restricted given that only a single sampling round was available during 

the development of the numerical framework. In terms of computing requirements, the simulation of 

geochemistry evolution and accumulation of salts due to evapoconcentration over geological time would 

require simulation periods in the order of thousands of years, possibly longer. The simulation of 

acidification processes would suffer similar limitations, as the characterisation of the acidification 

mechanisms to a level that would enable its incorporation in the numerical framework would require not 

only a detailed knowledge of surface-groundwater flow dynamics, but also knowledge about soil, lake 

and groundwater chemistry, particularly regarding the distribution of sulphide minerals and potential 

buffers such as carbonates (e.g., Hipsey et al., 2014). 

The numerical framework introduced here, therefore, aimed to quantify potential environmental flow-

related impacts related to rainfall decline, as conjectured in the conceptualisation. This will provide a tool 

where fluxes and water balances from Lake Muir and surrounding aquifer could be estimated and use to 

refine the understanding of this catchment but also endorheic basins generally. 

Models are important in understanding how complex catchment systems are responding to uncertain 

changes (Thompson et al., 2015). For integrated surface-groundwater systems in particular, Bronstert et 
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al., (2005) suggest that coupled modelling frameworks are most useful for 1 – studies where the 

measurement of boundaries between compartments is not feasible, 2 – when observation of two or 

more variables (in this case, groundwater and lake levels) cannot be simulated simultaneously unless the 

coupling processes are implemented, 3 – cases when vulnerability and/or impact assessments are 

undertaken for the whole system, and 4 – when the science that is being addressed is beyond the normal 

range of activity of specialists in individual coupled processes. 

The complex surface and groundwater interactions in the MUNDRC fits the situations mentioned above, 

and a numerical framework is required to resolve the feedbacks within the entire hydrological system 

(surface and groundwater) in order to quantify the propagation of impacts. To do that, both surface and 

groundwater compartments need to be simulated simultaneously so that dynamic exchanges between 

them are estimated. 

 

3.4.1 Numerical framework & model setup 

The numerical framework presented in this study has focused on providing estimates of different impact 

metrics relevant to rainfall decline, namely long-term drawdown and storage losses in the aquifers, and 

changes in major catchment fluxes such as net groundwater recharge and exchange rates between Lake 

Muir and the surrounding aquifers. To accomplish that, it was designed to encapsulate the main drivers 

of catchment dynamics: 1- Geomorphology of the catchment and low-energy settings of low-relief areas; 

2 – Spatial geometries of the different hydrogeological units and their connections to Lake Muir and 

other lesser surface water compartments; 3 – Process-based representation of groundwater net recharge 

considering seasonal behaviour of rainfall and evapotranspiration; and 4 – Dynamic geometry of surface 

water compartments, interface area and exchange with surrounding aquifers. 

 

Hydrogeological units and geomorphology 

The representation of the catchment geomorphology and geometry of the different hydrogeological units 

required the use of a groundwater flow model engine, where the different units could be discretised in 

three-dimensions, incorporating information from topography and aquifer distribution. While the flat 

hydraulic gradients would allow for the simulation of groundwater flows without incurring large model 

defects, the moderate complexity of the often-overlying aquifers required the use of a three-dimensional 

groundwater model code. FEFLOW (Diersch, 2014) has been chosen as the groundwater simulator. 

Reasons for the choice included the ability to introduce boundary constraints and recharge formulas 

(facilitating the implementation of process-based recharge and lake boundary conditions), adaptive time-

stepping (which allows for faster run times by adopting larger time steps in periods when changes in 

groundwater levels are relatively low), and FEFLOW’s application programming interface (API) that 

facilitated the development of the lake module and its coupling to the groundwater flow model. Lastly, 

FEFLOW also allows for the simulation of solute and heat transport as well as density-driven flows, 

enabling the numerical framework to be expanded to include these features as necessary. 

The model domain was discretised in the horizontal direction with a triangular mesh (Figure 3.11). The 

edges of the model domain were placed along watershed divides, acting implicitly as no-flow boundaries. 

Vertically, four stacked layers were built to discretise the space between the topographical surface 

(therefore incorporating the catchment’s geomorphology) and the base of the Weathered Basement, 

under the assumption that hydraulic conductivity of the fresh basement is low and, therefore, flows 

between the fresh basement and overlying units are negligible. 

Each of the four layers represent one of the hydrogeological units described in the conceptual model and 

extend over the entire horizontal domain. The layer thicknesses were defined based on interpolation of 
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borehole log data for the areas within the extent of the hydrogeological units. For the areas outside the 

aquifers’ extent, the numerical layers were assigned a nominal thickness of 0.1 m and assigned the 

parameter zone from the underlying layer, allowing the appropriate representation of aquifer geometry 

and pinch-out zones. 

 

Groundwater recharge 

The strong seasonality observed in both rainfall and evapotranspiration, and its pronounced effect on 

groundwater and lake levels, lead to the need for a process-based simulation of recharge. Classical 

modelling approaches where direct estimation of constant recharge rates is obtained through calibration 

are not appropriate in these settings since 1 – Transient and seasonal rainfall and evapotranspiration 

time series need to be accounted in the recharge estimates and 2 – Negative net recharges for periods 

where evapotranspiration exceeds rainfall are required. 

