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Executive Summary
Adelaide’s Northern Corridor has significant potential for economic development, with a major
expansion of irrigation planned for areas north of the current Virginia irrigation area. The aim of this
Goyder Institute for Water Research project is to consider a range of key, locally relevant, soil
conditions and potential water sources so as to identify combinations that result in sustainable
irrigated agriculture. Evaluation of these various scenarios will help managers and policy makers
identify locations and/or irrigation scenarios that have the potential to either expand or limit the longterm viability of irrigated agriculture in particular zones across the region. To assist in this process,
additional soil and groundwater information is needed in order to fill in knowledge gaps.
This report describes the approach and findings of Task 4 of the project. The aim of Task 4, ‘Assessment
of depth to groundwater’, is to investigate a range of hydrogeophysical methods for mapping of
shallow groundwater depth over the range of soil types and groundwater salinity conditions
encountered in the plains north of Adelaide.
Where groundwater is shallow, it will be important to manage the balance between irrigation and
groundwater depth (The Goyder Institute for Water Research 2016). Estimation of the phreatic water
level, for the shallow aquifer in areas like the Northern Adelaide Corridor is traditionally done by
measuring the depth to the water table at available, usually spatially sparsely located, monitoring
wells that are drilled to the appropriate depth to provide information about the shallowest, often
perched aquifers. Using interpolation (and extrapolation) techniques this point data can be converted
to a water table surface map over the entire area. However, this can result in significant errors due to
sparse measurements, varying ages of when measurements were made, and also subtle changes in
the low-lying topography. The use of geophysical surveying to augment groundwater monitoring
information in the NAP has the potential to greatly improve the spatial resolution of the interpolated
shallow water table surface over much of the area without the need to drill an extensive number of
new and costly monitoring wells.
In Part 1 of this study we collected extensive data sets over three main survey sites to test a number
of surface-based, mostly electrical/electromagnetic geophysical techniques, to evaluate their efficacy
at estimating the depth to shallow (<10 m depth) groundwater. We tested a number of techniques
over the three survey sites, including electromagnetically-based instruments that collect data in the
time domain (TEM) and the frequency domain (FD). We also collected data at one of the sites using a
resistivity system (ERT), as well as hand augering, and analysis of samples from a number drillholes.
In Part 2 of this report a major shallow (< 10 m) drilling program was undertaken at 47 locations. All
drillholes were soil-logged and sampled for further analysis. Additionally, depth to groundwater was
measured and water samples were also collected for analysis. Twenty of these drillholes were logged
using a downhole nuclear magnetic resonance (NMR) tool. NMR is a relatively new development in
hydrogeophysics that takes advantage of nuclear magnetic resonance response in the sediments to
measure both water content and “boundness” of the water (related to soil texture) at each logged
depth.
Based on the geophysical (and other) data sets collected, we have made a number of important
observations about the overall field site:
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•

In general, the groundwater is mostly shallower and more saline to south and west, and is
generally deeper and fresher to the north and east, within a corridor between the Light and
Gawler Rivers. These two rivers (especially the Gawler, which has higher flows than the Light)
appear to create relatively fresh riparian groundwater zones (of variable width) along their
paths. The depth to the phreatic groundwater in the study area is highly variable. More depth
estimates will be needed to fully characterise the extent of this water table.

•

The range of conductivities observed at all sites is often small. Hence, there is little contrast
between relatively conductive soils and water that is of similar conductivity, making it difficult
to resolve the depth to the water table using electrically-based geophysical equipment.

•

Geophysical techniques that measure the ground conductivity (i.e. the electrically- and
electromagnetically-based techniques) appear to be able to determine depth to groundwater
when there is a sufficient contrast between the conductivity of the groundwater and the
background soils. Where the sediments are fine, the capillary zone may be thick and it appears
that this is what is detected – so the estimate of water depth may be shallower than the actual
depth to groundwater. Overall, it is likely that these techniques are less effective where the
groundwater is relatively fresh (i.e. to the north and east in the study site), and more effective
where the groundwater is more saline (i.e. to the south and west).

•

We tested a shallow seismic survey to see if it had the ability to detect the water table in an
area where the electrical techniques did not work well due to lack of contrast. This variation
on standard seismics appears to have been able to detect the water table. It is important to
point out that the seismic survey was a) experimental, and therefore requires further testing;
and b) relatively slow and costly.

•

While two of the electromagnetically-based tools, the terrain conductivity meter (CMD) and
the shallow electromagnetic (NanoTEM) system, usually provided similar values for the depth
to groundwater, the NanoTEM results appear to have been more consistent and did not
appear to suffer from calibration issues. We recommend using NanoTEM for spot soundings
over parts of the NAP to help estimate groundwater depth.

•

The in-situ results obtained using the NMR downhole tool, i.e. estimates of water content and
water boundness (soil texture), were generally consistent with those obtained from samples
collected and evaluated in the laboratory. It would be worthwhile continuing to evaluate these
tools (and perhaps other downhole logging tools) as the ability to collect this type of data in
the field has the potential to significantly reduce core logging, sampling and laboratory
analysis time in the future. It might be worth considering, coring, logging and full laboratory
analysis only one in ten drillholes (for example), with all drillholes logged using tools like the
NMR tool.

•

The downhole NMR data sets were interpreted to show the existence of impermeable clays
at the base of six of the holes drilled.

•

While it was not possible to detect the groundwater at one of the study sites as the electrical
contrast was too small and the water relatively deep, the TEM data collected on this line
appears to have picked out the contact between two soil types. Interestingly, the TEM mapped
location of this contact is ~100 m east of the contact as mapped on the SA Soil Groups GIS
layer (https://data.environment.sa.gov.au/NatureMaps).
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•

Based on work completed at one of the major data collection sites (NAP Drillhole NAP26), we
concluded that infiltration of surface water was occurring at the location of an ephemeral
stream. Such ephemeral recharge locations appear to be important for the understanding of
the groundwater resources and system in the NAP. We recommend collecting high resolution
Digital Elevation Model (DEM) data over large parts of the NAP using an aircraft-mounted
LIDAR system to help map these subtle features.

Figure 1 summarises the results of this study with implications for irrigation in the NAP. Figure 1a
presents total dissolved solids (TDS) in the groundwater. To create this map we converted the
groundwater conductivity data collected during Part 2 of this study along with groundwater
conductivity selected from the pre-existing well data in the area to TDS values (Appendix 1). In Figure
1b we present the regional depth to groundwater, using both pre-existing and newly acquired waterdepth information. It is worth noting that the groundwater TDS values shown in Figure 1a are sourced
from the same bores (and therefore reflect shallow groundwater conditions) as those shown in Figure
1b.
From Figure 1a it is apparent that much of the groundwater sampled in this area is very saline
(especially in the zone between the Light and Gawler Rivers), and would pose a hazard to agriculture
if it were to reach the surface. In Figure 1b we have set the colour bar to highlight various groundwater
depths. Where the groundwater is less than 2 m from the surface (i.e. the red zones in the map) are
areas where, if over-irrigated, groundwater is most likely to reach the surface (without mitigating
measures such as surface or subsurface drainage). This could then result in waterlogging of soils, soil
salinisation, crop yield reductions and damage to infrastructure. Where groundwater depth is greater
than 5 m (shown in green in Figure 1b), irrigation is unlikely to raise the groundwater level, and
therefore is to cause the aforementioned problems. Intermediate groundwater depths are shown in
yellow in Figure 1b.
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a)

b)

Figure 1. Summary of project results. a) Groundwater TDS (mg/L); b) Depth to groundwater. Pre-existing wells
are shown in green; holes drilled for this project are shown in blue.
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1 Introduction
Adelaide’s Northern Corridor has significant potential for economic development, particularly by expanding
agricultural and horticultural activity. In late 2019, the first stage of the Northern Adelaide Irrigation Scheme
is scheduled to come on-line. At that time, approximately 12 GL of “Class A” recycled water will be piped to
the north of present agricultural/horticultural activity, in Adelaide’s north. The Goyder Institute for Water
Research has instigated a stocktake of available water resources in the Northern Adelaide Plains (NAP),
looking at both quantity and quality available for use (Goyder Institute for Water Research, 2016).
The potential for irrigated agriculture to support sustainable development as part of the economy of the NAP
is complicated as there are a large number of potential options in relation to agricultural production. These
include choices as to how best to use the land: for example as protected cropping, broad-acre agriculture,
glasshouse agriculture or for intensive livestock. These factors also vary with space and time and have
potentially competing economic, environmental and social impacts. In addition, there are a number of gaps
in underlying knowledge that need to be filled in order to enable decisions to be made in an informed
manner, including:
•

current soil attributes;

•

understanding of the impact of water from different sources / of different quality on water-soil
biochemical interactions;

•

understanding of the fate of nutrients from different sources / of different quality on long-term soil
health and receiving waters; and

•

the amount of water of varying quality that is available at different times of the year.

The primary goal of this study is to determine whether there are geophysical techniques available that are
able to determine the approximate depth to groundwater in settings like the NAP. It is also aimed at
determining if some of these techniques are able to assist with identification of important soil properties,
specifically the presence of impermeable clays (often called Hindmarsh Clay). These clays act as effective
shallow aquitards, limiting drainage of shallow soils and causing waterlogging in agriculture. We attempt to
address these issues by collecting and integrating geophysical data and comparing with data sets collected
using non-geophysical methods.
To introduce the background conditions that are common to all of the data shown, we begin by describing
the hydrological setting of the area. Additionally, we present other information that is important to and incommon with the data sets shown in this report. The remainder of the report is divided into two parts, as
two largely separate, but complementary sets of data were collected. In Part 1, we present a number of
coincident surface geophysical data sets collected at three major sites. In Part 2 we present data collected
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during a shallow drilling program instigated for this project. We test a new downhole NMR logging tool, and
then integrate the various data sets collected at each drillhole (including geophysical data already described
in Part 1).
In reading background material on this area we have noted that there are a large number of projects and
data sets that are based in the “plains” area north of Adelaide that incorporate the “term” NAP. In this report
we simply use the term NAP to indicate the area north of Adelaide ranging from approximately the Gawler
River to the south and west to Port Wakefield in the north and west, to east of Kapunda in the east. In Figure
2 this area is indicated with the orange dashed line. This is the entire area that is being explored for possible
irrigation using expanded water supplies about to be made available from the Bolivar Wastewater Treatment
Plant. The study area summarised in this report is the area highlighted in red Figure 2; in this report this area
will be called the “NAP study area”.

Figure 2. Extent of Northern Adelaide Plains (NAP) (dashed orange line), and the study area (in red).
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2 Setting, including shallow hydrogeological
information
2.1 Hydrogeology
The Northern Adelaide Plains is an area located between the Gulf St Vincent to the west and the Mount Lofty
Ranges to the east. The NAP has flat lying topography, with a low slope and increasing elevation towards the
east. Due to the relatively flat topography in the area, surface drainage is poor. The NAP area consists of
Quaternary and Tertiary sedimentary aquifers of the St Vincent Basin. There are multiple unconfined aquifers
in the Quaternary (Q1-Q4) and two main confined aquifers in the Tertiary sediments (T1-T2). Each of these
aquifers has large variations in thickness, lithology, salinity, and yields (The Goyder Institute for Water
Research 2016).
This study is mainly concerned with the conditions present in the shallow Quaternary sediments, which
consist mostly of silt and clay layers with shallow-aquifer forming sand and interbedded gravel layers (Figure
3).

Figure 3. North-south geological cross section through the NAP Prescribed Wells Area (Gerges 2001).
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2.2 Surface water
Two major rivers form the northern and southern borders of the NAP study area, the Gawler River to the
south and the Light River to the north. Waters for both are sourced from the Mount Lofty Ranges to the east.
River flow capacity for the Gawler River has been impacted by farm dams and water supply reservoirs,
reducing flow capacity from 450 m3/s near Gawler, to 70 m3/s near Virginia and to 10 m3/s at the coast. The
average total discharge is ~17.8 GL/year between 2005 and 2015 (The Goyder Institute for Water Research
2016).
The Light River is an ephemeral river system, mainly utilised for domestic and stock watering purposes. Due
to its ephemeral character, the river relies heavily on sufficient surface flows to flush permanent pools, with
salinity levels dependant on high flow events. Prolonged dry periods result in increased salinity levels in the
permanent pools from evaporation (The Goyder Institute for Water Research 2016).

