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ABSTRACT 

In Australia, salinity is considered a major land management challenge that affects the ongoing 

viability of agricultural production and ecosystem function. Biophysical classification, following the 

Hydrogeological Landscapes (HGL) framework, has been used by NSW Government agencies to 

identify and manage areas with associated patterns of salinity expression and recognised salinity 

hazard. At Boro, near Braidwood in south eastern NSW, Australia, this classification identified a 

weathered felsic volcanic HGL with moderate land salinity, moderate salt load and high stream 

salinity (electrical conductivity). Historic landscape characterisation at this site described localised 

salinity, based on preliminary observations of the rock, weathered rock and soil (regolith) materials. 

However, it could not explain why the salt expression, particularly during wetter periods, was more 

extensive than predicted. 

 

The transdisciplinary nature of salinity investigation is emphasised in this work. The research is 

therefore structured in 5 parts that cover: the background and general principles related to salinity; 

physico-chemical profiling of the regolith; evaluation of solutes and fluid movement in the landscape; 

evaluation of salt storage potential; and quantification of the model for salt storage. The study 

incorporates the use of geophysical, mineralogical, geochemical and water chemistry data to 

understand salinity and land degradation issues. X-Ray micro-computed tomography (XRT) was used 

with a tracer, to determine the porosity and permeability of fresh and weathered rock samples. This 

was used to evaluate the role of matrix diffusion in flux models for the storage and mobilisation of 

salts.  

 

Fluid movement and solute transport in the landscape are critical factors in determining where and 

how salinity is expressed at both the regional and local scale. Investigating these factors in the HGL 

framework has enabled prediction of the storage and mobilisation of salts in the regolith. In many 

fields, particularly related to anthropogenic pollution, matrix diffusion is also considered a key 

process in fluid movement and solute transport. However, prior to this study it has not been 

considered or applied to understanding landscape salinity. The novel application and investigation 

of matrix diffusion in this detailed site study has revealed its importance and shown that regolith with 

higher matrix porosity has a greater capacity to store and release salts. This helps to explain the 

manifestation of salinity in the weathered felsic volcanic landscape at Boro. 
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Solute profiling identified Na+, Cl- and HCO3
- as the dominant solutes present in the regolith. These 

were present in higher concentrations below the break in slope and in open drainage depressions. 

Discharge sites were identified below the break in slope and evaporative concentration of salts was 

common in this part of the landscape. 

 

X-ray micro-computed tomography (XRT) enabled characterisation and analysis of the macro-

porosity and micro-porosity networks in weathered and fresh rock samples. The porosity in these 

samples was up to 19 times higher than previously understood from similar lithologies, and this had 

implications for salt storage potential. The tracer solution penetrated the rock matrix where there 

was no detectable permeability. This was a critical factor in indicating the potential for matrix 

diffusion in weathered and fresh rock samples. 

 

Evaluation of matrix diffusion using Fick’s first and second laws identified faster rates of diffusion in 

the samples with the highest porosity. Modelling indicated that rapid diffusion (40% change) took 

place over the shorter term (10 years), while almost complete diffusion (99% change) in the same 

samples took place over 40 thousand years. Evaluation indicates that short- and long-term climatic 

conditions and changes to the water balance in the landscape have potential to influence whether 

salts are in a storage or mobilisation phase. These findings have major implications for the 

understanding of salt flux in weathered felsic volcanic landscapes, as well as more broadly, in other 

lithologies with high matrix porosity. The HGL characterisation coupled with detailed biophysical 

analysis including XRT and modelling has allowed a more detailed understanding of the processes 

for salt storage, mobilisation and expression in the landscape. 

 

Salinity, sodicity and low pH, with potential Al toxicity, were identified as the key land management 

issues in the LFVN HGL. These issues are commonly present below the break in slope and in open 

drainage depressions. The presence of salts in the landscape reduces the erosion hazard presented 

by sodicity, by maintaining a cohesive soil structure. Leaching of salts in this landscape has potential 

to exacerbate erosion. The complex and interrelated nature of salinity, sodicity and low pH in the 

landscape means that remediation works require a combination of revegetation with extremely salt 

tolerant plants, soil engineering works and the use of ameliorants.   
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1 BACKGROUND 

Salinity has been identified as a major land management challenge for Australia, with predictions that 

by 2050, the affected area will be between 5.7 million and 17 million hectares (National Land and 

Water Resources Audit (NLWRA), 2001). The extensive and widespread nature of this issue has given 

rise to a range of research projects to better understand salinity in more detail. This work has 

included: studies in specific landscapes including lithological or locational settings; research on 

targeted models, such as rising groundwaters; characterising the origin and composition of salts; 

understanding change and response; and developing standard models for the classification and 

management of salinity (Ruprecht & Schofield, 1991; Coram et al., 2001; Lenahan, 2007; Wilford et 

al., 2010; Sweeney et al., 2016; Sweeney, 2016; Moore et al., 2019). Given the complexities involved 

with understanding and managing salinity, it is a topic that has bridged a range of disciplines including 

land, water and ecological sciences. 

 

Some classification processes provide a broad framework that reflect the transdisciplinary nature of 

salinity and use an integrated approach to assessing and understanding how it manifests in the 

landscape. One of these is the Hydrogeological Landscapes (HGL) model, a biophysical landscape 

classification framework. The HGL approach follows a systematic and comprehensive methodology 

to discern units where the physical and chemical processes in the landscape are similar. Once an 

HGL classification has been undertaken, this can be used to identify and design targeted research 

programs that focus on: specific landscapes; patterns of salt distribution (Jenkins et al., 2012); 

landscape and site scale processes (Wooldridge et al., 2015); and new applications of the 

methodology (Cowood, 2016; Cowood et al., 2017). 

 

Evidence suggests that the pattern of salt distribution in the landscape varies between different 

geological units because some lithologies partition and release salt more than others (Taylor, 1993). 

It is not fully understood why this is the case. One example of this is on weathered felsic volcanic 

landscapes in south-eastern Australia, where salinisation has been documented and discussed as a 

major land management challenge, for more than 30 years (Gunn, 1985; Bugden & Vasey, 1989). 

While the drivers for this are not clear, field observations (NSW Government, 2010a; Jenkins et al., 

2012; Wooldridge et al., 2015) indicated that landscapes with greater weathering intensity (Wilford, 

2012) appeared to have more extensive manifestation of salinity than landscapes on the same 
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protolith with lower weathering intensity (NSW Government, 2010a; Office of Environment and 

Heritage, 2009).  

 

Australian research has pointed to fluid movement and solute transport pathways as key drivers for 

the storage, mobilisation and expression of salinity in the landscape (Taylor, 1993; Lawrie et al., 2002, 

Wooldridge et al., 2015; NSW Government, 2010a; Jenkins et al., 2012; Moore et al., 2019). Why 

salinity appears to be more prevalent in landscapes with deeper regolith profiles has yet to be 

explored fully. When the international body of literature on solute transport in the weathered (vadose) 

zone is consulted, it indicates that the storage and mobilisation of solutes in the landscape is a 

complex issue, which is typically influenced by a range of parameters, including the degree to which 

the process of matrix diffusion takes place (Foster, 1975; Grisak & Pickens, 1981; Ohlsson & 

Neretnieks, 1995; Hoag & Price, 1997; Ohlsson, 2000; Winterle, 1998; National Research Council, 

2001; Mays, 2006; Cumbie & McKay, 1999; Jorgensen et al., 1998; Lenczewski et al., 2006; McKay et 

al., 1993a; McKay et al., 1993b). While research in the United States and Europe has identified matrix 

diffusion as an important driver for the storage, concentration and discharge of solutes in landscapes  

McKay et al., 1993a; McKay et al., 1993b; National Research Council, 2001), the primary focus of 

most of this work has been on the issues of nuclear waste disposal (Ohlsson & Neretnieks, 1995; 

Winterle, 1998) and leaching of chemical contaminants into the landscape and surface and 

groundwater systems (Jorgensen et al., 1998; Stafford et al., 1998; Lenczewski et al., 2006; Mays, 

2006). While there is some reference to matrix diffusion in the context of Australian salinity studies 

(Sweeney et al., 2016), it is a topic that has not been explored extensively.  

1.1.1 Context for this research 

In 2009, a biophysical classification using the HGL framework was undertaken at a 1:100,000 scale, 

for the greater Braidwood area (Figure 1), in south-eastern New South Wales (NSW), Australia (NSW 

Government, 2010a). This classification was completed as part of a broader program to support land 

management and particularly salinity management prioritisation in the region (Jenkins et al., 2012).  
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Figure 1: Extent of the Braidwood HGL Area (Wooldridge et al., 2015). 
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An evaluation of this work determined that the Long Flat Volcanics North HGL unit, distinguished by 

a weathered felsic volcanic protolith, had a salinity signature that was consistently high with land 

salinity present as numerous scalds, typically at the break in slope (<0.5 ha) and on alluvial plains (<2 

ha); salt load in streams in excess of 30,000 tonnes/year (Moore, personal communication, 2020); 

and stream electrical conductivity up to 4.8 dS/m (NSW Government, 2010a). A review of historic 

data from the area indicated that salinity has been documented as a key environmental issue for more 

than 30 years (Gunn, 1985; Bugden & Vasey, 1989). Salinity on this substrate was more prevalent in 

the north, where there was relatively deep (2-15m), weathered rock and soil (regolith) cover (NSW 

Government, 2010a).  

 

Matrix diffusion is internationally recognised as an important process in solute transport. This 

research identifies matrix diffusion as a process that influences the partitioning and mobilisation of 

salt in regolith materials in Australian landscapes. Salinity is a key environmental issue in Australia, 

and better understanding the processes of solute transport will inform tailored land use amelioration 

strategies and influence changes in land use practice. A detailed case study on a salt impacted HGL 

unit, the long flat Volcanics North HGL, located near Boro in the Braidwood area, south-eastern NSW 

examines the manifestation of salinity in a weathered felsic volcanic landscape and sets out to identify 

and understand the processes that drive solute transport in this landscape. This will enable 

development of a model for the storage and mobilisation of salts in weathered felsic volcanic 

landscapes of south-eastern NSW.  

1.1.2 Research questions 

While there have been significant advances in the mapping, classification and understanding of 

salinity in a general sense and in specific landscapes  (Coram, 1998; Lawrie et al., 2002; Dehaan & 

Taylor, 2006; Jenkins et al., 2012; Moore et al., 2019), there is not a clear explanation of why salinity 

is more prevalent in landscapes with deeper regolith profiles.  

 

The International literature suggests that matrix diffusion plays an important role in fluid movement 

and solute transport in the landscape, although this research has focused on land contamination 

modelling and management, with very limited discussion about this topic in the context of salinity.  
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This study takes the concept of matrix diffusion and applies it in a manner that is relevant to 

Australian landscapes, by establishing ‘the role of matrix diffusion in the storage and mobilisation of salts 

in weathered felsic volcanic landscapes.’ This is achieved through the following research questions: 

1. What are the key land management issues in the Long Flat Volcanics North Hydrogeological 

Landscape? 

2. Which parts of this landscape are most at risk from these issues? 

3. Where are the potential solutes distributed in the Long Flat Volcanics North Hydrogeological 

Landscape? 

4. How do the potential solutes influence surface and groundwater systems in the Long Flat 

Volcanics North Hydrogeological Landscape? 

5. What are the key processes for salt storage, mobilisation and expression in the Long Flat 

Volcanics North Hydrogeological Landscape? 

6. How does this inform the model for fluid movement and solute transport in weathered felsic 

volcanic landscapes? 

1.1.3 Research structure 

The findings from this research will be used to evaluate whether the existing understanding of matrix 

diffusion in the context of contaminant transport can also be applied to conceptual models for land 

salinisation. This research has been designed to incorporate a transdisciplinary and integrated 

approach to understanding the salinity signature of weathered felsic volcanic landscapes. It focuses 

on the processes that drive the storage and mobilisation of salts. The information is presented in five 

sections: 

1.1.3.1 Part 1 - Introduction 

This section provides background on the concepts that are relevant to all sections of this thesis and 

includes an overview of the study area and biophysical aspects of the field site, an outline of broader 

principles such as salinity, the HGL framework, regolith formation, water movement and solute 

transport through the landscape.  

1.1.3.2 Part 2 - Physico-chemical classification of the landscape 

This section provides an overview of the physico-chemical profiling and details the methods, results 

and key findings from the saline landscapes in the Boro study area. 
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1.1.3.3 Part 3 - Potential solutes and surface water chemistry 

This section provides an overview of the potential solutes in the landscape and the impact on surface 

water chemistry. It details the methods, results and key findings from the saline landscapes in the 

Boro study area. 

1.1.3.4 Part 4: Assessment of salt storage potential 

This section provides an overview of the assessment of salt storage potential in the Boro landscape. 

It details the methods, results and key findings from the assessment of regolith materials in the Boro 

study area. 

1.1.3.5 Part 5: Quantifying the model for salt storage 

This brings together the findings from Parts 2, 3 and 4 of the study in order to explain how each 

aspect influences salt partitioning and mobilisation in the Boro landscape. This information is then 

used to develop a conceptual model for salt storage, mobilisation and release in weathered felsic 

volcanic landscapes and present a consolidated set of conclusions which address the revised 

understanding of salinity in this context. 
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1.2 INTRODUCTION 

1.2.1 Overview 
This part of the thesis presents information that is relevant to all sections of the research. It 

incorporates background concepts on broader themes such as salinity and the HGL framework and 

presents information to outline how an understanding of regolith development, fluid movement and 

solute transport are relevant to salinity. The biophysical details for the field site combined with the 

rationale for site selection set the scene for the research questions that are addressed in later parts of 

the thesis.  

1.2.2 Setting 

1.2.2.1 Context for site selection 

A number of field areas were considered during the scoping for this study. Many of these had a range 

of ancillary factors that were difficult to constrain such as complex structural geology, complex 

geochemistry and internal lithological variation. These factors can make it difficult to draw 

comparisons in a landscape and between sites. For this reason, the study of a landscape with a 

relatively homogeneous geological substrate was selected to reduce the range of secondary 

complexities influencing land and water salinisation in the context of salinised land, salt load in 

waterways and stream electrical conductivity (EC).  

 

Recent case studies that have used the HGL classification process to describe salinisation in a variety 

of landscapes have suggested that the potential for weathered material to have dual porosity may be 

a factor in the storage and mobilisation of salts in the landscape (Sweeney et al., 2016).  To better 

understand the influence this process has on salinity, a site was chosen where the fresh rock typically 

had low internal porosity and permeability and any changes to this were likely as a result of the 

weathering process. In felsic volcanic landscapes, unweathered crystalline rocks, in particular lava 

flows and recrystallised pyroclastic flow deposits, have low primary porosity and joint controlled 

permeability (Klein & Johnson, 1983; Skagius & Neretnieks, 1985, 1986; Cook, 2003). In this setting 

the weathered material has the greatest potential to behave as a dual porosity media. 
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The Long Flat Volcanics North (LFVN) HGL was identified as the preferred unit for a detailed 

physico-chemical and hydrogeochemical study on the following basis: 

● Land and water salinisation are observed in this landscape; 

● The fresh rhyodacite substrate has limited internal variation so is likely to behave as a 

relatively homogeneous and isotropic medium; 

● The fresh rhyodacite substrate has low primary porosity and dominantly joint controlled 

permeability; 

● Fresh rock is locally present in a cutting exposed during explosive excavation for road 

construction; and 

● The rhyodacite substrate is relatively deeply weathered, with on average 3m (but locally up 

to 10 m) of weathered rock and soil present at the land surface. 

 

It was determined that LFVN HGL was the unit in the Braidwood 1:100,000 Sheet that best met the 

requirements of this project as it provided an ideal opportunity to constrain processes that related to 

salt storage, mobilisation and movement through the landscape.   

1.2.2.2 Location and physiography 

The study area is located in the Southern Tablelands in south eastern New South Wales, Australia 

(Figure 2). It is in the Boro catchment, located approximately 50 km east of the Australian Capital 

Territory. The field site incorporates an area of approximately 100 hectares, situated in the Upper 

Boro Catchment, approximately 10 km south of the town of Tarago and 40 km north-west of 

Braidwood. The Boro Catchment is one of the western tributaries of the Shoalhaven River and the 

confluence is approximately 4 km upstream of Stuarts Crossing. The landscape surrounding the study 

area consists of undulating low hills and rises, bounded to the west by orographic features associated 

with the Great Dividing Range. The catchment is bounded to the north and west by the Mulwaree 

River, and to the south by Reedy Creek, another tributary of the Shoalhaven River. The Boro Creek 

is a major feature in the Lower Boro landscape, and it flows in a south-easterly direction through the 

field site. The areas of the Boro Catchment, between the Goulburn-Braidwood Road and Mayfield 

Road encompass some of the most salt affected land in the Braidwood region. These areas have been 

the subject of both salinity research and management studies since the 1980’s (Gunn, 1985; Bugden 

& Vasey, 1989).  
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Figure 2: The Boro Study Area is located in south-eastern NSW, Australia, approximately 10 km south of Tarago. Locations of the Boro East and Boro West Transects are indicated in the more detailed insert. Boro 

South is the site of the road cutting with fresh rock (Department of Finance, Services and Innovation, 2017; Google Maps, 2020).
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The drainage lines in the study area are typically well incised, with alluvial sediments confined to 

isolated areas along the Boro Creek. The crests and upper slopes of hills in the field area are 

dominated by outcropping felsic volcanic rocks (Figure 3). The lower slopes consist of open drainage 

depressions, with indistinct flow lines. The gradient of the slopes in the field site is typically between 

5 and 15 degrees (Gunn et al., 1969; NSW Government, 2010a). 

 
Figure 3: Boro South is located at the road cutting to the west of the intersection of Manar Creek and the Kings Highway, looking 

north towards an outcrop of the Long Flat Volcanics. Photo taken 19 August 2008. 

1.2.2.3 Climate 

The closest weather station to the study area with comprehensive data is at Braidwood. Long-term 

averages from this station indicate a summer dominant rainfall pattern (Bureau of Meteorology 

(BOM), 2019) and wind data indicates that westerly and north-north-westerly winds dominate for the 

months of April through to November and north-easterly and east-south-easterly winds dominate 

from December to March (Windfinder, 2019). Other climatic information indicates that the average 

potential evapotranspiration exceeds actual evapotranspiration (Bureau of Meteorology (BOM), 

2005).  
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Mean rainfall for Braidwood, based on all available data, is 715 mm and average annual rainfall ranges 

between 650 mm and 700 mm for the local region, with the highest mean monthly rainfall typically 

occurring over the summer period and the lowest mean monthly rainfall occurring between July and 

September (Gunn et al., 1969; Gunn, 1985). 

 

The relationship between salinity and precipitation has been discussed in a number of studies 

(Dimmock et al., 1974; Turner et al., 1987; Schofield & Ruprecht, 1989; Dawes et al., 2004; Sweeney 

et al., 2016; Moore et al., 2019). While there is general agreement that this relationship exists, different 

values are highlighted as the upper threshold for observable salinity in the landscape. Between 400 

mm/year and 900 mm/year average annual rainfall has been suggested as the range in which 

salinisation is more prevalent in the landscape (Dimmock et al., 1974; Schofield & Ruprecht, 1989).  

 

In south-eastern NSW, the main naturally-occurring climate drivers are the El Nino Southern 

Oscillation (ENSO), Indian Ocean Dipole (IOD) and Southern Annular Mode (SAM) (CSIRO, 2010; 

BOM, 2020). These drivers influence ocean temperatures and atmospheric conditions in the Pacific 

(ENSO), and Indian (IOD) oceans, as well as the position of the prevailing winds to the south of 

Australia (SAM) (Figure 4).  
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Figure 4: The main climatic drivers that influence conditions in south-eastern NSW are ENSO, IOD and SAM (BOM, 2020). 

As individual factors, each of these drivers can cause variations in rainfall patterns and temperatures 

in south eastern Australia, depending on whether they are in a positive, neutral or negative phase 

(Table 1).  

 

A positive ENSO occurs when stronger trade winds drive warming of waters in the Pacific Ocean, off 

the coast of northern Australia. This generates greater than normal convection off the north-eastern 

coast of Australia. In south-eastern NSW this results in higher than average rainfall and cooler than 

average temperatures. A negative ENSO occurs when weaker trade winds result in cooler than 

normal waters in the Pacific Ocean off the coast of northern Australia. Convection moves away from 

the Australian coast and closer to central and southern America, where the water is warmer than 

normal. Cycles for ENSO events are typically between 3 and 7 years (CSIRO, 2010, 2016; BOM, 2020; 

US Department of Commerce, 2020).  
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A positive IOD occurs when cool sea surface temperatures are present in the Indian Ocean, off the 

coast of north-western Australia and warmer sea surface temperatures occur along the east coast of 

Africa. This generates atmospheric convection in the zone associated with the warmer water, to the 

east of Africa. In south-eastern NSW, this typically results in lower than average rainfall and higher 

than average temperatures. A negative IOD occurs when warm sea surface temperatures are present 

in the Indian Ocean, off the coast of north-western Australia. This generates atmospheric convection 

in the zone associated with the warm water, off the north-western coast of Australia. In south-eastern 

NSW this typically results in higher than average rainfall and lower than average daytime maximum 

temperatures. Cycles for IOD events are commonly between 2 and 7 months (CSIRO, 2010, 2016; 

BOM, 2020). 

 

A positive SAM occurs when the mid to upper atmospheric westerly winds that move across Australia 

and are associated with cold fronts, shifts further south. This results in fewer cold fronts passing over 

the Australian continent and this has a different seasonal effect across south-eastern NSW. In summer 

this results in more rainfall and lower temperatures. In winter this results in less precipitation. A 

negative SAM occurs when the mid to upper atmospheric westerly winds that occur to the south of 

Australia shift further north. It pulls the cold fronts further north, over the Australian continent. This 

also has a different effect depending on the season. In summer there is likely to be less rainfall and 

higher temperatures. Cycles for SAM events are typically between 1 week and less than 1 year 

(CSIRO, 2010, 2016; BOM, 2020). 

 

When more than one of these drivers occur in conjunction with another, this can combine to 

strengthen the overall climatic effect. For example, the combination of a negative SAM in summer, 

with a negative ENSO may exacerbate the hotter and drier conditions that each driver causes in 

isolation (BOM, 2020). 

 

Analysis of climatic data dating since 1910 indicates that there has been an increase in both the sea 

surface and air temperatures in Australia. This is associated with an increase in atmospheric CO2 and 

is part of the broader global climate change trend (CSIRO, 2016; NSW Government, n.d.). In south-

eastern NSW, projections indicate that climate change is likely to result in a trend of increased 

temperatures and decreased rainfall, with more intense short duration rainfall events (Pearce et al., 

2007; CSIRO, 2016; Ji et al., 2016; Fita et al., 2017). 

 



17 
 

Table 1: Summary of the Effects of the Main Climatic Drivers for South-Eastern NSW. Adapted from: CSIRO (2010, 2016) and BOM 

(2020). 

Climatic 

Driver 

Effect of Positive 

Climatic Driver 

Effect of Neutral 

Climatic Driver 

Effect of Negative 

Climatic Driver 

ENSO ● Increased rainfall 

● Reduced 

temperatures 

● Increased likelihood 

of flooding 

Limited impact on the 

weather conditions in 

south-eastern NSW. 

● Reduced rainfall 

● Increased 

temperatures 

● Increased bushfire 

risk 

● More heatwaves 

IOD ● Reduced rainfall  

● Higher than average 

temperatures 

● Reduced snowfalls  

● Reduced duration of 

snow season 

● Greater risk of fire 

Limited impact on the 

weather conditions in 

south-eastern NSW. 

● Increase rainfall 

● Lower than average 

daytime temperatures 

● Greater likelihood of 

flooding 

SAM The summer effect is: 

● More rainfall  

● Reduced likelihood of 

heatwaves 

The winter effect of this 

is: 

● Less rainfall 

● Reduced snowfall 

across alpine areas 

Limited impact on the 

weather conditions in 

south-eastern NSW. 

The summer effect of this 

is: 

● Less rainfall  

● Greater likelihood of 

heatwaves 

The winter effect of this 

is: 

● More rainfall  

● Higher snowfall 

across alpine areas 
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1.2.2.4 Geology 

The study area is in the Lachlan Fold Belt (Lachlan Orogen) of south eastern NSW, Australia (Foster 

& Gray, 2000). This is a suite of Paleozoic rocks typically between 570 and 225 Million years in age 

(Schiebner, 1999), that has been subjected to three major deformation events (Branagan et al., 2000; 

O’Neill & Danis, 2013). The geological units of the Lachlan Fold Belt have a north-south trend, which 

is perpendicular to the direction of extension associated with regional deformation, during the 

Silurian to Mid-Devonian Periods.  

 

The Lachlan Fold Belt consists of a succession of marine sediments, volcanics and volcaniclastics, 

igneous suites, rift derived sediments and fluvial sediments. The study area is situated entirely in a 

cleaved and bedded felsic volcanic unit, known as the Long Flat Volcanics, formed during the Silurian 

period (Figure 5). This lithology consists of a porphyritic rhyolite to dacite ignimbrite, with minor 

quartzose and volcanic sandstones and siltstones (Geoscience Australia and Australian Stratigraphy 

Commission, 2017). Small areas of reefal limestones, below mapping resolution, are locally included 

in the felsic volcanics (Felton & Huleatt, 1975).
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Figure 5: The main geological unit in the field site is mostly comprised of recrystallised Silurian pyroclastic flow deposits of the Long Flat Volcanics (Felton & Huleatt, 1975). 
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The study area is located on the northern extension of the Long Flat Volcanics, which is typically 

overlain by regolith profiles up to 3m thick (NSW Government, 2010a). The Long Flat Volcanics are 

located in the Molong South Coast Anticlinorial Zone and this geological unit is bound to the west by 

the Shoalhaven Fault (Felton & Huleatt, 1975). There are minor quartzose, sand and gravel deposits 

associated with creeks to the north and west of the study area. 

1.2.2.5 Regolith 

While there is no regolith mapping product for the study area, information on the regolith materials 

is available from soil landscape maps, geology resources and HGL classification of the area. These 

resources indicate that regolith in the study area is typically up to 3m thick, but locally up to 10m 

thick. It is generally formed in situ (Figure 6), with the exception of minor alluvial deposits associated 

with the flood plains adjacent to Boro Creek (Felton & Huleatt, 1975; NSW Government, 2010a, 

2010b). 

 
Figure 6: A weathering profile in the Long Flat Volcanics, looking south east, from the Boro Road. Photo taken 19 August 2008. 
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1.2.2.6 Soils 

Soil Landscape mapping has been undertaken for the Braidwood 1:100,000 sheet (Jenkins, 1996), 

with Duckfield Hut and Sight Hill, the two soil landscape units mapped in the study area. Mapping 

for the site indicates that soils on the crests and upper slopes are typically shallow, Lithosols and 

Shallow Earths. The soils formed on well drained profiles on slopes are Red Podzolic Soils and the 

soils formed on poorly drained profiles on slopes are Yellow Podzolic Soils. The soils formed on lower 

slopes and along drainage depressions typically consist of Soloths, Solodic Soils and Solodised 

Solonetz (Jenkins, 1996).  

 

According to the national distribution map of the Australian Soil Classification Scheme (Isbell, 2016), 

soils in the study area typically consist of Tenosols. These soils are generally weakly developed and 

overly areas of partially weathered or unweathered rock. The soils have low fertility and their 

suitability for agriculture is limited to grazing on native pastures. 

1.2.2.7 Vegetation and land use 

The NSW Government has adopted the Keith Class system, which provides a consistent approach to 

the classification of vegetation across the state (Keith et al., 2006).  

 

The distribution of native vegetation across the Braidwood 1:100,000 map sheet is closely related to 

the underlying geology and local climatic conditions  (Gunn et al., 1969). According to Keith et al. 

(2006) the vegetation formation that occurs in the Boro area consists of Dry Sclerophyll Forest 

(shrubby sub formation) and the vegetation class consists of the Southern Tablelands Dry Sclerophyll 

Forest. 

 

The clearing of native vegetation in association with post-European settlement, resulted in the 

modification of vegetation communities across the Braidwood region. While vegetation formations 

on more fertile country with greater productivity potential are more likely to have been cleared, other 

clearing has also taken place in association with the development of smaller land holdings for lifestyle 

farming. The study area consists of a mix of smaller and larger land holdings, where in excess of 85% 

of the native overstory has been cleared, although regrowth is present in many parts of this landscape. 

The common overstorey species include Eucalyptus sieberi (silvertop ash), Allocasuarina littoralis 

(black she-oak), Acacia decurrens (green wattle), E. dives (broad-leaved peppermint), E. mannifera 
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(brittle gum), E. rossii (scribbly gum), and E. macrorhyncha (red stringybark). The understorey 

includes species such as Kunzea parvifolia (small-leaved kunzea), Hibbertia obtusifolia (guinea 

flower), Melichrus urceolatus (urn heath), Acacia genistifolia (spreading wattle), Leptospermum sp. 

(tea-tree), Aristida ramosa (wire grass), Themeda triandra (kangaroo grass)  and Danthonia pallida 

(wallaby grass) (NSW Government, 2010b).  

 

To the west of the study area, the native ground cover has been cleared and replaced with exotic 

pasture for agricultural production. In the east of the study area, native pasture is common throughout 

the field area, although drainage lines are dominated by Couch Grass, which is a salt tolerant plant 

species.  There are also a number of noxious weeds present in the region, although few have been 

found in the study area. A list of these can be found through local land management agencies (NSW 

Government, 2017). 

 

Land use across the study area is typically grazing on native pastures, although grazing on modified 

fodder pastures is common in the western part of the study area (NSW Government, 2017). 
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1.2.3 Salinity 

1.2.3.1 Overview of salinity 

Salinisation of soils and groundwater is a serious problem that compromises pasture and crop 

productivity worldwide, particularly in landscapes where evaporation exceeds precipitation for 

significant parts of the year (Flowers et al., 1977). Globally in the order of 5% of all arable land has 

reduced yield because of salinity (Lambers, 2003). In Australia in 2001, Coram et al., (2001) estimated 

that 2.5 million hectares were affected by dryland salinity, and this was likely to increase fourfold by 

2040. Commonly, land clearing, such as the removal of deep rooted vegetation and the replacement 

of endemic perennial vegetation with exotic pastures and annual crops, has disturbed the natural 

balance in hydrology and hydrogeology, and changed solute mobilisation patterns in agricultural 

landscapes (Lambers, 2003). There is no simple land and water stewardship response to this situation 

because salinity manifests differently in different landscapes. Instead, the challenge is to tailor 

solutions that ‘develop complexity and resilience in agricultural systems, while maintaining an acceptable 

level of production’ (Hobbs & Cramer, 2003). To do this, there needs to be an understanding of the 

processes that contribute to salinity so that agricultural practice and management actions are 

strategic and cost effective. 

On the Southern Tablelands, in southeast Australia, salt is naturally deposited with windblown dust 

(Cattle et al., 2005) and from oceanic mist (bulk deposition with rainfall), as well as in volumetrically 

small amounts from rock weathering (Gunn, 1985) and, rarely, as connate salts. The thickness, 

composition and sub-surface configuration of weathered rock and soil (regolith) largely controls the 

partitioning and storage of salt in the landscape. Hydrologic pathways for water, in the sub-surface, 

typically follow the land surface. The opportunities for interaction between solution and the solutes 

determine the likelihood for salt mobilisation. The fluid flow pathways determine whether the salts 

manifest at the land surface or are discharged into waterways (Lawrie et al., 2002). 

Early Australian research focused on the model of rising saline groundwater as a result of land 

clearing and an increase in the use of shallow perennial species in pasture and cropping systems 

(Peck & Williamson, 1987; Ruprecht & Schofield, 1989, 1991). However, in upland NSW catchments 

the variability in the expression of salinisation indicates that the landscape processes are more 

complex than this model suggests. Physical controls such as the presence of impermeable layers, 

changes in the hydraulic conductivity of materials, and the presence of local and regional structures 
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(e.g. faults) all impact on salinisation processes (NSW Government, 2010a). Salt distribution requires 

an understanding of a combination of factors including: the source of salt, the configuration of 

geological and regolith materials and their distribution across the landscape (the salt store), and 

surface and groundwater flow systems (the salt transfer mechanisms). Compilation of biophysical and 

hydrological parameters enables development of a whole-of-landscape conceptual model for the 

distribution and expression of salts (Jenkins et al., 2012). Use of these models enables evaluation of 

location specific parameters, for example: the composition and physical properties of regolith 

materials; the seasonality and magnitude of rainfall events; and impact of different land use practices. 

Regolith mineralogy and chemistry can determine the ability of rock fragments, partially weathered 

primary minerals, clays and sesquioxides to influence ionic exchange and the potential for weathering 

products to contribute salts. Land salinisation appears in areas of discharge and ponding and 

evaporative concentration of salts (Cartwright et al., 2017). In-stream salt load and electrical 

conductivity are affected by rainfall and the connectivity between salt stores and the stream system.  

The term salinity is used to describe both an accumulation of salts in the landscape and the 

concentration of salts in ground and surface water. The process of salinisation is something that can 

occur naturally or as a result of changes to the hydrological balance in a catchment. The drivers for 

this are commonly complex, with many interrelated aspects and different dependencies (Figure 7). 

They include: 

● Land use; 

● Climatic influence; 

● Salt sources; 

● Soil types; 

● Fluid flow pathways; 

● Surface and groundwater interactions; and 

● Water chemistry. 
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Figure 7: A conceptual model for some of the processes that can influence how and where salinity manifests (Fitzroy Partnership for River Health, n.d.). 
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1.2.3.2 Field indications of salinity 

While the field indicators of salinity can vary according to location, there are some common 

indications that salinity may be present in a landscape.  These include the presence of indicator plant 

species (e.g. couch, sea barley grass, common spike rush), discharge of saline water,  dieback of 

vegetation that is less salt tolerant,  yellowing of crops or pasture, yield reduction, stock congregating 

and licking an area of ground, areas of  bare ground, puffy soil and damage to infrastructure such as 

roads, house bricks and mortar (Matters & Bozon, 1989; Taylor, 1993; Department of Infrastructure, 

Planning and Natural Resources (DIPNR), 2005). It is common to see some of these indications of 

salinity at salt sites, although observations in some areas may be limited to one or two signs of salinity. 

In this situation the field indicators of salinity can be quite subtle and should be used in conjunction 

with a range of testing techniques to quantify the issue of salinisation in relation to benchmarks and 

thresholds.  

1.2.3.3 Units of measurement to express salinity 

Across Australia, salinity is measured and expressed in a range of different ways. This will vary 

depending on agency standards and whether the measurements relate to water or soils. In NSW, the 

Government land management agencies have adopted the standards set out in the Australian 

Laboratory Handbook of Soils and Water Chemical Methods (Rayment & Higgison, 1992). This uses 

deciSiemens per metre (dS/m) for the measurement of salinity in which salinity is indicated by the 

electrical conductance (Taylor, 1993). Other Commonwealth Government agencies express salinity 

using microSiemens per centimetre (µS/cm) and milligrams per litre (mg/L) (Murray Darling Basin 

Authority (MBDA), 2010), (Table 2). 

 

Measurement of soil and water salinity is undertaken using an electrical conductivity meter (EC 

meter) and both can be expressed as EC, following a conversion process for soils to standardise the 

EC measurements across different texture classes. This common approach for analysing and 

benchmarking soil salinity in Australia is the soil 1:5 extract method (Richards, 1954), which provides 

the basis for comparison with research conducted by NSW and Commonwealth agencies (Taylor, 

1993; NSW Department of Primary Industries (DPI), 2000; Hazelton & Murphy, 2009). Where there 

is a need to differentiate between results, these are expressed as soil salinity (ECe) for converted data, 

soil 1:5 (EC1:5) for unconverted data and water salinity (ECw), in accordance with NSW land 

management agency conventions (Taylor, 1993; Hazelton & Murphy, 2009).  
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Table 2: The most common units used to express salinity in Australia (Taylor, 1993; Australian and New Zealand Environment and 

Conservation Council, 2000; Murray Darling Basin Authority (MBDA), 2010; Department of Environment, Water and Natural 

Resources, 2015). 

 Electrical Conductivity (EC) expressed as: Total Dissolved Solids (TDS) expressed 

as: 

deciSiemen 

per metre 

(dS/m) 

milliSiemens 

per centimetre 

(mS/cm) 

microSiemens 

per centimetre 

(µS/cm) 

Parts Per Million 

(PPM) 

milligrams per litre 

(mg/L) 

Equivalent 

value 

1 1 1000 640* 640* 

*Typically varies between 530 and 900 depending on the type of salt and concentration. The commonly accepted average is 640 

(Rengasamy et al., 2010) 

 

Another unit of measurement that is commonly used by NSW land management agencies is salt load, 

which is expressed as a weight past a given location at a point in time, typically measured in tonnes 

per day (NSW Government, 2018).  

1.2.3.4 Thresholds for salinity 

Land and water salinity can have impacts on plants and animals, ranging from poor health following 

long-term exposure, through to death from exposure to toxic levels of salt. On this basis, there are 

two thresholds in relation to salt concentration. The first is the maximum recommended limit for 

maintaining good health and the second is the maximum limit before toxicity is reached (Table 3). 

 

It is important to note that salt toxicity can be achieved due to an accumulation of salts over time, 

which is relevant to the landscape, although it can occur in systems where salts are imported via flow 

and concentrated through evaporation, such as in some wetlands. Salt toxicity can also be achieved 

with a single event where aquatic or terrestrial animals are immersed in, or ingest, high EC water.  
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Table 3: The EC tolerance, thresholds and values for a range of plants and animals (Taylor, 1993; Australian and New Zealand 

Environment and Conservation Council, 2000; NHMRC & NRMMC, 2017). 

Environment, 

Consumer or 

application 

Approximate Tolerance Threshold or Value (ECw) 

Expressed as µS/cm Expressed as dS/m 

Slightly disturbed 

upland river ecosystems 

30 - 350 0.03 - 0.35 

Humans 900 0.9 

Poultry 2900 2.9 

Pigs/beef cattle 5900 5.9 

Sheep 7400 7.4 

Sea Water 55000 55 

 

A set of water salinity ratings were developed for the classification of saline waters  (Rhoades et al., 

1992). This was originally designed to provide guidance on the use of saline water for irrigation, 

although this classification scheme provides a framework for benchmarking saline water more 

broadly (Rhoades et al., 1992; Taylor, 1993; Hazelton & Murphy, 2009) (Table 4). 
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Table 4: A framework for the classification of saline waters (Rhoades et al., 1992). 

Water Class Range expressed 

as µS/cm 

Range expressed 

as dS/m 

Type of Water 

Non-saline <700 <0.7 Drinking and Irrigation Water 

Slightly saline 700 - 2000 0.7 - 2.0 Irrigation water 

Moderately 

Saline 

2000 - 10000 2 - 10 Primary drainage water and 

groundwater 

Highly saline 10000 - 25000 10 - 25 Secondary drainage water and 

groundwater 

Very highly 

saline 

25000 - 45000 25 - 45 Very saline groundwater 

Brine >45000 >45 Seawater 

 

Soil salinity is rated according to the ECe and classified from non-saline through to extremely saline. 

While the salinity threshold ratings have been developed in the context of agricultural production, 

these thresholds can be applied to the health and function of native and other plants, in salt affected 

landscapes (Table 5). 

 

Table 5: An outline of the salinity thresholds and ratings based on ECe (Richards, 1954). 

Rating ECe (dS/m) Effect 

Non-saline <2 Salinity effects are mostly negligible 

Slightly saline 2-4 Yields of sensitive crops may be affected  

Moderately saline 4-8 Yields of many crops affected 

Highly saline 8-16 Only tolerant crops yield satisfactorily 

Extremely saline >16 Only very tolerant crops yield satisfactorily 
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The solubility of different salts typically determines the level of toxicity for plants. This is because the 

more soluble a salt is, the more likely it is to be available for uptake by plants. On this basis, a salt risk 

assessment has been developed for different species of salts (Tenison et al., 2014) (Table 6).  

 

Table 6: Salinity impact and risk to soil and plants (Tenison et al., 2014). 

 

1.2.3.5 Land salinity 

Land or soil salinity is typically used to describe the presence of water soluble salts in the landscape 

(Hazelton & Murphy, 2009). This can include areas where salts are present at or near the land surface 

and those where salts are stored in other parts of the regolith (Moore et al., 2019). The storage and 

mobilisation of salts is influenced by climate and the physical and chemical properties of the regolith 

and fresh rock. The manifestation of land salinity will vary depending on how much salt is stored in 

a landscape, the fluid movement pathways including interconnectedness between surface and 

groundwater systems, the presence of surface discharge sites, structural features and regolith 

geochemistry, land use patterns and their impact on hydrology and climatic conditions including 

rainfall, evapotranspiration and seasonal variability. The extent of land salinity can be examined 

spatially (area of land affected by salinity) with salinity rating allocated according to soil ECe, typically 

conducted as part of soil profiling by examining the distribution of salts with depth, as well as in the 

context of time. Many models for the characterisation of salinity focus on one aspect of the issue, for 

example, soil profiling on its own typically focuses on land salinisation and does not consider how 

High Anions 
Medium 

Sodium(Na) Sodium Sodium Sodium Sodium 
Chloride Sulphate Bicarbonate Carbonate 
(NaCl) (Na2S04) (NaHC03) (Na2C03) 
Table salt Baking soda 

Magnesium (Mg) Mapsun Magnesium Magnesium Magnesium 
Chloride Sulphate Bicarbonate Carbonate 
(MgCl2) (MgS04) 

Epsom salts 
(Mg(HC03l2l (MgC03) 

Calcium (Ca) Calcium Calcium Calcium Calcium 
Chloride Sulphate Bicarbonate Carbonate 
(CaCl2) (CaS04) 

Gypsum 
(Ca(HC03)2) (CaC03) 

Lime 
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this is linked to other processes such as the mobilisation of salts in surface and groundwater systems. 

This is where a more holistic approach to the characterisation of salinity harnesses a cross-

disciplinary approach to understanding the salinity signature across different fields of study. The HGL 

model recognises the importance of a holistic model for understanding salinity by incorporating all 

aspects that relate to land salinity as part of the characterisation process and using these to define a 

conceptual model for the landscape (Moore et al., 2019). 

1.2.3.6 Salt load 

Salt load is recognised as a key parameter in the calculation of salt budgets across a catchment. It 

enables the establishment of salt and water balances, which can be used to determine which areas of 

the landscape contribute the largest proportion of salt to a system (Walker et al., 1998). In a broad 

sense, the calculation of salt load provides an indication of how much salt is in a system, which can 

be used to understand how much salt is exported from a catchment and where it may be deposited 

and concentrated over time (NSW Government, 2018). The factors that influence salt load in streams 

vary depending on where and how much salt is stored in a landscape, the fluid movement pathways 

including interconnectedness between surface and groundwater systems, land use patterns and their 

impact on hydrology and climatic conditions including rainfall, evapotranspiration and seasonal 

variability (Dawes et al., 2004).  

 

Some catchments may have a high salt load export, even though they have a baseline EC reading 

that is relatively fresh. This is because large rivers with relatively low EC move such a large volume 

of water out of the catchment that the overall salt export is high. There are other catchments that 

may have baseline flow that is highly saline; however, the salt load export in tonnes per day is lower 

than catchments with a fresher EC reading. This is because small streams that move only a small 

amount of water out of the catchment, including ephemeral streams, may not mobilise much salt from 

the catchment. Salt load export from a catchment may change over time based on a range of factors 

including changes in land use and climate. From a land management perspective, it is important to 

understand which parts of a broader catchment yield a higher salt load and where this load may be 

deposited and concentrated over time. This is of particular concern when salts are concentrated 

through evaporation in ecologically sensitive areas such as wetlands or in stream systems and 

floodplains where outflow is lower than inflow (NSW Government, 2018). The HGL model recognises 

the importance of salt load in developing catchment models for mobilisation and concentration and 

incorporates this as part of the characterisation process and development of the conceptual model 
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for the landscape ( Taylor, 1993; Australian and New Zealand Environment and Conservation 

Council, 2000; NHMRC & NRMMC, 2017). 

1.2.3.7 Electrical conductivity  

A common way for land managers to benchmark surface and groundwater salinity is through 

electrical conductivity (EC). This can be used to evaluate whether the water is suitable for a range of 

agricultural and domestic purposes and testing can be conducted in the field or a laboratory 

(Charnock & Tenison, 2009). The EC readings of surface and ground waters will vary depending on 

where and how much salt is stored in a landscape, the fluid movement pathways including 

interconnectedness between surface and groundwater systems, regolith geochemistry, land use 

patterns and their impact on hydrology, and climatic conditions including rainfall, evapotranspiration 

and seasonal variability. The electrical conductivity of streams typically varies over time with changes 

influenced by baseflow, land use, fluid movement pathways, precipitation and seasonal variability in 

evapotranspiration and surface flow. High water EC readings can have a major impact on agricultural 

production, riparian ecosystems and human health, particularly when there is prolonged exposure 

over time or EC levels exceed the maximum recommended threshold for individual species, during 

a flow event. The HGL model recognises the importance of surface and groundwater EC in 

understanding water quality and this is incorporated as part of the characterisation process and 

development of the conceptual model for the landscape (Moore et al., 2019). 

1.2.3.8 Types of salt 

There are a range of cations and anions that occur as salts in the environment including sodium, 

magnesium, potassium, calcium, chloride, sulphate and carbonate/bicarbonate. In Australian 

landscapes, sodium chloride is the most common form of soluble salt, comprising 50-80% 

(Rengasamy, 2010). The type of salts present in the soil or water, combined with factors such as the 

salt concentration, pH and Sodium Adsorption Ratio (SAR), determine the specific properties and 

limitations of soil or water that has been sampled (Richards, 1954; Hazelton & Murphy, 2009; 

Rengasamy et al., 2010). The balance between these different parameters will determine the levels of 

mobility of ions, toxicity of different salts and the physical and chemical properties of the soil and 

water (Taylor, 1993). A detailed understanding of types of salt and other relevant parameters can be 

established through water and soil laboratory analysis. 



36 
 

1.2.3.9 Sources of salt 

Salt concentrates naturally in the landscapes of south-eastern Australia. The factors that influence 

this vary depending on geology, geographic location - in particular, proximity to the ocean, prevailing 

weather influences and topography. The source of these salts may vary but accumulation in southeast 

Australia typically occurs through aeolian accession (Hesse, 1993) and marine aerosol deposition 

(Keywood et al., 1997), with a low volume contributed from rock weathering (Taylor & Eggleton, 

2001) and limited contribution from connate deposits (Smedema & Shiati, 2002).  

 

The mobilisation and deposition of salts coupled with wind-blown dust, known as aeolian accession, 

is a process that has contributed to the gradual accumulation of salt in the south-eastern Australian 

landscape (Hesse, 1993; Gatehouse, 2001). This dust originates from areas of the Australian continent 

that are typically more arid, such as the western parts of Queensland, NSW and Victoria. The process 

of dust mobilisation takes place when wind activity mobilises particles from the land surface. If salt 

lakes are exposed in deflation areas, then salt may be coupled with dust during transport. In the 

south-eastern parts of Australia, this dust may be deposited during windy days or in association with 

local wind or rain events. The current understanding is that this process is responsible for a flux of 

salt into the south-eastern Australian landscape. The amount of salt transported relates to the 

exposure of salt in deflation areas, so more salt is likely to be transported at times of extreme aridity 

in the interior when salt lakes are dry and salt is efflorescing at the land surface. It is difficult to 

quantify the extent of aeolian accession across the landscape, as the salts that are coupled with the 

dust are soluble and the dust itself is typically dispersible, therefore the dust is difficult to identify and 

the salts are easily mobilised from the areas of initial deposition. Once deposited salts are decoupled 

from clay aggregates and may leave limited indication of their source in actively forming soil profiles 

(Chen, 1997, 2001; Chen et al., 2002). Conservative estimates for salt accumulation, in south-eastern 

NSW, via aeolian accession range from between 0.5 to 5 kg/Ha/year (Cattle et al., 2005). The 

composition of salts from this source is varied and reflects a mixed range of sources (Taylor, 1993). 

 

Another process that is responsible for a consistent flux of salts into south-eastern NSW landscapes 

is the deposition of marine aerosols or mists. The current understanding is that aerosols from the 

ocean can be deposited up to a few hundred kilometres from the coast (Keywood, 1995). In south-

eastern Australia, this process is responsible for the deposition of salt in the tablelands, particularly 

in areas that are proximal to the coastal plains and where there is coastal influence on the weather 
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patterns. The composition of salts from this source are sodium chloride dominant, reflecting the 

composition of seawater (Maeller, 1990). 

 

Rock weathering is also responsible for the contribution of salts to the landscape. This occurs through 

dissolution and is driven by water as the primary chemical weathering agent. Weathering is 

considered responsible for a volumetrically small contribution of salts to the landscape. The 

chemistry of the salts from weathering vary according to the parent rock composition (Taylor & 

Eggleton, 2001; Hazelton & Murphy, 2009). In felsic volcanic landscapes, the dominant cations are 

sodium and potassium (Drever, 1997). 

 

Connate salts are preserved in sedimentary sequences at the time of deposition and are typically 

associated with marine sediments or lake deposits where there is a closed drainage system and the 

salts have been concentrated over time or where the trapped water was seawater at the outset 

(Smedema & Shiati, 2002). These stratigraphically confined saline layers are typically associated with 

relatively under-formed and hence relatively young (e.g. layers in the Cenozoic Murray Basin) 

sedimentary sequences. The Lachlan Fold Belt geologies have been subjected to multiple 

deformation events (Branagan et al., 2000; O’Neill & Danis, 2013), so are unlikely to preserve connate 

salt-bearing intervals. Connate deposits are typically confined to sedimentary sequences formed in 

marine and lake environments, which are not present in the rock units of the LFVN HGLs.  

 

The soluble nature of salts means that they can be mobilised in the presence of water, transported in 

solution and concentrated in different parts of the regolith or ground and surface water systems. 

Identifying the physical controls on fluid movement in bedrock and regolith materials (Tanji, 2002), 

delimits where salts are likely to concentrate in the landscape and the influence their mobilisation has 

on the expression of land and stream salinity. 

 

Another parameter that can influence how salt flux impacts salinity expression is the ability for 

regolith materials to chemically buffer, through exchange of cations. Regolith materials with a greater 

capacity to chemically buffer salts can have limited expression of salt at the land surface, while 

maintaining a relatively high net flux of salt into stream systems (Moore et al., 2019). By establishing 

a better understanding of each of these parameters and how they are interrelated, this enables more 

informed and targeted land management decisions.  
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1.2.3.10 Salinity in the study area 

The landscape in the study area is characterised by rolling low hills on Silurian volcanic and 

sedimentary rocks of the Long Flat Volcanics. Land managers describe small localised salt outbreaks 

across the landscape (Bugden & Vasey, 1989). Salt accession from bulk deposition (aeolian accession 

and oceanic deposition in rainfall) is approximately 35 kg/ha/year (NaCl) in this area (Gunn, 1985). 

Boro lies in the Tablelands Volcanic Hill unit that has a high hazard rating in the NSW salinity hazard 

evaluation, compiled for Southern Rivers Catchment Management Authority (SRCMA) planning 

(Figure 8) (Jenkins et al., 2012). This follows a rating-based system from the HGL framework, which 

identifies that the site has moderate levels of land salinity, moderate in-stream salt load and water 

with a measured electrical conductivity of 0.85 -1.1 dS/m and an estimated range up to 4.8dS/m.  
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Figure 8: Location of the Tablelands Volcanic Hill high salinity hazard area, represented in orange. The different Catchment 

Management Authority areas represented in grey and yellow. The Boro field area is indicated in the north (Jenkins et al., 2012). 
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Salt stores are relatively high, but preliminary regolith characterisation suggests that salt release 

varies depending on regolith type (NSW Government, 2010a). Water quality is typically marginal to 

brackish. Waterlogging, sheet and gully erosion are common. Off-site impacts include delivery of 

sediment to streams contributing to the Sydney water supply. Soils in this unit are infertile and fragile, 

many with shallow acid and stony top soils, hard-setting bleached A2 layers and dispersible (sodic) 

subsoils (Jenkins, 1996). The growing season is limited due to a summer moisture deficit, where 

potential evapotranspiration exceeds rainfall (Bureau of Meteorology (BOM), 2005) and winter frosts 

are common. Grazing management and associated modification of ground cover are considered 

drivers for land and water salinisation. Major variables impacting the resilience of this landscape 

include land salinity, waterlogging, water quality and erodible sodic soils. 

 

A detailed characterisation of the way that salt is distributed spatially and in the regolith profile at 

Boro will allow better understanding of how salt is stored and mobilised in this landscape. 

Hydrogeological landscape unit development (Moore et al., 2019) at broad scale and more detailed 

regolith-landform mapping has been conducted for the Boro area (NSW Government, 2010a). These 

complementary techniques explain the regolith configuration in this landscape and how it influences 

potential surface and sub-surface fluid flow pathways.  This also explains how water might intersect 

salt stores, resulting in salt expression at the land surface, and in water courses.  

1.2.4 The use of biophysical classifications to characterise salinity 

Salinity is recognised as a major land management challenge internationally, across Australia and in 

south-eastern NSW. This means that there is a body of research focused on understanding the drivers 

of salinity and the management of salt affected land and water in more detail (Flowers et al., 1977; 

Gunn, 1985; Coram et al., 2001; Lambers, 2003). The process for land managers to evaluate salinity 

has been complex. Early work focused on assessing and managing the visible signs of salinity (Bugden 

& Vasey, 1989) and progressed to include evaluation tools and benchmarks for understanding land 

salinity, in-stream salt load and in-stream EC (Matters & Bozon, 1989; NSW Department of Primary 

Industries (DPI), 2000). While the issue of salinity has implications for land managers attempting to 

evaluate and address the problem through remediation and for scientific researchers who commonly 

examine specific drivers, processes or problems associated with salinity, there is evidence to suggest 

a disconnect between these two areas. This typically arises because many land managers opt not to 

implement recommendations that come from scientific research, primarily because they are not 
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specific enough to inform on ground actions (Hulse & Ribe, 2000). Other contributing factors to this 

disconnect are that the scientific research is simply not understood, or it is not practical for the 

implementation of management actions. This typically arises when interpretation of the findings is 

complex and requires subject matter expertise. To ensure effective management it is important that 

the research has been distilled into a series of tailored key messages and can be translated directly 

to on-ground activities (Wooldridge et al., 2015). This is best achieved using a systematic and 

consistent approach to the classification of salinity manifestation and processes, to understand how 

different landscapes store and mobilise salts.  

 

In the late 1990’s, researchers and land managers recognised the importance of a consistent approach 

to the evaluation and classification of salinity. This culminated in the development of the 

Groundwater Flow Systems (GFS), which was established as an Australia-wide framework for the 

biophysical classification of the landscape, to understand salinity manifestation and processes 

(Coram, 1998). The GFS approach created consistency in the language used to describe salinity and 

the standard approach enabled researchers and land managers to understand similarities and 

differences in the way that salts are stored and mobilised. It also created a mechanism to better define 

and compare the salinity priorities, hazards and risks across different locations and landscapes 

(Coram et al., 2001).  

 

While the GFS framework was a major step forward in a consistent approach to the classification, 

understanding and management of salinity, the model was designed for use at a national scale. This 

means that it is too broad for researchers and land managers who are seeking to understand local 

scale issues or implement practical, tangible salinity management actions (Moore et al., 2019).  

1.2.4.1 The hydrogeological landscapes framework 

Collaborative work between NSW State agencies, notably the department of Primary industries (DPI), 

the University sector and Geoscience Australia identified the need for a GFS-based model for use at 

a more local scale in areas where the regolith is likely to influence salt storage, mobilisation and 

expression in the landscape (Wilford et al., 2010; Wilford, 2012). The principles used in the GFS were 

refined to create a more comprehensive classification process, designed for use at a local scale, the 

Hydrogeological Landscapes (HGL) framework (Figure 9). This approach to landscape classification 

has been applied over the majority of upland areas in the south-east of NSW (Jenkins et al., 2012; 

Wooldridge et al., 2015).  
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Figure 9: Scale of operation for Hydrogeological Landscapes model and the development of Management Units. 

 

The HGL framework (Figure 10) uses expert knowledge and existing research from a range of 

biophysical sources to define HGL units. These units are classified according to their salinity hazard, 

using an assessment matrix for land, load and in-stream electrical conductivity (EC) (Table 7). The 

salinity risk to the environment is evaluated in line with standard risk assessment and management 

procedures (Haimes et al., 2002) (Table 8). The HGL framework presents the information in a 

consistent manner to understand the processes that contribute to salinity and it addresses the need 

to ensure that agricultural practice and management actions are strategic, cost effective and informed 

by the best available science (Moore et al., 2019). 
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Figure 10: Process and steps in the development of HGLs, with linkages between each of the discrete inputs (Moore et al., 2019). 
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Table 7: Thresholds for rating land salinity, in-stream salt load and in stream concentration of salts using the Hydrogeological 

Landscapes model (Moore et al., 2019). 

 

 

Table 8: Overall salinity hazard assessment based on the potential impact of salinity and the likelihood of salinity occurring (Moore 

et al., 2019). 

 

 

Each HGL is broken into a series of management units (Table 9), based on different landscape 

elements and assigned a function (Table 10), based on their salinity signature and the salinity 

management strategy that they perform (Table 11).  

 

This combination of management units and landscape function are used to determine a management 

strategy that is tailored to the HGL and individual landscape elements. This combination of 

parameters is used to develop a conceptual model for salinity manifestation across each HGL and 

the process highlights the importance of using sound research to underpin land management decision 

making (Wooldridge et al., 2015; Moore et al., 2019) (Appendix 1).   

Rating Land salinity In-stream salt load In-stream salt concentration 

Low o salt land observed or No stream Aow or mostly dry, Streams dry, EC <400µS cm-1 

mapped EC <400 µS cm- 1 

Moderate Minor areas of salt land Streams Aowing intermittently, Streams flowing often, 
observed or mapped EC >400 µS cn,-1 EC >400 µS cm-1 

High Significant areas of alt land Streams always flowing Streams flowing often 
observed or mapped EC >400 µS cm- 1 EC >800 µS cm- 1 

Hazard assessment Limited Significant Severe 
potential potential potential 

effect effect effect 

High likelihood of occurrence Moderate High Vety high 
Moderate likelihood of occun-ence Low Moderate High 
Low likelihood of occurrence Very low Low Moderate 
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Table 9: Codes used to assign management areas and their relationship to landscape elements (Moore et al., 2019). 

 

 

 

 

 

 

Table 10: Functions that the landscape elements perform (Moore et al., 2019). 

 

  

Management area Landscape element description 

MAI 
MA2 
MA3 
MA4 
MAS 
MA6 
MA7 
MA8 
MA9 
MAIO 

Function 

A 

B 

D 

E 

F 

G 

H 

De cription 

Ridge top or crest 
Upper slope - erosional 
Upper slope - colluvial 
Mid slope 
Lower slope - colluvial 
Rises 
Saline site 

Structurally controlled saline sites 
Alluvial plains 
Alluvial channels 

The landscape provides fresh water run-off as an important 
water source 

The land cape provides fresh water run-off a an important 
dilution flow source 

The landscape provides important base Rows to local streams 
The landscape generates salt loads that enter the treams and 

are redistributed in the catchment 
The landscape receives and stores sail load through irrigation 

or surface flow 
The landscape generates high salinity water that does not enter 

local stream 
The land cape contains important land a et that are being 

affected by salinity processes 
The landscape contains a high hazard for generating sodic and 

saline sediments 
The land cape contains a high hazard for acid sulfate proces es 
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Table 11: Management actions for each of the landscape elements, based on the landscape function that it performs (Moore et al., 

2019). 

 

1.2.4.2 Purpose of the HGL framework 

The HGL model has similarities with the GFS, in that it follows a consistent methodology for the 

biophysical classification of the landscape. Incorporation of new parameters that allow consideration 

of regolith distribution and thickness, vegetation and other modifiers, has created a more holistic and 

transdisciplinary approach to landscape description. Integration of this level of detail creates the 

opportunity to deliver products at a local scale. This has meant that the HGL model is more relevant 

to the end user than other biophysical classification frameworks (Moore et al., 2019). This type of 

systematic classification process recognises the importance of both scientific research and the needs 

of land managers, in driving salinity abatement outcomes. It supports land management agencies in 

determining priorities for salinity remediation work and the development of specific targets for 

salinity action. Examples of this may include delivery of large scale revegetation programs to reduce 

salt mobilisation from catchments with high salt load and using the HGL mapping to establish realistic 

targets for the areas where this type of activity is feasible, based on landscape element character and 

function (Coram et al., 2001; Jenkins et al., 2012).  

 

Strategy 

2 
3 
4 
5 

6 

7 
8 

9 

JO 
I I 

Description 

Buffer the salt store: keep it dry and immobile 
Intercept shallow lateral flow and shallow groundwater 
Stop discrete landscape recharge 
Discharge rehabilitation and management 
lncrease agricultural production to dry out the landscape and 

reduce recharge 
Dry out the landscape with diffuse actions over most of the 

landscape 
Access and use groundwater to change the water baJance 
Maximise recharge to dilute water tables and minjmise run-off 

to streams 
Minimise recharge in lower parts of the landscape and 

maximise run-off to streams 
Maintain or maximise run-off 
Manage and avoid acid sulfate hazards 
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One of the fundamental aspects of the HGL framework is that it emphasises the importance of 

understanding where salt sits in the landscape, the processes for mobilisation and discharge and how 

these are linked with land, salt load and stream salinity (EC). Given the soluble nature of salts, this 

means that by establishing a clear understanding of how water moves through the landscape and 

where it accumulates and discharges, it is possible to establish a better understanding of the processes 

associated with salt storage, mobilisation and expression across different lithologies and landscapes. 

