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ABSTRACT

The quality of predicted subsurface onductivity from airborne dedromagnetic (AEM) data has
improved by bringing together three déements: cdibrated broadband ground response information
from new AEM hardware, a pradicd method of transforming the ground response data into 1D
conductivity models, and visualisation routines to display and communicae significant model
feauresin 3D. TEMPEST is the new AEM system. It is distinguished from other AEM systems
by its greder bandwidth (25-37500Hz), monitoring of transmitter loop - ground - recever coil
geometry variations and advanced processng routines to extrad cdibrated ground response data.
Conductivity depth images (CDI’s) were derived from TEMPEST data usng EMFlow software.
The CDI’s were validated against ground deata to ill ustrate the quality of the predicted sub surface
data. A groundwater case study was used to present a range of displays developed to enhance the
information content from AEM data, ill ustrating that much can be leant by viewing the 1D models
gridded as 3D volumes.

INTRODUCTION

Appropriate visualisation techniques enable cnductivity and thickness information to be rapidly
assmilated and communicated. Visudisation tedwniques previously applied to arborne
eledromagnetic (AEM) data include verticd sedions, depth dices (e.g. Fitterman and Deszcz
Pan, 1998 and extradion of surfaces related to spedfic charaderistics of a nductivity
distribution (e.g. Bultman et al., 1999. 3D rendering has been applied to ground resistivity data by
Bernstone d a. (1997). The development and applicaion of these techniques was limited by the
quality of aqquired ground response data and accessto rapid methods for transforming the data to
conductivity, which is necessary for large data volumes involved in AEM surveys.

The Toodlibin Lake survey is used as a cae study to illustrate the improvements that have been
made to overcome these limitations. This test site dso has the advantage of ground based
measurements (George, 1998 DeSilva, 1999 to validate the new AEM measurements and to
determine suitable resolution scades for visualisation techniques to be gplied to the AEM data.
The SALTMAP AEM system initially used a Toolibin Lake was unable to produce useable results
in highly conductive aeas (conductance greder than 10 S) (Pradlio et al. 1998, and ladked
resolution in the 0 to 10 m depth range (George 1998. Layered model inversions applied to the
data were limited to 3 layers (2 layers and a halfspace for reasons of compute time and stability.
Subtle variations in a mmplex geoeledric sedion could not be resolved, thus restricting the
amount of information that could be extracted from the data.

Data quality was improved by applicaion of the new TEMPEST AEM system (Lane € al., 2000.
It has a transmitter loop on a fixed wing aircraft and recever coils in a towed bird. A square
transmitter waveform and fast sampling of receved data combine to give very broad bandwidth,
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25 to 37500Hz, ided for modelling and for operating in both resistive and conductive aess.
Measurement of system geometry (transmitter loop to ground to recever coils) allows corredions
to be gplied for variations in these quantities, removing one of the previous impediments to
obtaining high resolution rea surfaceinformation from a fixed wing - towed bird AEM system.
Comprehensive cdibration procedures and sophisticated dgital signal processng routines ensure
that accurate ground response information is extracted from the measured data.

Conductivity depth images (CDI’'s) (Maaae ¢ a., 1997) produced by EMFlow software (Mamae
et a., 1999 are an effedive transformation of AEM data provided the input data is well
cdibrated, broadband and low noise. CDI's allow subtle conductivity variations to be portrayed
resulting in more redistic 1D models than layered model inversions. The suitability of a 1D
transformation method for providing conductivity values for 3D visualisation depends on the
charaderistics of the sub-surface onductivity distribution. Toolibin Lake has conductivity values
which approximate a 1D situation over the scale of the individual observations.

Toolibin Lake Survey

The Toalibin Lake survey areais located 250 kn southeast of Perth, Western Australia (Figure 1).
Broad (2-4 km) flat valleys are surrounded by low hills 20 to 50 m above the valley (Figure 2).
Quaternary and Tertiary transported aluvial sediments (clays, sands, some pea) are present with
thickness from O to 40 m. Laterite weahering from O to 40 m is developed on basement of
Archean granite, granite gneissand Proterozoic mafic dykes, many of which can be identified as
magnetic lineas (seeFigure 3). Average regolith thicknessis 25 m, with arange of O to more than
60 m. Groundwater resources of significance ae restricted to regolith aquifers. Elevated
conductivity is likewise restricted to the regolith, with few if any conductors in the basement.

