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Executive Summary 
 
Wildfire is increasing in frequency and intensity in the TWWHA, presenting increasingly 

expensive logistical and planning challenges for fire managers. As the TWWHA contains 

myriad features and elements of significant natural value, including paeleoendemic plant 

species and communities, and ‘peat’ soils as geodiversity, data and techniques that enhance 

fire decision support are imperative for successful fire management.   

 

Organic soil depth is relatively unknown in the TWWHA, and the propensity of this substrate 

to burn for extended periods of time is relatively high when soils dry out in conditions of low 

humidity and rainfall. The purpose of this report is to detail the workflow, processes and 

relative success of using Ground Penetrating Radar (GPR) instruments to determine organic 

soil depth in the Tasmanian Wilderness World Heritage Area (TWHAA). Sites were 

strategically selected for their range of vegetation communities, altitude and aspects, 

geological substrates and natural values, in which to compare traditional hand-excavated and 

visual assessments of soil characteristics and depth to new, non-destructive GPR methods. In 

addition to comparing the accuracy and validity of depth-to-substrate (viz. ‘non-organic’ soil 

horizons or underlying geological substrates such as bedrock or colluvium) and organic layer 

thickness measures undertaken using traditional and GPR-based methods, we also 

developed, out of necessity, new reference standards for dielectric permittivity in the 

TWWHA that can be used for future non-destructive assessments. It was necessary to 

undertake this new method development because knowledge relating to the water content 

of TWWHA organic soils was patchy and poor to date, and because organic soils in the 

TWWHA have geologic and climatic controls dissimilar to many other parts of the world. 

 

Ground Penetrating Radar was useful for detecting depth to substrate and could also be 

reconfigured to determine soil water in upper layers of soil, but there were notable 

exceptions. Firstly, soils on dolerite geology had a higher clay content than other organic soils, 

and the higher exchangeable sodium potential (ESP) of these soils interfered with the quality 

of image capture relative to other geological substrates. Secondly, interference from near-

surface microtopographic intrusions such as roots and submerged boulders sometimes 
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interfered with accuracy of capture over short distances (e.g. less than 50 cm), necessitating 

time-consuming recalibrations in sometimes difficult-to-access terrain.  

 

The subsequent rule sets that we have been able to develop around soil depth are prepared 

using in-field observational assessment and reference tables that aid in non-destructive 

assessment using GPR. For the former, we have strong confidence that fibric and sapric layers 

are the thickest organic substrates, and that soils containing sufficient ignitable organic 

material are deepest when found overlying dolerite and sandy substrates. For the latter, we 

have found that dielectric permittivity constants that we have constructed can be used to 

validly assess depth in a range of environments, including rainforest, and that higher clay 

content, saturated water tables and higher EC soils and substrates are more difficult to detect 

with a high degree of accuracy.  

 

The benefit of this project - through the use of GPR – is the development of new reference 

standards for permittivity that can be used in new and subsequent assays of TWWHA soil 

depth and moisture content. These will enable future personnel to rapidly compare non-

destructive geophysical imagery captured in situ to our standards and data, collected by 

labour-intensive and costly in-field surveys. When combined with the possibility of new aerial, 

UAV-based GPR instrumentation, there is potential in the near future for rapid assessment of 

soils near fire fronts, or prior to anticipated seasonal fire. 
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Introduction 
 
Ground-penetrating radar (GPR) is a widely used tool for subsurface geophysical 

investigation. Applications of GPR include detection of objects and artefacts at depth, 

determination of the depth and thickness of substrate layers, and determination of substrate 

water content. The non-destructive nature of GPR for depth determination of emplaced 

objects, location of geophysical boundaries and soil moisture data modelling is increasingly 

favoured over invasive techniques such as manual excavation of study sites, which is time-

consuming, costly and in some circumstances, not possible due to site protections [1]. 

 

It is therefore potentially very useful to employ GPR in the detection and delineation of 

boundaries in protected areas, where extensive manual excavation and disturbance could 

degrade natural values over time. However, the use of GPR in protected natural settings also 

requires significant additional modelling and pre-preparation, due to the possibility that there 

may be limited information about these environments, requiring specific additional 

instrument, modified techniques, and post-processing variations.  

 

The Tasmanian Wilderness World Heritage Area (TWWHA) is located through much of central 

and south west Tasmania and is comprised of several national parks and reserves. It is an 

exemplar of a protected area for which little is known about much of the geophysical 

environment, particularly the soils. Many soils of the TWWHA have an organic component, 

comprised of decomposed plant materials that are highly combustible and remain burning 

for extended time periods beyond the initial ignition point. Of concern is the ecological impact 

of the loss of organic soils in the TWWHA, as these may be strongly related to threatened 

vegetation communities, and also the loss of organic carbon and superlative geodiversity 

associated with the decline in soil depth and function post-fire. The specific definition of what 

might constitute an organic soil (versus an organic horizon) varies across different soil 

taxonomy frameworks and pedogenic configurations globally, but typically applies to soils 

that have an organic component in excess of >30%, of which the depositional process and 

controls include permafrost and/or water. Additionally, in some parts of the TWWHA, paleo-

organic materials may be exposed after wildfire-induced topsoil loss and subsequent post-

fire erosion [2]. 
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Soils with combustible organic materials and horizons are distributed broadly across the 

TWWHA. Some are sufficiently developed so as to meet the classification of Organosols. 

Organosols possess either: (a) more than 0.4 m of organic materials within the upper 0.8 m, 

or, (b) have organic materials extending from the surface to a minimum depth of 0.1 m [3]. In 

the TWWHA, the latter typically overlie rock or other hard layers (substrate) with limited 

permeability, fragmental material such as gravel, cobbles or stones, or quartzose and other 

mineral sands and clays. Organosols in the TWWHA (and elsewhere) are also sub-divided by 

their degree of humification and decomposition, whereby Fibric layers contain conspicuously 

identifiable plant materials, Hemic layers being somewhat intermediate in their composition 

and Sapric layers being comprised almost exclusively of fine-scale, decomposed organic 

matter that is indistinguishable in origin. It is important to note that nomenclature and 

definitions pertaining to Organosols differ widely around the world, with many nations using 

the descriptors ‘organic soils’ or ‘peat’ to describe soils with similar properties. Nonetheless, 

it should be noted that with the exception of folic variants, all Organosols like other similar 

soils globally, are at the very least periodically saturated with water, and tend to have a low 

clay content. 

 

This report will hereafter use the term ‘organic soils’ to capture all TWWHA soils containing 

discernible organic horizons, irrespective of their taxonomy. This is because: (a) organic 

materials are highly combustible, (b) fire is a key threatening process in the TWWHA, and (c) 

the taxonomy of Australian organic soils is undergoing substantial revision1. Fire in organic 

soils around the world is a significant contribution to pedosphere carbon loss. In Tasmania, 

recent increasing and severe wildfire has partially destroyed organic layers and some deep 

organic soils, with some fires burning for several months (Kathryn Storey, Pers. Comm 2020). 

Due to the extensive wilderness context in the TWWHA, and the need for better tools for fire 

management that require significantly more data and knowledge of regional characteristics 

than what is currently understood, studies of the distribution and characteristics of organic 

soils have become a priority. Ground Penetrating Radar is one such technique that is being 

 
1 At the time of this report, the Australian Soil Classification is undergoing its fourth revision. The taxonomy of 
Organosols is substantially revised.  
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evaluated in the TWHAA as a potential tool to more rapidly and precisely understand soil 

depth and moisture content. 

 

Ground Penetrating Radar employs high-frequency electromagnetic (EM) energy to detect 

reflections from the sub-surface (<50m) [1].This occurs through a generation, transmission, 

propagation, reflection, and reception cycle of pulses of EM from an antenna as it moves 

across a surface. Electromagnetic waves can penetrate a large variety of materials including 

concrete [4,5],many different soil types [6], glaciers and ice [7], fill [8], road surface [9] and 

airport runways [10]. The frequency of EM pulses varies greatly, and different antennae can 

be used based on the specific application required - but usually range between 10Mhz -

2.5Ghz.  Lower frequency antennae can penetrate further or deeper but with lower 

resolution, whereas higher frequency antennae have shallow penetration but at greater 

resolutions. Both resolution and frequency are affected by the electrical properties of the 

material being investigated  [11]. For instance, wet clay soils, which have high 

conductivity, will cause high rates of signal attenuation which severely effects the depth of 

EM wave propagation. For this reason, GPR is not viable in soils with high clay contents [1]. 