A new method based on water table fluctuations has been developed for hindcasting of groundwater 

levels and estimation of net groundwater recharge (Chapter 4). A modified version of the method was 

implemented in FEFLOW formulation of the recharge, according to the following equation: 

𝑛𝑒𝑡 𝑟𝑒𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑟𝑓𝑟𝑎𝑐 . 𝑅𝑎𝑖𝑛 − 𝑂𝑢𝑡 

Where 𝑅𝑎𝑖𝑛 consists of historical time series for rainfall, 𝑟𝑓𝑟𝑎𝑐 is a direct multiplier on the rainfall inputs 

and 𝑂𝑢𝑡 is a constant outflow term. Both can be adjusted through calibration. An additional time-lag 

term can be introduced to simulate the delay-time between rainfall event and effective groundwater 

recharge by shifting the rainfall time series. This was not adopted in the MUNDRC model since response 

to recharge is almost immediate. While this approach is quite simplistic, it was deemed to be sufficient to 

provide reasonable recharge estimates and the seasonality required to represent recharge changes over 

wet-dry cycles. 

For the study area, the numerical framework utilised the rainfall time series from the Australian Bureau 

were available for the weather station 9506 (Bangalup), located at the geographical coordinates 34.4678S 

and 116.9169E, approximately 15 km from the study area.  
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Figure 3.11 - Groundwater model discretisation and distribution of parameter zones. 

 

Lake modelling and surface-groundwater coupling 

As highlighted in the conceptual description, explicit modelling of the lake levels and coupling with the 

groundwater model is required to accommodate the dynamic lake geometry (and its representation in 

the groundwater model with appropriate boundary conditions) and allow the inclusion of lake level data 

in the calibration dataset (in conjunction with historic groundwater levels). 

A lake model was therefore developed as part of the numerical framework and coupled with 

groundwater flow model using FEFLOW’s API. The lake model solves the lake water balance (as well as 

solute and heat, as required but not currently implemented) utilising exchange rates provided by FEFLOW 

and update the groundwater model boundary conditions to reflect the simulated lake states. The mass 

balance equation used by the lake model is summarised as: 

𝑉𝑡 =  𝑉𝑡−1 + ∆𝑡 . { (𝑅 − 𝐸). 𝐿𝑎 + 𝐺𝑊𝑖𝑛 − 𝐺𝑊𝑜𝑢𝑡 + 𝑄} 

where descriptions for the parameters used in the equation are presented in Table 3-3. 
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Table 3-3 - Parameters from lake model water balance equation. 

Parameter Description Unit 

𝑽𝒕 Lake volume at current time step m3 

𝑽𝒕−𝟏 Lake volume from previous time step m3 

∆𝒕 Time step length Days 

𝑹 Rainfall rate m/d 

𝑬 Evaporation rate m/d 

𝑳𝒂 Lake area m2 

𝑮𝑾𝒊𝒏 Groundwater inflow rate m3/d 

𝑮𝑾𝒐𝒖𝒕 Groundwater outflow rate m3/d 

𝑸 Additional sinks/sources m3/d 

 

For the lake simulation, rainfall rate inputs are derived from the same rainfall time series used in the 

recharge formulation, while evaporation rates were derived from the MODIS 16 dataset (Mu et al., 2007). 

Additional constant multipliers were used in both inputs to allow for calibration and to compensate for 

the lack of meteorological inputs at the exact lake location. The 𝑄 term in the previous equation was not 

used in the modelling exercise but was implemented so that additional sources or sinks such as 

groundwater abstraction or runoff can be added in the lake calculations. 

Conversion from lake volumes to the equivalent lake level are undertaken with the use of stage curves 

stored in FEFLOW as power functions (which is the FEFLOW terminology for time series or any two-

dimensional curves and functions). Once the lake level is calculated, the lake model updates the lake 

boundary conditions as described below.  

The assignment of boundary conditions is applied differently for dry lake areas (i.e., areas where the lake 

bed is exposed) and wet lake areas (areas where the lake bed is submersed). For the dry-lake areas, 

rainfall water infiltration is represented using prescribed flow (recharge) boundaries. In cases where the 

groundwater level is higher than the dry lake bed, this water (here defined as lake runoff) is removed 

from the aquifer and added to the lake. This is done by assigning seepage face boundaries, which are 

constant heads equating to the elevation of the lake bed, accompanied by constraints that only allow 

water out of the groundwater domain (therefore avoiding unrealistic infiltration). For the wet-lake areas, 

recharge boundaries are set to zero and constant heads equating to the lake level are applied, as 

illustrated in Figure 3.12. 

The coupling approach used in the developed framework can be defined as sequential non-iterative 

coupling, according to the classification presented by Spadounaki (2009). This approach involves the 

solution of groundwater and lake equations in succession and updating of boundary conditions (exchange 

rates for the lake model and lake levels for the groundwater model). This approach could also be 

classified as dynamically linked, according to a similar classification is presented by Barnet et al. (2012). 