In turn, this approach enables a better understanding of the impact that each factor has on both land 

and stream salinity (Moore et al., 2019).  

 

The HGL framework recognises that funding for salinity management focuses on the delivery of cost-

effective outcomes. Therefore, it uses a risk-based approach to systematically assess and analyse the 

hazard level (potential to occur) and overall impact (potential effect) of salinity in three main ways: 

land salinisation; in-stream salt load; and in-stream concentration of salts. The information is 

presented in a manner that enables users to understand and compare the potential hazards and 

effects of salinity and enables the prioritisation of both land management and further research, at a 

scale relevant at the local, intermediate or regional level. This means that the HGL framework is 

versatile and can be applied in a manner that aligns closely with the needs of land managers and 

funding bodies.  

 

The manner in which HGLs are structured and presented is consistent and is designed to provide 

land managers with a clear understanding of the aspects that are most relevant for the local 

landscape. For instance, some may have very limited expression of land salinity; however, there may 

be a high salt load exported in the stream system. On this basis, HGLs provide an understanding of 

the nature and distribution of land salinity, salt load exported from the catchment and water Electrical 

Conductivity (EC), which are then rated according to risk. This indicates where the priorities lie for 

land, load and EC, through the use of a traffic light system (Moore et al., 2019).  
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1.2.4.3 How the HGL framework applies to land management 

There are four main outcomes that salinity management programs typically seek to achieve, through 

a range of management actions. These outcomes commonly include one or more of the following:   

 

1. Reduce the area of land affected by salinity  

2. Maintain or reduce salt load in stream systems  

3. Reduce the Electrical Conductivity (EC) of streams, including both daily targets and outlying 

high responses 

4. Provide land managers with improved knowledge on the implementation of salinity 

management works 

 

The HGL framework achieves these outcomes through a structured hierarchy, where management 

actions are classified into soil, vegetation and engineering themes (Figure 11). Each of these themes 

provide a level of detail to articulate which management actions are suited to different landscapes 

and how land managers can roll these strategies out, to implement effective salinity management 

actions in different landscapes (Wooldridge et al., 2015). The vegetation, engineering and soil-based 

management actions under the HGL framework directly address outcomes 1 to 3. Outcome 4 is 

addressed when the HGL framework is used as a resource for training and education on salinity 

management activities.  



49 
 

 
Figure 11: The structure of management recommendations in the Hydrogeological Landscapes framework, with links between 

landscape function, management strategies and management actions (Moore et al., 2019). 

 

1.2.4.4 The HGL framework and testing and feedback 

While the HGL framework typically incorporates existing research and understanding as part of the 

classification process, it also recognises that there may be deficiencies in the understanding of salinity 

in certain landscapes. This may relate to local scale issues such as a lack of geological mapping at an 

appropriate scale, or broader issues such as a lack of understanding on the processes that drive 

salinity in weathered felsic volcanic landscapes. In these situations, the HGL framework recognises 

the need to include a feedback loop which incorporates targeted research to address specific 

knowledge gaps. This research is a case study that directly influences the iterative improvement of 

the HGL models (Figure 12). The results from these research projects are then used to refine the 

existing HGL model and this process means that there is a direct link between the targeted research 

and development of HGLs and land management recommendations that are distilled from the 

research are presented in a manner that is consistent and enables comparison with other landscapes.
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Figure 12: Relationship between the detailed case study for the Long Flat Volcanics North HGL and the HGL Development 

Framework. After Moore et al. (2019). 
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1.2.4.5 Hydrogeological landscapes in the study area 

One of the HGL units was identified as an area of particular interest to SRCMA, as it had a higher 

hazard and impact level, when compared with other HGLs for the area. This unit, the Long Flat 

Volcanics North (LFVN) HGL (Figure 13), is associated with a felsic volcanic geological unit known 

as the Long Flat Volcanics and the northern extent of this landscape has a more weathered regolith 

profile (Appendix 1). Previous work in the area (Gunn, 1985), indicated that salinity issues were 

present in the landscape and aligned with the HGL hazard classifications for this site, which indicated 

that the unit has moderate land salinity, moderate salt export and high water EC. When compared 

with other HGL units across the Braidwood 1:100,000 sheet, the LFVN exhibited amongst the highest 

salinity hazards for land and load and the highest salinity hazard for EC.  

 

Following the HGL classification for the Braidwood area, land managers in the SRCMA identified the 

LFVN as a priority landscape for further research. The initial HGL classification provides good 

context for establishing clear research objectives, which support a better understanding of why the 

LFVN exhibits the salinity hazard and impact levels that it does, and to constrain the factors that 

relate to the distribution, storage and mobilisation of salts in this landscape. By establishing a better 

understanding of each of these parameters, the conceptual model for salinity in the LFVN HGL can 

be refined. 
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Figure 13: Conceptual model for the Long Flat Volcanics North Hydrogeological Landscape (left) and how it is broken into land management units (right). (NSW Government, 2010a). 
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A detailed physical and chemical analysis of the LFVN will enable description of the characteristics 

that relate to salt storage in this landscape, including why some weathered volcanic rocks appear to 

store more salt than others. Field observations (NSW Government, 2010a) identified an apparent 

capacity for salt storage in the matrix of some igneous and volcanic rock types, which increased with 

the degree of weathering. This is a concept supported by a range of studies which have examined 

solute transport through fractured porous media (Foster, 1975; Grisak & Pickens, 1981; McKay et al., 

1993a; McKay et al., 1993b; Ohlsson & Neretnieks, 1995; Hoag & Price, 1997; Carrera et al., 1998; 

Jorgensen et al., 1998; Stafford et al., 1998; Winterle, 1998; Cumbie & McKay, 1999; Hoch & Jackson, 

2004; Jakob, 2004; Lenczewski et al., 2006; Mays, 2006). A more detailed sampling regime enables 

an understanding of the physical and chemical parameters that influence salinity at a profile scale. 

Given the integrated nature of the HGL classification process, the detailed study was designed around 

the key elements of Land, Load and EC.  

1.2.5 Regolith 

Regolith is the mantle of material between fresh bedrock and the land surface.  It incorporates all 

organic material, biota, soil horizons and weathered material including saprock and saprolite 

(Eggleton, 2001). Regolith materials have typically undergone varying degrees of physical and 

chemical weathering and may have been formed in situ, or transported via wind, water, gravity or a 

combination of these factors (Scott & Pain, 2009). The depth of regolith materials has an impact on 

the connectivity between surface processes and the lower part of the profile. This means that in 

landscapes with deeper regolith profiles, the processes that influence regolith development at the 

surface may have lower connectivity with deeper layers, particularly where there are changes in 

regolith permeability throughout the profile. This may inhibit fluid movement and solute transport 

(National Committee on Soil and Terrain, 2009).  

 

Characterising the properties of regolith materials allows better understanding of the manifestation 

of salinity in the landscape and assists with refining working models for the processes that drive 

salinity in different regolith materials (Lawrie et al., 2002).  

 

The nature of the regolith materials typically have a strong influence on the chemistry of surface and 

groundwater in that landscape (Drever, 1997). This means that both the physical and chemical 

properties of the regolith influence the types of salt present in the landscape and how and where the 
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salt is stored, mobilised and concentrated. In felsic volcanic landscapes, regolith chemistry is 

commonly dominated by sodium and potassium as the major cations and weathering products 

typically include clay minerals such as illite and kaolinite (Twidale, 1978; Scott & Pain, 2009). It is not 

uncommon for these landscapes to present with other land management challenges such as issues 

with sodicity and erosion, due to the dominance of sodium ions. 

1.2.5.1 Zones in the regolith 

For the purposes of this research, three key zones have been recognised in the regolith. These are 

saprock, saprolite and soil and each have key processes that impact fluid movement, solute transport 

and the properties of surface and ground waters that pass through the substrate (Drever, 1997; 

Wilford, 2013).  

1.2.5.2 Saprock 

The term saprock is used to describe slightly weathered rock material, which has low internal porosity 

due to weathering, and less than 20% alteration of weatherable components in this zone. Another key 

feature of saprock is that it commonly remains consolidated, although it may have the appearance of 

surface alteration (Eggleton, 2001). In igneous rocks, fluid flow in the saprock typically takes place 

along joints and fractures, due to the low permeability of the saprock groundmass. The mineralogy 

and geochemistry of saprock may show the appearance of some clay minerals, although this 

commonly includes minerals such as illite, which may not be the end product of the weathering 

process (Twidale, 1978). The saprock in felsic volcanic landscapes may have some internal porosity, 

due to preferential weathering of volcanic glass to clay minerals. 

1.2.5.3 Saprolite 

Saprolite is the zone in which more than 20% alteration of the weatherable component in the rock 

unit has occurred. Samples from this part of the regolith are easily broken with the application of 

minimal stress and the internal porosity and permeability is higher than saprock, due to the 

weathering of minerals to clay components and leaching of soluble weathering products (Eggleton, 

2001; Taylor & Eggleton, 2001; Scott & Pain, 2009). Saprolite is referred to as the C horizon by soil 

scientists and is typically found at the bottom of the soil profile. It commonly maintains the fabric of 

the unweathered parent material (Charman & Murphy, 2000; Hazelton & Murphy, 2009). The more 

advanced weathering in saprolite increases the potential for fluid movement through the more 

weathered zones of the regolith. 
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1.2.5.4 Soil 

Soil is the unconsolidated material on the Earth surface, which has been subjected to a number of 

pedogenic processes that result in the formation of distinctive horizons and differentiate it from the 

weathered material below (Eggleton, 2001). This zone of the regolith typically has the highest fertility, 

nutrients, biotic activity and organic matter content. In the soil profile the process involving the 

downward movement of material (eluviation), including clay particles, occurs when water particles 

infiltrate and mobilise the colloidal component of the profile from the surface to the lower parts of the 

regolith. Over time, these particles are concentrated further down the profile (illuviation), the key 

process which results in the formation of horizons in soil profiles (Charman & Murphy, 2000; Eggleton, 

2001). The presence of organic matter in the near surface of the soil contributes to the availability of 

organic acids in the landscape, which has an impact on dissolution of minerals during the weathering 

process (Drever, 1997).  

 

In the saprolite and saprock, the weathered material can exhibit a range of characteristics that may 

reflect aspects of both the underlying parent material and the fresh rock from which it was derived 

e.g. the fabric and texture of the rock (Scott & Pain, 2009) (Figure 14). 
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Figure 14: Stylised regolith profile depicting soil horizons and the underlying weathered rock (Scott & Pain, 2009). 

1.2.5.5 Physical weathering  

The physical weathering of rock is the process whereby rocks are subjected to a range of mechanical 

stresses that cause them to mechanically break down. Over time, the process of erosion can 

contribute to lithostatic unloading or off-loading for rock formed in the sub-surface. As the weight of 

the overlying rock is gradually removed, it causes the relaxation of the underlying material, which 

results in the expression of joint sets in the rock. These joint sets provide opportunity for water to 
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penetrate and access unweathered surfaces of the rock along new fracture and joint plains (Cook et 

al., 1983).  

 

When rocks and landscapes are subjected to major changes in temperature during the diurnal cycle, 

the process of heating causes expansion and the process of cooling causes contraction. These 

changes result in physical stresses on rocks, which contribute to the formation of fracture sets. In cold 

environments, rocks can be subjected to frost wedging, which causes mechanical stresses along joint 

sets, when water is frozen and expands in these zones. This process typically takes place in alpine 

areas, although it can occur wherever rock is subjected to sub-zero temperatures (Twidale, 1978). 

Bushfires can also give rise to thermal fracturing of exposed rock surfaces, particularly on exposed 

outcrops. 

 

The precipitation of salts from solution, forming crystalline salt in pore spaces can contribute to the 

physical weathering of rocks, in a process that is similar to frost wedging. Honeycomb weathering 

observed in coastal rock exposures are an example of this process. When salts crystallise out of 

solution, the crystal growth exerts mechanical force on the surrounding material contributing to the 

physical breakdown of rocks. This process typically takes place when water is evaporated from the 

landscape and the ions that were in solution concentrated (Cook et al., 1983). Physical weathering 

processes increase the surface area exposed to chemical weathering agents like water, so both 

processes commonly proceed in parallel. 

1.2.5.6 Chemical weathering  

As fresh rock is exposed to water, primary minerals are weathered, and the soluble components 

dissolved and transported from the parent rock. This occurs because the primary minerals (e.g. 

olivine, pyroxene, amphibole, plagioclase feldspar, potassium feldspar) formed at temperatures and 

pressures that differ from those at the Earth's surface, are no longer in equilibrium with their 

surroundings. The removal of ions from primary minerals causes them to recrystallise as secondary 

phases (e.g. clay minerals, sesquioxides - hematite, goethite) that are more stable at the Earth surface 

(Twidale, 1978; Nesbitt & Young, 1984). When all other variables are equal, the stability of different 

minerals in igneous rocks has an inverse relationship with Bowen’s Reaction Series (Table 12) and 

this is directly relevant to understanding weathering processes in the felsic volcanic landscapes of 

south-eastern NSW (Cook et al., 1983; Scott & Pain, 2009).  
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Table 12: Weathering stability ranking of some of the common rock forming minerals (Cook et al., 1983). 

Weathering of Minerals 

Most easily weathered 

 

 

 

 

Least easily weathered 

Olivine 

Augite 

Hornblende 

Mica 

Feldspar 

Quartz 

 

The surface of different minerals in the parent rock can have a slight positive or negative charge. As 

a result, polar water molecules are attracted to both the cations and anions on the crystal surface and 

remove these ions from the mineral structure. Hydration occurs when water molecules are combined 

with a mineral, causing it to expand and release some elements into solution. Hydrolysis occurs when 

dissolution of water takes place and ions from the mineral are displaced into solution and secondary 

weathering phases are formed (Twidale, 1978; Cook et al., 1983; Higgins & Coates, 1990). The final 

weathering product is determined by whether the soluble ions are completely removed from the 

system, via water as the weathering agent, or remain in place to some extent, as a saturated solution 

that has reached equilibrium (Twidale, 1978; Drever, 1997). This means that the rate of chemical 

weathering is impacted by groundwater flow, which is influenced by the hydraulic conductivity of the 

substrate. 

 

The pH of the weathering agent can impact the rate of weathering of a range of different minerals. 

This is dependent on the solubility curve of different minerals and elements, under a range of pH 

conditions. Solutions in the neutral range typically do not result in an increased rate of dissolution, 

and therefore there are no marked changes to the rate of weathering (Drever, 1997).   

 

In areas with shallower regolith, the bottom of the profile is typically considered the weathering front 

(Mabbutt, 1961) as it is the point where water and fresh rock interactions occur. This is commonly 

also the point where there is greater potential for sub-surface fluid flow to take place due to movement 

along fractures and joints. This results in the removal of ions in solution, and continuation of the 

dissolution process (Drever, 1997). However, if there are impermeable materials in the stratigraphy, 

water can perch and rocks can weather from the top down and the bottom up at the same time. 
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For these processes to take place, weathering agents (water) need to interact with the rock along 

joints and fractures. As physical relaxation of rocks occurs (described above), this typically increases 

water and rock interactions. Lava and glassy partially welded pyroclastic flow deposits commonly 

form contraction fractures, as the rock cools and contracts. This generates columns from the base to 

the top of the flow. Volcanic rocks formed from ash fall deposits, or relatively unconsolidated 

pyroclastic flow deposits, can lithify to form volcaniclastic sandstones and mudstones. These can also 

be recrystallised and silicified during lithification to form coherent jointed crystalline rock. The Long 

Flat Volcanics in the Boro area are dominated by jointed, recrystallised felsic volcanic rocks, 

originally deposited in the Silurian as pyroclastic flows (Felton & Huleatt, 1975).   

1.2.5.7 Factors influencing the rate of regolith development  

The processes that influence pedogenesis also control regolith development. Climate, topography, 

parent material, biota and time have a major impact on both the physical and chemical properties of 

the regolith (Charman & Murphy, 2000; Taylor & Eggleton, 2001; Scott & Pain, 2009; NSW 

Government, 2010a).  If any of these factors varies, it influences the physical and chemical nature of 

the regolith materials. There is a strong link between the regolith materials and water chemistry 

(Drever, 1997). From a salinity and HGL perspective it is important to understand how these two 

systems interact to enable the development of a rigorous model for salinity manifestation, including 

fluid movement and solute transport through the landscape. For example, changes in climate can 

impact the timing, intensity and duration of rainfall changing the presence, volume and residence 

time of water in the landscape. This in turn changes the way that water interacts with salt stores in 

the regolith and the way salt manifests in the landscape. 

 

Climate 
Climate is one of the key factors that drives both the physical and chemical weathering of rocks. 

Chemical weathering contributes a range of soluble ions to surface and groundwater systems (Drever, 

1997; Scott & Pain, 2009; Taylor & Eggleton, 2001). In igneous rocks, the minerals are most stable in 

their environment of formation. This means that as they approach the Earth’s surface, the process of 

chemical weathering occurs (Twidale, 1978). While temperature can impact the rate at which 

weathering reactions take place, precipitation has a major impact on the weathering process, as water 

is the main agent in the dissolution of minerals. This means that in situations where there is higher 

rainfall, there is typically more water available to react with the minerals in fresh rock, which increases 
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the rate of weathering (Taylor & Eggleton, 2001; Scott & Pain, 2009). Current climatic data, including 

long term rainfall averages, temperatures and seasonal variation in rainfall assists with the 

understanding of when water is available in the landscape.  

 

Given that water is a key driver for the mobilisation of salts that have accumulated in the landscape, 

the availability of water in the landscape also impacts this process. This means that salinity manifests 

differently in higher rainfall zones than it does in lower rainfall zones (Dimmock et al., 1974; Lenahan, 

2007). Consequently, any changes to the water balance through either a change in land use or climate, 

have the potential to impact whether salts are flushed from, or concentrated in, a landscape (Sweeney, 

2016).  

 

In the felsic volcanic landscapes of south-eastern NSW, precipitation has an impact on the rate of 

weathering, type of weathering products, depth of profile development and development of physical 

features such as porosity and permeability, due to mineral weathering (Dosseto et al., 2012). 

 

Topography 
The topography of a landscape influences the rate of erosion and deposition of regolith materials. 

Steeper topography typically has a higher rate of erosion, which means that material is eroded as it 

is weathered, resulting in shallow regolith profiles (Dosseto et al., 2012). In lower gradient landscapes, 

the deposition of material moved under gravity or water flow may be a dominant process in the 

formation of regolith materials (Taylor & Eggleton, 2001). In felsic volcanic landscapes of south-

eastern NSW, regolith materials formed in low relief sites typically exhibit deeper regolith profiles 

than those formed in high relief sites. 

 

Parent material 
The material from which regolith is derived has a strong influence on the mineralogical and chemical 

makeup of the profile. It influences the dominant exchangeable ions available to plants, and the types 

of clays and other minerals that form (Drever, 1997). The presence of these secondary minerals 

influences the physical properties of the regolith and the composition and structure of the associated 

soil material. In landscapes where the regolith profile is formed in situ, there is a strong relationship 

between the mineralogy and chemistry of the parent rock and that of the regolith (Nesbitt & Young, 

1984). Regolith profiles formed on weathered felsic volcanics in south-eastern NSW commonly 

develop sharp texture contrasts between horizons in the soil profile. The presence of remnant quartz 



63 
 

and secondary clay minerals, as weathering products, are a contributing factor to the development 

of these features during pedogenesis (Phillips, 2007).  

 

Biota 
The presence of plants, animals and organisms in and on the regolith play an important role in the 

development of the regolith profile, principally through the process of bioturbation (Eggleton, 2001; 

Phillips, 2007; Scott & Pain, 2009). This involves physically moving soil components to different parts 

of the profile, organic matter and redistributing nutrients in the shallow sub-surface. This impacts the 

physical and chemical properties of the soil (Twidale, 1978; Taylor & Eggleton, 2001). On a global 

scale, decline in organic matter and biota in soil is recognised as a major threat to agricultural capacity 

in these landscapes (Gregory et al., 2015; Bekele, 2019). Changes to land use in weathered felsic 

volcanic landscapes of south-eastern NSW have resulted in the degradation of soil resources, with 

some sites exhibiting limited or no organic matter at the surface, resulting in susceptibility to other 

land management challenges including erosion and structural decline (Jenkins et al., 2012). The biota 

also contributes to chemical weathering through biochemical interactions and the formation of 

organic acids and secondary organo-compounds that enhance mineral weathering (Scott & Pain, 

2009). 

 

Time  
The formation of regolith materials, particularly the processes of weathering and soil formation, are 

processes that take place over time frames that range from hundreds to thousands of years. In areas 

where climatic factors have varied through time, such as in tropical high rainfall zones, the recently 

formed deep weathering profile obscures the nature of prior, less intense weathering processes. The 

reverse is also true in drying landscapes, where evidence of ancient deep weathering is preserved in 

areas where there is no longer sufficient rainfall to form profiles of this kind. Ranges in the maturity 

of soil formation can provide information on the progression of weathering through time. Typically, 

landscapes that have been subjected to shorter periods of regolith development exhibit less mature 

pedogenic and weathering characteristics such as shallower soil profiles with more rock fragments 

and skeletal remnant primary mineral crystals, small amounts of neo-formed clays with a range of 

compositions, rocky corestones preserved in the shallow sub-surface and poorly sorted, open-

textured granular soils with weakly developed or absent soil horizons (Charman & Murphy, 2000; 

Taylor & Eggleton, 2001). 
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1.2.6 Fluid movement through the landscape 

Many studies have focused on the spatial distribution of salinity in the landscape (Lawrie et al., 2002; 

NSW Government, 2010a; Jenkins et al., 2012; Wilford, 2012; Wilford, 2013; Moore et al., 2019) and 

the studies describe a range of remotely sensed and field-based techniques used to discern this 

distribution. While this is useful, it is the site based characterisation that builds an understanding of 

the processes that control fluid movement through the landscape and dictate where and why salinity 

occurs (Sweeney, 2016). This process of characterisation needs to take into consideration the 

complex nature of fluid movement and solute transport in the landscape (Salama et al., 1999). 

 

A strong link has been made between the physical and chemical nature of regolith materials and the 

distribution of aquifers and groundwater tables (Lawrie et al., 2002). The complexities in these 

processes emphasise the importance of detailed regolith characterisation in building a conceptual 

landscape model for the movement of fluid and salts through the landscape. This includes developing 

an understanding of fluid movement through fractured rock, saprock, saprolite and soil, to clearly 

define the influences and controls in each of these zones, at a site scale.  

 

Some of the important variables that impact fluid movement include the development of porosity in 

the rock matrix, differences in the hydraulic conductivity of horizons in the soil, the presence of sub-

surface barriers, the presence of geological structures (e.g. faults) and the existence of preferential 

flow paths for groundwater (e.g. interflow and baseflow) (Salama et al., 1999). When these variables 

are examined collectively, they enable an understanding of the key processes and drivers of salinity 

that are present in specific landscapes at both a local and site scale. While it is the parameters in the 

near surface that drive many of the processes that result in the surface expression of salinity, there 

are a number of broader properties and processes that influence in stream salt concentration and salt 

load. It is important to understand how these parameters combine at a landscape scale, to build a 

rigorous conceptual model for salinity manifestation in different landscapes (Moore et al., 2019).  

1.2.6.1 Fluid movement and solute transport in the soil 

The processes of eluviation and illuviation have a strong impact on the way that fluid movement takes 

place in the soil. The majority of unmodified soil profiles have more leached and permeable A 

horizons, underlain by less permeable, clay-rich B horizons. The development of these texture 
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contrast soils is commonly responsible for perched water tables and sub-surface waterlogging in the 

soil profile. 

 

In general terms, the profiles formed on hill crestal and upper slopes are typically in more erosive 

environments, that have better drainage due to the higher gradients in these areas and greater 

potential for lateral flow and the transportation of colloidal fractions to topographically lower parts of 

the landscape (Salama et al., 1999). In the mid-slope, solute movement is typically dominated by 

lateral transport and flow of fluids. 

 

Textural changes in the soil are typically distributed both down profile and downslope (Higgins & 

Coates, 1990). Downslope variation is influenced by changes in landscape element, such as at the 

break in slope, where the processes change from dominantly erosional to depositional. When water 

moves across these boundaries in landscape elements, the texture contrast can push water towards 

the surface and cause discharge or seepage.  Solutes are commonly evaporatively concentrated in 

areas where seepage occurs (Salama et al., 1999). 

 

The parts of the landscape that sit at the break in slope are regarded as the transition from a 

dominantly erosional to dominantly depositional environment. It is common for this change in 

processes to impact the way that fluid moves through the environment, due to a range of variables 

including lower gradient and changes in the hydraulic conductivity of the soils in adjacent areas. The 

colloidal particles that have been removed and washed downslope can be deposited in lower parts 

of the profile near the break in slope, reducing the permeability in this location (Charman & Murphy, 

2000). This texture contrast may redirect downslope interflow toward the land surface resulting in 

discharge. These changes in the hydraulic conductivity of soil can also result in ponding of water in 

the sub-surface near the break in slope. Salt in these waters may be concentrated at the surface due 

to evaporative concentration (Salama et al., 1999; Hazelton & Murphy, 2009).  

 

The chemistry of the soil plays a major role in the manifestation of salinity in the landscape, with 

cation exchange having a major impact on the soil’s ability to buffer against the effects of salts. Once 

the volume of a salt exceeds the buffering capacity of the soil, the symptoms of salinity, including 

vegetation dieback, may present (Taylor, 1993; Hazelton & Murphy, 2009; Rengasamy et al., 2010; 

Tenison et al., 2014). It is common for these landscapes to have limited or localised symptoms of land 

salinisation, with a greater salt load in stream systems. 
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The presence of organic matter at the surface plays a role in the development of soil. It increases the 

soil water holding capacity and provides a major source of organic acids that facilitate the dissolution 

of minerals during weathering (Higgins & Coates, 1990; Drever, 1997). 

1.2.6.2 Fluid movement through saprock and saprolite 

Fluid movement and solute transport through the saprock and saprolite are coupled in the sense that 

the processes that govern fluid movement in the regolith also describe solute transport. Changes in 

solute composition and concentration relate to interactions with weathering rock and salt stores in 

the landscape, so the residence time of fluids in the regolith zone influences the capacity of fluids to 

mobilise salts through and out of the regolith (Taylor & Eggleton, 2001).  

 

The saprock and saprolite typically maintain the fabric of the parent material (Eggleton, 2001), 

although some of the fluid movement and solute transport processes are different in each zone. In 

both these parts of the regolith, fluid movement and solute transport may take place along joints and 

fractures, although there is typically increasing porosity and permeability in the matrix of the 

weathered rock material in areas closer to the boundary between saprolite and soil (Freeze & Cherry, 

1979). While dominant flow and solute transport at the weathering interface commonly takes place 

along joints and fractures in the regolith (secondary porosity), the more intensely weathered, more 

porous material close to the soil/saprolite boundary also has flow through the matrix of the rock 

(primary porosity), where there is higher macro- and micro-porosity (Cook, 2003).   

 

Research by Peck et al. (1981) and Johnston (1987) examined the relationship of the macropore 

network and identified the presence of a salt bulge in the profile near the base of the soil and in the 

saprolite associated with enhanced fluid flow through the matrix, in addition to joint focused flow, in 

this interval. This concept is applicable in weathered felsic volcanic landscapes, as mineral weathering 

creates a macropore network that forms pathways for enhanced fluid movement and solute transport 

near the base of the soil and in the saprolite (Ballesteros et al., 2010). 

 

In felsic volcanic saprolite, it is common for weathered material to maintain the fabric of the parent 

material, while having both a higher porosity and permeability than the fresh rock. In these parts of 

the regolith profile, the dual flow parameters have potential to influence solute transport through the 

landscape (Johnston, 1987; Williamson, 1998).  
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1.2.6.3 Fluid movement and solute transport through fresh rock 

Fluid movement through fractured rock typically takes place along joints, fractures, bedding plains, 

cleavage fractures and faults. Hydraulic conductivity is typically controlled by factors such as joint 

spacing and fracture aperture (Cook, 2003). Fluid movement through unweathered felsic volcanic 

rocks is best represented by fractured rock fluid movement models.  

1.2.7 This study and the HGL framework 

An important component of this research is establishing how it can be linked and integrated with 

biophysical characterisation techniques. Just as the HGL Framework is designed to integrate and 

synthesise a range of biophysical parameters to classify the landscape, this research recognises that 

salinity is a complex issue and understanding it is challenging because it bridges disciplines. On this 

basis, the complexities have been dealt with in a manner that links directly to the HGL approach. 

Each aspect of the research is summarised in its individual section and integrated as part of the 

holistic approach to the characterisation and understanding of salinity in weathered felsic volcanic 

landscapes. 

1.2.7.1 Design and structure 

The design and structure of this thesis is outlined in Figure 15. An introductory section provides 

background that is common to all aspects of the thesis (Part 1). The main parts of the thesis cover the 

physico-chemical profiling (Part 2), solute analysis (Part 3) and assessment of salt storage potential 

(Part 4). A synthesis of this information is used to quantify the model for salt storage (Part 5).  

 

This structure is designed to address the key aspects of the HGL framework. The following 

information outlines how this study is linked with land salinity, in-stream concentration of salts (EC) 

and in-stream salt load. 
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Land salinity - how this study links with the HGL framework 
The HGL framework presents a range of information which assists in characterising land salinity. In 

this thesis, land salinity is addressed in Part 2 of the thesis, which integrates a range of physico-

chemical analysis as part of a detailed regolith characterisation. This section is designed to address: 

● Research Question 1:  

○ What are the key land management issues in the Long Flat Volcanics North Hydrogeological 

Landscape? and  

● Research Question 2:  

○ Which parts of the landscape are most at risk from these issues? 

 
In-stream concentration of salts (EC) - how this study links with the HGL framework   
The HGL framework examines the surface and groundwater values as part of the landscape 

characterisation process. In this thesis, water is examined in more detail in Part 3, by analysing the 

potential solutes in the landscape, to better understand the linkages between salt stores and 

mobilisation. This section is designed to address: 

● Research Question 3:  

○ Where are the potential solutes distributed in the Long Flat Volcanics North Hydrogeological 

Landscape? and  

● Research Question 4:  

○ How do the potential solutes influence surface and groundwater systems in the Long Flat 

Volcanics North Hydrogeological Landscape?  

 
In-stream salt load - how this study links with the HGL framework   
The HGL framework uses flow and concentration data to provide an understanding of the main 

contributors of salt load to the Shoalhaven River. The thesis expands on this information in Part 4, by 

analysing macro- and micro-porosity, to better understand the factors that influence salt storage in 

the landscape. This section is designed to address:  

● Research Question 5:  

○ What are the key processes for salt storage, mobilisation and expression in the Long Flat 

Volcanics North Hydrogeological Landscape? and  

● Research Question 6:  

○ How does this inform the model for fluid movement and solute transport in weathered felsic 

volcanic landscapes?
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Figure 15: A conceptual model for the research structure, how the elements of Land, Load and EC are examined, and relationships are 

synthesised in a salt storage model and presented as a consolidated set of conclusions. 
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2 PHYSICO-CHEMICAL CLASSIFICATION OF THE 

BORO LANDSCAPE 
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2.1 REGOLITH INTRODUCTION 

Part 2 details the local mapping of salinity in the study area, and the collection of physico-chemical 

information from two scald sites. This is combined with data from a fresh rock exposure, to enhance 

interpretation of the patterns observed in the mapping. This enables systematic characterisation of 

the landscape, which can be used to understand the factors that influence water and salt movement 

in the regolith. These findings are used to test the existing conceptual model for the Long Flat 

Volcanics North HGL. 

 

There are a range of techniques that can be used to detect areas affected by land salinisation. Field-

based observations include salt efflorescence on exposed rock and soil, reduction in vegetation cover 

or crop yield, identification of saline discharge and scald formation and the presence of salt tolerant 

(indicator) plant species. For more widespread detection of salinity across a landscape, these 

techniques can be applied using aerial imagery to generate salinity hazard maps (Office of 

Environment and Heritage, 2009).  This process relies on manual scanning methods by an expert 

practitioner and semi-subjective decision making based on knowledge of the landscape. The quality 

assurance process involves field-based verification of mapped features. Since the early 1980s, the use 

of electromagnetic induction (EMi) technology has enabled more automated approaches to the 

identification of land potentially affected by salt (Bennett et al., 2000). These devices induce an 

electric current in the soil that passes more readily to the detector if the soil is clayey, wet or contains 

salty water. The application of EMi technology includes the use of airborne devices (Lesch et al., 

1992; Bennett et al., 2000; Lawrie et al., 2000; Cresswell et al., 2007; Viezzoli et al., 2012) designed 

for the detection of potentially salt affected land over large areas or at different depths. Smaller-scale 

versions of this technology have been used across sub-catchments and individual properties to 

identify salt manifestation, at a scale that is relevant to individual landholders (Truman et al., ND; 

Bennett et al., 2000; O’Leary, 2006). An EMi survey allows landholders to conduct targeted soil 

sampling which assists with a better understanding of salinity across their property.  In the context of 

this project, EMi surveys have been used to identify target sites for detailed physico-chemical 

profiling.   

 

Physico-chemical characterisation of soil and water provides information on the processes that 

impact salinity in the LFVN HGL. Analysis of these data also informs broader understanding of land 

salinisation on weathered felsic volcanic substrates. Characterisation of sites across the landscape 
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and in profile allows exploration of the influence of salt storage, mobilisation and release processes 

at macro- and meso-scales. Salinity commonly presents in parallel with other land management 

challenges (e.g. soil acidity, soil sodicity; enhanced erosion and sediment transport to streams; metal 

toxicity) that also manifest at a range of scales. Collation and interpretation of physico-chemical data 

used to explain patterns in the EMi mapping, and to refine the conceptual model for salt partitioning, 

transport and release in the LFVN HGL area, will enhance understanding of these aligned processes 

as well. 

 

Detailed analysis of soils informs models for physical, engineering, erodibility and chemical soil 

properties (Hazelton & Murphy, 2009). In the context of the HGL framework, the parameters that are 

most relevant to land management and water and solute movement through the landscape are soil 

physical and chemical properties. These include texture, electrical conductivity, pH, cation exchange 

capacity, and exchangeable sodium percentage in parallel with mineralogy and geochemistry. 

Standard procedures for soil physical and chemical characterisation provide some understanding of 

water movement and solute transport in the near surface. They can assist in understanding processes 

such as recharge, sub-surface flow, concentration of ions, perching and discharge; chemical buffering 

through cation exchange; and other chemical properties which may be associated with a range of 

land management issues. 

 

When soil physico-chemical data is combined with regolith profiling, including mineralogical and 

geochemical analysis, this improves the understanding of landscape-based models for regolith 

development, fluid movement, solute transport and the manifestation of salinity and other land 

management issues in the landscape.  

 

This type of detailed physico-chemical profiling is a useful part of the quality assurance and testing 

process for the existing HGL conceptual models. While the spatial extent of the LFVN has been 

derived from existing datasets where there is a high degree of confidence, the information on the 

cross-section and down hole features of the landscape is more limited. Existing models are based on 

previous soil profiling, drill logs and road cuttings in the HGL. The scale of mapping and pattern of 

previous sampling influences the certainty with which the conceptual model for the LFVN has been 

constructed.    
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Sampling and analysis along a transect can create greater certainty around fluid movement pathways 

in the landscape. Collecting and analysing samples down profiles on these transects provides an 

understanding of the physical and chemical properties associated with regolith development, 

important for identifying possible land management issues (Hazelton & Murphy, 2009). Values for 

soil hydraulic conductivity can be derived from bulk density and other measurements (Klute & 

Dirksen, 1986; Charman & Murphy, 2000). These techniques are useful when there is a need to 

determine absolute values for fluid movement through the soil and where the values are used to 

calculate or derive other information. In-field proxies for hydraulic conductivity based on soil texture 

and structure can indicate zones in the soil profile where lateral flow, perching and water discharge 

are more likely to occur.   

 

Quantitative factors that can be used, in combination, as an indicator of hydraulic conductivity are 

exchangeable sodium percentage and soil pH. Martin et al. (1964) demonstrated significant 

correlations between reduced hydraulic conductivity in acid soils with an ESP greater than 10. 

Research on this topic has indicated that the reduced hydraulic conductivity may in part be due to 

dispersed clay particles clogging the soil pores and reducing soil permeability (Frenkel et al., 1978; 

McIntyre, 1979). For plastic soils, there was a correlation between ESP values greater than 5 and 

reduced hydraulic conductivity (McIntyre, 1979). Work by Balks et al. (1998) indicated that the 

relationship between the increased ESP of an irrigated soil and the hydraulic conductivity of that soil 

did not demonstrate the same relationship as previous work. On this basis, ESP is considered in 

conjunction with other factors when examining fluid movement pathways through soils. 

 

Surface and sub-surface analysis of soil salinity using the 1:5 extract method (Richards, 1954) can be 

used in conjunction with other data, such as soil texture, to understand whether a profile meets the 

salinity threshold ratings and where this occurs in a profile. When this data is combined with soil 

textural analysis, it provides an evaluation of soil salinity and it can be a useful tool for indicating 

pathways for fluid movement, perching and discharge that may be associated with the transport and 

concentration of solutes in the landscape (Taylor, 1993; Hazelton & Murphy, 2009). 

 

Analysis of rock and regolith geochemistry and mineralogy provides a useful mechanism for 

reconstructing the processes that have contributed to regolith development and can inform models 

for fluid movement through the landscape, including the paleoclimatic conditions that have 

contributed to the landscape evolution process (Nesbitt & Young, 1989; Taylor & Eggleton, 2001; 
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Goldberg & Humayun, 2010). There are multiple methods for determining the degree of weathering 

in the landscape including the Isocon technique (Gresens, 1967; Whitbread & Moore, 2004; Grant, 

2005; López-Moro, 2012), the Weathering Index of Parker (WIP) (Parker, 1970), the Chemical Index 

of Alteration (Scott & Pain, 2009), Pearce Element Ratios (PERs) (Pearce, 1968; Russell & Stanley, 

1990; Whitbread & Moore, 2004; McQueen & Whitbread, 2011) and via remote sensing techniques 

such as the Weathering Intensity Index (WII) (Wilford, 2012). Each of these techniques can be applied 

in a range of situations, with remotely sensed technology providing estimates of weathering across a 

large geographical area and the Isocon technique providing a detailed understanding of major and 

trace element change throughout the weathering process. In the context of this study, PER’s have 

been selected as the preferred technique for analysis of weathering. This provides a level of detail 

relevant to the physico-chemical profiling of the regolith in this study and demonstrates trends 

throughout the profile, in conjunction with the other analytical techniques used in this study. The 

limitation of this technique is that it encompasses the entire history of chemical weathering 

(McQueen, 2006). This is not considered a limiting factor in the LFVN area as the assumption that 

there has been progressive in situ weathering of the felsic volcanic protolith is consistent with field 

observations.   

 

Mineralogical analysis complements the geochemical dataset as changes in mineralogy from fresh 

rock to increasingly weathered saprolite (mineral weathering pathway information) help explain the 

patterns observed in geochemistry from the same samples. Mineralogical analysis can be conducted 

using a range of techniques including thin section microscopy, scanning electron microscopy (SEM) 

and X-Ray diffraction (XRD) analysis. This study uses the XRD method to characterise the mineralogy 

and estimate mineral abundance.  

 

In south eastern New South Wales, some of the most common land management challenges are soil 

salinity, sodicity, fertility decline, and low pH. 

 

Soil salinity can arise from either primary or secondary salinity.  Primary salinity occurs naturally in 

the landscape, as a result of pre-European water balance processes where salts are transported to the 

surface at naturally occurring seeps. Secondary salinity is caused by changes in the hydrologic 

balance, through agricultural production and other forms of land modification,  resulting in 

transportation of salts to the land surface (Taylor, 1993). 
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Soil sodicity occurs when there is an excess concentration of free sodium ions in the soil profile.  This 

leads to  the positively charged sodium ions repelling other sodium ions and causing clay particles to 

disperse in the presence of water (Rengasamy et al., 2010). Measurements of soil sodicity are typically 

calculated using exchangeable sodium percentage (ESP). Sodicity is a major land management issue 

for many soils across south eastern NSW and is commonly responsible for gully erosion and the 

formation of tunnel features (Charman & Murphy, 2000; Hazelton & Murphy, 2009). It is common for 

sodic soils to have poor structure in the high ESP horizons, due to  slaking and dispersion of these 

parts of the profile in the presence of water (Rengasamy & Olsson, 1991).  The unstable nature of clay 

aggregates in sodic horizons results in infilling of pores during waterlogging of this part of the soil 

profile. This process reduces the hydraulic conductivity of sodic layers over time (Hazelton & 

Murphy, 2009).  

 

While it is generally recognised that soils can be both saline and sodic, there is some variation 

between international and Australian thresholds (Shahid et al., 2018). The commonly accepted 

principles for Australia are that saline sodic soils have an EC of >4 dS/m and ESP of >5 (Rengasamy 

& Olsson, 1991; Rengasamy, 2002; Rengasamy, 2006, 2010; Rengasamy & Marchuk, 2011). Saline 

sodic soils may become spontaneously dispersive when salts are leached from the profile (Figure 16) 

(Rengasamy et al., 2010).
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Figure 16: Plotting technique identifying saline and sodic soils and outlining how different processes affect these (Rengasamy, 2010). 

 

Remediation of sodic soils is a complex and challenging issue which may require a combination of 

methods. One of the common treatments for sodic soils in irrigation areas is to apply slightly saline 

irrigation waters. The addition of salts in these profiles helps to reduce dispersion through 

flocculation, although this is not always suitable and can be toxic to plants (Rengasamy et al., 2010). 

 

The pH of a soil impacts fertility, plant growth and mobility of ions. In south eastern NSW, particularly 

in highly weathered landscapes, it is common for soils to be naturally acidic (Chartres, 1998), although 

this condition is typically accelerated through agricultural production. The ideal pH range for 
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agricultural production is slightly acidic to neutral (6.1 to 7.3 pH) (Hazelton & Murphy, 2009). Soils 

with a pH outside this range may be limited in their ability to sustain plant growth. They can also 

experience toxicity of certain ions, as low and high pH ranges can increase mobility of certain 

elements, including metals (Figure 17) (Truog, 1947; Tenison et al., 2014). 

 

 

 

 

  

Figure 17: Mobility of common elements (indicated by width of line) based on their pH (Truog, 1947; 

Tenison et al., 2014). 
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2.2 METHODS 

2.2.1 Selection of the field sites 

The initial HGL polygons for the Braidwood 1:100,000 HGL sheet were used to define the target HGL 

for detailed surveying. This was done in accordance with the HGL development methodology (Moore 

et al., 2019) and the parameters set out in Part 1 of this thesis. The initial HGL polygons, combined 

with field-based observations and historic data, were used to identify sites for targeted surveys. On 

this basis, two potential field sites on the Boro Road, each with a saline scald (<0.5 ha) and a fresh 

rock site on Kings Highway, were identified.  

2.2.2 Electromagnetic Induction survey 

An Electromagnetic Induction (EMi) survey was undertaken on the two field sites using an EM31 

linked to a GPS, mounted to the back of a quad bike and the apparent electrical conductivity (ECa) 

was measured. The equipment was calibrated and tested in accordance with the manufacturers 

specifications and the survey was undertaken using transects spaced at the recommended intervals 

of 40 m at a speed of less than 25km/h across the landscape, in accordance with standard 

methodologies and data collection techniques for this process (Truman et al., ND; Bennett et al., 2000; 

O’Leary, 2006).  

2.2.3 Soil and regolith sampling 

Soil profiling, geochemical and mineralogy analysis were undertaken across two transects on Boro 

Road. Sites were selected using a combination of data including historic, field-based observations 

and the preliminary results from the EM surveys. Transects were selected to represent the range of 

parameters in the LFVN HGL, including landforms, salinity manifestation and EM response 

(Table 13). 

 

The inability for the drill rig to penetrate rock outcrop at the field sites meant that an alternative site 

had to be identified for collection of unweathered, slightly and moderately weathered rock samples. 

The alternative site is Boro South on the Kings Highway at Manar Creek (Figure 2). 
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Table 13: Criteria used to select transects for soil profiling and sampling in the Boro Road area. 

Landform Element Salinity Signature EM Response 

Crest of hill No observed salinity N/A 

Mid-slope No observed salinity Low - ECa  

below 20 

Lower slope  

- edge of salt scald 

Minor changes in vegetation to salt 

tolerant species 

Moderate to high - ECa  

above 20 

Lower slope  

- centre of salt scald 

Major changes in vegetation with only 

salt tolerant species present and areas 

of bare ground 

Moderate to high - ECa  

above 20 

 

Sampling of each remaining landform element was undertaken at Boro East and Boro West (Figure 2), 

in accordance with the methodologies outlined by the National Committee on Soil and Terrain (2009) 

and in accordance with the principles of soil and landscape analysis (McKenzie et al., 2008). Cores 

were collected with a vehicle mounted hollow-core pneumatic drill, with a maximum depth capability 

of 2m. A total of six profiles were sampled and analysed in the field with a further replicate for each 

of the six profiles collected from a location in 10 cm of the original field sample and preserved in a 

PVC sleeve. The sleeved cores were used to collect samples for laboratory analysis, using the field-

profiling results to inform the down-profile location of samples. One site for each of the mid-slope, 

lower slope (scald margin) and scald locations was selected for XRD analysis, with a total of nine 

regolith samples analysed across three profiles and one whole rock sample analysed as the fresh rock 

equivalent.  

2.2.4 Analysis 

Geospatial data from the EM survey was collected as a series of points, with values representing the 

apparent electrical conductivity at a given location. The point data was gridded using simple kriging 

in SAGA GIS and a spherical model was used to fit the semi variogram (Clark & Harper, 2002). The 

results have been displayed with low conductivity represented by shades of blue and high 

conductivity represented by shades of pink. 
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Core samples were analysed by the 1:5 extract method (Richards, 1954) for EC1:5 and pH1:5, using a 

Hydrolab in a laboratory at 20°C. The meter was rinsed with deionised water and checked against 

calibration fluids between each profile and corrected accordingly. The ECe was calculated using the 

conversion factor, based on field textural results. Fresh, slightly and moderately weathered rock 

samples were crushed and analysed using the 1:5 extract method and textural analysis was performed 

on the crushed component.  

 

Samples from the same locations as the 1:5 regolith and rock samples were analysed using ICPMS, 

after digestion with reverse aqua regia, for geochemistry investigation. Analyses were conducted at 

the Ecochemistry Laboratory, University of Canberra (see Appendix 2 for details of methods and 

parameters).  

 

A suite of 65 chemical constituents were analysed (Appendix 2). Reverse aqua regia digestion was 

selected to target the weathered mineral component, including clays, chlorite, micas, iron and 

manganese oxides, carbonates, sulfates, chlorides as well as adsorbed ions. Highly insoluble 

components such as quartz, resistate silicates, zircon, rutile and chromite were not dissolved. Pearce 

element ratio (PER) analysis was used to evaluate the geochemical changes between the weathered 

regolith samples. The geochemical results were also used to evaluate the Cation Exchange Capacity 

(CEC), Exchangeable Sodium Percentage (ESP) Sodium Adsorption Ratio (SAR) and predict the 

potential for dispersion based on the geochemistry of the soils. The geochemical results were 

compared with the physico-chemical values gathered during the field-based analysis. 

 

Samples for XRD analysis were prepared in accordance with the standard procedure of Moore and 

Reynolds (1999) (see Appendix 2 for details of methods and parameters). Data was plotted on a 100% 

plot for surface, sub-surface, and saprolite samples from the Boro East and Boro West sites, and fresh 

rock from the Kings Highway site. Stacking of the mineral percentage bars indicates how the 

crystalline mineralogy changes down-profile. The results from this analysis were compared with 

those from the Pearce Element Ratio analysis, to link mineralogical changes with patterns in the 

geochemical data. 
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2.3 RESULTS 

2.3.1 Electromagnetic Induction surveys 

The Electromagnetic Induction (EMi) surveys for the Boro East (Figure 18) and West (Figure 20) sites 

typically exhibit a lower ECa response on the crests, upper and mid-slopes in the more freely drained 

parts of the landscape (indicated by blue and green in lower to higher response order),  and a high 

ECa response in the parts of the landscape where water logging was present (indicated by yellow, 

orange red and pink in lower to higher response order) (Figure 19 and Figure 21). The edge of the 

salt scald typically coincided with yellow to orange responses on the EMi survey.  
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  Figure 18: Electromagnetic Induction survey for Boro East field site, showing transect and profile locations in relation to ECa response. 
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Figure 19: Cross sectional representation of transect and regolith profiles at Boro East. 
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Figure 20: Electromagnetic Induction survey for Boro West, showing transect and profile locations in relation to ECa response. 
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Figure 21: Cross sectional representation of transect and regolith profiles at Boro West. 
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2.3.2 Profile surveys 

2.3.3 Crest/upper slope profile 

The hill crest profiles are typically shallow and poorly developed (<5 cm), with poorly developed 

skeletal soils (lithosols) and between 50-70% saprock and saprolite outcrop at the surface. Soil 

sampling at this site was not possible due to the absence of soil at the surface. Crushed bedrock, 

saprock and saprolite from Boro South (excavated profile on Kings Highway) are non-saline (ECe <2 

dS/m) (Figure 22). The geochemistry (Figure 23) indicates that fresh rock weathers to kaolinite-rich 

clays in the saprock and saprolite. The XRD analysis indicates that the fresh rock mineralogy is 28% 

quartz, 47% sodic plagioclase feldspar (albite), 5% muscovite with minor illite clay, 12% potassium 

feldspar (orthoclase) and 8% chlorite (Figure 24). Field observations indicate that this site is well 

drained. 
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Figure 24: Mineralogy for fresh rock indicates that plagioclase makes up about 40% of the sample and quartz makes up 25% of the 

sample. 

 

 

  

Figure 22: The ECe readings for fresh and weathered LFV rock samples are non-saline. Figure 23: Plot of K/Al vs Mg/Al ratios (wt%) for variably weathered bedrock indicating a higher percentage of kaolinite in 

saprock and saprolite samples. 
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2.3.4 Boro East and West profiles - A: mid-slope 
Soil profiles on the mid-slope outside the scald areas (Boro East A and Boro West A), are between 

120cm and 130cm deep respectively. These have well-developed pedogenic features (Figure 25), 

including  an A1 horizon (lower horizon boundary - Boro East 15cm and Boro West 5cm below 

surface), an A2 horizon (lower horizon boundary - Boro East 40cm and Boro West 30cm below 

surface), a B21 horizon (lower horizon boundary - Boro East 80cm and Boro West 70cm below 

surface) and a B22 horizon (lower horizon boundary - Boro East 120cm and Boro West 90cm below 

surface). Boro East has a B23 horizon from the bottom of the B22 horizon to the base of the profile. 

Boro West has a C horizon from the bottom of the B22 to the base of the profile. Partial slaking is 

present in the B21 of Boro West and complete slaking is present in the remaining B horizons of both 

profiles. No dispersion was observed in Boro East. Moderate dispersion was observed in the B21 of 

Boro West. 

 

The Boro East and Boro West mid-slope A profiles are classed as non-saline (Boro East <2 dS/m) to 

slightly saline (Boro West <4 dS/m) (Figure 26). The ECe readings for Boro East are uniform 

throughout the profile. The EC readings for Boro West show a peak at the surface and at 70 cm (both 

between 2 to 4 dS/m). 

 

The clay content for Boro East and Boro West mid-slope A profiles, at the surface, is 35% (Figure 27). 

This decreases to 25% at 20 cm for Boro East and 30 cm for Boro West. The clay content in Boro 

East remains at 25% from 20 cm to the base of the profile. The clay content in Boro West follows an 

increasing trend to 40% at 80 cm and remains consistent to the base of the profile. 

 

The surface pH of Boro East and Boro West mid-slope is slightly acidic (6.1 to 6.5 pH) (Figure 28). 

Boro East following a neutral trend in the sub-surface (6.6 to 7.3 pH) and Boro West following a mildly 

to moderately alkaline trend (7.9 to 8.4 pH) between 20 cm and 80 cm and a neutral pH trend (6.6 to 

7.3 pH) below 80 cm. 
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Figure 28: A representation of Boro East and 

Boro West A profiles on the mid-slope. 

Figure 25: The ECe of Boro East and Boro West A profiles, on the mid-slope, indicate that these are 

predominantly non-saline. 

Figure 27: The pH readings for Boro East and Boro West A - mid-slope are slightly acid in the surface and neutral to 

alkaline in the sub-surface. 

Figure 26: The clay content for Boro East and West A profiles shows more clay at the surface and in the B horizons. 
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The geochemistry indicates that samples in the Boro East mid-slope profile weather through primary 

phase muscovite and to illite to 10 cm, with weathering to kaolinite at the surface. The Boro West 

mid-slope profile demonstrates weathering to kaolinite rich clays below 70 cm, with minor 

enrichment of muscovite/illite between 70cm and the surface (Figure 29). 

 

At Boro East mid-slope the mineralogy in the saprolite and in the sub-surface have similar proportions 

of quartz (saprolite 22% and sub-surface 26%), sodic plagioclase feldspar (saprolite 32% and sub-

surface 28%), muscovite and illite (saprolite 38% and sub-surface 39%) and chlorite (saprolite 8% and 

sub-surface 7%). Relative to fresh rock there is marginally less quartz (fresh rock 28%) much less 

sodic plagioclase feldspar (albite) (fresh rock 47%), more muscovite and/or illite clay (fresh rock 5%), 

no potassium feldspar (orthoclase) (fresh rock 12%), and a similar amount of chlorite (fresh rock 8%). 

This implies that the feldspars are weathering to secondary clays (illite). At the surface there is a lot 

more quartz (surface 54%), a similar amount of sodic plagioclase feldspar (albite) (surface 26%), less 

muscovite and illite (surface 12%), some potassium feldspar (orthoclase) (8%) and no chlorite 

(Figure 30).  

 

The cation exchange capacity for Boro East mid-slope is low (6 to 12 CEC) from the surface to 60 cm 

and very low (<6 CEC) to the base of the profile. In Boro West, the CEC is moderate (12 to 25 CEC) 

from the surface to the base of the profile, with the exception of a high value (27 CEC) at a depth of 

70 cm (Figure 31). 

 

The exchangeable sodium percentage for Boro East and Boro West mid-slope is essentially non-sodic 

(<5 ESP) throughout both profiles, with the exception of the base of Boro West, which is marginally 

sodic (6 ESP) (Figure 32). Both Boro East and Boro West are classed as low likelihood for dispersion 

using the prediction model threshold set out by Rengasamy et al. (1984) (Figure 33).  

 

Note that the discrepancy with the field profile and core for Boro East mid-slope was as a result of 

technical issues with recovery of the laboratory core sample. 
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Figure 29: Plot of K/Al vs Mg/Al ratios (wt%) for Boro East and Boro West A profiles, of variably weathered bedrock and regolith, 

indicating a higher percentage of kaolinite in  saprolite and soil samples. 

Figure 30: Changes to the mineralogy (%) across the profile in Boro East A. 

Figure 31: Cation Exchange Capacity for Boro East and Boro West A profiles. These show low to moderate CEC at the surface of both 

profiles. 

Figure 32: Exchangeable Sodium Percentage for Boro East and Boro West A profiles are predominantly non-sodic throughout. 
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Figure 33: Soil dispersion predictions for Boro East and West A profiles. 
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2.3.5 Boro East and West profiles - B: edge of the scald 
Soil profiles below the break in slope, on the edge of the scald (Boro East B and Boro West B), are 

between 100cm and 150cm deep respectively. These have moderately well-developed pedogenic 

features (Figure 34), with the A1 horizon absent in both profiles. Boro East has an A2 horizon present 

at the surface and the A2 horizon is absent in Boro West (lower horizon boundary - Boro East 20cm 

below surface). Boro East has a B2 horizon and Boro west has a B21 horizon present at the surface 

and a B22 horizon immediately below (lower horizon boundary - Boro East 60cm and Boro West 

15cm and 60cm (respectively) below surface). Boro East has a single C horizon from the bottom of 

the B2 to the base of the profile. Boro West has a C1 horizon (lower horizon boundary 80cm below 

surface) and a C2 horizon below this, to the base of the profile. Partial slaking is present throughout 

the B and C horizons of both profiles. No dispersion was observed in Boro East. Slight dispersion was 

observed in the B22 horizon of Boro West. 

 

The Boro East edge of the scald B profile is extremely saline at the surface (>50 dS/m) and drops to 

highly saline (12 dS/m) at 15cm depth (Figure 35). Boro East remains highly saline (8 to 16 dS/m) to 

a depth of 80cm, with the exception of a moderately saline reading (7 dS/m) at 60cm. Below 80 cm, 

Boro East is moderately saline (4 to 8 dS/m). Boro West edge of the scald is extremely saline at the 

surface (>35 dS/m) and drops to highly saline (16 dS/m) at 20cm depth. Boro West remains highly 

saline (8-16 dS/m) on a downward trend to 100 cm, with the exception of an extremely saline peak 

at 60 cm (16 dS/m). Below 100 cm, Boro West is classed as moderately saline (4 to 8 dS/m). 

 

The clay content for Boro East and Boro West edge of the scald B profiles, at the surface, is 35% and 

40% respectively (Figure 36). The Boro East profile increases to 40% clay content at 40cm and 

remains at this proportion to the base of the profile. The Boro West clay content increases to 45% at 

20 cm and remains at this level to 40cm. At 60 cm the clay content decreases to 5% and remains at 

this proportion to the base of the profile. 
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The Boro East edge of the scald B profile is very strongly acid at the surface (<4.5 pH), with a slightly 

acid trend (6.1 to 6.5 pH) between 10 and 40 cm (Figure 37). At 60 cm, Boro East is neutral (7 pH), at 

80 cm it is moderately acid (5.6 to 6 pH) and slightly acid (6.1 to 6.5 pH) at the base of the profile. 

Boro West edge of the scald B has a neutral trend (7 pH) from the surface to 45 cm and is mildly 

alkaline (7.4 to 7.8 pH) from this point to 100 cm. Boro West is moderately alkaline (7.9 to 8.4 pH) 

from 100cm to the base of the profile. 
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Figure 34: A representation of Boro 

East and Boro West B profiles at the 

edge of the scald. 

Figure 35: The ECe of Boro East and Boro West B profiles, on the edge of the scald, indicate extreme saline at the land surface. 

Figure 36: The clay content for Boro East and West B profiles shows more clay in the B horizons. Figure 37: The pH readings for Boro East and Boro West B, on the edge of the scald, are more acidic in the surface and neutral to 

alkaline in the sub-surface. Boro East B is very strongly acid at the surface. 
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The geochemistry indicates that Boro East edge of the scald B profile weathers through primary phase 

muscovite and illite at 100 cm, with weathering to kaolinite in the near surface (100 cm to 10 cm) and 

the presence of muscovite/illite at the surface (Figure 38). The Boro West edge of scald profile 

weathers through to kaolinite at depth (100 to 120 cm), with the presence of muscovite/illite towards 

the surface (40 cm to surface). 

 

At Boro East mid-slope, the mineralogy in the saprolite has a lower proportion of quartz than the sub-

surface (saprolite 35% and sub-surface 63%) (Figure 39). The saprolite has higher proportions of sodic 

plagioclase feldspar (saprolite 30% and sub-surface 21%) and muscovite and illite (saprolite 18% and 

sub-surface 6%). Potassium feldspar (orthoclase) is present in similar proportions across both samples 

(saprolite 8% and sub-surface 7%). Kaolinite is present in the saprolite (6%) and not detected in the 

sub-surface. Relative to fresh rock there is much more quartz (fresh rock 28%) much less sodic 

plagioclase feldspar (albite) (fresh rock 47%), more muscovite and/or illite clay (fresh rock 5%), 

similar proportions of potassium feldspar (orthoclase) (fresh rock 12%), and no chlorite (fresh rock 

8%). This implies that the feldspars are weathering to secondary clays (illite and kaolinite). At the 

surface there is less quartz (surface 54%), similar proportions of sodic plagioclase feldspar (albite) 

(surface 20%) and potassium feldspar (orthoclase) (10%), more muscovite and illite (surface 11%) and 

some halite (salt) (5%).  