 

Although some organic soils in the TWWHA (especially Organosols and Hydrosols) can have 

high moisture contents, there is moderate to high potential for GPR analyses in the 

environments that contain them, because of a lack of clay content and low pH (the latter often 

denoting low ESP). There are relatively few studies using GPR to determine layer thickness, 

depth or soil moisture in organic soils, and historically much of the research that has occurred 

has been conducted in the northern hemisphere (although more recently studies have 

occurred in tropical peatlands such as Indonesia and Brazil). Initially, GPR was used to 

investigate peat thickness and hence volume on the basis of harvesting for energy (biomass) 

production [10]. Subsequently, studies have focused on conductivity [12,13], stratigraphy and 

morphology [14,15], hydrology [16], and carbon storage estimates [14,17]. No specific 

research to date has been conducted in Australian organic soils using GPR, although, [18] 

mention a ‘peat horizon’ in their investigation of a historic coastal dune erosion event in 

south-eastern Australia.  
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In this study we use GPR and ground-truthing methods (manual probe-depth determinations, 

in-situ and ex situ soil moisture measures, ex situ bulk density, fractionation and soil 

characterisation) to determine the feasibility of the instrument in the study of organic soils 

and horizons in the TWWHA. Specifically, we ask the questions:  

1. What is the difference between ground-truthed and GPR ‘determined’ organic 

soil/substrate depth or thickness? 

2. What is the feasibility of using GPR to determine organic soil characteristics in the 

TWWHA? and,  

3. Is there potential for new GPR methods to be used in the TWWHA for the rapid 

evaluation of soil depth and moisture characteristics, such as UAV-GPR? 

 

Ground Penetrating Radar – General Principles 

The placement of objects in situ and the boundary between layers of different geophysical 

properties are determined by GPR by way of pulses of EM being delivered near the ground 

surface, and via the use of a receiver that records the amplitude (‘strength’) and time required 

for the return of any reflected signal off a surface within the media being scanned. Reflections 

are produced whenever the EM pulse penetrates a material with different electrical 

conduction properties or ‘dielectric permittivity’ from the material it left. The amplitude of 

the reflection is determined by the contrast in the dielectric constants and conductivities of 

the two materials. Therefore, pulses which moves from dry permeable materials with low 

dielectric permittivity (e.g. dry sand, porous limestone with dielectric potential of 5-7) to high 

dielectric permittivity (e.g. wet sand has a dielectric potential of 30) will produce a very strong 

reflection, while moving between two low permittivity substrates (e.g. dry sand = 5, and 

limestone = 7) will produce a relatively weak reflection. 

While some of the GPR energy pulse is reflected back to the antenna, energy also keeps 

traveling through the material until it either dissipates (attenuates) or the GPR control unit is 

no longer sending signals (GPR units send pulses of EM through ‘time windows’ of a few 

seconds). The rate of signal attenuation varies widely and is dependent on the properties of 

the material through which the pulse is passing. For instance, sodic soils have high electrical 

conductivity which rapidly attenuates radar energy, restricts penetration depths, and severely 
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limit the effectiveness of GPR. The electrical conductivity of soils increases with increasing 

water, clay and soluble salt contents. 

Interpretation of outputs of GPR scans (called ‘radargrams’) is complex. Firstly, the output of 

GPR scans is not a continuous straight line, even in a flat plain of no relief. This is because EM 

pulses emitted from GPR antennae are in a cone or arc-shaped band. As they pass through or 

over the substrate or emplaced objects, the ‘edge’ of a pulse penetrates deeper than the 

‘middle’ of the pulse, resulting in the attenuation and signal return taking slightly longer on 

the leading edge of the EM pulse. The resulting displayed signal on a radargram is thus always 

comprised of slightly curvilinear ‘wave-like’ lines denoting the transect. 

Secondly, basic GPR relies on a continuous distance between the antennae and the ground 

surface being imaged. This is straightforward when scanning concrete or areas of limited 

relief, but complex when using the instrument in areas with significant microtopography or 

variable features such as natural areas with tussock grasses, buttress roots, boulders, or 

depressions that are smaller in diameter than the scanning instrument is long (i.e. less than 

50 cm). In such environments, multiple transects are recommended, as is the use of hand-

held Digital GNSS detection instruments. In-field observations of precise position can then be 

added later to radargrams during post-processing so as to calibrate transect length with 

position, and therefore ‘difficult’ or potentially erroneous segments of the transect presented 

on the radargram can be flagged and sometimes removed if there is a risk that they generate 

spurious data. 

Finally, in-field GPR analysis uses reference standards for common substrates, so that the 

potential dielectric is known and can be factored into the presentation of the radargram. 

There are a range of generic dielectric permittivity reference tables for a variety of contexts, 

including imagery of concrete, limestones, sands and mineral soils. Therefore, before GPR can 

be used to determine depth to substrate in environments for which soil type is likely to differ 

widely from standard reference table attributes for dielectric, manual excavation of materials 

and significant pre-calculation must be achieved. 
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Methodological Assumptions in using GPR to image Organic Soils in the TWWHA  

This project has employed GPR in the determination of organic soil ‘horizon thickness’ or 

profile depth to underlying substrate. Performing GPR in the TWWHA involves a number of 

additional steps, primarily due to the diversity of vegetation, soil, substrate and landscape 

configurations in this study area. Each variation in environmental parameter has the potential 

to influence the velocity at which radar waves can penetrate soil, water and rock, thereby 

influencing the time taken for the radar to reflect of the surface. This means that both careful 

attention to precise location was required for in-field scanning (so that corrections for myriad 

microtopographic variance could be made in post-processing) and care was taken to select a 

GPR with appropriate antennae frequencies (dual channel - 100 MHz and 650 MHz) to ensure 

adequate depth penetration in environments that might vary greatly in terms of their soil 

moisture and velocity. Both the time of signal (radar) return and the ‘strength’ of the 

reflection (velocity) are used by the instrument to produce an indication of depth to different 

substrates on a radargram image.  

 

In this study, the depth of target layers is known due to destructive sampling at locations 

along the GPR transect. In order for GPR to be used to discern depth in the future using non-

destructive techniques, however, the effects of material (e.g. soils, water, rocks) properties 

on the signal velocity must be noted and a velocity constant for each material should be input 

into the device in-field (for instantaneous depth estimates) or into post-processing software. 

This is achieved through the supply of the dielectric constant (), which describes the speed 

at which electromagnetic waves move through particular materials.  may vary substantially 

in organic soils of the TWWHA, due to the diversity of landscape configurations and soil 

properties across the reserve estate. 

 

Within the TWWHA, Precambrian quartzite and dolerite are the two most dominant rock 

units. Dielectric constants for common materials found in-field include air ( = 1), dolerite ( 

= 8-9), quartz ( = 6), limestone ( = 7) and pure water ( = 81). These constants can be used 

in-field to discern depth to geological substrate with ease, but they do not allow for ease of 

interpretation of depth to mineral soil, or layer thickness between organic and mineral 

horizons, or indeed any measure of permittivity through organic soils. Therefore, new 
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dielectric constants are required in environments with potentially deep organic soil layers or 

profiles. 

 

There are three ways to accurately determine the dielectric constant for particular properties 

of interest (e.g. depth to geological substrate or layer thickness of organic soils, both of which 

have been considered in this project). Published reference constants can be used when 

sufficient global studies have been conducted and mean values and data ranges are 

consistent. This approach is appropriate for the geological substrates in this study, but not 

the soils. A second method uses hyperbola fitting in situ, whereby the width and depth of a 

hyperbola (upside-down ‘U’ or ‘V’ shape on the GPR device visual interface) is fitted to a soil 

type reference standard, often pre-configured in the device. For example, high velocity 

substrates such as sand have wide hyperbola, and high , whereas low velocity substrates like 

clay have a narrow and ‘long’ hyperbola, and a low . A ‘sand’ and ‘clay’ field mode is available 

on many single-channel GPR devices, which operators can select once they see such 

hyperbola shapes, or based on their own prior knowledge. This approach could not be used 

‘live’ in the TWWHA, due to the likelihood of high variability in soil properties along slopes 

and within singular transects.  However, hyperbola fitting was used to scrutinise radargrams 

produced by GPR in post-processing. This allowed us to compare known field observations of 

soil depths and their underlying substrates (e.g. clay or sandy substrates) with the appearance 

of hyperbolic artefacts at depth on radargrams.  