Figure 1. Location of the Toolibin Lake survey area and features mentioned in the text.

The mgority of the aea was cleaed of native vegetation for cered cropping and pasture
production by 196Q Rising saline groundwater is affeding the agricultural productivity of the
land. During 199798, the cachment was used as a cae study areato evaluate the role of airborne
geophysics (magnetics, radiometrics and SALTMAP) with other available data, in the
understanding of dryland salinity (Praadlio et al., 1998 George, 1998 George d a., 1998. In late
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1998 TEMPEST was flown over a portion of the Toolibin Lake study area(Figure 1). Lines were
flown at 150 m line spacing at 220C, covering an area approximately 8 km by 10 km.

VALIDATION WITH GROUND CONDUCTIVITY DATA

Comparison of TEMPEST CDI Values with EM39 Borehole Conductivity Measurements
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Figure 4. Comparison d EM39 horehde conductivity measurements with CDI conductivity values derived
from TEMPEST observations within 75 m of (a) hole LT09, and (b) hole SS9718I.

TEMPEST CDI values for observations within 75 m
(half the line spadng) of ead of 4 boreholes were
compared to downhole @nductivity measurements
made with an EM39 pobe (McNeil, 19886.
TEMPEST CDI vaues gacal a 4 m verticd
intervals (Figure 4) closely approximate the average
of the more finely spacel EM39 measurements over
the same intervals. Logarithmic scding was used
when plotting conductivity since this refleds the
resolution charaderistics of the measurements. A
good correlation (r* = 0.81) between CDI and
induction log conductivities (re-sampled to 4 m
intervals) is evident in Figure 5. The relationship is
close to one is to one.
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Figure 5. Scatter plot of EM39
conductivity measurements for S27149,
LTO6, LTO7 and LTO9 dotted against
TEMPEST CDI conductivity values from
observations within 75 m of boreholes.
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Comparison of Broadband Ground EM with TEMPEST

A ground EM line was aqquired aaoss the valley areg within 50 m of TEMPEST flight line
10250 A single turn 50 by 50 m transmitter loop, TEM/3 verticd axis central in-loop recever
coil, GDP16 recever and station spadng of 50 m were used. CDI sedions for both ground EM
and TEMPEST data ae shown in Figure 6. Lateral discontinuities in the ground EM CDI sedion
are suspeded to be due to station to station variations in transmitter loop size axd geometry, as
well as variations in recaver coil positioning within the transmitter loop. Ground EM and
TEMPEST CDI sedions have similar conductivity distributions, thus the same inferences would
be drawn from either sedion. The base of the 150 mS/m contour corresponds closely to the base
of the regolith in areas of conductive mver such as this. Areas of lower conductivity within the
conductive region at the base of the 500 mS/m contour (see6359850nN and 636040@1N, Figure
6c) are significant subtle features and correlate well from line to line.
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Comparison with Single Frequency EM31 Ground Conductivity Measurements

There is a good correspondence between TEMPEST 1000
CDI average @mnductivity values for the O to 4 m depth
interval and EM31 measurements (Figures 7 and 8).
This latter instrument operates at 9.8 kHz and has an
effedive depth of penetration restricted to several
metres (<6m). It is noted that in aress where ground
conductivity exceads 100 mS/m, the EM31 apparent
conductivity values sgnificantly underestimate the true
conductivity. For ground with 1000 mS/m conductivity, 10 100 1000
the EM31 will read a maximum of approximately 500 EM31 Apparent Conductivity (msim)
mS/m (MCNEi", 1980. This effed can be see in the Figure 8. Scatter plot of EM31 ground
upper limit of EM31 values in Figure 8. TEMPEST conductivity measurements  plotted
conductivity values are not affeded in this manner and against TEMPEST 0 — 4 m CDI
range up to 700mS/m. interval conductivity.
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VALIDATION WITH OTHER RELATED PARAMETERS
Comparison with ECsBorehole Sample Conductivity Measurements