 

The cation exchange capacity for Boro East and Boro West edge of the scald is moderate at the 

surface (12 to 25 CEC) (Figure 40). Boro East has a peak value in the high range (25 CEC) at 10 cm 

depth, with moderate values (12 to 25 CEC) to 40 cm. Below this point the values are low (6 to 12 

CEC), with the exception of a moderate value (∼13 CEC) at 80 cm. Boro West has a peak value in the 

high range (35 CEC) at 20 cm. At 40 cm, Boro West has a moderate CEC (23 CEC), with a minor 

increase to the high range (26 CEC) at 60 cm. At 80 cm Boro west has low CEC (7 CEC) and decreases 

to very low (<5 CEC) from 100 cm to the base of the profile.  
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The exchangeable sodium percentage for Boro East edge of the scald is marginally sodic in the 

surface (5 to 10 ESP), strongly sodic (>10 ESP) between 5 and 50 cm and non-sodic (<5 ESP) below 

60 cm (Figure 41). Boro East is strongly (>10 ESP) sodic throughout the profile, with a peak reading 

at the surface (>40 ESP), trending to lower readings at the base of the profile (∼22 ESP). Soil 

dispersion predictions, using the prediction model threshold set out by Rengasamy et al. (1984), 

indicate that the majority of Boro East and some Boro West samples have potential to become 

dispersive if subjected to leaching (Figure 42). 
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Figure 38: Plot of K/Al vs Mg/Al ratios (wt%) for Boro East and Boro West B profiles, of variably weathered bedrock and regolith, 

indicating more complexity in weathering patterns near the surface. 

Figure 39: Changes to the mineralogy (%) across the profile in Boro West B. Halite (NaCl) forms 5% of the surface sample. 

Figure 40: Cation Exchange Capacity for Boro East and Boro West B profiles. These show moderate to high CEC at the surface and in 

the sub-surface of both profiles. 
Figure 41: Exchangeable Sodium Percentage for Boro East and Boro West B profiles indicate that these are strongly sodic in the surface 

and sub-surface. 
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Figure 42: Soil dispersion predictions for Boro East and West B profiles. 
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2.3.6 Boro East and West profiles - C: centre of the scald 
Soil profiles on lower slopes, in the centre of the scald (Boro East C and Boro West C), are between 

130cm and 120cm deep respectively. These have well-developed pedogenic features (Figure 43), 

with the A1 horizon present in Boro East (lower horizon boundary - Boro East 5cm below surface) 

and absent in Boro West. Boro East has an A2 horizon (lower horizon boundary - Boro East 15cm 

below surface) and the A2 horizon is absent in Boro West. Boro East has a B21 horizon (lower horizon 

boundary - Boro East 70cm) and a B22 horizon below this to the base of the profile. Boro West has a 

B1 horizon present at the surface (lower horizon boundary - Boro West 20cm) and a B2 horizon below 

this (lower horizon boundary - Boro West 80cm). Boro West has a C1 horizon (lower horizon 

boundary 80cm) and a C2 horizon below this, to the base of the profile. In Boro East, partial slaking 

is present in the A2 horizon and complete slaking in the B horizons. In Boro West, partial slaking is 

present in the C horizons. Slight dispersion was present in Boro East in the A2 and B horizons. No 

dispersion was observed in Boro West.  

 

The Boro East centre of the scald C profile is non saline at the surface (<2 dS/m), with an increasing 

ECe trend to extremely saline (17 dS/m) at 80cm depth (Figure 44). Below this point, Boro East has 

a decreasing ECe trend to moderately saline (5 dS/m) at the base of the profile. Boro West centre of 

the scald is highly saline at the surface (10 dS/m), with a peak (14 dS/m) at 20 cm. The ECe shows a 

decreasing trend to non-saline (<2 dS/m) at 80 cm. Boro West remains non saline (<2 dS/m) from 

80 cm to the base of the profile.  

 

The clay content for Boro East and Boro West centre of the scald C profiles, at the surface, is 35%, to 

a depth of 20cm (Figure 45). The Boro East profile increases to 50% clay content at 40cm and remains 

at this proportion to 80 cm. At 100cm the clay content decreases to 40% and remains at this 

proportion to the base of the profile. The Boro West clay content increases to 40% at 40 cm and 

remains at this level to the base of the profile. 
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The Boro East and Boro West centre of the scald profiles have a neutral pH at the surface (6.6 to 7.3 

pH) with Boro East showing a slightly acid value at 20 cm (6.3 pH), with a neutral trend from 40 to 

100 cm (7 to 7.3 pH) (Figure 46). Boro East has a mildly alkaline trend from 100 cm to the base of the 

profile. Boro West is mildly alkaline (7.4 to 7.8 pH) from 10 to 40 cm, moderately alkaline (7.9 to 8.4 

pH) from 60 to 100 cm, slightly acid (6.4 pH) at 120 cm and strongly alkaline (8.6 pH) at the base of 

the profile.  
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Figure 43: A representation of Boro East and Boro 

West C profiles in the centre of the scald. 

Figure 44: The ECe of Boro East and Boro West C profiles, in the centre of the scald, indicate high to extreme salinity in the 

sub-surface. 

Figure 45: The clay content for Boro East and West C profiles shows more clay in the sub-surface. Figure 46: The pH readings for Boro East and Boro West C, in the centre of the scald, are neutral at the surface and typically 

neutral to alkaline in the sub-surface. 
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The geochemistry indicates that Boro East centre of the scald weathers to kaolinite rich clays from 

the base of the profile to 40 cm, with the presence of muscovite/illite towards the surface (Figure 47). 

The Boro West centre of scald weathers to primary phase muscovite and illite from the base of the 

profile to 100cm, kaolinite and mixed layer clays to 40 cm and illite at the surface. 

 

At Boro West mid-slope, the mineralogy shows higher proportions in the saprolite than the sub-

surface for quartz (saprolite 48% and sub-surface 26%), muscovite and illite (saprolite 34% and sub-

surface 14%) and potassium feldspar (orthoclase) (saprolite 12% and sub-surface 6%) (Figure 48). 

Sodic plagioclase feldspar was detected in the saprolite (6%) and was not present in the sub-surface. 

Minerals detected in the sub-surface that are not present in the saprolite are kaolinite (12%), calcite 

(35%) and mixed layer clays (7%). Relative to fresh rock there is much more quartz (fresh rock 28%) 

and muscovite and illite (fresh rock 5%) much less sodic plagioclase feldspar (albite) (fresh rock 47%), 

similar proportions of potassium feldspar (orthoclase) (fresh rock 12%) and no chlorite (fresh rock 

8%). This implies that the feldspars are weathering to secondary clays (2:1 layer clays, illite and 

kaolinite). At the surface there is a lot more quartz (surface 63%), much less sodic plagioclase feldspar 

(albite) (surface 4%), less muscovite and illite (surface 16%), slightly less potassium feldspar 

(orthoclase) (8%) and some kaolinite (9%). 

 

The cation exchange capacity for Boro East and Boro West centre of the scald is low (6 to 12 CEC) 

at the surface (Figure 49). Boro East has a peak value in the very high range (80 CEC) at 60 cm. From 

100 cm to the base of the profile, Boro East has CEC values in the moderate (12 to 25 CEC) range. 

Boro West has a peak value in the very high range (45 CEC) at 40 cm, with a low value (7 CEC) at 60 

cm. From 80 cm to the base of the profile, Boro West has CEC values in the very low (<6 CEC) range. 

 

The exchangeable sodium percentage for Boro East and Boro West centre of the scald is marginally 

sodic (6 ESP) and non-sodic (4 ESP) respectively (Figure 50). The ESP for Boro East increases to 

strongly sodic (23 ESP) at 40 cm and remains in this range to the base of the profile, with the exception 

of marginally sodic (5 to 10 ESP) values at 60 and 140 cm. Boro West has a strongly sodic (17 ESP) 

value at 20 cm. At 60 cm, the ESP for Boro East drops to non-sodic (<5 ESP) and remains in this 

range to the base of the profile.  Soil dispersion predictions, using the prediction model threshold set 

out by Rengasamy et al. (1984), indicate that some samples from Boro East and Boro West have 

potential to become dispersive if subjected to leaching (Figure 51). 
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Figure 47: Plot of K/Al vs Mg/Al ratios (wt%) for Boro East and Boro West C profiles, of variably weathered bedrock and regolith, 

indicating more complexity in weathering patterns near the surface. 

Figure 48: Changes to the mineralogy (%) across the profile in Boro West C. This shows that mixed layer clays are present in the sub-

surface at this location. 

Figure 49: Cation Exchange Capacity for Boro East and Boro West C profiles. These show high to very high CEC in the sub-surface of 

both profiles. 

Figure 50: Exchangeable Sodium Percentage for Boro East and Boro West C profiles indicate that these are strongly sodic in the sub-

surface. 
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Figure 51: Soil dispersion predictions for Boro East and West C profiles. 
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2.4 REGOLITH DISCUSSION 

The physico-chemical profiling of Boro East and Boro West transects provides good insight into the 

parameters that control fluid movement in the landscape. Samples collected were representative of 

each landscape element across the soil catena. Given that a key element of the project design was to 

understand the sub-surface processes at a site and profile scale, a decision was made to conduct a 

series of detailed down-profile analyses. This enabled an understanding of how the different layers 

control fluid movement and the manifestation of salinity. A study of more profiles with less detail 

would not provide this level of understanding or enable reconciliation of processes that take place in 

different layers of the soil and regolith profile as readily. A more detailed approach to sampling and 

analysis of each profile enables a better understanding of the controls on salinity in the regolith and 

enables comparisons across the transect. 

2.4.1 Geospatial data 

The EMi survey maps the rocky crests of hills as a low conductivity response and the lower slopes, 

alluvial plains and drainage depressions as a high conductivity response. The hill crests and upper 

slopes have skeletal soils and high relief, so there is limited opportunity to hold water or saline water 

in this part of the landscape. The materials are free draining so any salts present would be mobilised 

during infiltration events. Field observations from the HGL classification process and results from the 

physico-chemical profiling indicate that a higher percentage of clays are present, and waterlogging is 

more common, in the lower parts of the landscape. Higher electrical conductivity readings at the 

edge of the scald and in the scald may be due in part to the presence of clays and waterlogging but 

suggest the presence of salt in solution in the soil. This is consistent with the presence of halite (5%) 

in the XRD analysis, scald formation, vegetation dieback and the presence of indicator species (e.g. 

couch grass) on the margins of the scald.  

 

While the results of the EMi survey provided a useful indicator of the presence of salts and enabled 

a targeted approach to physico-chemical profiling of the landscape, interpretation should be 

completed in parallel with other tests to enable clarification of the drivers behind these values. It is 

best to use EMi patterns in an indicative way as, because of profile waterlogging and the presence of 

clays, EMi values do not always directly correspond with salt concentration values. When combined 

with the EMi response, the geochemistry and XRD analysis indicate that the lower parts of the 
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landscape have a greater percentage of 2:1 layer clays (7%), which may also  contribute to the higher 

responses in these areas (Truman et al., ND).  

 

In the case of Boro East and West transects, there is a higher concentration of salts in the lower parts 

of the landscape, particularly below the break in slope and along the drainage depressions. The 1:5 

extract method (Richards, 1954) has provided a useful way of discerning the difference between 

higher clay content (XRD and geochemistry) and the parts of the landscape and profiles that are salt 

affected. Using these measurements means it was possible to determine whether high EMi response 

correlated with higher soil salinity, or whether another parameter was potentially responsible (e.g. 

more clays, waterlogging or a combination of multiple factors).  

 

When results from the EMi survey, geochemistry, mineralogy and soil 1:5 extract method are 

combined, they highlight the need to use multiple analytical techniques to understand the spatial 

distribution of salinity, as well as the site and profile factors that contribute to the expression of salts 

in the landscape. Geochemical, mineralogical and field-based analysis of profiles enables the 

standardisation and reconciliation of geospatial EMi data (Lesch et al., 1992; Cresswell et al., 2007; 

Viezzoli et al., 2012). 

2.4.2 Pattern of salt distribution across the landscape 

The regolith profiles from the Boro East and Boro West transects are formed on the same rhyodacite 

parent material, however they exhibit a range of different physical and chemical characteristics that 

are likely due to their position in the landscape and the processes that influence sub-surface water 

movement, solute transport and weathering. This is indicated in the XRD and geochemistry, which 

show weathering patterns through illite (up to 38%) in the well-drained parts of the landscape (mid-

slopes). On the edge of the scald and in the centre of the scald, the XRD and geochemistry show 

more complex patterns of regolith development, indicated by the presence of calcite (35%) and mixed 

layer clays (7%). 

 

While the free draining profiles of the crest and mid-slope are typically non-saline (<2 dS/m), sites 

on lower slopes exhibit extremely saline readings (38 to 50 dS/m) at the surface. This may be due to 

the presence of perched water above the B horizon, or periodic seepage/ waterlogging associated 

with the change in slope. This can result in surface discharge or water in the shallow sub-surface in 
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this part of the landscape. This facilitates the evaporative concentration of salts at the land surface. 

The level of salt concentration in the lower part of the landscape on the LFVN HGL is likely to 

severely limit agricultural production and the types of species, particularly native groundcover, that 

will grow below the break in slope. This is because the profiles in this part of the landscape exceed 

the threshold for extremely salt tolerant plants (e.g. >16 dS/m) (Richards, 1954; Taylor, 1993; 

Hazelton & Murphy, 2009). 

 

The CEC for the Boro East and West profiles in the centre of the scald was very high (between 40 

and 80 CEC for both sites) at the base of the B horizons, which suggests that there may be 2:1 layer 

clays present in these parts of the profiles (Barton & Karathanasis, 2002). This is also supported by 

the changes observed in the geochemistry (e.g. presence of 7% mixed layer clays) and mineralogy 

(e.g. increase in Mg/Al ratio from 0.1 at 80 cm to 0.35 at 40 cm), indicating the presence of mixed 

layer clays in the profile. This supports the concept that there is sub-surface perching on clay layers 

which has resulted in evaporative concentration of salts at the land surface. Further characterisation 

in Part 3 of this thesis uses solute distribution to identify areas of sub-surface perching and the findings 

are discussed in more detail in Part 5. The saprolite in the lower parts of the landscape indicates a 

different pattern of salt distribution from the well-drained profiles of the crest and mid-slope, with 

readings that are moderately (4 to 8 dS/m) to highly saline (8 to 16 dS/m) in the weathered rock 

component (60 to 80 cm).  

 

The Boro East and Boro West profiles in the centre of the salt scald vary in their expression of surface 

salinity, although both show a trend towards higher salt (peak readings 12 to 17 dS/m) values above 

the B horizons, which coincides with an increase in both clay content (7% mixed layer clays and 12% 

kaolinite) and cation exchange capacity (>40 CEC). The peak salinity value indicates that water is 

perching in the sub-surface, although the lower ECe value at the surface (e.g. lower than in the sub-

surface) indicates that it is perching above the clay-rich horizons and there is limited evaporative 

concentration at the surface. Saprolite samples at these locations do not exhibit the high 

concentrations of salts that are seen in samples from the lower slopes. Changes to the mineralogy 

and geochemistry at the sites near the centre of the salt scalds suggest that there is a complex pattern 

of solute accumulation (e.g. changes to PERs and the presence of 7% mixed layer clays and 35% 

calcite) and indicates that these lower slopes are commonly waterlogged. This indication is supported 

by field-based observations made during the HGL mapping. Waterlogging in these parts of the 

landscape has likely contributed to the presence of 2:1 layer clays (7%). Another process which is 
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likely to be more dominant in the areas where 2:1 layer clays are present is cation exchange,  shown 

by the high cation exchange values in the B horizon in the centre of the scald (Boro East >80 CEC 

and Boro West >45 CEC). This would typically increase the ability of the regolith to buffer against 

changes in soil chemistry, such as salinity (Hazelton & Murphy, 2009; Moore et al., 2019).  

 

It is uncertain why there are elevated levels of salt in some parts of the weathered rock and soil and 

not in others. Some possibilities are that there is a long residence time for water in the regolith of 

these lower slopes and this, combined with the high evapotranspiration rate means that evaporative 

concentration of salts is an important process in the LFVN landscape. While the pattern of salt 

concentration at the sites in the lower landscape, immediately below the break in slope may support 

this possibility, the sites located at the centre of the scald do not. If the latter sites were subjected to 

the same long groundwater residence times, sub-surface waterlogging and evaporative 

concentration, they should have a similar pattern of solute accumulation at the surface, but they do 

not. This suggests that evaporative concentration across the lower parts of the landscape may not be 

the primary driver for the presence of salts at the surface. Across both the Boro East and Boro West 

transects, the highest concentration of salts is immediately below the break in slope, at the land 

surface (38 to 50 dS/m). This suggests that changes in soil texture at this point may be driving water 

and solutes to the surface, where they are evaporatively concentrated (Charman & Murphy, 2000).  

 

Another concept for consideration in the context of these results is the process of matrix diffusion, 

which may provide an explanation for these patterns across the landscape. In this situation, it is 

possible that the saprolite is acting as a dual porosity media, and that salts are diffused into and out 

of the matrix of the saprolite, depending on waterlogging, flow and the concentration of salts in the 

fluids passing along the fractures in the regolith. 

 

The results from physico-chemical profiling of the LFVN HGL indicate that there is sharp texture 

contrast between the A and B horizons in the profiles located in lower parts of the landscape, 

particularly below the break in slope and in association with the drainage depressions (e.g. 35% to 

50% at the centre of the scald). It is likely that this coincides with a change in the hydraulic 

conductivity as fluid moves from the more permeable layers of the A horizons, to the less permeable 

layers of the B horizons. Given that this change in permeability is sharp, it is likely to result in perching 

of water in the sub-surface, which is supported by field observations from the HGL classification 

process. At the break in slope, it is possible that this perched water may discharge from the land 
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surface as a result of a combination of hydraulic head from lateral flow upslope and the change in 

hydraulic conductivity at the sharp textural boundary between the A and B horizons. This process 

may account for the increased concentration of salts in the area immediately below the break in slope 

and when combined with evaporation, it would provide a plausible explanation for the high 

concentration of salts at this part of the landscape. While capillary rise may be a contributing factor 

in the concentration of salts at this point in the landscape, it seems unlikely to be a key driver in this 

process, as evaporative concentration of salts at the land surface is not observed uniformly across 

the areas where there is a sharp texture contrast between horizons or where field observations 

indicate a pattern of waterlogging. 

2.4.3 Other land management challenges 

Both the field-based tests and the geochemistry indicate that all profiles from the Boro Road East and 

West drilling program demonstrated at least some level of dispersivity in the B and/or C horizons. 

This is indicative of sodic soils (Rengasamy et al., 2010). Soil sodicity predictions also indicate that 

the profiles in these soils are sodic and,  although it is recommended that the soil sodicity prediction 

is only used in specific soil types, it does appear to provide a good indication of sodicity potential in 

the profiles at Boro Road. According to the thresholds that have been applied in previous studies, 

samples from the lower slopes and drainage depression of Boro East have the highest potential for 

sodicity. This is supported by field-based tests and the ESP calculations from the geochemistry. If the 

Rengasamy et al. (1984) model for the prediction of sodicity is applied,  it indicates the Boro East 

edge of the scald and centre of the scald samples have potential to become highly sodic if the profiles 

are leached. This is relevant if there are changes to the climatic regime, particularly rainfall across 

the area. The field-based observations and geochemical data combined with soil sodicity predictions, 

indicates that the effect of soil sodicity may have been minimised by the presence of salts in parts of 

the LFVN HGL. These concepts are explored in more detail in Part 5 of this thesis. 

 

Soil sodicity presents a land management challenge, as the soils with high concentrations of sodium 

ions typically have poor structure due to the dispersive nature of the soil (Rengasamy & Olsson, 1991; 

Charman & Murphy, 2000; Hazelton & Murphy, 2009). This reduces the hydraulic conductivity in the 

profile and may be associated with other challenges such as waterlogging above the sodic horizons. 

Given that the layers with the greatest sodicity in the profile also have higher cation exchange 

capacity and are more complex geochemically, it is possible that there are links between these 
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factors. This could include water perching above the sodic horizons and concentration of cations 

caused by poor hydraulic conductivity (Hazelton & Murphy, 2009), with the presence of 2:1 layer 

clays contributing to higher cation exchange and thus the ability to store Na+ in this part of the 

regolith.   

 

While the cation exchange capacity of the soils in both the Boro East and West transects is high in 

the sub-surface (>25 CEC) below the break in slope, it coincides with other factors in the soil that 

have potential to limit plant growth. The Boro East and West edge of the scald profiles have extremely 

saline soils, which greatly limit the range of species that are likely to grow at these sites. Additionally 

the profile in Boro East has a surface pH below 5.5 (value is 4.2 pH), which increases the mobility of 

elements such as aluminium and may result in availability that exceeds the threshold for toxicity to 

plants (Charman & Murphy, 2000; Hazelton & Murphy, 2009). 

 

The Boro East and West C profiles have highly to extremely saline soils in the sub-surface and the 

pH of the western profile is mildly to moderately alkaline in the sub-surface (>8), which may inhibit 

the growth of some plants. 
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2.5 REGOLITH SUMMARY 

This chapter outlines physico-chemical profiling of the LFVN HGL. Results from the investigation 

indicate that there is an accumulation of salts in this landscape in the area below the break in slope 

and in association with drainage depressions. Sites immediately below the break in slope exhibit the 

highest concentrations of salinity in this HGL and this is typically at the land surface. The presence 

of salts in high concentrations at the surface below the break in slope may be indicative of water 

discharge at a change in soil texture. These sites meet the threshold for extremely and highly saline 

soils, which indicates that salinity is a major land management challenge for agricultural production 

in this landscape.  

 

Profiles below the break in slope and associated with drainage depressions show indications of other 

land management issues such as sodicity and possible structural decline. This is commonly present 

in the B and C horizons. Sites at the break in slope and in the middle of the salt scald across both 

transects have been stripped of part, or all, of the A horizon. The presence of salts in this part of the 

landscape has reduced vegetation cover at the land surface, resulting in exposure of horizons that are 

potentially dispersive in nature. The presence of these salts may also be counteracting the dispersive 

nature of the soils by maintaining cohesion in the profiles at these locations. It is also likely that the 

presence of these salts has reduced the potential for active tunnel erosion, although changes to 

climatic conditions, particularly to rainfall timing and volume, may result in leaching of salts from the 

LFVN HGL. If this occurs, it is likely that these soils will become spontaneously dispersive and erosion 

may become a major land management challenge in the LFVN HGL.   

 

The Electromagnetic Induction survey of the Boro field sites has proven to be a useful tool in 

identifying areas with potential salt accumulation and water logging issues for more targeted 

sampling and analysis.  

 

The high cation exchange of the regolith in the sub-surface, below the break in slope, is associated 

with other factors that have potential to limit plant growth, including variations in pH that may 

increase the mobility of elements such as aluminium beyond the threshold that is toxic to plants. This 

combined with the salinity and sodicity challenges greatly limit the options for remediation and 

sustainable land use in this landscape. 
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3  POTENTIAL SOLUTES AND SURFACE WATER 

CHEMISTRY 
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3.1 SOLUTE INTRODUCTION 

In many upland catchments in south east Australia, baseflow from an unconfined aquifer and interflow 

from the regolith zone are important vectors for flow into stream systems. When there is rainfall there 

is runoff, however there are extended periods without substantive rainfall, so the interflow and 

baseflow vectors are important to maintain surface flow through drier periods. A clearer 

understanding of solute storage and mobilisation in the regolith zone and upper parts of the 

unconfined aquifer is of paramount importance when identifying influences on the chemistry of 

surface waters (Lawrie et al., 2002; Sweeney, 2016; Moore et al., 2019).  

 

This part of the research outlines the application of chemical profiling using the hydrogeological 

landscape (HGL) framework, to understand the factors that influence mobilisation of soluble ions in 

the regolith and how this is linked to stream salinity. The research details the processes that impact 

stream salinity hazard in the field area, as described in the Long Flat Volcanics North (LFVN) HGL 

conceptual model. It provides an opportunity to refine the understanding of connectivity between the 

salts present in the landscape and those that contribute to high salt loads and EC readings in stream 

systems, in the context of weathered felsic volcanic landscapes. The techniques used are designed to 

determine which ions are potentially soluble in different zones of the regolith profile, present across 

a catena sequence (Richards, 1954). 

 

Site-scale factors that impact salinity include: the presence and distribution of permeable, semi-

permeable and impermeable layers such as soil A and B horizons; changes in topography which 

contribute to water discharge and commonly concentrate salts; the physical and chemical properties 

of the regolith (Taylor, 1993; NSW Government, 2010a). Understanding these factors can provide an 

explanation for the likely distribution of solutes in the LFVN HGL, and their influence on groundwater 

and surface water systems in the landscape. The chemical analysis of solutes in the regolith, at a 

profile scale, provides insight into the interactions between the regolith, groundwater and surface 

water systems and the technique follows an approach that bridges multiple scientific disciplines 

(Drever, 1997; Taylor & Eggleton, 2001; McKenzie et al., 2008; Scott & Pain, 2009; Hazelton & 

Murphy, 2009). 
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The analysis and interpretation of water chemistry data enables comparison with thresholds for 

human health guidelines, as well as benchmarks for a range of other indicators, needed to establish 

land suitability for agricultural enterprises and as an ecosystem service (Taylor, 1993; Drever, 1997; 

Williamson, 1998; Australian and New Zealand Environment and Conservation Council, 2000; 

Goulburn-Murray Water, 2010). These can include agricultural production such as crop irrigation or 

livestock production (Heydarirad et al., 2019), domestic (non-potable) purposes such as gardening 

and to sustain native flora and fauna in aquatic and terrestrial ecosystems (Taylor, 1993; Sweeney, 

2016; Abdelshafy et al., 2019).  

 

In surface and groundwater systems, where the concentration of specific ions exceeds the upper limit 

for stock, environmental or human health guidelines, the use of this water can have major implications 

for human and stock health, as well as implications for ongoing viability of land use (Australian and 

New Zealand Environment and Conservation Council, 2000). Degradation of water resources can 

also have catastrophic impacts on aquatic and riparian ecosystems, with the potential for salt toxicity 

for a range of plants and animals. The comparison of surface and groundwater samples with the 

standards for human health and environmental guidelines enables users to understand how the 

concentration of ions in that system relates to the benchmarks that have been set (Rehman et al., 

2016; van Tol, 2016). 

 

There are a range of mechanisms used to monitor, assess and analyse surface and groundwater 

systems. These include monitoring at fixed point gauging stations and groundwater bores (Bureau of 

Meteorology (BOM), 2014), sampling to identify point source contaminants or pollutants (Burcharth 

et al., 2007) and regular, seasonal and targeted groundwater sampling for hydrogeochemistry 

(Mancy, 1975; Sundaram et al., 2009). Salty HGLs, catchments or geological units, where there is high 

transfer of salts to local stream systems, can be identified by using the water sampling array (NSW 

Government, 2010a; Jenkins et al., 2012; Moore et al., 2019). Dominant ions can be identified in the 

analysis to understand what salt species are present (Sweeney, 2016) and how this will likely impact 

human health, agricultural enterprises and ecological systems (Drever, 1997; US Geological Survey, 

2016). Comprehensive water chemistry analyses can be used to determine the potential source of 

salts (Maeller, 1990; Panno et al., 2006) or other factors such as if any single element exceeds the 

human health thresholds (Australian and New Zealand Environment and Conservation Council, 

2000).  
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The geochemistry of surface and groundwater systems is strongly influenced by meteoric, 

pedological, geological and biological processes so parameters describing lithology, rainfall and 

vegetation are characterised (Drever, 1997). In many respects the influence that these factors have 

on surface and groundwater is similar to the formation of regolith materials, in that water flow and 

solute transport takes place through the regolith and each have an influence on the other (Higgins & 

Coates, 1990; Drever, 1997; Scott & Pain, 2009). Understanding the effect that each has on the other 

is an integral part of the HGL classification process (Moore et al., 2019; NSW Government, 2010a; 

Wooldridge et al., 2015).  

 

In groundwater systems, a water balance equation is used to represent water movement through the 

landscape, by identifying a range of losses and gains which occur both naturally and through human 

activities in the groundwater system. This provides insight into the limits to the water that makes its 

way into lakes and stream systems, and it is represented by: 

ΔS = P - R - G - E - T - A 

 

ΔS =  Change in storage, [unit of height] or [unit of volume/unit of time] 

P = Precipitation [unit of height] or [unit of volume/unit of time] 

R = Runoff, [unit of height] or [unit of volume/unit of time] 

R = Rin - Rout 

Rin = runoff as influx into the water body/hydrologic region  

Rout = runoff as outflow from the water body/hydrologic region 

G = Groundwater flow, [unit of height] of [unit of volume/unit of time] 

G = Gin - Gout 

Gin = groundwater as influx into the water body/hydrologic region 

Gout = groundwater as outflow from the water body/hydrologic region 

(G includes interflow and baseflow) 

E = Evaporation, [unit of height] or [unit of volume/unit of time] 

T =  Transpiration, [unit of height] or [unit of volume/unit of time] 

A = Abstraction, [unit of height] or [unit of volume/unit of time] 

After Freie Universitat Berlin (n.d.) 
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For a water balance calculation to be representative of the broader landscape, an extensive array of 

boreholes from different parts of the landscape would be optimal. This study is focused and detailed 

and does not provide the best conditions for a representative water balance evaluation. However, a 

review of each of the components of the water balance equation provides sound context for this 

research.  

 

In south eastern Australia, modelling demonstrates that potential evapotranspiration typically 

exceeds precipitation (Bureau of Meteorology (BOM), 2005) and surface flow takes place hours to 

days after rainfall events. This means that although there is surface flow to these perennial stream 

systems, it can be volumetrically small when compared with interflow and groundwater flow. 

Groundwater flow takes place in the phreatic zone, which is below the water table where the soil 

pores are saturated and it includes water in deeper aquifers or fractured rock systems, where the 

aquifer is confined. It is groundwater that typically influences whether a stream system is perennial 

or seasonal, in that perennial systems typically derive their baseflow from groundwater when the 

water table intercepts the base of the stream (Ward & Robinson, 2000; Rassam & Werner, 2008).  

 

Interflow takes place through the vadose zone, above the water table, where the pores are typically 

only partially filled with water (Rassam & Werner, 2008; Pidwirny & Jones, 2009). The flow in this 

part of the regolith is not perennial and is commonly influenced by intensity and frequency of rainfall 

events (Beven, 1989). Interflow interacts with the regolith, so it is important to understand the 

distribution of solutes at profile scale and across the landscape to understand how interflow influences 

surface water (Jennings et al., 2007) and in particular how the salt transported in interflow and from 

the unconfined aquifer (groundwater) contributes to stream salinisation processes (Figure 52). One 

of the advantages to studying solutes in the interflow zone is that it provides an understanding of 

where solutes are distributed and how they are concentrated in the landscape. This is part of the 

process used to refine the HGL model at a site and recommend specific targeted management 

actions. 
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Figure 52: Precipitation on the land surface that percolates down through the regolith may enter the groundwater system or migrate 

laterally as interflow (also referred to as throughflow). The interflow in a landscape is typically seasonal and is influenced by 

precipitation and evapotranspiration (Pidwirny and Jones, 2009). 

 

The parent lithology and regolith material through and over which ground and surface waters flow, 

control the soluble ions present in the waters. For this reason, surface and groundwater chemistry 

mainly reflects the chemistry of the underlying or upstream lithologies (Drever, 1997; NSW 

Government, 2010a; Sweeney, 2016).  

 

The rainfall across a landscape has a significant impact on the volume of water available for 

regolith/rock-water interactions that drive weathering processes and mobilise stored salts. Factors 

such as the potential and actual evapotranspiration rates determine whether the ions in solution are 

typically leached from, or concentrated and deposited in, the landscape. Fluctuations in the 

concentration of salts in groundwater and surface systems reflect changes in the volume of water 

introduced to the landscape as precipitation. In surface waters, it is possible to determine whether 

solutes have been derived from weathering, precipitation or evaporative concentration. This is done 

by plotting the abundance of the major anions (Cl-/Cl-+HCO3
-) against Total Dissolved Solids TDS  

(Figure 53) (Freeze & Cherry, 1979; Gibbs, 1970).  
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Figure 53: The plotting technique used to distinguish between solute processes dominated by rock weathering, precipitation or 

evaporative concentration (Gibbs, 1970). 

 
The presence of both living and decomposing vegetation, and other living organisms in the soil has 

an impact on the surface and groundwater chemistry interacting with the soil. Biota in the regolith 

can change the chemistry and solute composition of water that passes through this zone, as it is 

involved in nutrient cycling processes. For example organisms contribute CO2 to the profile and 

carbonic acid is produced when infiltrating water interacts with this gas (Drever, 1997). This is 

because both plants and animals contribute to the presence of organic acids in the regolith and higher 

concentrations of these contribute to increased weathering rates.   

 

The length of time for water and regolith/rock interactions has a major effect on the chemistry and 

concentration of solutes in surface and groundwaters (NSW Government, 2010a; Jenkins et al., 2012). 

The longer that interactions take place, the more likely it is for waters to approach saturation point 
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for different ions. Extended residence times for water in the regolith and weathering rock also enable 

some less soluble ions to dissolve. 

 

Chemical analyses of surface and groundwaters can be used to identify the ions that are soluble in a 

landscape. This commonly reflects rock weathering, physical and chemical properties of the 

weathered material and the zones of salt storage in the regolith (Lawrie et al., 2002). This information 

can be used to determine the difference between surface and sub-surface processes.  

 

The concentration of solutes in the landscape and regolith is related to rainfall and where 

evapotranspiration exceeds rainfall, there is limited opportunity to flush salts from the system 

(Lenahan et al., 2004; Lenahan, 2007).  

 

Hydrogeochemical studies on surface and groundwater salinity has focused on: the sources of salt 

(Jason-Smith, 2010); the differences between surface and groundwater chemistry including their 

mixing (Winter et al., 1998); and spatial and temporal changes in these systems (Short, 2017), based 

on parameters such as climate response to rainfall events and changes in land use systems (Beverly 

et al., 2005; English et al., 2002; Sweeney et al., 2016; Sweeney, 2016).  

 

Water is the primary agent for solute mobilisation and transport through the landscape. This means 

that analysing fluid movement pathways are key to understanding solute mobilisation processes, 

concentration and discharge of salts (Lawrie et al., 2002; Moore et al., 2019). By understanding the 

principle of fluid movement through the landscape at a broad scale, and refining models at a local 

scale a better understanding of the processes driving salinity is developed and more targeted actions 

at an HGL and management area scale can be implemented. Across the landscape there are a number 

of factors that must be considered when developing a conceptual model for solute transport. These 

include the location of zones of concentration and storage of salts, as well as the preferential pathways 

for fluid movement. At the profile scale, water movement and solute transport are typically influenced 

by the physical and chemical properties of the soil, saprock or saprolite (National Committee on Soil 

and Terrain, 2009). This is where characterisation of landscape elements in more detail enables 

insight into the pathways for fluid movement and solute transport across different zones in the 

regolith and in different soil horizons. This detailed information can be used to understand 

characterise and understand broader landscape processes. 
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The HGL framework emphasises the importance of water electrical conductivity (EC) in 

understanding the processes that impact groundwater and stream salinity (NSW Government, 2010a; 

Jenkins et al., 2012; Wooldridge et al., 2015; Moore et al., 2019). The standard approach to analysing 

and understanding EC is through sampling surface and groundwater, as part of a hydrogeochemistry 

study. This commonly involves the use of an existing network of bores and piezometers, as well as 

specific locations along stream systems, in an attempt to understand the connectivity between surface 

and groundwater systems.  

 

It is difficult to gain a clear understanding of the parameters that affect surface water systems without 

understanding the interactions between surface water, groundwater and the regolith (Winter et al., 

1998). Given that these interactions dictate the processes for salt storage and mobilisation, it is useful 

to understand what ions are present in different parts of the regolith and to what degree these are 

soluble or available to a fluid that passes through the zone of storage. The HGL approach to landscape 

classification establishes a conceptual model for fluid movement which identifies the relationship 

between regolith and surface and groundwater systems by using background data to inform the 

understanding of the key processes in individual landscapes that influence groundwater chemistry 

(Moore et al., 2019) 

 

The HGL approach to landscape classification is designed to have relevance for the implementation 

of site-scale land management actions, although it does not provide an understanding of some of the 

macro- processes that drive salinity in the landscape (Wooldridge et al., 2015). It is here that a more 

detailed study of solute chemistry at a profile scale in different parts of the landscape enables a better 

understanding of the interactions between specific zones in the regolith and groundwater and surface 

water systems. The data gathered through this research provides an understanding of the processes 

that affect salt load and electrical conductivity in streams and the regolith/water interactions that 

influence groundwater and surface water salt species. 

 

In landscapes like Boro, where there is a shallow regolith veneer (NSW Government, 2010a) and the 

thickness of some soil horizons is less than 5 cm (Jenkins, 1996), sampling of groundwater across a 

conventional piezometer network to match with individual soil horizons is difficult and impractical. It 

can also be challenging to correlate groundwater samples with specific horizons in the soil, as lateral 

flow may take place in one soil layer and percolate down, either in or around a piezometer, 

contaminating the sample with water from another part of the profile. This can result in discrepancies 
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between groundwater sample depth and the specifics of the soil horizon or regolith material. In these 

situations, the use of regolith cores for sampling and analysis of solutes provides better correlation of 

sample location with specific zones and horizons in the regolith. 

 

An evaluation of the water chemistry and concentration of salts in groundwater from the Lower Boro 

area and across a number of other field sites in the region was conducted in the early 1980’s (Gunn, 

1985). The component of the historic work that was undertaken adjacent to the study area (Gunn, 

1985), included a groundwater study across a series of 11 piezometers that were installed in the 

immediate sub-surface at 0.38m and 0.65 m, and varying depths in both the soil and saprock, ranging 

from 1.1m to 5.65m. The results from this study indicated that groundwater in the study area was 

dominated by sodium chloride salts (Figure 54). It is unclear whether the varying depths were built 

into the sample design or dictated by the fact that augering was conducted by hand. The differing 

depths of this groundwater sampling program provide some insight into the solutes that are present 

in the shallow groundwater system in different parts of the regolith, although this has not been related 

to the character of the soil and regolith material.
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Figure 54: Results from the historic study by Gunn (1985) indicate that the groundwater solutes are dominated by NaCl. 
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Groundwater sampling in unconfined aquifers can prove challenging when evapotranspiration 

exceeds precipitation. The balance between evapotranspiration and precipitation needs to be taken 

into consideration during the sample design process (Balugani et al., 2017). The previous 

groundwater research by Gunn (1985) indicated that four of the piezometers never contained water 

and an unspecified number dried out during a prolonged dry period. In these situations, it is difficult 

to gain a clear understanding of the chemistry and distribution of solutes in the landscape. While 

traditional groundwater studies have focused on sampling the water present in the system, another 

option that enables profiling of potential solutes is to use deionised water to extract what is soluble 

from the regolith (Richards, 1954).  Although this approach does not give absolute concentrations for 

groundwater salinity or ions, it provides an indication of the chemistry of solutes across different soil 

horizons and weathered and fresh rock (Sweeney, 2016). Relative concentrations of the solutions can 

be used to determine which layers are likely to contribute a higher concentration of salts to the system 

and to inform the salt storage model (NSW Government, 2010a) for the landscape. 

 

Chemical analyses of soluble ions, collected from soil, fresh rock and weathered rock samples 

employing the 1:5 extract method (Richards, 1954) were used to identify solutes that could potentially 

be mobilised in interflow and groundwater to surface waters. This approach enables an understanding 

of which zones of the regolith and horizons in the soil store and contribute salt to groundwater. 

Comparison with surface water samples from locations close to the field sites allows a conceptual 

reconstruction of solute mobilisation pathways through the regolith and soil zones. Linkage of soluble 

ion distribution with surface water systems is required for a refined understanding of how in-stream 

salinity is influenced by regolith chemistry. This informs the broader understanding of salt storage, 

sub-surface transport and transfer to surface waters in weathered felsic volcanic landscapes. It can 

be used to refine the conceptual model for the LFVN HGL. 
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3.2 METHODS 

3.2.1 Sample design 

This part of the research was designed to provide detailed information on the potential solutes in the 

regolith profile at Boro, information needed to correlate the solutes with the different zones in the 

regolith and horizons in the soil profile and to inform the salt model (NSW Government, 2010a) for 

the landscape. The sample collection for potential solutes was designed to enable comparison 

between the samples described in Part 2 of the study with the detailed physico-chemical profiling 

across two transects on the LFVN HGL. To provide accurate correlation between the soil ECe data 

from Part 2 and this part of the research, the samples that were used for the 1:5 extract analysis were 

also used for analysis of potential solutes. This meant that the sampling regime for the potential 

solutes was determined by analysis and classification of the soil/regolith profile.  

3.2.2 Solute sampling 

Soil/regolith profiles were sampled across two transects in the Boro Road area. Sites were selected 

using a combination of data including historic, field-based observations and preliminary results from 

the EMi surveys (Part 2). Transects were selected to represent the range of parameters in the LFVN 

HGL, including landforms, salinity manifestation and EMi response. The criteria used to select the 

profile transects are summarised in Table 14. 

Table 14: Criteria used to select two transects for soil profiling and sampling in the Boro Road area. 

Landform Element Salinity Signature EMi Response 

Crest of hill No observed salinity N/A 

Mid-slope No observed salinity Low - ECa below 20 

Lower slope –  

edge of salt scald 

Minor changes in vegetation to 

salt tolerant species 

Moderate to high –  

ECa above 20 

Lower slope –  

centre of salt scald 

Major changes in vegetation 

with only salt tolerant species 

present and areas of bare 

ground 

Moderate to high –  

ECa above 20 
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Physical constraints with the crest of hill sample meant that an alternative site had to be found for 

collection of unweathered, slightly and moderately weathered rock samples. The alternative site is 

identified as Boro South (see Part 1). Sampling of each remaining landform element was sampled at 

Boro East and Boro West (see Part 1) in accordance with the methodology outlined by the National 

Committee on Soil and Terrain (2009) and the principles of soil and landscape processes (McKenzie 

et al., 2008). A total of six profiles were described and sampled with a further six replicates collected 

and preserved in a PVC sleeve for laboratory analysis, from a location within 10 cm of the original 

field sample. The sleeved cores were used to provide samples for laboratory analysis, using the field-

profiling results to inform the vertical location of samples. Down hole profile sampling was based on 

soil textural boundaries. Surface water samples were taken at two locations on Boro and Limestone 

Creeks.  A total of 54 samples were analysed, consisting of two surface water, three crushed rock 1:5 

water samples and 49 soil 1:5 water samples. 

3.2.3 Analysis 

Core samples were analysed using the 1:5 extract method. Fresh, slightly weathered and moderately 

weathered rock samples were crushed and analysed using the same technique (Richards, 1954). All 

preparations were analysed for EC1:5, using a Hydrolab in a laboratory at 20°C. The meter was rinsed 

with deionised water and checked against calibration fluid between each profile and corrected 

accordingly. A portion of the fluid from the 1:5 preparation was sampled to examine the soluble ions 

in the regolith.  

 

Water samples were filtered with a 0.45 µm syringe filter and the electrical conductivity of the water 

measured in the field, or in the case of 1:5 extracts, laboratory measurements were used. A sub-

sample of each water sample was diluted (1:10 dilution) with 1% HNO3 in deionised water with added 

internal standards of the following elements Li, Sc, Y, Rh, In, Tb and Ho. Solutions were analysed by 

ICPMS using an (ICPMS Elan DRC-e) external standards, run every 20 samples 

 

A second sub-sample of those samples with electrical conductivity less than 2500 μs/cm (i.e. lower 

salinity, lower Cl content) were directly analysed by ICPMS without dilution as a cross check. 
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Bicarbonate was calculated using titration for the surface water samples and crushed rock samples. 

Bicarbonate values for regolith samples were calculated using a charge balance equation (Freeze & 

Cherry, 1979).  

 

The water chemistry analysis was conducted using ICPMS at the University of Canberra 

Ecochemistry Laboratory. High Purity Standards (Multi-element Standards ICPMS), for a suite of 11 

chemical constituents, were used to confirm analytical accuracy (Appendix 3). Piper diagrams were 

used to plot the proportions of the major cations and anions. The EC1:5 values and total ion 

concentrations (µEq/L) were plotted and compared with soil characterisation results. Sodium 

chloride ratios were used to evaluate the potential origin of this salt in accordance with the methods 

outlined in Panno et al., (2006). These results were used to evaluate dominant types of soluble salts 

in the regolith profiles and link these with each of the soil horizons, as well as the relative 

concentration of salt in the sample solution. Comparisons were made between the soil 1:5 waters and 

the and surface water chemistry results. 

3.3 RESULTS 

3.3.1 Surface water 

The chemistry of the surface water samples (Figure 55) indicates that they are a mixed salt type, 

dominated by sodium bicarbonate. 

 

The stream samples have a similar chemical composition, with salinity readings between 0.1 dS/m 

and 0.19dS/m (Figure 56). The cations and anion values (µEq/L) indicate that the samples are not 

charge balanced and that there is a higher proportion of cations to anions (Figure 57).  

 

Sodium chloride ratios ranged between 9.4 and 10.77 for the surface water samples in Limestone and 

Boro Creeks (Figure 58). 
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Figure 55: Stream and 1:5 crushed rock water samples from the Long Flat Volcanics (LFV) show that the stream systems have mixed type salts and the rock 1:5 extracts are dominated by sodium bicarbonate type salts. 
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Figure 56: The concentration of salts (dS/m) for the stream systems located in immediate proximity to the Boro East and Boro West 

field sites. 

Figure 57: Total concentration of cations and anions from the stream water samples where bicarbonate values were calculated using 

the titration method. This shows that the actual concentration of cations is higher than anions across all samples, with up to four times 

the cation concentration as the anion concentration in the surface water samples. 

Figure 58: Na+/Cl- ratios range between 9.4 and 10.77 for surface water samples in Limestone and Boro Creeks. 

0.2 

0.18 

0.16 

0.14 

0.12 

E 
';;:i- 0.1 
"0 

0.08 

0.06 

0.04 

0.02 

0 

11 

10.5 

10 

9.5 

9 

8.5 

Surface Water Salinity 

limestone Creek Boro Creek 

Na/Cl Ratios • Surface Water 

■ Limestone Creek 

■ BoroCreek 

-' --tr w 
::1. 

1400 

1200 

1000 

800 

600 

400 

200 

0 

Totc11I Concentration of Cations and Anions - Surface Water 

■ Cations 

■ Anions 

-Lim,estone Creek Boro Road 



149 
 

3.3.2 Fresh and weathered bedrock 

The chemistry of the 1:5 soil water samples indicates that sodium bicarbonate is the dominant soluble 

salt (Figure 59). There is a similar chemical composition for the fresh rock, saprock and saprolite 

samples and the proportion of cations is higher than anions across all samples. Cation and anion 

values across these samples did not charge balance (Figure 60), with anions (µEq/L) almost 10% 

lower than cation (µEq/L) using the charge balance equation. 

 

There is some variation in the composition of anions across the rock samples, with an increasing 

trend in the proportion of chloride as the samples become progressively more weathered and a 

corresponding decreasing trend in bicarbonate proportions from the fresh rock through to the more 

weathered samples. 

 

The EC1:5 readings for the Long Flat Volcanics (LFV) fresh rock, saprock and saprolite show the 

highest value in the fresh rock (0.14 dS/m), followed by saprolite (0.082 dS/m), with the lowest 

reading in saprock (0.044 dS/m) (Figure 61). 

 

Sodium chloride ratios range between 14.68 in fresh rock and 26.82 in saprolite (Figure 62) 
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Figure 59: Stream and 1:5 crushed rock water samples from the Long Flat Volcanics (LFV) show that the stream systems have mixed type salts and the rock 1:5 extracts are dominated by sodium bicarbonate type salts. 
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Figure 61: EC1:5 values for the Long Flat Volcanics (LFV) fresh, saprock and saprolite samples. 

Figure 62: Na+/Cl- ratios range between 14.68 in fresh rock and 26.82 in saprolite 

Figure 60: Total concentration of cations and anions from the Long Flat Volcanics (LFV) crushed rock 1:5 water samples, where 

bicarbonate values were calculated using the titration method. This shows that the actual concentration of cations is higher than anions 

across all samples, with all samples sitting outside the +5% or -5% threshold for variation in value. 
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3.3.3 Boro East and West A profiles - upper slope 

The potential solutes from the regolith 1:5 water samples at the surface of both the Boro East and 

West profiles have similar compositions. The Piper diagrams indicate that sodium bicarbonate is the 

dominant salt (Figure 63). The composition of the surface samples sit close to the boundary between 

mixed compositions and magnesium bicarbonate compositions. Samples from the other parts of both 

the East and West profiles form a cluster which is dominated by sodium bicarbonate. The one 

exception to this is at the base of the West profile, which has similar solute chemistry to slightly 

weathered bedrock and is sodium bicarbonate dominant. There are changes to the dominant cations 

across both the East and West profiles, indicating an increase in sodium with depth and there is no 

corresponding change in the composition of anions. There is some variation in the dominant anions 

at the base of the West profile, which reflect a chemistry similar to the saprolite samples, with a 

slightly higher concentration of chloride. The other samples from both the East and West profiles 

indicate limited change in the composition of anions. 

 

The EC1:5 readings for Boro East show a slightly higher reading at the surface (0.024dS/m), with  

lower readings that show limited variation from 10 cm below the surface, to the base of the profile 

(0.012dS/m to 0.011dS/m) (Figure 64). The EC1:5 readings for Boro West show a peak at the surface 

(0.36 dS/m) and at the boundary between the B21 and B22 horizons (0.395 dS/m). The Boro West 

Profile had two EC1:5 values that were lower at the boundary between the A and B horizons (0.024 

dS/m) and at the base of the profile (0.117 dS/m).   

 

The concentration of total soluble ions is highest in the sub-surface of both the east and western 

profiles, with surface concentrations typically in excess of twice that of the surface and lower parts of 

the profiles (Figure 65). The highest concentration of ions in the East profile is in the base of the A 

horizon at 20 cm and in the Western profile it is towards the base of the B horizon at 70 cm. There is 

a sharp reduction in the concentration of ions below the peak reading in both the East and West 

profiles. The East profile has an increase in the concentration of cations from the boundary between 

the B and C horizons, with an increase of up to 80 percent at the base of the profile.  

 

Sodium chloride ratios (Na+:Cl-) range between 4.68 and 7.1 in Boro East and 1.89 and 10.88 in Boro 

West (Figure 66). 
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Figure 63: Stream and 1:5 crushed rock water samples from the Long Flat Volcanics (LFV) displayed with 1:5 regolith water samples from above the break in slope. These show that the deeper samples from both the Boro East and Boro West profiles have a similar salt composition 

to fresh rock and are sodium bicarbonate dominant. Surface samples are sodium bicarbonate dominant, although they sit closer to the boundary with mixed type salts. 
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Figure 64: EC1:5 readings for Boro East and West A profiles provide a relative comparison of potential water salinity in different 

parts of the profile. 

Figure 65: The concentration of ions on the mid-slope of both Boro East and Boro West is highest in the sub-surface, near the 

boundary between the A1 and A2 in the East and the B21 and B22 in the West (reference below from Figure 25 – Part 2 results). 

Figure 66: Na+/Cl- ratios from mid-slope profiles range between 4.68 and 7.1 in Boro East and 1.89 and 10.88 in Boro West. 
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3.3.4 Boro East and West B profiles - edge of scald 

The potential solutes from the regolith 1:5 water samples for the surface and upper parts of both the 

Boro East and West profiles have similar compositions (Figure 67). Compositions for these samples 

plot near the boundary between the sodium bicarbonate, mixed and magnesium bicarbonate types 

of salts. The samples from Boro East become more sodium bicarbonate dominant at the base of the 

profile and the samples from Boro West become more magnesium bicarbonate dominant at the base 

of the profile. There are changes to the chemical compositions across both the East and West profiles, 

indicating an increase in sodium with depth in the East and an increase in magnesium with depth in 

the West. There is limited change in the dominant anions throughout both profiles.  

 

The EC1:5 readings for Boro East show a higher reading at the surface (5.6 dS/m) and a rapid decrease 

in concentrations below 20 cm, with the surface value typically in excess of three times the 

concentration of any other part of the profile. The boundary between the B2 and the C horizon has 

the lowest EC (0.812 dS/m), with an otherwise decreasing trend in EC towards the base of the profile 

(Figure 68). The EC1:5 readings for Boro West show a higher reading at the surface (4.4 dS/m) 

followed by a rapid decrease in concentrations below 20 cm, with the surface value typically in excess 

of twice the concentration of any other part of the profile. There is a decreasing trend in values to the 

base of the profile (0.369 dS/m).  

 

The concentration of total ions is highest in the surface of both the East and West profiles, with surface 

concentrations typically in excess of twice that of any other parts of the profile (Figure 69). The Boro 

East profile has a 70% reduction in the concentration of ions from the surface of the profile to the 

boundary with the A and B horizons at 20 cm, and a gradual reduction in the concentration of cations 

to the boundary between the B and C horizons.  
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The Boro West profile has a 60 percent reduction in the concentration of ions from the surface to the 

top of the B, at 15 cm, and a slight increase in the concentration in the middle of the B horizon at 40 

cm. There is a gradual reduction in the concentration of ions in the West, below the 40 cm mark, 

through both the B and C horizons.  

 

The sodium chloride (Na+:Cl-) ratios range between 11.01 and 22.24 for Boro East and 3.41 and 50.51 

for Boro West (Figure 70). 
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Figure 67: Stream and 1:5 crushed rock water samples from the Long Flat Volcanics (LFV) displayed with 1:5 regolith water samples from below the break in slope, at the edge of the salt scald. These show that at depth, the salts from the Boro East profiles are sodium bicarbonate 

dominant, while the salts from Boro West profiles are magnesium bicarbonate dominant. 
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Figure 68: EC1:5 readings for Boro East and West B profiles on the edge of the scald provide a relative comparison of potential 

water salinity in different parts of the profile and shows peak readings for both sites at the surface. Figure 69: The concentration of ions on the edge of the scald of Boro East and Boro West is highest at the surface in both profiles 

(reference below from Figure 34 – Part 2 results). 

Figure 70: Na+/Cl- ratios on the edge of the scald range between 11.01 and 22.24 in Boro East and 3.41 and 50.51 in Boro West. 
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3.3.5 Boro East and West C profiles - centre of the scald 

The potential solutes from the regolith 1:5 water samples for the Boro East profile have a mixed salt 

type at the surface, with an increase in the dominance of bicarbonate towards the base of the profile 

(Figure 71). There is very little variation in the chemistry of the samples on the eastern profile below 

20 cm, which are strongly dominated by sodium bicarbonate salts. The Boro West profile has sodium 

bicarbonate dominant salt from the surface to a depth of approximately 80 cm.  Below 80 cm 

magnesium bicarbonate is the dominant salt. There are changes to the cation chemistry across both 

the East and West profiles. In the east, there is an increase in the dominance of sodium with depth. 

In the west, there is an increase in the dominance of magnesium with depth. There are changes in 

the chemistry of anions throughout both profiles. In the east there is a greater chloride at the top of 

the profile. In the west, there is a greater chloride at the base of the profile. 

 

The EC1:5 readings for Boro East show the lowest value at the surface (0.075 dS/m), with the peak 

value at the boundary between the B21 and the B22 horizons (2.59 dS/m). Below this, the values 

decrease consistently to the base of the profile (0.561 dS/m) (Figure 72). The EC1:5 readings for Boro 

West show a consistent value from the surface (1.104 dS/m) to a depth of 10 cm. The values increase 

to the peak reading in the sub-surface, at the boundary between the B1 and B2 horizons (1.704dS/m). 

Below this point the values drop by more than 75% between the peak reading and the middle of the 

C1 horizon at 60 cm (0.358 dS/m), with a gradual decrease from this point to the base of the profile 

(0.127 dS/m). 
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The concentration of total ions is highest in the sub-surface of both the East and West profiles 

(Figure 73). In the East, surface concentrations are a 10 percent of the value in the sub-surface. There 

is a rapid increase in the concentration of total ions, with the highest reading at the boundary between 

the B horizons, at 70 cm. Below this point, there is a 75 percent reduction in the concentration of ions 

to the base of the profile. In the West, the peak in ion concentrations coincides with the boundary 

between the B horizons. This is approximately 50 percent higher than surface concentrations.  Below 

this point, there is a 70 percent decrease in the concentration of ions to the base of the C1 horizon. 

From this point to the base of the profile, ion concentrations are as low as 10 percent of the peak 

value in the B horizon.  

 

Sodium chloride (Na+:Cl-) ratios range between 4.07 and 184.69 in Boro East and 0.65 and 45.44 in 

Boro West (Figure 74).  
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Figure 71: Stream and 1:5 crushed rock water samples from the Long Flat Volcanics (LFV) displayed with 1:5 regolith water samples from below the break in slope, in the centre of the salt scald. These show that at depth, the salts from the Boro East profiles are sodium 

bicarbonate dominant, while the salts from Boro West profiles are magnesium bicarbonate dominant. 
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Figure 72: EC1:5 readings for Boro East and West C profiles provide a relative comparison of potential water salinity in different parts 

of the profile. Figure 73: The concentration of ions on the centre of the scald for both Boro East and Boro West is highest in the sub-surface, near the 

boundary between the A1 and A2 in the East and the B21 and B22 in the West (reference below from Figure 43 – Part 2 results). 

Figure 74: Na+/Cl- ratios for the centre of the scald range between 4.07 and 184.69 in Boro East and 0.65 and 45.44 in Boro West. 
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3.4 SOLUTE DISCUSSION 

3.4.1 The upper slopes and mid-slopes 

The free-draining profiles of the crest and mid-slope sites have the lowest concentration of soluble 

ions when comparisons are made across the transects. This is also reflected in the lower electrical 

conductivity at these sites and is consistent with the concept that the upper parts of the landscape 

are subject to a net export of solutes over time. The free-draining nature of these profiles means that 

fluid movement in this part of the landscape typically takes place both laterally above the B horizon 

and down through the profile. The accumulation of ions both above in the B horizon indicates that 

ponding of water and the accumulation of solutes takes place in this part of the profile (Taylor, 1993; 

NSW Government, 2010a), although the presence of clays provides greater opportunity for cation 

exchange and accumulation of ions in the clay minerals present in the B horizon. The Boro East profile 

has its highest concentration of salts in the A horizons, which is inconsistent with the model of a 

higher ion concentration in the B horizon (Salama et al., 1999). This indicates that lateral flow above 

the B horizon may be a dominant process in this part of the landscape. Given that weather data for 

this area indicates that potential evapotranspiration exceeds actual evapotranspiration (Bureau of 

Meteorology (BOM), 2005), it is likely that ions that are present in the root zone may be accumulated 

due to a combination of the physical nature of the regolith materials and the local climatic conditions, 

where potential evapotranspiration exceeds actual evapotranspiration, so evaporative concentration 

takes place (Taylor, 1993). The combination of these two processes would account for the higher 

concentration of salts above the B horizon in the upper and mid-slopes of this landscape.  

 

The mobilisation of solutes is strongly connected with water flow in this part of the landscape (Lawrie 

et al., 2002). The accumulation of solutes indicates that fluid movement is dominated by lateral flow. 

This is primarily due to the water moving from topographically higher to topographically lower parts 

of the landscape and flowing through the more permeable A horizon, with perched water common 

above the B horizons in the mid-slope (Winter et al., 1998; Pidwirny & Jones, 2009). During this 

process, solutes are typically leached from the higher parts of the landscape and mobilised in 

interflow above the B horizon. The lower concentration of ions in the crest and mid-slope profiles is 

an indication that leaching is the dominant process for solute movement in this part of the landscape 

and fresh rock is common in the near surface, which typically has a lower salt signature than other 
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regolith samples. This is consistent with the work of Salama et al., (1999), in which it was noted that 

solute concentration is typically lowest near the crest of hills and highest in the lower parts of the 

landscape, where water typically ponds and is responsible for the concentration of ions. 

 

The similarities between the chemistry of the solutes from the saprock sample and that at the base of 

the Boro West Profile are likely a reflection of the presence of saprock near the base of the latter, as 

the main contributor of ions in this part of the landscape (Drever, 1997). While the lower parts of both 

the Boro East and West A profiles demonstrate limited variation in the solute chemistry, the 

similarities between the solutes present at depth and those in the fresh and weathered rock samples, 

combined with the differences in the near surface indicate that there may be different processes that 

take place in the soil zone of the regolith. The charge balance calculations indicate that there is a 

higher concentration of bicarbonate salts in the near-surface. This is consistent with biological 

processes that contribute CO2 to the soil profile. The pH is also an important control on the species 

of carbonate present (Scott & Pain, 2009).   

 

The distribution of ions in the Boro East and West A profiles are indicative of the role that clay 

minerals and Fe-Mg oxides and oxyhydroxides play in scavenging (e.g. adsorbing) or partitioning 

cations (Charman & Murphy, 2000; Taylor & Eggleton, 2001; Hazelton & Murphy, 2009; Scott & Pain, 

2009). This scavenging typically occurs in the presence of clay layers in the soil, where cations are 

adsorbed onto the secondary minerals. While this is consistent with the observations in the Boro 

West profile, Boro East shows a peak in salt concentration above the clay layer, which coincides with 

a shift towards a mixed salt composition. While it is unclear why this is the case, it may be related to 

biological processes in the near-surface zone (Drever, 1997).  