 

The final approach used to determine  employs ground-truthing, whereby the depth of layers 

or profiles is physically scrutinised in-field through manual excavation, and then the GPR is 

adjusted in-field with ‘live’ depth measures (or these are supplied in post-processing). The in-

field adjustment could have been used in this study, but because the ultimate aim of testing 

the feasibility of GPR in the TWWHA was to determine if it could be used accurately in non-

destructive settings, ground-truthed depth observations were instead only used for validation 

of radargrams in post-processing. This necessitated the use of a dual-antenna GPR in the field, 

to ensure that substrates and soils of all types would be captured effectively, and the 

determination of new   reference standards for the soil types imaged (which were calculated 
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experimentally, see methods and materials section). It also necessitated the calculation of  

using chemical properties of the soils being imaged. 

 

Thus, in this study, the relative  of soils, and the validity of radargram interpretation was 

determined using: 

a. a set of intentionally diverse field sites where depth was ground-truthed using manual 

excavation of soils; 

b. in-field soil moisture and electrical conductivity measurements (assisting in the 

calculation of manual calculation dielectric permittivity and velocity, treating water 

and high conductivity salts as ‘interferences’); and, 

c. linear and polynomial modelling of water content and time reflectance (from GPR 

radargrams) to validate .  

This data is used to assist potential future service providers assess the appropriateness of 

using GPR in the TWWHA, and the likelihood of achieving acceptable results.  

Methods and Materials 

Site Descriptions 

Sites of distinct natural or special values were selected in association with stakeholders from 

a range of fire management departments of the Tasmanian government including the 

Tasmanian Parks and Wildlife Service and the Tasmanian Fire Service (Table 1). Sites were 

chosen based on the identification of real or perceived issues that could have a major effect 

in the event of fire, including: loss of rare or threatened species or communities, accessibility 

issues, challenging/remote locations for management and, natural values losses. Sites were 

chosen to span a wide range of plant community types, altitudes, aspects and geology. 

 

An additional set of sites were selected to strategically target gaps in knowledge of organic 

soils within the TWWHA. This involved liaising with Department of Primary Industries, Parks 

Water and Environment’s Natural Values Science Section staff to identify areas where soil 

types were unknown or there was a lack of fine scale data. These sites were generally not 

easily accessible and mostly in the southern region of the TWWHA. These additional sites also 

ranged in altitude, aspect, plant community composition, geology, and rainfall bands. 
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Table 1. TWWHA sites chosen for sampling based on two site selection approaches (expert knowledge and data gaps) from which measures of soil depth and geochemical 
characteristics were observed and assessed. 
 

Site Coordinates* Description Geology Sampling 
method 

n# 

Edgar 434647E 5235601N A low hill on the southern edge of Lake Pedder. Much of this site is dominated by button 
grass moorland with some wet scrub found on the east and south facing slopes  

Quartzite radial 17 

Wedge River 435242E 5254803N A lowland sedge land situated at the foothills of Mt. Wedge near the Gordon River Road. 
This site is on the southern edge of Lake Gordon. 

Massive Quartzite radial 17 

Clarence Lagoon 442975E 5340253N 

 

Situated in the central highlands. A relatively small lake surrounded with extensive areas of 
Sphagnum peatlands and alpine sedge lands.  

Dolerite radial 17 

Harbacks Road 431836E 5327136N Situated on the King William plains in the central highlands this site spans Eucalyptus 
pauciflora woodland and Buttongrass moorland. 

Dolerite linear 4 

Crossing Plains 433061E 5226763N A lowland sedgeland bordered by Crossing River and the foothills of the Western Arthur 
range. 

Undifferentiated 
Quaternary sediments 

radial 17 

McPartlan  433386E 5255766N A low hill adjacent to the McPartlan Canal and Gordon River Road. Vegetation consists of 
wet scrub on the eastern slope, buttongrass moorland on the north and west slopes with 
sparse buttongrass moorland surrounding exposed quartzite outcrops on the southern slope  

Massive Quartzite radial 16 

Melaleuca  431968E 5191917N Located in close proximity to the west of the Melaleuca airstrip this site is a peat mound 
approximately 3m in height relative to the surrounding lowland sedgeland. Vegetation 
consists of sparse buttongrass hummocks and Melaleuca squamea. The peat mound is 
roughly circular and consists entirely of organic soils of varied texture. 

Quaternary glacial 
deposits 

radial 13 

Pelion Plains 420488E 5368980N A small plain situated in the centre of the Cradle Mountain-Lake St. Claire National Park at 
the foot of Mt. Oakleigh. There is a mosaic of grassy alpine sedgeland, highland Poa 
grassland and Sphagnum peatland bordered by Douglas Creek to the north and a series of 
ponds to the east. This site is remote and accessed only by foot via the Overland or Arm 
River tracks or by helicopter.  

Dolerite radial 17 

Ritters Plain 445130E 5384671N Ritters Plain is situated just west of Lake Mackenzie in the Great Western Tiers, which forms 
the northern boundary of the TWWHA. The average altitude across the site is 1130 m asl. 
Vegetation consists of grassy and alpine sedgeland with cushion moorland in the more 
poorly drained areas 

Dolerite linear 8 

Windermere  412133E 5375355N This site is situated 500m west of Lake Windermere in the Cradle Mountain – Lake St. Claire 
National Park. The site is part of a large tract of Western Buttongrass moorland which sits at 
an average altitude of 1000 m asl.  

Pleistocene glacial 
and glacigene 
deposits 

radial 17 

 
* Coordinate system: UTM; GDA94, MGA55. Coordinates are provided for central position on transect, which is the ‘middle sample’ in linear transects, or the intersection of all four transects in radial configuration. 
# Where n is less than 5, a fifth sample was unable to be obtained due to insufficient soil being present at this specific location. 
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Table 1. (continued) TWWHA sites chosen for sampling based on two site selection approaches (expert knowledge and data gaps) from which measures of soil depth and 
geochemical characteristics were observed and assessed. 

 
Site Coordinates* Description Geology Sampling 

method 
n# 

Blowhole Valley 489657E 5173373N Situated in the far south of the TWWHA this site is accessed from Cockle creek on the South 
Coast track. Organic soils on this site are deep and sit over a sand sheet at close to sea 
level (~10m asl). The vegetation is buttongrass moorland with emergent shrubs such as 
Melaleuca and Leptospermum. 

Sand gravel and mud 
of alluvial, lacustrine, 
and littoral origin 

radial 13 

Cradle Valley 412706E 5389569N Within the Cradle Mountain-Lake St. Claire National Park, the Cradle Valley site is situated 
between Ronny Creek and Dove River in close proximity to Dove Lake. The site is spread 
across a pure buttongrass moorland and buttongrass moorland with emergent shrubs. The 
site is at an average altitude of 880 m asl. 

Dominantly Quartzite radial 17 

Anne 

 

446850E 5246715N The site is situated on low hill with an altitude of ~600 m asl. The vegetation is a mix of 
western buttongrass moorland and sparse buttongrass moorland closer to the summit. 
Aspect is south south-west. 

Orthoquartzite linear 5 

Adamson’s falls  487312E 5198422N The site is on the south eastern side of Adamson’s peak in Nothofagus – Leptospermum 
short rainforest and Nothofagus – Phyllocladus short rainforest. Much of the vegetation has 
an understory of Anodopetalum biglandulosum. Altitude across this site ranges from 500 m 
asl to 390 m asl. 

Limestone linear 4 

Duckhole Lake 489734E 5198775N 

 

Positioned 2.5 km east of Adamson’s falls this site is at an average altitude of 130 m asl. 
Vegetation ranges from Nothofagus – Atherosperma rainforest at the start of the transect 
through to Eucalyptus obliqua wet forest at the end. 