2.3 Soils
Soils in the NAP study area consist primarily of five major soil types. Figure 4 shows the soil distribution within
the study area with data locations from this project superimposed to allow our data set to be placed in
relation to soils as mapped. This map is sourced from work done by David Maschmedt (SA Department for
Environment and Water (DEW), formerly SA DWLBC), as part of the process of preparing various GIS data
bases and The SA Handbook of Soils (Hall et al. 2009). For this work a number of sites spread over southern
South Australia were trenched and mapped extensively. A much larger number of sites were shallow cored,
and the core material was logged and laboratory tested. This basic data set was extended using other data
sets, including, for example, vegetation type and cover. (Hughes et al. in prep.). All of this information was
then

used

as

the

basis

data

to

create

a

state-wide

GIS

layer

(NatureMaps:

https://data.environment.sa.gov.au/NatureMaps) of soil groupings. We describe here the major soil types
based on this GIS layer and the soil descriptions in The SA Handbook of Soils (Hall et al. 2009).
It is worth noting here that in Hughes et al. (in prep.) the term Hindmarsh Clay is used to indicate an
impermeable clay unit that was laid down when the Adelaide Plains were part of a larger inland lake system
within the last hundred thousand years. Formally, Hindmarsh Clay is defined as a stratigraphic unit, which
encompasses many lithologies – clay, sand, and gravel (https://asud.ga.gov.au/search-stratigraphicunits/results/8381), so should not be used as the name of this impermeable clay. When the term Hindmarsh
Clay is used here, it is used to denote an impermeable clay unit that is likely to have been deposited when
this inland lake system was present in the NAP, as described by Hughes et al. (in prep.).
Hard red brown texture contrast soils with alkaline subsoil is the most dominant soil type within the NAP
study area, making up 43% of the soil coverage; these are Type D soils in The Soils of Southern South Australia
(Hall et al. 2009). These soils are moderately deep, generally fertile, poorly structured, red-brown coloured
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soils that have been formed from unconsolidated sediments. The soil profiles are texture contrast, with
predominantly loamy topsoils and red clayey subsoils. The topsoils are generally hard setting in the first 30
cm, are acidic to alkaline and usually overlie often-pale coloured subsurface layers. The upper subsoils are
natural to alkaline, with alkaline to strongly alkaline lower subsoils. The middle to lower subsoils may contain
hard carbonates or rock fragments. The subsoil structures are poor, resulting in restricted root growth and
limited internal draining, causing poor water use efficiency and increased risk of waterlogging. The irrigation
potential is therefore limited due to the characteristics and risks of salt accumulation and water logging (Hall
et al. 2009). According to Hughes et al. (in prep.) deep drainage is sufficient to transmit excess water away
from the root zone (thereby encouraging the downward leaching of salts to deeper groundwater), where
these soils are not underlain by impermeable clays (“Hindmarsh Clay”).
Deep uniform to gradational soils make up 13% of the soil coverage in the NAP study area. This is the second
most extensive soil category in the study area, but among the least sampled in our study. These are Type M
soils in The Soils of Southern South Australia (Hall et al. 2009). These soils are some of the most productive
soils in South Australia, and have high potential to be used for dryland cropping, irrigated agriculture and
permanent pasture. Usually, these soils occur near watercourses and are predominantly formed from alluvial
or outwash sediments. The source rock is usually thought to be from siltstone, shale and slate from the Mount
Lofty Ranges to the east. The soil profiles for this classification are gradational to uniform, with textures that
range from clay to loamy sands with gradual or unnoticeable changes from topsoil to subsoil. Many soils
contain gravel or stone, with some subsoils showing low to moderate accumulation of fine carbonate. These
profiles can be underlain with calcrete limestone or calcarenite, but are generally underlain by
unconsolidated materials. Subsoils can be well structured to poorly-structured with coarse blocky or
prismatic aggregates.
Calcareous soils cover much less of the overall NAP study area than the major soil types already described,
but were a significant part of the area covered in this study. These are Type A soils in The Soils of Southern
South Australia (Hall et al. 2009). They are characterised as calcareous sandy loam to loam, becoming more
clayey and calcareous with depth, often with rubbly carbonate (Hughes et al. in prep.). Hughes et al. (in prep.)
state that nearly all calcareous soils in this area are likely to be underlain with an impermeable clay layer
(Hughes et al. (in prep) refers to as Hindmarsh Clay), and may have drainage issues.
Deep loamy texture-contrast soils with brown or dark sub-soils are also minor soil types in the NAP study
area; only one drillhole sampled this soil type in our study. These are Type F soils in the Soils of Southern
South Australia (Hall et al. 2009). They are unlikely to be underlain by an impermeable clay layer, but are not
well structured so may inherently not drain well (Hughes et al. in prep.).
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While it is necessary to understand the various soil types seen in the NAP, these may be difficult to recognise
from the geophysical data sets collected for this study. Nevertheless, there are a number of factors related
to soil type and structure that are important and have the potential to be detected geophysically. A number
of soil types are dominated by carbonates, with the formation of calcrete layers affecting permeability locally.
Calcrete gravels may contribute positively to a soil in that the permeability and therefore the ability to drain
improves, although the carbonates may add alkalinity, which needs to be “corrected” to grow certain crops.
According to Hughes et al. (in prep.) the presence of well-developed, very low permeability “Hindmarsh Clay”
under a given soil type greatly reduces the ability of a soil to drain. Where this is a major factor that affects
soil and agricultural health, the ability to determine whether deeper clays are low permeability is a
worthwhile goal.

Figure
4.
Generalised
soil
classification
of
the
Northern
Adelaide
Plains
(from:
https://data.sa.gov.au/data/dataset/soil-groups). Includes locations of NAP study drillholes (described in Part 2 of
this report).
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2.4 Shallow water table and salinity in Northern Adelaide Plains
The depth to water table is an important indicator of the health and potential agricultural longevity of semiarid agricultural areas. The definition of a shallow water table used for this study is a water table that is up
to 6 m below the ground surface. Potential for negative environmental effects are seen when the water table
is <2 meters depth below the ground surface and capillary action has the ability to mobilise salt to the surface.
Much of the NAP is characterised as having flat topography and, thereby suffers from drainage problems,
coupled with clay subsoils (The Goyder Institute for Water Research, 2016). Rainfall is low over the area,
somewhat reducing these effects. The water tables are shallowest in the western coastal areas, which also
coincides with the lowest elevations of the NAP. A groundwater rise in this area would have detrimental
effects on the land with salt mobilisation to the surface and/or water logging. These features, coupled with
an increase in irrigation, create a risk of significant problems through waterlogging of soils, salinisation of
soils, crop yield reductions, and damage to infrastructure such as building foundations and roads (The Goyder
Institute for Water Research 2016).

3 Surface geophysical investigations
3.1 Key sites
Extensive data sets were collected at three sites (Figure 5); Table 1 summarises the data sets collected at
each site. The first dataset that was surveyed for this project was at The University of Adelaide’s Buckland
Park Atmospheric Physics Research Area - called BP for the remainder of this report. The second set was on
a farm property north of BP – called SR for the remainder of this report. The third data set was collected in
the vicinity of NAP Drillhole NAP26; this site was chosen after the drilling program described in Part 2 of this
report, as it presented a good target for a small seismic study (Brady Flinchum, CSIRO, pers. Comm., April
2018).
Table 1: Geophysical data sets collected at key data sites.
Site name

Dates

Buckland Park
(BP) Site

June 2017

SR Site

August 2017

NAP26 Site

May to June
2018

Earth
Resistivity
Tomography
(ERT)

Terrain
Transient
Seismics
Conductivity Electromagnetics
Meter
(TCM)
(TEM)

Ground
Penetrating
Radar
(GPR)

X

X

X

X

X

X

X

X

X

X

X
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SR field site

NAP26 field site

BP field site

Figure 5. The locations of major geophysical data collection sites. Southwest corner of NAP study area is highlighted
in translucent green.

3.2 Technologies used and tested
3.2.1 Global Positioning System (GPS) equipment
Location data collected during this project and reported on in this report were measured using a Trimble R10
integrated GNSS/GPS RTK system, thereby ensuring that spatial data were accurate both horizontally as well
as in the vertical plain. Elevation is an important piece of data for the study area as elevation variation affect
drainage systems. The GPS precision was up to 8 mm in the horizontal direction and 15 mm in the vertical.
Where the Trimble system was not available, location data were collected using a standard handheld GPS –
usually a Garmin 76S (only easting and northing data were used; elevation data collected with this GPS were
not used).

3.2.2 Shallow auger holes
Five shallow holes were drilled using a hand auger at the BP site, while two were drilled at the SR site (Figure
5). The depth to the water table of the shallow aquifer at each site was measured. Soil samples were collected
and logged in half meter depth intervals and/or at noticeable changes in soil characteristics. Soil information
collected included colour, grain size and water content. The soil samples were taken from the auger bit and
placed in a sample container with the date, location and depth recorded. Soil samples from each drillhole
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were taken to the laboratory for measurement of electrical conductivity (EC 1:5) and water content using
standard methodologies described in Rayment and Lyons (2010).

3.2.3 Geophysical methods
Data evaluated for Part 1 of this report were collected using four types of electrical / electromagnetic
methods. Data were collected using a time-domain-based electromagnetic (EM) instrument (commonly
called a TEM system), a frequency-domain-based EM instrument (commonly called a terrain conductivity
meter or a TCM), an electrical resistivity system (an ERT system) and a ground-penetrating radar (GPR)
system. Preliminary processing of this GPR data (Wilson, 2017) showed that the data were not useful in this
setting and are therefore not presented in this report. Additionally, data were collected using an
experimental variation on standard reflection/refraction seismics at the NAP26 site.

Shallow TEM
Transient electromagnetic (TEM) data shown in this report were collected using a Zonge Engineering
NanoTEM system; these data sets will be referred to as NanoTEM for the remainder of this report. TEM is an
inductive time-domain geophysical technique frequently used in the mining industry mostly to target
conductive ore bodies. Zonge Engineering’s NanoTEM technique was developed in the early 1990’s as a lowpowered, fast-sampling modification of those exploration systems. It was designed specifically to provide
high resolution images of the top 50 to 80 m below the ground surface. For a more thorough description of
the TEM technique see Telford (1976), Parasnis (1986), or Reynolds (2011).
NanoTEM data were collected using a transmitting system transmitting 2 amps into a single-turn, 20 m x 20
m square transmitter loop (Figure 6 shows a typical setup). The 5 m x 5 m, single-turn receiving antenna was
located in the centre of the transmitter loop. Data were collected at a sampling rate of ~625,000 samples per
second, stacking 256 cycles at a repetition rate of 32 hertz. The transmitter turnoff is ~2 microseconds; the
combination of the fast transmitter turn off and high sampling rate allows data to be collected quite close to
the surface, with good resolution. Depth of investigation was up to 50 m.
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a)

b)
Receiver and
transmitter

Figure 6. Typical NanoTEM setup. a) is a schematic view of a setup; b) shows transmitter and receiver loops on the
ground.

“Raw” data recorded in a TEM survey are decays of the vertical magnetic field induced by the abrupt turnoff
of current in the horizontal transmitter loop. These decays are recorded as voltages from the central receiving
antenna that become weaker with time (i.e. the receiver is measuring a signal whose strength is decaying as
that signal goes deeper into the ground with time). Readings are made of the transmitted signal to
approximately 2 milliseconds after turnoff.
The first step in processing TEM data is to average the data stacks collected at each station (multiple “stacks”
of data are collected at each receiver/transmitter station). Next, the sounding data are examined and filtered,
removing noisy data from each data set. The averaged data are then run through an inversion routine that
converts observed magnetic field decay data (i.e. measured voltages and times) at each location into a depth
sounding, comprising estimated depths and resistivities.
All of the TEM data reported on here have been inverted using Aarhus University’s Aarhusinv program (Auken
et al. 2015). These data were inverted using “smooth model” settings. Each sounding is inverted individually;
the result is a vertical “sounding” made up of many layers, each assigned an estimated resistivity, which
varies smoothly with depth. Results for a complete line are then presented as a resistivity-depth section by
combining inversion results from each station.
The 1-D term in the description of the program tells users that the inversion assumes a fairly simple model
of the earth that greatly simplifies the mathematics (and also the time required for the inversion routine to
run). The program assumes that the entire earth is a laterally non-varying “layer-cake” of resistivities, which
only vary vertically. The program looks at each data sounding individually, processing each using the 1-D
assumption. This assumption, while not always valid, appears to be generally acceptable in shallow
environments, where predominantly sedimentary processes have created relatively flat-lying, smoothlyvarying layering that extend for large distances laterally. To the authors’ knowledge, there is no 2-D program
available to invert TEM data.
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Terrain conductivity meter
Terrain conductivity meter (TCM) data shown in this report were collected using a GF Instruments CMD
Explorer; these data sets will be referred to as CMD for the remainder of this report. The CMD Explorer is a
multi-receiver coil, electromagnetic conductivity meter that measures both in-phase and out-of-phase data
at set time intervals. With this type of instrument, there is no need to make direct contact with the ground
(as with the TEM system described above, which also operates inductively) as the instrument sets up a time
varying electromagnetic field that collects data by EM induction. Three receiver coils are separated from the
single transmitter coil within the instrument at 1.48 m, 2.82 m and 4.49 m spacings. The transmitting coil
produces a time-varying electric field at 10,000 Hz. The transmitter frequency and coil spacings set the depth
of investigation for each receiver-transmitter pair, with depth ranging from ~2.2 to ~6.7 m, when data are
collected in the “vertical dipole” configuration. The instrument can be rotated 90 degrees and three
shallower sets of information may be collected in the “horizontal dipole” configuration. Figure 7 shows data
being collected using the CMD Explorer (with attached GPS unit). The method is a quick and non-destructive
way of mapping shallow subsurface conductivity over an area. For a more in-depth description of the TCM
method see Telford (1976), Parasnis (1986), or Reynolds (2011).
TCM type instruments are quite popular as, to some level, the “out-of-phase” data that the devices record
are easily converted to apparent conductivity, using a simple “LIN” approximation (McNeill 1980).
Unfortunately, as discussed in McNeill (1980) this approximation breaks down under conductive ground
conditions, as are frequently observed in the NAP study area. In this study, both to improve the usefulness
of the data sets and to avoid this approximation error, we have inverted the TCM CMD data sets, to produce
“true” resistivity-depth sections. Inversion of these data sets was performed using the same program as for
the NanoTEM data (Aarhusinv), again producing smooth-model inversions of the CMD data sets. It is worth
noting that some of the mismatch between the NanoTEM and the CMD inverted data sets may be the result
of the unanticipated need to thoroughly calibrate the CMD data against a stretch of ground with known
resistivity structure (Anders Vest Christiansen, Aarhus University, pers. Comm. July 2018). This has not been
tested on this unit, and will be an area of ongoing research.
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Figure 7. GF Instruments CMD Explorer setup with Trimble RTK GPS system attached to the back brace.