3.4.2 The lower slopes on the edge of the scald 

The profiles below the break in slope at the edge of the scald show the highest concentration of 

soluble salts when comparisons are made across the transects. This is also reflected in the higher 

electrical conductivity at these sites and is consistent with the concept that the lower slopes of the 

landscape are where solutes accumulate and concentrate over time. The higher clay content 

combined with the lower gradient slopes means that it is common for water to pond above the B 

horizon and in some instances discharge at the land surface. The high concentration of salts at the 

surface is indicative of a discharge zone (Taylor, 1993; NSW Government, 2010a). The profiles in this 
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part of the landscape have had some of the A horizon eroded from the land surface in the east and 

all of the A horizon eroded from the land surface in the west. Given that there is an impermeable layer 

at the land surface or in the near surface, it is likely that the physical properties of the regolith at the 

edge of the scalds is contributing to the ponding and discharge of water. The combination of these 

processes would account for the high concentration of salts at the surface of these profiles. The 

distribution of solutes in this part of the landscape indicates evaporative concentration, where 

interflow is in the near surface (Taylor, 1993; Winter et al., 1998; Pidwirny & Jones, 2009; Balugani 

et al., 2017). In these profiles, there is a change in the ion distribution curves at the interface between 

the B and C horizons. The lower readings at the top of the C horizon and the minor increase below 

suggest downward flow from the base of the B horizon into the C and lateral flow of groundwater 

through the top of the more permeable C horizon.  

 

The distribution of salts in this part of the study area can be used to determine the primary pathways 

for fluid movement and solute mobilisation. The higher concentration of salts combined with the 

pattern of storage and topographic location indicates that this part of the landscape is a storage zone 

for salts and that there are multiple processes associated with the mobilisation and accumulation of 

salts. Factors that influence these processes are the physical distribution of clays in the profile, lower 

hydraulic gradient in this part of the landscape and local climatic conditions, which mean that 

potential evapotranspiration exceeds actual evapotranspiration. The pattern of solute distribution is 

consistent with the work of Salama et al., (1999), which identified the highest concentration of solutes 

in the lower parts of the landscape, where water typically ponds. While this pattern may reflect a 

standard soluble ion distribution across the landscape, the frequency of connectivity between the 

interflow zone (where the highest concentration of soluble ions is located) and local stream systems 

is unknown. 

 

The chemistry of the solutes in the lower part of the Boro East B profile is very similar to that of the 

regolith samples, with a strong sodium bicarbonate signature.  This is consistent with their position 

in the C horizon of the soil profile. The rock 1:5 water samples provide a useful background reference 

to understand where solute chemistry is influenced by rock weathering and where there are other 

processes involved. The chemistry of the solutes in the lower Boro West B profile is different from 

that of the fresh and weathered rock samples. These solutes in the lower profile have a lower 

concentration of sodium and a higher concentration of magnesium. Samples in the near-surface and 

sub-surface of both the Boro East and West profiles cluster closely on the piper plot, while samples 
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from deeper in the profile show differences in the salt species. The similarities between the solutes 

present at and in the near surface, combined with differences deeper in the profile indicate particular 

processes in the soil zone that influence the chemistry of near surface solutes. This is consistent with 

a range of biological processes that contribute CO2 to the soil profile (Drever, 1997; Charman & 

Murphy, 2000; Taylor & Eggleton, 2001). It is not clear why there is variation in the solute chemistry 

in the lower parts of the Western profile when these samples are compared with the fresh and 

weathered rock material. It may be indicative of a different parent rock material. This may be due to 

minor variation in the chemical makeup of the weathered felsic volcanic parent material, including 

the presence of a variation in the geological unit which sits outside the scale for a 1:100,000 map 

sheet. 

 

The ion distribution plots for Boro West B suggest clay mineral scavenging or partitioning of cations 

through adsorption. This is consistent with processes in the clay layers on the mid-slopes (Charman 

& Murphy, 2000; Scott & Pain, 2009; Taylor & Eggleton, 2001). The minor decrease in ion 

concentration at the interface of the C horizons is consistent with processes associated with the initial 

weathering to clay minerals in this part of the profile.  

3.4.3 The lower slopes in the centre of the scald 

The profiles below the break in slope in the centre of the scald have a lower concentration of soluble 

salts than those at the edge of the scald and the second highest concentration across the transect. 

This lower concentration of soluble salts is also reflected in the electrical conductivity at these sites. 

However, it is inconsistent with the concept that salt concentration closer to drainage depressions 

should be higher (Salama et al., 1999) and it probably indicates a combination of other variables 

influencing the transportation of solutes. In both the Boro East and Boro West C profiles, the highest 

concentration of salts is in the sub-surface and coincides with the boundary between the two B 

horizons of each profile. Given that the A horizons have been entirely eroded from the profile on Boro 

West, it is difficult to determine whether there has previously been ponding above the B horizons in 

this transect, although the Boro East profile has the highest concentration of salts at the boundary 

between the B horizons. This could reflect a primary fluid movement pathway in the B horizon, as it 

coincides with a change in permeability between the two B horizons. Given that the Boro East and 

West Profiles both have a higher concentration of salts in the sub-surface, it is likely that this is due 
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to either percolation down through the profile, a zone where interflow dominates sub-surface water 

movement or a combination of both these processes (Pidwirny & Jones, 2009).   

 

Although weather data for this area indicates that potential evapotranspiration exceeds actual 

evapotranspiration (Bureau of Meteorology (BOM), 2005), these profiles do not all reflect an 

evaporative concentration of salts at the surface. In both the C profiles, the salts are concentrated 

below a less permeable B horizon, which may be limiting the evaporative concentration of solutes at 

the surface. The mobilisation of salts is strongly connected with water flow in this part of the 

landscape. The accumulation of salts indicates that fluid movement is commonly dominated by lateral 

flow. In this instance, the transportation of salts is likely taking place via interflow (Pidwirny & Jones, 

2009), although the connectivity between interflow and the nearby perennial stream system is not 

fully understood. While the data does not completely align with the work of Salama et al., (1999), it 

does support the general model that the lower parts of the landscape typically have a higher 

concentration of salts than the upper parts of the landscape and it is likely that the centre of the scald 

is dominantly an accumulation zone for salts.  

 

The chemistry of the salts in the lower part of the Boro East C profile is similar to that observed in 

the regolith 1:5 water samples. This is consistent with these samples being from the C horizon of the 

soil profile. The chemistry of the salts in the lower part of the Boro West C profile is different from 

that of the fresh and weathered rock samples. These solutes have a lower concentration of sodium 

and a higher concentration of magnesium. Samples in the near surface and sub-surface of both the 

Boro East and West profiles cluster in a similar area on the piper plot, which indicates a higher 

percentage of magnesium bicarbonate salts in this part of the profile. The similarities between the 

solutes present at and in the near surface indicate that there may be different processes in this part 

of the landscape. The charge balance indicates that there is a higher concentration of bicarbonate 

salts in the near surface, which is consistent with biological processes that contribute CO2 to the soil 

profile (Drever, 1997; Charman & Murphy, 2000; Taylor & Eggleton, 2001; Scott & Pain, 2009; 

Hazelton & Murphy, 2009). It is uncertain why there is variation on the solute chemistry in the lower 

parts of the western profile. It could be in part due to minor variation in the weathered felsic volcanic 

parent material. 
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3.4.4 General observations 

While hydrogeologists commonly examine the chemistry of surface and groundwaters and make 

comparisons between different groundwater systems and depths, this type of work is not typically 

undertaken at the level of landscape and profile detail attempted in the present research. This more 

detailed study provides better opportunity to understand the sources of salts and their potential for 

mobilisation via interflow and groundwater, in the unconfined aquifer. 

 

The regolith profiles from the Boro East and Boro West transects are formed on the same rhyodacite 

parent material, however there are differences in the soluble ion chemistry and the pattern of solute 

concentration across the transects and in different parts of the profiles. When the soluble ion 

chemistry data from the Boro East and Boro West transects are compared with previous groundwater 

studies in the area (Gunn, 1985), there appear distinct differences in the dominant species of salt, with 

historical data indicating sodium chloride as dominant and this study identifying sodium bicarbonate 

as dominant. There are a number of possible explanations as to why this is the case, including the 

contribution of CO2 from biota in the soil and the contribution of bicarbonate from parent rock 

material (Drever, 1997; Charman & Murphy, 2000; Taylor & Eggleton, 2001; Scott & Pain, 2009; 

Hazelton & Murphy, 2009). This is likely to reflect the different solute processes taking place in the 

vadose zone (e.g. seasonal wetting and drying with interflow) and the phreatic zone (e.g. rock/water 

interactions over longer timeframes). This combination of factors may account for the higher HCO3
- 

values in this study, when compared with historical research (Gunn, 1985).  

 

The analysis of Na+/Cl- ratios indicates that most values are in excess of the thresholds for 

consideration as marine sourced salts of 1.8 (Maeller, 1990; Panno et al., 2006). The exception to this 

is in the middle of the salt scald on the Boro West transect, where the base of the profile may indicate 

a ratio that is in line with marine sourced salts. Given the high Na+ content of the parent material (e.g. 

Na-rich feldspar) the Na+/Cl- ratios indicate the contribution of this ion via the weathering process, 

as well as other potential sources such as aeolian dust and marine aerosols (Gatehouse, 2001; Hesse, 

1993; Keywood, 1995). 
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3.5 SOLUTE SUMMARY 

This chapter outlines the assessment of potential salutes present in the LFVN HGL. Results from this 

investigation indicate that the distribution of salts across this landscape and in the regolith broadly 

aligns with previous models. These identify that the upper parts of regolith profiles and the upper 

slopes of a landscape are typically leached of solutes over time, therefore these areas have relatively 

lower concentrations of salts. This means that the lower parts of the landscape are where salts are 

concentrated over time and therefore have relatively higher EC values. While this was generally the 

case across the transects, the exceptions were in areas below the break in slope and above the salt 

scald. The concentration of salts was higher in these locations than in the centre of the scald, which 

is closer to the local stream system. The highest salt concentrations also coincided with the break in 

slope.  

 

In the upper part of the landscape the concentration of salts indicates that interflow was most likely 

the dominant pathway for fluid movement above the break in slope. On the lower slopes above the 

salt scald, the distribution of ions indicates a predominantly evaporative concentration of salts at the 

land surface.  It is unclear whether this is as a result of saline discharge due to a texture contrast at 

the break in slope, evaporative concentration of salts at the surface due to capillary rise from 

interflow, or a combination of both of these factors. Given that potential evapotranspiration exceeds 

actual evapotranspiration, the level of connectivity between salts in the interflow zone and the local 

stream system is uncertain. In the middle of the salt scald, the dominant pathway for fluid movement 

is above the B horizons, although the ion distribution plots indicate that there may be minor 

evaporative concentration of salt at the surface. 
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The Piper Plots indicate that saprolite and fresh rock contribute solutes of a similar chemical 

composition across the transects and profiles. Once the profiles develop pedogenic features, there 

appear to be other factors that influence the chemistry of the potential solutes in the landscape. Biotic 

activity has been identified as a potential contributor of CO2 to the profile. Importantly the results 

indicate that there are other processes besides the physical concentration of salts that are affecting 

salt distribution in this landscape. The HCO3
- values for all profiles are higher than those from previous 

work by Gunn (1985). This suggests that the values for HCO3
- in interflow may be dominated by a 

different set of processes, such as seasonal flow and biotic activity, which may influence solute 

composition in different parts of the regolith.  

 

Ratios of Na+/Cl- likely indicate a combination of the high Na+ content of parent material, combined 

with other potential sources such as marine aerosols and aeolian dust. 
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4  ASSESSMENT OF SALT STORAGE POTENTIAL 
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4.1 SALT STORAGE INTRODUCTION 

In many upland catchments in south east Australia, quantifying the potential salt storage in the 

landscape and salt mobilisation to stream and groundwater systems can prove challenging (Lawrie 

et al., 2002; Jenkins et al., 2012; Moore et al., 2019). While there are a range of techniques that cover 

the assessment of salinity in the near surface, as well as in streams and groundwater, (refer to sections 

2 and 3 of this study), it is also important to understand the role of fresh rock, saprock and saprolite 

in salt storage, mobilisation and re-release in the landscape. A clearer understanding of these 

interactions and the processes that take place below the soil zone, will assist with establishing an 

holistic understanding of the factors that influence salinity in the Long Flat Volcanics North (LFVN) 

Hydrogeological Landscape (HGL). This will better inform the model for fluid movement and solute 

transport in weathered felsic volcanic landscapes (Lawrie et al., 2002; Sweeney, 2016; Moore et al., 

2019).  

 

This section of the research investigates macro-porosity, micro-porosity and permeability for variably 

weathered regolith samples to establish how the porosity network in fresh and weathered rock 

influences fluid flow and solute transport. It builds on existing knowledge of the factors that influence 

mobilisation of soluble ions in the regolith and how this is linked to salt load (storage) and stream 

salinity. The techniques used in this study are adapted from petroleum industry research into porosity 

and permeability, but with application to different parts of the regolith and fresh rock (Sheppard et 

al., 2004; Turner et al., 2004; Blunt et al., 2013; Iglauer et al., 2014). This research details the factors 

which impact salt storage in the field area, as described in the LFVN HGL conceptual model. It 

provides an opportunity to refine the understanding of fluid movement and solute transport in fresh 

and weathered rock and examines how this impacts salt storage, in-stream salt load and the electrical 

conductivity of surface and groundwater systems in weathered felsic volcanic landscapes.  

4.1.1 The effect of porosity, permeability and tortuosity 

Porosity and permeability can be examined using a range of different techniques (Drever, 1997;  

Cook, 2003; Turner et al., 2004; Sheppard et al., 2004; Iglauer et al., 2014; Guntoro et al., 2019). In 

the present study tomography is applied in a novel way to characterise micro-porosity textures and 

better explain observations made at hand specimen, and landscape scales. 
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Since water is the primary agent for the dissolution and transport of salts in the landscape, it is 

important to understand the pathways for fluid movement. Historically, hydrogeology has focused 

on fluid movement through either fractured rock or porous media. In the sub-surface, water 

movement and solute transport are influenced by a combination of factors at scales from regional to 

a particular site. These factors can include the presence and distribution of structural features such 

as joints, fractures and fault lines in geological units. Early hydrological research and models 

commonly considered water movement in the context of homogeneous media. At the site to profile 

scale, fluid movement pathways are more complex than many of these homogeneous or single flow 

pathway models have considered. This is where factors such as the degree of rock weathering can 

influence water flow and should therefore be incorporated into landscape scale models. Since the 

early 1990’s, researchers have recognised that the majority of groundwater flow takes place through 

rocks with some degree of heterogeneity (National Research Council, 2001; Cook, 2003). This model 

recognised that structural elements in a geological unit were the primary flow pathways and the 

porosity and permeability of the rock matrix influenced solute transport and concentration adjacent 

to the fractures (Figure 75). 

 

In geological units that have a dominant fracture network, with low porosity in the matrix of the rock 

and limited weathering along the fracture and joint planes, fluid flow primarily occurs along the 

fracture network. In order to understand fluid flow and solute transport in these units, it is necessary 

to characterise  the fractures in terms of  joint spacing, openness, orientation and interconnectedness, 

as well as  their spatial dimensions unit (Cook, 2003). 

 

In this research, porosity is considered in two ways. The first is macro-porosity, where the term has 

been used to group all pore spaces in the meso- and macro-scale (e.g. >30 μm). The second is micro-

porosity, where the term has been applied to all pore spaces between the analysis detection limit 

(outlined in the methods) and the lower threshold for macro-porosity (e.g. <30 μm) (Katyal & 

Morrison, 2007). 
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Figure 75: Diagrammatic summary of conceptual models for fluid movement through different media, based on the porosity and 

permeability of the matrix and the fracture network (National Research Council, 2001). 
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Tortuosity is used to define the sinuous pathway a solute follows, when flow takes place through a 

porous medium (Figure 76). It has important implications for solute transport because it determines 

how slowly or rapidly a solute moves from one point to another (Dykhuizen & Casey, 1989; Boudreau, 

1997; Drever, 1997; Schulz & Zabel, 2006; Matyka & Koza, 2012; Nwonodi et al., 2020).  

 

 
Figure 76: Different tortuous pathways in a three-dimensional depiction of tortuosity (Matyka & Koza, 2012). 

 

Tortuosity is determined by measuring the length that a solute travels along a sinuous pathway and 

dividing this by the straight-line distance between the starting and finishing points. On this basis, the 

value of tortuosity is always >1. Measuring tortuosity is not always feasible as it can be a challenging 

and complicated process (Drever, 1997).  
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While there are indirect techniques of measurement, an approximate way of resolving tortuosity 

values is by calculating the values using porosity (Boudreau, 1997; Schulz & Zabel, 2006). This is 

represented by: 

 

𝜃 = 1 − 𝑙𝑛(𝜙 ) 

Where: 

𝜙 = 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 

𝜃 = 𝑇𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦 

𝑙𝑛 = 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝑙𝑜𝑔 

Deriving a value for tortuosity is an integral component of solute transport modelling, where higher 

values represent a more tortuous porosity network and therefore lower diffusion potential and rate 

(Ohlsson & Neretnieks, 1995; Winterle, 1998; Ohlsson, 2000; Hoch & Jackson, 2004). 

4.1.2 General processes in solute transport 

Solute transport is affected by both physical and chemical processes, which determine how the 

solutes are mobilised, where they move and how they are stored in groundwater systems. To 

determine how solute transport takes place in different landscapes, it is necessary to understand the 

processes of matrix diffusion, advection, dispersion and adsorption (Freeze & Cherry, 1979; Drever, 

1997; Winterle, 1998; Schulz & Zabel, 2006).  

4.1.2.1 Matrix diffusion 

If a geological unit is moderately or highly weathered, the porosity and permeability of the rock matrix 

is likely to be higher than the fresh rock equivalent (Navarre-Sitchler et al., 2015). An early 

groundwater study in the mid 1970’s identified higher permeability in more weathered rock as a 

factor in solute transport through a chalk substrate, acting as a diffuse process that influenced the 

distribution of water and solutes in these aquifers (Foster, 1975). A clearer definition of the process is 

outlined by Jakob (2004), who identified that: 
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“Matrix diffusion is the mechanism by which solutes - being transported in the flowing groundwater 

within fractures of a porous medium - are transferred to the stagnant water of the rock matrix 

adjacent to these fractures.”  

Matrix diffusion is considered as a major factor in the context of fluid movement and solute transport 

in the landscape. In a general sense, ‘matrix’ refers to the very fine sediment between clasts in 

sedimentary rocks, but also includes the mesostasis or groundmass between crystals in igneous 

rocks, and the microcrystalline components of metamorphic rocks.  

The process of matrix diffusion takes place at the microscale (Carrera et al., 1998) and involves the 

molecular diffusion of solutes either into or out of the matrix of rocks (Grisak & Pickens, 1981; Drever, 

1997), including the transfer of solutes in areas of macro-porosity, micro-porosity and where the pore 

network does not enable interflow (Winterle, 1998). This typically occurs in fractured porous media, 

where primary fluid flow takes place along the rock fractures and secondary flow takes place through 

the matrix of the rock (Ohlsson & Neretnieks, 1995; Ohlsson, 2000). In situations where the solute 

concentration of the fluid flowing along the fractures of the rock exceeds that of the matrix, there is 

a net migration of these solutes into the matrix of the rock (Cook, 2003; National Research Council, 

2001). Where the concentration of the solutes in the matrix of the rock exceeds the concentration of 

fluids in the fractures, there is typically a net migration of solutes from the rock matrix into the 

fractures. The process of matrix diffusion is affected by a range of parameters including the 

concentration of solutes in both the matrix and the fractures, rate of flow in the fractures, extent and 

interconnectivity of the macro-porosity and micro-porosity network, tortuosity of the porosity in the 

matrix and changes to the flow regime, such as changes to rainfall or climatic patterns. 

 

The process of diffusion is represented in Fick’s laws (Freeze & Cherry, 1979; Drever, 1997; Schulz 

& Zabel, 2006). The first law relates to steady state diffusion and is represented by the following 

equation: 

𝐽 = −𝐷
𝛿𝐶

𝛿𝑥
 

Where: 

𝐽 = 𝐹𝑙𝑢𝑥 

--
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𝐷 = 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

𝛿𝐶 = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

𝛿𝑥 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

In rocks, the potential for flux to take place is controlled by the porosity and tortuosity of the material. 

The porous component represents the available area, as a percentage, where diffusion takes place 

and tortuosity controls the length of the pathway for diffusion (Freeze & Cherry, 1979; Drever, 1997; 

Schulz & Zabel, 2006).  

 

The diffusion coefficient for rocks is represented by: 

𝐷𝑟𝑜𝑐𝑘 = 𝐷𝑠𝑜𝑙
𝜙

𝜃
 

Where: 

𝐷𝑟𝑜𝑐𝑘 = 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑐𝑘 

𝐷𝑠𝑜𝑙 = 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑎𝑠 𝑝𝑒𝑟 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠 𝑓𝑜𝑟 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠) 

𝜙 = 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 

𝜃 = 𝑇𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦 

When the principles of Fick’s first law are applied in the context of rocks, this means: 

𝐷 = 𝐷𝑟𝑜𝑐𝑘 

The results from applying Fick’s first law in the context of matrix diffusion provide a value for solute 

flux per surface area of rock (e.g. cm2) per unit of time (e.g. seconds). This provides a simplistic 

understanding of salt flux although it does not consider how the concentration is affected over time 

(Freeze & Cherry, 1979; Drever, 1997; Schulz & Zabel, 2006). 

 

  

--
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Fick’s second law relates to non-steady state diffusion. It uses a partial differential equation to resolve 

the parameters of changes in concentration, over a period of time and distance (Freeze & Cherry, 

1979; Ohlsson & Neretnieks, 1995; Drever, 1997; Winter et al., 1998; Ohlsson, 2000; Schulz & Zabel, 

2006). The equation is resolved using an error function and is outlined as follows: 

𝐶(𝑥, 𝑡) = 𝐶0𝑒𝑟𝑓(
𝑥

2√𝐷𝑒𝑡
)  

Where: 

𝐶(𝑥, 𝑡) = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑥 𝑎𝑛𝑑 𝑡𝑖𝑚𝑒 𝑡 

𝐶0 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

𝑥 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

𝑡 = 𝑇𝑖𝑚𝑒 

𝐷𝑒 =
𝐷𝑟𝑜𝑐𝑘

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦
 

𝑒𝑟𝑓 = 𝑇ℎ𝑒 𝑐𝑜𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑒𝑟𝑟𝑜𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

This equation is used to resolve changes in concentration of a solute, how changes take place over a 

known distance or how long it takes for these changes. It also forms the basis for most calculations 

and models that predict fluid movement and solute transport in fractured porous media (Freeze & 

Cherry, 1979; Ohlsson & Neretnieks, 1995; Boudreau, 1997; Drever, 1997; Winterle, 1998; Ohlsson, 

2000; Schulz & Zabel, 2006). Changes to the concentration over time can be predicted by plotting the 

diffusion rate for different rocks. This is a non-linear relationship where the rate of change reduces 

over time. Diffusion rates for individual samples are therefore represented by a curve, with higher 

porosity samples typically achieving a faster rate of change over time (Drever, 1997). 

 

The diffusion coefficient differs for individual solutes, based on the size of the particle and the 

temperature of the solution (Le Gouellec & Elimelech, 2002; Schulz & Zabel, 2006; Zeebe, 2011). In 

order to determine the diffusion coefficient for different rocks, there needs to be an understanding of 

the solutes that are present in solution. This determines the values that are used to perform 

calculations and determine the unique diffusion rate for each solute and rock sample. When 
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examining the diffusion rate of an individual ion, these rates increase as porosity increases (Boudreau, 

1997; Schulz & Zabel, 2006).  

4.1.2.2 Advection 

Advection is used to describe the movement of groundwater systems, without assigning a cause. This 

can include flow along fracture systems and in sediments and can be due to a variety of causes such 

as compaction or gradient (e.g. downslope flow) in the groundwater system (Boudreau, 1997; Drever, 

1997; Schulz & Zabel, 2006). This has relevance when developing spatial and temporal models for 

fluid movement and solute transport, although is not necessary when evaluating rates of and potential 

for diffusion to take place. 

4.1.2.3 Dispersion  

The process of dispersion refers to the lateral migration of solutes from a point source, based on flow 

and transport of groundwater (Figure 77). Lateral dispersion takes place perpendicular to the 

direction of flow and longitudinal dispersion takes place in the direction of flow (Freeze & Cherry, 

1979; Drever, 1997).  

 
Figure 77: The lateral dispersion of a point source solute, as a result of flow over time (Drever, 1997). 

 

The lateral and longitudinal process of dispersion takes place where different flow pathways are 

available in porous media and fracture networks. In effect, where there is a division in the potential 

flow pathway, a portion of the solute typically follows each option (Figure 78). Over time, this results 

in the process of lateral migration (Freeze & Cherry, 1979; Drever, 1997). Given that dispersion is a 

process that is most relevant to point source solute transport, it is less relevant in the context of the 

mobilisation of diffuse solutes, such salts in the landscape. 
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Instantaneous 
point source 
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Figure 78: A simplified depiction of how lateral dispersion expands perpendicular to the direction of groundwater flow (Drever, 1997). 

4.1.2.4 Adsorption 

Adsorption is used to describe the accumulation of solutes on the surface of minerals through physical 

processes, such as attraction via surface charge and chemical processes such as chemical bonding to 

the mineral surface. The strength of these chemical processes vary depending on the pH of the 

mineral surface and whether it is at zero point charge (ZPC) (Boudreau, 1997; Drever, 1997; Schulz 

& Zabel, 2006). When a surface is at ZPC this reduces the effect of adsorption of solutes on the surface 

(Piwoni & Keeley, 1990; Ohlsson & Neretnieks, 1995). In assessing this process, Drever (1997) 

outlined that: 

 

“Adsorption is probably the most important chemical process affecting the movement of 

contaminants in groundwater...”  

While there are a number of ways in which the effects of adsorption can be evaluated, in solute 

transport models the standard approach is by incorporating a retardation factor in the diffusion 

Mean flow direction 
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equation (Ohlsson & Neretnieks, 1995; Drever, 1997; Winterle, 1998). This is captured in the diffusion 

equation as follows: 

 

 𝐶(𝑥, 𝑡) = 𝐶0𝑒𝑟𝑓(
√

)  

Where: 

𝐶(𝑥, 𝑡) = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑥 𝑎𝑛𝑑 𝑡𝑖𝑚𝑒 𝑡 

𝐶0 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

𝑥 = 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

𝑡 = 𝑇𝑖𝑚𝑒 

𝐷𝑒 =
𝐷𝑟𝑜𝑐𝑘

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 × 𝑅
 

𝑒𝑟𝑓 = 𝑇ℎ𝑒 𝑐𝑜𝑚𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑒𝑟𝑟𝑜𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

𝑅 = 𝑅𝑒𝑡𝑎𝑟𝑑𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 

 

While the retardation factor has an impact on solute transport models, the effect is greatly reduced 

for non-sorbing solutes. In this context and when establishing a baseline model for solute transport, 

a retardation factor of 1 can be applied (Winterle, 1998). 

4.1.3 Models for solute transport, storage and mobilisation 

Since the initial diffusion work (Foster, 1975), there has been a body of research which has focused 

on the implications of matrix diffusion in the context of fluid movement, solute transport and how 

this relates to pollution plume modelling in groundwater systems (Grisak & Pickens, 1981; Dykhuizen 

& Casey, 1989; McKay et al., 1993a; McKay et al., 1993b; Hoag & Price, 1997; Carrera et al., 1998; 

Cumbie & McKay, 1999; Ohlsson, 2000; National Research Council, 2001). 

 

These solute transport studies examined a range of contaminants including radioactive material and 

waste disposal (Ohlsson & Neretnieks, 1995; Winterle, 1998), bacteriophages from septic systems, 

chemical contaminants used in agricultural production (Jorgensen et al., 1998) and hydrocarbon and 
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other chemical leakage from underground storage tanks or disposal sites (Lenczewski et al., 2006; 

Mays, 2006).  

 

Research by Hoch and Jackson (2004) explored matrix diffusion as a mechanism for solute movement 

through the landscape. This evaluated the effectiveness of the software package CONNECTFLOW 

in modelling matrix diffusion, with salt as the tracer. Like this work, most other research considers 

salts as the tracer, to evaluate the presence or absence and degree of matrix diffusion in different 

rock types and landscapes. Salinity as a land management challenge has not been the key focus of 

research on the topic. In general, research has identified that diffusion can take place in sedimentary 

and crystalline rocks, where there is a porous network present in the rock matrix to enable diffusion 

to take place (Cook, 2003), but has not addressed the modification of the porous network by rock 

weathering. 

 

To characterise matrix diffusion in different rock units, it is necessary to understand fluid flow along 

the fractures and joint plains, as well as describe the flow pathways through the rock matrix (National 

Research Council, 2001; Cook, 2003). This enables an understanding of whether the rock unit exhibits 

the characteristics that are necessary for it to affect the solute transport processes. The extent of the 

porosity and permeability network in the rock are what determines how much flow takes place along 

the fractures and whether there is potential for diffusion to take place into the rock matrix (Figure 79). 

To understand fluid flow and solute transport in the matrix in weathered rock, knowledge   of the 

porosity and permeability of both the fresh and weathered rock (saprock and saprolite) is required. 

This comparison can help establish how weathering affects the porous network and influences flow 

through the matrix. It can also assist with the characterisation of variably weathered material in the 

regolith zone to understand the processes for the storage, mobilisation and re-release of salts in the 

landscape. 

 



186 
 

 

Figure 79: Process for solute diffusion into and out of the matrix, depending on salt content of fluid passing along fractures (Sweeney, 

2016). 

 

Environmental factors, such as changes in sub-surface flow patterns due to variations in rainfall, have 

been shown to impact diffusion processes and rates. This can result in an initial increase in the 

concentration of solutes when flow recommences (Brusseau et al., 1997; National Research Council, 

2001). It is important to consider how changes in climate impact solute transport in the context of 

salinity, so that the HGL conceptual model and framework can be used to predict how landscape 

processes might change with a shift in conditions. This will provide a better understanding of the link 

between salt storage and mobilisation from the regolith and how salt manifests at the land surface or 

in the stream. 

In weathered volcanic rocks the primary mineral assemblage and crystalline rock structure, modified 

by weathering, determines the porosity and permeability of the matrix. In systems with deeper 

regolith profile development, the porosity and permeability of the matrix is likely to be higher than in 

systems where there is shallower regolith development. This is because many of the primary minerals 

have commenced weathering to secondary clays and sesquioxides and the process of hydrolysis 

results in the removal of ions and therefore an increase in porosity where minerals have been 

preferentially weathered. In deeper profiles, the degree of weathering is typically more advanced 

than in shallower profiles.   

-
-
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Guidelines for the estimation of porosity and permeability are discussed by Wood and Fernandez 

(1988), who highlight that the degree of porosity in pyroclastic rocks varies depending on how 

consolidated they are and on the degree of welding. Pyroclastic rocks formed at higher temperature 

typically have lower porosity, between 5% and 20% and correspondingly lower values for hydraulic 

conductivity due to the lower percentage of porosity and the lack of connectivity between voids in 

the rock matrix (Klein & Johnson, 1983; Wood & Fernandez, 1988; Rust et al., 1999; Cook, 2003; 

Sruoga et al., 2004). 

 

While research has highlighted the importance of diffusion in understanding contaminant transport 

through fractured porous media (Foster, 1975; Jorgensen et al., 1998; Stafford et al., 1998; Cumbie & 

McKay, 1999; National Research Council, 2001; Lenczewski et al., 2006; Mays, 2006), it is not clear 

whether there is a link between the process of matrix diffusion and dryland salinity in the context of 

weathered felsic volcanic landscapes. It is therefore necessary to examine the porosity and 

permeability networks in the Long Flat Volcanics to understand whether there is fluid movement and 

solute transport through the matrix. If this process takes place in the matrix of the rock, understanding 

how it operates facilitates evaluation of the degree to which this micro-scale process impacts salinity 

at the profile and site scale, as well as more broadly across the LFVN HGL. 

4.1.4 Hydrogeology and hydrology characterisation techniques 

The disciplines of hydrogeology and hydrogeochemistry use a range of techniques for calculating 

porosity and permeability. These include methods  such as: bulk density calculations, with the 

difference between the theoretical and measured values used to determine the percentage porosity 

(Klein & Johnson, 1983); petrographic and petrophysical techniques, with a porosity analysis of thin 

sections under microscope (Sruoga et al., 2004); water saturation experiments where a vacuum 

chamber is used to induce water uptake in rock samples  to calculate the volume of pore spaces 

(Skagius & Neretnieks, 1985, 1986); and geophysical techniques to detect differences in density 

between the rock and pore spaces (Brown, 1988; Rust et al., 1999). 

 

When selecting the most appropriate technique for determining porosity, considerations can include 

the accuracy versus complexity of the analysis and the cost associated with achieving a level of 

accuracy that is suitable for the assessment. Porosity calculations that use comparisons between 

theoretical density values and measured density values (Klein & Johnson, 1983),  rely on the 
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assumption that the actual density of the rock aligns with the theoretical density of the rock. This may 

result in inaccurate estimates where there are variations in the composition of the geological unit. 

Petrographic analysis of rocks provides qualitative estimates of porosity (Sruoga et al., 2004),  based 

on what is visible under a microscope.  In some instances, this may underestimate the true porosity 

value, due to the minimum optical detection limit and hence inability to identify micro-porous 

networks. Techniques that measure the change in mass, following saturation (Skagius & Neretnieks, 

1985, 1986), may underestimate porosity due to a lack of connectivity between pores. This lack of 

connectivity means that fluid is not absorbed completely across the entire pore network, particularly 

if the fluid viscosity differs from that of natural waters. In this case no value is detected for the pores 

that remain unsaturated. Geophysical techniques for the calculation of porosity include various 

options for detecting porosity, with particular focus on changes in conductivity to detect pore spaces. 

While these geophysical techniques provide a useful complementary tool for  confirming  porosity 

calculations using other techniques, Rust et al. (1999) noted that some should not be used in place of 

existing petrophysical or saturation methods for the calculation of porosity. 

 

Rock permeability can be measured using a range of techniques and can include both field and single 

sample scale measurements. The common techniques for analysis include: laboratory scale 

simulation on small rock samples where specific parameters such as matrix porosity can be isolated 

(Lenormand et al., 2010; Wang et al., 2018); and field-based flow simulations which focus on a broad 

range of parameters in specific landscapes (Brown, 1988; Durlofsky, 1991; Cook, 2003). While 

laboratory techniques provide opportunities to isolate specific parameters, some are not realistic 

simulations of flow, as they require high pressure injection of gasses, which may cause permeability 

to be over calculated. The use of field-based techniques for hydraulic conductivity calculations can 

provide a more realistic representation of how a particular rock type behaves with respect to flow. 

However, it can be difficult to isolate individual parameters that contribute to overall hydraulic 

conductivity. For example, accounting for internal variation of rock units due to factors such as 

variable weathering, and experiment margin effects. Furthermore, these experiments take time to set 

up and can require an intricate network of instruments (Figure 80) to provide accurate data. It can 

also prove challenging to apply flow data acquired at one scale to simulations at a different scale 

(Cook, 2003). This means that caution is required when applying macro- and micro-scale processes 

at a whole of landscape scale and vice versa. These challenges need to be considered when 

examining macro-scale processes and how they are relevant in the landscape context of the LFVN 

HGL. 
-
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Figure 80: Outline of a configuration for evaluating flow in fractured porous media, showing the complexity of the setup and monitoring 

equipment (National Research Council, 2001). 

4.1.5 X-ray micro-computed tomography 

A challenge to understanding flow through the rock matrix relates to the small scale at which the 

process can operate. This is an issue that has presented across a range of geosciences, including those 

outside traditional hydrogeology disciplines. X-ray micro-computed tomography (XRT is a technique 

that has been applied to meet this challenge) (Figure 81). 
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Figure 81: A standard XRT configuration for imaging (Micro Photonics Inc., 2015). 

The use of XRT has been applied in the following areas:  

● Material assessments in the building industry  

● Profiling of biological material  

● A range of geological sciences 

The majority of XRT analysis in the building industry has focused on characterising the structural 

integrity of materials, managing fatigue for specific media and predicting the lifespan of specific 

materials (Ketcham & Carlson, 2001; Lozano-Perez, 2010).    

 

In biological sciences, XRT has been used for a variety of applications such as the characterisation of 

bones, tissue and organs. Given its application at the microscale, it has provided a critical tool for 

undertaking detailed analysis and characterisation of microorganisms (Metscher, 2013). 

 

In the geosciences, XRT has been used for characterising rock structures such as macro-porosity, 

micro-porosity and flow through different media. Initial work in this area has been developed for 

applications in the petroleum industry (Denison et al., 1997; Geet & Swennen, 2001; Ketcham & 

Carlson, 2001; Mees et al., 2003; Sheppard et al., 2004; Turner et al., 2004; Desrues et al., 2010; 

Wildenschild & Sheppard, 2013; Iglauer et al., 2014; Hebert et al., 2015). More recently, XRT has 

been used to analyse flow via macro-porosity and micro-porosity networks, to characteris aquifers 

(Ketcham & Carlson, 2001; Mostaghimi et al., 2013; Hebert et al., 2015), although it has not previously 

been used to undertake regolith characterisation in the context of the HGL framework. 
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Although XRT has its foundations in computational and mathematical disciplines, modified 

applications, such as computerised axial tomography (CAT-scans), are widely used in medical 

imaging (Sheppard et al., 2004; Micro Photonics Inc., 2015; ANU Department of Applied 

Mathematics, 2019). The technique produces high quality images and datasets, of the internal 

structure of a material, to resolutions (voxels) as small as 1 micron (Director RSPE, 2017). It uses X-

rays as a non-invasive technique to scan materials at high resolutions and enables detailed volumetric 

calculation enhancing characterisation of the material. The use of scanning techniques means that 

the material is not distorted or damaged during the data collection process and XRT is able to achieve 

a true representation of the internal structure of the sample (Guntoro et al., 2019). 

 

Due to its accuracy at the micro-scale (Mostaghimi et al., 2013), XRT can be used to calculate both 

macro- and micro-porosity networks. When this high resolution imaging technique is used in 

conjunction with powerful computational software, such as the Mango suite used by the Australian 

National University (ANU) (ANU Department of Applied Mathematics, 2019), it provides the ability 

to perform detailed computations on the macro- and micro-porosity networks, including an accurate 

assessment of hydraulic conductivity (flow) and high resolution reconstructions of the macro- and 

micro-porosity networks (Iglauer et al., 2014). This can be achieved as both a two-dimensional image 

and a three-dimensional (3D) reconstruction. The 3D reconstruction is a powerful tool for visualising 

and understanding the distribution of the macro-porosity and micro-porosity networks (Latham et 

al., 2008; Sheppard et al., 2004; Turner et al., 2004; Wildenschild & Sheppard, 2013).  

 

In the petroleum industry XRT has been used as a method for assessing the viability of oil and gas 

reserves, as well as flow dynamics through the host rock (Iglauer et al., 2014; Knackstedt et al., 2016). 

The use of XRT has been applied more widely to understand the physical characteristics such as 

porosity and permeability of a range of geological media based on specific case studies, as well as to 

understand material that has traditionally proven difficult to characterise, due to the presence of 

micro-scale porous structures, such as in carbonate rocks. Additionally, there have been broader 

reviews on the use of XRT as a technique for the characterisation of macro-porosity, micro-porosity 

and hydraulic conductivity across a range of geological applications, which have provided a favorable 

assessment of its use (Mees et al., 2003; Desrues et al., 2010; Myers et al., 2011; Blunt et al., 2013; 

Mostaghimi et al., 2013; Wildenschild & Sheppard, 2013; Iglauer et al., 2014; Hebert et al., 2015; 

Knackstedt et al., 2016). XRT has also been used to characterise surface parameters for modelling 

solute transport in a three-dimensional rough-walled fracture–matrix system (Zou et al., 2017). 
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Given that XRT has been successfully used in geoscientific applications to accurately characterise 

porosity networks and calculate macro-porosity, micro-porosity and permeability in a range of rock 

types, it has been selected as the preferred technique for use in this study. Particularly, XRT analysis 

is used to undertake detailed porosity characterisations of fresh and weathered rock samples from 

the Long Flat Volcanics. It expands on the understanding of site and profile scale analysis (Part 3 and 

Part 4) with macro- and micro-scale characterisations. This data will support a more refined model 

for solute transport through the weathered zone of the LFVN HGL.  

 

The use of tracer fluids during imaging provides an accurate process for quantifying and visualising 

the morphology, dimensions and volume of porosity and permeability networks (Grisak & Pickens, 

1981; McKay et al., 1993b; Carrera et al., 1998; Jorgensen et al., 1998; National Research Council, 

2001). This more accurate technique for evaluating matrix micro-texture will improve the 

understanding of matrix diffusion and solute transport in variably weathered felsic volcanic rocks. 

When XRT characterisation is applied in conjunction with dual porosity models for fluid flow, it is a 

useful tool in the evaluation of solute transport in fractured porous media and assists with determining 

what the key processes are for salt storage, mobilisation and re-release in the LFVN HGL. This will 

inform a model for fluid movement and solute transport for the Boro area, which can also be extended 

to other weathered felsic volcanic landscapes. 

4.2 METHODS 

4.2.1 Sample selection and sampling process 

Three representative samples from the Long Flat Volcanics were taken for analysis using X-Ray 

micro-computed Tomography. These samples were collected from the crest of the hill at Boro South 

(Section 1). The samples were selected based on depth in the profile and the physical expression of 

weathering (Table 15).  
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Table 15 Description of samples that were analysed using XRT. 

Sample type Description 

Fresh rhyodacite 

 

This sample consisted mainly of fresh porphyritic rhyodacite (felsic 

volcanics), the grey component of the sample. A weathering rind was 

present across one face of the sample and is visible as the pallid cream to 

yellow zone near the edge. 

 

This sample had three distinct zones. Analysis was divided on this basis 

into the least weathered equivalent, transition zone and weathered rind. 

Slightly weathered 

rhyodacite

 

This slightly weathered porphyritic rhyodacite sample has visible 

weathering and consists of angular quartz crystals (1-2mm) in a pallid 

cream to yellow matrix.  

 

This sample had limited variation throughout and was analysed as a single 

specimen. 

Moderately weathered 

rhyodacite

 

This moderately weathered porphyritic rhyodacite sample has visible 

weathering including surface cracks. It has angular quartz crystals (1 - 2 

mm) in a pallid cream outer zone (8 mm - 12 mm) matrix and a yellow 

inner zone. 

 

This sample had limited variation throughout and was analysed as a single 

specimen. 
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4.2.2 Imaging 

The core samples of fresh rhyodacite, slightly weathered rhyodacite and moderately weathered 

rhyodacite were scanned at the ‘National Laboratory for X-ray Micro Computed Tomography 

(CTLab)’ based at the Australian National University (ANU) using a HeliScan MicroCT system with 

an optimized space-filling trajectory (Kingston et al., 2018) to yield sharp images (Latham et al., 2008; 

Myers et al., 2011) at sample optimised resolution (Table 16). 

 

Table 16: Summary of the imaging resolution for each Long Flat Volcanics rhyodacite sample analysed as part of this research. 

Sample Resolution 

Fresh rhyodacite 1.40 µm 

Slightly weathered rhyodacite 1.64 µm 

Moderately weathered rhyodacite 1.65 µm 

 

Each sample was initially imaged dry, and a second time after saturation with a sodium iodide 

solution, in accordance with standard National Laboratory for X-ray CTLab methodologies (Blunt et 

al., 2013; Wildenschild & Sheppard, 2013). 

4.2.3 Analysis 

Processing and analysis of the data was undertaken at the Australian National University’s 

Department of Applied Mathematics using the Mango software tool to undertake segmentations and 

calculate porosity and permeability values (ANU Department of Applied Mathematics, 2019). Slices 

of the X, Y and Z orientations were produced using NcViewer slice viewer and Drishti was used to 

produce the three-dimensional visualisation of the images (Sheppard et al., 2015). 

 

Images for the dry and saturated (wet) samples were processed to provide both two and three-

dimensional representations of the distribution of pores in each sample. Both sets of images were 

registered to the same pixel (voxel) position for the analysis (Sheppard et al., 2004). The dry image 

was segmented and analysed for porosity, to determine the macro-porosity component. The wet 

image was then scaled so that the non-porous areas of the wet and dry images were of the same 

intensity values. 
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The dry image was subtracted from the scaled wet image, giving an image which summarised the 

difference between the wet and dry samples (wet minus dry image). The wet minus dry image was 

inverted (inverted image) so that the positions in the sample where there were pore spaces were 

assigned a low intensity value and the positions in the sample where there were solid crystal grains 

were assigned a high intensity value. 

 

The images were segmented into three phases which depicted the macropore, micro-pore and solid 

grain areas. The macropore component had previously been calculated from the dry images. The 

micro-pores were subdivided into 100 phases where each phase depicts a different porosity from 

0.95% porous to 0.05% porous.  

 

The images were analysed using change detection with Mango software, to determine whether the 

micro-porosity was homogenous throughout the sample. The fresh rock sample showed three distinct 

patterns and it was subdivided based on this into zones which were the least weathered, transition 

and rind. These zones were re-analysed individually for macro-porosity and micro-porosity, based 

on the parameters that were set for the boundaries in this sample.  

 

The macro-porosity and micro-porosity calculations for all samples, including the zones set in the 

fresh rock, were used to calculate the permeability in Darcies. The first 26 phases of the micro-

porosity segmentation were used in the permeability calculations. 

 

Image processing was used to create a three-dimensional isosurface from the data (Iglauer et al., 

2014), which depicts a three-dimensional reconstruction of the sample showing the areas of macro-

porosity, micro-porosity and non-porous zones and showing the relationship between these features 

across each sample, using NcViewer slice viewer and Drishti software. 

4.3 RESULTS 

The results from the tomograms identified the macro-porosity, micro-porosity and permeability of 

each sample. The macro-porosity component was typically determined during the dry imaging phase. 

It was only possible to distinguish the micro-porosity component of the rock once the sodium iodide 

tracer had been applied and the sample was wet. 
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4.3.1 Fresh rhyodacite tomogram 

The fresh rhyodacite tomogram had three distinctive sections which were the least weathered 

equivalent, transition zone and weathered rind (Figure 82, Figure 83 and Figure 84).  

The least weathered equivalent had a macro-porosity component of 0.74%, the second lowest across 

all samples. The micro-porosity was 20.02%, the second lowest value across all samples and total 

porosity was 20.76%, the second lowest value across all samples This section of rock had no 

detectable permeability across any of the areas tested. 

The dry tomogram indicates that there are no visible fractures present in the rock structure of the 

least weathered equivalent. The enhanced tomogram indicates that there is an extensive micro-

porosity network, which covers in excess of 90% of the sample. Areas where there is no porosity are 

typically associated with specific crystalline structures. 

The three-dimensional models show that the micro-porosity network is extensive throughout the 

least weathered equivalent, with isolated connectivity and clusters of both macro-porosity and micro-

porosity apparent in association with specific crystal grains and structures. 

The transition zone had a macro-porosity component of 1.14% that was higher than the least 

weathered equivalent. The micro-porosity was 21.04 %, higher than the value for the least weathered 

equivalent at and total porosity was 22.18% and higher than the least weathered equivalent. This 

section of rock had detectable permeability in one of the eight subsets tested, in the section closest 

to the rind. The average permeability for the transition zone was 0.00092 Darcies and the lowest 

measured flow across all samples with permeability. 

The dry tomogram indicates that there are no visible fractures present in the rock structure of the 

transition zone. The enhanced tomogram indicates that there is an extensive micro-porosity network, 

which covers more than of 90% of the sample. Areas where there is no porosity are typically 

associated with specific crystalline structures. 

The three-dimensional models show that the micro-porosity network is extensive throughout the 

transition zone, with isolated connectivity and clusters of both macro-porosity and micro-porosity 

apparent in association with specific crystal grains and structures. 
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The rind has a macro-porosity component of 3.56%, the equal highest value across all samples. The 

micro-porosity was 25.08%, the highest value across all samples and the total porosity was 28.64%, 

the highest value across all samples. The average permeability for the moderately weathered rock 

was 0.0134 Darcies, the second highest value across all samples. 

The dry tomogram indicates that there are no visible fractures present in the rock structure of the 

rind. The enhanced tomogram indicates that there is an extensive micro-porosity network, which 

covers in excess of 90% of the sample. Areas where there is no porosity are typically associated with 

specific crystalline structures. 

The three-dimensional models show that the micro-porosity network is extensive throughout the 

rind, with visible connectivity and clusters of both macro-porosity and micro-porosity apparent in 

association with specific crystal grains and structures. 

Comparative results are summarised at the end of this section (Table 17 and Figure 91). 
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Figure 82: Tomogram images for fresh rock taken along the X axis. Figure 83: Tomogram images for fresh rock taken along the Y axis. 
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Figure 84: Three-dimensional tomogram images for fresh rock. 
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4.3.2 Slightly weathered rhyodacite tomogram 

The slightly weathered rhyodacite tomogram was relatively uniform throughout the sample and was 

accordingly analysed as a single unit (Figure 85, Figure 86 and Figure 87). 

This sample had a macro-porosity component of 0.13%, the lowest value across all samples. The 

micro-porosity was 0.23%, the lowest value across all samples and the total porosity was 0.36%, the 

lowest value across all samples. The average permeability for the slightly weathered rock was 

0.002038 Darcies, which is greater than the fresh rock transition zone. 

The dry tomogram does not identify any visible macro-porosity network across the sample. The 

enhanced tomogram indicates a very limited micro-porosity network of less than 0.23% of the whole 

sample, which is found in association with a limited crystalline structures, although there is no obvious 

pattern of distribution for the porosity network across the sample, with the exception of what appears 

to be a fracture network in the central zone of the sample. 

The three-dimensional models show that there is limited connectivity both between and across the 

macro-porosity and micro-porosity networks. The micro-porosity is found in association with specific 

crystal grains, while the macro-porosity consists of a randomly distributed network of voids. 

Comparative results are summarised at the end of this section (Table 17 and Figure 91) 
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Figure 85: Tomogram images for Saprock taken along the X axis. 
Figure 86: Tomogram images for Saprock taken along the Y axis. 
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Figure 87: Three-dimensional tomogram images for Saprock. 
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4.3.3 Moderately weathered rhyodacite tomogram 

The moderately weathered rhyodacite tomogram was relatively uniform throughout the sample and 

was analysed as a single unit on this basis (Figure 88, Figure 89 and Figure 90). 

This sample had a macro-porosity component of 3.56%, the equal highest value across all samples. 

The micro-porosity was 21.23%, the second highest value across all samples and total porosity was 

24.79%, the second highest value across all samples. The average permeability for the moderately 

weathered rock was 0.0632 Darcies, the highest value across all samples. 

The dry tomogram indicates that there are visible fractures present in the rock structure, which form 

a macro-porosity network. The enhanced tomogram indicates that there is a micro-porosity network 

both at the base of the sample and in association with the areas of macro-porosity, which reflects a 

similar pattern of distribution to the macro-porosity structures along the fracture network. 

The three-dimensional models show that there is connectivity both between and across the macro-

porosity and micro-porosity networks, as well as specific patterns of micro-porosity in association 

with crystal grains and structures. 

Comparative results are summarised at the end of this section (Table 17 and Figure 91) 
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Figure 88: Tomogram images for Saprolite taken along the X axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 89: Tomogram images for Saprolite taken along the Y axis. 
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Figure 90: Three-dimensional tomogram images for Saprolite. 
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Figure 91: Porosity breakdown across the LFV samples analysed with XRT. 

 

 

 

 

 

 

Table 17: Summary of porosity across LFV samples analysed with XRT. 
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4.4 SALT STORAGE DISCUSSION 

4.4.1 Macro-porosity network 

The macro-porosity network in the fresh rock was typically associated with visible voids that were 

either present in crystalline structures or as isolated voids in the fine crystalline groundmass or 

volcanic glass. These are the voids that would typically be observed in a thin section evaluation of 

porosity. In the least weathered equivalent, the macro-porosity was commonly found in association 

with the more concentrated micro-porosity networks. In the transition zone the macro-porosity 

network appears to become more complex and penetrative, and in the areas closer to the weathering 

rind the connectivity between these features is more apparent. In the rind, the macro-porosity 

network is more extensive, and the clusters of macro-porosity are visible from the tomogram. When 

comparisons are made between the least weathered, transition and rind components of the fresh rock 

sample, differences in porosity between each of these likely reflect a weathering pattern. This is 

consistent with the concept that chemical weathering of the parent rock has resulted in increased 

macro-porosity. The presence of larger voids in the fresh rock, least weathered component may not 

be an indication of the initial stages of weathering. Rather it may be a result of primary voids in the 

volcanic rock. The pattern of chemical weathering in the rind component of this sample shows 

porosity in association with specific crystalline structures and patterns that could reflect weathering 

along different microstructures and crystalline surfaces. In the least weathered equivalent and 

transition zones, the presence of macro-porosity appears to be distributed in a more random pattern.   

 

The macro-porosity in the slightly weathered rock had the lowest value across all samples, with 

porosity only visible in isolated sections that appear to be associated with mineral crystals. This is 

inconsistent with the results from the fresh rock sample, which include a cross section of weathering 

rind and fresh material. In all the fresh rock samples, including the least weathered, transition and 

rind, zones the porosity values are higher than the slightly weathered rock (saprock). This suggests 

another process is involved. The three-dimensional tomogram shows a network of non-porous 

material, extending through the central part of the sample. This appears to be a fracture which is 

infilled and is showing up on the Tomogram as a non-porous feature. While it is unclear why this is 

the case, the non-porous zone that resembles a fracture and the lack of primary voids throughout the 

sample may suggest other processes. Despite appearing weathered, the porosity of this sample is 
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very low. This suggests silicification associated with the percolation of weathering fluids, similar to 

the process of cementation, where percolating fluids penetrate the matrix of the rock and 

precipitation takes place in any voids. This process would reduce the presence of macro-porosity in 

the matrix, with weathering fluids flowing through the primary and secondary porosity, resulting in 

silicification of fracture and pore networks.  

 

The macro-porosity in the moderately weathered rock is predominantly present as a visible fracture 

network that can be observed without the use of a tracer solution in the dry tomogram. The enhanced 

tomogram shows that the macro-porosity network extends beyond what is visible in the dry 

tomogram and includes areas associated with specific crystalline structures. The majority of these 

crystalline structures are also associated with a higher density in the micro-porous network. The 

extensive nature of the macro-porous network is clear when the dry tomogram is examined, and 

visible fractures are apparent before penetration of the tracer fluid and further analysis. The presence 

of an extensive and visible macro-porous network in the moderately weathered sample, combined 

with data from the rind of the fresh rock sample suggests that the macro-porosity is a combination of 

primary voids, preserved at the time that the felsic pyroclastic rock was recrystallised post-

emplacement and a secondary fracture system associated with the weathering process. Effectively, 

the macro-porosity network may be a result of extensive weathering in the micro-porous structures 

forming larger voids. 

  

While it is likely that the macro-porosity fracture network, visible in the dry tomogram, would also 

be visible using a petrographic microscope, the latter technique may underestimate the extent of the 

macro-porosity network. This is particularly the case when petrographic analysis is compared with 

the accuracy of porosity network detection, using wet and dry XRT. In this context the XRT technique 

has not only provided a more accurate analysis of the percentage of macro-porosity across all 

samples, it has shown the accurate distribution of these porous networks. The result is a clearer 

understanding of where this porous component is found in relation to the crystalline structures and 

fracture networks and how these two attributes may be associated. Many of the field simulations and 

laboratory experiments do not provide clear information on where the macro-porosity is distributed 

through the rock matrix and typically only allow calculation of overall porosity and permeability. 

Given that the NaI solution was able to penetrate the voids, there must be an element of either flow 

or diffusion into the rock matrix. This is confirmed by the fact that some of the macro-porosity 

network was only visible through combined wet and dry imaging with the tracer solution penetrating 
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additional macro-porous voids. This is only possible where flow or diffusion takes place. The process 

is particularly interesting in the least weathered section of the fresh rhyodacite sample, where there 

was no detectable permeability. Given that the tracer fluid was able to penetrate voids in this part of 

the sample that were not connected via a detectable porous network, it suggests that  flow is not the 

primary mechanism for solute transfer into and out of these voids and that another process such as 

diffusion is taking place. 

4.4.2 Micro-porosity network 

The micro-porosity network was distributed in clusters across the fresh rock sample in the least 

weathered zone, with the greatest concentrations associated with zones where macro-porosity or 

specific crystalline structures were present. The abundance of micro-porous clusters in the fresh rock 

component may vary for different minerals, depending on their properties such as cleavage, crystal 

lattice structure and fracturing related to their formation conditions. The micro-porosity images in 

the transition zone indicate a change in the distribution of these networks in a manner consistent with 

chemical weathering of the rock. The increased prevalence of macro-porosity in association with the 

transition to the rind indicates that this network may become more extensive during weathering. The 

extensive distribution of the micro-porosity network in the rind of the fresh rock sample further 

supports the concept that extended development of micro-porosity takes place as part of the 

weathering process. Furthermore, the distribution of the micro-porosity network does not appear to 

be associated with any particular crystalline structures. This may be as a result of preferential 

weathering of the fine groundmass of volcanic glass.  

 

The slightly weathered rhyodacite sample shows limited distribution of micro-porosity and this is 

only found in association with visible crystalline structures. This is consistent with the macro-porosity 

measurements for the sample, although it contrasts with the results from the fresh and moderately 

weathered rock samples. On this basis, it appears likely that fractures in this sample were infilled 

during percolation of silica-bearing weathering fluids. This silicification also appears to have infilled 

the macro-porous and micro-porous voids that were created during weathering. The macro-porosity 

and micro-porosity networks detected in the XRT analysis appear to have formed after the secondary 

precipitation took place throughout this sample. Given that anomaly in porosity values is only present 

in one sample, it is unclear whether this represents secondary precipitation from weathering fluids 

across a localised or extensive spatial area, or particular part (such as a previous weathering interface) 
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of the regolith. While there are a range of possible explanations, including precipitation at the base of 

the vadose zone, without more extensive and targeted sampling that is outside the scope and budget 

of this project, it is not possible to gain a clear understanding of the processes that have contributed 

to the lack of porosity in this sample. 

 

The moderately weathered rock sample shows an extensive micro-porosity network throughout the 

matrix of the rock. When this is examined in conjunction with the rind section of the fresh rock 

sample, it indicates a consistent distribution of micro-porosity in more weathered components of the 

Long Flat Volcanics. The extensive micro-porosity network that was present across the fresh rock 

and moderately weathered rock samples was not detectable without the use of the NaI tracer 

solution. This means that porosity calculations using a petrographic assessment for this study would 

have seriously underestimated the extent of the network, given that it comprises between one quarter 

and one third of some samples. The combination of the high resolution of imaging, the ability to 

undertake quantitative image analysis and ability to show the distribution of the network in relation 

to other features in the sample enables a more comprehensive understanding of fluid movement and 

solute transport in these samples.  It provides a level of detail that is not possible with other 

assessment techniques and enables distinction between the networks. Other analysis techniques 

including field simulations do not enable this distinction between macro-porosity and micro-porosity. 

XRT analysis is particularly useful when attempting to evaluate the potential for processes such as 

matrix diffusion. Given that the NaI solution was able to penetrate these voids, there must be an 

element of either micro-flow or diffusion into the rock matrix. The entire network was not visible 

without the use of a combination of wet and dry imaging, where the tracer solution penetrated the 

micro-pore voids. This also applies for the micro-porosity networks, where penetration is only 

possible if fluid flow or diffusion takes place. This process is particularly important given the extensive 

nature of porosity across some samples, particularly where there was no detectable permeability 

using other techniques. As with the assessment of the macro-porosity, given that the tracer fluid was 

able to penetrate micro-pores in the parts of the sample without detectable flow, it suggests that  flow 

is not the primary mechanism for  solute transfer to these voids and that another process, such as 

diffusion, is involved. 

  

When the total values for porosity are examined for the least weathered component of the fresh rock 

and evaluated against other porosity studies, they are in excess of the upper limit of values obtained 

for the porosity of other silicified pyroclastic rocks (22.18%), with the majority of this value made up 
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by micro-porosity (21.04%). If the porosity estimates were based on petrographic analysis, then they 

would be in the vicinity of 1.15% and an underestimate of the actual value of porosity by 19 times 

(i.e. only identifies ∽5% of the porosity imaged by XRT). Given that it is challenging to detect micro-

porosity due to the need for high resolution imaging of samples, it is possible that the micro-porosity 

in rocks is commonly below the detection limit of many techniques for assessing matrix porosity. It 

is also possible that some of the techniques which do account for micro-porosity are unable to 

distinguish between the macro-porous and micro-porous components. 

 

Given that the penetration of tracer solution has been observed, quantified and characterised across 

all samples, it appears that diffusion or microflow is common to both the fresh and weathered rock 

components of the Long Flat Volcanics. As it does not appear to be dependent on detectable 

permeability, it is more likely that what has been observed and characterised through imaging of the 

wet and dry tomograms is the process of matrix diffusion. This is consistent with previous research, 

which indicates that  matrix diffusion is not dependent on the readily observable permeability of the 

rock and is a micro-scale process that takes place in the matrix of the rock via a micro-porous 

network, as a result of a net diffusion gradient (Ohlsson & Neretnieks, 1995; Winterle, 1998; Ohlsson, 

2000). 