Data exchanges between the groundwater and lake models consists of exchange rates (from the 

groundwater model to the lake model) and lake levels (from the lake model to the groundwater model), 

allowing feedbacks to be resolved. 

Groundwater model run times can increase significantly in situations where large number of time steps 

are required. In the framework developed in this paper, this would be the case if the groundwater model 

steps were required to match the daily/sub-daily time steps from the lake model. In periods where lake 

levels do not vary substantially (and changes in exchange rates are therefore negligible), data exchanges 

between the groundwater model and lake model may not be required on every time step. In these 

situations, a flexible coupling is more efficient, by minimizing the number of time steps required. 

The flexible coupling has been implemented in the numerical framework, whereby the data exchange 

between the lake and groundwater models only after thresholds related to changes in lake level or 
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simulated period since the last update been reached. For the study area, data exchanges were performed 

when changes in lake levels were larger than 0.1 m or the simulated periods over 30 days. With this 

approach, the groundwater model was able to run time steps of up to 31 days, while the lake model time 

steps were kept to a daily frequency. 

 

Figure 3.12 - Example of groundwater boundary adjustments to changes in lake level and geometry from dry season (a) to 

wet season(b), using a synthetic model domain and lake bathymetry. 

 

The remaining boundary conditions not associated with Lake Muir and groundwater recharge were 

basically drainage lines and smaller lakes in the catchments. Those features were assigned using seepage 

face boundaries, which consists of constant heads equating to the topographical elevation and an 

additional constraint that prevent the boundaries from putting water into the model, under the 

assumption that they only act as outflow zones. 

 

Simulation period, model calibration and initial conditions 

The definition of initial conditions for the numerical framework consisted in defining groundwater levels 

for the entire model domain and Lake Muir. Initial groundwater levels were based in preliminary steady-

state runs, while the initial level for Lake Muir was assigned at 172.3 mAHD. 

(a) Dry season
(lake level at 171.4 mAHD)

(b) Wet season
(lake level at 171.8 mAHD)

Dry lake
(Recharge boundaries + 
seepage face boundaries)

Wet lake
(Lake level constant 
heads + zero recharge)

Quaternary sediments

Tertiary alluvium sediments

Weathered crystalline basement
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To simulate the impacts caused by the rainfall decline, the simulated period had to be extended back to 

1970, prior to the rainfall decline, so that impacts associated with the decline could be simulated in its 

entirety. A further 10-year “spin-up” was added to the simulated period so that model sensitivity to initial 

lake conditions could be minimised. Therefore, in total a 58-year simulation was undertaken from 1960 

to 2018. 

The model was calibrated using historical groundwater and lake level measurements from the area. The 

majority of this dataset is concentrated in the last 20 years of the simulated period and no measurement 

prior to the rainfall decline was available. Hindcast estimates for 1970’s groundwater levels presented in 

Chapter 4 were also incorporated into the calibration process. 

The parameterisation of the model used piece-wise constant zones where hydrogeological properties 

were assumed to be homogeneous within each of the hydrogeological units. Each hydrogeological zone 

had four parameters for calibration, namely horizontal hydraulic conductivity (Kh), vertical anisotropy 

(Kh/Kv), specific yield (Sy) and specific storage (Ss). Recharge was parameterised with 2 main zones, the 

first to areas where the sedimentary aquifers outcrop, and the second for the remaining areas. The 

recharge parameters used in the calibration were the rainfall fraction and constant outflow term. 

Parameters for the lake calibration consisted of initial lake level, and constant multipliers on rainfall and 

evaporation inputs. Given the 10-year “spin-up” period introduced in the beginning of the simulation, 

initial lake levels have negligible effects on the calibration and other model results. 

The calibration was undertaken thorough parameter optimisation using the PEST suite (Doherty, 2015). 

Initial parameter values were defined based on lithological characteristics of the different aquifers, and 

recharge estimates presented in Chapter 4. The model was calibrated against historical groundwater and 

lake levels, as well as additional derived metrics described in Chapter 5, including groundwater level 

estimates for 1970, horizontal groundwater level differences at selected time snapshots and seasonal 

groundwater level differences based on hydrograph peak detection.  

Figure 3.13 displays statistical calibration plots for the different metrics and Figure 3.14 shows calibrated 

model hydrographs against observed data at selected locations. Table 3-4 summarises the parameter 

values obtained through calibration. Overall, the match between simulated results and corresponding 

measurements is good at a regional scale, and main features related to wet-dry cycles observed in 

historical records have been reasonably replicated in the simulated hydrographs. Exceptions arise with 

boreholes near surface water bodies that have not been explicitly simulated (i.e., were represented using 

constant boundaries through the entire simulation) such as in boreholes MU52A and MU68S. 

The use of piecewise-constant parameter zones has obtained reasonable average values for the 

hydrogeological parameters. As such, it is expected that simulated results will overpredict groundwater 

levels in some locations and under predict in other. It is expected that calibration at a local scale would 

be better resolved using highly-parameterised parameter inversion and allowing heterogeneity within 

each of the hydrogeological units. 

  