Electrical resistivity
The electrical resistivity tomography (ERT) data collected for this project were collected using an Iris
Instruments Syscal Pro ERT system, using 96 electrodes. The system uses stainless steel rods (electrodes)
pounded into the ground with a hammer and then attached to wires to make direct contact with the ground.
These wires are attached to a transmitter system (transmitting time-varying, low frequency signals at up to
2.5 A) and a receiver system that measures signal magnitude from pairs of non-transmitting electrodes.
Figure 8 shows a typical ERT spread.

a)

b)

Figure 8. Typical field setup of ERT system. a) transmitter and receiver at centre of spread, an electrode stake is visible
in the background; b) setting up transmitter/receiver electrodes at SR site.
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Depth of investigation for an ERT survey is based on the geometry of the electrodes and the overall length of
the ERT spread. For this survey, depths were variable, as a number of electrode spacings were tested.
Generally, data collected using smaller spacings are higher resolution, but do not penetrate as deeply, while
larger spacing data sets are lower resolution, but penetrate deeper. In general high resolution, high quality
data were collected from depths ranging from 1 to ~30 m.
The ERT data collected during this survey were examined for data quality, with data of poor quality removed
before further processing. The data were then inverted to create resistivity-depth sections. For the ERT, these
data were inverted using Loke’s RES2DINV program (Loke and Barker 1996); a 2-D smooth-model inversion.
The 2-D assumption is a more sophisticated approach than the 1-D assumption used for the inversion of the
TEM and TCM data sets, as the mathematics underlying the ERT method are simpler than for the inductive
techniques, hence the ability to invert in 2-D. Using the 2-D assumption, RES2DINV “assumes” that subsurface
resistivity varies both with depth, as well as along the line. Therefore data collected at one site are affected
by other data collected along the line, but are not affected by features off of the line.

Shallow seismics
Shallow seismic refraction survey: determining P-wave velocity structure
Seismic refraction is an active-source geophysical method that estimates the seismic velocity structure of the
near surface. A seismic refraction survey allows for the quantification of P-wave velocity (energy propagating
along the direction of travel, i.e. in the direction of the profile – with velocity Vp). In a shallow seismic
refraction survey the time taken for the energy to travel from a source to each individual receiver is
measured; called a travel-time. The subsurface velocity structure controls the travel-times, which means that
with enough travel-times the subsurface P-wave velocity structure can be inverted using a forward model
and an inversion scheme (e.g. Sheehan et al. (2005), Zelt et al. (2013)).
In this survey, we used a Geometrics Geode 48-channel seismic receiver system, with 14 Hz geophones,
spaced at 5 m, resulting in a 235 m long profile. The source was a 40 kg accelerated-weight drop onto a steel
plate; the weight system was mounted to the back of a truck. Shots were acquired at 5 m spacing, starting
115 m before the beginning of the receiver line to 45 m past the end of the line, for a total of 80 shots (Figure
9). To increase the signal-to-noise of the arrival times, 8 shots were acquired and stacked at each of the 80
locations. The travel times for the 80 shots were picked manually and were inverted for P-wave velocity
structure of the area using a shortest path-based forward model (Dijkstra 1959; Moser 1991; Moser et al.
1992) and a linearised inversion scheme written in Matlab (St. Clair 2015).
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Signal source

Receiver

Figure 9. Seismic data collected at NAP Drillhole NAP26.

Shallow seismic refraction survey: determining S-wave velocity structure
Inside the Earth, elastic energy travels as body waves: Primary waves or P-waves (described in the previous
section) and shear waves or S-waves. For S-waves the wave energy propagates perpendicular to the
direction of travel, i.e. perpendicular to the direction of the profile – with velocity Vs. At the Earth’s surface
some elastic energy travels as surface waves. Surface waves are a result of the interaction of the induced
elastic wave field and the boundary conditions at the surface. Surface waves are the largest amplitude
events that are recorded in both active-source seismic acquisition and earthquake records, making them
attractive targets for sources of sub-surface information because of their high signal-to-noise ratio. Surface
waves are also dispersive; that is different frequencies travel at different speeds (Park et al. 1999; Pasquet
and Bodet 2017). This means that for each shot recorded, we can quantify phase velocity as a function of
frequency for the surface waves. The lower frequencies (equivalent to longer wavelengths) will be
influenced by velocities from deeper in the subsurface, while high frequencies are influenced by velocities
closer to the surface. Thus, surface waves can be exploited to reconstruct the S-wave velocity (Vs) structure
of the subsurface (Pasquet and Bodet 2017).
To collect this S-wave data, we use the same survey geometry and shots described in the previous section
(i.e. these data and the P-wave data described previously were collected together). But instead of picking
first-arrivals in the dataset, we analysed the dispersion of surface wave energy to invert for 42 1-D vertical Swave velocity “soundings”, at 5 m intervals along the line, starting at profile position 15 m. We used the
Surface Wave Inversion and Profiling (SWIP) package written in Matlab (Pasquet and Bodet 2017) to build a
series of dispersion curves along the seismic profile. The dispersion curves were inverted for 1-D S-wave
velocity profiles using multichannel analysis of surface wave data (MASW) analysis (Park et al. 1999). Each
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individual dispersion curve produces a 1-D S-wave velocity model. As the 1-D models are closely spaced, they
were then “placed” side-by-side to construct a 2-D S-wave velocity profile.
Combining P-wave and S-wave information
The P-wave velocity distribution is controlled by the elastic properties of the materials that the waves pass
through; these elastic properties are set by a combination of lithology, porosity and saturation of the
subsurface materials. In cases where the lithology is known to be relatively consistent, changes in P-wave
velocity are dominated by variation in porosity and saturation. For example, P-wave velocity in pore space
that is saturated with water will be greater than in unsaturated pore space (Nur and Simmons 1969; Bachrach
and Nur 1998).
As noted, P-wave velocities increase with pore saturation. Because fluids do not support shear waves,
saturation does not increase the S-wave velocity, and, in fact, the addition of fluid makes the material denser,
possibly decreasing the S-wave velocity. Thus, under conditions where the lithology is expected to be
relatively homogenous (so that Vp and Vs variation is not related to lithology change), sections that show
Vp/Vs ratios may show the location of the water table – we expect this ratio to markedly increase at the
water table. Poisson’s ratio (Equation 1) is often used to highlight this change at the water table:
𝑉 2 −2𝑉 2

𝑝
𝑠
𝜐 = 2(𝑉
2 −𝑉 2
𝑝

𝑠

)

Equation 1

Again, we expect sections showing the distribution of Poisson’s ratios along the survey line to show an
increase at the water table. Poisson’s ratio for geologic materials ranges between 0 and 0.5. Poisson’s ratio
is a valuable elastic property because it increases as fluid saturation increases (Nur and Simmons 1969;
Bachrach and Nur 1998). Furthermore, Poisson’s ratio is a good indicator for determining the difference
between gas and fluid saturated materials (Gregory 1976; Bachrach et al. 2000; Salem 2000; Pasquet and
Bodet 2016), and is used to map the water table (Bachrach and Nur 1998; Pasquet et al. 2015).

3.3 Results: Buckland Park (BP)
Surveying at BP commenced in June 2017. Over the course of the survey work eight NanoTEM soundings and
five transects of CMD data were collected. Additionally, five shallow drillholes were hand augered at strategic
locations on each data line. Locations of all data points are shown in Figure 10.
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CMD data
locations
NanoTEM
sites
Hand auger
hole sites

Figure 10. Overview of BP data collection site. See Figure 5 for site location.

3.3.1 Shallow auger holes
Five test holes were hand-augered at the Buckland Park test site - BP1 to BP5 and were located around the
northern and eastern boundary of the site (locations shown in Figure 10). Table 2 shows the depth to
groundwater and groundwater EC for each of these drillholes.

Table 2: Groundwater depths and groundwater salinity: Buckland Park.
Drillhole name
(hand augered)

Easting
(WGS-84,
zone 54)

Northing

Depth to groundwater
(metres below ground)

Groundwater salinity
(EC)
(µS/cm)

BP1

266798

6166430

2.7

66,800

BP2

267339

6166466

2.2

30,800

BP3

267935

6166407

2.4

35,800

BP4

267976

6165913

3.5

Not measured

BP5

267996

6165547

2.3

30,500
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3.3.2 Shallow TEM: NanoTEM
Figures 11 to 13 show the NanoTEM results for data collected at the BP site. Data were collected at eight
stations on the eastern and northern boundaries of this site (Figure 10). Note that in each of these figures
the NanoTEM data is only shown from the surface to a depth of 10 m; the full inversions for each of these
soundings extend to ~50 m depth.
Figure 11 is a fence diagram that shows how the inverted NanoTEM data set sit in their geographical setting.
Note the large salt evaporation pans to the west of the survey area (part of the Penrice Soda Products
operations that closed in ~2014) – and that the inverted NanoTEM data is very conductive at the west end of
Transect 2. This is most likely reflecting the increased salinity seeping east from the nearby evaporation pan.
Figures 12 and 13 are the resistivity-depth sections shown in Figure 11. Water table elevation is shown on
these figures as well; note that there is reasonable correlation between the indicated water table and the
transition from the slightly resistive unit at the surface (most likely dry soil), to slightly more conductive
conditions at ~2 to 2.5 m depth – reflecting the increase in conductivity with increased moisture. It is likely
that the TEM results shown here are actually showing the contrast at the top of the capillary zone, as that is
where the resistivity of the soils is likely to change the most.

BP1
BP2

BP3
BP4
BP5

Figure 11. Inverted resistivity-depth sections of NanoTEM data collected at BP site. Fence diagrams showing data in
spatial context – looking west.
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BP5

BP4

BP3

Figure 12. Inverted resistivity-depth sections of Transect 1 NanoTEM data collected at BP site. BP3-BP5 are the hand
augered holes and the dashed black line indicates the interpolated depth to water table.

BP1

BP2

Figure 13. Inverted resistivity-depth sections of Transect 2 NanoTEM data collected at BP site. BP1-BP2 are the hand
augered holes and the dashed black line indicates the interpolated depth to water table.

3.3.3 Terrain Conductivity Meter: CMD
Six transects of CMD data were collected at BP. Figure 14 is a fence diagram that shows how these lines sit
in context to each other and the surrounding countryside. Again, note the non-operational industrial salt
pans (Penrice Soda Products operations ceased in this area in ~2014) immediately to the west of the field
area. Figure 15 shows the inverted CMD data collected over Transect 1, which is approximately overlaying
Transect 1 of the inverted NanoTEM data shown in the previous section. Figure 16 shows the inverted CMD
data for Transect 8 (approximately overlaying Transect 2 of the NanoTEM data shown in the previous
section). Note that as these data were collected every 1 to 2 m along line, the lateral resolution is much
better than for the NanoTEM data, which were collected at ~250 m station spacings. Nevertheless, even with
the differences in resolution, the general location of resistive and conductive units are similar between the
two data sets and therefore interpretation of the two would be similar as well. Again, over a large portion of
each transect, it appears that the transition from resistive conditions at the surface to more conductive
conditions at ~2 m depth is related to the transition from dry surface soils to wetter soils at the water table
(most likely influenced by the vertical extent of the capillary zone).
The conductive layer at the bottom of parts of the resistivity section for Traverse 1 (Figure 15) appears not
to be a true response as this is not observed in other data sets collected in this area. We suspect that this
may be a calibration artefact; an area of ongoing research.
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BP1
BP2

BP3
BP4
BP5

Figure 14. Inverted resistivity-depth sections of CMD data collected at BP site. Fence diagrams showing data in spatial
context – looking west.