4.4.3 Permeability 

The lack of observable permeability in the fresh rock, least weathered and transition sample 

combined with the lack of permeability in the slightly weathered bedrock, aligns with other data 

collected for these samples. It was not anticipated that any matrix permeability would be present in 

the two sections of fresh rhyodacite, including the least weathered and transition zone sample, due 

to the fact that the rock is a silicified pyroclastic flow deposit. Previous work on fresh felsic volcanic 

rocks that have formed at high temperatures, indicates that permeability in these rocks primarily 

takes place along the joint and fracture networks and not through the matrix. The low permeability 

value for the slightly weathered rock sample is consistent with the low macro-porosity and micro-

porosity values that were calculated during imaging and supports the concept that secondary fluid 

flow has taken place. This fluid flow has resulted in precipitation of solutes in the voids and structures 

preserved from the original rock texture formed during the initial phase of weathering. Analysis of 

both the fresh rock rind and the moderately weathered rock indicates that these samples have the 

highest permeability values.  This also coincides with high macro- and micro-porosity components 

-
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and a higher degree of weathering in these samples. The highest permeability value was in the 

moderately weathered rock, where the network together with visible fractures, could account for this 

higher value. The lack of detectable permeability in the XRT analysis of the fresh rock, least 

weathered and transition samples, as well as the slightly weathered bedrock sample, is inconsistent 

with the tracer solution being able to penetrate macro- and micro-voids in the rock. This may indicate 

that there is minor flow that falls below the detection limit of the XRT, although it does support the 

concept that matrix diffusion is an important factor in fluid movement and solute transport in both 

fresh rock and saprolite of the Long Flat Volcanics. 

4.4.4 General comments 

When the results from Part 4 of this research are considered with a view to characterising fluid 

movement and solute transport in regolith and fresh rock, it is apparent that they do not entirely align 

with previous understanding of the processes. The use of XRT has provided a level of detail that was 

not possible through previous hydrology, groundwater and salinity studies. Porosity estimates from 

petrographic, saturation and mass change techniques do not allow distinction between macro-

porosity and micro-porosity. Such techniques have been used to determine common porosity values 

for a range of rock samples, with unweathered rhyodacite typically showing estimated porosity values 

of between 5% and 20% in the rock matrix. The use of XRT has provided a more accurate calculation 

of these values, as well as the distribution of the porous network and the processes of fluid movement 

and solute transport in both the fresh and weathered rhyodacite samples. This information in turn 

enables construction of better salinity models for weathered felsic volcanic rocks through a clearer 

understanding of the processes involved in the storage, mobilisation and expression of salts in the 

landscape.   

 

The dry XRT images of the fresh and weathered rock samples from the Long Flat Volcanics provide 

an accurate, quantitative method for identifying macro-porosity in the samples. When XRT is used 

solely on dry samples, it is not possible to use change detection software to identify differences 

between the wet and dry samples. Using the NAI solution, it is possible to detect micro-scale changes 

that coincided with the penetration of fluid into the micro-porous component of the rock, not possible 

by using XRT images alone. This allowed successful reconstruction of the micro-porosity in three 

dimensions. The combination of both methods has identified that many of the existing techniques do 

not account for the network, nor show how it is distributed throughout a rock sample. The separation 
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of values for macro-porosity and micro-porosity networks shows that the micro-porous component 

typically makes up between 86% and 96% of the porous network. Given the difficulty of accounting 

for the micro-porous component and distinguishing macro- from micro-voids using many of the 

techniques typically applied by hydrogeologists, it is clear that XRT can provide a level of detail and 

interpretation. 

 

These values calculated in this study for total sample porosity typically exceeded the upper threshold 

for silicified pyroclastic flows predicted from previous research, with the least weathered sample 

having a total porosity value of greater than 20%. The exception to these results was the porosity for 

the slightly weathered sample where the values were less than 1%. This can be attributed to 

secondary precipitation associated with the percolation of weathering fluids, after the initial phase of 

weathering. 

 

This current study did not assess other techniques for determining porosity in parallel with XRT, so 

it is not possible to quantify whether previous estimates for porosity values in silicified pyroclastic 

flows have been an underestimate, or whether the Long Flat Volcanics have higher porosity values 

than other volcanics formed under similar conditions, The fact that the petroleum industry has 

explored and confirmed the accuracy of XRT for imaging porosity at microscale resolutions, provides 

confidence that the results from this research are an accurate assessment of porosity in the Long Flat 

Volcanics. The detailed analysis of the tomograms can also explain the causes of the differences in 

porosity for the Long Flat Volcanics. Further research to quantify the accuracy of both field and 

laboratory techniques for assessing porosity and permeability in conjunction with XRT analysis would 

enable porosity and permeability predictions for other silicified pyroclastic flows to be refined. 

  

The permeability values determined in the fresh rock, least weathered equivalent and slightly 

weathered rock samples indicate that there was no detectable permeability. The fact that the NaI 

tracer solution was detected in voids throughout the sample indicates that solute transport does take 

place, regardless of the lack of detectable permeability. It is therefore likely that penetration of the 

tracer solution is taking place on a scale below the detection limits of XRT.  Previous work on fluid 

movement and solute transport in fractured porous systems has identified this micro-scale movement 

of ions through the matrix of rock as the process of matrix diffusion. Much of this previous work has 

focused on field-based simulation of matrix diffusion. The use of XRT in the current research has 

defined an improved method for identifying the process in detail. 
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The results from the XRT analysis of the Long Flat Volcanics indicate that despite the lack of 

detectable permeability, the tracer solution was able to penetrate more than 20% of the unweathered 

rock volume. It is likely that this migration of tracer solution into the matrix of the rock is indicative 

of a transfer of solutes via the process of matrix diffusion. In this study, the tracer appeared to migrate 

from the zone of high concentration to the zone of low concentration, consistent with the findings of 

other research into the process. These findings highlight the importance of porosity for understanding 

the salt storage potential in the landscape and different zones in the regolith, based on the degree of 

weathering. 

4.4.5 A model for salt storage and mobilisation 

The results from the XRT analysis provide a good basis for developing a salt storage and mobilisation 

model. If the porosity and permeability analysis is considered in the context of the profile scale, it 

provides insight into how fluid movement, solute transport and the manifestation of salinity are linked 

at the macro- and micro-scale. While it is important to understand the constraints when using the 

XRT results to interpret processes at a different scale, this information can help inform the model for 

salt storage and mobilisation at the profile scale and to explore the relevance of matrix diffusion in 

this context. 

 

The identification of diffuse penetration of NaCl and other salts is not a new concept in dual porosity 

landscapes, although the degree to which this has taken place in the Long Flat Volcanics is 

significantly greater than was anticipated by prediction from previous studies. This is particularly the 

case with respect to the porosity data from similar rock types such as welded ignimbrites. The extent 

of the macro- and in particular the micro-porosity networks in the Long Flat Volcanics indicates that 

matrix diffusion is a process which needs to be considered in any conceptual models for fluid 

movement and solute transport not only in the LFVN HGL, but for similar lithologies. 

 

In the context of salinity, the dual porosity or dual flow nature of materials at the Boro site means 

that there is greater potential for salt storage in the landscape than previously anticipated. The 

process for the storage and mobilisation of salt in the matrix of the rock depends on the concentration 

of solutes in the matrix versus the concentration of solutes in the joints and fracture networks. Solute 

migration typically takes place from the zone of highest concentration to the zone of lowest 
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concentration. This means that during periods of higher precipitation, where there is more water to 

dilute the salts in a landscape and the concentration of solutes in the fractures is lower than in the 

matrix, there is a net diffusion of solutes out of the matrix. This may result in a more constant flux of 

salts from the landscape over time, as the salt diffuses from the matrix of the rock into the fractures. 

During periods of lower rainfall, there is less water available to dilute the salts and the concentration 

of fluids passing along the joint and fracture networks is higher. In this situation, if the solute 

concentration of water in the joint and fracture networks exceeds the concentration of solutes in the 

matrix, there is a net diffusion into the matrix. When this salt store is recharged, the response in the 

surface water system would be to have an increased salt load exported from a catchment and 

potentially high EC baseflow (commonly >800 µS/cm). Given that there is greater salt storage than 

was previously understood in the LFVN HGL, due to the extensive micro-pore network in the rock, 

there is potential for greater salt release from the landscape, over a longer period of time than was 

previously predicted. 

  

Previous work using field-based simulations to examine the processes of matrix diffusion with regard 

to fluid movement and solute transport, identified two key observations related to the use of tracers 

and the change in response. The first was that there is typically a time lag between changes to the 

concentration of solutes, or the flow regime, as it enters the landscape. The response that is observed 

in the concentration of fluids that flow out via the fracture network. When the XRT results are 

examined in this context, it appears that the time lag may be a result of the diffusion process taking 

time to trigger. The second observation is in field-based simulations of flushing, where a flow 

interruption is included. These experiments have noted that when flow recommences, the 

concentration of solutes from the matrix includes a post-interruption peak, which is due to the 

concentration of solutes in the fractures and the matrix being out of equilibrium. 

  

The observations from the current research provide improved insight into the processes that 

influence salinity storage and mobilisation in the landscape. The research was not structured to 

specifically focus on the time frames for diffusion, however this is a parameter which could be 

measured and quantified with a series of XRT observations taken at intervals during a flow simulation. 

This would enable a better understanding of matrix diffusion in the Long Flat Volcanics over time. 

  

The results from the XRT analysis have identified that the process of matrix diffusion is important in 

fluid movement and solute transport in the LFVN HGL and in weathered felsic volcanic landscapes. 
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Given that porosity and permeability analysis techniques have directly identified matrix diffusion as 

a key process for fluid movement and solute transport in both the fresh and weathered rock zones, 

this information needs to be factored into conceptual models for this landscape. More broadly, the 

understanding that matrix diffusion is an important factor in fluid movement and solute transport has 

implications for the broader HGL classification process. The process needs to be flagged as a 

potential mechanism for the storage and release of salts in all fractured porous lithologies. It has 

direct relevance to understanding parameters such as the salt load in stream systems, via a 

continuous flux through diffusion from macro- and micro-porosity networks, into stream systems and 

the resultant electrical conductivity of both surface and groundwater systems. 

4.5 SALT STORAGE SUMMARY 

This chapter has outlined the assessment of salt storage potential in the LFVN HGL. Results from the 

XRT analysis detected a distinct network across the fresh, slightly weathered and moderately 

weathered rock samples. In the fresh rock, this was associated with primary voids that were present 

at the time the rock was emplaced. In the weathered rock, these voids form part of a more extensive 

network developed during weathering. The analysis of one sample indicated that there had been 

secondary silicification associated with the percolation of weathering fluids, after the initial phase of 

weathering, which had resulted in detectable porosity values of less than 1%. This sample showed 

signs that a second phase of chemical weathering had commenced, with the development of porosity 

in larger crystalline grains. With the exception of the silicified sample, it appears that the differences 

in the distribution of the macro-porosity network are as a result of extensive weathering in the micro-

porosity networks, which has established larger voids.  

 

Analysis using XRT detected an extensive micro-porosity network in both the fresh and weathered 

rock samples. This network was below the detection limit of petrographic techniques and mass 

balance analysis. Hence these traditional methods do not enable a clear breakdown between the 

macro- and micro-voids. The use of a tracer solution combined with pre- and post-saturation XRT 

imaging enabled the detection of the micro-porous voids across the samples. The extent of this 

network typically accounted for between 20% and 25% of the total rock volume and between 64% 

and 96% of the total porosity network. This was significantly higher than predicted, based on the 

results of previous analysis of the porosity of silicified pyroclastic flows. Without undertaking a 

comparative analysis, it is not possible to determine whether this is due to inaccuracies in other 
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techniques or individual variation in this lithology. The use of powerful software enabled a three-

dimensional reconstruction depicting the pore networks across each sample, a result not achievable 

using other porosity analysis techniques. 

 

While permeability was detectable across the more weathered samples, none was detected in the 

fresh rock and the sample with secondary precipitation. Given that the tracer solution was able to 

penetrate the extensive porous network, alternative explanations for these results were explored. 

Matrix diffusion was identified as the key mechanism for solute penetration in zones of micro-voids, 

as clearly indicated by visible tracer penetration in the absence of detectable permeability. The 

process of matrix diffusion is well documented as a mechanism for solute transport in pollution plume 

and radioactive waste models, although it has not been discussed extensively in the salinity literature. 

This research has identified that matrix diffusion is a key factor in salt storage and mobilisation in the 

fresh rock and regolith of the Long Flat Volcanics and it has potential implications for the broader 

understanding of in-stream salt load and surface and groundwater EC across a range of fractured 

porous landscapes. 

 

The results from the XRT analysis also provide a good basis for developing a salt storage and 

mobilisation model, where the porosity and permeability analysis are used to contextualise processes 

at the profile scale. The migration of salts via diffusion into and out of the rock matrix was explored. 

In periods of high rainfall, it is likely that salts will diffuse out of the salt store in the rock matrix and 

be mobilised into the surface and groundwater systems. In periods of lower rainfall, there may be a 

net migration of salts from the fracture network and into the matrix of the rock. These processes 

provide insight into how fluid movement, solute transport and the manifestation of salinity at the 

micro- and macro-scale in fresh rock and the saprock and saprolite are relevant to the processes in 

other zones of the regolith and at the HGL scale. 

 

XRT has not previously been documented as a technique for identifying matrix diffusion in salinity 

studies. This study has shown that it is a very powerful and useful method for detecting and 

distinguishing macro- and micro-porosity and in understanding fluid movement and solute transport 

related to salinity. 
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5  QUANTIFYING THE MODEL FOR SALT STORAGE 
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5.1 INTRODUCTION TO THE SALT STORAGE MODEL 

This part of the thesis builds on and integrates the results and key findings from Parts 2, 3 and 4 of 

the study, to address the research questions outlined in Part 1. Each part relates to land salinisation, 

salt load and EC in the LFVN HGL, an important aspect of the HGL traffic light system. The research 

structure recognises the cross disciplinary nature of salinity. It synthesises results from macro- and 

micro-scale observations of the regolith and landscape, to address discrete aspects of salinity in the 

LFVN HGL. When these findings are integrated, they inform the whole-of-landscape model for 

salinity, as well as identifying other land management challenges in both the Boro area and more 

broadly across weathered felsic volcanic landscapes. 

 

The individual aspects of this research are interconnected and need to be considered holistically. For 

example, the physico-chemical profiling characteristics are linked to the potential solute analysis and 

assessment of salt storage and should therefore be considered as parts of a complete system. The 

research enables a more detailed and refined understanding of salinity in the LFVN HGL, under 

current land use and climatic regimes. Any changes to land use or in the climate can potentially 

impact salinity in this landscape. It is important to understand both the current salinity situation and 

the modelled predictions for a shift in the climatic patterns. This is relevant for areas where variation 

in climatic conditions, due to both long and short term changes (e.g. ENSO and IOD) have potential 

to impact weather patterns over shorter time frames (yearly basis) and as part of a shift over the 

longer-term pattern (decades to centuries). This part of the research will discuss the potential impacts 

of such climatic variations in the context of a conceptual model for the LFVN HGL. 

 

The XRT analysis applied in the study is a quantitative technique, used successfully to investigate 

macro- and micro-structures in a range of other disciplines. In this research it has been used in a way 

not previously documented, enabling the characterisation of micro-porosity networks and the 

identification of diffusion in the matrix of weathered felsic volcanic rock. It has also allowed imaging 

of the porous network, in a way not possible with other techniques. The XRT analysis is assessed in 

the context of other results, allowing the application of Fick’s first and second laws to the data 

collected. 



225 
 

5.2 GEOPHYSICAL ANALYSIS 

Salts in the Boro landscape typically appear below the break in slope and in low lying depressions. 

This is supported by the EMi survey, which identifies the lowest conductivity responses in the upper 

parts of the landscape, above the break in slope (5-25 ECa), and the highest conductivity responses 

below the break in slope and in open depressions (35-75 ECa). Although ECa values alone are not a 

definitive measure of salinity, the data can indicate areas of charged clay, moisture or salts. The data 

collected across the field area enable comparison between different parts of the landscape in terms 

of conductivity and other parameters observed during the same assessment, such as the presence of 

salt tolerant vegetation and other in-field indications of salinity (Lesch et al., 1992; Cresswell, 2010; 

Viezzoli et al., 2012).  The result is a more targeted approach to sampling and analysis. Ground 

truthing using regolith samples enables validation of the data that are collected during the EMi survey. 

This type of targeted approach to soil sampling enables a more cost-effective evaluation of salinity 

sites and provides better identification and sampling of saline areas at the farm-scale. 

5.3 REGOLITH SALINITY AND DISTRIBUTION 

Soil salinity characterisation using the 1:5 extraction methodology (Richards, 1954) supports the 

model for the spatial distribution of salts in the Boro landscape. The lowest ECe readings were at or 

below the threshold for slightly saline conditions (<4 dS/m) on the upper slopes, the highest readings 

meeting the threshold for extremely saline (>16 dS/m) at the break in slope and the lower slopes 

meeting the threshold for highly (8-16dS/m) to extremely saline (>16 dS/m) (Richards, 1954; 

Hazelton & Murphy, 2009; Shahid et al., 2018). Analysis of potential solutes in the landscape shows 

that the total ion concentrations are highest at the break in slope (90,000-110,000 µEq/L at the 

surface), with the second highest readings in open depressions (30,000-42,000 µEq/L in the sub-

surface) and the lowest concentrations on the upper slopes (<5,000 µEq/L in the sub-surface). The 

XRD analysis shows that, although the water chemistry indicates that sodium bicarbonate is the 

dominant salt at the break in slope (>70%), halite (NaCl) is also present and identified as a dominant 

mineral in surface samples (≈5%). The Values for EC at the break in slope (4.4-5.6 dS/m at the 

surface)  indicates salinity levels that would be a major limiting factor for agricultural production and 

maintenance of ecosystem function across the lower slopes and open depressions of the LFVN HGL.  
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Across all profiles, there are 26 samples that meet or exceed the indicated threshold for salinity 

(>4dS/m) across both the Boro East and Boro West transects. These have been grouped according 

to profile and landscape position, which highlights that all these sites occur below the break in slope 

(Boro East B and Boro West B) or in association with open drainage depressions (Boro East C and 

Boro West C) (Table 18, Figure 92).
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Figure 92: The ECe results for the Boro East and Boro West transects indicate that soils above the break in slope are non-saline, while soils below the 

break in slope and in open depressions meet the threshold for moderately, highly or extremely saline. The two highest ECe readings are present at the 

surface below the break in slope on both the Boro East and Boro West Transect. These results are indicative of saline discharge at the break in slope 

and evaporative concentration of salts at the surface. 

 

 

 

 

Table 18: Summary of saline samples from the Boro East and Boro West transects. 
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The surface concentration of salts at the break in slope is likely to have caused dieback of the native 

vegetation at this location. This occurs when plants are unable to overcome the osmotic pressure 

caused by the concentration of salts in the soil profile. When this process reduces the water uptake 

to levels below the plant tolerance threshold, it can mean that plants are predisposed to disease and 

insect attack because they are stressed. In more extreme cases, it can result in the death of that plant 

species. While some plants can survive in more saline soils, once the soil ECe exceeds 16 dS/m only 

highly salt tolerant species can survive (Bernstein, 1975; Taylor, 1993). Across both transects, there 

are four profiles that meet or exceed the threshold for limited plant growth (>16 dS/m). This means 

that only highly salt tolerant plants are likely to have any chance of surviving at the break in slope 

(Boro East B and Boro West B) and in the centre of the scald (Boro East C and Boro West C) 

(Table 19). 

 

Table 19: Summary of the sites that meet or exceed the threshold for limited plant growth (>16dS/m). 

 

  

Once dieback commences, surface flow commonly erodes particles and strips surface soil.  Profiles 

affected by vegetation dieback may show visible signs of sheet erosion and exposure of deep soil 

horizons. Vegetation dieback can compound the issue of saline discharge due to the lack of 

transpiration from vegetation. This means that required remediation actions in this part of the 

landscape may be more complex and revegetation more challenging, due to the chemically complex 

nature of the surface soil.  

---------------

Landsca~e element EC ( 
-------------- - -

Boro East B 0-5 Edge of sca ld 50.4 

Boro East B 5-10 Edge of sca ld 20.7 

Boro East C 60-80 Middle of scald 18.1 

Boro West B 0-5 Edge of sca ld 37.4 

Boro West B 10-20 Edge of sca ld 17.9 

Boro West B 40-60 Edge of sca ld 17.7 

Boro West C 5-10 Middle of scald 22.1 
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5.4 SODICITY 

Surface and gully erosion are common below the break in slope and in drainage depressions across 

the LFVN HGL. Geochemical data show that the exchangeable sodium percentage (ESP) in this part 

of the landscape is typically above the threshold for strongly sodic (>15 ESP). The ESP gives an 

indication of the potential for soil structural decline and other issues including dispersion.  

 

Across both transects, there are 20 samples that meet or exceed the threshold for sodicity (>5 ESP) 

across both the Boro East and Boro West transects. These have been grouped according to profile 

and landscape position.  All these sites occur below the break in slope (Boro East B and Boro West 

B) or in association with open drainage depressions (Boro East C and Boro West C) (Table 20, 

Figure 93) 

.



231 
 

 

 

 

 

Table 20: A summary of the samples that meet or exceed the threshold for sodicity (>5 ESP). 

 

 

 

 

 

 

  

Figure 93: The ESP results for the Boro East and Boro West transects show that soils above the break in slope are non-sodic, while soils below the break 

in slope and in open depressions meet the threshold for sodic or strongly sodic. The highest ESP soils are present at the surface and near-surface in the 

Boro East transect, below the break in slope (Boro East B). These results coincide with the presence of surface erosion. 

---------------------------------------
Sam J)_l e ____________ L _a _n d_s_c_a J) e element Exchangeable Sodium PercentagE!_ 

Soro East S 0-5 Edge of scald 41.96 

Soro East B 5-10 Edge of scald 34.97 

Boro East B 10-20 Edge of scald 31.96 

Boro East S 20-40 Edge of scald 26.45 

Boro East B 40-60 Edge of scald 21.82 40 

Soro East S 60-80 Edge of scald 24.37 

Soro East S 80-100 Edge of scald 22.74 

Soro East B 70-90 Edge of scald 5.57 

Soro East C 0-5 Middle of scald 5.51 
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5.5 SALINE SODIC REGOLITH 

One of the parameters that can affect the potential for soil dispersion is the presence of salts in the 

profile. In sodic soil remediation, saline water can be used for the successful treatment of sodicity. 

The addition of gypsum to the profile is another common technique used to manage soil sodicity and 

it works by addressing the calcium imbalance and promoting flocculation of dispersed particles by 

providing electrolyte osmotic pressure (Rengasamy & Olsson, 1991). In the case of saline sodic 

regolith, the presence of salt in the profile can impact the potential for soil dispersion. Rengasamy et 

al. (1984) identified a range of complexities associated with saline soils, including their potential to 

become dispersive when salts are leached from the profile. This is because although sodium chloride 

is highly soluble and easily removed in solution, free sodium ions bound to the clays remain in the 

profile. In some landscapes, the leaching of salt from the profile and development of dispersive soils 

has taken place over relatively short periods of time, such as 20 years (Rengasamy et al., 2010). 

 

Soils below the break in slope in the LFVN HGL meet the classification to be both saline (>4 dS/m) 

and sodic (>15 ESP) (Shahid et al., 2018). Samples from Boro East below the break-in slope (B and C 

profiles) and Boro West below the break in slope (B and C profiles) indicate that these profiles meet 

the threshold for saline-sodic soils.  

 

Across the landscape, there are 18 samples that meet or exceed the threshold for salinity (>4 dS/m) 

and sodicity (>5 ESP) in the Boro East and Boro West transects. These have been grouped according 

to profile and landscape position. This shows that all these sites occur below the break in slope (Boro 

East B and Boro West B) or in association with open drainage depressions (Boro East C and Boro 

West C) (Table 21, Figure 94) 
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Table 21: Summary of the samples that meet or exceed the threshold for salinity (>4 dS/m) and sodicity (>5 ESP). 

 

 

. 

  

Figure 94: Saline sodic soils in the Boro East and West transects occur below the break in slope (Boro East B and Boro West B) and in open drainage 

depressions (Boro East C and Boro West C). 

--------------------------

Sam p I e _____ Landscape element_ Exchangec1__ble Sodiu_m_Percentage __ EC(dS/m} ____ pH __ 

Soro East S 0-5 Edge of scald 41.96 50.4 4.21 

Soro East S 5-10 Edge of scald 34.97 20.7 6.33 

Soro East S 10-20 Edge of scald 31.96 14.1 5.98 

Soro East S 20-40 Edge of scald 26.45 11.7 6.34 

Soro East S 40-60 Edge of scald 21.82 6.9 6.91 

Soro East S 60-80 Edge of scald 24.37 8.6 5.77 

Soro East S 80-100 Edge of scald 22.74 7.4 6.43 

Soro East C 10-20 M iddle of scald 11.72 7.1 6.27 

Soro East C 20-40 Middle of scald 22.76 12.0 6.97 

Soro East C 40-60 Middle of scald 9.13 15.8 7.39 

Soro East C 60-80 Middle of scald 12.46 18.1 7.27 

Soro East C 80-100 M iddle of scald 13.72 9.5 7.3 

Soro East C 120-140 Middle of scald 10.17 4.8 7.71 

Soro West S 0-5 Edge of scald 7.86 37.4 6.91 

Soro West S 10-20 Edge of scald 13.51 17.9 6.77 

Soro West S 20-40 Edge of scald 17.13 15.6 7.2 

Soro West S 5-10 Edge of scald 12.34 22.1 6.91 

Soro West C 10-20 M iddle of scald 16.36 15.3 7.84 
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The saline-sodic areas have potential to cause a land management issue at both the source of the 

erosion, and in downstream areas where turbidity is caused due to the sediment generated from the 

eroded site. While the relationship between the flocculation and dispersion of saline sodic soils is 

complex, research indicates that the presence of salts in the profiles at Boro may help to maintain 

cohesion between the clay particles in some parts of the landscape (Rengasamy & Marchuk, 2011). 

Predictions from the technique used by Rengasamy et al. (1984) indicate that some samples below 

the break in slope could become dispersive if the salts are leached from the profile (Figure 95 and 

Figure 96). Given that the application of saline water is a mechanism for remediating sodic soils, any 

changes to the water balance where salts are leached from profiles has the potential to impact the 

expression of erosion at these sites. When the results from the Boro East and West profiles are plotted 

in the format proposed by Rengasamy (2010), the samples classify as near the saline sodic threshold, 

according to their salinity and sodicity rating.   
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Figure 95: Saline-sodic soils of the Boro East and West transects, using the visualisation technique developed by Rengasamy (2010). Leaching, 

the use of ameliorants or accumulation of salts can impact where saline sodic soils sit with respect to the salinity and sodicity thresholds. 

Figure 96: Saline sodic soils of the Boro East and West transects after Rengasamy (2010), highlighting that the samples with the highest 

accumulation of salts are at the surface below the break in slope (Boro East B and Boro West B). This is indicative of concentration of salts in this 

part of the landscape. 
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Surface pH readings (4.21 pH) for Boro East B (below the break in slope) show that this part of the 

landscape is below the lower stability threshold for Al (5.5pH). This means that Al is likely to be 

mobile and its presence in the profile will have a toxic effect on plants (Hazelton & Murphy, 2009).  

 

Field observations indicate that there are complexities in the remediation of saline sites in the LFVN 

HGL. This is because of the range of remediation works installed, including erosion control banks 

and attempts to undertake revegetation across a range of sites. Many of the remediated sites are on 

or below the break in slope (Figure 97 and Figure 98). Technical notes from a remediation site 8 km 

east of the field area outline a complex plan for saline-sodic site remediation, including structural 

works, addition of gypsum and revegetation using salt tolerant pasture and other plant species 

(Bugden & Vasey, 1989). The historic remediation site is located on the same weathered felsic 

volcanic rocks as the Boro field site. The recommendations from the historic site broadly align with 

those developed during the HGL classification at Boro. The research from this thesis demonstrates 

that the recommended remediation actions from the HGL process are likely to provide an accurate 

representation of the complex and holistic management strategies that are necessary for remediation 

of the saline, sodic, saline-sodic and low pH sites in the LFVN HGL (NSW Government, 2010a; 

Wooldridge et al., 2015). 

 

The higher cation exchange capacity in the sub-surface, below the break in slope (Boro East B and 

Boro West B) and in open drainage depressions (Boro East C and Boro West C), can be attributed to 

the presence of 2:1 layer clays. While this is commonly a reflection of higher production capability, 

the extremely saline nature of these soils means that only highly salt tolerant plants are likely to grow 

in this part of the landscape. Additionally, the extremely low pH levels in this part of the landscape 

are conducive to Al toxicity. 
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Figure 97: View from the King’s Highway at Doughboy Creek, looking north, showing salt scalds up to 0.5 Ha and remediation works. Photo 

taken 24 July 2020. 

Figure 98: View from the King’s Highway at Doughboy Creek, looking northeast, showing erosion sites and remediation works on the break in 

slope. Photo taken 24 July 2020. 
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5.6 SURFACE AND NEAR-SURFACE PROCESSES AFFECTING 

SOLUTE CHEMISTRY 

The distribution of soluble salts in the LFVN HGL shows that lower concentrations are present on 

the hills and upper slopes of the landscape (ECe 0.11 - 3.4 dS/m), with higher concentrations present 

below the break in slope (indicated by ECe up to 50.4 dS/m) and in open depressions (ECe up to 50.4 

dS/m). This aligns with the EC response across the landscape and shows a similar pattern of 

distribution to the EMi survey. 

 

Solute distribution in soil/regolith profiles across the study area indicates that on the upper and lower 

slopes, the highest concentrations are present in the lower parts of the A horizon or the upper part of 

the B horizon (<4700 µEq). At the break in slope, the highest concentrations of solutes are present at 

the land surface (up to 110,181 µEq in Boro East and 89,039 µEq in Boro West). The distribution of 

solutes in a profile can be used to indicate sub-surface flow pathways, with the highest concentration 

of solutes typically present in the areas where water movement dominates (Peck et al., 1981; 

Williamson, 1998). The pattern of solute distribution suggests that lateral flow dominates in the lower 

A/upper B horizons across most of the landscape, with surface discharge of water and accumulation 

of solutes present at the break in slope. An evaluation of these results using the techniques from 

Appelo and Postma (2005) (Figure 99) indicates that samples taken from below the break in slope 

show that evaporative concentration of solutes is dominant in this part of the landscape. This aligns 

with results from Part 2 of the research, which show that the highest EC surface readings occur at the 

surface at the break in slope (ECe of 50.4 dS/m in Boro East and 37.4 dS/m in Boro West) and in the 

sub-surface in open depressions below the break in slope (ECe of 18.1 dS/m in Boro East and 15.3 

dS/m in Boro West). 

 

The lower parts of the landscape are areas where salts are concentrated over time and therefore have 

relatively higher EC values. While this was generally the case across the transects, the exceptions 

were in areas below the break in slope (Boro East B and Boro West B). The concentration of salts was 

higher in these locations than in the centre of the scald, although this is likely due to discharge and 

evaporation at the break in slope.
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Figure 99: This plot of TDS and Cl-/(Cl-+HCO3-) can be used to identify the solute-related processes that are dominated by evaporation or precipitation (Gibbs, 1970; Appelo 

& Postma, 2005). The samples from the Boro East and West profiles are plotted, sites below the break in slope (Boro East B and Boro West B) are dominated by evaporative 

processes. 
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In the upper part of the landscape, above the break in slope, the concentration of salts indicates that 

interflow was most likely the dominant pathway for fluid movement. This is indicated by ion 

concentrations up to 3623 µEq between 10 cm and 20 cm depth in Boro East and up to 4678 µEq 

between 30 cm and 70 cm depth in Boro West. On the lower slopes above the salt scald, the 

distribution of ions indicates a predominantly evaporative concentration of salts at the land surface. 

It is unclear what process is driving the saline discharge in this part of the landscape. It could be due 

to a texture contrast at the break in slope, capillary rise in the soil, or a combination of both of these 

factors (Brouwer et al., 1985; Charman & Murphy, 2000). Given that potential evapotranspiration 

exceeds actual evapotranspiration, the level of connectivity between salts in the interflow zone and 

the local stream system is uncertain. In the middle of the salt scald, the dominant pathway for fluid 

movement is above the B horizons as perched water, although the ion distribution plots indicate that 

there may also be evaporative concentration of salt at the surface. 

 

If the technique for determining solute processes in surface water is adapted (Gibbs, 1970; Appelo & 

Postma, 2005), it provides a better representation of the processes that take place in the soil. This 

can be done by representing the sub-surface processes driven by: 

●      Soil biota and rainwater; 

●      Rock weathering; 

●      Evaporative concentration; and 

●      Storage of salts. 
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Plots of Cl-/Cl-+HCO3
- according to depth can be used to identify solute-related processes in the soil 

profile as evaporation, weathering and precipitation signatures (Gibbs, 1970; Appelo & Postma, 2005).  

For regolith in the zone between the surface and a depth of 70 cm, bioturbation and 

evapotranspiration along the upper surface of perched water are both common in this part of the 

landscape and each has an impact on the sub-surface processes. The infiltration of rainwater, 

bioturbation and evaporative concentration are dominant factors in determining solute processes. 

Below 70 cm, solute processes are dominated by rock weathering and the storage of salts. On this 

basis, a depth of 70 cm in the regolith profile has been identified as the local boundary between near-

surface and lithologically controlled processes (Figure 100). The ratio of Cl-/Cl-+HCO3
- is useful for 

distinguishing different solute processes. This includes the influence of rainwater, biota and 

evaporative processes in the near surface and rock weathering and salt storage processes that take 

place deeper in the profile. Samples from below the break in slope (Boro East B and Boro West B) 

typically show evaporative concentration or storage of salts.
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Figure 100: This plot of Cl-/(Cl-+HCO3-) and profile depth can be used to identify the solute-related processes that are dominated by 

rainwater, soil biota and evaporation, as well as deeper solute processes driven by rock weathering and the storage of salt. 
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In the near surface, biotic activity has been identified as a potential contributor of CO2 to the profile. 

This may produce a skewed representation of bicarbonate values in this part of the landscape, at sites 

which have previously been identified as having a strong evaporative influence on the concentration 

of salts (Boro East B and Boro West B). 

 

It is important to recognise that there are other processes besides the physical concentration of salts 

that are affecting salt distribution in this landscape. The chloride values for all profiles appear lower 

than those from previous work by Gunn (1985). This is likely a reflection of biotic activity contributing 

HCO3
- in the interflow zone, where the solute samples from this study were taken.    

 

Ratios of Na+/Cl- indicate that although marine accession may take place in the Lower Boro area, 

there are a range of other factors contributing to the types of salts present in this landscape. The high 

Na+ in these profiles can be attributed to the weathering of primary minerals such as Na-rich feldspars 

in the bedrock and other physical processes such as the diffusion of solutes out of the rock matrix. 

The latter will be discussed in further detail in the next section. 

5.7 MATRIX DIFFUSION 

The role of matrix diffusion in solute transport for the LFVN HGL can be assessed by analysing steady 

state and non-steady state diffusion in the weathered and fresh rock samples. This can be performed 

in accordance with Fick’s laws using the equations outlined in Part 4 of this thesis. 

5.7.1 Measured and calculated values for diffusion 

In order to evaluate diffusion rates, there are a number of variables that need to be considered. Some 

of these parameters have been constrained by the analyses in Parts 2-4 of this thesis. They include: 

● Porosity; 

● Characteristics that enable tortuosity calculations; 

● Dominant solutes in the landscape; and 

● The diffusion coefficients of different rock samples. 

  

Porosity calculations were performed directly using the XRT analysis and incorporate both the 

macro- and micro-porosity networks in fresh and weathered rock samples. These values can be 

applied directly to the diffusion calculations. Penetration of the NaI tracer solution is representative 
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of the diffusion process and therefore the porous network that was measured during this analysis 

provides an accurate representation of rock porosity that is relevant to diffusion calculations. 

  

It is worth noting that samples with higher porosity also have greater storage potential for solutes. 

This concept considers that the percentage of voids in the matrix is representative of the volume 

available in weathered or fresh rock for salt storage. This means that the greatest capacity for salt 

storage is in the Fresh Rock - Rind at 28.64%. This was followed by the Saprolite, Fresh Rock - 

Transition and Fresh Rock - Least Weathered Equivalent at 24.79%, 22.18% and 20.76% respectively. 

The Saprock had the lowest salt storage capacity across all samples at 0.36% of the total volume. 

  

Although tortuosity was not measured directly using XRT, the porosity analysis from XRT has 

enabled the calculation of tortuosity values (Table 22) (Boudreau, 1997; Schulz & Zabel, 2006) (see 

Appendix 4 for details of analytical methods and calculations). Given the good micro-scale resolution 

of XRT imaging and the challenges associated with measuring tortuosity directly, calculating 

tortuosity in this way proved a practical and valid approach. The LFV Fresh - Rind had the lowest 

tortuosity value of 1.87 and the LFV Saprock had the highest tortuosity value of 3.50. Since these 

values were derived from porosity, the relationship between porosity values (highest to lowest) 

reflects an inverse relationship with tortuosity (lowest to highest). These values have been used to 

perform calculations and evaluated matrix diffusion in the LFVN HGL.  
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Table 22: The calculated tortuosity values for each of the LFV samples, used to evaluate diffusion and salt storage potential in the 

LFVN HGL samples. 

  

The solute analysis in Part 3 identified that Na+ and HCO3
- were the dominant ions in the interflow 

zone. Mineralogical analysis from Part 2 also identified the presence of halite (NaCl), which 

constituted 5% of the surface sample at the edge of the scald, in the Boro West transect. On the basis 

of the solute chemistry, and the geochemistry and mineralogy of the sites, Na+, HCO3
- and Cl- were 

considered the primary solutes present in the LFVN HGL. These solutes have been selected for the 

purposes of performing calculations and evaluating matrix diffusion in the LFVN HGL. 

  

The diffusion coefficient for each rock sample is controlled by the combination of the diffusion 

coefficient for different ions in solution, porosity of the rock and the effect of tortuosity. While the 

diffusion value for ions in solution varies according to temperature, in a terrestrial sub-surface 

environment such as the landscape in the LFVN HGL, these values can be considered constant 

(Table 23). In solution, Cl- has the fastest diffusion rate (2.03 10-5 g/cm2), followed by Na+ (1.33 10-5 

g/cm2), then HCO3
- (9.2 10-6 g/cm2) (Le Gouellec & Elimelech, 2002; Schulz & Zabel, 2006; Zeebe, 

2011).  

-------------------------
Sam p I e Porosity iTortuosity 
-------------------------

Saprolite 24.79% 1.95 

Saprock 0.36% 3.50 

Fresh 
- Rind 28.64% 1.87 

Fresh 
- Transition 22.18% 2.00 

Fresh 
- Least Weathered 20.76% 2.04 
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Table 23: Diffusion coefficient values for solutions, based on a terrestrial sub-surface environment, in the LFVN HGL. 

 

The integration of diffusion coefficients for different solutions with the porosity and tortuosity values 

for each rock sample enables calculation of the diffusion values for weathered and fresh rock. This is 

considered in the context of fresh and weathered rock samples, for Na+, HCO3
- and Cl- as the primary 

solutes of interest. These values form the basis for both steady and non-steady state diffusion 

calculations across fresh and weathered rock in the LFVN HGL (Table 24). 

  

As Cl- has the fastest diffusion rate of the solutes (refer Part 2 and Part 3) and the Fresh Rock - Rind 

has the highest diffusion rate of the Long Flat Volcanic samples, the fastest diffusion for Cl- takes 

place in fresh rock rind. As HCO3
- has the slowest diffusion rate of any solute and the Saprock has the 

lowest diffusion rate of all the Long Flat Volcanic samples, the slowest diffusion takes place for HCO3
- 

in Saprock. The rate of diffusion in different samples is controlled by porosity and the diffusion 

coefficient of the solute.  

--------------
Ion Dsolution 

0.0000133 g/cm2 

0.0000203 g/cm2 

0.0000092 g/cm2 
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Table 24: Diffusion coefficient values for Na+, Cl- and HCO3
- in rock samples from the Long Flat Volcanics. 

 

The diffusion coefficients for the common solutes (Na+, Cl- and HCO3
-) were calculated for different 

rock samples in the Boro East and West transect using the porosity and tortuosity values determined 

with the XRT analysis. These calculations show that the lowest diffusion coefficient for all weathered 

and fresh rock was in the saprock, while the highest diffusion coefficients were in the Fresh Rock - 

Rind. The higher diffusion values reflect the high sample porosity combined with a faster solute 

diffusion rate (e.g. Cl- in Fresh Rock - Rind), while the lower diffusion values reflect the low sample 

porosity combined with a slower solute diffusion rate (e.g. HCO3
- in Saprock). 

  

Across individual rock samples, diffusion rates for Cl- are the fastest, followed by Na+ and then HCO3
-

. The variation in diffusion rates for individual rock samples reflects the solute diffusion rate in 

solution, which is controlled by the size of the molecule. Larger molecules have slower diffusion rates 

than smaller molecules and for a fixed time period, different solutes will have a different length of 

diffusion into (or out of) the sample (Figure 101 and Figure 102). These calculations are based on a 

zero point charge, which is addressed under the retardation factor in the next section. When diffusion 

takes place over a fixed timeframe into the same sample, Cl- achieves the longest travel distance (x), 

S I Drock - Na+ D~ock - Cl· Drock - HC03· ampe 
(cm2/s) (cm2/s) (cm2/s) 

Saprolite 8. 70063 X 10·7 1.32799 X 10·6 6.01848 X 10·7 

Saprock 3.90741 X 10·9 5.96394 X 10·9 2. 70287 X 10·9 

Fresh 
- Rind 1.08809 X 10·6 1.66077 X 10·6 7.52666 X 10·7 

Fresh 
- Transition 7.35287 X 10·7 1.12228 X 10·6 5.08619 X 10·7 

Fresh 
- Least Weathered 6.66238 X 10·7 1.01689 X 10·6 4.60856 X 10·7 
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followed by Na+ (y), then HCO3
- (z). This is controlled by the size of the ion or compound, which 

determines the diffusion rate of the solute. 

 

 

Figure 101: Conceptual representation of the length of solute diffusion into rock for different solutes, based on fixed time. 

 

Figure 102: Conceptual representation of the length of solute diffusion out of rock for different solutes, based on fixed time. 

Comparisons of the diffusion rate of individual solutes across the range of samples enables an 

understanding of how diffusion is affected by variations in porosity and tortuosity values. When 

diffusion of Na+ is examined, the Fresh Rock - Rind sample has the fastest diffusion rate of 1.08809 × 

10-6 cm2/s. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all have similar 
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diffusion values of 8.70063 × 10-7 cm2/s, 7.35287 × 10-7 cm2/s and 6.66238 × 10-7 cm2/s respectively. 

The Saprock sample has the slowest diffusion rate of 3.90741 × 10-9 cm2/s. 

  

When diffusion of Cl- is examined, the Fresh Rock - Rind sample has the fastest diffusion rate of 

1.66077 × 10-6 cm2/s. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all have 

similar diffusion values of 1.32799 × 10-6 cm2/s, 1.12228 × 10-6 cm2/s and 1.01689 × 10-6 cm2/s 

respectively. The Saprock sample has the slowest diffusion rate of 5.96394 × 10-9 cm2/s. 

  

When diffusion of HCO3
- is examined, the Fresh Rock - Rind sample has the fastest diffusion rate of 

7.52666 × 10-7 cm2/s. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all have 

similar diffusion values of 6.01848 × 10-7 cm2/s, 5.08619 × 10-7 cm2/s and 4.60856 × 10-7 cm2/s 

respectively. The Saprock sample has the slowest diffusion rate of 2.70287 × 10-9 cm2/s. 

  

Given that porosity is a key component of the diffusion calculations, the order of ranking from the 

fastest diffusion rate to the slowest diffusion rate of each solute across the different samples reflects 

variation in porosity.   

5.7.2 Constraining other parameters to evaluate diffusion 

Other variables that enable an evaluation of matrix diffusion have not been directly constrained 

through this research. Therefore, these need to be considered and determined indirectly in the 

context of the weathered felsic volcanic landscape, before steady state and non-steady state 

calculations can be performed. These variables include: 

● Diffusion length; 

● Concentration gradient; and  

● Retardation factor. 

  

The length over which diffusion takes place is a variable difficult to constrain. While it can be 

determined with a comprehensive characterisation of the structural components of the medium in 

the field, it can also be dealt with by simulating different scenarios. For instance, a basic 

understanding of the joint spacing can be used to determine a common value for the size of core 

stones in the landscape. When this is considered with respect to diffusion or flux, it determines the 

time taken for solutes to move from areas of high concentration to areas of low concentration. In the 
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context of the LFVN HGL, flux represents solute diffusion from a fracture or joint network, to the 

centre of a corestone. Field observations indicate the fracture spacing at Boro South in the Long Flat 

Volcanics is 50 cm. This research uses a scenario where the characteristic length (Freeze & Cherry, 

1979; Drever, 1997) for flux (diffusion) is defined as the distance from the fracture to the centre of a 

50 cm corestone, representing a distance of 25 cm, in line with field observations at Boro South 

(Figure 103). 

  

Figure 103: Calculations for diffusion are based on joint spacing of 50cm. On this basis, the distance from the centre of the corestone 

to the fracture (25 cm) has been used to define the length for diffusion calculations. Note that this is the diffusion distance before 

application of tortuosity factors. Given the volume of rock and solutes and the times involved this is considered a suitable effective 

diffusion distance valid for comparative purposes. 

 
An analysis of the solutes in the LFVN was undertaken, but groundwater sampling was not possible 

from the existing network of piezometers across the site because they were dry during the sampling 

period. In order to understand what best represents the potential concentration of solutes in 

groundwater, it is necessary to refer to historic data. The most comprehensive information is 

provided by Gunn (1985), who initially sampled the piezometer network.  Given that the Gunn (1985) 

study was conducted during a drier than average period (Bureau of Meteorology (BOM), 2019), it is 

likely that groundwater solutes were more concentrated during the sample period than in an average 

rainfall year.  The lowest groundwater value taken from weathered rock (Gunn, 1985) is considered 

to represent the minimum concentration of Na+, HCO3
- and Cl- in the fractures, because this research 

was conducted during a period of lower rainfall. The rock values from the present research are used 

to represent the solute concentration values at the centre of the corestones. In this scenario, these 

Characteristic 
length - 25 cm 

Core stone 
diameter - 50 cm 
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values can be used to evaluate and understand flux for each of the rock samples in the LFVN HGL. 

The values that have been used to represent the minimum concentration of ions in the regolith are 

578.4 ppm Na+, 917.1 ppm Cl- and 352.9 ppm HCO3
- (Gunn, 1985). 

 

The retardation factor in diffusion models considers the effect of adsorption in solute transport 

models. For dual porosity media, this is not relevant to steady state diffusion, however it is relevant 

to non-steady state diffusion.  and consideration needs to be given to the retardation factor in both 

the rock matrix and fracture system (Drever, 1997; Winterle, 1998). For non-sorbing (non-reactive) 

solutes, the retardation factor is typically lower than for sorbing (reactive) solutes (Freeze & Cherry, 

1979; Sawada & Takahara, 2000). In order to establish a baseline for matrix diffusion in the LFV, this 

research has used a retardation factor of 1 for both the rock and matrix, which is similar to the 

evaluation process used in other studies (Winterle, 1998). 

5.7.3 Steady state diffusion 

For diffusion to take place, there needs to be a difference in the concentration of solutes across a 

characteristic length of diffusion path. This concentration gradient results in a flux from the area of 

high concentration into the area of low concentration. Steady state diffusion can be calculated as flux 

or diffusion of a solute, based on the concentration gradient along the characteristic length (Freeze & 

Cherry, 1979; Boudreau, 1997; Drever, 1997; Schulz & Zabel, 2006). In situations where there is no 

difference in concentration, the system is considered to be in equilibrium. These calculations are 

based on Fick’s first law. 

 

The first scenario that is described with respect to Fick’s first law (Figure 104) shows a relative 

concentration of 5 in the fracture and 3 in the corestone, which results in a net diffusion of solutes 

into the rock. The second scenario shows a relative concentration of 3 in the fracture and 3 in the 

corestone, which means that there is no diffusion due to equilibrium between solutes in the corestone 

and fracture. The third scenario shows a relative concentration of 1 in the fracture and 3 in the 

corestone, which results in a net diffusion of solutes from the rock into the fracture. This 

representation is true where all units of measurement are consistent (e.g. as ppm).  
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Figure 104: Representation of diffusion based on three different concentration scenarios, over a diffusion distance of 25 cm (50 cm 

diameter corestone). 
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The calculations for flux rely on specific values to determine how much of each solute is diffused into 

or out of the rock, in grams per square cm per year (g/cm2/year). If the lowest values, identified 

previously (Gunn, 1985), are used as indicative values for groundwater concentrations during periods 

of low rainfall, diffusion into the different rock samples can be evaluated for each of the solutes 

(Table 25). While these values are not definitive and the groundwater sampling for Gunn (1985) was 

conducted at a different time from the data collection for this thesis, it does demonstrate how 

hydrogeochemistry data can be collected and analysed in conjunction with XRT analysis to assist in 

evaluating salt flux via matrix diffusion.  

 

Table 25: Flux calculations from the fracture to the centre of a 50 cm corestone (distance of 25 cm). The flux values show that highest 

diffusion rates are in the Fresh Rock - Rind and lowest in the Saprock. Diffusion values vary for each solute, with Cl- the fastest rate, 

followed by Na+, then HCO3
-. These are indicative values based on a previous groundwater study by Gunn (1985). 

 

 

In evaluating Na+ flux at the centre of a 50 cm corestone (distance 25 cm), the fastest diffusion takes 

place at 7.9510-4 g/cm2/year in the Fresh Rock - Rind sample. The Saprolite, Fresh Rock - Transition 

and Fresh Rock - LWE samples all take place at similar rates of 6.3310-4 g/cm2/year, 5.3810-4 

g/cm2/year and 4.8410-4 g/cm2/year respectively. The Saprock has the slowest diffusion rate for Na+ 

across all samples of 2.8510-6 g/cm2/year. 

Sample 

Saprolite 

Saprock 

Fresh 
- Rind 

Fresh 
- Transition 

Fresh 
- Least Weathered 

Na• Flux 
(g/cm2/year) 

6.33 X 10-4 

2.85 X 10·6 

7.95 X 10-4 

5.38 X 10·4 

4.84 X lQ-4 

Cl· Flux 
,(g/cm2/year) 

1.53 X 10·3 

6.91 X 10·06 

1.92 X 10·3 

1.30 X 10·3 

1.17 X 10·3 

HCOi Flux 
(g/cm2/year,): 

2.67 X 10-4 

1.20 X 10·06 

3.36 X 10·4 

2.27 X 10·4 

2.04 X 10-4 
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In evaluating Cl- flux at the centre of a 50 cm corestone (distance 25 cm), the fastest diffusion takes 

place at 1.9210-3 g/cm2/year in the Fresh Rock - Rind sample. The Saprolite, Fresh Rock - Transition 

and Fresh Rock - LWE samples all take place at similar rates of 1.5310-3 g/cm2/year, 1.3010-3 

g/cm2/year and 1.1710-3 g/cm2/year respectively. The Saprock has the slowest diffusion rate for Cl- 

across all samples of 6.9110-6 g/cm2/year. 

  

In evaluating HCO3
- flux at the centre of a 50 cm corestone (distance 25 cm), the fastest diffusion 

takes place at 3.3610-4 g/cm2/year in the Fresh Rock - Rind sample. The Saprolite, Fresh Rock - 

Transition and Fresh Rock - LWE samples all take place at similar rates of 2.6710-4 g/cm2/year, 

2.2710-4 g/cm2/year and 2.0410-4 g/cm2/year respectively. The Saprock has the slowest diffusion 

rate for HCO3
- across all samples of 1.2010-6 g/cm2/year. 

  

One of the fundamental inputs to flux calculations in rocks and sediments is porosity, where higher 

rock porosity results in higher diffusion rates (Freeze & Cherry, 1979; Boudreau, 1997; Drever, 1997; 

Schulz & Zabel, 2006). The analysis performed using the results from Part 4 shows that diffusion rates 

in each of the rock samples reflect porosity. This means that the sample with the highest porosity 

(Fresh Rock - Rind at 28.64%) also has the highest diffusion value (Na+ at  

7.9510-4 g/cm2/year, Cl- at 1.9210-3 g/cm2/year and HCO3
- at 3.3610-4 g/cm2/year). It also means 

that the sample with the lowest porosity (Saprock at 0.36%) has the lowest diffusion values (Na+ at 

2.8510-6 g/cm2/year, Cl- at 6.9110-6 g/cm2/year and HCO3
- at 1.2010-6 g/cm2/year). 

  

Another fundamental input to flux calculations in rocks and sediments is the diffusion value for the 

ion in solution (Freeze & Cherry, 1979; Boudreau, 1997; Drever, 1997; Schulz & Zabel, 2006). When 

the diffusion rates for different solutes in each rock sample are applied in the context of groundwater 

values from previous studies (Gunn, 1985), the highest rate of flux takes place for Cl- in Fresh Rock - 

Rind (1.9210-3 g/cm2/year) and the lowest rate of flux takes place for HCO3
- in Saprock (1.2010-6 

g/cm2/year). The flux values are controlled by the concentration gradient, which in this case is 

determined by historic groundwater sampling (Gunn, 1985), and the diffusion values determined in 

this thesis (Figure 105).  
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Figure 105: Flux values for Na+, Cl- and HCO3
- in LFV samples based on ion concentrations (Gunn, 1985). 

 

Given that the lowest values of solute concentration for groundwater in the regolith were used, these 

flux values are considered representative of the lowest likely diffusion values, based on historic data 

(Gunn, 1985). 

5.7.4 Non-steady state diffusion 

Non-steady-state diffusion evaluates changes in concentration, at different points in time, based on a 

characteristic length (Drever, 1997; Freeze & Cherry, 1979). This is representative of the process of 

diffusion in the natural environment and the calculation can be used to evaluate different scenarios, 

such as changes in relative concentration, for different solutes, over different periods of time or 

distances. The calculations and analytical techniques for this are based on Fick’s second law (see 

Appendix 4 for details of analytical methods and calculations). 
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5.7.5 Rate of diffusion 

The evaluation of diffusion over time is represented by a curve. Particular curves identify the different 

diffusion rates for each sample, and for the various solutes: Na+, Cl- and HCO3
-. Higher diffusion rates 

are present in the earlier stages, when the concentration gradient (difference between the fracture 

and the centre of the corestone) is higher. As diffusion progresses, the concentration difference 

gradually decreases and therefore the rate of diffusion reduces. In rocks with higher diffusion rates, 

such as those with higher porosity, this is typically represented by both a rapid initial increase in the 

relative concentration immediately following time 0 and a higher relative concentration than other 

rocks, with lower porosity, at any given point in time. For the purposes of evaluating diffusion in the 

Long Flat Volcanics, the diffusion curves for each sample have been plotted over a 100-year period. 

  

Comparisons between solutes emphasise that the fastest diffusion rates take place for Cl- in solution, 

followed by Na+, then HCO3
-. When comparisons are made for time at 100 years across all samples 

the Fresh Rock - Rind sample has the highest diffusion rates, with modelled changes in concentration 

of 69%-79% (Figure 106). The Saprolite (Figure 107), Fresh Rock - Transition (Figure 108) and Fresh 

Rock - LWE (Figure 109) samples all have similar diffusion values of 68%-78%, 67%-77% and 67%-

77% respectively. The Saprock sample has the lowest diffusion value of 46%-62% (Figure 110). 
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Figure 106: Diffusion curves for Na+, Cl- and HCO3- in Fresh Rock - Rind. This shows that diffusion rates of between 69%-79% are 

achieved over 100 years. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 107: Diffusion curves for Na+, Cl- and HCO3- in Saprolite. This shows that diffusion rates of between 68%-78% are achieved over 

100 years. 

Figure 108: Diffusion curves for Na+, Cl- and HCO3- in Fresh Rock - Transition. This shows that diffusion rates of between 67%-77% are 

achieved over 100 years. 

0.9 .._ 
0 
(I) ... ..... 0.8 
C 
(I) 

u E o.7 ..... 
ro u 
C If) 
0 N Q.6 :;:; 
ro (I) ... ..... u 
C c o.s 
Q) ro u ..... 
C VI 

0 ~ 0.4 u 
(I) (I) 

> C 
..... 0 
ro t; 0,3 
(I) (I) 

a: ... 
0 

C u 0.2 
(I) 
tlO 
C 0.1 ro 

.£. 
u 

0.0 

0.9 .._ 
0 

~ 0.8 ..... 
C 
(I) 

~ E o.7 
ro u 
C If) 

O N Q.6 ..... 
~ (I) 
..... u 
a3 C 0.5 
u 2 
C VI 

8 ~ 0.4 
(I) (I) 
> C 
..... 0 
ro t; 0.3 
(I) (I) 

a: 0 
c u o.2 
(I) 
tlO 

~ 0.1 
.£. 
u 

0.0 

Relative conc1entration at the centre of a 50 cm corestone in LFV fresh rock -
rinid based on diffusion from fractures into the matrix 

- Sodium 

- Chloride 

- HC03 

0 10 20 30 40 so 60 70 80 90 100 
Time (years) 

Relative concentration at the centre of a 50 cm corestone in LFV fresh rock 
t ransition based on diffusion f rom fractures into the matrix 

n c;n 1n rnn 

- Sodium 

- Chloride 

- HC03 

0.9 .._ 
0 
(I) ... 0.8 ..... 
C 
(I) 
u E o.7 ..... 
ro u 
C If) 
0 N 0.6 ..... 
ro 

(I) ... ..... u 
C C 0.5 
(I) ro u ..... 
C VI 

0 ~ 0.4 u 
(I) (I) 

> C 
:;:; 0 
ro t; 0,3 
(I) (I) 

a: ... 
0 

C u o.2 
Q) 
tlO 
C 0.1 ro 

.£. 
u 

0.0 

Relative concentration at the centre of a SO cm corestone in LF'V saprolite 
lbased on diffusion from fractures into the matrix 

0 10 20 30 40 so 60 70 80 90 100 
Time (years) 

- Sodium 

- Chloride 

- HC03 



266 
 

 

 

 

 

 

 

 

 

 

 

Figure 109: Diffusion curves for Na+, Cl- and HCO3- in Fresh Rock - Least Weathered Equivalent. This shows that diffusion rates of 

between 67%-77% are achieved over 100 years. 

Figure 110: Diffusion curves for Na+, Cl- and HCO3- in Saprock. This shows that diffusion rates of between 46%-62% are achieved 

over 100 years. 
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When the diffusion rate of Na+ is examined more closely, with the exception of Saprock, there is 

between a 25% and 30% change in the relative concentration between solutes in the fractures and 

those at the centre of the corestone, in the first 10 years of diffusion. For Cl-, with the exception of 

Saprock, there is between a 35% and 40% change in the relative concentration between solutes in 

the fractures and those at the centre of the corestone, in the first 10 years of diffusion. For HCO3
-, 

with the exception of Saprock, there is between a 15% and 20% change in the relative concentration 

between solutes at the centre of the corestone, in the first 10 years of diffusion.  Following the initial 

response, the diffusion curve for all solutes shows a slowing in the rate of change. This means that 

the most rapid period of change for the majority of samples takes place in the first 10 years following 

commencement of diffusion. Thus, in the majority of weathered and fresh rock samples from the 

Long Flat Volcanics, there is potential for between a 35% and 40% change in the relative 

concentration of Cl- where there is a concentration gradient. 

5.7.6 Time taken to reach defined concentrations 

Diffusion rates can be represented using a range of approaches. One of these is by determining the 

time taken to achieve any relative concentration. In the context of this research, diffusion rates have 

been evaluated as the time taken to reach a relative concentration at the centre of the 50 cm core 

stone (Drever, 1997; Freeze & Cherry, 1979). For the purposes of evaluating diffusion across 

weathered and fresh rock samples in the LFVN, relative change has been considered based on four 

scenarios. These have included calculations to determine the time, in years, to achieve relative 

concentration changes of 40%, 50%, 95% and 99%, between the concentration in the fracture and 

that the centre of a 50 cm corestone (diffusion length 25 cm). These change intervals were selected 

to demonstrate the differences between diffusion over shorter periods (e.g. 10-20 years) or longer 

periods (e.g. thousands of years through to almost complete diffusion). When comparisons are made 

for the diffusion rate of the same solute across different samples, this enables an understanding of 

how diffusion time is affected by porosity and tortuosity values.  

5.7.6.1 Evaluation of a 40 percent change 

When considering Na+ diffusion over time, the shortest period taken to achieve a 40% change 

(Table 26) in concentration at the centre of a corestone is 14.70 years, in the Fresh Rock - Rind 

sample. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar periods 

to achieve the same relative change in concentration of 15.99 years, 16.82 years and 17.50 years 
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respectively. The Saprock sample takes the longest time to achieve a 40% change in relative 

concentration of 51.51 years. 

 

Table 26: The time taken for Na+, Cl- and HCO3
- to achieve a 40% change in relative concentration at the centre of a 50 cm corestone 

(distance of 25 cm) through diffusion. 