Limestone linear 5 

Creepy Crawly 
Nature Trail 

449459E 5257489N 

 

This site is on the lower southern slope of Junction hill, next to Scott’s Peak Road. Altitude 
across the site ranges from 640 m asl to 570m asl. Vegetation ranges from callidendrous 
through to implicate Nothofagus rainforest 

Mafic volcanoclasts 

 

linear 8 

Lake Botsford 459711E 5363078N 

 

The site is in a mixture of highland Poa grassland and alpine sedgeland on the eastern side 
of Lake Botsford (Downie Plains). The site is flat, and the altitude is 1200 m asl. 

Dolerite radial 17 

Double Lagoon 464720E 5360730N 

 

Three km south east from Double Lagoon, this transect follows a catena from McDowall Hill 
in a south west direction. Altitude on the transect ranges from 1212 m asl to 1154 m asl. 

Dolerite and Basalt linear 10 

Cooks Track 453272E 5269278N This site is situated next to Gordon River Road, in Eucalyptus regnans regrowth forest at an 
average altitude of 480 m asl. 

Sandstone/Mudstone 

 

linear 7 

 
* Coordinate system: UTM; GDA94, MGA55. Coordinates are provided for central position on transect, which is the ‘middle sample’ or mid-slope position in linear transects, or the intersection of all four transects in radial 
configuration. 
# Where n is less than 5, a fifth sample was unable to be obtained due to insufficient soil being present at this specific location. 
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 In-field Sampling Strategy  

Two survey methods were used to acquire data – radial and linear sampling. The radial 

sampling method involved establishing a centre point at a site and consequently sampling 

four linear transects in a north, south, east, and west direction (or variations of this where 

possible). Linear sampling consisted of sampling along a single transect. Linear transects 

varied in length based on the topography, vegetation, and landforms of interest. Regardless 

of survey method, ground truthing at regular intervals was used to verify the data 

acquired by GPR. 

 

At regular intervals along each transect (minimum of 5 points, adjusted to catena/slope 

position) the following procedures were undertaken:  

1. Each sampling point was marked by waypoint averaging using a Garmin 64st GPS.  

2. A ~40x40cm soil pit was manually excavated to the depth of non-organic layer where 

possible.  

3. Soil characteristics were recorded following the protocols for rapid soil assessment 

and the Natural Values Atlas of Tasmania (NVA, 2021) including depth to non-organic 

soil layer or geological substrate, depth to water table, soil type (‘organic’ versus 

‘mineral’ versus ‘organic layer’) and degree of humification, depth of each layer of 

humification or horizon, colour, drainage and underlying geological substrate.  

4. Within each soil humification layer and/or horizon, volumetric water content and 

conductivity were recorded using a FieldScout TDR 150 Soil 

Moisture Meter (Spectrum Technologies, Aurora, IL) with 7.6 cm rods. We used the 

‘standard’ setting for highly organic soils and ‘high-Clay’ for soils with ‘high’ clay 

contents as determined by a field texture method (ribbon test).  

5. Consequently, a sample was taken from the middle of each soil humification layer 

using a 5x10cm bulk density ring for lab analysis of bulk density and volumetric water 

content (VWC%). Data relating to weather conditions at the time of sampling for each 

soil pit were recorded including air temperature, soil temperature, wind speed, 

relative humidity and dew point were recorded using a Kestrel 3000 weather meter. 

At each soil pit location, the dominant vegetation was recorded, and photographed 

within a 1x1m quadrat. 
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A MALA Easy Locator Pro WideRange HDR antenna was pulled using rope as near as possible 

to a straight line along transects. This model, which operates on dual antenna frequencies 

(670MHz + 160MHz) was used to ensure that the maximum depth to substrate would be 

identifiable and, where soils were shallow, there was enough resolution to interpret the soil 

substrate. Continuous data collection was used on all GPR surveyed transects, with a step size 

therefore not being specified. Post-processing was conducted using Object Mapper with 

adjustment for different permittivity scenarios (see section on data analysis). 

 

Laboratory Methods 
 
Excavated soils were air-dried to a constant weight and sieved to remove obvious live roots 

and gravels before undertaking bulk density and volumetric water content analysis. pH and 

EC were also determined in the laboratory using a 1:5 water solution and pH/EC meters. 

 

Post-Processing and Data analysis 
 

Soil velocity was calculated separately for each site to account for variation. This was achieved 

through hyperbole fitting in post processing, and soil observations in field (e.g. recording 

depth to substrate, type of substrate or geology). This is a bespoke process in which the 

interpreter uses their own judgement and observations of field conditions to identify likely 

substrate hyperbolic signatures, and was used sparingly in this study because the broad 

geology and/or substrate underlying the organic soil was known. 

 

Dielectric permittivities (ε) were estimated from soil volumetric water content measurements 

using 3rd order polynomial fits from the work of [19]. The authors used peat samples from 

both a peat plateau and its associated plateau-bog periphery in the region of Fort Simpson, 

Northwest Territories, Canada. Peat samples were extracted, dried, and artificially saturated 

with water to a range of volumetric water contents, with ε measured using time domain 

reflectometry. A 3rd order polynomial based on all sampled data gave R2 = 0.957 and a root 

mean square error of 0.053m3m-3, and was solved in this paper to determine ε values from 

volumetric water content data.  
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The dielectric permittivity modelled values were used in the interpretation of depth from 

radargrams in post-processing. Given that the soil moisture content of individual samples and 

profiles was known, each sample was identified on the radargram, and the ε value range 

appropriate for that water content was input into the post processing software. This resulted 

in a ‘sharpened’ image, adjusted for time (which is recorded by the GPR unit), where GPR-

determined depth (as seen in layers of wavy lines on the radargram) could be compared to 

field-validated depth of organic soil profile or layer thickness. 

 

In order to determine the potential difference between ground-truthed and GPR 

‘determined’ organic soils characteristics such as depth-to-substrate and layer thickness, we 

used generalised linear models. We assessed slopes and intercepts for the degree of similarity 

between in-field and hand-measured approaches (see figure 1 for workflow of approach and 

analyses). 

 

In order to assess feasibility of using GPR to determine organic soil depth and layer thickness 

characteristics in the TWWHA, we evaluated both approaches using five criteria: 

1. Time efficiency took into account the time spent calibrating and using instruments in-

field, the laboratory, and in data analysis or post-processing, versus traditional hand-

held or visual excavation and assessment methods of determining soil moisture 

content and depth to substrate. 

2. Precision was used to evaluate the accuracy of observations taken using GPR-based 

technology versus traditional hand-held methods. 

3. Cost-efficiency attempted to relate time efficiency and cost to obtain precise data 

with a dollar value, based on staff labour costs of up $120 per hour including on-costs, 

and assuming that laboratory soil analyses (including preparation) was valued at $40 

per sample. 
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Figure 1. Workflow of methodology associated with use of ground-based GPR in TWWHA field sites and as per post-processing 
so as to produce rule sets for fire management.  
 
*As this was the first time GPR has been used in the TWWHA, and due to the differences in the formation of organic soils in this region compared to many places 
elsewhere, it was necessary to collect soil moisture data in situ via handheld instruments. Now that the differences in permittivity are established between 
different soil types, locations and substrates – future GPR work can use these created reference standards to non-destructively determine soil moisture from 
calculations and instrument-calibrations in-field.  This workflow document depicts our workflow, future operators may skip this step.

Establishment of field scanning grid via desktop assessment 

and field reconnaissance. 

Collect in-field data (adjust GPR input parameters, using estimates for low and moderate-EC soils*) 

Pre-processing 

GPR Profiles 

Calibrate using referenced dialectric 

input parameters*  

(correction of amplitudes) 

 

Check GNSS precise positions and 

accuracy of DGPS 

(correction of coordinates) 

Processed GPR profiles  

TWWHA soil depth and thickness data 

Depth rule sets for TWWHA 

Factors under consideration: 
-depth to substrate 

-layer or profile thickness 
-soil moisture* 

-position of water table 
 

Factors under consideration: 
-linearising imagery to 

convert to flat surface from 
slope, better depth 

measurement 

Accurate profile or layer depth 

determination on radargram 
Elimination of anomalies unrelated 

to layer or profile depth 
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4. Safety of staff conducting work was compared using a GPR instrument in the 

assessment of difficult terrain versus the use of traditional instruments and methods. 

5. Accessibility was compared between methods, and sought to reveal instances where 

use of larger GPR instruments might not be possible. 