BP4
BP3

BP5

Figure 15. Inverted resistivity-depth sections of Transect 1 CMD data collected at BP site. BP3-BP5 are the hand
augered holes and the dashed black line indicates the interpolated depth to water table.

BP1

BP2

Figure 16. Inverted resistivity-depth sections of Transect 2 CMD data collected at BP site. BP1-BP2 are the hand
augered holes and the dashed black line indicates the interpolated depth to water table.
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3.4 Results: SR site
Surveying at SR commenced in August 2017. NanoTEM data were collected over one traverse comprising 43
soundings (~860 m long). CMD data were collected over two traverses. ERT data were also collected across
the western end of the site (Figure 17). Additionally, two drillholes were hand augered to depths of ~3.5 m
and 7 m (Table 3). NAP Drillhole NAP12 (described in Part 2 of this report) was drilled and logged, immediately
adjacent to the geophysical data shown here.

CMD data
sites
NanoTEM
traverse
ERT traverse

Hand auger
drillhole sites
NAP drillhole
site

NAP12

SR1

SR2

Figure 17. Overview of SR data collection site. See Figure 5 for site location.

3.4.1 Shallow auger holes
Two test drillholes were hand-augered at the SR site. SR1 and SR2 were located along the geophysical
traverses tested at this site (locations shown in Figure 17). None of these drillholes could be drilled deep
enough to reach groundwater. Table 3 shows the depth of each drillhole.
Table 3: Drillhole (hand-augered or cored) details at SR test site.
Name

Easting

Northing

Drilling
method

Depth (metres below surface)

SR1

266370

6175892

Hand auger

3.5 (water table not encountered)

SR2

266712

6175737

Hand auger

7 (water table not encountered)

NAP12

266272

6175917

Cored

7.7 (water table not encountered)
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3.4.2 Shallow TEM: NanoTEM
Figure 18 shows the inverted NanoTEM data represented as a fence diagram, putting the resistivity profile
into its geographical setting. Figure 19 is the resistivity-depth section shown in Figure 18.
It is worth comparing the overall resistivity (colour) patterns between the data sets collected at SR (Figure
18) and BP (Figure 15 and 16). Interestingly, the NanoTEM data collected at SR are much less conductive than
the data collected at BP. This implies that both soil and groundwater salinities are likely to be lower at SR
than at BP.

NAP12
SR1

Figure 18. Inverted resistivity-depth sections of NanoTEM data collected at SR site. Fence diagram shows data in
spatial context – looking north.

SR1

NAP12

Figure 19. Inverted resistivity-depth sections of NanoTEM data collected at SR site. The groundwater is deeper than
drillholes. NAP12 and SR1 are shallow auger holes, discussed in the text.
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3.4.3 Terrain conductivity meter: CMD
Two transects of CMD data were collected at site SR. Figure 20 shows how these data sit in context to the
landscape. Figure 21 shows the inverted CMD data for Transect 1. As with the NanoTEM data presented in
the previous section, these data are noticeably more resistive than the CMD data shown for the BP site. The
conductive layer at the bottom of the resistivity section (Figure 21) appears not to be a true response as this
is not observed in other data sets collected in this area. We suspect that this may be a calibration artefact;
an area of ongoing research.

NAP12
SR1
SR2

Figure 20. Inverted resistivity-depth sections of CMD data collected at SR site. Fence diagram shows data in spatial
context – looking north.

SR1

SR2

NAP12

Figure 21. Inverted resistivity-depth sections of Transect 1 CMD data collected at SR site. The groundwater is deeper
than drillholes. NAP12 and SR1 are shallow auger holes, discussed in the text.
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3.4.4 Resistivity: ERT
One transect of ERT data was collected at SR. Figure 17 shows how these data sit in context to the other data
collected at SR, as well as to the surrounding countryside. Figure 22 shows the inverted ERT data for this
transect. This data set appears to provide good resolution both laterally and vertically in this area. These data
will be put into context with the other data sets collected at SR, in the next section.

SR ERT
Elev.
18 0

20

40

60

80

Distance (m)
100

120

140

160

180

|
16
14
12

SR2
10
8

West

East

Figure 22. Inverted ERT data collected at SR.

3.5 Discussion: SR site
While none of the SR shallow sections analysed so far allow the determination of the depth to groundwater
in this area, it is interesting to look at the data in its entirety to see if there is more that we can interpret from
the data sets. Figure 23 is a resistivity-depth section of the NanoTEM data collected at SR, showing the top
10 m of the inverted data set.
The location of the interpreted contact between soil Type D and soil Type M in this area is based on
examination of the SA Soil Groups GIS layer (https://data.environment.sa.gov.au/NatureMaps/), which
shows this contact as occurring ~100 m to the west of the inferred contact shown in the NanoTEM data
(Figure 23). According to Soils of Southern SA Guide (Hall et al. 2009) Type D soils are often quite alkaline,
and are moderately deep, generally fertile, poorly structured, red-brown coloured soils that have been
formed from unconsolidated sediments. Type M soils occur near watercourses and are predominantly
formed from alluvial or outwash sediments. They are generally described as some of the most productive
soils found in South Australia.
Interestingly, the geophysical response at the western end of the line (interpreted here as Type D soil) appear
more like that seen at BP (and at other similar sites mentioned in this report). It is likely that the resistive unit
extending to a depth of ~6 m is dry soil, with the conductive change occurring at ~6 m depth, related to the
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presence of more conductive groundwater. The more resistive response to the east of the interpreted
contact (interpreted here as Type M soils) is likely to be related to the difference in soil type and/or a possibly
flushed zone of sediments related to the Light River. It is uncertain whether the elevated resistivities seen
here show that these sediments have been freshened by the nearby river, or reflects a slightly different soil
composition. This is a response that should be investigated further.

Contact between Type D soil to west and Type M soil to east?
Possible perched water
table

Resistive zone ~270 m east of river

Figure 23. Interpreted NanoTEM resistivity-depth section at SR. Note that the inclined red line indicates the
interpreted location of the contact between Type D soil to the west and Type M soil to the east.

Figure 24 shows the CMD, ERT and NanoTEM data collected at SR, with each section placed so as to overlap
allowing coincidental sets of data to be compared (note that is was not possible to include easting locations
on the ERT section – this section is located at approximately the correct location). It is apparent that the CMD
and ERT data provide more resolution both laterally and vertically than the NanoTEM data do.
Overall, all three techniques are resolving similar features. The NanoTEM has the lowest lateral and vertical
resolution, while the CMD and ERT appear to have similar resolution. Both the CMD and NanoTEM are
resolving similar shallow resistive units at approximately stations 266260E and 266330E (this appears to be
shifted in the NanoTEM – possibly a lateral resolution issue). From station 266420E to the east end of the
line, all three techniques demonstrated that the shallow soils are similarly resistive. The ERT and CMD data
sets both show that the far eastern end of the line is most resistive. The ERT and CMD display the slightly
more conductive zone from 266520E to 266640E differently; it is likely that both are resolving the same
features, but as the underlying physics is slightly different between the two techniques the resulting images
of these features is slightly different.
As noted in Section 3.4.3 (CMD results from SR), the conductive layer at the bottom of the CMD section is
likely to be an artefact related to calibration of the CMD device or is a previously unnoticed inversion artefact.
This layer does not appear in either the NanoTEM data or the ERT data.
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Figure 24. Comparison of data sets from site SR. a) CMD; b) NanoTEM and c) ERT. These have been placed as they are on the ground
(see Figure 17 for geographical setting). All are at similar scales and use approximately the same colour scale.
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3.6 Results: NAP Drillhole NAP26
Surveying at the NAP Drillhole NAP26 site commenced in May 2018. Over the course of approximately
one week one NanoTEM line was completed comprising 14 soundings, and one line of CMD data was
collected. Surface wave/refraction seismic data were collected over the site as well. This site was
chosen because groundwater was intersected at a depth of 6.8 m in NAP Drillhole NAP26 during the
drilling phase of this project (Part 2 data). As the water was at a suitable depth for detection using the
available seismic equipment, and the survey area was easy to access, this area was chosen for further
seismic surveying. Locations of all data points are shown in Figure 25.

3.6.1 Shallow auger holes
Drillhole NAP26 hit groundwater at a 6.8 m depth; the groundwater EC was 14,750 µS/cm.

CMD data
sites
NanoTEM
data sites
Seismic sites

NAP drillhole
site

NAP26

Figure 25. Overhead view of NAP Drillhole NAP26 site and data sets collected. NanoTEM sounding locations
are in green; CMD is in yellow; seismic is in red. Location of NAP Drillhole 26 is shown as well. The approximate
course of a subtle drainage feature is shown in blue.

3.6.2 Shallow TEM: NanoTEM
Figure 26 is a resistivity-depth section of shallow TEM data collected at the NAP26 area. Depth to
groundwater as measured at NAP Drillhole NAP26 is shown in this figure. There is little apparent
correlation with water depth and the geophysical response presented in Figure 26. It is interesting to
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note that the low point in the topography at approximately profile position 60 m appears to be acting
as an infiltration point for surface water to the water table. This feature in the topography appears to
be a subtle water course (ephemeral stream) that is likely to flow only under high intensity rainfall
conditions. This zone is relatively resistive, suggesting that the infiltrating water is relatively fresh. It
appears that as the water spreads to the drillhole location at the east end of the line, the water is
mixing with salts in the soil and possibly in the groundwater, making the response more conductive.
Its response becomes indistinguishable from the background soil resistivity by NAP26. Overall soil
resistivity appears to be higher than those observed at BP (see Figures 12 and 13).

a)

b)

NAP26

Figure 26. Shallow TEM data collected at NAP Drillhole NAP26 site. a) shows top ~14 m of data. b) shows the
full depth range of the data. Note the small resistive zone at Easting 267670, extending mostly to the east.
This is a low feature in the topography, and is potential a site of infiltration of surface water to
groundwater. The position of NAP Drillhole NAP26 with the measured groundwater depth is indicated.

3.6.3 Terrain conductivity meter: CMD
Figure 27 is a resistivity-depth section of shallow CMD data collected at the NAP Drillhole NAP26 site.
Interpretation of this section is similar to what was discussed in the previous section (NanoTEM data).
The conductive layer at the bottom of the section appears not to be a true response as this is not
observed in other data sets collected in this area. We suspect that this may be a calibration artefact;
an area of ongoing research.
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NAP26

Figure 27. CMD data collected at NAP Drillhole NAP26 site. Note the interesting small high resistivity zone at
easting 267670. This is a low feature in the topography, and is a potential site of infiltration of surface water
to groundwater.

3.6.4 Shallow seismic
Figure 28 summarises the results of the seismic data sets collected for this project. In Figure 28a the
Vp/Vs ratios increase sharply from 2.2 to 3.5 at an elevation of ~10 m (approximately 4 to 5 m depth).
The highest Vp/Vs ratios occur underneath the subtle topographic depression between 60 to 80 m
along the profile. Because Vp and Vs are used to calculate Poisson’s ratio, the general trends in the
Poisson’s Ratio plot (Figure 28b) are similar to those found in the plot of the Vp/Vs ratio. But because
they are rescaled and can now only vary between 0 and 0.5 there appears to be more detail in the
section. Although in the Poisson’s ratio section (Figure 28b), the vertical boundary between the dry
surface soils and the deeper (saturated) soils is not as sharp, there is still a clear increase as a function
of depth. Interestingly, while the zone of high Vp/Vs ratios approached the surface under the drainage
between profile positions 60 and 80 m; this feature is exaggerated and values above 0.4 reach the
surface under the drainage in the Poisson’s ratio plot. There is also a section of low Poisson’s ratios
between positions 200 and 220 m near the surface. As reported in Part 2 of this report, there is an
unusually high amount of gravel observed in this drillhole. The presence of gravel could be the factor
that is lowering the Poisson’s ratios in this area. As expected the highest Vp/Vs and Poisson’s ratios
occur underneath the depression. These high values are driven by the interpreted increase of water
infiltrating at this location, which would tend to decrease the S-wave velocities under the depression.
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Topographic low
with associated
infiltration zone (?)

Figure 28. Results of shallow seismic survey at NAP26 site: (a) Vp/Vs and (b) Poisson's ratio plots. Black line
on each plot shows interpreted location of contact between dry surface soils and deeper, wetter soils. Blue,
dashed line on each plot shows depth to groundwater as measured at NAP26 – station 220.