 

 

For Cl- diffusion over time, the shortest period taken to achieve a 40% change in concentration at the 

centre of a corestone is 9.63 years, in the Fresh Rock - Rind sample. The Saprolite, Fresh Rock - 

Transition and Fresh Rock - LWE samples all take similar periods to achieve the same relative change 

in concentration of 10.48 years, 11.02 years and 11.46 years respectively. The Saprock sample takes 

the longest time to achieve a 40% change in relative concentration of 33.75 years. 

  

For HCO3
- diffusion over time, the shortest period taken to achieve a 40% change in concentration at 

the centre of a corestone is 21.26 years, in the Fresh Rock - Rind sample. The Saprolite, Fresh Rock 

- Transition and Fresh Rock - LWE samples all take similar periods to achieve the same relative 

change in concentration of 23.11 years, 23.41 years and 25.30 years respectively. The Saprock sample 

Time taken (years) to achieve relative concentration of 40% via diffusion 

Sample 

Saprolite 
15.99 

Saprock 
51.51 

Fresh 
- Rind 

14.70 

Fresh 
- Transition 

16.82 

Fresh 
- Least Weathered 

17.50 

Cl-

10.48 

33.75 

9.63 

11.02 

11.46 

HCO -
3 

23.11 

74.46 

21.26 

24.31 

25.30 
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takes the longest period of time to achieve a 40% change in relative concentration at the centre of 

the corestone of 74.46 years.  

 

This analysis indicates that a 40% change in the relative concentration of Na+, Cl- and HCO3
- solutes, 

can take place over periods of 1 to 3 decades for higher porosity Long Flat Volcanics samples. In the 

lower porosity samples, these changes take place over longer periods of between 3 and 8 decades. 

For the fastest diffusion rates (Cl- in the Fresh Rock - Rind), short term changes in climatic patterns 

or changes in land use would have potential to impact the water balance and hence the concentration 

gradient between the rock matrix and fractures.  

5.7.6.2 Evaluation of a 50 percent change 

When considering Na+ diffusion over time, the shortest period taken to achieve a 50% change 

(Table 27) in concentration at the centre of a corestone is 22.89 years, in the Fresh Rock - Rind 

sample. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar periods 

to achieve the same relative change in concentration of 24.89 years, 26.19 years and 27.24 years 

respectively. The Saprock sample takes the longest period of time to achieve a 50% change in relative 

concentration of 80.2 years.  
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Table 27: The time taken for Na+, Cl- and HCO3
- to achieve a 50% change in relative concentration at the centre of a 50 cm corestone 

(distance of 25 cm) through diffusion. 

 

 

When considering Cl- diffusion with respect to time, the shortest period taken to achieve a 50% 

change in concentration at the centre of a corestone is 15 years, in the Fresh Rock - Rind sample. 

The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar periods to 

achieve the same relative change in concentration of 16.31 years, 17.16 years and 17.85 years 

respectively. The Saprock sample takes the longest period of time to achieve a 50% change in relative 

concentration at the centre of the corestone of 52.54 years. 

  

When considering HCO3
- diffusion with respect to time, the shortest period taken to achieve a 50% 

change in concentration at the centre of a corestone is 33.09 years, in the Fresh Rock - Rind sample. 

The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar periods to 

achieve the same relative change in concentration of 35.99 years, 37.86 years and 39.39 years 

respectively. The Saprock sample takes the longest period of time to achieve a 50% change in relative 

concentration at the centre of the corestone of 115.93 years.  

  

Time taken (years) to achieve relative concentration of 50% via diffusion 

Sample 

Sa pro lite 24.89 

Saprock 80.20 

Fresh 
22.89 

- Rind 

Fresh 
26.19 

- Transition 

Fresh 
27.24 

- Least Weathered 

Cl· 

16.31 

52.54 

15.00 

17.16 

17.85 

HCO -3 

35.99 

115.93 

33.09 

37.86 

39.39 
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This analysis indicates that a 50% change in the relative concentration of Na+, Cl- and HCO3
- solutes, 

can take place over periods of 1 to 4 decades for higher porosity Long Flat Volcanics samples. In the 

lower porosity samples, these changes take place over periods between 5 and 11 decades.  For the 

fastest diffusion rates (Cl- in the Fresh Rock - Rind), changes in climatic patterns over multiple 

decades, or changes in land use would have potential to impact the water balance and hence the 

concentration gradient between the rock matrix and fractures.  

5.7.6.3 Evaluation of a 95 percent change 

When considering Na+ diffusion with respect to time, the shortest period taken to achieve a 95% 

change (Table 28) in concentration at the centre of a corestone is 2,648.61 years, in the Fresh Rock - 

Rind sample. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar 

periods to achieve the same relative change in concentration of 2,880.07 years, 3,029.66 years and 

3,152.06 years respectively. The Saprock sample takes the longest period of time to achieve a 95% 

change in relative concentration at the centre of the corestone of 9,278.34 years.
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Table 28: The time taken for Na+, Cl- and HCO3
- to achieve a 95% change in relative concentration at the centre of a 50 cm corestone 

(distance of 25 cm) through diffusion.  

 

 

When considering Cl- diffusion with respect to time, the shortest period taken to achieve a 95% 

change in concentration at the centre of a corestone is 1,735.29 years, in the Fresh Rock - Rind 

sample. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar periods 

to achieve the same relative change in concentration of 1,886.94 years, 1,984.95 years and 2,065.14 

years respectively. The Saprock sample takes the longest period of time to achieve a 95% change in 

relative concentration at the centre of the corestone of 6,078.91 years. 

  

When considering HCO3
- diffusion with respect to time, the shortest period taken to achieve a 95% 

change in concentration at the centre of a corestone is 3,828.96 years, in the Fresh Rock - Rind 

sample. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar periods 

to achieve the same relative change in concentration of 4,163.58 years, 4,379.84 years and 4,556.78 

years respectively. The Saprock sample takes the longest period of time to achieve a 95% change in 

relative concentration at the centre of the corestone of 13,413.26 years. 

 

Time taken (years) to achieve relative concentration of 95% via diffusion 

Sample 

Saprolite 
2,880.07 

Saprock 
9,278.34 

Fresh 
- Rind 

2,648.61 

Fresh 
- Transition 

3,029.66 

Fresh 
- Least Weathered 

3,152.06 

1,886.94 

6,078.91 

1,735.29 

1,984.95 

2,065.14 

HCO -
3 

4,163.58 

13,413.26 

3,828.96 

4,379.84 

4,556.78 
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This analysis indicates that a 95% change in the relative concentration of Na+, Cl- and HCO3
- solutes, 

typically takes place over periods of 1,500 to 5,000 years in higher porosity Long Flat Volcanics 

samples. In the lower porosity samples, these changes take place over periods between 6,000 and 

14,000 years. In a general sense, this type of shift in the water balance would occur as a result of 

events such as glacial/interglacial periods or other changes to the long-term climatic patterns.  

5.7.6.4 Evaluation of a 99 percent change 

When considering Na+ diffusion with respect to time, the shortest period taken to achieve a 99% 

change (Table 29) in concentration at the centre of a corestone is 66,298.53 years, in the Fresh Rock 

- Rind sample. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar 

periods to achieve the same relative change in concentration of 72,092.47 years, 75,836.92 years and 

78,900.73 years respectively. The Saprock sample takes the longest period of time to achieve a 99% 

change in relative concentration at the centre of the corestone of 232,250.57 years.
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Table 29: The time taken for Na+, Cl- and HCO3
- to achieve a 99% change in relative concentration at the centre of a 50 cm corestone 

(distance of 25 cm) through diffusion.  

 

  

When considering Cl- diffusion with respect to time, the shortest period taken to achieve a 99% 

change in concentration at the centre of a corestone is 43,436.97 years, in the Fresh Rock - Rind 

sample. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar periods 

to achieve the same relative change in concentration of 47,233.00 years, 49,686.26 years and 

51,693.58 years respectively. The Saprock sample takes the longest period of time to achieve a 99% 

change in relative concentration at the centre of the corestone of 152,164.17 years. 

  

When considering HCO3
- diffusion with respect to time, the shortest period taken to achieve a 99% 

change in concentration at the centre of a corestone is 95,844.62 years, in the Fresh Rock - Rind 

sample. The Saprolite, Fresh Rock - Transition and Fresh Rock - LWE samples all take similar periods 

to achieve the same relative change in concentration of 104,220.64 years, 109,633.81 years and 

114,063.02 years respectively. The Saprock sample takes the longest period of time to achieve a 99% 

change in relative concentration at the centre of the corestone of 335,753.55 years.  

Time taken (year ) to achieve relative concentration of 99% via diffusion 

Sample 

Saprolite 
72,092.47 

Saprock 
232,250.57 

Fresh 
- Rind 

66,298.53 

Fresh 
- Transition 

75,836.92 

Fresh 
- Least Weathered 

78,900.73 

47,233.00 

152,164.17 

43,436.97 

49,686.26 

51,693.58 

HCO -
3 

104,220.64 

335,753.55 

95,844.62 

109,633.81 

114,063.02 
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This analysis indicates that a 99% change in the relative concentration of Na+, Cl- and HCO3
- solutes, 

typically takes place over 40,000 to 140,000 years in higher porosity Long Flat Volcanics samples. In 

the lower porosity samples, these changes take place over 150,000 to 340,000 years. In a general 

sense, this type of shift in the water balance would occur as a result of events such as 

glacial/interglacial periods or other changes to the long-term climatic patterns.  

5.7.6.5 General comments on evaluation of change 

These change scenarios for diffusion have been applied in the context of diffusion into a corestone, 

although are also relevant for diffusion out of a corestone. In the natural environment processes such 

as weathering and erosion are also relevant over longer timeframes (e.g. 95% and 99% change). 

Furthermore, climatic conditions are unlikely to remain steady enough to support long-term diffusion 

in one direction (i.e. either into or out of the rock). This is explored further under the section Changes 

to the water balance. 

5.7.7 Salt storage, weathering and diffusion 

The potential for diffusion and the rate at which it takes place, increases as porosity in weathered and 

fresh rock increases. For example, based on the results from Part 4, diffusion from the fractures to 

the centre of a 50 cm corestone (length 25 cm) of Cl- in Fresh Rock - Rind (28.64% porosity) achieves 

>40% change in concentration in the first 10 years. Comparisons with Cl- in Saprock (0.36% porosity) 

show <10% change in concentration over the same period and characteristic length. 

  

When the influence of weathering is considered with respect to porosity, diffusion rates are likely to 

be higher in samples where weathering has increased the internal porosity of the rock (Ballesteros et 

al., 2010). This has broader implications for landscapes with deeper regolith and resulting higher 

porosity due to weathering. In situations where the fabric of saprock and saprolite includes a fracture 

or joint network and the matrix porosity has increased through weathering, there is likely to be higher 

storage capacity (volume of porosity) and more rapid diffusion rates in the weathered zone (Foster, 

1975; Grisak & Pickens, 1981; Ohlsson & Neretnieks, 1995; Winterle, 1998; Ohlsson, 2000; Hoch & 

Jackson, 2004; Tachi et al., 2015). In the Long Flat Volcanics, the porosity of the Fresh Rock - Least 

Weathered Equivalent equates to >20% of the rock volume and is up to 19 times higher than expected 

values (Klein & Johnson, 1983; Wood & Fernandez, 1988; Rust et al., 1999; Cook, 2003; Sruoga et al., 
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2004). Furthermore, analysis of weathered samples (e.g. Fresh Rock - Rind) shows porosity values 

>28%. This means that in this landscape, 20% of the fresh rock and between 20% and 28% of the 

weathered rock, has potential to act as a salt store. This has implications for understanding salt 

storage, mobilisation and expression of salinity in weathered felsic volcanic landscapes. The concept 

that higher porosity equates to higher diffusion rates and the relationship between porosity and rock 

weathering has implications for salinity models in a range of landscapes, including those with granitic 

and metasedimentary lithologies (Peck et al., 1981; McKay et al., 1993a; McKay et al., 1993b; Zuber 

& Motyka, 1994; Hoch & Jackson, 2004; Tachi et al., 2015). 

5.7.8 Diffusion and soils 

When the process of diffusion is considered with respect to soils, any regolith material with dual 

porosity fluid flow creates a situation where matrix diffusion is possible. In soils, the potential for 

matrix diffusion is typically present where there is a blocky soil structure, or where there is a boundary 

between soil horizons with different hydraulic conductivity between the layers. A combination of field 

and laboratory based characterisations of these structures and the porosity networks of the material 

can enable further evaluation of solute diffusion in the soil horizons (Winterle, 1998). While this type 

of characterisation was not part of the scope for this research, characterisation of the soil profile in a 

manner which would support diffusion calculations would add value to the overall understanding of 

salt storage, mobilisation and expression in the landscape. 

5.7.9 Changes to the water balance 

The evaluation of diffusion over time has demonstrated that, in systems where there is higher matrix 

porosity (e.g. >20%), a short term change in the water balance can result in rapid changes (e.g. 10% 

change in 2 years for Cl-) to the concentration of solutes in either the matrix or fractures. The direction 

of this is dependent on the relative concentration of solutes in each area, as the diffusion gradient 

takes place from areas of high to low concentration (Grisak & Pickens, 1981; Ohlsson & Neretnieks, 

1995; Ohlsson, 2000). When solutes are already in equilibrium, diffusion can only take place if there 

is a change in the concentration of solutes. If the influx of solutes via aerosols and wind-blown dust 

in the Boro area is taken to have diffuse impact on the short-term (1-5 years) concentration of solutes 

in the landscape, the main way in which the concentration of solutes in groundwater can change is 

through a shift in the water balance. In this research, the two main ways that changes to the water 
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balance have been considered are variation to rainfall patterns and in conjunction with agricultural 

production. 

5.7.9.1 Variation in rainfall patterns 

Changes to rainfall patterns in south-eastern NSW can occur for a range of reasons, including a shift 

in the El Nino-Southern Oscillation (ENSO), Indian Ocean Dipole (IOD) or the Southern Annular 

Mode (SAM) (Pearce et al., 2007; CSIRO, 2010, 2016; BOM, 2020). When these weather patterns are 

strongly positive, negative or work in conjunction with each other, they can result in either above or 

below average rainfall in south-eastern NSW, including the Study Area. 

  

When solute concentration in groundwater is considered, higher than average rainfall typically results 

in a higher ratio of water to the solutes in the system, which has a net dilution effect on the solutes in 

the groundwater system. This means that the concentration of solutes in the fractures is likely to be 

lower than the rock matrix, resulting in diffusion out of the rock. During periods of lower than average 

rainfall there will be a lower ratio of water to the solutes in the system, which has a net concentration 

effect on the solutes in the groundwater system. This means that the concentration of solutes in the 

fractures is likely to be higher than the rock matrix, resulting in diffusion into the rock. 

  

For the purposes of evaluating how changes to rainfall patterns affect diffusion, long term average  

rainfall for the Study Area has been taken to represent the point when the concentration of solutes in 

the rock fractures is in equilibrium with the centre of a 50 cm corestone (diffusions distance 25cm). 

This approach assumes that equilibrium is developed under long-term average conditions to establish 

a baseline for concept discussion and evaluation purposes. On this basis, any change to the rainfall 

will change the ratio of water to solutes and will cause a concentration gradient. For example, the 

average annual rainfall in the field site is 650-700 mm (Gunn, 1985; Gunn et al., 1969; Bureau of 

Meteorology (BOM), 2019). In the year 1980, rainfall was 364mm (Bureau of Meteorology (BOM), 

2019). This means that during part of the research by Gunn (1985), there was a lower ratio of water 

inflow via rainfall, to solutes in the landscape. This is likely to have resulted in a higher concentration 

of solutes in the groundwater system, although correlation with this pattern is not possible, as data is 

presented as averages across the whole acquisition period and does not include the raw data. A 

change to rainfall of this nature would have potentially reduced water inflow to the groundwater 

system by >50% and reduced the ratio of water to solutes, causing a higher concentration of solutes 

in the fractures of the rocks. This would create a concentration gradient that would cause diffusion 
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of solutes from the fractures into the matrix. In this situation, salts are accumulated and stored as 

solutes, following diffusion from the fractures into the matrix of the rock. 

  

If the effect of changes to rainfall patterns is considered in the context of higher than average rainfall, 

then there is a higher ratio of water to solutes in the fractures of the rock and more water available 

to dilute the solutes in the fracture network. This results in a lower concentration of solutes in the 

fractures, creating a concentration gradient that causes diffusion of solutes from the matrix, into the 

fractures. In this situation, salts are mobilised from the matrix of the rock, via diffusion, into the 

fractures. 

  

When yearly rainfall patterns are considered across south-eastern NSW, fluctuations either above or 

below the average are standard. In catchments where groundwater has a short residence time, the 

impact of variations to the concentration of solutes in groundwater is more likely to establish the 

concentration gradient that is necessary to commence diffusion either into the rock (storage) during 

drier periods or out of the rock (mobilisation) during wetter periods. This fluctuation in rainfall 

patterns has potential to result in pulsing of salts from some lithologies. 

5.7.9.2 Impact of agricultural production 

The introduction of European style agricultural practices to Australia has modified the water balance 

in the landscape. Traditional models for land salinisation have discussed the links between the 

replacement of deep-rooted perennial vegetation with shallow rooted annual plants. In landscapes 

where clearing has occurred, it has been linked with higher recharge rates in groundwater systems 

(Peck, 1978; Peck & Williamson, 1987; Williamson, 1998). 

  

If this model of changing the water balance is considered in the context of matrix diffusion, the 

additional water in the landscape has a similar effect to the previous discussion relating to higher than 

average rainfall. In this scenario, increased recharge due to agricultural production has a net dilution 

effect on solutes in the groundwater system. This creates a concentration gradient, which results in 

diffusion of solutes from the rock or regolith matrix, to the fracture system. The process of diffusion 

in this scenario has potential to result in the mobilisation of salts from the rock matrix. When this is 

combined with a change to the hydrologic balance, such as shallower groundwater and increased 

waterlogging, there is potential for discharge sites to transport and accumulate salts at the surface. 
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Previous models of rising groundwater contributing to salinity do not incorporate matrix diffusion as 

a consideration in the mobilisation of salts in the landscape.   

5.8 THE MODEL FOR FLUID MOVEMENT AND SOLUTE 

TRANSPORT IN WEATHERED FELSIC VOLCANIC 

LANDSCAPES 

A model for fluid movement and solute transport in weathered felsic volcanic landscapes requires an 

understanding of the following: 

●      Key land management practices in the LFVN HGL and their bearing on salinity; 

●      The parts of the landscape at risk from salinity; 

●      Salt distribution across the landscape; 

●      The influence of salts on surface and groundwater systems; and 

●      The processes for salt storage, mobilisation and expression. 

 

Information on these parameters has been used to compile a model to understand salinity in the 

LFVN HGL at Boro and identify considerations for remediation in this landscape. 

5.8.1 The key land management issues in the Long Flat Volcanics 

North Hydrogeological Landscape  

Physico-chemical profiling in the study area indicated a number of land management challenges 

across the LFVN HGL. Evaluation of individual land management issues has determined that there is 

potential to impact or exacerbate some of these through management in isolation. For example, 

reducing the surface manifestation of salts at the break in slope may contribute to sodicity and 

erosion. Therefore, a holistic approach is necessary to manage the current environmental challenges 

in this landscape.  

 

Salinity is present across the lower parts of the landscape, particularly at the break in slope. The soils 

in this area are commonly highly (6-15 dS/m) to extremely (>15 dS/m) saline and salts are 

discharged and evaporatively concentrated in this part of the landscape. Soils below the break in 

slope are typically only suitable for sustaining highly salt tolerant plants (values >16dS/m), which has 
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resulted in dieback of less salt tolerant vegetation. The composition of salts is dominated by sodium 

bicarbonate across all profiles in the Boro East transect. Salts in the Boro West transect are dominated 

by sodium bicarbonate on the upper slopes (A profiles) and magnesium bicarbonate on the lower 

slopes (C profiles). XRD analysis also identifies the presence of halite in the surface soil, constituting 

5% of the minerals, below the break in slope (Boro West B). These types of salts are highly available 

and are therefore considered a high risk to plants and the soils (Tenison et al., 2014). 

 

Soil profiles across the LFVN HGL, particularly below the break in slope (Boro East and West B and 

C profiles) are sodic (ESP >5) and show poor structure, with slaking in the B horizons of all profiles 

except Boro West (C), at the centre of the salt scald. Many of the samples classed as saline also meet 

the sodic threshold. In these instances, the presence of high concentrations of salts in the sodic 

profiles may provide some stability and counteract the effects of sodicity (Rengasamy et al., 1984; 

Rengasamy & Olsson, 1991; Rengasamy, 2010). In the event that the salts in the profiles are leached 

due to rainfall, the soils may become spontaneously dispersive, increasing the risk of erosion and 

sediment yield. The surface pH readings below the break in slope at Boro East (B profile) indicate 

that Al is likely to be mobile and may present a toxicity hazard for plants. The combination of salinity, 

sodicity, saline-sodic soils and Al toxicity presents major challenges for remediation and management 

of affected sites in the LFVN HGL.  

 

High-resolution imaging using XRT has identified porosity in weathered and fresh rock samples of 

the Long Flat Volcanics that is up to 19 times higher than previously recognised or predicted. The 

use of tracer fluids in XRT analysis indicates that matrix diffusion is a key process in the storage and 

mobilisation of salts in the LFVN HGL. Diffusion calculations show that the majority of fresh and 

weathered rock samples have capacity for up to a 40% change in relative concentration (determined 

by the concentration gradient), over 10 years. 

 

While matrix diffusion is not in itself a land management issue, it has implications for how salts are 

stored and mobilised. It also influences temporal variations in the manifestation of salinity, based on 

changes to the water balance from land use or fluctuations in climatic conditions. These variations 

have the potential to cause mobilisation of salts when there is more available water, and storage of 

salts when there is less available water. Fluctuations in groundwater and stream EC from both the 

mobilisation and storage of salts over short timeframes (<10 years) have the potential to impact saline 

discharge sites and aquatic ecosystems. The higher than anticipated salt storage in the LFVN HGL 
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has potential to impact salt export from the Boro catchment, under sustained increase in recharge, 

from rainfall or land use change. 

5.8.2 Parts of the landscape most at risk from salinity 

The EMi surveys identified extensive areas of high conductivity in the lower parts of the Long Flat 

Volcanics landscape. Soil profiling indicated that salinity is present below the break in slope and open 

depressions across lower parts of the landscape. Areas below the break in slope have a sharp texture 

contrast and sub-surface flow discharges at this location. This discharge transports salts to the 

surface, where they are evaporatively concentrated and pose a high risk to plants and soil. In these 

areas, extensive bare patches, due to extreme salinity, increase the risk of erosion of surface soil 

horizons. Once surface soils have been removed, the sodic sub-surface layers are exposed and 

erosion gullies form. The evaporative concentration of salts in this part of the landscape reduces the 

risk of soil dispersion and leaching of solutes in this part of the landscape increases the risk of erosion. 

 

Salts concentrate in the LFVN HGL at the break in slope, where water ponds and discharges to the 

land surface. This results in evaporative concentration of salts due to changes in soil texture and 

discharge of saline interflow. The soils at this location are highly (6-15 dS/m) to extremely (>15 

dS/m) saline, which greatly limits the types of plants that can grow in this part of the landscape. 

5.8.3 Pattern of salt distribution across the landscape 

The results from physico-chemical profiling of the LFVN HGL indicate that there is a sharp texture 

contrast between the A and B horizons in the profiles located in lower parts of the landscape, 

particularly below the break in slope and in association with the drainage depressions. It is likely that 

this coincides with a change in the hydraulic conductivity as fluid moves from the more permeable 

layers of the A horizon to the less permeable layers of the B horizon. Given that this change in 

permeability is sharp, it is likely to result in ponding of water in the sub-surface, which is supported 

by field observations during the HGL classification process (NSW Government, 2010a). 

 

At the break in slope, it is possible that this ponded water could discharge from the land surface due 

to a combination of hydraulic head from lateral flow upslope and the change in hydraulic conductivity 

at the sharp textural boundary between the A and B horizons. This process may account for the 

increased concentration of salts at the area immediately below the break in slope. When combined 
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with evaporation, this would provide a plausible explanation for the high concentration of salts at this 

part of the landscape. While capillary rise may be a contributing factor in the concentration of salts 

at this point in the landscape, it typically occurs in the unconfined aquifer, where there is a perched 

water table. Based on the soil textures in this landscape, capillary rise may take place for between 50-

80 cm above the water table (Brouwer et al., 1985). Solute distribution profiles show lateral flow above 

the B horizon across the catena and the only part of the landscape where evaporative concentration 

dominates the solute processes is at the break in slope. On this basis, it seems unlikely that capillary 

rise is the main driver for the concentration of solutes at the break in slope, as evaporative 

concentration of salts at the land surface is not observed uniformly across the areas where there are 

heavier textures (e.g. in open drainage depressions). While capillary rise may contribute to water 

discharge at the break in slope, this is more likely driven by the sharp texture contrast between soil 

horizons changing the hydraulic conductivity of the soils (Hazelton & Murphy, 2009). 

  

Across the surface of the landscape, rainwater mobilises and transports salts that are contributed 

from diffuse sources. These salts are transported down through the profile to the groundwater system, 

in the vadose zone as interflow and across the surface by surface flow. In the vadose zone, the role 

of diffusion in the distribution of salts determines whether salts are concentrated or mobilised in the 

saprock and saprolite. The diffusion process is driven by the salt concentration of percolating fluids 

and whether the salts are more or less concentrated than in the matrix. Diffusion is influenced by 

seasonal, annual and long-term weather patterns and land use. Modelling of non-steady state 

diffusion suggests that rapid changes to the flux of salts is likely, in response to changes in the water 

balance (ratio of ions to water). Matrix diffusion also influences solute distribution in the phreatic 

zone. Any changes to the ratio of salt to groundwater in the fracture system determines whether the 

concentration is in equilibrium or whether there is net diffusion in or out of the rock. 

5.8.4 Surface and near-surface solute mobilisation and influence on 

surface and groundwater 

Profiling and analysis of regolith and solutes in the LFVN HGL has been used to develop a model for 

surface and near-surface solute transport. The model proposes three stages in the development of 

current landscape features. A reconstruction of the pre-erosion state of landscape recognises that 

detrimental erosion may not have been present in the landscape historically (Figure 111). Currently 

rainwater infiltrates the surface, with some recharge to the deeper groundwater aquifer/store and 
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infiltration to the interflow zone (unconfined aquifer). Lateral fluid movement takes place as surface 

flow and in the sub-surface, above less permeable soil horizons (above the soil texture contrast). 

Discharge takes place at the break in slope and there is a lower concentration of solutes in the 

topographically higher parts of the landscape and a higher concentration of solutes below the break 

in slope and in open depressions. In the pre-erosion state, it is likely that a texture contrast was 

present at the break in slope, leading to natural seepage at this point. Discharge and the evaporative 

concentration of salts at the break in slope resulted in dieback of vegetation (Figure 112) and stripping 

of the A horizon, by surface wash and rill erosion. The regolith material in the sub-surface below the 

break in slope is both saline and sodic. At times when there is more salt present in the profile, soils 

are less dispersive, so it remains more stable. If leaching occurs due to rainfall, this will result in the 

regolith in these areas becoming spontaneously dispersive, increasing sediment yield and forming an 

eroded area. These processes have contributed to the development of extensive salt scalds and 

eroded areas, as well as the incision of gullies in the Long Flat Volcanics landscape (Figure 113). 
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Figure 111: The Conceptual model for the pre-erosion state of the LFVN HGL outlines the surface and sub-surface fluid movement and solute 

transport pathways. 

Figure 112: The accumulation of salts below the break in slope on the LFVN HGL has resulted in dieback of vegetation in the discharge sites. 

Figure 113: Dieback of vegetation from high soil EC has resulted in stripping of the A horizon in the vicinity of the salt discharge site, by surface wash 

and rill erosion. The saline sodic regolith material in this part of the landscape remains more stable when there are salts evaporatively concentrating 

in the profile. When leaching from rainfall occurs these profiles may become spontaneously dispersive. 

A - Reconstructed conceptual model for the p re-erosion state of sa lt sites in the Long Flat 

Volcanics North Hydrogeological Landscape 

Lighter texture soils 
(higher hydraulic 

conductivity) above 
break in slope 

Salt accumulation due to 

Heavier texture soils (lower hydraulic 
conductivi below break in slo e 

B - Reconstructed conceptual model for the salinisation and erosion of salt sites in the Long 
Flat Volcanics North Hydrogeological Landscape 

Lighter texture soils 
(higher hydraulic 

conductivity) above 
break in slo e 

Erosion due to lack of vegetation 

Heavier texture soils below (lower 
h draulic conductivi break in slo e 

Incision and gully 
erosion due to lack of 

vegetation and 
accumulation of Na-

C- Conceptual model for the current state of salt and erosion sites in the Long Flat Volcanics 
North Hydrogeological Landscape 

Lighter texture soils 
(higher hydraulic 

conductivity) above 
break in slo e 

Salt scalds with salt tolerant vegetation 
species and surface crustin 

Stripped A horizons due to lack of vegetation 
and sodici via accumulation of Na· 

Continued incision and 
undercutting at gully walls 
and head due to sodicity 
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5.8.5 Salt storage and mobilisation through diffusion and the impact on 

surface and groundwater systems 

The effect of solute diffusion into or out of weathered or weathering bedrock has an impact on both 

the concentration of solutes in the matrix and solutes in water in the fracture system. This occurs 

regardless of whether the diffusion is causing storage (diffusion into the matrix) or mobilisation 

(diffusion out of the matrix) of salts. When diffusion in the phreatic zone is considered in a general 

sense, changes to this process will only take place when there are changes to the concentration of 

solutes in the deeper groundwater system. Seasonal fluctuations to rainfall, combined with the 

residence time of groundwater, may produce differences in salt flux from the groundwater to the 

stream systems in the Long Flat Volcanics. 

  

If the solute concentrations between the matrix and fracture systems are not in equilibrium and 

diffusion is occurring into the rock as storage, previous models have considered that some rock types 

have the ability to buffer against the effects of salinity through cation exchange (Moore et al., 2019). 

This observation has been made in lithologies where there are limited field indications of salinity, 

although soil EC may meet the threshold to be saline (>4dS/m). This appearance of chemical 

buffering may actually represent the capacity of the landscape to store solutes in the matrix of the 

weathered and fresh rock. Given that it takes long periods of time (>40,000 years) to achieve 99% 

diffusion into, or out of the matrix, the process of storage or mobilisation can take place over many 

thousands of years (only supported when concentration gradient remains in one direction).  In 

landscapes with high diffusion rates, there is also higher storage potential (matrix porosity). If this 

concept is considered in catchments with average annual rainfall <900mm, there is a relationship 

between salinity and rainfall (Dimmock et al., 1974; Schofield & Ruprecht, 1989; Lenahan, 2007; 

Moore et al., 2019). In these lower rainfall zones, salt storage and groundwater salinity are typically 

high. 

 

The cycle of diffusion into and out of regolith and bedrock is likely to reflect fluctuations in rainfall. 

This means that when there is lower than average rainfall or availability of water, this results in a net 

diffusion gradient into the regolith and bedrock (storage). When there is higher than average rainfall, 

or availability of water, this results in a net diffusion gradient out of the regolith and fresh rock 

(mobilisation). In years of lower than average rainfall, the combination of high groundwater salinity 
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and reduced flushing effect is likely to result in these areas acting as salt storage catchments (i.e. 

diffusion into the weathered or fresh rock). This process is reinforced by the extended time required 

for matrix diffusion to significantly change the concentrations (e.g. >40,000 years for a 99% change 

in samples with a 28% porosity). Furthermore, if these catchments have cycles of mobilisation 

(diffusion out of the matrix e.g. by rainfall), followed by storage (diffusion in to the matrix e.g. during 

low rainfall), there is potential to replenish any salt stores that are depleted during the flushing 

process. The long-term storage and mobilisation processes are driven by the longer-term climatic 

conditions and the point at which solute concentrations of water in the fracture and matrix are in 

equilibrium. Given the reliance on water availability as a driving factor, it is likely that diffusion 

processes will vary based on local climatic conditions. 

 

The higher than predicted storage potential in the Long Flat Volcanics (up to 28% of rock volume, or 

19 times higher than can be measured using petrographic analysis), combined with long timeframe 

for 99% diffusion (>40,000 years) may explain why some catchments and lithologies appear to yield 

higher than expected Cl- values (Cartwright et al., 2017). Given that the rate of Cl- diffusion (2.03 10-5 

g/cm2) is higher than HCO3
- (9.2 10-6 g/cm2), this may result in higher Cl- values in the initial stages 

of mobilisation (diffusion taking place out of the rock). If Cl- values are already higher than other 

anions, mobilisation by diffusion has potential to account for higher than expected values. 

 

In lithologies with high storage potential and diffusion rates, if waters in the matrix and fracture 

system are not in equilibrium with respect to solutes and more dilute water is present in the fractures, 

mobilisation of salts will occur from the storage (rock matrix) into the groundwater and potentially 

surface water systems. In landscapes where this occurs, groundwater and stream water may not be 

saline (e.g. <350 µS/cm), although the catchment may be exporting a large salt load, along with 

maintaining high stream flow. Given the extended time to achieve complete flushing of solutes (i.e. 

99% over >40,000 years), catchments with a high salt storage (percentage porosity) and sustained 

matrix diffusion are likely to maintain episodic or seasonal salt export, for thousands of years. 

  

In sedimentary lithologies, the preservation of connate fluids has been suggested as a potential salt 

store and source (Taylor, 1993; Smedema & Shiati, 2002). When the diffusion model for salt storage 

and mobilisation is applied in these landscapes, weathered and fresh rock with higher matrix porosity 

(Zuber & Motyka, 1994), has a greater capacity to store and mobilise salts. While the presence of 

connate fluids may dictate the direction of diffusion (storage or mobilisation), the potential for flux 
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does not rely on these fluids being preserved from the time that the rock was formed. Given that 99% 

changes in relative concentrations take place over thousands of years, flushing needs to occur 

consistently over these timeframes to achieve complete mobilisation. When there are fluctuations in 

climatic conditions (e.g. periods of aridity), combined with diffuse input of salt from marine and 

windblown sources, diffusion can change rapidly from a phase of mobilisation (out of the rock) to 

storage (into the rock). Diffusion curves for the Long Flat Volcanics indicate that a 40% change in 

relative concentration can be achieved in 10 years and fluctuations of this nature have potential to 

replenish salt stores after periods of flushing. This is consistent with solute flux models from matrix 

diffusion research in the areas of nuclear waste disposal and contaminant transport (Grisak & Pickens, 

1981; Dykhuizen & Casey, 1989; McKay et al., 1993a; McKay et al., 1993b; Jorgensen et al., 1998; 

Winterle, 1998; Cumbie & McKay, 1999; Hoch & Jackson, 2004; Jakob, 2004; Mays, 2006). Given the 

low Cl- values for bedrock in the LFV, and the fact that these are mostly volcanic rocks, it is unlikely 

that significant connate salts were preserved from the time of rock formation. 

 

This research has identified that actual salt storage (e.g. porosity volume) in the weathered and fresh 

Long Flat Volcanics exceeds that suggested by previous understandings by up to 19 times. Given 

that this results in a potential underestimate of the salts already present in the landscape, the 

incorporation of matrix diffusion into the understanding of storage and mobilisation of salts has 

potential to impact existing methods for calculating salt input and output models (Williamson, 1998). 

Previous models for balancing salt input, storage and output do not necessarily evaluate diffusion and 

therefore may not provide an accurate representation of whether a catchment is storing or exporting 

salt.  
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5.9 CONSIDERATIONS FOR LAND MANAGEMENT 

The saline, sodic and acidic soils on discharge sites in the LFVN HGL present a complex combination 

of environmental management challenges. If these are not considered in their entirety as part of a 

remediation plan, any attempt to remediate the sites is likely to be unsuccessful (Taylor, 1993; 

Wooldridge et al., 2015). For example, if the surface wash and erosion hazard are not managed in 

this landscape, it is unlikely that revegetation work will be successful as surface soils will not be 

sufficiently stable to enable the establishment of plants. For this reason, remediation of these sites 

requires a combination of the following: 

1. Soil structural works (banks and flumes) to manage surface wash, reduce the risk of erosion 

and create stabilisation in these areas 

2. Soil amelioration (e.g. gypsum) to mitigate dispersion due to sodicity and balance pH to 

assist with managing element mobility 

3. Establishment of vegetation (e.g. highly salt tolerant groundcover and deep-rooted 

perennials) to mitigate saline discharge and stabilise surface wash and gully erosion 

Management of salt load and in-stream EC is a complex matter and more work is required to 

understand the connectivity between interflow, groundwater and surface water systems. These land 

management recommendations broadly align with those outlined in the Braidwood HGL 

classification, although it incorporates the additional action of using ameliorants to manage high risk 

saline-sodic sites (NSW Government, 2010a; Wooldridge et al., 2015). 
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6 CONCLUSIONS 

Geophysical surveys combined with physico-chemical profiling in the Boro Catchment has identified 

an accumulation of salts on the weathered felsic volcanic LFVN HGL. These salts occur below the 

break in slope and in association with drainage depressions. Sites immediately below the break in 

slope exhibit the highest concentrations of salinity in this HGL and this is typically at the land surface. 

  

The presence of salts in high concentrations at the surface, below the break in slope, indicates water 

discharge and evaporative concentration of solutes in this part of the landscape. These sites meet the 

threshold for highly to extremely saline soils. These surface conditions are hostile to plants, due to 

the high salt concentration and low soil pH with possible Al mobility. This combination of factors 

means that remediation options are limited to extremely salt tolerant vegetation. 

 

Profiles below the break in slope and in association with drainage depressions are sodic, with some 

samples meeting the threshold for saline-sodic soils. In these sites, the presence of salts reduces the 

erosion hazard, by maintaining cohesion between soil particles. Any leaching of salts from this part 

of the landscape has potential to increase dispersion and further reduce the stability of the soils. The 

use of soil ameliorants (e.g. gypsum) may assist with stabilising sodic clays and enabling the 

establishment of vegetation. 

 

Geochemical and mineralogical profiling identified that the dominant solutes in the regolith were Na+, 

Cl- and HCO3
-. Solute distribution in the regolith indicates that interflow takes place in the sub-surface, 

above the B horizon. Solute concentration is typically higher in areas closer to the stream system and 

lower on the crests and upper slopes, with the exception of the break in slope where there is 

evaporative concentration. 

 

X-Ray micro-computed tomography was used to characterise and analyse the macro-porosity and 

micro-porosity networks in weathered and fresh rock samples from the Long Flat Volcanics. This 

analysis has identified an extensive micro-porous network that would not have been detected using 

petrographic analysis. During the analysis, a NaI solution was used as part of the characterisation 

process. This demonstrated penetration of the tracer in samples where there was no detectable 

permeability. Matrix diffusion was considered a plausible explanation for detection of the tracer in 

these samples. Calculations were performed using values from XRT. This showed potential salt 
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storage of up to 19 times higher than previously understood, based on other analytical techniques 

and the volume of porosity in the rock samples. The XRT provided an accurate and non-destructive 

method of analysing porosity and permeability in fresh and weathered rock samples. 

 

An analysis of steady state and non-steady state diffusion using Fick’s first and second laws was used 

to evaluate the role of matrix diffusion in solute storage and mobilisation in fresh and weathered rock 

samples. Modelling showed that rates of diffusion were higher in samples with higher porosity. In 

some samples, there is a modelled change of up to 40% in the first 10 years, based on the 

concentration difference between solutes in the fractures and solutes in the rock matrix. This rapid 

diffusion rate means that porosity in the rock matrix can act as an effective salt store. Fluctuations in 

the water balance as a result of variation in rainfall or land use have the potential to impact the flux 

of salts and determine whether diffusion takes place into the rock (storage) or out of the rock 

(mobilisation). Simulations using historical data from the Boro area were used to estimate minimum 

flux rates, which show that diffusion of salts takes place into the rock, during drier periods. Modelling 

indicates that during wetter periods, this process is reversed and salts that have been stored in the 

rock diffuse out of the matrix and into the fracture network. A more detailed groundwater and rainfall 

analysis would enable better quantification of the relationship between rainfall, salt flux and response 

to changes in short- and long-term climatic conditions. 

 

Diffusion calculations demonstrate that in higher porosity samples (e.g. 28% porosity), it takes in 

excess of 40,000 years to achieve a 99% change in the concentration of salts, based on the diffusion 

gradient. On this basis, areas with a high concentration of salts in the pore network would continue 

to export salts for tens of thousands of years under flushing conditions. Landscapes which have 

previously been identified as chemically buffering against salinity may also be storing salt in the rock 

matrix via diffusion. This concept has broader implications for the understanding of salt flux in 

weathered felsic volcanic landscapes, as well as other lithologies with high matrix porosity, such as 

weathered granites and fractured sedimentary systems.  

 

This research has determined that rock units have a higher capacity to store salts as porosity 

increases during weathering. Both the regolith and fresh rock need to be considered as part of the 

evaluation of salt storage in the landscape.  
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6.1 SUGGESTIONS FOR FURTHER WORK 

There are a number of areas where further research would enhance the understanding of matrix 

diffusion. This includes the storage, mobilisation and expression of salinity in weathered felsic 

landscapes and more generally, in other lithologies. These include: 

● Diffusion characterisation for soils; 

● Diffusion characterisation which incorporate surface and groundwater sampling; 

● Laboratory-based column experiments, to better constrain the influence of cation exchange 

and adsorption on diffusion in weathered felsic volcanic landscapes;  

● Field-based tracer experiments, to simulate different diffusion scenarios (e.g. concentration 

and flushing), at a profile scale; and 

● Integration of solute mobilisation patterns into the catchment water balance equation 

  



294 
 

.



295 
 

REFERENCES 

Abdelshafy, M., Saber, M., Abdelhaleem, A., Abdelrazek, S. M., & Seleem, E. M. (2019). 

Hydrogeochemical processes and evaluation of groundwater aquifer at Sohag city, Egypt. 

Scientific African, 6, e00196.  

ANU Department of Applied Mathematics. (2019). Mango software tool—Applied Maths—ANU. The 

Australian National University. 

https://physics.anu.edu.au/appmaths/capabilities/mango.php 

Appelo, T., & Postma, D. (2005). Geochemistry, Ground Water and Pollution. Geochemistry, 

Groundwater and Pollution, Second Edition.  

Australian and New Zealand Environment and Conservation Council. (2000). Australian and New 

Zealand guidelines for fresh and marine water quality 2000. Australian and New Zealand 

Environment and Conservation Council and Agriculture and Resource Management Council 

of Australia and New Zealand. 

Balks, M. R., Bond, W. J., & Smith, C. J. (1998). Effects of sodium accumulation on soil physical 

properties under an effluent-irrigated plantation. Soil Research, 36(5), 821–830.  

Ballesteros, E., Martín, C., & Garcia-Talegon, J. (2010). Role of porosity in rock weathering 

processes: A theoretical approach. Cuadernos Laboratoiro Xeoloxico de Laxe, 35, 147–162. 

Balugani, E., Lubczynski, M. W., Reyes-Acosta, L., van der Tol, C., Francés, A. P., & Metselaar, K. 

(2017). Groundwater and unsaturated zone evaporation and transpiration in a semi-arid 

open woodland. Journal of Hydrology, 547, 54–66.   

Barton, C. D., & Karathanasis, A. D. (2002). Clay Minerals. In Encyclopedia of Soil Science (Second, 

pp. 187–192). Springer, Dordrecht.  

Bekele, T. (2019). Effect of Land Use and Land Cover Changes on Soil Erosion in Ethiopia. 

International Journal of Agricultural Science and Food Technology, 026–034.  

Bennett, D. L., George, R. J., & Whitfield, B. (2000). The use of ground EM systems to accurately 

assess salt store and help define land management options for salinity management. 

Exploration Geophysics, 31(1–2), 249–254.  

Bernstein, L. (1975). Effects of Salinity and Sodicity on Plant Growth. Annual Review of 

Phytopathology, 13(1), 295–312.  

Beven, K. (1989). Interflow. In H. J. Morel-Seytoux (Ed.), Unsaturated Flow in Hydrologic Modeling: 

Theory and Practice (pp. 191–219). Springer Netherlands.  



296 
 

Beverly, C., Bari, M., Christy, B., Hocking, M., & Smettem, K. (2005). Predicted salinity impacts from 

land use change: Comparison between rapid assessment approaches and a detailed 

modelling framework. Australian Journal of Experimental Agriculture, 45(11), 1453.  

Blunt, M., Bijeljic, B., Dong, H., Gharbi, O., Iglauer, S., Mostaghimi, P., Paluszny, A., & Pentland, C. 

(2013). Pore-scale imaging and modeling. Advances in Water Resources, 51, 197–216. 

https://doi.org/10.1016/j.advwatres.2012.03.003 

BOM. (2020). Australian Climatic Influences (Australia). scheme=AGLSTERMS.AglsAgent; 

corporateName=Australian Government - Bureau of Meteorology. 

http://www.bom.gov.au/climate/about/ 

Boudreau, B. P. (1997). Diagenetic models and their implementation modelling transport and reactions in 

aquatic sediments. Berlin Springer.  

Branagan, D., Packham, G., Ross, S., & NSW Department of Mineral Resources. (2000). Field geology 

of New South Wales (Third). New South Wales Department of Mineral Resources. 

Brouwer, C., Goffeau, A., & Heibloem, M. (1985). Irrigation Water Management: Training Manual No. 

1—Introduction to Irrigation. FAO - Food and Agriculture Organisation of the United Nations.  

Brown, C. E. (1988). Determination of Rock Properties by Borehole-Geophysical and Physical-Testing 

Techniques and Ground-Water Quality and Movement in the Durham Triassic Basin, North 

Carolina (Professional Paper No. 1432; Professional Paper). US Geological Survey. 

Brusseau, M. L., Hu, Q., & Srivastava, R. (1997). Using flow interruption to identify factors causing 

nonideal contaminant transport. Journal of Contaminant Hydrology, 24(3), 205–219.  

Bugden, B. J., & Vasey, A. (1989). Property Resource and Management Plan ‘Millended Springs’, 

Shoalhaven Project. Soil Conservation Service of New South Wales. 

Burcharth, H. F., Hawkins, S. J., Zanuttigh, B., & Lamberti, A. (2007). CHAPTER 14—Background 

knowledge and tools for prediction of ecological impacts. In H. F. Burcharth, S. J. Hawkins, 

B. Zanuttigh, & A. Lamberti (Eds.), Environmental Design Guidelines for Low Crested Coastal 

Structures (pp. 335–345). Elsevier Science Ltd.  

Bureau of Meteorology (BOM). (2005). Australian Climate Averages—Evapotranspiration (Climatology 

1961-1990). 

http://www.bom.gov.au/jsp/ncc/climate_averages/evapotranspiration/index.jsp 

Bureau of Meteorology (BOM). (2019). Climate Data Online. 

http://www.bom.gov.au/climate/data/index.shtml 

Bureau of Meteorology (BOM), D. (2014). Water Data Online (Australia) [Metadata]. 

scheme=AGLSTERMS.AglsAgent; corporateName=Bureau of Meteorology; 



297 
 

address=Collins St, Docklands, VIC 3008. http://www.bom.gov.au/waterdata/ 

Carrera, J., Sánchez-Vila, X., Benet, I., Medina, A., Galarza, G., & Guimerà, J. (1998). On matrix 

diffusion: Formulations, solution methods and qualitative effects. Hydrogeology Journal, 6(1), 

178–190.  

Cartwright, I., Hofmann, H., Currell, M. J., & Fifield, L. K. (2017). Decoupling of solutes and water in 

regional groundwater systems: The Murray Basin, Australia. Chemical Geology, 466, 466–

478.  

Cattle, S. R., Greene, R. S. B., & McPherson, A. (2005). Aeolian dust deposition in South Eastern 

Australia: Impacts on Salinity and Erosion. In Regolith 2005—Ten Years of CRC LEME (pp. 

38–42). 

Charman, P. E., & Murphy, B. (Eds.). (2000). Soils: Their properties and management (2nd ed). 

Melbourne ; Oxford : Oxford University Press. 

Charnock, P., & Tenison, K. (2009). Measuring water salinity (Prime Facts, p. 4) [Primefact 856]. NSW 

Government Industry and Investment. 

Chartres, C. (1998). Land Degradation Processes and Water quality effects: Soil acidification. In J. 

Williams, R. A. Hook, & H. L. Gascoigne (Eds.), Farming Action—Catchment Reaction: The 

Effect of Dryland Farming on the Natural Environment (pp. 158–161). CSIRO Publishing. 

Chen, X. Y. (1997). Quaternary sedimentation, parna, landforms, and soil landscapes of the Wagga 

Wagga 1: 100 000 map sheet, south-eastern Australia. Soil Research, 35(3), 643–668.  

Chen, X. Y. (2001). The red clay mantle in the Wagga Wagga region, New South Wales: Evaluation 

of an aeolian dust deposit (Yarabee Parna) using methods of soil landscape mapping. Soil 

Research, 39(1), 61–80.  

Chen, X. Y., Spooner, N. A., Olley, J. M., & Questiaux, D. G. (2002). Addition of aeolian dusts to 

soils in southeastern Australia: Red silty clay trapped in dunes bordering Murrumbidgee 

River in the Wagga Wagga region. CATENA, 47(1), 1–27.  

Clark, I., & Harper, W. V. (2002). Practical geostatistics 2000 (3. Reprint). Ecosse North America. 

Cook, B. J., Clarke, I. F., Science, A. A. of, & Project (Australia), S. G. (1983). Geological science: 

Perspectives of the earth. Canberra : Australian Academy of Science.  

Cook, P. G. (2003). A guide to regional groundwater flow in fractured rock aquifers. CSIRO Publishing. 

Coram, J (Ed.). (1998). National Classification of Catchments for Land and River Salinity Control. 

RIRDC. 

Coram, Jane, Dyson, P., & Evans, R. (2001). An Evaluation Framework for Dryland Salinity. 

Cowood, A. (2016). Integration of Wetland Assessment and Management into the Hydrogeological 



298 
 

Landscape Framework [PhD Thesis]. University of Canberra. 

Cowood, A. L., Moore, C. L., Cracknell, M. J., Young, J., Muller, R., Nicholson, A. T., Wooldridge, A. 

C., Jenkins, B. R., & Cook, W. (2017). Expansion of landscape characterisation methods 

within the Hydrogeological Landscape Framework: Application in the Australian Capital 

Territory. Australian Journal of Earth Sciences, 64(8), 1073–1084.  

Cresswell RG, Dighton J, Leaney F, Vleeshouwer J, Morrow D, Harris M and Stenson M. (2010). 

MD311: Australia-wide network to measure rainfall chemistry and isotopic composition - 

Final report. CSIRO: Water for a Healthy Country National Research Flagship, Australia. 23 

pp.  

Cresswell, R. G., Mullen, I. C., Kingham, R., Kellett, J., Dent, D. L., & Jones, G. L. (2007). Airborne 

electromagnetics supporting salinity and natural resource management decisions at the field 

scale in Australia. International Journal of Applied Earth Observation and Geoinformation, 9(2), 

91–102.  

CSIRO. (2010). Climate variability and change in south-eastern Australia: A synthesis of findings from 

Phase 1 of the South Eastern Australian Climate Initiative (SEACI).  

CSIRO. (2016). Climate Change in Australia. https://www.climatechangeinaustralia.gov.au/en/ 

Cumbie, D. H., & McKay, L. D. (1999). Influence of diameter on particle transport in a fractured 

shale saprolite. Journal of Contaminant Hydrology, 37(1–2), 139–157.  

Dawes, W., Walker, G., Zhang, L., & Smitt, C. (2004). Flow Regime, Salt Load and Salinity Changes in 

Unregulated Catchments. Interpretation for Modelling the Effects of Land-use Change (p. 31). 

Dehaan, R., & Taylor, G. R. (2006). Mapping Soil Indicators of Dryland Salinity using HyMap 

Hyperspecral Imagery. International Journal of Geoinformatics, 2(1).  

Denison, C., Carlson†, W. D., & Ketcham, R. A. (1997). Three-dimensional quantitative textural 

analysis of metamorphic rocks using high-resolution computed X-ray tomography: Part I. 

Methods and techniques. Journal of Metamorphic Geology, 15(1), 29–44.  

Department of Environment, Water and Natural Resources. (2015). Measuring salinity. 

https://www.naturalresources.sa.gov.au/samurraydarlingbasin/publications/measuring-

salinity 

Department of Finance, Services and Innovation. (2017). Boro 1:25 000 Topographic Map. NSW 

Government. 

Department of Infrastructure, Planning and Natural Resources (DIPNR). (2005). Salinity Indicator 

Plants. 

Desrues, J., Viggiani, G., & Bésuelle, P. (2010). Advances in X-ray Tomography for Geomaterials. John 



299 
 

Wiley & Sons. 

Dimmock, G., Bettenay, E., & Mulcahy, M. (1974). Salt content of lateritic profiles in the Darling 

Range, Western Australia. Soil Research, 12(2), 63. https://doi.org/10.1071/SR9740063 

Director RSPE. (2017). Micro-CT imaging capabilities—CTLab—ANU. The Australian National 

University. https://ctlab.anu.edu.au/capabilities/micro-ct.php 

Dosseto, A., Buss, H. L., & Suresh, P. O. (2012). Rapid regolith formation over volcanic bedrock and 

implications for landscape evolution. Earth and Planetary Science Letters, 337–338, 47–55.  

Drever, J. I. (1997). The geochemistry of natural waters surface and groundwater environments (3rd ed). 

Upper Saddle River, N.J Prentice Hall.  

Durlofsky, L. J. (1991). Numerical calculation of equivalent grid block permeability tensors for 

heterogeneous porous media. Water Resources Research, 27(5), 699–708.  

Dykhuizen, R., & Casey, W. (1989). An analysis of solute diffusion in rocks. Geochimica et 

Cosmochimica Acta, 53, 2797–2805. 

Eggleton, R. A. (Ed.). (2001). The regolith glossary: Surficial geology, soils and landscapes. Floreat Park, 

W.A. : Cooperative Research Centre for Landscape Evolution and Mineral Exploration.  

English, P., Richardson, P., & Stauffacher, M. (2002). Groundwater & Salinity Processes in Simmons 

Creek sub-catchment, Billabong Creek, NSW. 103. 

Felton, E. A., & Huleatt, M. B. (1975). Braidwood 1:100,000 Geological Sheet 8827 (First) [Map]. 

Department of Mines.  

Fita, L., Evans, J. P., Argüeso, D., King, A., & Liu, Y. (2017). Evaluation of the regional climate 

response in Australia to large-scale climate modes in the historical NARCliM simulations. 

Climate Dynamics, 49(7–8), 2815–2829.  

Fitzroy Partnership for River Health. (n.d.). Conceptual Model of Salt in the Fitzroy | Fitzroy Partnership 

for River Health. Retrieved 9 February 2020, from https://riverhealth.org.au/projects/salt-

model/about-salt/conceptual-model-of-salt-in-the-fitzroy/ 

Flowers, T. J., Troke, P., & Yeo, A. R. (1977). The mechanism of salt tolerance in halophytes. Ann. 

Rev. Plant Physiol., 28, 89–121. 

Foster, D. A., & Gray, D. R. (2000). Evolution and Structure of the Lachlan Fold Belt (Orogen) of 

Eastern Australia. Annual Review of Earth and Planetary Sciences, 28(1), 47–80.  

Foster, S. S. D. (1975). The Chalk groundwater tritium anomaly—A possible explanation. Journal of 

Hydrology, 25(1), 159–165.  

Freeze, R. A., & Cherry, J. A. (1979). Groundwater. New Jersey: Prentice-Hall. 

Freie Universitat Berlin. (n.d.). Water Balance. Introduction to Integrated Watershed Management. 



300 
 

Retrieved 11 March 2020, from https://www.geo.fu-berlin.de/en/v/iwm-

network/learning_content/environmental-

background/basics_hydrogeography/water_balance/index.html 

Frenkel, H., Goertzen, J. O., & Rhoades, J. D. (1978). Effects of Clay Type and Content, 

Exchangeable Sodium Percentage, and Electrolyte Concentration on Clay Dispersion and 

Soil Hydraulic Conductivity1. Soil Science Society of America Journal, 42(1), 32.  

Gatehouse, R. D. (2001). The significance of dust deposition in Quaternary landscape evolution in 

Southeastern Australia [PhD Thesis]. 

Geet, M. V., & Swennen, R. (2001). Quantitative 3D-fracture analysis by means of microfocus X-Ray 

Computer Tomography (µCT): An example from coal. Geophysical Research Letters, 28(17), 

3333–3336. 

Geoscience Australia and Australian Stratigraphy Commission. (2017). Australian Stratigraphic Units 

Database,. https://asud.ga.gov.au/search-stratigraphic-units/results/10619 

Gibbs, R. J. (1970). Mechanisms Controlling World Water Chemistry. Science, New Series, 170(3962), 

1088–1090.  

Goldberg, K., & Humayun, M. (2010). The applicability of the Chemical Index of Alteration as a 

paleoclimatic indicator: An example from the Permian of the Paraná Basin, Brazil. 

Palaeogeography Palaeoclimatology Palaeoecology - PALAEOGEOGR PALAEOCLIMATOL, 293, 

175–183.  

Google Maps. (2020). Australia. Australia. https://www.google.com/maps/@-

35.2022735,149.5369227,10.36z 

Goulburn-Murray Water. (2010). Groundwater Terms and Definitions Glossary (No. 2977263).  

Grant, J. A. (2005). Isocon analysis: A brief review of the method and applications. Element and 

Isotope Mobility during Water–Rock Interaction Processes, 30(17), 997–1004.  

Gregory, A. S., Ritz, K., McGrath, S. P., Quinton, J. N., Goulding, K. W. T., Jones, R. J. A., Harris, J. 

A., Bol, R., Wallace, P., Pilgrim, E. S., & Whitmore, A. P. (2015). A review of the impacts of 

degradation threats on soil properties in the UK. Soil Use and Management, 31(Suppl 1), 1–15. 

PubMed.  

Gresens, R. L. (1967). Composition-volume relationships of metasomatism. Chemical Geology, 2, 47–

65.  

Grisak, G. E., & Pickens, J. F. (1981). An analytical solution for solute transport through fractured 

media with matrix diffusion. Journal of Hydrology, 52(1), 47–57.  

Gunn, R. H. (1985). Shallow groundwaters in weathered volcanic, granitic and sedimentary rocks in 



301 
 

relation to dryland salinity in southern New South Wales. Soil Research, 23(3), 355–371.  

Gunn, R. H., Story, R., Galloway, R. W., Duffy, P. J. B., Yapp, G. A., & McAlpine, J. R. (1969). Lands 

of the Queanbeyan-Shoalhaven Area, A.C.T and N.S.W (Land Research Series No. 24). 

Commonwealth Scientific and Industrial Research Organisation, Australia.  

Guntoro, P. I., Ghorbani, Y., Koch, P.-H., & Rosenkranz, J. (2019). X-ray Microcomputed 

Tomography (µCT) for Mineral Characterization: A Review of Data Analysis Methods. 

MiMeR—Minerals and Metallurgical Engineering, 9(3), 183.  

Haimes, Y. Y., Kaplan, S., & Lambert, J. H. (2002). Risk Filtering, Ranking, and Management 

Framework Using Hierarchical Holographic Modeling. Risk Analysis, 22(2), 383–397.  

Hazelton, P., & Murphy, B. W. (2009). Interpreting Soil Test Results What Do All the Numbers Mean? 

Collingwood Vic: CSIRO Publishing. 

Hebert, V., Garing, C., Luquot, L., Pezard, P. A., & Gouze, P. (2015). Multi-scale X-ray tomography 

analysis of carbonate porosity. Geological Society, London, Special Publications, 406(1), 61–79.  

Hesse, P. P. (1993). A quaternary record of the Australian environment from aeolian dust in Tasman Sea 

sediments [PhD Thesis]. Australian National University. 

Heydarirad, L., Mosaferi, M., Pourakbar, M., Esmailzadeh, N., & Maleki, S. (2019). Groundwater 

salinity and quality assessment using multivariate statistical and hydrogeochemical analysis 

along the Urmia Lake coastal in Azarshahr plain, North West of Iran. Environmental Earth 

Sciences, 78(24), 670.  

Higgins, C. G., & Coates, D. R. (1990). Groundwater Geomorphology: The Role of Subsurface Water in 

Earth-surface Processes and Landforms. Geological Society of America. 

Hoag, R. S., & Price, J. S. (1997). The effects of matrix diffusion on solute transport and retardation 

in undisturbed peat in laboratory columns. Journal of Contaminant Hydrology, 28(3), 193–

205. https://doi.org/10.1016/S0169-7722(96)00085-X 

Hobbs, R. J., & Cramer, V. A. (2003). Natural ecosystems: Pattern and process in relation to local 

and landscape diversity in southwestern Australian woodlands. Plant and Soil, 257(2), 371–

378.  

Hoch, A. R., & Jackson, C. P. (2004). Rock-matrix diffusion in transport of salinity. Implementation in 

CONNECTFLOW (p. 63). 

Hulse, D., & Ribe, R. (2000). Land Conversion and the Production of Wealth. Ecological Applications, 

10(3), 679–682. JSTOR.  