 

Finally, we briefly examined the potential for a new UAV-GPR method to be used in the 

TWWHA for the rapid evaluation of soil depth and moisture characteristics. We used the same 

evaluation criteria as for the comparison of ground-based GPR and traditional methods, 

including aerial GPR as another potential technique for soil assessment in the TWWHA. 

 

Results 
 

Construction of dielectric permittivity constants for organic soils in the TWWHA 
 
There was strong correlation between soil water content derived from in-field assessment 

and the different permittivity models for organic soils when compared with data derived from 

[19] (r = 0.95) (Figure 2).  Many organic soil samples fell between 10-40 in dielectric 

permittivity along the curve, although notable exceptions were observed when plotted 

against substrates with higher EC, clay content, and other common interferences for GPR. 

These are subsequently considered and investigated in turn. 

 

We found that (a) few TWWHA soil samples had an EC higher than 0.2 mS/cm, which is ideal 

for GPR analysis and (b) dielectric permittivity decreases with higher EC (Figure 3). There was 

no significant relationship or trend associated with permittivity and EC at lower conductivity 

observations of 0.2 mS/cm and below. Electrical conductivity also differed significantly by 

underlying geological substrate, but not in a manner that indicated a relationship between EC 

of overlying soil and the dielectric permittivity. Higher EC substrates in this study were, for 

instance, found overlaying massive quartzite (0.20  0.03 mS/cm), sands and gravels of littoral 

or lacustrine origin (0.26  0.01 mS/cm), and quaternary sediments (0.19  0.01 mS/cm). 
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Figure 2. Calculated dielectric permittivity (€) from volumetric water content of organic soils 
of the TWWHA, using the models derived from [19]. We used the ‘comb’ or combined model 
fit in post-processing of radargrams for determination of soil depth, by looking up the 
volumetric water content of particular samples, and inputting the corresponding permittivity 
value into the post-processing software to obtain a better visual depiction of depth. 
 

 

 

Figure 3. Dielectric Permittivity (€) is highly variable at lower electrical conductivity (>0.2 mS/cm), but declines 
with increasing electrical conductivity beyond this threshold, in TWWHA organic soils. 

 

0

5

10

15

20

25

30

35

40

45

50

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

D
ie

le
ct

ri
c 

P
er

m
it

iv
it

y 
(E

)

Electrical Conductivity (mS/cm) 



22 
 

However, the higher mean EC soils overlying these geological substrates did not have a 

correspondingly related, lower dielectric permittivity, indicating that EC is only one potential 

factor relating to permittivity of TWWHA organic soils.  

 

Both EC and permittivity varied significantly between layers of differential humification. Of 

the 297 individual soil layers eligible for consideration (i.e. because they appeared to be 

Organosols or strongly-developed organic layers), dielectric permittivity increased with 

increasing humification of soil layers (26.16  1.01 in Fibric ‘peats’; 27.94  0.99 in Hemic 

‘peats’ and 31.70 ± 1.4 in Sapric ‘peats’, respectively). Yet, whilst there were significant 

differences between the EC of each of these substrates, hemic peats had the highest EC, 

followed by fibric and then sapric, respectively. The dielectric constant was also susceptible 

to changes in soil drainage status, with a general but non-significant decline in permittivity of 

10 units between freely draining to very poorly drained locations (data not shown).  This is 

unsurprising, because areas with poor drainage are more likely to be permissive to radar 

when dry. 

 

In conclusion, initial data screening indicates that electrical conductivity is low enough across 

the TWWHA sites measured that it did not appear to affect the adequate calculation of the 

dielectric constant. Drainage – a surrogate for water in some instances – did affect median 

permittivity constant, and therefore it should be considered as an obvious factor in soil-fire 

risk modelling in the TWWHA.  

 

Comparison of in-field and non-destructive measures of soil depth and thickness 
 
By substituting real-time measurements (in seconds) from in-field differential GPS and the 

‘combined’ dielectric permittivity model for TWWHA soils in this project, we revealed that 

accurate post-processing has been able to determine depth-to-substrate for soils with a 

substantial organic component, with various levels of confidence. However, for future users, 

there are two parts to the use of GPR – the ability to use dielectric constants with confidence 

(so as to accurately determine depth) and the ability to use both depth and dielectric 

constants to calculate soil moisture for future fire risk planning and comparative hazard 

predictions. For the calculation of soil moisture, reference permittivity values are used to 
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obtain substrate depth, and the reference curves [19] of permittivity that we produced can 

be used to infer water content. 

 

Considering the variability of dialectic permittivity constants across landscape variables first, 

these fell within discernible prediction ranges for a number of measured variables, meaning 

that, when accompanied by depth measurements, soil water may be calculated with some 

accuracy. Soils on landform types hillslopes, plains, swamps and high ridges had low 

coefficients of variation in terms of permittivity, making them suitable for rule sets for soil 

moisture calculation (Figure 4). This means that it was possible to determine a reference 

permittivity range that was distinct between these landform types. Geological types with 

higher confidence included quartz and sandy sediments, as well as extrusive volcanics (but 

there is insufficient data to make conclusions about basalt topography) (Figure 5). Doleritic 

geology, and vegetation communities that overlie doleritic geology (such as Eucalyptus 

pauciflora forest and woodland) are highly variable, and cannot be incorporated into models 

of soil moisture based on the data collected for this study, however almost all other 

vegetation types exhibited low variability and therefore high confidence associated with 

dialectic permittivity (Figure 6). 

 

Depth investigations revealed a consistent pattern across all landscape variables. We did not 

observe any organic layers below mineral substrates on radargrams in this study, and hence 

all soils included in rule set determination are organic horizons or organic soils. Permittivity 

in deeper soil layers was consistently higher, ranging between 30-45 below 50 cm. Deeper 

layers were typically sapric, which has a higher permittivity. Organic soil layer thickness 

and/or profile depth differed significantly by aspect, with 40% of samples taken having 

northward microtopography, and of which half were thicker than 50cm (Figure 7). Thickness 

and depth also differed significantly between different areas of different drainage, geological 

substrates, vegetation communities and landform types (Table 2), with deeper organic soils 

found in areas with lower drainage, in moorlands and sedgelands (Table 3), and on siliceous 

geology and plains country. 
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Figure 4. Variation in soil dielectric permittivity underlying common TWWHA landform types. ‘DDE’ = Drainage 
Depressions; ‘GUL’ = Gullies; ‘HCR’ = hillcrests; ‘HSL’ = hillslopes; ‘PLA’ = plains; ‘SWP’ = swamps and ‘VLF’ = 
‘Very Low Flats’. Variation in permittivity (and therefore confidence in results) is denoted by shorter bars and 
less scatter, and hence there is a higher predictability of permittivity score in swamps versus hillslopes, for 
instance. 
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Figure 5. Variation in soil dielectric permittivity overlying substrate geology. Soil permittivity can reliably be predicted when boxplots and scatter is small, such as for 
QuarternaryQuaternary sediments. 
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Figure 6. Variation in dielectric permittivity across Tasmanian vegetation communities.  

 
 
Table 2. Additive model evaluating significance of assessed relationships between landscape 
variables and organic soil layer thickness and/or profile depth in the TWWHA. 
 
 Df  Sum Sq  Mean Sq  F value  Pr(>F)   

Site 
Drainage    

5 184133 36827 55.16 <0.00 *** 

Landform         6 122395 20399 30.56 <0.00 *** 

Geology         11 256915 23356 34.98 <0.00 *** 

Vegetation      21 205506 9786 14.66 <0.00 *** 

Residuals      340 226983 668   
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Figure 7. Profile depth and/or layer thickness of organic soils by sample aspect in the TWWHA. A greater 
proportion of north-facing profiles were deep, presumably because of higher primary productivity and inputs on 
north-facing terrain. 

 
 
Use of GPR to determine depth was successful in the non-destructive determination of depth 

(t = 49.5; p = 0.01; R2 = 88.6%), with variability between in situ measured depth or thickness 

and GPR measurements being unrelated to any specific vegetation type or substrate in this 

study (Figure 8). Individual radargrams took approximately 30 minutes to interpret including 

the adjustments for time, location and dielectric permittivity. Sites where organic layers 

overlay dolerite boulders presented different visual artefacts on radargrams than sites with 

hydrosols (water-saturated organics, in our study) or sandy sediments (Figure 9 & 10).  
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Figure 8. Relationship between depth and soil layer thickness as determined by GPR (y axis) and measured depth 
in-field, at 19 sites in the TWWHA. Depth is inferred from radargrams using visually distinct layer differences and 
changes to hyperbola on radargrams.  