Sustainable expansion of irrigated agriculture and horticulture in Northern Adelaide Corridor: Task 4 – assessment of depth to groundwater | 29

4 Data collected during shallow drilling program
4.1 Technologies used and tested
Most of the techniques used to collect data have already been described in Part 1 of this report. In
this section we expand our description of the drill equipment and NMR equipment used to log these
drillholes. Additionally, each drillhole has been logged for lithology, and samples collected for
laboratory analysis. In Section 4.2 the data collected at each of the drillholes is integrated to allow
direct comparison of nearly all of the information collected from that drillhole.
It should be noted that the drillhole data acquired for the second part of this study have been added
to the SA GeoData database (https://minerals.sarig.sa.gov.au/), and have been assigned unit
numbers. When specific drillholes are discussed in this report we will refer to them by their assigned
Site Names. For example, drillhole 1 that was drilled for this project will be referred to as NAP Drillhole
NAP1. The complete list of drillholes by Site Name, their locations, and Unit Numbers are given in
Appendix 3.

4.1.1 Drilling equipment
From 2 to 11 May, 2018 47 holes were drilled. SPK Geodrill Pty Ltd was contracted to drill the holes;
they supplied the project with a ute-mounted Rockmaster drill rig and one operator (Figure 29 shows
the rig at one of the drillhole sites).
All holes were drilled to at least 6 m depth using a 40 mm diameter push core, producing a mostly
continuous core, suitable for logging and sampling. If water table was struck by 6 m depth, the holes
were lengthened to ~8 m depth using a 90 mm auger. Additional samples were collected to the bottom
of the hole from the auger waste. PVC casing was temporarily installed in 20 of the holes to allow
logging using a compact downhole NMR survey (described below). These surveys were all completed
within 24 hours of the drillhole completion and the holes were backfilled to minimum construction
requirements.

4.1.2 Soil logging in the field
All core was laid in sample trays and then photographed and logged by the site hydrogeologist in
accordance with the Australian Soil and Land Survey Handbook (The National Committee on Soil and
Terrain 2010) and the Munsell Soil Color Book (Munsell 2019). Water depth was measured in each
drillhole, and a groundwater sample was collected for further analysis from each drillhole as well.
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Figure 29. Drill rig used for push-coring 47 drillholes.

4.1.3 Laboratory processing of field samples
Soil samples were collected at 0.25 m intervals for further laboratory testing (EC, water content). Each
sample was placed into a sealed plastic jar so that no moisture was lost.
Soil samples taken from each drillhole were then taken to the laboratory for analysis. Each sample was
measured for electrical conductivity (EC 1:5) and water content using standard methodologies
described in Rayment and Lyons (2010). EC 1:5 conductivities were converted to soil conductivities by
multiplying each conductivity by 6 (to bring the measured conductivity back to “soil water”
conductivity) and then by the water content to approximate true soil conductivity.

4.1.4 Downhole NMR logging
The downhole NMR data shown in this report were collected using a Vista Clara Dart system. This is a
field portable downhole NMR system designed specifically to log narrow diameter holes, as were
drilled for this project (Figure 30 shows the system as used in this project).
Only a very brief description of the underlying theory behind NMR will be provided here; a more
complete description of this type of system may be found in Walsh et al. (2013). NMR, as used in
hydrogeology, is a geophysical technique that relies on the direct excitation of hydrogen atoms using
a precisely tuned alternating electromagnetic signal; as such it is largely unaffected by water salinity
and other variations in water chemistry. As most of the hydrogen near the surface of the Earth is tied
up in water, this technique provides direct information about the water content, as well as the
“boundness” of the water in the soil. The term boundness, as used here, provides information about
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the saturated pores size in the soil/subsurface. Soils that are made mostly of clay may have high
saturated porosity, but the water will be tightly bound (low hydraulic conductivity), while water in
sands and gravels (also potentially high saturated porosity) will be less bound and have higher
hydraulic conductivity. As NMR only provides information about the “wet” porosity, NMR
underestimates the amount of the large pore / less bound sediments in the unsaturated zone. Due to
their size, these larger pores are not filled and therefore only provide an NMR response proportional
to how filled they are. Due to this limitation, above the water table, NMR should only be used to
provide information about the overall amount of water in that zone as it does not provide complete
information on the boundness of that water.
For this project, we used NMR to log all of the holes that struck water within 6 m of the ground surface
(20 of the 47 drillholes drilled). Three other drillholes that did not strike water were logged as well as
we were interested in testing what extra information was available from NMR from these drillholes.
As the core drill used for the drillhole sampling was only 40 mm diameter, and the NMR tool that we
used was 45 mm, it was necessary to use a 90 mm auger bit to enlarge the diameter of the hole so as
to allow the tool to pass down the hole. To account for the length of the tool, these holes were all
extended to a depth of at least 8 m. NMR data were collected at 0.25 m intervals along the drillhole.

a)

b)

Figure 30. Vista Clara Dart system. a) probe and cable attachment; b) system as used in the field.

4.2 Results
In this section we integrate the results from each of the data sets that have been collected at each of
the drillholes. Only a representative sample of the logged drillholes are presented here - results for all
drillholes are presented in Appendix 4. Figure 31 shows the locations of the drillholes discussed in this
section.
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The presentation format for each of the data sets from each drillhole is similar in content and format.
All data sets are lined up so that their depth information starts at the surface, with the bottom of the
depth scale standardised to 8 m for each plot – even if the data set does not extend to that depth.
Additionally, each of the “magnitude” scales for each data sets has been standardised as well, except
for some data sets where the data range is very large (these are noted).

Figure 31. The location of the 47 NAP drillholes drilled for this study.

The data presented in Figure 32 (a typical integrated data set) is described here. In the header for each
figure, information from the soil classification map (Figure 4) is included. Soil types have been
abbreviated based on The Soils of Southern South Australia (Hall et al. 2009). Where groundwater EC
has been measured, the value is provided as well. For the data sets collected, as a minimum, we
present the laboratory results for the samples of the drillhole (as described in Section 4.1.3). These
include the laboratory analysed water content (the data presented in grey in Figure 32a) and corrected
EC 1:5 data (the data presented in blue in Figure 32a). Additionally, each integrated figure includes
the field soil log for that drillhole (Figure 32d). Where downhole NMR data were collected, these are
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presented as well (Figure 32b and 32c). Figure 32b presents the NMR log of the drillhole, with water
content shown graphically at each depth, as well as the “boundness” of the water at each depth.
Boundness is divided into three categories – “clay” (very small pore spaces), “capillary” (silt to fine
sand) and “mobile” (sand to gravel). Figure 32c shows two estimates of hydraulic conductivity
variation with depth. These are based on the NMR properties of the soils as measured during the
survey and are calculated using the Schlumberger-Doll Research Equation and the Timur-Coates
Equation (Coates et al. 2001; Knight et al. 2016). The units for hydraulic conductivity are given in
m/day. It is important to point out that both the boundness and the hydraulic conductivity estimates
provided by the NMR system are not reliable above the water table (i.e. where the sediments are not
saturated). In both cases, the system is only reacting to the parts of the sample that are fully saturated
– as the small pore spaces fill first, the water in those spaces dominate the NMR response.
Where available other data sets are presented for a given drillhole – where NanoTEM or CMD data
are available these are presented as geophysical soundings, using the same depth scales as the other
logged data (e.g. Figure 33e). Data are presented in standard EC units (µS/cm) to assist with
comparison with other information at each drillhole.
The main goal of this part of the project was to test whether the surface and logging techniques
evaluated for this project could accurately identify the groundwater depth in all of the soil types seen
in the project area. As we analysed the data it became apparent that the NMR log had the potential
to at least partially replace much of the field and laboratory work that is needed to accurately log the
important soil properties in each drillhole. While explicitly identifying the soil type from these logs
may be impossible, the information in these data sets may be sufficient to characterise the soil
variation in these drillholes. One factor that we will discuss throughout this section is whether there
are underlying heavy clays that reduce the drainage of surface soils. Hughes et al. (in prep.) discuss
the importance of the presence or absence of what is commonly called “Hindmarsh Clay” (as discussed
in Section 2.3 of this report). We endeavour to identify relatively non-permeable clays from the logged
information. Additionally, we interpret whether a given shallow aquifer that has been sampled by the
drilling is confined or not.
None of the groundwater samples collected in the 20 drillholes that intersected groundwater were
low salinity, with EC values ranging from approximately 14,000 µS/cm (brackish) for drillholes at the
north end of the survey area to more than 67,000 µS/cm (more saline than ocean water) at the south
end of the survey area.
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4.2.1 Type D soils
Thirty three of the 47 drillholes drilled and logged were classified as Type D (with minor contributions
of other soil types) (NatureMaps: https://data.environment.sa.gov.au/NatureMaps) (Hall et al. 2009).
This soil is described as a hard red-brown texture-contrast soil with alkaline subsoil. According to
Hughes et al. (in prep.) these may be free draining, unless underlain by “Hindmarsh clay”, i.e. an
impermeable clay unit.
We show here results from three “typical” drillholes that have been classed as Type D. NAP Drillhole
NAP10 (Figure 32) is located toward the north end of the study area (see Figure 31 for drillhole
locations). Both laboratory soil water content and NMR water content increase above the measured
depth to the water table. This suggests that the water table in this area is not confined, and that there
is likely to be a large capillary zone extending above the water table as well. The NMR-determined
hydraulic conductivity increases just above the water table, and does not decrease markedly at the
bottom of the drillhole. This correlates with a zone of sands, interpreted from the downhole NMR,
from ~3.5 m to 5.3 m depth. The logged brown medium clay at the base of the drillhole may cause
some drainage issues. Hydraulic conductivity as determined by the NMR decreases subtly with depth
in this unit (it is possible that this unit is not fully sampled by the NMR log). This response appears to
be related to a deeper clay unit, which is at least slightly less permeable than the units above. It
appears likely that these clays are deep enough that they will not create drainage issues. Nevertheless,
the shallow water table observed in this drillhole may make this area unsuitable for irrigation. As noted
in Hughes et al. (in prep.) the existence of a hard calcrete layer (only seen in the lithological log, not
interpretable from the NMR data) often affects drainage as well.
The logs for NAP Drillhole NAP26 (Figure 33) show generally lower water content than those for NAP
Drillhole NAP10 (Figure 31), with the saturated porosity below the water table only reaching ~20%.
Again, it is likely that the water table here is not confined, although the capillary zone does not appear
to be as thick as in the previous drillhole. Comparison of the laboratory water content and the NMR
water contents is quite good, with both showing similar patterns. Additionally, the laboratory soil
conductivity and the NanoTEM conductivity both show similar patterns – neither shows much
variation to at least 8 m depth. Interestingly, groundwater electrical conductivity at this site is similar
to the water collected at NAP Drillhole NAP10. The logged gravel mixed with the clay at the base of
hole as well as the sand signature in the NMR data suggest that the water table here is probably deep
enough, and the clay permeable enough that water logging may not be a problem.
NAP Drillhole NAP35 (Figure 34) is more like NAP Drillhole NAP10, with a well-defined water table at
>4 m depth. The logged calcrete and gravel layer shows up well in the downhole NMR log, with
increased hydraulic conductivity apparent in this depth zone. The shallow water table and existence
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of brown clay at the base of the drillhole make it likely that that irrigation in this area would need to
proceed with caution (although this clay unit occurs at 5 m depth and may not affect drainage).

a)

d)

b)

c)

Figure 32. Summary of all data collected at NAP Drillhole NAP10. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; and d) soil log collected in field.
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Figure 33. Summary of all data collected at NAP Drillhole NAP26. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; d) soil log collected in field; e) NanoTEM conductivity sounding; and
f) NanoTEM sounding to full depth.

a)
d)

b)

c)

Figure 34. Summary of data collected at NAP Drillhole NAP35. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; and d) soil log collected in field.
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4.2.2 Type A soils
The second most common soil type found in the study area (9 of 47) was Type A – calcareous soil.
Hughes et al. (in prep.) state that nearly all calcareous soils in this area are likely to be underlain by an
impermeable clay layer (“Hindmarsh Clay”), and are likely, therefore, to have drainage issues. Three
examples will be discussed here (see Appendix 4 for all data sets).
The shallow aquifer (water table observed at 4.4 m depth) observed in NAP Drillhole NAP5 (Figure 35)
appears likely to be at least semi-confined, with laboratory results and downhole NMR data in
agreement that the highest water content occurs below the indicated measured water table. It is
unlikely that the capillary zone is well developed here, as the aquifer has been logged as a sandy clay
(the NMR log suggests that there is sand at ~5 m depth). The hydraulic conductivities rise with
increased sand content. The NMR results suggest that the clay at the bottom of the hole may be
slightly less permeable than the other soils in the rest of the hole. These clays appear to be relatively
impermeable – extending the hole depth slightly to log deeper may have helped make this
determination more conclusively.
Logged responses in NAP Drillhole NAP7 (Figure 36) are similar to NAP Drillhole NAP5, except that the
shallow aquifer appears to be mostly unconfined, with the capillary zone extending into the overlying
clays. In this drillhole as well there is only a slight increase in sand content at the water table, and, as
expected, the hydraulic conductivity does not increase much with depth.
NAP Drillhole NAP30 (Figure 37) has been mapped as Type A: calcareous soils. Examination of the log
suggests that this should most likely be a Type B soil: shallow soils on calcrete or limestone. Type B
soils usually have a hard calcrete layer within the 500 mm of the surface; the existence of a hard
calcrete layer at 400 mm depth is the factor that makes this likely to be the correct classification.
Interestingly, on the soil classification map, the area mapped as Type A is very small and may have
been misclassified. This hole was not logged with the NMR tool, so no interpretations can be made
based on NMR results.
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Figure 35. Summary of data collected at NAP Drillhole NAP5. a) laboratory soil results: water content in grey
and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; d) soil log collected in field; e) NanoTEM conductivity sounding; and
f) NanoTEM sounding to full depth.

a)

d)

b)

c)

Figure 36. Summary of data collected at NAP Drillhole NAP7. a) laboratory soil results: water content in grey
and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; and d) soil log collected in field.
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Figure 37. Summary of data collected at NAP Drillhole NAP30. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) soil log collected in field; c) NanoTEM conductivity sounding;
and d) NanoTEM sounding to full depth.