Iglauer, S., Sarmadivaleh, M., Lebedev, M., Vogt, S., Al-Yaseri, A. Z., Arif, M., Ahmed, S., Geng, C., 

Coman, C., Rahman, T., Haugen, L. P., Ferno, M., & Johns, M. (2014). Pore- and core-scale 



302 
 

investigation of CO2 mobility, wettability and residual trapping (Final Report No. 3-0911–0155; 

p. 292). Curtin University. 

Isbell, R. (2016). Australian Soil Classification. https://doi.org/10.1071/9781486304646 

Jakob, A. (2004). Matrix Diffusion for Performance Assessment—Experimental Evidence, Modellig 

Assumptions and Open Issues (p. 94). Paul Scherrer Institut.  

Jason-Smith, J. (2010). Origins of salinity and salinisation processes in the Wybong Creek Catchment,. 

Jenkins, B. R. (1996). Soil Landscapes of the Braidwood 1:100,000 Sheet [Map]. data.nsw.gov.au. 

http://data.nsw.gov.au/data/dataset/soil-landscapes-of-the-braidwood-1-100000-

sheet105ab, https://researchdata.ands.org.au/soil-landscapes-braidwood-1100000-sheet 

Jenkins, B. R., Muller, R., Cook, W., Littleboy, M., Nicholson, A., Moore, C. L., Wooldridge, A., & 

Winkler, M. (2012). Salinity Hazard Report for Catchment Action Plan Upgrade—Southern 

Rivers CMA. NSW Department of Primary Industries.  

Jennings, S., Baker, G., Bree, T., Fitzpatrick, J., Glasgow, G., & Court, S. (2007). An Integrated 

Approach to Quantifying Groundwater and Surface Water Contributions of Stream Flow. 

Ji, F., Evans, J., Teng, J., Scorgie, Y., Argüeso, D., & Di Luca, A. (2016). Evaluation of long-term 

precipitation and temperature Weather Research and Forecasting simulations for southeast 

Australia. Climate Research, 67(2), 99–115.  

Johnston, C. D. (1987). Preferred water flow and localised recharge in a variable regolith. Hydrology 

and Salinity in the Collie River Basin, Western Australia, 94(1), 129–142.  

Jorgensen, P. R., McKay, L. D., & Spliid, N. H. (1998). Evaluation of chloride and pesticide transport 

in a fractured clayey till using large undisturbed columns and numerical modeling. Water 

Resources Research, 34(4), 539–553.  

Katyal, A., & Morrison, R. D. (2007). Forensic Applications of Contaminant Transport Models in the  

Subsurface. In B. L. Murphy & R. D. Morrison (Eds.), Introduction to Environmental Forensics 

(Second Edition) (pp. 513–575). Academic Press.  

Keith, D. A., Environment, N. S. W. D. of, & Conservation. (2006). Ocean Shores to Desert Dunes: The 

Native Vegetation of New South Wales and the ACT. Department of Environment and 

Conservation (NSW).  

Ketcham, R. A., & Carlson, W. D. (2001). Acquisition, optimization and interpretation of X-ray 

computed tomographic imagery: Applications to the geosciences. Computers & Geosciences, 

27(4), 381–400.  

Keywood, M. (1995). Origins and Sources of Atmospheric Precipitation from Australia: Chlorine-36 and 

Major-Element Chemistry [PhD Thesis]. Australian National University. 



303 
 

Keywood, M. D., Chivas, A. R., Fifield, L. K., Cresswell, R. G., & Ayers, G. P. (1997). The accession 

of chloride to the western half of the Australian continent. Soil Research, 35(5), 1177–1190.  

Kingston, A. M., Myers, G. R., Latham, S. J., Recur, B., Li, H., & Sheppard, A. P. (2018). Space-Filling 

X-Ray Source Trajectories for Efficient Scanning in Large-Angle Cone-Beam Computed 

Tomography. IEEE Transactions on Computational Imaging, 4(3), 447–458.  

Klein, B. P., & Johnson, G. R. (1983). Density, porosity and magnetic properties of rock specimens from 

southwestern Arizona (Open-File Report No. 83–808; Open-File Report). United States 

Department of the Interior Geological Survey. 

Klute, A., & Dirksen, C. (1986). Hydraulic Conductivity and Diffusivity: Laboratory Methods. In 

Methods of Soil Analysis, Part 1: Physical and Mineralogical Methods (2nd ed., pp. 685–734). 

American Society of Agronomy Inc., and Soil Science Society of America Inc. 

Knackstedt, M., Curtis, A., Sheppard, A., & Golab, A. (2016). Final Report—Maximising the value of 

digital core analysis for carbon sequestration site assessment. Australian National University. 

Lambers, H. (2003). Dryland Salinity: A Key Environmental Issue in Southern Australia. Plant and 

Soil, 257, 5–7.  

Latham, S., Varslot, T., & Sheppard, A. (2008). Automated registration for augmenting micro-CT 3D 

images. c534-C548. 

Lawrie, K. C., Munday, T. J., Dent, D. L., Gibson, D. L., Brodie, R. C., Wilford, J., Reilly, N. S., Chan, 

R. A., & Baker, P. (2000). A geological systems approach to understanding the processes involved 

in land and water salinisation (AGSO Research Newsletter, p. 10). 

Lawrie, K. C., Pain, C. F., Gibson, D. L., Munday, T. J., Wilford, J., & Jones, G. (2002). Regolith – a 

missing link in mapping salinity processes and predicting dryland salinity hazards. 8. 

Le Gouellec, Y. A., & Elimelech, M. (2002). Control of Calcium Sulfate (Gypsum) Scale in 

Nanofiltration of Saline Agricultural Drainage Water. Environmental Engineering Science, 

19(6), 387–397.  

Lenahan, M. J. (2007). The Hydrogeochemistry of a Saline Aquifer System: Central New South Wales, 

Australia [PhD Thesis]. Australian National University. 

Lenahan, M., Kirste, D., Mcphail, D., & Fifield, L. (2004). Hydrogeochemical Controls of Variable 

Regolith Materials on the Distribution, Mobility and Age of Salts: Barmedman Creek 

Catchment, NSW. In: Roach, I.C. (ed) Regolith 2004. CRC LEME: 209-214.  

Lenczewski, M., McKay, L., Pitner, A., Driese, S., & Vulava, V. (2006). Pure-Phase Transport and 

Dissolution of TCE in Sedimentary Rock Saprolite. Ground Water, 44(3), 406–414. 

Lenormand, R., Bauget, F., & Ringot, G. (2010). Permeability Measurement On Small Rock Samples. 12. 



304 
 

Lesch, S. M., Rhoades, J. D., Lund, L. J., & Corwin, D. L. (1992). Mapping Soil Salinity Using 

Calibrated Electromagnetic Measurements. Soil Science Society of America Journal, 56(2), 

540–548.  

López-Moro, F. J. (2012). EASYGRESGRANT—A Microsoft Excel spreadsheet to quantify volume 

changes and to perform mass-balance modeling in metasomatic systems. Computers & 

Geosciences, 39, 191–196.  

Lozano-Perez, S. (2010). 13—Characterization techniques for assessing irradiated and ageing 

materials in nuclear power plant systems, structures and components (SSC). In P. G. 

Tipping (Ed.), Understanding and Mitigating Ageing in Nuclear Power Plants (pp. 389–416). 

Woodhead Publishing.  

Mabbutt, J. A. (1961). ‘Basal surface’ or ‘Weathering front’. Proceedings of the Geologists’ Association, 

72, 357–358. 

Maeller, D. (1990). The Na/CL ratio in rainwater and the seasalt chloride cycle. Tellus B: Chemical 

and Physical Meteorology, 42(3), 254–262.  

Mancy, K. (1975). Analytical chemistry in water pollution control. Pure and Applied Chemistry - Pure 

Appl Chem, 44, 555–568.  

Martin, J. P., Richards, S. J., & Pratt, P. F. (1964). Relationship of Exchangeable Na Percentage at 

Different Soil pH Levels to Hydraulic Conductivity1. Soil Science Society of America Journal, 

28(5), 620–622. https://doi.org/10.2136/sssaj1964.03615995002800050014x 

Matters, J., & Bozon, J. (1989). Spotting Soil Salting—A Victorian Field Guide to Salt Indicator Species 

(p. 79). Land Protection Division. 

Matyka, M., & Koza, Z. (2012). How to Calculate Tortuosity Easily? ArXiv:1203.5646 [Physics], 17–22.  

Mays, M. A. (2006). Solute Transport and U(VI) Reactivity in Natural Heterogeneous Sediments. 

McIntyre, D. (1979). Exchangeable sodium, subplasticity and hydraulic conductivity of some 

Australian soils. Soil Research, 17(1), 115–120.  

McKay, L., Cherry, J. A., & Gillham, R. W. (1993a). Field Experiments in a Fractured Clay Till: 1. 

Hydraulic Conductivity and Fracture Aperture. 15. 

McKay, L. D., Gillham, R. W., & Cherry, J. A. (1993b). Field Experiments in a Fractured Clay Till 2. 

Solute and Colloid Transport. Water Resources Research, 29(12), 3879–3890. 

McKenzie, N. J., Grundy, M. J., Webster, R., & Ringrose-Voase, A. J. (2008). Guidelines for Surveying 

Soil and Land Resources. CSIRO Publishing.  

McQueen, K. (2006). Unravelling the regolith with geochemistry. In Regolith 2006—Consolidation 

and Dispersion of Ideas (pp. 230–235). 



305 
 

McQueen, K. G., & Whitbread, M. A. I. (2011). An integrated lithogeochemical approach to 

detecting and interpreting cryptic alteration around the Elura Zn-Pb-Ag deposit, New South 

Wales, Australia. Geochemistry: Exploration, Environment, Analysis, 11(3), 233.  

Mees, F., Swennen, R., Geet, M. V., & Jacobs, P. (2003). Applications of X-ray computed 

tomography in the geosciences. Geological Society, London, Special Publications, 215(1), 1–6.  

Metscher, B. (2013). Biological applications of X-ray microtomography: Imaging microanatomy, 

molecular expression and organismal diversity. Microsc Anal (Am Ed), 27, 13–16. 

Micro Photonics Inc. (2015). What is Micro-CT? An Introduction. Micro Photonics. 

https://www.microphotonics.com/what-is-micro-ct-an-introduction/ 

Moore, C., Jenkins, B., Cowood, A., Nicholson, A., Muller, R., Wooldridge, A., Cook, W., Wilford, J., 

Littleboy, M., Winkler, M., & Harvey, K. (2019). Hydrogeological Landscapes framework: A 

biophysical approach to landscape characterisation and salinity hazard assessment. Soil 

Research, 56.  

Moore, D. M., & Reynolds, R. C. (1999). X-ray Diffraction and the Identification and Analysis of Clay 

Minerals. (Second, Vol. 34). Oxford University Press; Cambridge Core.  

Moore, L. (2020, August 15). The Export of Salt from the Boro Catchment [Discussion]. 

Mostaghimi, P., Blunt, M. J., & Bijeljic, B. (2013). Computations of Absolute Permeability on Micro-

CT Images. Mathematical Geosciences, 45(1), 103–125.  

Murray Darling Basin Authority (MBDA). (2010). Salinity Targets Review—Water Quality Salinity 

Management Plan Objectives and Targets (No. 4).  

Myers, G. R., Kingston, A. M., Varslot, T. K., & Sheppard, A. P. (2011). Extending reference scan 

drift correction to high-magnification high-cone-angle tomography. Optics Letters, 36(24), 

4809–4811. PubMed.  

National Committee on Soil and Terrain. (2009). Australian Soil and Land Survey Field Handbook. 

CSIRO Publishing.  

National Land and Water Resources Audit (NLWRA). (2001). Australian dryland salinity assessment 

2000: Extent, impacts, processes, monitoring and management options. Turner, ACT: National 

Land and Water Resources Audit.  

National Research Council. (2001). Conceptual Models of Flow and Transport in the Fractured Vadose 

Zone. The National Academies Press.  

Navarre-Sitchler, A., Brantley, S. L., & Rother, G. (2015). How Porosity Increases During Incipient 

Weathering of Crystalline Silicate Rocks. Reviews in Mineralogy and Geochemistry, 80(1), 331–

354.  



306 
 

Nesbitt, H. W., & Young, G. M. (1984). Prediction of some weathering trends of plutonic and 

volcanic rocks based on thermodynamic and kinetic considerations. Geochimica et 

Cosmochimica Acta, 48(7), 1523–1534.  

Nesbitt, H. W., & Young, G. M. (1989). Formation and Diagenesis of Weathering Profiles. The 

Journal of Geology, 97(2), 129–147.  

NHMRC, & NRMMC. (2017). Australian Drinking Water Guidelines Paper 6 National Water Quality 

Management Strategy (p. 1167). National Health and Medical Research Council, National 

Resource Management Ministerial Council, Commonwealth of Australia. 

NSW Department of Primary Industries (DPI). (2000). Salinity Note 8: Texturing Soils and Testing for 

Salinity. https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0008/168866/texture-

salinity.pdf 

NSW Government. (n.d.). Causes of climate change. Retrieved 12 August 2020, from 

https://climatechange.environment.nsw.gov.au/About-climate-change-in-NSW/Causes-of-

climate-change 

NSW Government. (2010a). Braidwood 1:100 000 Hydrogeological Landscapes: June 2010 (First 

Edition)—Braidwood HGL package June 2010—SEED.  

NSW Government. (2010b). Native Vegetation Interim Type Standard (p. 129). 

NSW Government. (2017). South-East Regional Strategic Weed Management Plan. Local Land 

Services. https://www.lls.nsw.gov.au/__data/assets/pdf_file/0006/722706/South-East-

Regional-Weed-Mgmt-Plan.pdf 

NSW Government. (2018). What is salt load? | NSW Environment, Energy and Science. 

https://www.environment.nsw.gov.au/questions/salt-load 

Nwonodi, R. I., Ojanomare, C., Dosunmu, A., & Wami, E. N. (2020). A compact and simple estimate 

of reservoir rock tortuosity. Geomechanics and Geoengineering, 1–10.  

Office of Environment and Heritage. (2009). Salinity audit: Upland catchments of the New South Wales 

Murray-Darling Basin. Department of Environment and Climate Change NSW.  

Ohlsson, Y. (2000). Studies of Ionic Diffusion in Crystalline Rock. Royal Institute of Technology. 

Ohlsson, Y., & Neretnieks, I. (1995). Literature Survey of Matrix Diffusion Theory and of Experiments 

and Data Including Natural Analogues (p. 100). 

O’Leary, G. (2006). Standards for Electromagnetic Induction mapping in the grains industry. 47. 

O’Neill, C., & Danis, C. (2013). The Geology of NSW (p. 118). Macquarie University. 

https://www.chiefscientist.nsw.gov.au/__data/assets/pdf_file/0005/32972/NSW-

Geology-Paper-ONeill-and-Danis-MQU.pdf 



307 
 

Panno, S., Hackley, K., Hwang, H.-H., Greenberg, S., Krapac, I. G., Landsberger, S., & O’Kelly, D. 

(2006). Characterization and Identification of Na-Cl Sources in Ground Water. Ground Water, 

44, 176–187.  

Parker, A. (1970). An Index of Weathering for Silicate Rocks. Geological Magazine, 107(6), 501–504. 

Cambridge Core.  

Pearce, K., Holper, P. N., Hopkins, M., Bouma, W. J., Whetton, P. H., Hennessy, K. J., Power, S. B., 

Australia, Bureau of Meteorology, CSIRO (Australia), Division of Marine and Atmospheric 

Research, & Australian Climate Change Science Program. (2007). Climate change in Australia: 

Projections for Australia’s NRM Regions. CSIRO Marine and Atmospheric Research. 

Pearce, T. H. (1968). A contribution to the theory of variation diagrams. Contributions to Mineralogy 

and Petrology, 19(2), 142–157.  

Peck, A. J. (1978). Salinization of non-irrigated soils and associated streams: A review. Soil Research, 

16(2), 157.  

Peck, A. J., Johnstone, C. D., & Williamson, D. R. (1981). Analyses of Solute Distributions in Deeply 

Weathered Soils. In J. W. Holmes & T. Talsma (Eds.), Developments in Agricultural 

Engineering (Vol. 2, pp. 83–102). Elsevier.  

Peck, A. J., & Williamson, D. R. (1987). Effects of forest clearing on groundwater. Hydrology and 

Salinity in the Collie River Basin, Western Australia, 94(1), 47–65.  

Phillips, J. D. (2007). Development of texture contrast soils by a combination of bioturbation and 

translocation. CATENA, 70(1), 92–104.  

Pidwirny, M., & Jones, S. (2009). Throughflow and Groundwater Storage. Physical Geography 

Fundamentals. http://www.physicalgeography.net/fundamentals/8m.html 

Piwoni, M. D., & Keeley, J. W. (1990). Ground Water Issue: Basic Concepts of Contaminant Sorption at 

Hazardous Waste Sites. 7. 

Rassam, D. W., & Werner, A. D. (2008). Review of groundwater–surfacewater interaction modelling 

approaches and their suitability for Australian conditions (p. 58). eWater Cooperative Research 

Centre. 

Rayment, G. E., & Higgison, F. R. (1992). Australian Laboratory Handbook of Soil and Water Chemical 

Methods. Inkata Press. 

Rehman, F., Cheema, T., Abouelnaga, H., Harbi, H., Atef, A., & Lisa, M. (2016). Interpretation of 

Groundwater Chemistry Data Using Multivariate Statistical Techniques. GlobalNEST 

International Journal, 18, 665–673. 

Rengasamy, P. (2002). Transient salinity and subsoil constraints to dryland farming in Australian 



308 
 

sodic soils: An overview. Australian Journal of Experimental Agriculture, 42(3), 351.  

Rengasamy, P, Greene, R., Ford, G., & Mehanni, A. (1984). Identification of dispersive behaviour 

and the management of red-brown earths. Soil Research, 22(4), 413.  

Rengasamy, P, & Olsson, K. (1991). Sodicity and soil structure. Soil Research, 29(6), 935–952.  

Rengasamy, Pichu. (2006). World salinization with emphasis on Australia. Journal of Experimental 

Botany, 57(5), 1017–1023.  

Rengasamy, Pichu. (2010). Soil processes affecting crop production in salt affected soils. Functional 

Plant Biology, 37, 613–620. 

Rengasamy, Pichu, & Marchuk, A. (2011). Cation ratio of soil structural stability (CROSS). Soil 

Research, 49(3), 280.  

Rengasamy, Pichu, North, S., & Smith, A. (2010). Diagnosis and management of sodicity and salinity in 

soil and water in the Murray Irrigation region. University of Adelaide. 

Rhoades, J. D., Kandiah, A., & Mashali, A. M. (1992). The use of saline waters for crop production. 

Food and Agriculture Organization of the United Nations. 

Richards, A. (Ed.). (1954). Diagnosis and Improvement of Saline and Alkali Soils. United States 

Department of Agriculture. 

Ruprecht, J. K., & Schofield, N. J. (1989). Analysis of streamflow generation following deforestation 

in southwest Western Australia. Journal of Hydrology, 105(1), 1–17.  

Ruprecht, J. K., & Schofield, N. J. (1991). Effects of partial deforestation on hydrology and salinity in 

high salt storage landscapes. I. Extensive block clearing. Journal of Hydrology, 129(1–4), 19–

38.  

Russell, J. K., & Stanley, C. R. (1990). A theoretical basis for the development and use of chemical 

variation diagrams. Geochimica et Cosmochimica Acta, 54(9), 2419–2431.  

Rust, A. C., Russell, J. K., & Knight, R. J. (1999). Dielectric constant as a predictor of porosity in dry 

volcanic rocks. Journal of Volcanology and Geothermal Research, 91(1), 79–96.  

Salama, R. B., Otto, C. J., & Fitzpatrick, R. W. (1999). Contributions of groundwater conditions to 

soil and water salinization. Hydrogeology Journal, 7(1), 46–64.  

Sawada, A., & Takahara, H. (2000). Non-sorbing tracer migration experiments in fractured rock at 

the Kamaishi Mine, Northeast Japan. Engineering Geology, 22. 

Schiebner, E. (1999). The Geological Evolution of NSW - A Brief Review. The Geological Survey of 

NSW. 

Schofield, N. J., & Ruprecht, J. K. (1989). Regional analysis of stream salinisation in southwest 

Western Australia. Journal of Hydrology, 112(1), 19–39.  



309 
 

Schulz, H. D., & Zabel, Matthias. (2006). Marine Geochemistry (2nd revised, updated and extended 

edition.). Springer Berlin Heidelberg.  

Scott, K., & Pain, C. (Ed.) (2009). Regolith Science. Collingwood, VIC: CSIRO Publishing. 

Shahid, S. A., Zaman, M., & Heng, L. (2018). Introduction to Soil Salinity, Sodicity and Diagnostics 

Techniques. In M. Zaman, S. A. Shahid, & L. Heng (Eds.), Guideline for Salinity Assessment, 

Mitigation and Adaptation Using Nuclear and Related Techniques (pp. 1–42). Springer 

International Publishing.  

Sheppard, A. P., Sok, R. M., & Averdunk, H. (2004). Techniques for image enhancement and 

segmentation of tomographic images of porous materials. Proceedings of the International 

Conference New Materials and Complexity, 339(1), 145–151.  

Sheppard, A., Palamara, D., & Delgado-Freidrichs, O. (2015). Database for Digital Core Analysis 

(ANLEC Project 0128). Australian National University.  

Short, M. A. (2017). Tracing terrestrial salt cycling using chlorine and bromine [PhD Thesis]. Australian 

National University. 

Sietronics. (2019). Siroquant XRD Software. Siroquant. https://www.siroquant.com 

Skagius, K., & Neretnieks, I. (1985). Porosities and diffusivities of some non-sorbing species in crystalline 

rocks (No. 85–03; p. 67). Royal Institute of Technology. 

Skagius, K., & Neretnieks, I. (1986). Porosities and Diffusivities of Some Nonsorbing Species in 

Crystalline Rocks. Water Resources Research, 22, 389–398.  

Smedema, L. K., & Shiati, K. (2002). Irrigation and Salinity: A Perspective Review of the Salinity 

Hazards of Irrigation Development in the Arid Zone. Irrigation and Drainage Systems, 16(2), 

161–174.  

Sruoga, P., Rubinstein, N., & Hinterwimmer, G. (2004). Porosity and permeability in volcanic rocks: 

A case study on the Serie Tobífera, South Patagonia, Argentina. Journal of Volcanology and 

Geothermal Research, 132, 31–43.  

Stafford, P., Toran, L., & McKay, L. (1998). Influence of fracture truncation on dispersion: A dual 

permeability model. Journal of Contaminant Hydrology, 30(1), 79–100.  

Sundaram, B., Feitz, A. J., de Caritat, P., Plazinska, A., Brodie, R. S., Coram, J., & Ransley, T. (2009). 

Groundwater Sampling and Analysis – A Field Guide. 104. 

Sweeney, M., Moore, C., McQueen, K., & Spandler, T. (2016). Geomorphic controls on deposition of 

salt in the Greater Tamar Catchment, northeast Tasmania. Australian Journal of Earth 

Sciences, 1–12. 

Sweeney, Margaret. (2016). Controls on salt mobility and storage in the weathered Jurassic dolerites of 



310 
 

north-east Tasmania [PhD Thesis]. University of Canberra. 

Tachi, Y., Ebina, T., Takeda, C., Saito, T., Takahashi, H., Ohuchi, Y., & Martin, A. J. (2015). Matrix 

diffusion and sorption of Cs+, Na+, I– and HTO in granodiorite: Laboratory-scale results 

and their extrapolation to the in situ condition. Journal of Contaminant Hydrology, 179, 10–

24. 

Tanji, K. K. (2002). Salinity in the Soil Environment. In A. Läuchli & U. Lüttge (Eds.), Salinity: 

Environment—Plants—Molecules (pp. 21–51). Springer Netherlands. 

https://doi.org/10.1007/0-306-48155-3_2 

Taylor, G., & Eggleton, R. A. (2001). Regolith Geology and Geomorphology. John Wiley & Sons. 

Taylor, S. (1993). Dryland Salinity Introductory Extension Notes (Second). Soil Conservation Service of 

New South Wales. 

Tenison, K., Wild, J., Madden, E., Draper, V., McMahon, L., New South Wales, & Department of 

Primary Industries. (2014). Salinity training manual. 

Truman, G., Manning, B., Sauer, B., & Schneider, D. (ND). Using Electromagnetic Induction (EMI) to 

Measure Soil Water. 4. 

Truog, E. (1947). Soil Reaction Influence on Availability of Plant Nutrients. Soil Science Society of 

America Journal, 11(C), 305–308.  

Turner, J. V., Arad, A., & Johnston, C. D. (1987). Environmental isotope hydrology of salinized 

experimental catchments. Hydrology and Salinity in the Collie River Basin, Western Australia, 

94(1), 89–107.  

Turner, M. L., Knüfing, L., Arns, C. H., Sakellariou, A., Senden, T. J., Sheppard, A. P., Sok, R. M., 

Limaye, A., Pinczewski, W. V., & Knackstedt, M. A. (2004). Three-dimensional imaging of 

multiphase flow in porous media. Proceedings of the International Conference New Materials 

and Complexity, 339(1), 166–172. 

Twidale, C. R. (1978). Analysis of Landforms. Brisbane: Jacaranda Wiley (p. 572). 

US Department of Commerce, N. O. and A. A. (2020). What are El Nino and La Nina? 

https://oceanservice.noaa.gov/facts/ninonina.html 

US Geological Survey. (2016). TWRI Home Page. https://pubs.usgs.gov/twri/index090905.html 

van Tol, J. (2016). Understanding groundwater/surface-water interactions through 

hydropedological interpretation of soil distribution patterns. Hydrology and Earth System 

Sciences Discussions, 1–18.  

Viezzoli, A., Munday, T., & Cooper, Y. L. (2012). Airborne electromagnetics for groundwater salinity 

mapping: Case studies of coastal and inland salinisation from around the world. Bollettino Di 



311 
 

Geofisica Teorica Ed Applicata, 53(4), 581–600.  

Walker, G. R., Jolly, I. D., Williamson, D. R., Gilfedder, M., Morton, R., Zhang, L., Dowling, T., Dyce, 

P., Nathan, R., Nandakumar, N., Gates, G. W. B., Linke, G. K., Seker, M. P., Robinson, G., 

Jones, H., Clarke, R., McNeill, V., & Evans, W. R. (1998). Historical stream salinity trends (p. 

14). 

Wang, Z., Fink, R., Wang, Y., Amann-Hildenbrand, A., Krooss, B. M., & Wang, M. (2018). Gas 

permeability calculation of tight rocks based on laboratory measurements with non-ideal 

gas slippage and poroelastic effects considered. International Journal of Rock Mechanics and 

Mining Sciences, 112, 16–24.  

Ward, R. C., & Robinson, M. (2000). Principles of hydrology (4th ed.). McGraw-Hill.  

Whitbread, M., & Moore, C. (2004). Two lithogeochemical approaches to the identification of 

alteration patterns at the Elura Zn-Pb-Ag deposit, Cobar, New South Wales, Australia: Use 

of Pearce Element Ratio analysis and Isocon analysis. Geochemistry-Exploration Environment 

Analysis, 4, 129–141.  

Wildenschild, D., & Sheppard, A. P. (2013). X-ray imaging and analysis techniques for quantifying 

pore-scale structure and processes in subsurface porous medium systems. Advances in 

Water Resources, 51, 217–246.  

Wilford, J. (2013). New Regolith Mapping Approaches for Old Australian Landscapes [PhD Thesis]. 

University of Adelaide. 

Wilford, John. (2012). A weathering intensity index for the Australian continent using airborne 

gamma-ray spectrometry and digital terrain analysis. Geoderma, 183–184, 124–142.  

Wilford, John, Nicholson, A., & Summerell, G. (2010). A framework for managing water resources. 

AusGeo News 97, 3. Geosciences Australia. 

Williamson, D. R. (1998). Land Degradation Processes and Water Quality Effects: Waterlogging and 

Salinisation. In J. Williams, R. A. Hook, & H. L. Gascoigne (Eds.), Farming Action—Catchment 

Reaction: The Effect of Dryland Farming on the Natural Environment (pp. 162–190). CSIRO 

Publishing.  

Windfinder. (2019). Windfinder.com—Wind and weather statistic Braidwood. Windfinder.Com. 

https://www.windfinder.com/windstatistics/braidwood 

Winter, T. C., Harvey, J. W., Franke, O. L., & Alley, W. M. (1998). Groundwater and Surface Water A 

Single Resource (Circular, p. 87) [Circular]. 

Winterle, J. (1998). Matrix Diffusion Summary Report. (p. 56). Center for Nuclear Waste Regulatory 

Analyses. 



312 
 

Wood, W. W., & Fernandez, L. A. (1988). Volcanic rocks. In W. Back, J. S. Rosenshein, & P. R. 

Seaber (Eds.), Hydrogeology: Vol. O-2 (p. 0). Geological Society of America.  

Wooldridge, A., Nicholson, A., Muller, R., Jenkins, B., Wilford, J., & Winkler, M. (2015). Guidelines 

for Managing Salinity in Rural Areas (p. 126). 

Zeebe, R. E. (2011). On the molecular diffusion coefficients of dissolved, and their dependence on 

isotopic mass. Geochimica et Cosmochimica Acta, 75(9), 2483–2498. 

Zou, L., Jing, L., & Cvetkovic, V. (2017). Modeling of Solute Transport in a 3D Rough-Walled 

Fracture–Matrix System. Transport in Porous Media, 116(3), 1005–1029. 

Zuber, A., & Motyka, J. (1994). Matrix porosity as the most important parameter of fissured rocks 

for solute transport at large scales. Journal of Hydrology, 158(1–2), 19–46. 

 



313 
 

APPENDICES 

APPENDIX 1 PRIOR WORK 

Appendix 1 - i Hydrogeological Landscapes framework 

The Hydrogeological Landscapes framework can be found at:  
https://www.publish.csiro.au/SR/SR16183  

Appendix 1 - ii Long Flat Volcanics North HGL 

The Braidwood 1:100,000 Hydrogeological Landscapes can be found at: 
https://data.gov.au/dataset/ds-nsw-8a3bac9b-fe9e-4e75-9981-15161f70f54b/details?q=  
 

 

 

 

 

 

 

 

 

 

 

 

 

  



314 
 

 



315 
 

APPENDIX 2 REGOLITH ANALYSIS AND DATA 

Appendix 2 - i Regolith ICPMS analysis 

Samples were prepared by crushing 100 gm of each regolith and rock sample. These were pulverised 

and homogenised in a chrome steel ring mill to a grainsize 

of <60µ. 

 

Chemical analysis of the samples was performed at the Ecochemistry Laboratory, Institute for 

Applied Ecology at the University of Canberra. For each sample 0.2 g was microwave digested in 

closed Teflon vessels at 140º C, using reverse aqua regia (i.e. 3 parts concentrated HNO3 and 1 part 

30% concentrated HCl) This reagent was used to target the weathered mineral component, including 

clays, chlorite, micas, iron and manganese oxides, carbonates, sulfates, chlorides as well as adsorbed 

ions. Highly insoluble components such as quartz, resistate silicates, zircon, rutile and chromite were 

not dissolved. Digests were cooled to room temperature, quantitatively transferred to 50 ml 

centrifuge tubes and diluted to 30 ml with Ultrapure water (Sartorius). The tubes were then 

centrifuged at 4000 rpm for 10 min.1 ml of the digest was transferred into a 10 ml centrifuge tube and 

then diluted to 10 ml with ICP-MS internal standard (Li6, Y19, Se45, Rh103, In116, Tb159 and 

Ho165). 

 

Solutions from the digest were analysed for major and minor element including Al, Ca, Fe, K, Mg, 

Mn, Na, P. Si and Ti, as well as a large suit of trace elements (see list Appendix 2-iii). This was done 

using inductively coupled plasma mass spectrometry (ICP-MS Elan DRC-e with oxygen and methane 

reaction gases to reduce poly-atomic interferences). Calibration was performed using a complex 

external standard (AccuStandards 1–5), covering the full mass range, with correction for blanks 

including, blank acid and blank filter solutions. Montana soil Standard Reference Material (MSRM 

2710) was used as an external cross-check for calibration and for assessing accuracy of extraction 

efficiency. Uncertainties of the analytical procedures at the median levels in the general population 

were below 5% for all the elements. 
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Appendix 2 - ii Regolith XRD analysis 

The XRD diffractograms were produced using a Bruker-AXS D4 XRD with copper radiation at 40 kV 

and 30 mA, over a range of 1.3 to 70° 2θ, with a 0.02 degree step and a 2 second per step count time. 

A graphite monochromator is used in the diffracted beam. Identification of crystalline materials was 

conducted using the Bruker Diffracplus Search/Match software and the ICDD PDF-2 database. 

Calculation of mineral concentration (wt%) was conducted using SIROQUANTTM Quantitative 

Minerals Analysis Software (Sietronics, 2019). SIROQUANTTM is a Rietveld based least squares 

regression software for accurate mineral and phase quantification. Analyses were conducted in the 

Sietronics commercial laboratory in Mitchell, ACT.
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Appendix 2 - iii Regolith geochemistry 
Boro East A and Boro East B 
 
  

 
Boro East 
A 
0-5 

Boro East 
A 
5-10 

Boro East 
A 
10-20 

Boro East 
A  
20-40 

 
Boro East 
B 
0-5 

Boro East 
B  
5-10 

Boro East 
B 
10-20 

Boro East 
B 
20-40 

Boro East 
B 
40-60 

Boro East 
B 
60-80 

Boro East 
B  
80-100 

S ug/g 1753.6500 1499.8500 1020.1500 1103.4000 
 

1074.1500 1353.6000 822.1500 999.4500 156.6000 1412.1000 1470.6000 
Cl ug/g 900.0000 1050.0000 450.0000 300.0000 

 
450.0000 3750.0000 300.0000 150.0000 1050.0000 750.0000 2250.0000 

Li ug/g 11.4397 15.1984 9.6032 10.7777 
 

4.6751 2.4152 9.7961 13.3207 12.7609 7.8264 5.6909 
Be ug/g 8.6392 0.0000 13.0933 8.7454 

 
0.0000 6.2167 6.3071 0.0000 0.0000 0.0000 1.9796 

B ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Na ug/g 0.0000 7.1665 0.0000 0.0000 

 
3038.7247 1671.7176 1404.7863 1060.5606 751.8433 1039.8823 932.4903 

Mg ug/g 492.6261 453.5924 1033.0298 1379.6284 
 

1598.9870 865.9898 675.9485 691.4702 385.3667 1014.2344 1069.7463 
Al ug/g 6852.7201 4925.7139 6420.1653 0.0000 

 
16909.555

9 
21704.849

3 
14168.623

5 
13545.312

5 
6494.9475 9895.8537 5936.2389 

Si ug/g 2061.2832 1918.1014 3108.7343 3496.7346 
 

2181.7425 2272.2965 2212.9666 2179.8402 2196.1719 2206.6691 2191.6890 
P ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

K ug/g 1844.5576 1907.3558 1875.3678 1807.4558 
 

1840.8362 1818.1527 1866.9392 1905.1829 1976.3660 1839.3975 1794.0862 
Ca ug/g 654.5670 525.3321 477.2614 409.8640 

 
763.8009 424.2073 447.5463 351.9821 331.3699 373.9556 305.0344 

Ti ug/g 66.5258 54.1730 57.3978 74.4763 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
V ug/g 7.8071 10.1477 14.8076 13.3930 

 
6.0249 7.5567 8.4057 7.0725 7.5671 2.5430 1.3750 

Cr ug/g 63.7654 55.2544 35.4902 29.2340 
 

59.9907 52.6460 74.6828 38.9839 53.4142 65.9744 35.0893 
Fe ug/g 1484.4064 2568.2096 5819.6234 5557.5783 

 
1323.6702 2887.9702 2061.7896 3784.2295 1506.4705 2167.1889 1.5312 

Mn ug/g 161.9005 72.0501 39.1347 197.9111 
 

211.8811 0.0000 184.1874 119.0882 127.1095 46.6059 36.2588 
Co ug/g 4.0733 3.7633 4.1723 8.6558 

 
3.0860 3.6826 3.4231 3.9965 3.5285 6.7101 6.3266 

Ni ug/g 14.7662 8.9492 12.7494 8.0183 
 

4.9775 25.1067 16.4914 0.0000 12.5461 10.7749 22.4499 
Cu ug/g 1.7190 0.0000 1.6500 3.7288 

 
0.0000 0.0000 0.0000 1.6879 0.0000 0.0000 0.0000 

Zn ug/g 0.0000 0.0000 0.0000 6.9074 
 

8.5066 10.4746 12.9856 7.7461 7.4707 8.4514 11.8314 
Ga ug/g 3.0990 2.2183 3.1225 4.5787 

 
5.7210 5.8979 5.0249 4.2193 4.3289 32.5274 17.2368 

Ge ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
As ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 3.9055 0.0000 0.0000 0.0000 0.0000 

Se ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Rb ug/g 15.9492 12.4470 11.0701 13.8653 

 
18.8771 20.6886 16.0899 12.6770 10.9677 13.7602 14.2442 

Sr ug/g 14.7810 12.6886 10.1203 11.2237 
 

20.8831 12.1568 12.4889 9.5667 9.3853 11.6324 11.1388 
Zr ug/g 2.8594 2.3380 2.1233 2.2676 

 
8.0636 8.3110 6.7515 7.6976 6.0842 6.7863 8.0078 

Nb ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Mo ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Ru ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Rh ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Ag ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Pd ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Cd ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Sn ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
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Sb ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
  

 
Boro East 
A 
0-5 

Boro East 
A 
5-10 

Boro East 
A 
10-20 

Boro East 
A  
20-40 

 
Boro East B 
0-5 

Boro East B  
5-10 

Boro East B 
10-20 

Boro East B 
20-40 

Boro East B 
40-60 

Boro East B 
60-80 

Boro East B  
80-100 

Te ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Cs ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Ba ug/g 49.3025 38.1366 33.8930 68.5853 
 

75.4055 83.8362 71.1038 55.4120 83.8884 801.0683 427.1903 
La ug/g 7.3232 7.9348 8.8901 14.2391 

 
23.5041 21.3237 18.3768 10.2554 16.0180 11.6972 24.7087 

Ce ug/g 15.6649 18.2959 25.9497 40.5644 
 

46.7623 44.9511 38.8049 90.7125 36.7253 37.5982 56.8392 
Pr ug/g 1.3604 1.4490 1.7128 3.1597 

 
5.5785 5.7044 4.3950 2.8773 3.7763 3.3571 6.3537 

Nd ug/g 6.3869 5.5960 8.1240 13.8651 
 

25.8143 26.8191 20.0525 13.9804 17.2309 16.4949 28.7060 
Sm ug/g 0.0000 0.0000 0.0000 1.5900 

 
3.2876 3.9808 1.9693 0.0000 1.9959 0.0000 4.2475 

Eu ug/g 1.8804 1.8365 1.9563 2.2309 
 

2.3567 2.4552 1.9878 1.9378 2.0928 2.6684 2.4480 
Gd ug/g 0.0000 0.0000 0.0000 1.8455 

 
5.3593 6.6520 4.1464 3.5567 4.4181 4.5107 5.1644 

Dy ug/g 0.0000 0.0000 0.0000 1.6098 
 

4.5194 4.6252 3.8893 3.0326 3.8904 3.7558 5.4523 
Er ug/g 0.0000 1.8084 1.7491 2.3286 

 
3.1342 3.1563 2.4326 1.9006 2.6711 2.7372 3.5891 

Tm ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Yb ug/g 0.0000 0.0000 0.0000 0.0000 

 
2.2973 2.5932 1.5052 1.8530 2.1418 2.6735 2.8938 

Lu ug/g 0.9047 0.9492 0.9086 0.8641 
 

0.5877 0.6529 0.6062 0.6844 0.7319 0.5452 0.6211 
Hf ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Ta ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
W ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Re ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Ir ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Pt ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Au ug/g 4.2741 3.6317 4.2143 4.6057 

 
5.2142 5.1526 5.0273 5.1595 4.6557 4.9247 5.3601 

Hg ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Tl ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Pb-1 ug/g 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Bi ug/g 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Th ug/g 0.0241 0.0845 0.8976 1.2234 
 

1.1417 1.6707 0.9345 1.1426 0.4070 1.3728 2.2236 
U ug/g 0.5476 0.5003 0.2376 0.0172 

 
0.2085 0.4007 0.0470 0.0374 0.0011 0.0937 0.2440 

 
Boro East C and Boro West A 
 
 

 Boro East 
C  
0-5 

Boro East 
C 
5-10 

Boro East 
C 
10-20 

Boro East 
C 
20-40 

Boro East 
C 
40-60 

Boro East 
C 
60-80 

Boro East 
C 
80-100 

Boro East 
C 
120-140 

 
Boro West 
A 
6 0-5 

Boro West 
A 
5-30 

Boro West 
A 
30-70 

Boro West 
A 
70-90 

S ug/g 195.7500 1395.9000 1297.8000 1255.5000 1753.6500 1753.6500 1753.6500 1118.2500 
 

28.8000 403.2000 1599.3000 682.6500 
Cl ug/g 900.0000 600.0000 900.0000 600.0000 750.0000 750.0000 0.0000 300.0000 

 
600.0000 1200.0000 300.0000 300.0000 

Li ug/g 6.4373 13.5112 15.0489 21.7180 40.1654 23.6671 20.0249 20.6016 
 

1.2957 14.6645 6.0642 0.5079 
Be ug/g 7.3876 2.1243 7.2676 0.0000 0.0000 0.0000 0.0000 0.0000 

 
7.1330 0.0000 0.0000 0.0000 

B ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Na ug/g 185.9376 73.9678 608.7876 1806.8206 2140.6333 1585.5087 762.1911 606.0978 

 
135.9493 1.8121 208.7713 359.8471 

Mg ug/g 570.9127 472.4132 2182.0578 3814.4254 6388.2046 4076.8258 2311.3890 3709.9957 
 

696.6989 679.3665 2304.6491 2977.4487 
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Al ug/g 5118.3828 4423.9877 24451.6856 36995.3430 62114.7261 27864.3998 16930.1924 17699.2747 
 

10276.8565 10700.0534 21577.7034 18007.0756 
Si ug/g 2144.8829 2628.9863 5124.9358 2494.3660 5992.8735 2468.7038 0.0000 5016.8963 

 
2179.7589 2915.2114 2241.4992 2226.3171 

 
 

 Boro East 
C  
0-5 

Boro East 
C 
5-10 

Boro East C 
10-20 

Boro East C 
20-40 

Boro East C 
40-60 

Boro East C 
60-80 

Boro East C 
80-100 

Boro East C 
120-140 

 
Boro West 
A 
6 0-5 

Boro West 
A 
5-30 

Boro West 
A 
30-70 

Boro West 
A 
70-90 

P ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 89.1176 
K ug/g 1900.1801 1961.1485 1779.6728 1648.4892 1344.2042 1715.9269 1799.2216 1643.0323 

 
1764.1284 1880.0612 1821.2381 1860.8091 

Ca ug/g 714.7121 506.6207 623.7516 669.3560 13582.7174 5343.8457 683.3142 0.0000 
 

950.4120 727.7896 981.6803 1266.9362 
Ti ug/g 1.8137 11.4676 20.3958 0.0000 120.0116 0.0000 31.2526 79.8688 

 
9.7229 24.9743 0.0000 0.0000 

V ug/g 9.9988 12.3768 23.4959 13.9065 28.4574 17.1828 26.1984 22.7921 
 

7.5242 11.3914 5.7835 3.1217 
Cr ug/g 74.9692 41.1845 53.3262 28.3948 29.0922 30.0854 79.9973 42.6463 

 
49.9976 42.4576 32.7974 24.1067 

Fe ug/g 1525.5371 1524.1068 8469.3480 10644.4913 14749.4687 2353.5000 12541.9236 12419.5407 
 

3372.6174 5303.5976 9405.3344 7224.5916 
Mn ug/g 487.0076 447.8196 232.3308 842.1828 203.8192 299.6914 105.3948 40.6031 

 
135.4463 48.3142 16.0513 35.7434 

Co ug/g 3.9629 5.4595 7.0817 12.5581 10.1594 7.5063 5.5938 5.8461 
 

2.9806 3.8423 4.6534 7.2780 
Ni ug/g 24.4932 10.3642 18.4122 12.8980 14.2232 12.9791 6.7771 13.6804 

 
12.2237 8.4834 9.2448 7.2320 

Cu ug/g 3.3823 2.0254 6.4483 8.5625 9.3974 3.8994 5.0043 5.8050 
 

0.0000 2.4092 3.1705 1.5806 
Zn ug/g 13.5672 0.0000 5.8293 33.4425 36.4392 25.1003 8.5671 20.0236 

 
19.8340 0.0000 25.3286 33.6748 

Ga ug/g 3.0139 3.3260 5.6729 11.5308 13.0974 16.1631 8.5389 5.0015 
 

3.9079 3.7390 5.6614 6.0228 
Ge ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

As ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Se ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Rb ug/g 10.8319 8.1386 16.6240 27.7342 38.0851 22.2776 14.1408 19.1995 
 

16.5248 10.9065 11.3714 9.8965 
Sr ug/g 18.0030 14.5203 19.2261 27.8900 78.3933 56.5002 22.6980 22.9233 

 
21.6407 18.7299 28.5074 31.3961 

Zr ug/g 7.9364 2.4264 4.0358 7.3439 9.0509 7.7343 1.8256 2.9568 
 

7.8371 3.6009 8.0374 5.8455 
Nb ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Mo ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Ru ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Rh ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Ag ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Pd ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Cd ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Sn ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Sb ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Te ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Cs ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Ba ug/g 51.3998 57.1198 53.6256 151.5381 97.6539 313.4334 145.3756 39.7901 
 

71.3171 51.9369 78.2054 78.7018 
La ug/g 9.8871 11.0551 10.4841 36.3075 31.9099 21.1398 11.1097 32.3909 

 
6.9712 6.3507 33.9546 106.8734 

Ce ug/g 21.7156 23.4332 25.2460 121.8361 56.2653 40.4738 13.7596 34.0586 
 

13.6664 12.0394 147.4276 329.6460 
Pr ug/g 2.3890 2.5159 2.6508 9.2847 7.3529 4.6931 2.7802 7.2099 

 
1.4822 1.3472 9.3722 30.9849 

Nd ug/g 11.2874 11.2296 12.5677 45.7342 34.9093 23.2425 12.5804 34.8838 
 

7.0978 6.1631 46.8934 15.0000 
Sm ug/g 0.0000 0.0000 2.6162 8.1170 6.2479 2.7365 1.5989 5.2364 

 
0.0000 0.0000 7.3525 28.2683 

Eu ug/g 1.7691 2.2213 2.2437 3.3579 3.2498 2.5150 2.2046 2.9600 
 

0.0000 2.0337 2.7943 7.2483 
Gd ug/g 2.9057 0.0000 1.9832 9.1986 6.7304 5.1594 1.8569 5.5635 

 
1.7060 0.0000 7.9994 27.9345 

Dy ug/g 1.8926 0.0000 0.0000 7.9518 4.6037 4.3885 0.0000 3.7701 
 

2.5148 0.0000 6.2395 19.0389 
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Er ug/g 1.5284 1.7380 1.7394 4.6533 3.8382 3.1053 2.4804 3.5747 
 

1.5656 0.0000 3.7642 9.9360 
Tm ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Yb ug/g 0.0000 0.0000 0.0000 3.4149 2.4106 2.1003 0.0000 1.8525 
 

0.0000 0.0000 2.7633 8.3707 
Lu ug/g 0.7775 0.8054 0.9642 0.5778 0.7010 0.5700 0.8566 0.8026 

 
0.7583 0.8610 0.6828 0.1112 

 
 

 Boro East 
C  
0-5 

Boro East 
C 
5-10 

Boro East C 
10-20 

Boro East C 
20-40 

Boro East C 
40-60 

Boro East C 
60-80 

Boro East C 
80-100 

Boro East C 
120-140 

 
Boro West 
A 
6 0-5 

Boro West 
A 
5-30 

Boro West 
A 
30-70 

Boro West 
A 
70-90 

Hf ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Ta ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

W ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Re ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Ir ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Pt ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Au ug/g 5.0501 4.1222 4.4998 4.5121 4.2903 5.0136 4.0347 4.4376 
 

4.6056 4.2258 4.6147 4.4050 
Hg ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 0.0000 

Tl ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Pb-
1 

ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 

Bi ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 0.0000 
Th ug/g 0.4908 0.1557 1.9604 2.3852 4.9078 2.2899 0.8119 2.4557 

 
0.6547 0.0944 1.0973 0.4422 

U ug/g 0.1963 0.4308 0.3563 0.0200 0.0713 0.3099 0.3650 0.3124 
 

0.4695 0.4077 0.4736 0.1715 
 
Boro West B 
 
 

 Boro West 
B 
0-5 

Boro West 
B 
5-10 

Boro West 
B 
10-20 

Boro West 
B 
20-40 

Boro West 
B 
40-60 

Boro West 
B 
60-80 

Boro West 
B 
80-100 

Boro West 
B 
100-120 

S ug/g 1212.3000 1753.6500 543.1500 1753.6500 99.9000 1209.6000 399.6000 1753.6500 
Cl ug/g 300.0000 450.0000 750.0000 750.0000 300.0000 7050.0000 1050.0000 4200.0000 
Li ug/g 10.6710 7.6172 20.6230 20.9459 10.1328 0.0000 0.0000 0.0000 
Be ug/g 6.3126 5.0406 8.5863 27.0049 25.0498 5.3798 0.0000 0.0000 
B ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Na ug/g 628.0713 734.5786 882.7544 938.5294 365.9914 89.1489 33.1293 0.0000 
Mg ug/g 1850.1646 1569.9298 2760.6539 3134.7597 2014.2545 543.5802 178.5712 113.4310 
Al ug/g 10425.075 12120.262 29339.913 18855.810 18696.106 5550.2106 3650.2002 2293.1335 
Si ug/g 3288.3681 3142.4367 5383.1443 4763.8419 4193.3774 2559.4117 1719.1899 1354.2712 
P ug/g 0.0000 0.0000 0.0000 0.0000 671.1945 512.5762 0.0000 0.0000 
K ug/g 1666.0431 1655.5407 1404.4051 168.8342 123.3942 25.2415 5.8982 3.6271 
Ca ug/g 3845.7537 1994.8576 1484.3130 1238.0588 9799.6842 2023.4197 496.1218 10.9856 
Ti ug/g 30.5813 5.4337 13.7103 14.5184 10.1872 0.0000 0.0000 0.0000 
V ug/g 6.6370 13.1999 13.9831 23.2098 38.2188 31.9106 19.5586 17.1977 
Cr ug/g 62.1284 55.8569 29.7354 47.2496 25.2959 25.8485 13.0008 17.3747 
Fe ug/g 1012.2874 3685.8361 9007.7470 18993.731 9040.9333 4808.7057 3888.0236 4098.9476 
Mn ug/g 1127.4937 4302.4944 3328.7534 880.9862 790.7311 842.0742 454.7025 870.8313 
Co ug/g 7.3493 16.7707 19.1667 12.3191 14.4676 19.3040 9.2556 14.4250 
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Ni ug/g 7.1650 14.3782 7.5526 13.8356 18.1210 7.8731 0.0000 0.0000 
Cu ug/g 7.3015 10.5075 23.4104 34.5485 60.6473 72.7049 27.4548 46.2920 
Zn ug/g 11.3231 22.7466 54.1608 67.4439 41.6042 15.5355 5.3681 10.4585 
Ga ug/g 7.6540 19.2714 20.0472 13.3759 23.8316 19.5718 8.8270 9.2193 
Ge ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
As ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 
 

 Boro West B 
0-5 

Boro West B 
5-10 

Boro West B 
10-20 

Boro West B 
20-40 

Boro West B 
40-60 

Boro West B 
60-80 

Boro West B 
80-100 

Boro West B 
100-120 

Se ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Rb ug/g 22.0660 24.1180 40.1628 34.2491 25.0614 3.2648 0.0000 0.0000 
Sr ug/g 30.0459 30.4499 23.4941 17.1340 46.9627 28.4444 8.7320 4.7102 
Zr ug/g 5.0264 4.8983 3.1968 3.2082 10.4019 3.8694 3.6038 3.1432 
Nb ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Mo ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Ru ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Rh ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Ag ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Pd ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Cd ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Sn ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Sb ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Te ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Cs ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Ba ug/g 165.6444 469.0442 396.1923 184.3130 272.3889 210.4727 79.3547 140.2089 
La ug/g 27.8156 41.2532 25.3429 39.7155 107.1881 74.4953 52.0026 31.3649 
Ce ug/g 53.1308 84.8943 81.9186 76.1193 167.9660 140.1174 90.9524 56.9811 
Pr ug/g 5.8451 8.2430 6.0024 8.8463 16.3898 11.7853 9.0465 5.6564 
Nd ug/g 26.3777 36.9186 27.0675 36.9570 58.0326 41.9566 32.3889 19.2990 
Sm ug/g 4.3226 6.8039 4.6597 4.1555 5.9690 2.4827 0.0000 0.0000 
Eu ug/g 2.6094 3.0630 3.0095 2.3632 3.0044 2.1698 0.0000 0.0000 
Gd ug/g 4.3696 5.6320 4.5521 7.4400 9.1119 5.3474 0.0000 0.0000 
Dy ug/g 2.7057 4.9940 3.8259 6.6353 6.1372 4.0841 1.6536 0.0000 
Er ug/g 2.8999 3.5526 3.3525 4.2860 3.7091 2.3042 0.0000 0.0000 
Tm ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Yb ug/g 1.6174 2.0026 2.0988 3.1646 2.0602 0.0000 0.0000 0.0000 
Lu ug/g 0.7983 0.7739 0.8003 0.7425 0.6054 0.3964 0.1646 0.1843 
Hf ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Ta ug/g 0.0000 0.0000 0.0000 3.8496 4.6567 3.8669 5.3015 1.2101 
W ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Re ug/g 0.0000 0.0000 0.0000 1.7082 1.7658 1.6159 0.0000 0.0000 
Ir ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Pt ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Au ug/g 4.1567 4.3202 3.9426 0.0000 0.0000 0.0000 0.0000 0.0000 
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Hg ug/g 0.0000 3.2719 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Tl ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Pb-1 ug/g 2.2681 11.4080 16.5349 34.8919 2058.5013 1959.2790 384.2967 227.9077 
Bi ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Th ug/g 2.4162 3.1080 5.5979 6.3983 7.1404 3.0265 3.1853 1.4114 
U ug/g 0.9116 0.6253 0.4249 2.0863 1.3406 0.8506 0.7998 0.7180 

 
 
Boro West C and Long Flat Volcanics fresh rock and regolith 
 
 

 Boro 
West C 
0-5 

Boro 
West C 
5-10 

Boro 
West C 
10-20 

Boro 
West C  
20-40 

Boro 
West C 
40-60 

Boro 
West C 
60-80 

Boro 
West C 
80-100 

Boro 
West C 
100-120 

Boro 
West C 
120-140 

 
LFF LFSW LFMW 

S ug/g 1051.2000 169.2000 707.4000 1379.2500 1366.2000 1255.5000 1463.4000 121.9500 409.9500 
 

1753.6500 514.3500 1604.7000 
Cl ug/g 1200.0000 1500.0000 150.0000 1350.0000 1050.0000 2400.0000 1200.0000 2700.0000 3150.0000 

 
900.0000 750.0000 750.0000 

Li ug/g 9.0912 7.4709 12.7130 4.9031 0.9523 6.1230 1.8349 0.0000 0.0000 
 

7.4118 13.5791 4.8144 
Be ug/g 0.0000 0.0000 5.2630 0.0000 0.5843 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

B ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
Na ug/g 254.8948 60.8689 503.6058 804.0909 125.8642 14.7377 58.5804 0.0000 0.0000 

 
209.8835 66.9199 30.3523 

Mg ug/g 1066.9118 950.1605 1205.7267 3522.1070 635.5248 238.5816 100.0885 10.0225 39.9021 
 

2614.1176 208.7013 111.7807 
Al ug/g 7067.0909 6296.5830 9024.1192 9588.6275 2368.3270 2532.9370 2385.7501 1765.7246 2136.0023 

 
10946.906

3 
7669.2369 9804.6897 

Si ug/g 2214.3122 2978.4313 2864.5581 2181.7814 1045.5402 979.2714 1540.5293 842.7472 958.5293 
 

1360.1427 1275.1999 1462.6763 
P ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

K ug/g 1666.5521 104.0312 127.6992 1809.0946 80.1985 85.1655 1788.7740 91.5184 103.4577 
 

1951.9725 113.5554 105.4913 
Ca ug/g 2987.3113 1774.6438 1241.3665 65860.798

5 
7753.2550 1216.3159 422.9903 17.2347 42.2298 

 
2572.4962 1626.7064 788.6838 

Ti ug/g 0.0000 0.0000 1.5285 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

585.0829 11.1974 3.2444 
V ug/g 0.6810 19.5993 23.6923 1.6058 16.8881 16.3254 5.8698 18.2398 18.5680 

 
2.8778 2.5428 2.8521 

Cr ug/g 35.0706 39.8139 41.6320 15.0144 17.6408 25.5335 15.2384 11.5600 21.4956 
 

71.3237 59.5243 54.3088 
Fe ug/g 1379.6491 7934.2213 10060.633

1 
381.4976 7080.6941 6605.6305 2754.4832 7022.4694 7752.3299 

 
4994.3524 385.0566 566.6070 

Mn ug/g 853.3436 1014.6672 606.4460 183.3662 74.2857 0.0000 58.3286 149.0848 62.2653 
 

278.0351 58.4773 23.4285 
Co ug/g 3.4208 5.5958 5.9085 2.1384 4.6406 3.8028 0.0000 4.3113 4.3118 

 
4.3464 3.9503 3.8240 

Ni ug/g 8.7618 22.0347 0.7577 15.2331 34.9808 27.5804 22.2083 24.5801 14.3523 
 

9.5670 0.0000 23.1454 
Cu ug/g 16.9006 8.4524 27.4040 29.6638 17.4773 0.0000 28.2952 4.5361 0.0000 

 
0.0000 0.0000 0.0000 

Zn ug/g 18.0558 23.4111 45.5728 9.8409 16.8634 19.0543 1.8681 24.0786 22.2888 
 

50.8298 9.7134 4.7883 
Ga ug/g 6.5824 7.3510 8.2249 6.3863 3.1741 4.7005 1.6951 2.0180 2.0198 

 
4.1867 4.7766 5.4507 

Ge ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
As ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

Se ug/g 0.0000 0.0000 0.0000 0.0000 5.0135 10.0347 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
Rb ug/g 19.0700 13.1420 19.4052 14.0306 3.8944 3.9955 8.9289 2.9116 3.5102 

 
6.2748 16.8815 18.7082 

Sr ug/g 24.0738 19.0567 15.2363 123.7082 23.7534 9.6391 4.3041 0.0000 0.0000 
 

14.4116 12.7676 10.8876 
Zr ug/g 8.8303 3.5406 2.7764 8.4853 1.3024 0.8779 11.9221 0.6628 0.8398 

 
9.0394 12.6242 11.9175 

Nb ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
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Mo ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
Ru ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 2.4216 2.9779 

Rh ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
Ag ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

 
 

 Boro West 
C 
0-5 

Boro West 
C 
5-10 

Boro West 
C 
10-20 

Boro West 
C  
20-40 

Boro West 
C 
40-60 

Boro West 
C 
60-80 

Boro West 
C 
80-100 

Boro West 
C 
100-120 

Boro West 
C 
120-140 

 
LFF LFSW LFMW 

Pd ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
Cd ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

Sn ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
Sb ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

Te ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
Cs ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

Ba ug/g 128.3031 128.0387 134.9328 142.8479 35.6129 51.8360 30.0624 29.7447 19.7498 
 

11.7232 29.5578 55.7614 
La ug/g 19.4543 23.1719 25.4625 17.8053 29.9418 34.5411 34.0866 26.8731 32.9625 

 
12.5358 15.9120 4.5055 

Ce ug/g 41.5693 48.1676 52.4326 36.9072 62.2599 69.8532 69.0008 57.7373 67.7254 
 

26.4887 25.7873 15.7093 
Pr ug/g 4.6028 4.9154 5.6161 4.3935 6.9202 7.8121 8.0847 6.4794 7.4819 

 
3.0502 3.7822 1.4118 

Nd ug/g 22.4143 18.7225 22.0550 20.8883 28.2492 31.9487 37.8259 24.9555 30.3674 
 

15.2453 16.1331 5.8761 
Sm ug/g 3.1306 0.0000 0.0000 2.2596 0.0000 0.0000 6.2414 0.0000 0.0000 

 
0.0000 3.4631 0.0000 

Eu ug/g 2.0120 0.0000 0.0000 2.0976 0.0000 0.0000 2.4181 0.0000 0.0000 
 

1.7658 3.3882 3.0374 
Gd ug/g 3.8015 0.0000 1.9677 3.9419 3.0224 3.9751 7.5783 1.8825 2.7549 

 
3.4892 5.9389 3.9808 

Dy ug/g 3.3513 0.0000 1.9079 3.4914 2.5821 3.4985 5.7343 2.0392 2.5547 
 

4.1827 4.1668 2.8426 
Er ug/g 2.2010 0.0000 0.0000 2.3223 1.6025 1.7930 2.9964 0.0000 0.0000 