EC,.s values are ameasure of total soluble salt content obtained by measuring the conductivity of a
solution of 1 part dried sample material with 5 parts water. Conductivity measured by TEMPEST
or EM39 is a function of porosity, saturation and clay content as well as eledrolyte content
(principaly NaCl in this environment). At Toolibin Lake, George (1998 found a good correlation
(r*=0.89) between EC,.s and EM39 conductivity, with EM39 conductivity values being just over
twice the corresponding EC,.s. There was a poor correlation (r=0.35) between clay content and
AEM data. This indicates that salt content is the dominant influence on conductivity measured in
the regolith in this environment (George, 1998. As with the mmparison with EM39, the EC, 5
measurements match well with the trend of TEMPEST conductivity values (Figure 9). Some
unexplained dscrepancies in the shape of TEMPEST CDI values and EC,.s values at depths
greater than 20 m were noted in other holes.
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Figure 9. Comparison of EC;.5 borehole sample cnductivity measurements with TEMPEST CDI
conductivity values from observations within 75 m of (a) hole 1C, and (b) hole 8C.

104



EEGS SAGEEP 2000 Proceedings, Washington, February 2000, 101-110

Figure 2. Perspective view from azimuth o 250 and
elevation 60° of surface topography, derived from
TEMPEST airborne measurements. The outline of
Toolibin Lake is shown.

Figure 6. CDI sections
for (a) broadband
ground EM, and (b)
TEMPEST (part of
flight line 1025Q. (¢
Anndated TEMPEST
CDI section.

(@)

(b)

(c)
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Figure 3. Total magnetic intensity (dynamic
range of 5950060250 nT) recorded in
conjunction with the TEMPEST AEM
measurements.



EEGS SAGEEP 2000 Proceedings, Washington, February 2000, 101-110

Depth to Bedrock

Depth to bedrock was derived from TEMPEST CDI data by mapping the depth of the transition
from conductive regolith to resistive saprock/basement. This was caculated as the depth to base
of a “conductive unit” defined by the log1Q(conductivity) value midway between the maximum
and minimum values at each observation.

Discrepancies between bedrock depth inferred from 60
drilling and those from TEMPEST data (Figure 10)
can be partly attributed to the subjedivity of the five
different drilling programs and scde differences
between TEMPEST observations and drillholes. A
small population size particularly in the 0 to 20 m
range limits any rigorous datisticd anaysis. By
removing the two outliers (x~12, y~35m) which were 0
atributed to locdised bedrock highs within a . 60
depositional environment, and by adding two samples epih from borenoles (m)

of bedrock outcrop noted by field evidence and
corredly determined by TEMPEST as dlow
bedrock, the relationship improves fe10.86.

40

20

Depth from TEMPEST data (m)

Figure 10. Scater plot of depth to
bedrock inferred from driling and
TEMPEST CDI data.

VISUALISATION OF TEMPEST DATA

AEM visudlisation techniques can be gplied to any data but the usefulness is limited by the
resolution and acaracy of the input data The tedniques have evolved to maximise the
information that can be derived from the high volume and high quality TEMPEST data. The am is
to produce reliable and suitable output for specific applications.

Visualisation methods are based on the stitching of CDI values cdculated for eat observation
into 2D sedions (Figure 6b) and extended to combine dl CDI values into a 3D conductivity grid.
A series of verticd 2D sedions of the 3D grid can be used to produce a omputer “animation” or
“movie”, alowing the @ntinuity of feaures to be asesed aaoss the survey area Individua
sections are often used to correlate drilling information with AEM data.