4.2.3 Type M soils
These are deep uniform to gradational soils, and are some of the best soils for agriculture in the study
area (Hall et al. 2009; Hughes et al. in prep.). These are also among the least common soil types in the
area with only three examples in the drillhole data collected here.
Results for NAP Drillholes NAP12 and NAP16 are shown in Figures 38 and 39. NAP Drillhole NAP12 did
not intersect groundwater, so was not logged using the downhole NMR system. Laboratory water
content increases slightly at 2.5 m, at the base of the silty clay loam layer. The lithological log is not
particularly uniform or gradational – suggesting that these soils may be misclassified. Geophysical
results for this area have been extensively discussed in Section 3.4 (SR site).
NAP Drillhole NAP16 was the first hole drilled in this program, was not extended so the NMR log ends
at the water table. As none of the data here were collected in saturated soil; NMR is only able to
describe the total amount of water in unsaturated soil and is of little use in characterising the
boundness of the water (i.e. the lithological content). The lithological log in this drillhole is consistent
with a uniform to gradational soil.
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Figure 38. Summary of data collected at NAP Drillhole NAP12. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) soil log collected in field; c) NanoTEM conductivity sounding; d)
NanoTEM sounding to full depth; and e) CMD sounding.
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Figure 39. Summary of data collected at NAP Drillhole NAP16. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition;
c) downhole NMR: hydraulic conductivity; d) soil log collected in field; e) NanoTEM conductivity sounding;
and f) NanoTEM sounding to full depth.
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4.2.4 Type F soils
These are deep loamy texture-contrast soils with brown or dark sub-soils. They are unlikely to be
underlain by an impermeable clay unit, but are not well structured so may not drain well (Hughes et
al. in prep.). Results for NAP Drillhole NAP46 suggest that the shallow water table appears not to be
confined as NMR and laboratory soils both show large water content above the water table,
suggesting a well-developed capillary fringe. Hydraulic conductivity in the shallow aquifer is relatively
high. Again, it might have been useful to extend the hole slightly to log deeper with the NMR, as the
response of the medium clay at the bottom of the hole is largely untested.

a)
d)

b)

c)

Figure 40. Summary of data collected at NAP Drillhole NAP46. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; and d) soil log collected in field.

4.3 Water depth from surface geophysics
In this section we evaluate the efficacy of surface geophysical techniques in determining depth to
water table within the study area. Figure 41 to 51 show the integrated results for all drillholes for
which there is an associated NanoTEM and/or CMD sounding immediately adjacent to the drillhole,
thereby allowing the geophysical response to be compared with the “true” ground response.
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The presentation of the data is very much the same as in the previous section, except for the BP
drillholes, as these were not logged for soil type.
It is worth describing the electrical response that we might expect for the settings likely to be
encountered in the field. Most of the data presented here were collected in May 2018, i.e. autumn,
after a relatively dry summer. The surface soils were generally quite dry; we therefore expect the
“near-surface” response to be resistive, with conductivities ranging from 100 to 400 µS/cm (25 to 100
ohm-m). We know that the water encountered in most of the water tables in this area are generally
quite conductive ranging from ~14,000 to >65,000 µS/cm (<1 ohm-m). In general, the electrical
response from a mixture of this conductive groundwater and soils ranging from clayey sands to clays
will be quite conductive. Therefore, under this simple scenario, we expect to see a relatively resistive
response from the surface to some depth, corresponding with dry soil, over a more conductive
response, corresponding with wetter soils and the water table. Where the soils above the water table
are clay-rich, a relatively thick capillary zone will form above the water table. It is likely that the
electrical response will be sensitive to the water and soil in the capillary zone, and underestimate the
depth to the true water table, as clays only require a small amount of water in their pore spaces to
become conductive (Keller 1991).
Examination of these figures suggest that over much of the study area the surface techniques tested
are relatively effective at approximating the depth to groundwater, with more success where the
groundwater is relatively more conductive. Interestingly, based on observed responses from this
study, the depth to the water table is most closely approximated as the depth at which the
conductivity first starts to increase from the resistive conditions observed at the surface. As part of
this analysis, it is always worth looking both at the NanoTEM response limited to the top 8 metres, as
well as the complete sounding.
As noted in previous sections five drillholes were hand augered at the BP site. NanoTEM and CMD
data were collected immediately adjacent to each drillhole (Figures 41 to 45). The geophysical
response at most of these sites is similar to the model described above. At all of the BP holes (Figures
41 to 45) the water table appears to occur near where the NanoTEM conductivity response begins to
increase with depth. At BP1 and BP2 (Figures 41 and 42) this response matches the water table depth
well.
Similarly at BP3 and BP5 (Figures 43 and 45), the water table depth, as interpreted from the
interpretation model described above, would be close to correct, based on the NanoTEM data. At BP4
(Figure 44), the water table would be interpreted to be shallower than where it was measured in the
drillhole.
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Interpretation of the depth to water table based on the CMD data alone would not be as consistent
as with the NanoTEM data. Overall, the responses do not follow the interpretive model described
above very well. The CMD response for BP1 and BP2 do follow the model to some extent. At BP1, the
response suggests that the water table is slightly shallower than it actually is; the response at BP2 is
quite subtle, but appears to follow the conceptual model described above. At BP3 and BP4, the
response is somewhat reversed from the model and would be difficult to interpret. At BP5 (Figure 45)
the CMD response is not as simple to interpret as the model might suggest; nevertheless, there
appears to be a subtle increase in conductivity that occurs near the groundwater interface, so might
be interpretable.
NanoTEM and CMD data were collected at a number of the drillholes drilled for Part 2 of this project.
These are reviewed here (Figures 46 to 51) and compared with the known depth to water, etc.
At NAP Drillhole NAP5 (Figure 46) the response in the NanoTEM follows the model relatively well, with
the location of the groundwater correlating well with the depth where conductivity is increasing.
The response at NAP Drillhole NAP12 (Figure 47) is somewhat unusual. The water table was not
encountered in this drillhole (i.e. is >6 m depth). Nevertheless, the response in both the NanoTEM and
the CMD appears to show that the water table should be at a depth of ~3 m. It is unknown what has
caused this response. It would have been interesting to log this hole with the downhole NMR system
to see if there was any significant water response based on the NMR at this depth.
At NAP Drillhole NAP16 (Figure 48) the groundwater depth was measured to occur at 4.6 m depth.
Examination of the NanoTEM response suggests that the water table occurs at ~2 m depth. Perhaps
there is a well-developed capillary zone at this site. The soil log shows the existence of a thick “light
clay” layer at this depth.
The data at NAP Drillhole NAP26 (Figure 49) have been discussed extensively in Section 3.6. Based on
the NanoTEM data the water table should occur at >10 m depth. It appears that there is not enough
contrast between the (relatively resistive) background soil response and the groundwater in this area.
The response at NAP Drillhole NAP30 (Figure 50) is similar to that seen at NAP Drillhole NAP12 (Figure
47). Again the water table is not encountered in this drillhole (i.e. is >6 m depth). The NanoTEM
response suggests that the water table depth should be at 5 to 6 m depth. It is likely that there is a
well-developed capillary zone in the soils at this depth, and the water table is only slightly deeper than
the drillhole.
The response at NAP Drillhole NAP34 (Figure 51) is similar to that seen in NAP Drillhole NAP16 (Figure
48). The depth to the water table was measured at 4.2 m depth; based on NanoTEM the water table
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should occur at ~2 m depth. Again, it is unknown if there is a well-developed capillary zone that is
affecting the electrical response. Interestingly the downhole NMR suggest that the capillary zone is
not well developed here, as there is no indication of a zone of saturated clays above the water table.
If this type of response had been observed we would be more confident to suggest that there was a
large capillary zone above the water table.

a)

b)

d)

c)

Figure 41. Summary of data collected at BP1. a) laboratory soil results: water content in grey and soil water
conductivity in blue; b) NanoTEM conductivity sounding; c) NanoTEM sounding to full depth; and d) CMD
sounding.
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a)

b)

d)

c)

Figure 42. Summary of data collected at BP2. a) laboratory soil results: water content in grey and soil water
conductivity in blue; b) NanoTEM conductivity sounding; c) NanoTEM sounding to full depth; and d) CMD
sounding.

a)

b)

d)

c)

Figure 43. Summary of data collected at BP3. a) laboratory soil results: water content in grey and soil water
conductivity in blue; b) NanoTEM conductivity sounding; c) NanoTEM sounding to full depth; and d) CMD
sounding.
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a)

b)

d)

c)

Figure 44. Summary of data collected at BP4. a) laboratory soil results: water content in grey and soil water
conductivity in blue; b) NanoTEM conductivity sounding; c) NanoTEM sounding to full depth; and d) CMD
sounding.

a)

b)

d)

c)

Figure 45. Summary of data collected at BP5. a) laboratory soil results: water content in grey and EC soil water
conductivity in blue; b) NanoTEM conductivity sounding; c) NanoTEM sounding to full depth; and d) CMD
sounding.
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e)

a)
d)

b)

c)

f)

Figure 46. Summary of data collected at NAP Drillhole NAP5. a) laboratory soil results: water content in grey
and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; d) soil log collected in field; e) NanoTEM conductivity sounding; and
f) NanoTEM sounding to full depth.

a)

b)

c)

e)

d)

Figure 47. Summary of data collected at NAP Drillhole NAP12. a) laboratory soil results: water content in grey
and soil water conductivity in blue; b) soil log collected in field; c) NanoTEM conductivity sounding; d)
NanoTEM sounding to full depth; and e) CMD conductivity sounding.
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e)
a)
d)

b)

c)

f)

Figure 48. Summary of data collected at NAP Drillhole NAP16. a) laboratory soil results: water content in grey
and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; d) soil log collected in field; e) NanoTEM conductivity sounding; and
f) NanoTEM sounding to full depth.

e)

a)
d)

b)

c)

f)

Figure 49. Summary of data collected at NAP Drillhole NAP26. a) laboratory soil results: water content in grey
and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; d) soil log collected in field; e) NanoTEM conductivity sounding; and
f) NanoTEM sounding to full depth.
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a)

c)
b)

d)

Figure 50. Summary of data collected at NAP Drillhole NAP30. a) laboratory soil results: water content in grey
and soil water conductivity in blue; b) soil log collected in field; c) NanoTEM conductivity sounding; d)
NanoTEM sounding to full depth.

a)

d)

b)

e)

c)