 

 
 
Figure 9. Example Radargram of a transect at Ritters Plain with clear indicators of change in substrate at 30 and 
90 cm as denoted by red arrows and lines on output. The soil along this transect was an Organosol in eastern 
alpine sedgeland vegetation. In-field assessment of the exhumed profile revealed a fibric layer to 30 cm, and 
hemic peat to 80 cm. The top radar panel is refined for the 650 MHz antennae and the bottom panel is refined 
for 150 MHz. ‘S2’ denotes the centre of the transect. Permittivity scores related to soil moisture measurements 
are input into the system that produces this radargram, which then adjusts the size of the axes for depth. Wavy 
lines depict hyperbola that suggest changes in substrate. The boundaries of these changes are indicated using 
red lines. 
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Figure 10. Example Radargram of a transect at Melaleuca on highly-significant peat mounds. In Situ sampling at 
Melaleuca was non-destructive to protect mound integrity, and thin probes suggested that this mound was 
approximately 250 cm deep at the apex. On the radargram, slopes are ‘linearised’ and converted to a level 
surface, and therefore sub-surface changes in substrate are identified by (in this case) dipping lines (see red 
arrows) that must be compared with surface topographic measurements in order to estimate depth. This 
radargram visualises transect at the southern ‘edge’ of a mound, and suggests a real-depth of 150 cm. ‘S2’ 
denotes the centre of the transect. Permittivity scores related to soil moisture measurements are input into the 
system that produces this radargram, which then adjusts the size of the axes for depth. Wavy lines depict 
hyperbola that suggest changes in substrate. The boundaries of these changes are indicated using red lines. 
 

 
 
The dual channel device used in this study meant that finer and closer inspection could be 

made of surface layers using the 650 MHz antennae, whilst the 150 MHz antennae was useful 

to visualise deeper artefacts at a much coarser resolution. 

 

Developing rule sets for organic layer thickness and/or profile depth 
 
For the purpose of fire management assessment and planning, rule sets must be able to be 

used in-field. Therefore, we have grouped data according to statistically significant 

differences identified between landscape variables in the previous section, and have used 

vegetation communities as useful indicators for soil depth (Table 3). This approach clusters 

vegetation communities into seven distinct groups, and covers rainforests, scrublands, and 

highland and lowland sedgeland, grassland and moorland communities.  
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Table 3. Organic soil profile depth as predicted by easy-to-measure indicators – dominant vegetation 
community, aspect, elevation and slope. Sample size = 300 observations. Note that confidence should be 
interpreted as arising from the results of this small study, and may not be applicable more broadly. 

Vegetation Type 
Mean depth 
or thickness 

( S.E) 

Predictor(s) 
Potential rule statements 

(clarifying quantitative statements) 
Confidence 

Eastern 
Buttongrass 
Moorland 

 

34.61  12.16 

No uniquely 
delineating 
geographic 
predictors 

  

Freshwater 
Aquatic Systems 

138.60  
11.47 

Aspect 

North-facing freshwater aquatic systems have deeper 
soils 

 
(Mean of north-facing systems = 150 cm; mean of 

south-facing systems = 100 cm.) 

High 
(R2 = 84%) 

Highland Grassy 
Sedgelands# 

67.38  18.64 
Elevation 

Aspect 

Shallow organic layers occur under grassy sedgelands 
on high mountain plateaus. Deep organic profiles are 

found under grassy sedgelands on upland slopes, 
especially on north-facing slopes.  

 
(Mean soil thickness above 1000m = 25 cm; between 

800-900m = 130 cm. 
Northerly profiles are deeper in areas of low drainage 

than anywhere else (mean = 60cm due north  20 
degrees; other aspects mean = 35 cm). 

 

High 
(R2 = 78%) 

 

Highland Poa 
Grasslands## 

25.47  13.76 

No uniquely 
delineating 
geographic 
predictors 

  

Sphagnum 
Peatland 

147.85  21.5 

Vegetation 
type found in 

narrow 
topographic 

bands. 

Sphagnum peatlands have deep organic soils in the 
TWWHA. 

Moderate 

Western 
Buttongrass 
Moorland 

25.99  23.2 

No uniquely 
delineating 
geographic 
predictors 

  

Western Lowland 
Sedgeland 

57.50  18.49 Slope 

Western lowland sedgeland community organic soil 
depth decreases with increasing slope steepness.  

 
(‘Flat’ slope = deepest peats (mean = 170cm); 

moderate-slope – ‘mid’ peats (mean = 100cm); steep 
slope = shallow peats (mean = 45cm)). 

High 
(R2 = 74%) 

Wet Forests and 
Scrublands### 

16.26  13.33 Elevation 

Wet forests and western scrublands possess 
moderate organic soil layers development up to 300 
m elevation (lower slope). Beyond this, organic soil 
occurs as a thin layer or horizon, typically overlying 

mineral soils, boulders or gravels. 
(Deepest peats at 300m elevation: mean 30 cm 

between 0-200 m; 40 cm at 300 m, organic layer of 
20cm or less > 300 m). 

Low - 
Moderate 
(R2 = 44%) 

# Predominantly highland sedge communities that also contain grasses ## Highland communities exclusively comprised of grasslands and 
forbs, to the exclusion of sedges ### Includes all rainforest communities, and western wet scrublands that co-occur on the same geology 
and substrates. 



31 
 

There was insufficient organic layer or soil development under dry forest communities, and 

hence these do not form part of the rule set development. Rules were only established when 

clear delineations could be made between vegetation communities. This choice prevents 

users from dealing with vegetation groups with overlapping means, or making potentially 

spurious conclusions across environmental gradients without first taking vegetation into 

account. 
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Interim Findings 
 
Is GPR a useful method to determine soil thickness, depth and moisture in the 
TWWHA? 
 
GPR is a useful method to determine soil depth and thickness in the TWWHA, but with some 

known caveats as identified in the results. Firstly, there is a high confidence in interpretation 

of radargrams captured through our experimental design, with only sites on very poorly 

drained soils, and areas with significant interference from dense root mats being difficult to 

interpret. In the former, temporal saturation of soil profiles will return ‘under-estimated’ 

depth profiles because the presence of water will lower the dielectric constant and 

permittivity. For the latter, manual excavation of soils in heavily forested areas so as to 

determine soil depth was inconsistent and subject heavily to sample selection bias as 

collectors needed to probe between roots in order to locate substrates and could not 

otherwise destructively sample in these locations. 

 

In this study, it was necessary to manually sample each site to generate the reference 

standards for dielectric permittivity. In future studies, operators may use these constants in 

many environments with a degree of confidence, and from their use of the return time and 

reference dialectic constants, should be able adequately determine soil moisture content as 

well as depth2 

 

Nonetheless, the in-field use of land-based GPR is a time-consuming exercise that requires 

significant in-field labour costs balanced against the relative ease of future capture now that 

reference constants have been constructed. 

 

 
2 Our approach in this study has been cautious. We have manually sampled every profile for which we have 
obtained a precise measurement of layer thickness or depth, as well as moisture content and EC. Most use of 
GPR is to determine the precise location of objects (engineering, archaeological perspective), and permittivity 
standards are well known. The purpose of this study was to obtain the precise location of substrate layers, 
thereby determining organic soil layer thickness or profile depth, in environments where the permittivity may 
be less consistent, or unknown. Now that we have made some general observations of soil depth or layer 
thickness in different environments, and we have cross-referenced these with new permittivity values calculated 
from sample soil moisture, it should be possible for future operators to use these permittivity scores to obtain 
depth estimates, and to use the depth estimates and permittivity generalisations made here to infer soil water 
from our observed relationship between permittivity and soil water.  