 
3.0157 3.9078 2.9602 

Tm ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
Yb ug/g 1.5071 0.0000 0.0000 1.6232 0.0000 0.0000 2.2831 0.0000 0.0000 

 
2.5442 4.2260 3.3100 

Lu ug/g 0.7131 0.1531 0.1767 0.5798 0.2007 0.1567 0.4025 0.0454 0.0247 
 

0.5476 0.7705 0.6350 
Hf ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

Ta ug/g 0.0000 1.7011 0.7923 0.0000 1.1502 3.1997 0.0000 5.4282 3.2851 
 

0.0000 0.0000 0.0000 
W ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

Re ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 3.0964 3.0651 
Ir ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 2.6691 2.5171 

Pt ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 2.8497 1.7003 
Au ug/g 5.1732 0.0000 0.0000 4.6808 0.0000 0.0000 4.7173 0.0000 0.0000 

 
4.8700 0.0000 0.0000 

Hg ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 

0.0000 0.0000 0.0000 
Tl ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

Pb-1 ug/g 12.9438 42.8316 34.0001 7.7189 12.3663 11.9748 16.9887 21.7784 11.5500 
 

0.0000 0.0000 0.0000 
Bi ug/g 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

 
0.0000 0.0000 0.0000 

Th ug/g 0.8188 2.3020 3.5333 1.6396 5.7002 6.0550 4.7331 5.5431 5.8717 
 

3.0889 3.6220 4.9353 
U ug/g 0.2433 0.7348 0.9726 0.3266 1.4609 1.2644 0.4851 1.0260 1.1757 

 
0.4966 1.2456 1.1635 
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Appendix 2 - iv Field data 
 

% Clay pH ECe dS/m 
Boro East A 0-5 35 6.10 0.22 
Boro East A 5-10 35.0 6.61 0.11 
Boro East A 10-20 25 6.61 0.11 
Boro East A 20-40 25 6.61 0.12     

Boro East B 0-5 35.0 4.21 50.4 
Boro East B 5-10 35.0 6.33 20.7 
Boro East B 10-20 35.0 5.98 14.1 
Boro East B 20-40 40.0 6.34 11.7 
Boro East B 40-60 40.0 6.91 6.9 
Boro East B 60-80 40.0 5.77 8.6 
Boro East B 80-100 40.0 6.43 7.4     

Boro East C 0-5 35.0 6.49 1 
Boro East C 5-10 35.0 7.02 5.4 
Boro East C 10-20 35.0 6.27 7.1 
Boro East C 20-40 50.0 6.97 12.0 
Boro East C 40-60 50.0 7.39 15.8 
Boro East C 60-80 50.0 7.27 18.1 
Boro East C 80-100 40.0 7.3 9.5 
Boro East C 120-140 40.0 7.71 4.8     

Boro West A 0-5 35.0 6.37 3.2 
Boro West A 5-30 25.0 7.94 0.3 
Boro West A 30-70 40.0 7.72 3.4 
Boro West A 70-90 40.0 6.46 1.0     

Boro West B 0-5 40.0 6.91 37.4 
Boro West B 5-10 40.0 6.91 22.1 
Boro West B 10-20 45.0 6.77 17.9 
Boro West B 20-40 45.0 7.2 15.6 
Boro West B 40-60 5.0 7.81 17.7 
Boro West B 60-80 5.0 7.45 9.9 
Boro West B 80-100 5.0 7.81 8.4 
Boro West B 100-120 5.0 7.92 6.3     

Boro West C 0-5 35.0 6.56 10.5 
Boro West C 5-10 35.0 7.67 9.9 
Boro West C 10-20 35.0 7.84 15.3 
Boro West C 20-40 40.0 7.48 8.7 
Boro West C 40-60 40.0 7.98 3.0 
Boro West C 60-80 40.0 7.91 1.6 
Boro West C 80-100 40.0 7.82 1.4 
Boro West C 100-120 40.0 6.32 1.0 
Boro West C 120-140 40.0 8.38 1.1 
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Appendix 2 - v Regolith mineralogy 
 

Quartz Plagioclase Muscovite/
Illite 

K-Feldspar Chlorite Kaolinite Halite Calcite Mixed 
Layer Clay 

Fresh Rock 28% 47% 5% 12% 8% 0% 0% 0% 0%           

Boro East A 
Saprolite 

22% 32% 38% 0% 8% 0% 0% 0% 0% 

Boro East A 
Sub-surface 

26% 28% 39% 0% 7% 0% 0% 0% 0% 

Boro East A 
Surface 

54% 26% 12% 8% 0% 0% 0% 0% 0% 

          

Boro West B 
Saprolite 

35% 30% 18% 11% 0% 6% 0% 0% 0% 

Boro West B 
Sub-surface 

63% 21% 6% 10% 0% 0% 0% 0% 0% 

Boro West B 
Surface 

54% 20% 11% 10% 0% 0% 5% 0% 0% 

          

Boro West C 
Saprolite 

48% 6% 34% 12% 0% 0% 0% 0% 0% 

Boro West C 
Sub-surface 

26% 0% 14% 6% 0% 12% 0% 35% 7% 

Boro West C 
Surface 

63% 4% 16% 8% 0% 9% 0% 0% 0% 
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APPENDIX 3 SOLUTE CHEMISTRY 

6.1.1 Solute ICPMS Analysis 
 
Sample ID Calcium Magnesium Sodium Potassium Aluminium Iron Manganese Chloride Sulfate as 

SO4 2- 

Phosphate 

as PO4 3- 

Total 

Alkalinity 

as HCO3 

Nitrate 

 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 

Limestone 

Creek 

3,180.05   4,391.36  14,872.53  2,065.43  131.17  136.46  9.35  2,438.15  2,360.96  3.04  10,000.00  0 

Boro Road 1,401.54 2,108.36 6,984.60 2,353.45 59.70 95.25 3.31 1,000.00 554.19 3.04 4,000.00 0.00 

LFV Fresh 614.77 61.28 17,393.12 4,755.85 1,558.15 264.79 14.37 1,000.00 4,673.15 3.04 48,000.00 0.00 

LFV Slightly 296.44 9.19 10,376.11 5,803.17 299.13 78.16 0.99 1,000.00 4,875.01 3.04 16,000.00 0.00 

LFV Mod 458.27 34.51 9,526.71 5,595.05 660.18 57.82 1.38 1,000.00 6,642.12 3.04 16,000.00 0.00 

LVF Control 253.65 0.99 4.67 85.08 4.06 0.99 0.99 1,000.00 2,734.89 3.04 0.00 0.00 

Boro East A 

0 - 5  

639.20 928.07 3,037.06 2,150.28 169.09 1.00 9.80 1,000.00 2,996.13 13.80 184.45 2,423.58 

Boro East A 

5 -10 

1.00 208.80 3,641.69 842.00 3,348.98 1,442.94 18.33 1,119.87 2,996.13 20.84 506.79 1,268.42 

Boro East A 

10 - 20 

85.46 539.96 4,550.01 991.02 12,139.72 5,277.44 24.98 1,000.00 2,996.13 36.30 1,719.59 19.96 

Boro East A 

20 - 40 

1.00 302.74 3,972.40 637.63 7,448.72 3,250.61 11.48 1,000.00 2,996.13 17.46 1,067.82 8.03 

Boro East A 

40 - 60 

1.00 254.58 3,468.10 530.85 4,895.74 2,628.06 3.03 1,000.00 2,996.13 25.72 732.49 6.87 

Boro East A 

60 - 80 

1.00 138.83 3,245.34 340.93 3,130.21 1,680.52 1.00 1,000.00 2,996.13 53.88 477.23 6.22 

Boro East A 

80 - 100 

1.00 136.27 3,348.37 356.33 2,535.18 1,673.56 1.00 1,000.00 2,996.13 24.12 416.43 5.66 

Boro East A 

100 - 120 

1.00 202.80 3,283.77 392.97 4,579.27 2,736.93 1.00 1,000.00 2,996.13 27.41 684.98 24.54 

Boro East A 

120 - 140 

1.00 281.82 3,899.14 592.94 5,509.39 3,629.70 1.00 1,000.00 2,996.13 29.19 858.30 49.13 
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Sample ID Calcium Magnesium Sodium Potassium Aluminium Iron Manganese Chloride Sulfate as 

SO4 2- 

Phosphate 

as PO4 3- 

Total 

Alkalinity 

as HCO3 

Nitrate 

Boro East B 

0 - 5 

60,208.15 229,031.14 751,569.03 4,000.00 1.00 429.86 11,825.50 105,168.89 2,996.13 20.65  51,772.68 17,876.45 

Boro East B 

5 -10 

10,833.44 35,219.96 406,879.56 2,452.57 1.00 108.80 1,442.90 39,475.02 2,996.13 23.09 19,961.60 7,321.29 

Boro East B 

10 - 20 

6,515.10 24,424.12 268,399.79 1,360.83 1.00 1.00 396.19 24,976.41 2,996.13 24.50 13,204.89 5,359.72 

Boro East B 

20 - 40 

4,166.86 15,453.70 255,670.62 1,155.01 1.00 34.72 51.86 22,778.14 2,996.13 33.58 11,854.56 4,519.04 

Boro East B 

40 - 60 

554.93 2,641.36 166,096.56 318.69 1.00 1.00 20.58 12,673.86 2,996.13 23.75 7,002.44 3,460.41 

Boro East B 

60 - 80 

566.97 3,181.42 218,022.15 455.42 1.00 98.54 1.00 15,405.79 2,996.13 22.15 9,229.36 3,834.04 

Boro East B 

80 - 100 

500.76 2,501.29 178,355.81 380.84 1.00 1.00 1.00 12,364.22 2,996.13 28.41 7,535.94 3,149.05 

Boro East C 

0 - 5 

952.55 1,808.71 9,285.10 4,371.69 212.93 1.00 23.53 3,517.47 2,996.13 273.53 507.06 3,678.36 

Boro East C 

5 -10 

376.69 1,326.78 10,297.48 2,016.21 3,341.77 1,321.14 10.06 1,000.00 2,996.13 513.82 896.22 2,706.92 

Boro East C 

10 - 20 

155.22 539.25 31,693.58 691.96 3,441.83 1,468.22 3.19 1,000.00 2,996.13 45.41 1,757.30 2,137.12 

Boro East C 

20 - 40 

2,268.88 9,803.31 301,905.76 801.13 11.41 80.05 2.16 10,716.98 2,996.13 14.46 13,700.63 683.07 

Boro East C 

40 - 60 

2,654.96 14,437.76 428,891.54 723.45 1.00 1.00 1.30 18,612.23 2,996.13 31.26 19,405.71 177.10 

Boro East C 

60 - 80 

2,237.23 14,736.83 456,451.77 610.43 1.00 57.64 2.16 24,490.33 2,996.13 21.03 20,441.19 102.06 

Boro East C 

80 - 100 

1,167.71 6,773.86 270,238.03 561.58 1.00 89.34 1.00 10,697.59 2,996.13 21,907.78 11,211.31 7,476.97 

Boro East C 

100 - 120 

427.32 2,581.84 174,495.43 464.59 1.00 258.19 1.00 3,561.67 2,996.13 21.12 7,681.05 38.24 
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Boro East C 

120 - 140 

72.96 1,629.04 138,808.65 480.81 1.00 4.74 1.00 1,680.91 2,996.13 21.40 6,076.87 49.76 

Sample ID Calcium Magnesium Sodium Potassium Aluminium Iron Manganese Chloride Sulfate as 

SO4 2- 

Phosphate 

as PO4 3- 

Total 

Alkalinity 

as HCO3 

Nitrate 

Boro East C 

140 - 160 

28.66 1,092.60 119,777.74 359.64 1.00 14.03 1.00 1,000.00 2,996.13 21.31 5,219.45 31.76 

Boro West A 

0 - 5 

2,499.22 2,491.15 4,846.72 8,108.48 114.49 151.06 61.72 1,000.00 2,996.13 31.14 584.76 5,702.21 

Boro West A 

5 -30 

506.78 1,146.74 6,444.05 3,657.20 5,754.41 3,813.82 11.32 1,000.00 2,996.13 28.33 1,134.66 2,738.05 

Boro West A 

30 - 70 

1.00 714.04 7,057.31 1,637.62 14,841.17 7,861.39 1.00 1,000.00 2,996.13 31.47 2,235.33 773.36 

Boro West A 

70 - 90 

41.32 156.13 8,222.69 207.21 2,747.45 917.67 6.15 6,685.58 2,996.13 22.90 464.40 21.45 

Boro West B 

0 - 5 

123,230.93 211,114.37 472,984.37 14,883.65 1.00 1,207.03 11.52 74,402.90 2,996.13 930.59 42,098.05 14,326.93 

Boro West B 

5 -10 

50,294.52 93,381.96 298,647.35 4,660.98 1.00 524.65 6.41 40,124.02 2,996.13 34.68 22,114.62 795.16 

Boro West B 

10 - 20 

30,442.46 56,238.33 252,159.37 2,886.05 1.00 274.83 3.12 24,487.38 2,996.13 25.72 16,395.84 3,055.64 

Boro West B 

20 - 40 

32,034.27 66,457.51 284,272.87 1,158.92 1.00 223.34 2.20 24,026.50 2,996.13 18.02 18,723.98 343.68 

Boro West B 

40 - 60 

24,932.35 39,628.59 151,474.32 665.66 1.00 358.04 2.20 11,939.79 2,996.13 17.65 10,724.07 7.31 

Boro West B 

60 - 80 

15,299.83 25,518.52 72,132.09 570.66 1.00 211.77 1.48 2,201.74 2,996.13 19.81 5,897.55 37.30 

Boro West B 

80 - 100 

11,105.25 24,599.42 51,022.41 492.32 45.86 315.63 2.75 17,308.27 2,996.13 21.78 4,274.81 45.09 

Boro West B 

100 - 120 

9,230.15 20,767.36 37,197.08 975.80 45.58 245.53 3.34 11,070.69 2,996.13 28.47 3,450.10 46.64 

Boro West B 

120 - 140 

3,686.83 9,731.19 13,342.72 1,015.31 47.43 182.51 2.16 6,027.51 2,996.13 17.27 1,369.25 47.58 
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Boro West C 

0 - 5 

30,474.82 26,417.26 119,442.43 28,297.81 69.10 450.30 5.01 19,522.50 2,996.13 1,116.44 8,868.84 7,476.97 

Boro West C 

5 -10 

18,757.73 21,001.21 154,624.63 14,131.01 77.29 409.75 4.47 18,466.95 2,996.13 35.33 9,177.54 798.27 

Sample ID Calcium Magnesium Sodium Potassium Aluminium Iron Manganese Chloride Sulfate as 

SO4 2- 

Phosphate 

as PO4 3- 

Total 

Alkalinity 

as HCO3 

Nitrate 

Boro West C 

10 - 20 

36,968.66 38,064.01 269,588.45 4,011.32 57.63 544.93 4.12 28,241.38 2,996.13 19.24 15,952.99 1,209.27 

Boro West C 

20 - 40 

16,104.96 13,515.51 167,104.35 630.52 56.76 511.81 9.61 14,669.05 2,996.13 17.83 8,748.02 51.00 

Boro West C 

40 - 60 

6,461.33  9,395.09 66,148.53 536.48 53.58 336.93 98.92 3,878.50 2,996.13 20.84 3,834.92 50.69 

Boro West C 

60 - 80 

5,499.15 6,900.97 29,473.72 441.18 55.57 352.97 21.20 1,000.00 2,996.13 19.24 2,063.44 34.37  

Boro West C 

80 - 100 

7,212.45 6,555.40 13,472.33 662.90 48.13 421.07 12.11 1,000.00 2,996.13 21.59 1,431.67 14.91  

Boro West C 

100 - 120 

3,779.92  3,122.87  1,200.20  805.99  57.03  435.94  6.15  1,000.00  2,996.13  21.40  448.12  74.98  

Boro West C 

120 - 140 

5,201.28  3,387.00  42.64  1,205.06 44.84  381.19  5.92  1,000.00  2,996.13  16.24  498.18  31.57 
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APPENDIX 4 DIFFUSION CALCULATIONS 

These calculations were performed by applying the parameter set out in Parts 1-5 of the thesis to 
Fick’s first and second laws. This was done using Jupyter notebook and Python scripts to run the 
calculations. The points for the diffusion curves were plotted in Excel, using the CSV printout of 
X and Y coordinates, generated from running the scripts. The following sections provide all the 
calculations, parameters and scripts that were used to evaluate diffusion for Na+, Cl- and HCO3

-. 

Appendix 4 - i Na+ calculations 
Na+ diffusion in LFV Saprolite 
Scenario 1 part 1 - Calculation of the effective diffusion coefficient of Na+ in weathered 
felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 578.4*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2479 
tortuisity = 1.95 
D_solution = 1.33e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 8.670795529257069e-07 cm^2/s 
DcDx: -2.3136e-05 g/cm^3/cm 
Flux: 2.0060752536489155e-11 g/cm^2/s 
Flux 0.0006330562048778664 g/cm^2/y 



332 
 

Scenario 1 part 2 - change in concentration of Na+ over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.01848937212264297 
4.081632653061225,0.09577124892701308 
6.122448979591837,0.1738152805433144 
8.16326530612245,0.23886254199953505 
10.204081632653061,0.292117705052537 
12.244897959183675,0.3362013554317328 
14.285714285714286,0.37327299631668187 
16.3265306122449,0.4049265958147463 
18.367346938775512,0.4323227837885507 
20.408163265306122,0.45631523255386264 
22.448979591836736,0.47754229796824577 
24.48979591836735,0.4964898105782384 
26.53061224489796,0.5135338249529375 
28.571428571428573,0.5289700083683619 
30.612244897959183,0.5430341544034982 
32.6530612244898,0.5559167436099312 
34.69387755102041,0.5677734525532239 
36.734693877551024,0.5787328603871256 
38.775510204081634,0.5889021852729288 
40.816326530612244,0.5983716138933444 
42.85714285714286,0.6072176112691233 
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44.89795918367347,0.6155054811721625 
46.93877551020408,0.6232913685924355 
48.9795918367347,0.6306238417582488 
51.02040816326531,0.6375451537467167 
53.06122448979592,0.6440922573549834 
55.10204081632653,0.6502976281057711 
57.142857142857146,0.6561899366969137 
59.183673469387756,0.6617946023045707 
61.224489795918366,0.6671342508462648 
63.26530612244898,0.6722290968672024 
65.3061224489796,0.6770972636187768 
67.34693877551021,0.6817550527901495 
69.38775510204081,0.686217172974726 
71.42857142857143,0.6904969341176954 
73.46938775510205,0.6946064137638127 
75.51020408163265,0.6985565998073588 
77.55102040816327,0.7023575135656148 
79.59183673469389,0.7060183162986442 
81.63265306122449,0.7095474017407091 
83.6734693877551,0.7129524767611882 
85.71428571428572,0.7162406319117294 
87.75510204081633,0.7194184033234089 
89.79591836734694,0.7224918271787908 
91.83673469387756,0.725466487788113 
93.87755102040816,0.7283475601377959 
95.91836734693878,0.7311398476463944 
97.9591836734694,0.7338478157526578 
100.0,0.736475621868347 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

15.988185471886917 
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def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

24.89326353375337 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

2880.073515124692 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

72092.4737437596 

Na+ diffusion in LFV saprock 
Scenario 2 part 1 - Calculation of the effective diffusion coefficient of Na+ in weathered 
felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 578.4*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .0036 
tortuisity = 3.5 
D_solution = 1.33e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
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dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 3.908571428571428e-09 cm^2/s 
DcDx: -2.3136e-05 g/cm^3/cm 
Flux: 9.042870857142857e-14 g/cm^2/s 
Flux 2.8536544158105595e-06 g/cm^2/y 

Scenario 2 part 2 - change in concentration of Na+ over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,2.356476086538636e-05 
4.081632653061225,0.0027921924321080496 
6.122448979591837,0.014642246766820554 
8.16326530612245,0.03450995967686107 
10.204081632653061,0.058641076760128544 
12.244897959183675,0.08432501436003824 
14.285714285714286,0.1100250025708901 
16.3265306122449,0.13494897869459993 
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18.367346938775512,0.15872438191188565 
20.408163265306122,0.18120621857081975 
22.448979591836736,0.2023703257325148 
24.48979591836735,0.22225479958036742 
26.53061224489796,0.24092789041802498 
28.571428571428573,0.25847043076377674 
30.612244897959183,0.2749663049489167 
32.6530612244898,0.290497406144853 
34.69387755102041,0.30514111135402777 
36.734693877551024,0.31896916885446636 
38.775510204081634,0.3320473705001171 
40.816326530612244,0.3444356496471498 
42.85714285714286,0.3561883982931223 
44.89795918367347,0.36735488507981395 
46.93877551020408,0.3779797070315237 
48.9795918367347,0.388103237869178 
51.02040816326531,0.39776205330421377 
53.06122448979592,0.4069893239695751 
55.10204081632653,0.4158151725606073 
57.142857142857146,0.42426699509012566 
59.183673469387756,0.4323697479543728 
61.224489795918366,0.44014620338709487 
63.26530612244898,0.4476171762258432 
65.3061224489796,0.4548017249564803 
67.34693877551021,0.46171732987680225 
69.38775510204081,0.4683800510109538 
71.42857142857143,0.4748046681619916 
73.46938775510205,0.48100480523890876 
75.51020408163265,0.4869930407524655 
77.55102040816327,0.4927810061494108 
79.59183673469389,0.498379473450669 
81.63265306122449,0.5037984334767063 
83.6734693877551,0.5090471657819242 
85.71428571428572,0.5141343012781519 
87.75510204081633,0.5190678784033181 
89.79591836734694,0.5238553935833051 
91.83673469387756,0.5285038466409453 
93.87755102040816,0.533019781724417 
95.91836734693878,0.5374093242563145 
97.9591836734694,0.5416782143430257 
100.0,0.5458318370304949 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
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𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

51.50697489299533 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

80.19526056238759 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

9278.343342610779 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

232250.5728760172 

Na+ diffusion in LFV Fresh - Rind 
Scenario 3 part 1 - Calculation of the effective diffusion coefficient of Na+ in weathered 
felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  
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So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 578.4*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2864 
tortuisity = 1.87 
D_solution = 1.33e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 1.089284795104235e-06 cm^2/s 
DcDx: -2.3136e-05 g/cm^3/cm 
Flux: 2.520169301953158e-11 g/cm^2/s 
Flux 0.000795288616936093 g/cm^2/y 

Scenario 3 part 2 - change in concentration of Na+ over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
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for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.023881742202493263 
4.081632653061225,0.11018261125848072 
6.122448979591837,0.19214852574918984 
8.16326530612245,0.258681402555791 
10.204081632653061,0.31236723254230736 
12.244897959183675,0.35640148932733984 
14.285714285714286,0.3931982330412077 
16.3265306122449,0.4244722478553796 
18.367346938775512,0.45144462424690446 
20.408163265306122,0.4750003497369879 
22.448979591836736,0.49579424065708544 
24.48979591836735,0.5143206972812702 
26.53061224489796,0.5309600247408367 
28.571428571428573,0.5460097310140433 
30.612244897959183,0.5597060956661962 
32.6530612244898,0.5722393289241411 
34.69387755102041,0.5837644266303794 
36.734693877551024,0.5944090792384422 
38.775510204081634,0.6042795272423187 
40.816326530612244,0.6134649603349313 
42.85714285714286,0.6220408672577898 
44.89795918367347,0.6300716183287248 
46.93877551020408,0.6376124791428723 
48.9795918367347,0.6447111972395818 
51.02040816326531,0.6514092644178714 
53.06122448979592,0.6577429300125315 
55.10204081632653,0.6637440210259768 
57.142857142857146,0.6694406110600699 
59.183673469387756,0.6748575698487234 
61.224489795918366,0.6800170177344871 
63.26530612244898,0.6849387038919317 
65.3061224489796,0.689640322944133 
67.34693877551021,0.694137781471512 
69.38775510204081,0.6984454235088533 
71.42857142857143,0.702576222275827 
73.46938775510205,0.7065419439505733 
75.51020408163265,0.7103532881738452 
77.55102040816327,0.7140200090882468 
79.59183673469389,0.7175510200178002 
81.63265306122449,0.7209544843357869 
83.6734693877551,0.7242378946220966 
85.71428571428572,0.7274081418512577 
87.75510204081633,0.7304715760605476 
89.79591836734694,0.7334340597099693 
91.83673469387756,0.7363010147514266 
93.87755102040816,0.7390774642645737 
95.91836734693878,0.7417680693848214 
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97.9591836734694,0.7443771621395363 
100.0,0.7469087747173491 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

14.703244122719626 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

22.892637278417407 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

2648.6072518184196 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

66298.53292164447 
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Na+ diffusion in LFV Fresh - Transition 
Scenario 4 part 1 - Calculation of the effective diffusion coefficient of Na+ in weathered 
felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 578.4*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2218 
tortuisity = 2.0 
D_solution = 1.33e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 7.374849999999999e-07 cm^2/s 
DcDx: -2.3136e-05 g/cm^3/cm 
Flux: 1.706245296e-11 g/cm^2/s 
Flux 0.0005384390090609778 g/cm^2/y 

Scenario 4 part 2 - change in concentration of Na+ over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 
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𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.015689000691594505 
4.081632653061225,0.08755840069289808 
6.122448979591837,0.1630401894383151 
8.16326530612245,0.22703360275181406 
10.204081632653061,0.27991967129154405 
12.244897959183675,0.32395802391172324 
14.285714285714286,0.3611431420299456 
16.3265306122449,0.39298858640371925 
18.367346938775512,0.4206136930655596 
20.408163265306122,0.4448501142002106 
22.448979591836736,0.4663241988427137 
24.48979591836735,0.4855151962246158 
26.53061224489796,0.502795615610564 
28.571428571428573,0.5184593178104515 
30.612244897959183,0.5327413002432773 
32.6530612244898,0.5458318370304949 
34.69387755102041,0.5578867399228672 
36.734693877551024,0.5690349161184269 
38.775510204081634,0.5793840145470479 
40.816326530612244,0.5890247005259406 
42.85714285714286,0.5980339322875998 
44.89795918367347,0.6064775014560162 
46.93877551020408,0.6144120239121738 
48.9795918367347,0.6218865154394762 
51.02040816326531,0.6289436502349612 
53.06122448979592,0.6356207747201859 
55.10204081632653,0.6419507307358414 
57.142857142857146,0.6479625289235218 
59.183673469387756,0.6536819033794639 
61.224489795918366,0.65913177147859 
63.26530612244898,0.6643326174005759 
65.3061224489796,0.6693028138447161 
67.34693877551021,0.6740588933447944 
69.38775510204081,0.6786157782372505 
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71.42857142857143,0.6829869765140444 
73.46938775510205,0.6871847493734531 
75.51020408163265,0.6912202551703935 
77.55102040816327,0.695103673590681 
79.59183673469389,0.6988443131770938 
81.63265306122449,0.7024507047787123 
83.6734693877551,0.7059306830479892 
85.71428571428572,0.7092914577489409 
87.75510204081633,0.7125396763467046 
89.79591836734694,0.7156814791095114 
91.83673469387756,0.7187225477580496 
93.87755102040816,0.7216681485357357 
95.91836734693878,0.7245231704398869 
97.9591836734694,0.727292159242904 
100.0,0.7299793478401481 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

 
 
The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

16.818604046692354 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

26.186207530575537 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
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    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

3029.6631322810704 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

75836.92175543417 

Na+ diffusion in LFV Fresh - Least Weathered Equivalent 
Calculation of the effective diffusion coefficient of Na+ in weathered felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

Scenario 5 part 1 - Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 578.4*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2076 
tortuisity = 2.04 
D_solution = 1.33e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 6.634659746251442e-07 cm^2/s 
DcDx: -2.3136e-05 g/cm^3/cm 
Flux: 1.5349948788927338e-11 g/cm^2/s 
Flux 0.0004843975971346381 g/cm^2/y 
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Scenario 5 part 2 - change in concentration of Na+ over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.013724574723535773 
4.081632653061225,0.08140550104899039 
6.122448979591837,0.15478902578857456 
8.16326530612245,0.21787579393656709 
10.204081632653061,0.2704139366303916 
12.244897959183675,0.3143751631609556 
14.285714285714286,0.3516193934914842 
16.3265306122449,0.38359347927337684 
18.367346938775512,0.4113819371782744 
20.408163265306122,0.4357975272283955 
22.448979591836736,0.4574560833257274 
24.48979591836735,0.4768309344093955 
26.53061224489796,0.4942912745050284 
28.571428571428573,0.5101291635175369 
30.612244897959183,0.524578693629675 
32.6530612244898,0.5378297684698141 
34.69387755102041,0.550038148624466 
36.734693877551024,0.5613328785724288 
38.775510204081634,0.5718218523987443 
40.816326530612244,0.5815960384470091 
42.85714285714286,0.5907327247347424 
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44.89795918367347,0.5992980401536891 
46.93877551020408,0.607348933555218 
48.9795918367347,0.6149347423972289 
51.02040816326531,0.6220984473181087 
53.06122448979592,0.6288776839688982 
55.10204081632653,0.635305565474486 
57.142857142857146,0.6414113558628556 
59.183673469387756,0.6472210252435863 
61.224489795918366,0.6527577104352069 
63.26530612244898,0.6580420994433446 
65.3061224489796,0.6630927541922909 
67.34693877551021,0.6679263828673397 
69.38775510204081,0.6725580708875237 
71.42857142857143,0.6770014777199123 
73.46938775510205,0.6812690053373852 
75.51020408163265,0.6853719430160254 
77.55102040816327,0.6893205922949028 
79.59183673469389,0.6931243752269287 
81.63265306122449,0.6967919284945405 
83.6734693877551,0.7003311855178476 
85.71428571428572,0.7037494483222444 
87.75510204081633,0.7070534506395294 
89.79591836734694,0.710249413477366 
91.83673469387756,0.7133430941957328 
93.87755102040816,0.7163398299673615 
95.91836734693878,0.7192445763654189 
97.9591836734694,0.7220619417105714 
100.0,0.7247962177168886 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

17.498075650178723 
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def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

27.24413031481079 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

3152.0615228252254 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

78900.73339435372 

 

Appendix 4 - ii Cl- calculations 
Cl- diffusion in LFV Saprolite 
Scenario 1 part 1 - Calculation of the effective diffusion coefficient of Cl- in weathered 
felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

 
Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 917.1*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2479 
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tortuisity = 1.95 
D_solution = 2.03e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 1.3234372123602893e-06 cm^2/s 
DcDx: -3.6684e-05 g/cm^3/cm 
Flux: 4.854897069822486e-11 g/cm^2/s 
Flux 0.0015320575379732882 g/cm^2/y 

Scenario 1 part 2 - change in concentration of Cl- over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.05655390215459584 
4.081632653061225,0.1775713126689883 
6.122448979591837,0.2709582607896397 
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8.16326530612245,0.34040192778344613 
10.204081632653061,0.39381387512535604 
12.244897959183675,0.43631880766297926 
14.285714285714286,0.4711057826840034 
16.3265306122449,0.5002252476019845 
18.367346938775512,0.5250496009080858 
20.408163265306122,0.5465319632430253 
22.448979591836736,0.5653558293560407 
24.48979591836735,0.5820250024400804 
26.53061224489796,0.5969197065498906 
28.571428571428573,0.6103328115740387 
30.612244897959183,0.6224939402404478 
32.6530612244898,0.6335859478580443 
34.69387755102041,0.6437564594273998 
36.734693877551024,0.6531261192517572 
38.775510204081634,0.6617946023045707 
40.816326530612244,0.6698450694602912 
42.85714285714286,0.6773475202045621 
44.89795918367347,0.6843613507571071 
46.93877551020408,0.6909373305859292 
48.9795918367347,0.6971191471451607 
51.02040816326531,0.7029446258974584 
53.06122448979592,0.7084467032192442 
55.10204081632653,0.7136542091755815 
57.142857142857146,0.7185925025247906 
59.183673469387756,0.723283989795392 
61.224489795918366,0.7277485526221428 
63.26530612244898,0.7320039018914479 
65.3061224489796,0.7360658730524554 
67.34693877551021,0.7399486737985068 
69.38775510204081,0.7436650929332294 
71.42857142857143,0.7472266774067444 
73.46938775510205,0.7506438830968485 
75.51020408163265,0.7539262038135806 
77.55102040816327,0.757082282147171 
79.59183673469389,0.7601200051026735 
81.63265306122449,0.7630465869277039 
83.6734693877551,0.7658686411111275 
85.71428571428572,0.7685922431864198 
87.75510204081633,0.7712229856955932 
89.79591836734694,0.7737660264441005 
91.83673469387756,0.7762261309931877 
93.87755102040816,0.7786077101854337 
95.91836734693878,0.7809148533751032 
97.9591836734694,0.7831513579323153 
100.0,0.785320755504817 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 
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𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

10.475018067787982 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

16.309379556597037 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

1886.9447168058332 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

47233.00003901493 

Cl- diffusion in LFV saprock 
Scenario 2 part 1 - Calculation of the effective diffusion coefficient of Cl- in weathered 
felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

 
Calculation of flux dC/dx 
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According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 917.1*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .0036 
tortuisity = 3.5 
D_solution = 2.03e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 5.965714285714285e-09 cm^2/s 
DcDx: -3.6684e-05 g/cm^3/cm 
Flux: 2.1884626285714284e-13 g/cm^2/s 
Flux 6.906121012362239e-06 g/cm^2/y 

Scenario 2 part 2 - change in concentration of Cl- over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 
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def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.0006208031766273155 
4.081632653061225,0.01552165265422739 
6.122448979591837,0.04816612549212014 
8.16326530612245,0.08704799424983034 
10.204081632653061,0.12588672798459466 
12.244897959183675,0.1623618076116462 
14.285714285714286,0.1958277926747234 
16.3265306122449,0.22628404221511622 
18.367346938775512,0.253958867929835 
20.408163265306122,0.279143722888223 
22.448979591836736,0.3021283254370867 
24.48979591836735,0.3231771822389702 
26.53061224489796,0.3425231897803286 
28.571428571428573,0.36036811168567695 
30.612244897959183,0.3768855790556065 
32.6530612244898,0.39222476016537966 
34.69387755102041,0.4065139372562455 
36.734693877551024,0.419863709122268 
38.775510204081634,0.43236974795437266 
40.816326530612244,0.4441151263774159 
42.85714285714286,0.4551722628567998 
44.89795918367347,0.46560454138566076 
46.93877551020408,0.47546765879159536 
48.9795918367347,0.48481074665704016 
51.02040816326531,0.4936773076645098 
53.06122448979592,0.5021059993963818 
55.10204081632653,0.5101312926873007 
57.142857142857146,0.5177840266356062 
59.183673469387756,0.5250918782671101 
61.224489795918366,0.532079761494713 
63.26530612244898,0.5387701673059323 
65.3061224489796,0.5451834549218976 
67.34693877551021,0.5513381019059814 
69.38775510204081,0.5572509197750428 
71.42857142857143,0.5629372405136698 
73.46938775510205,0.568411078457442 
75.51020408163265,0.5736852712516327 
77.55102040816327,0.5787716029723236 
79.59183673469389,0.5836809119901005 
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81.63265306122449,0.5884231857404456 
83.6734693877551,0.593007644222221 
85.71428571428572,0.5974428137623575 
87.75510204081633,0.6017365923499052 
89.79591836734694,0.6058963076470743 
91.83673469387756,0.6099287686216373 
93.87755102040816,0.6138403116083025 
95.91836734693878,0.6176368414917421 
97.9591836734694,0.6213238686070786 
100.0,0.624906541871718 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

33.74594906782454 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

52.541722437426365 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

6078.914603779477 
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def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

152164.1684360113 

Cl- diffusion in LFV Fresh - Rind 
Scenario 3 part 1 - Calculation of the effective diffusion coefficient of Cl- in weathered 
felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

 
Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 917.1*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2864 
tortuisity = 1.87 
D_solution = 2.03e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 1.6625925820012006e-06 cm^2/s 
DcDx: -3.6684e-05 g/cm^3/cm 
Flux: 6.099054627813206e-11 g/cm^2/s 
Flux 0.0019246757413527917 g/cm^2/y 

Scenario 3 part 2 - change in concentration of Cl- over time 
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The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.0674719290762052 
4.081632653061225,0.19602590078454707 
6.122448979591837,0.29110756283252226 
8.16326530612245,0.3605809130199753 
10.204081632653061,0.4135068850935414 
12.244897959183675,0.45537199950072926 
14.285714285714286,0.48949350410452475 
16.3265306122449,0.5179694877631692 
18.367346938775512,0.542189218261004 
20.408163265306122,0.5631102048635868 
22.448979591836736,0.581415183812501 
24.48979591836735,0.5976051710481082 
26.53061224489796,0.6120569453279017 
28.571428571428573,0.6250598783173611 
30.612244897959183,0.6368402985246879 
32.6530612244898,0.6475780663999113 
34.69387755102041,0.6574181318943992 
36.734693877551024,0.6664787709122048 
38.775510204081634,0.6748575698487234 
40.816326530612244,0.6826358499201264 
42.85714285714286,0.6898819893932948 
44.89795918367347,0.6966539536027578 
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46.93877551020408,0.7030012464268687 
48.9795918367347,0.7089664331388841 
51.02040816326531,0.7145863414981388 
53.06122448979592,0.7198930183731914 
55.10204081632653,0.724914498550447 
57.142857142857146,0.7296754277681183 
59.183673469387756,0.73419757152801 
61.224489795918366,0.7385002336174018 
63.26530612244898,0.7426006026721858 
65.3061224489796,0.7465140409509853 
67.34693877551021,0.7502543263670732 
69.38775510204081,0.7538338564593112 
71.42857142857143,0.7572638211755955 
73.46938775510205,0.7605543499494452 
75.51020408163265,0.7637146374688267 
77.55102040816327,0.7667530516903516 
79.59183673469389,0.7696772269857024 
81.63265306122449,0.7724941447789578 
83.6734693877551,0.7752102036121683 
85.71428571428572,0.7778312802385043 
87.75510204081633,0.7803627830695585 
89.79591836734694,0.7828096990821779 
91.83673469387756,0.785176635109873 
93.87755102040816,0.7874678542961457 
95.91836734693878,0.7896873083655366 
97.9591836734694,0.7918386662677424 
100.0,0.793925339666793 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

9.63315994247148 
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def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

14.998624423790714 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

1735.294406363792 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

43436.96984521534 

Cl- diffusion in LFV Fresh - Transition 
Scenario 4 part 1 - Calculation of the effective diffusion coefficient of Cl- in weathered 
felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

 
Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 917.1*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2218 
tortuisity = 2.0 
D_solution = 2.03e-5 # cm^2/s 
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D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 1.125635e-06 cm^2/s 
DcDx: -3.6684e-05 g/cm^3/cm 
Flux: 4.129279434e-11 g/cm^2/s 
Flux 0.0013030747289332514 g/cm^2/y 

Scenario 4 part 2 - change in concentration of Cl- over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.0505083274297694 
4.081632653061225,0.166713377006658 
6.122448979591837,0.2588617223753509 
8.16326530612245,0.3281649312167756 
10.204081632653061,0.3817992350371543 
12.244897959183675,0.4246476335894138 
14.285714285714286,0.45980982417975746 
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16.3265306122449,0.48930107163088354 
18.367346938775512,0.5144799562509769 
20.408163265306122,0.5362947899474199 
22.448979591836736,0.5554281879789522 
24.48979591836735,0.5723847784021261 
26.53061224489796,0.5875462985998005 
28.571428571428573,0.6012073467013614 
30.612244897959183,0.6135992689096734 
32.6530612244898,0.6249065418717181 
34.69387755102041,0.6352782721924359 
36.734693877551024,0.6448364375602257 
38.775510204081634,0.653681903379464 
40.816326530612244,0.6618988892374732 
42.85714285714286,0.6695583348908016 
44.89795918367347,0.6767204717590867 
46.93877551020408,0.6834368119945388 
48.9795918367347,0.6897517045869712 
51.02040816326531,0.6957035654686929 
53.06122448979592,0.7013258592570637 
55.10204081632653,0.7066478897226713 
57.142857142857146,0.7116954414668291 
59.183673469387756,0.7164913047768955 
61.224489795918366,0.721055707964684 
63.26530612244898,0.7254066758451538 
65.3061224489796,0.729560328805861 
67.34693877551021,0.7335311337535312 
69.38775510204081,0.7373321158222941 
71.42857142857143,0.7409750378891149 
73.46938775510205,0.7444705535224843 
75.51020408163265,0.7478283378863595 
77.55102040816327,0.7510572002564236 
79.59183673469389,0.7541651811235194 
81.63265306122449,0.7571596363175619 
83.6734693877551,0.7600473101527006 
85.71428571428572,0.7628343992470479 
87.75510204081633,0.7655266083896408 
89.79591836734694,0.7681291995994267 
91.83673469387756,0.7706470353351137 
93.87755102040816,0.7730846166622729 
95.91836734693878,0.7754461170585102 
97.9591836734694,0.7777354124336646 
100.0,0.7799561078557179 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
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𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

11.019085409901885 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

17.156480795894318 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

1984.9517073565632 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

49686.25908114653 

Cl- diffusion in LFV Fresh - Least Weathered Equivalent 
Scenario 5 part 1 - Calculation of the effective diffusion coefficient of Cl- in weathered 
felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
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The conversion is: 
1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 917.1*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2076 
tortuisity = 2.04 
D_solution = 2.03e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 1.0126585928489042e-06 cm^2/s 
DcDx: -3.6684e-05 g/cm^3/cm 
Flux: 3.714836782006921e-11 g/cm^2/s 
Flux 0.0011722892601762685 g/cm^2/y 

Scenario 5 part 2 - change in concentration of Cl- over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
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t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.04607055576924495 
4.081632653061225,0.15839249697750557 
6.122448979591837,0.2494578066088109 
8.16326530612245,0.3185834167062078 
10.204081632653061,0.3723513031241563 
12.244897959183675,0.4154434593468691 
14.285714285714286,0.450883306209801 
16.3265306122449,0.48065509264668826 
18.367346938775512,0.5061045817565495 
20.408163265306122,0.5281751162565793 
22.448979591836736,0.5475478676795609 
24.48979591836735,0.564727619966279 
26.53061224489796,0.5800969681094508 
28.571428571428573,0.5939516392987774 
30.612244897959183,0.6065241724275279 
32.6530612244898,0.6180002019625515 
34.69387755102041,0.6285299137898883 
36.734693877551024,0.6382362703699338 
38.775510204081634,0.6472210252435863 
40.816326530612244,0.6555691940268771 
42.85714285714286,0.6633524278222935 
44.89795918367347,0.670631593083242 
46.93877551020408,0.677458769009742 
48.9795918367347,0.6838788114613402 
51.02040816326531,0.6899305901537558 
53.06122448979592,0.6956479767247989 
55.10204081632653,0.7010606407792355 
57.142857142857146,0.7061946964527994 
59.183673469387756,0.7110732315338861 
61.224489795918366,0.7157167435204657 
63.26530612244898,0.7201435013382698 
65.3061224489796,0.7243698472335571 
67.34693877551021,0.7284104501827442 
69.38775510204081,0.7322785197524293 
71.42857142857143,0.7359859874978727 
73.46938775510205,0.7395436615626575 
75.51020408163265,0.7429613590330425 
77.55102040816327,0.746248019731095 
79.59183673469389,0.7494118044446233 
81.63265306122449,0.7524601800470548 
83.6734693877551,0.755399993525045 
85.71428571428572,0.7582375365817381 
87.75510204081633,0.7609786022008938 
89.79591836734694,0.7636285343274744 
91.83673469387756,0.7661922716328476 
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93.87755102040816,0.7686743861790335 
95.91836734693878,0.7710791176697793 
97.9591836734694,0.7734104038714567 
100.0,0.7756719076997104 
 
 
C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

11.464256460461923 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

17.84960262004845 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

2065.1437563337686 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 



364 
 

51693.583948024854 

 

Appendix 4 - iii HCO3
- calculations 

HCO3- diffusion in LFV Saprolite 
Scenario 1 part 1 - Calculation of the effective diffusion coefficient of HCO3- in 
weathered felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

 
Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 352.9*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2479 
tortuisity = 1.95 
D_solution = 0.92e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 5.99784352399737e-07 cm^2/s 
DcDx: -1.4115999999999998e-05 g/cm^3/cm 
Flux: 8.466555918474686e-12 g/cm^2/s 
Flux 0.00026717869872462153 g/cm^2/y 

Scenario 1 part 2 - change in concentration of HCO3- over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 
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𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.004620789950880111 
4.081632653061225,0.04520190982775929 
6.122448979591837,0.10199551868537153 
8.16326530612245,0.15672494125201278 
10.204081632653061,0.2052756768556373 
12.244897959183675,0.24755839350505238 
14.285714285714286,0.2843826344017192 
16.3265306122449,0.3166405522182869 
18.367346938775512,0.34511081032505864 
20.408163265306122,0.3704310299984789 
22.448979591836736,0.3931136988286288 
24.48979591836735,0.4135698053490615 
26.53061224489796,0.43213041367518057 
28.571428571428573,0.4490641457203892 
30.612244897959183,0.46459077185897835 
32.6530612244898,0.4788916298305539 
34.69387755102041,0.49211759533581756 
36.734693877551024,0.5043952010046657 
38.775510204081634,0.5158313631764309 
40.816326530612244,0.5265170607072076 
42.85714285714286,0.5365302211691452 
44.89795918367347,0.5459380036397274 
46.93877551020408,0.554798618690808 
48.9795918367347,0.5631627906483707 
51.02040816326531,0.5710749411650493 
53.06122448979592,0.5785741540025183 
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55.10204081632653,0.5856949667565783 
57.142857142857146,0.5924680247077618 
59.183673469387756,0.5989206240659704 
61.224489795918366,0.6050771658971146 
63.26530612244898,0.6109595374674535 
65.3061224489796,0.6165874342513107 
67.34693877551021,0.6219786331534811 
69.38775510204081,0.6271492254034027 
71.42857142857143,0.6321138159397467 
73.46938775510205,0.6368856948141721 
75.51020408163265,0.641476985121329 
77.55102040816327,0.6458987711482862 
79.59183673469389,0.6501612097845599 
81.63265306122449,0.6542736277088192 
83.6734693877551,0.6582446064432956 
85.71428571428572,0.6620820570211666 
87.75510204081633,0.6657932857296103 
89.79591836734694,0.6693850521592499 
91.83673469387756,0.6728636205994379 
93.87755102040816,0.6762348056604817 
95.91836734693878,0.6795040128722798 
97.9591836734694,0.6826762748990161 
100.0,0.6857562839175729 
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auncher.py:2: RuntimeWarning: divide by zero encountered in true_divide 
   

The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

23.11335508435826 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
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time_in_years = compute_time(50,D_e) 
print(time_in_years) 

35.98700054336085 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

4163.5845381693925 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

104220.6413904351 

HCO3- diffusion in LFV saprock 
Scenario 2 part 1 - Calculation of the effective diffusion coefficient of HCO3- in 
weathered felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

 
Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 352.9*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .0036 
tortuisity = 3.5 
D_solution = 0.92e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
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print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 2.7036734693877552e-09 cm^2/s 
DcDx: -1.4115999999999998e-05 g/cm^3/cm 
Flux: 3.816505469387755e-14 g/cm^2/s 
Flux 1.2043727990520684e-06 g/cm^2/y 

Scenario 2 part 2 - change in concentration of HCO3- over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,3.7015839115754025e-07 
4.081632653061225,0.00032474490309213994 
6.122448979591837,0.0033346836935914236 
8.16326530612245,0.011026796694315026 
10.204081632653061,0.02299616322133817 
12.244897959183675,0.03794849801190563 
14.285714285714286,0.05467413923435684 
16.3265306122449,0.0722787579155185 
18.367346938775512,0.09015784857240153 
20.408163265306122,0.10792146960728137 
22.448979591836736,0.12532703850735932 
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24.48979591836735,0.14223005936000677 
26.53061224489796,0.15855035890009805 
28.571428571428573,0.1742495474930128 
30.612244897959183,0.18931611570603024 
32.6530612244898,0.20375560373912116 
34.69387755102041,0.21758411597132055 
36.734693877551024,0.2308240410407557 
38.775510204081634,0.24350123073315955 
40.816326530612244,0.25564314801636845 
42.85714285714286,0.26727766174710244 
44.89795918367347,0.2784322744269294 
46.93877551020408,0.2891336405844046 
48.9795918367347,0.2994072802342663 
51.02040816326531,0.3092774229466452 
53.06122448979592,0.31876693882185403 
55.10204081632653,0.3278973266347286 
57.142857142857146,0.336688738872604 
59.183673469387756,0.3451600298362969 
61.224489795918366,0.3533288173875341 
63.26530612244898,0.36121155196205246 
65.3061224489796,0.36882358856205866 
67.34693877551021,0.376179258889472 
69.38775510204081,0.3832919417824371 
71.42857142857143,0.39017413080880925 
73.46938775510205,0.396837498345775 
75.51020408163265,0.403292955799623 
77.55102040816327,0.4095507098392148 
79.59183673469389,0.41562031466256555 
81.63265306122449,0.4215107204103542 
83.6734693877551,0.42723031789871746 
85.71428571428572,0.4327869798773989 
87.75510204081633,0.4381880990359647 
89.79591836734694,0.4434406229858745 
91.83673469387756,0.4485510864435853 
93.87755102040816,0.45352564083228064 
95.91836734693878,0.4583700815091919 
97.9591836734694,0.4630898728131351 
100.0,0.467690171113733 
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The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
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𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

74.46117022574325 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

115.93445276953857 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

13413.257223556884 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

335753.54557076393 

HCO3- diffusion in LFV Fresh - Rind 
Scenario 3 part 1 - Calculation of the effective diffusion coefficient of HCO3- in 
weathered felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

 
Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  
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x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 352.9*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2864 
tortuisity = 1.87 
D_solution = 0.92e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 7.534902342074407e-07 cm^2/s 
DcDx: -1.4115999999999998e-05 g/cm^3/cm 
Flux: 1.0636268146072232e-11 g/cm^2/s 
Flux 0.0003356482033447304 g/cm^2/y 

Scenario 3 part 2 - change in concentration of HCO3- over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
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plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.0066046655144280176 
4.081632653061225,0.054781434074307744 
6.122448979591837,0.11684193030897017 
8.16326530612245,0.17444041837517876 
10.204081632653061,0.2244814064318681 
12.244897959183675,0.2674896211418306 
14.285714285714286,0.3046055860088476 
16.3265306122449,0.33690281222644325 
18.367346938775512,0.36526293343929717 
20.408163265306122,0.39038410948499425 
22.448979591836736,0.41281549534009454 
24.48979591836735,0.43299082310865233 
26.53061224489796,0.4512555164659595 
28.571428571428573,0.46788736920345364 
30.612244897959183,0.48311203914626766 
32.6530612244898,0.4971146321629356 
34.69387755102041,0.5100484034359836 
36.734693877551024,0.5220413443764409 
38.775510204081634,0.5332012145759789 
40.816326530612244,0.543619422752757 
42.85714285714286,0.5533740486187078 
44.89795918367347,0.5625322177255285 
46.93877551020408,0.5711519844675867 
48.9795918367347,0.5792838377590924 
51.02040816326531,0.5869719146488325 
53.06122448979592,0.5942549859246611 
55.10204081632653,0.6011672622509459 
57.142857142857146,0.607739057944293 
59.183673469387756,0.6139973409846002 
61.224489795918366,0.6199661914757927 
63.26530612244898,0.6256671859430508 
65.3061224489796,0.6311197211730066 
67.34693877551021,0.6363412884762472 
69.38775510204081,0.6413477070638367 
71.42857142857143,0.6461533235249657 
73.46938775510205,0.6507711830557142 
75.51020408163265,0.6552131770333989 
77.55102040816327,0.6594901706926213 
79.59183673469389,0.6636121139894573 
81.63265306122449,0.6675881382022723 
83.6734693877551,0.6714266403832156 
85.71428571428572,0.6751353574218748 
87.75510204081633,0.6787214311949816 
89.79591836734694,0.6821914660404527 
91.83673469387756,0.6855515796001215 
93.87755102040816,0.6888074479152302 
95.91836734693878,0.6919643455257504 
97.9591836734694,0.6950271812137552 
100.0,0.6980005299384076 
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C:\Program Files\ArcGIS\Pro\bin\Python\envs\arcgispro-py3\lib\site-packages\ipykernel_l
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The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

21.255776829583805 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

33.0947908481469 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

3828.9648314331494 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

95844.61824542079 

HCO3- diffusion in LFV Fresh - Transition 
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Scenario 4 part 1 - Calculation of the effective diffusion coefficient of HCO3- in 
weathered felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

 
Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 352.9*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2218 
tortuisity = 2.0 
D_solution = 0.92e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 5.1014e-07 cm^2/s 
DcDx: -1.4115999999999998e-05 g/cm^3/cm 
Flux: 7.2011362399999995e-12 g/cm^2/s 
Flux 0.00022724591067114044 g/cm^2/y 

Scenario 4 part 2 - change in concentration of HCO3- over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  
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This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.0036728867792582844 
4.081632653061225,0.03996371496968427 
6.122448979591837,0.09350630608936493 
8.16326530612245,0.14636684145180465 
10.204081632653061,0.1938952238698699 
12.244897959183675,0.23564247795022208 
14.285714285714286,0.27221526006473784 
16.3265306122449,0.30439132710342676 
18.367346938775512,0.33288296837251485 
20.408163265306122,0.3582880505754362 
22.448979591836736,0.3810945587689514 
24.48979591836735,0.4016980132904957 
26.53061224489796,0.42041952579739983 
28.571428571428573,0.4375212238265097 
30.612244897959183,0.45321860152715265 
32.6530612244898,0.4676901711137331 
34.69387755102041,0.48108494706346505 
36.734693877551024,0.4935282503204068 
38.775510204081634,0.5051262276250555 
40.816326530612244,0.5159693913994974 
42.85714285714286,0.5261354116197874 
44.89795918367347,0.5356913337930869 
46.93877551020408,0.5446953539654417 
48.9795918367347,0.55319824950511 
51.02040816326531,0.5612445405061602 
53.06122448979592,0.5688734388849606 
55.10204081632653,0.5761196289772131 
57.142857142857146,0.5830139134908405 
59.183673469387756,0.5895837511581404 
61.224489795918366,0.5958537067243876 
63.26530612244898,0.6018458295468039 
65.3061224489796,0.6075799737194225 
67.34693877551021,0.6130740700374973 
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69.38775510204081,0.6183443580864426 
71.42857142857143,0.6234055851487106 
73.46938775510205,0.6282711773658101 
75.51020408163265,0.6329533875954292 
77.55102040816327,0.6374634236074971 
79.59183673469389,0.6418115596240463 
81.63265306122449,0.6460072336922189 
83.6734693877551,0.6500591329617893 
85.71428571428572,0.6539752685980639 
87.75510204081633,0.657763041782342 
89.79591836734694,0.6614293020230421 
91.83673469387756,0.6649803988114968 
93.87755102040816,0.6684222274996767 
95.91836734693878,0.671760270146676 
97.9591836734694,0.6749996319718579 
100.0,0.6781450739612362 
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The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

24.313851502283505 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

37.85614784311463 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
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time_in_years = compute_time(50,D_e) 
print(time_in_years) 

4379.839093406329 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

109633.81079861679 

HCO3- diffusion in LFV Fresh - Least Weathered Equivalent 
Scenario 5 part 1 - Calculation of the effective diffusion coefficient of HCO3- in 
weathered felsic volcanics 

𝐷 = 𝐷 ∗
𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦

𝑡𝑜𝑟𝑡𝑢𝑜𝑠𝑖𝑡𝑦
 

 
Calculation of flux dC/dx 
According to Fick's first law, concentration under steady state diffusion varies linearly with 𝑥, so 
the derivative is the slope of the line, which is constant (not dependent on x).  
 
Converting ppm to g/cm^3 
The conversion is: 

1𝑚𝐿water = 1𝑔 = 1𝑐𝑚  

So 1ppm = = = 10 𝑐𝑚  

x0 = 0.00 # x at rock/water interface 
x1 = 25 # length in cm 
C0 = 352.9*1e-6 # g/cm^3 at x = 0 
C1 = 0*1e-6 # g/cm^3 at x = x1 
 
porosity = .2076 
tortuisity = 2.04 
D_solution = 0.92e-5 # cm^2/s 
 
 
D_sedim = D_solution * porosity/tortuisity**2 # cm^2/s 
dCdx = (C1 - C0)/(x1-x0) # g/cm^3/cm 
J = -D_sedim*dCdx 
seconds_per_year = 365.2425*24*60*60 
 
print("D_effective:",D_sedim,"cm^2/s") 
print("DcDx:",dCdx,"g/cm^3/cm") 
print("Flux:",J,"g/cm^2/s") 
print("Flux",J*seconds_per_year,"g/cm^2/y") 

D_effective: 4.5893886966551334e-07 cm^2/s 
DcDx: -1.4115999999999998e-05 g/cm^3/cm 
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Flux: 6.478381084198386e-12 g/cm^2/s 
Flux 0.00020443796091175638 g/cm^2/y 

Scenario 5 part 2 - change in concentration of HCO3- over time 
The second part to this scenario is consideration of non-steady state diffusion, as per Fick's 
second law of diffusion. In this scenario, the assumption is that the concentration of the salts is 
fixed at 𝐶 : 

𝐶(𝑥, 𝑡) = 𝐶 𝑒𝑟𝑓(
𝑥

2 𝐷 𝑡
) 

, 

where 𝐷 =  

This sets out to determine the time 𝑡 when 
𝐶(𝑥 = 25𝑐𝑚, 𝑡) = 0.5𝐶  

This means that the following needs to be solved for 𝑡: 

𝑒𝑟𝑓(
25

2 𝐷 𝑡
) = 0.5 

The curve, using the value for 𝐷  that was found in part 1. 

def concentration(x,t,D_e): 
    ratio = x/((2*np.sqrt(D_e*t))) 
    return erfc(ratio) 
 
D_e = seconds_per_year*D_sedim/porosity # cm^2/year 
     
t = np.linspace(0,100,50) 
lines = plt.plot(t,concentration(50,t,D_e)) 
for i in range(len(lines[0].get_data()[0])): 
    print("{},{}".format(lines[0].get_data()[0][i],lines[0].get_data()[1][i])) 
plt.xlabel("time (years)") 
plt.ylabel("concentration"); 

0.0,0.0 
2.0408163265306123,0.003045882107125919 
4.081632653061225,0.03615266325871446 
6.122448979591837,0.08713120200632331 
8.16326530612245,0.1384641887485514 
10.204081632653061,0.18512977045607182 
12.244897959183675,0.2264063582239063 
14.285714285714286,0.26274152989579436 
16.3265306122449,0.294821500527653 
18.367346938775512,0.3233046447594532 
20.408163265306122,0.3487561332572151 
22.448979591836736,0.3716435698812114 
24.48979591836735,0.3923494656484714 
26.53061224489796,0.4111864655144185 
28.571428571428573,0.4284111028228188 
30.612244897959183,0.444235135425757 
32.6530612244898,0.458834564503822 
34.69387755102041,0.4723567150342257 
36.734693877551024,0.4849257769789157 
38.775510204081634,0.49664715011758565 
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40.816326530612244,0.5076108662907269 
42.85714285714286,0.5178943008356756 
44.89795918367347,0.5275643348876906 
46.93877551020408,0.5366790914403162 
48.9795918367347,0.5452893386378974 
51.02040816326531,0.5534396316303971 
53.06122448979592,0.561169247686888 
55.10204081632653,0.5685129567480007 
57.142857142857146,0.5755016601449849 
59.183673469387756,0.5821629230390606 
61.224489795918366,0.5885214206597404 
63.26530612244898,0.594599314217596 
65.3061224489796,0.600416569120447 
67.34693877551021,0.6059912255990769 
69.38775510204081,0.6113396298761582 
71.42857142857143,0.6164766324608741 
73.46938775510205,0.6214157589247249 
75.51020408163265,0.6261693575380199 
77.55102040816327,0.6307487273660153 
79.59183673469389,0.6351642297961486 
81.63265306122449,0.6394253859608153 
83.6734693877551,0.6435409621084696 
85.71428571428572,0.6475190446400456 
87.75510204081633,0.6513671062525607 
89.79591836734694,0.6550920644053344 
91.83673469387756,0.6587003331371601 
93.87755102040816,0.6621978691075354 
95.91836734693878,0.6655902126057696 
97.9591836734694,0.6688825241637097 
100.0,0.6720796173171648 
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The answers are calculated using the inverse 𝑒𝑟𝑓𝑐 function. 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.4)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.5)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.95)
 

𝑡 =
1

𝐷

𝑥

2erfcinv(0.99)
 

def compute_time(x, De, concentration_ratio = 0.4): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 
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25.29613110297576 

def compute_time(x, De, concentration_ratio = 0.5): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

39.38553621597646 

def compute_time(x, De, concentration_ratio = 0.95): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

4556.784592779945 

def compute_time(x, De, concentration_ratio = 0.99): 
    ratio = x/(2*erfcinv(concentration_ratio)) 
    return (1/De)*ratio**2 
 
time_in_years = compute_time(50,D_e) 
print(time_in_years) 

114063.0167548809 