Figure 51. Summary of data collected at NAP Drillhole NAP34. a) laboratory soil results: water content in grey
and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; d) soil log collected in field; c) NanoTEM conductivity sounding; e)
NanoTEM conductivity sounding.
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4.4 Occurrence of low permeability clays based on downhole
NMR data
In this section we evaluate the efficacy of downhole NMR in determining the occurrence of low
permeability clays (often called Hindmarsh Clays) in the drillholes drilled for this study. NMR data from
six holes have been interpreted to contain relatively impermeable clays below the water table,
offering the possibility that these soils may not drain well. Figures 52 to 57 show integrated results
from NAP Drillholes 10, 25, 27, 34, 35 and 39.
These drillholes were chosen based on two criteria: 1) a relative decrease in the hydraulic conductivity
at some depth below the water table (see sub-figure c in Figures 52 to 57); and/or 2) a relative increase
in the prevalence of clay below the water table (see sub-figure b in Figures 52 to 57). For each of the
NMR data sets shown for each hole, there is at least a subtle decrease in the hydraulic conductivity
below the water table. Interestingly, the increase in clay content is often more dramatic, and may be
the more important indicator of impermeable clay. For each of these holes, the soil logs show that
most of the clays at these depths have been logged as medium clays. Also, each of these holes were
drilled into surface soils that were mapped as either Type A (NAP Drillhole NAP39) or Type D (NAP 10,
25, 27, 34 and 35) soils. Type A soils are Calcareous soils (Hall et al. 2009). Hughes et al. (in prep.) state
that these soils are likely to be underlain by “Hindmarsh Clay”. Type D soils are Hard red-brown
texture-contrast soils with alkaline subsoils (Hall et al. 2009). Hughes et al. (in prep.) states that these
soils drain poorly, which is worsened when underlain by “Hindmarsh Clay”.
It is interesting to contrast the responses in Figures 52 to 57 with responses that have been interpreted
to have no influence from low-permeability clays in the NMR data. NMR responses from NAP Drillhole
NAP27 (Figure 36) and NAP46 (Figure 40) are significantly different to those seen in Figures 52 to 57.
There is little or no change in the hydraulic conductivity response (sub-figure c) or clay content (subfigure b).
It is also interesting to note that the depth of the clays interpreted in these drillholes are all deep
enough that their existence is unlikely to affect local drainage, if the area surrounding the drillhole
were to be irrigated. Nevertheless, the fact that the NMR appears to be locating low-permeability
clays in this environment is potentially useful.
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a)

d)

c)

b)

Figure 52. Summary of all data collected at NAP Drillhole NAP10. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; and d) soil log collected in field.

a)

d)

b)

c)

Figure 53. Summary of all data collected at NAP Drillhole NAP25. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; and d) soil log collected in field.
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a)

d)

b)

c)

Figure 54. Summary of all data collected at NAP Drillhole NAP27. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; and d) soil log collected in field.

a)

d)

b)

e)

c)
f)

Figure 55. Summary of all data collected at NAP Drillhole NAP34. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; d) soil log collected in field; e) NanoTEM conductivity sounding; and
f) NanoTEM sounding to full depth.
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a)

d)

b)

c)

Figure 56. Summary of data collected at NAP Drillhole NAP35. a) laboratory soil results: water content in grey
and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; and d) soil log collected in field.

a)
d)

b)

c)

Figure 57. Summary of all data collected at NAP Drillhole NAP39. a) laboratory soil results: water content in
grey and soil water conductivity in blue; b) downhole NMR: water content and boundness/composition; c)
downhole NMR: hydraulic conductivity; d) soil log collected in field; e) NanoTEM conductivity sounding; and
f) NanoTEM sounding to full depth.
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5 Discussion
Two of the major outputs of this study are a) a map of groundwater TDS; and b) a depth-togroundwater map of the overall project area, both based on the data collected in this report and older
data sets (Figure 58).
Figure 58a is a map that shows the distribution of groundwater electrical conductivity based on the
data collected from the drillholes drilled for this project, as well as filtered pre-existing data. In Figure
58b these conductivities have been converted to TDS using methodology described in Appendix 1.
Figure 58a and 58b provide similar information, with Figure 58a showing more detail (by using an
extended colour range) and 58b using a simpler colour range, but is in units of TDS (mg/L).
The range of TDS values observed in the drillholes sampled for this project range from approximately
7,900 to 37,000 mg/L. Table 4 shows some limiting values for TDS values for water in agriculture
(https://www.epa.sa.gov.au/environmental_info/water_quality/threats/salinity). The TDS values for
the shallow groundwater sampled in this survey are very high, with none suitable for beef cattle. We
conclude from this, that based on groundwater TDS alone, over-irrigation is a significant risk, as all of
the sampled groundwater have a high salinity. If any of this land were to be irrigated it is likely that it
could only be done sustainably in areas where the groundwater was deep enough that the underlying
soils could be reliably watered at levels that would flush out salts in the soil and water combined with
other appropriate mitigation measures.

Table 4: How does the amount of total dissolved solids (TDS) affect how water can be used?
TDS range (mg/L)

Description

<1200

Fresh – suitable to drink

<2000

Suitable for poultry

<2400

Suitable for milk cows

<4000

Suitable for beef cattle, sheep and horses

>15000

Ocean water

Figure 59a and 59b show the depth-to-groundwater over much of the study area. The methodology
used to create these maps is described in Appendix 2. The database that was used for “groundwater
depth” shown here was produced by Will Kemp (Kemp 2018) based on the SA DEW drillhole
downloadable

database

(http://location.sa.gov.au/lms/Reports/ReportMetadata.aspx?p_no=870&pu=y&pa=dewnr).

Kemp

(2018) notes that there are a number of columns in the database with information related to the depth
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to the water table, depth to groundwater, first cut, etc. In the database used here, only columns
labelled “first cut” or “depth to water” were used. While not all of these parameters are measuring
exactly the “same” water depth, these were the parameters that were most consistent, and therefore
deemed to be useable and useful. In order to get only information about the “shallow water table”,
the database was limited to wells where water was first encountered in the bore at depths less than
20 m. In this report we have called these values “depth to groundwater” and these data are what has
been used to produce the maps in Figure 59. The maps produced only show depth to groundwater
where there was sufficient data density for the interpolation routines used to produce meaningful
results. Much of the area in the northeast part of the study had very limited information so data from
this area was not included in the final plot.
Figure 59a shows the depth to groundwater over much of the study area (again, limited by data
density), using a colour range intended to show the full range of data, including subtle features in the
data. Figure 59b uses the same data, but with a narrower colour range. This figure is intended to
highlight the zones within the study area where irrigation may (or may not) be recommended.
As noted above, much of the groundwater found in this area is very saline, and would pose a hazard
to agriculture if it were to reach the surface. In Figure 59b we set the contour intervals to reflect a
range of readings. Where the groundwater is less than 2 m from the surface (i.e. the red zone in the
map) irrigation may not be sustainable as over-irrigation could lead to waterlogged soils, soil
salinisation, crop yield reductions and damage to infrastructure, if not properly controlled. From 2 to
5 m depth is an intermediate zone, where the likelihood of irrigation causing soil waterlogging, etc.
are less likely (shown in yellow in Figure 59b). Where groundwater depth is greater than 5 m depth
irrigation is unlikely to cause the problems mentioned above if irrigated (shown in green in Figure
59b). When examined in conjunction with Figure 58b (groundwater TDS) it becomes quite clear that
much of the groundwater in the central zone between the Light and Gawler Rivers is both very shallow
(<2 m deep – the red zone in Figure 59b) and is highly saline (>4,000 mg/L – all of the yellow to red in
Figure 58b). It would be useful to expand this data base so as to map out areas where the groundwater
is likely to be too saline and shallow for that land to be irrigated sustainably without additional salinity
mitigation measures.
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a)

b)

Figure 58. Groundwater salinity maps. a) based on groundwater electrical conductivities (µS/m) from the
holes drilled for this project (locations of pre-existing wells are shown in green, while holes drilled for this
project are shown in blue); b) same but conductivity is converted to TDS (in units of mg/L).
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a)

b)

Figure 59. Depth to Groundwater. a) uses an expanded colour scale that highlights variation in complete data
set; b) uses simplified colour scale that highlights areas that are not suitable for extensive irrigation (red), less
likely to be suitable (yellow), and areas that are unlikely to be affected by irrigation (green).
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6 Conclusions
Based on the work completed in this project we have made a number of important observations about
the geophysical (and other) data sets collected in the Northern Adelaide Plains:
•

In general, groundwater is encountered at shallow depths (sometimes <3 m) with increased
salinity south and west, within a corridor between the Light and Gawler Rivers. These two
rivers (especially the Gawler, which has higher flows than the Light) appear to create relatively
fresh riparian groundwater zones (of variable width) along their paths. The depth to the
shallowest groundwater in the part of the NAP where we drilled our holes is highly variable;
even at the scale that we measured depth to groundwater we did not capture all of the depth
variation. More depth estimates are required for characterisation since data to date is variable
at such a local scale.

•

The range of resistivities for the geophysical data collected at all sites span a limited range.
This is important to note as it often indicates that there is little contrast between relatively
conductive soils and water that may be of similar conductivity. When the electrical contrast is
small, as was often seen here, it becomes more difficult for electrical techniques to resolve
fine features (like the water table depth) in the data.

•

Geophysical techniques that measure the ground resistivity (i.e. the electrically- and
electromagnetically-based techniques tested as part of this study) appear able to determine
depth to groundwater when there is a sufficient contrast between the conductivity of the
groundwater and the shallow aquifer soils. Where the sediments are fine, the capillary zone
may be well established. This may result in an estimate of groundwater depth that is shallower
than the actual depth to groundwater. Overall, it is likely that these techniques are less
effective where the groundwater is relatively fresh (i.e. to the north and east in the study site),
and more effective where the groundwater is more saline (i.e. to the south and west).

•

An experimental seismic survey was tested at one area as part of this project. It appears to
have successfully detected the depth to groundwater at that site. It is worth pointing out that
a) this technique is experimental, so needs much more testing; and b) it was quite slow and
expensive.

•

While the CMD and NanoTEM often provide similar values for the depth to groundwater, we
feel that the calibration issues outlined in this report along with other areas where the two
techniques provide different responses at the same location mean that, for now, we
recommend using the NanoTEM system for characterising a site where depth to groundwater
is of interest. We do not recommend using the CMD for this purpose – this is an area of
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ongoing research, as if the calibration issues can be solved, the CMD is a much simpler
instrument to use.
•

In-situ downhole NMR data were generally consistent with porosity data obtained from
samples collected and analysed in the laboratory. It would be worthwhile continuing to
evaluate these tools (and perhaps other downhole logging geophysical tools) as the ability to
collect this type of data in the field has the potential to significantly reduce logging, sampling
and laboratory analysis time in the future. It might be worth considering other models for
strategically collect soil data in the field, perhaps coring, logging and full laboratory analysis
for one in ten drillholes, with all drillholes logged using tools like the NMR tool. Cost savings
could be significant if fewer samples needed to be processed and analysed in the lab.

•

The downhole NMR data sets were interpreted to show the existence of impermeable clays
at the base of the holes. While the clay layers identified here were deep enough that they
were unlikely to cause infiltration problems at these locations, this is potentially important
information where the clay is not so deep.

•

At the SR site, we have located the contact between two of the soil groups seen in this area.

•

Based on the work completed at NAP Drillhole NAP26, infiltration was interpreted to be
occurring at the site of a seasonal/ephemeral stream, acting as a shallow recharge point to
the shallow groundwater. It is potentially interesting to know the locations of these subtle
features in the landscape as a number of them may be contributing to shallow groundwater,
possibly complicating the irrigation picture in these areas. It may be possible to identify these
zones for further investigation. It is worthwhile investigating the cost of running an aircraft
mounted LIDAR system to obtain a detailed DEM (digital elevation model) over much of the
NAP area as this data set could be used to identify these features.
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Appendix 1: Description of methodology used to
create TDS maps
Salinities – Total Dissolved Solids (TDS) in Northern Adelaide Plains
For 258 borehole in the Northern Adelaide Plains Electrical Conductivity (EC) values are available. 238
EC values are selected from the https://www.waterconnect.sa.gov.au/ database. Those boreholes
were selected on the basis of an observed ‘water cut’ during drilling of less than 20 m; i.e. bores
tapping shallow groundwater were selected. The bores were drilled between 1945 and 2017.
Additionally, 16 EC and 4 EC values are obtained from the direct push, and hand augering exercises in
this project. Based on EC to TDS conversion factors (Table A1-1), as provided by Department for
Environment and Water, piecewise linear relationships between EC and TDS (Table A1-2) were defined
and used for converting all EC values to TDS.

Table A1-1. EC to TDS conversion factors, as provided by Department for Environment and Water.

EC

TDS

factor

455

250

0.549451

910

500

0.549451

1360

750

0.551471

1810

1000

0.552486

2710

1500

0.553506

3600

2000

0.555556

4480

2500

0.558036

5300

3000

0.566038

7100

4000

0.563380

8800

5000

0.568182

17000

10000

0.588235

25000

15000

0.600000
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Table A1-2. Defined piecewise linear relationships between EC and TDS.

EC (uS/cm)

TDS (mg/L)

0-1000

TDS=EC*0.549451

1000-2000

TDS=EC*0.5556-5.5556

2000-5000

TDS=EC*0.5713-45.087

5000-10000

TDS=EC*0.5713-36.997

10000-25000

TDS=EC*0.6173-452.14

The resulting TDS values vary between 297 and 66,128 mg/L. A check was performed to see if there
was a clear trend in the TDS values over time (Figure A1-1). No apparent trend is observed, most likely
the spatial salinity variation hidden in this graph is much bigger than a possible temporal trend for all
bores together.
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Figure A1-1. Estimated TDS (mg/L) of bores in the NAP plot chronologically.