33 
 

With respect to time efficiency, the time spent calibrating instruments for use in-field is 

minimal now that constants and their relationship to environmental characteristics are 

tentatively understood. However, the cost of using instruments in-field equates to 

approximately $5000 per day, depending on remoteness and the need to walk-in, cost of 

transport to the site, the need to have at least two people using the instrument at all times 

(one to collect, one to steady the instrument in difficult terrain and make notes), and the 

actual difficulties on-site (rough terrain, water). Nonetheless, when compared to traditional 

hand-held or visual excavation and assessment methods of determining soil moisture content 

and depth to substrate, and subsequent laboratory analyses, the data analysis and post-

processing of radargrams is comparatively inexpensive and takes less than a few hours to 

complete post-processing and calculations. Therefore, the cost-efficiency of traditional in-

field sampling versus GPR data with a dollar value, based on staff labour costs of up $120 per 

hour including on-costs, and assuming that laboratory soil analyses (including preparation) 

was valued at $40 per sample, is in favour of GPR (Table 4). 

 

Precision and accuracy of observations taken using GPR-based technology is comparable to 

traditional hand-held methods only when experienced operators use GPR in-field. Care must 

be taken to walk at a consistent pace using GPR, and also to note and correct any artefacts in 

field (e.g. tree roots) as they occur. In-field traditional methods are constrained by the need 

to make repeated trips with soil samples, and accuracy of depth determination across a site 

is subject to team size and capacity/legalities of excavating and/or otherwise destructively 

sampling sensitive areas. Accessibility and safety are therefore equally difficult for traditional 

field teams and GPR teams – the same issues that hamper manual field excavation affect GPR 

operators.  

 

Of course, it should be noted that the extensive work carried out in this study was necessary 

to validate GPR as a method of detection of depth to substrate and potentially the location of 

water in a highly-diverse landscape. Neither GPR nor the extensive field survey conducted in 

this study are necessary for coarse, landscape scale inspections of fire risk – the latter of which 

can be conducted through the examination of temperature, rainfall, vegetation and soil 

dryness models and visual inspections of the presence or absence of dry organic soils. 
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Evaluation of UAV-GPR in difficult to access terrain. 
 
The microtopography of the TWWHA presents challenges for terrain-based geophysical 

imagery and analysis. This necessitates not only considerable time in-field and on-ground to 

develop precise dielectric curves and rule sets, as identified earlier in this report, but it 

constrains future work efficiency given the often short-timeframe and limited funding 

available for extensive future on-ground predictive work. 

 

New approaches to GPR include those that can be deployed aerially. Such approaches offer 

potentially very promising advantages over land-based methods, including a reduction in in-

field operator safety concerns, ability to traverse (i.e. ‘fly over’) difficult terrain more quickly, 

and the potential to deploy the device ahead of fire fronts and other environmental hazards 

to undertake repeated and/or real-time monitoring of vulnerable areas. Nonetheless, aerial 

GPR and other geophysical techniques for substrate assessment come with unique 

methodological and post-processing challenges.  

 

As with land-based methods, aerial GPR relies on the effective computation of a dielectric 

constant. In the TWWHA, the limited information about soil properties required the manual 

construction of our own new reference standards. In aerial methods, antenna choice is more 

critical, and surface interferences from vegetation, rugosity (surface ‘roughness’) and low 

cloud can lead to false readings or inadequate sub-surface penetration. Land-based methods 

measure the refractive index and calculate a dielectric constant using inputs from additional 

on-board sensors including precise digital GPS, and can additionally determine soil water 

content with soil texture information and temperature sensors. In contrast, aerial methods 

may sometimes need to rely on the determination of a ‘brightness temperature’ from 

microwave measurements from space and satellite data, and also must remove surface 

‘interferences’ using NVDI or other surface models for vegetation (Figure 11). 

 

Another consideration associated with aerial methods is that of terrain-following. Aerial 

devices fly up, down, or forwards and backwards with minimal capacity to follow topographic 

features without terrain following devices on board. All aerial GPR devices must therefore be 

equipped on-board with terrain following devices and altimeters with real-time GNSS, and 
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interpreted in post-processing against surface models and observations for above-ground 

variability. 

 

For use in the TWWHA, a modified workflow is proposed that takes into account the data 

generated through the land-based component of this project, the availability of datasets for 

above-ground interferences such as vegetation and surface reflectance, and the likelihood of 

success of post-processing (Figure 12). It also acknowledges that a second attendant must 

accompany a UAV operator in the field, for safety reasons.  

 

Highly efficient and successful data capture is a function of the availability of good LIDAR data 

for the flight path (or the capacity and availability of instrumentation to facilitate real-time 

capture), and multiple passes over a feature or zone of interest in order to ensure that 

rugosity and other ground-based interferences are adequately captured. Expense arises if 

prospective operators require additional LIDAR and imagery to be taken, or if the organisation 

or group lack capacity to undertake judicious post-processing. Nonetheless, when compared 

with ground-based methods, aerial or UAV-GPR does appear to have some promising 

benefits. Firstly, though initial instrument purchase costs are high (UAV - $20, 000; GPR - 

$125,000; LIDAR camera, receiving unit - -$20-$100,000), staff and maintenance costs are 

lower at the time of image capture. 
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Figure 12. Schematic overview of the potential inputs into land-based GPR (B – left image), which each help to 

‘clarify’ or improve confidence regarding estimates of depth and soil moisture via the refractive index. In aerial 
GPR, and in satellite visualisations, the refractive index from ground to subsurface is combined with measures 
of ‘interference’ from terrain and vegetation. Radargrams (bottom right) are therefore subject to significant pre-
processing corrections related to surface interactions. 

 
Post-processing requires a person capable of being able to interpret a range of modelled data, 

and to use additional model sets to be able to sharpen radargrams using dielectric data and 

data from satellites (for air temperature, if required, for instance). A single skilled person 

could perform the interpretation required in post-processing within a few hours if data inputs 

were optimised or a basic customised field-based spreadsheet was used to aid the 

interpreter. Even if the estimated soil water values eventually determined from data 

collection were imprecise (there are, after all, six potential components and processes 

involved in data capture and interpretation that are subject to environmental interference), 

the benefit of being able to make relative comparisons between various parts of the 

landscape and soil dryness in fire-prone landscapes like the TWWHA may soon outweigh the 

risk of comparatively early entry into this market. 
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Figure 13. Workflow for potential use of aerial GPR (via UAV) in the TWWHA. ‘Live’ soil moisture data can be obtained if 
the following conditions are satisfied: imagery and on-board sensors are used as described, flight path and area of focus 
falls into ‘confident’ rule-set zone for dielectric permittivity and a very low MHz aerial is used in near-saturated and forested 
zones. *If LIDAR or other surface imagery is already available for certain areas, this dramatically reduces costs associated 
with radargram corrections and refinement of imagery. 

Pre-processing 

 

GPR Profiles 

Calibrate using established TWWHA 

dielectric input parameters and 

surface data   

(correction of amplitudes) 

 

Check GNSS precise positions and 

accuracy of altimeter 

(correction of coordinates and 

azimuth) 

Elimination of aerial 

interferences on radargram 

determination on radargram 

Elimination of terrain anomalies 

unrelated to substrate depth 

Processed GPR profiles 

TWWHA soil depth data 

‘Live’ soil moisture data for the 

TWWHA. 

Factors under consideration: 
brightness’ temperature 

Surface reflectance 
Vegetation dryness 

Spectral interference 
Rugosity (LIDAR correction) 

Factors under consideration: 
-linearising imagery to 

convert to flat surface from 
slope through terrain 

following, antennae quality 

Establishment of field-scanning grid using areas with available lidar or 

satellite data* 

 

Drone-deployment and field data collection using altimetry/terrain-following devices, real-time GNSS 
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Table 4. Comparison between land-based GPR, UAV-GPR and traditional methods to determine soil moisture 
and depth. Performance criteria have been used to compare techniques with the assumption that permittivity 
rules derived in this report are already in use. Notable concerns or considerations are identified in parentheses.  
Note that for some purposes (including some fire management applications) highly detailed and precise 
information on soil depth and moisture are not needed. For each criteria, more symbols = more time, more 
accurate, more safe, more access, etc. 
 