However, more variation between the TDS values of the bores is observed if they are plotted versus
the depth of the borehole casing (Figure A1-2) or the original borehole depth (Figure A1-3). In both
cases, it is clear that the boreholes with a depth of maximum 20 m or a casing of maximum 20 m have
mostly a higher TDS than deeper bores or bores with a longer casing.
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Figure A1-2. Estimated TDS (mg/L) of bores in the NAP plot versus the depth (m) of the borehole casing.
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Figure A1-3. Estimated TDS (mg/L) of bores in the NAP plot versus their borehole depth (m).

Plotting the TDS versus the water cut (Figure A1-4) or versus the measured groundwater depth (Figure
A1-5), shows that all observations have a water cut or groundwater depth less than 20 m (as this was
a selection criterion for the bores). The plots show that bores with a groundwater depth of less than
6 m have on average a higher TDS, about 8,000 mg/L, than bores with a groundwater depth between
6-20 m, which have an average salinity of almost 5,000 mg/L.
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Figure A1-4. Estimated TDS (mg/L) of bores in the NAP plot versus the water cut (m) observation.
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Figure A1-5. Estimated TDS (mg/L) of bores in the NAP plot versus the measured groundwater depth (m).

For the interpolation of the TDS point data to a spatial continuous raster the interpolation the
approach of Bresciani et al. (2018) was followed:
“The inverse distance weighting interpolation method from the Geostatistical Analyst extension of
ArcGIS 10.4.1 was used. This method is appropriate for TDS because its analysis does not especially
make use of the shape of concentration contours, and hence the bull’s eye effect is not really an issue.
Furthermore, TDS cannot be assumed to result from a diffusive process since advection is expected to
dominate on the scale of this study, and so the diffusive kernel method would be inappropriate. The
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inverse distance weighting interpolation method also has the advantage of being exact at the data
points. The power parameter was set to 2, and a standard neighbourhood was used with 15 maximum
neighbours and 10 minimum neighbours.”
The resulting TDS salinity map is masked for the same area as the groundwater depth map, as the data
density outside this area is very low.

Reference:
Bresciani, E., Cranswick, R.H., Banks, E.W., Batlle-Aguilar, J., Cook, P.G. and Batelaan, O. (2018) Using
hydraulic head, chloride and electrical conductivity data to distinguish between mountainfront and mountain-block recharge to basin aquifers. Hydrol. Earth Syst. Sci. 22(2): 1629-1648.
https://doi.org/10.5194/hess-22-1629-2018
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Appendix 2: Description of methodology used to
create depth-to-groundwater maps
An interpolated groundwater depth map was created by way of the following described methodology.
The first step was obtaining the best available digital elevation model for the NAP. The 1 second
Shuttle Radar Topography Mission (SRTM) Digital Elevation Models Version 1.0 package was
downloaded from
https://ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/72759.
The metadata for this data set explains: “It comprises of three surface models: the Digital Elevation
Model (DEM), the Smoothed Digital Elevation Model (DEM-S) and the Hydrologically Enforced Digital
Elevation Model (DEM-H). The DEMs were derived from the SRTM data acquired by NASA in February
2000 and were publicly released under Creative Commons licensing from November 2011 in ESRI Grid
format. DEM represents ground surface topography, with vegetation features removed using an
automatic process supported by several vegetation maps. This provides substantial improvements in
the quality and consistency of the data relative to the original SRTM data, but is not free from
artefacts. Man-made structures such as urban areas and power line towers have not been treated.
The removal of vegetation effects has produced satisfactory results over most of the continent and
areas with defects identified in supplementary layers distributed with the data, and described in the
User Guide. DEM-S represents ground surface topography, excluding vegetation features, and has
been smoothed to reduce noise and improve the representation of surface shape. An adaptive
smoothing process applied more smoothing in flatter areas than hilly areas, and more smoothing in
noisier areas than in less noisy areas. This DEM-S supports calculation of local terrain shape attributes
such as slope, aspect and curvature that could not be reliably derived from the unsmoothed 1 second
DEM because of noise. DEM-H is a hydrologically enforced version of the smoothed DEM-S. The DEMH captures flow paths based on SRTM elevations and mapped stream lines, and supports delineation
of catchments and related hydrological attributes. The dataset was derived from the 1 second
smoothed Digital Elevation Model (DEM-S) by enforcing hydrological connectivity with the ANUDEM
software, using selected AusHydro V1.6 (February 2010) 1:250,000 scale watercourse lines and lines
derived from DEM-S to define the watercourses. The drainage enforcement has produced a consistent
representation of hydrological connectivity with some elevation artefacts resulting from the drainage
enforcement. Further information can be found in the supplementary layers supplied with the data
and in the User Guide.”
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We used and extracted from the national grid dataset DEM-S a digital elevation model for the NAP. It
has a raster cell size resolution of 25.9 m (x-direction) by 32.0 m (y-direction); this was added to the
ARC-GIS database.
The next step was to determine the groundwater elevation above absolute mean sea level for a
dataset of 311 boreholes. For each of these boreholes a measured groundwater depth was available
in the attributes of this borehole point file. For every borehole the ground elevation was extracted
from the DEM-S DEM raster file and added to the point file. Next, by way of an attribute table
operation the groundwater elevation above absolute mean sea level was determined by subtracting
the groundwater depth point values from the newly extracted ground elevation values. Consequently,
these 311 groundwater elevations were spatially interpolated with the radial basis function in ArcGIS.
This function is based on a completely regularised spline and uses a standard search neighbourhood
with minimum 10 and maximum 15 neighbours. The spatial resolution of the obtained groundwater
elevation was set equal to the DEM-S ground elevation DEM. Finally, a spatially continuous
groundwater depth map was obtained by subtracting the interpolated groundwater elevation raster
map from the DEM-S ground surface elevation. The groundwater depth map was masked to the
southern part of the NAP as in the northeastern area the spatial density of measured groundwater
depth was too low to warrant a reasonable outcome.
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Appendix 3: Table of NAP Drillholes with Unit Numbers.
index

dhno

drillhole_class

unit_long

unit_hyphen

unit_wilm
a

5

315922

WW

6.53E+08

6528-2920

6528-02920

7

315924

WW

6.53E+08

6529-1248

8

315925

WW

6.53E+08

9

315926

WW

23

315940

45

obs_no

dh_name

dh_other_name

aquifer

network

swl_status

easting

northing

zone

lon

lat

NAP 1

264690.4

6179111

54

138.437

-34.5028

6529-01248

NAP 2

265816.5

6180487

54

138.4497

-34.4907

6528-2922

6528-02922

NAP 3

263919.7

6178928

54

138.4286

-34.5043

6.53E+08

6528-2923

6528-02923

NAP 4

264594.3

6177997

54

138.4357

-34.5128

WW

6.53E+08

6528-2932

6528-02932

NAP 5

266799

6179445

54

138.4601

-34.5003

315963

WW

6.53E+08

6528-2948

6528-02948

NAP 6

265602.2

6178044

54

138.4467

-34.5126

46

315964

WW

6.53E+08

6528-2949

6528-02949

NAP 7

263438

6177274

54

138.4229

-34.5191

10

315927

WW

6.53E+08

6528-2924

6528-02924

NAP 8

264734.2

6177169

54

138.437

-34.5203

24

315941

WW

6.53E+08

6528-2933

6528-02933

NAP 9

269054.1

6176239

54

138.4837

-34.5297

0

315917

WW

6.53E+08

6528-2915

6528-02915

NAP 10

263627.4

6176158

54

138.4246

-34.5292

6

315923

WW

6.53E+08

6528-2921

6528-02921

NAP 11

265022.6

6175796

54

138.4397

-34.5327

1

315918

WW

6.53E+08

6528-2916

6528-02916

NAP 12

266272.4

6175917

54

138.4534

-34.5319

11

315928

WW

6.53E+08

6528-2925

6528-02925

NAP 13

267453.6

6175400

54

138.4661

-34.5369

42

315960

WW

6.53E+08

6528-2946

6528-02946

NAP 14

263610.4

6173971

54

138.4239

-34.5488

2

315919

WW

6.53E+08

6528-2917

6528-02917

NAP 15

265012.1

6174504

54

138.4393

-34.5444

3

315920

WW

6.53E+08

6528-2918

6528-02918

NAP 16

266092.9

6174443

54

138.451

-34.5452

12

315929

WW

6.53E+08

6528-2926

6528-02926

NAP 17

267460.5

6174408

54

138.4659

-34.5458
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tds_status

13

315930

WW

6.53E+08

6528-2927

6528-02927

NAP 18

268530.4

6175316

54

138.4778

-34.5379

27

315944

WW

6.53E+08

6528-2935

6528-02935

NAP 19

269971.8

6173908

54

138.4931

-34.5509

4

315921

WW

6.53E+08

6528-2919

6528-02919

NAP 21

266181.4

6173831

54

138.4518

-34.5507

14

315931

WW

6.53E+08

6528-2928

6528-02928

NAP 22

267502.8

6173616

54

138.4661

-34.5529

15

315932

WW

6.53E+08

6528-2929

6528-02929

NAP 23

268635

6173653

54

138.4785

-34.5529

28

315945

WW

6.63E+08

6628-30144

6628-30144

NAP 24

270976

6173730

54

138.504

-34.5527

29

315946

WW

6.53E+08

6528-2936

6528-02936

NAP 25

266118.8

6172252

54

138.4507

-34.5649

16

315933

WW

6.53E+08

6528-2930

6528-02930

NAP 26

267778.6

6173030

54

138.469

-34.5583

17

315934

WW

6.53E+08

6528-2931

6528-02931

NAP 27

268245.5

6172682

54

138.474

-34.5615

30

315947

WW

6.53E+08

6528-2937

6528-02937

NAP 28

270085.4

6172723

54

138.494

-34.5616

31

315948

WW

6.63E+08

6628-30145

6628-30145

NAP 29

271233.8

6172791

54

138.5065

-34.5612

32

315949

WW

6.63E+08

6628-30146

6628-30146

NAP 30

272262.9

6172546

54

138.5177

-34.5636

33

315950

WW

6.53E+08

6528-2938

6528-02938

NAP 31

266078.8

6171267

54

138.45

-34.5738

43

315961

WW

6.53E+08

6528-2947

6528-02947

NAP 32

267451.5

6171360

54

138.465

-34.5732

25

315942

WW

6.53E+08

6528-2934

6528-02934

NAP 34

269789.3

6171200

54

138.4904

-34.5752

18

315935

WW

6.63E+08

6628-30138

6628-30138

NAP 35

270996.6

6171238

54

138.5035

-34.5751

26

315943

WW

6.63E+08

6628-30143

6628-30143

NAP 36

271791

6171521

54

138.5123

-34.5728

19

315936

WW

6.63E+08

6628-30139

6628-30139

NAP 37

273126.4

6171626

54

138.5268

-34.5721

34

315951

WW

6.53E+08

6528-2939

6528-02939

NAP 38

267745.8

6170036

54

138.4678

-34.5852

35

315952

WW

6.53E+08

6528-2940

6528-02940

NAP 39

268937.6

6169968

54

138.4808

-34.5861

36

315953

WW

6.53E+08

6528-2941

6528-02941

NAP 40

269556.1

6170146

54

138.4876

-34.5847

20

315937

WW

6.63E+08

6628-30140

6628-30140

NAP 41

270880.8

6170352

54

138.502

-34.5831
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21

315938

WW

6.63E+08

6628-30141

6628-30141

NAP 42

271804.6

6170421

54

138.5121

-34.5827

22

315939

WW

6.63E+08

6628-30142

6628-30142

NAP 43

273703.4

6170560

54

138.5328

-34.5819

44

315962

WW

6.63E+08

6628-30148

6628-30148

NAP 44

275365.6

6170134

54

138.5508

-34.5861

37

315954

WW

6.53E+08

6528-2942

6528-02942

NAP 45

269647

6168720

54

138.4882

-34.5975

38

315956

WW

6.63E+08

6628-30147

6628-30147

NAP 46

270853.3

6169179

54

138.5014

-34.5937

39

315957

WW

6.53E+08

6528-2943

6528-02943

NAP 51

269654.3

6168017

54

138.488

-34.6039

40

315958

WW

6.53E+08

6528-2944

6528-02944

NAP 52

270523.2

6167984

54

138.4975

-34.6044

41

315959

WW

6.53E+08

6528-2945

6528-02945

NAP 53

269675.7

6166680

54

138.4879

-34.6159
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Appendix 4: Integrated results
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