Performance 
Criteria 

Land-Based GPR UAV-GPR Traditional in-field sampling 

Time-Efficiency 

   
 

(2-person operation;  
slow traverse;  

faster post-processing) 

 
(1 person operation, 1 

observer; rapid in-field; 
slower post-processing) 

 
(2-person operation; slow 

traverse; slower laboratory 
post-processing) 

Precision 

   
 

(Possibility of poor data 
capture - relies on 2 skilled 

operators and their 
perception of subterranean 

artefacts) 

 
(Possibility of spectral or 

vegetation interferences in 
depth determination, but 
highly accurate terrain -

following) 

 
(Highly accurate when 

dGPS/GNSS is used to identify 
and re-identify sites; manual 
soil sampling requires precise 

coring method) 

Cost-efficiency 

   
 

(Moderate cost to hire and 
run equipment;  

labour costs for in-field 
capture are high; no lab costs) 

 
(Relatively expensive to 
purchase all specialist 

equipment required; labour 
cost of skilled operator; 

no lab costs) 

 
(Relatively inexpensive material 

costs but higher labour costs 
due to in-field and then 

laboratory analyses) 

Safety 

   
 

(Safety constrained by 
outdoor conditions; GPR has a 
very unlikely, but still present, 

risk of electrocution in very 
wet areas) 

 
(Less time in-field and choice 

of safest vantage point; safety 
considerations for raptors and 

other birds in potential UAV 
flight path)  

 
(Safety constrained by outdoor 

conditions) 

Accessibility 

   
 

(Limited to safe zones of 
operation with a need for two 

people to hold and operate 
device) 

 
(Terrain-following and ability 
to fly long range means that 
difficult to access sites are 

flown over with relative ease) 

 
(Limited to places that humans 

can safely traverse and carry 
excavation equipment and 

samples) 
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Recommendations 
 
We have established that geophysical instruments have potential for ongoing use in the 

TWWHA, to collect data and conduct monitoring for improved fire management and decision 

making. We recommend the following for future work: 

 

1. Continue to refine dielectric constant models for organic soils in the TWWHA.  

 

In this initial study, we walked transects in 19 locations across the TWWHA, accounting for 

environmental gradients associated with rainfall, topography and aspect on sites with 

different vegetation, geology and landform elements. To this end, we were able to capture a 

rigorous dataset for quartz, limestone and sandy substrates, but our collection over basalts 

and most alkali metamorphics was limited (we prioritised more common substrates). 

Likewise, some plant communities are more common in the TWWHA, and/or more easily 

accessible for land-based traverse and data capture. Therefore, a small expansion of the 

project using the same methodology for data capture and analysis could provide even more 

dielectric constants for this large and relatively poorly-studied location. 

 

Nonetheless, the benefit of faster and potentially even more accurate radargram production 

for those less popular geologies and vegetation groups needs to be counterbalanced against 

the likelihood of combustibility and damage, and the cost of capturing the information. It 

might be better instead to strategically interrogate existing databases of TWWHA natural 

values inventory and undertaking additional risk assessments in the environment to 

determine if there is even a need for collecting further land-based data if the likelihood of 

ignition is low in these areas, or if existing natural assets in these locations are already known 

to be of such significance that fire protection is high priority always. 
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2. Consider testing UAV-GPR in a range of diverse terrains in the TWWHA.  

 

Despite the considerable technical capacity required to operate a UAV-GPR, and the extra 

steps in post-processing, this technique could be well supported and highly efficacious for 

making relative comparisons of ignition and burning risk between sites and points of interest. 

The instrument costs of UAV-GPR are considerable at approximately $300, 000 to include on-

board additional features such as LIDAR, but these are offset over time because data can 

potentially be collected daily, and even moderate accuracy of data collection is sufficient to 

be able to obtain radargrams and soil moisture calculations that would facilitate relative 

comparisons between seasons or places of interest.  

 

There are obviously still constraints with the technique that might present challenges for data 

collection in the TWWHA. Different antennae may be required to capture substrate depth or 

coherent radargrams when used in locations where vegetation height is variable (from 1-110 

m in the TWWHA, for instance). At the time of writing this report, two aerial GPR models exist 

– one with a frequency range of approximately 80 MHz, which can penetrate sand to depths 

of 80m, and a second that has a frequency range of 124 MHz and can penetrate to a depth of 

approximately 40 m. Only the 80 MHz model would be of use in the TWWHA, but additionally 

it is acknowledged that low frequency antennae provide a coarser image after post-

processing. Additionally, rugosity/surface roughness and topographic variability is high in the 

TWWHA. To date, UAV-GPR has only been used in a few scenarios involving dense vegetation, 

and has primarily been employed in ‘single-substrate’ scenarios, such as snow/icesheets, 

coastal nearshore zones (bathymetric studies) and quarries, or in single vegetation types (e.g. 

Southern Appalachian forests in the USA).  

 

The advantage of using the UAV-GPR technique in Tasmania is that there is existing capacity 

within-state to conduct image post-processing using LIDAR and NVDI models, plus additional 

support from many qualified drone operators and trainers. This potentially offsets risk from 

the current limitations to antennae frequency and topographic interferences because 

specialist models exist within-state to ‘remove’ vegetation effects from aerially-scanned 

landscapes [20]. With the addition of supplementary decision support tools that would enable 

end-users to make relative comparisons between sites or time periods, even UAV-GPR as it 
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currently exists could be useful in future soil moisture and depth monitoring. Therefore, 

system-testing of UAV-GPR in Tasmania is recommended as a priority. 

 
3. Consider using permittivity reference standards in downscaled soil water modelling 

 

In this study, care was taken to diversify site selection so as to intentionally cover as many 

possible variables and landscape features as possible. This has enabled us to provide robust 

estimates of depth in a number of different locations and under a range of spatial operating 

conditions, but there has not yet been the opportunity to use permittivity constants to 

calculate or infer soil water content through time. 

 

An extension on our current work would see the establishment of a range of validation sites 

for which the water content and site features are known, and use permittivity constants 

developed here to test their predictive capacity more broadly. This would require weather 

data, soil clay content and in situ soil water measurements to determine if permittivity 

equations reworked for this purpose could report back soil water values in the predicted 

range. This is an option currently being pursued by the investigators, and requires a larger 

dataset to test assumptions. If successful, permittivity can be used across a range of common 

TWWHA landscapes to determine soil moisture at the point level. 

 

4. Incorporate depth and relative soil moisture observations into fire risk assessment models 

for the TWWHA 

 

This project has demonstrated the variability in soil depth and organic layer thickness across 

the TWWHA, and has made 297 individual soil thickness or profile observations across 19 

sites. This has been sufficient to identify that (a) there are indeed relationships between depth 

and landscape characteristics and (b) dialectic permittivity constants can be reliably used for 

some landscape characteristics, and in the future – may be used for downscaled soil moisture 

calculations. 

 

Profile depth or layer thickness is most substantial in areas with imperfect drainage, and 

under aquatic systems and alpine/sub-alpine grass-sedgeland communities and sphagnum 
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peatlands – places likely to have abundant water supply in most years, but now subject to 

seasonal drying. Though the TWWHA has many high-value, endemic plant communities 

(especially rainforest communities) that, due to their natural values, are priorities for fire 

management, that deep organic soils are present in other communities (and on drier, north-

facing slopes) may necessitate recognition in future fire risk models. 

 

The potential benefit of UAV-GPR means that downscaled estimates of soil moisture may be 

possible for the TWWHA if trialled in the near future. Knowledge of depth combined with 

substrate permittivity means that operators may be able to fly over smaller areas to conduct 

seasonal or weekly assessments of soil moisture for fire planning, especially in deeper areas 

that underlie ‘lesser priority’ vegetation. 
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Appendices 
 
A1. Dominant humification types found in the common vegetation communities (top) and 
geological subunits (bottom) sampled across the TWWHA 

 
 

 

 
ASP – Sphagnum peatland, GPH – Highland Poa grassland, HHE – Eastern alpine heathland, HSE – Eastern alpine sedgeland, MBE – Eastern 
buttongrass moorland, MBW – Western buttongrass moorland, MGH- Highland grassy sedgeland. Jd – Jurassic dolerite, Lcq – Dominantly 
orthoquartzite, Ltp – Dominantly pelitic sequences (phyllite), Lts – Dominantly quartzite, Q – Quaternary sediments, Qpg - Pleistocene 
glacial and glacigene deposits. 
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A2. Selected Site Photos 
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A2. Site photos (continued) 
 
 
 
 
 
 
 

Duckhole Lake  Eddy’s Road  Edgar 

Melaleuca  Pelion Plains  Ritters Plain 

Harbacks Road  Lake Botsford  McPartlans Pass 