Interval conductivity slices are formed by averaging conductivity values over a discrete interval.
Interpretation of subtle acossline feauresis enhanced by viewing the spatia patterns in these 2D
plan views (Figure 11). A number of slices can be cmbined into an “animation” to ill ustrate the
changes in conductivity distribution with depth, allowing the entire contents of the 3D data volume
to be viewed. The 16-20 m interval conductivity slice (Figure 11c) shows a moderately conductive
dendritic unit flanked by highly conductive zones which, along with borehole data, indicaes the
presence of sandy Tertiary buried palaeochannels bordered by more conductive dayey material.
Tertiary sediments were present in borehole LTO7 from 12-31 m, with sands dominant at 18 to 28
m (DeSilva, 1999. This corresponds with the cnductivity low at ~ 6359850mN (Figure 6). The
reduction in conductivity is thought to be due to a dight reduction in groundwater conductivity,
but mostly to a drop in porosty compared to the high conductivity

10€



EEGS SAGEEP 2000 Proceedings, Washington, February 2000, 101-110

(a) (b)

Figure 7. Comparison d (a) EM31 ground conductivity measurements with (b) TEMPEST 0 to 4 m CDI
interval conductivity. Observation points are shown as small black das. The outline of Todlibin Lake and
selected bore holes are shown for spatial reference.

(a) (b)
(c) (d)
(e) ()

Figure 11. Interval conductivity slices derived from TEMPEST data for (@) 0-4, (b) 8-12, (c) 16-20, (d) 24-
28, (e) 32-36, and (f) 40-44 m below surface.
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clayey material (saprolite and clay-rich transported sediments). Recent drilling indicaes yields
from the palaeochannel were 7.5 times greder than from bores in surrounding weahered granite
(Dogramacipers. comm.).

A meandering to dendritic pattern of high conductivity in the centre of the valley is evident in the
shalow 0-4 m dice (Figure 11a). This is likely to relate to nea surface sdt and water
acawmulation. Circular conductivity highs correspond with isolated salt lakes. The highest
conductivity and hence the highest salt concentration occurs at a depth of 8-12 m (Figure 11b).

Customised parameters can be extraded from conductivity models to assst spedfic studies. For
example, the depth to the upper conductivity maximum was extraded by Bultman et al. (1999 to
compare with watertable depth. Regolith thickness (or depth to bedrock) was derived at Toolibin
Lake as it is an important input to groundwater models in regolith aquifer environments (see
validation with other related parameters). Areas where the depths are small (Figure 12a) are
interpreted as either outcropping/sub-cropping basement or resistive sand deposits overlying
resistive basement. In the @sence of conductive material, the regolith thickness must be inferred
from other information sources. The total conductance ®ntained within the “conductive unit”
(Figure 12b) can be interpreted as a measure of salt store within the regolith given the direa
relationship established in bore holes between salt content and conductivity.

A conductivity isosurface the 3D extension of a wntour line, is a surfacethat joins together
points with the same @nductivity. This is used to represent conductive or resistive volumes. An
animation of such bodies allows viewing of the data from different orientations and with different
conductivity thresholds. The 150 mS/m isosurface in Figure 13a gproximates the anductive
portion of the regolith. The isosurfacereades the surfacewithin and to the SW of Toolibin Lake,
enveloping the surfacetopography mesh. The dharaderistic notch in the base of the 500 mS/m
isosurface @ident nea 556000mE on the southern edge of Figure 13b, indicates the position of
the palaeochannet §. Figure 6).

CONCLUSIONS

The limitations identified in the development of visualisation techniques applied to AEM data were
related to the quality of ground responses data, processng of data into conductivity and depth
information, and the availability of visualisation tools. The TEMPEST AEM system addresses
many of the deficiencies noted from previous s/stems when providing data for conductivity
mapping. EMFlow software enables measured data to be dficiently converted into conductivity -
depth information. The validity of the conductivity values has been demonstrated through
comparison with borehole EM, single frequency ground EM and broadband ground EM data.
Manipulation and visualisation of this conductivity information in 3D provides additional insight
into the conductivity distributions and their associations. Regolith thickness can be mapped for
groundwater modelling in conductive aeas through a dose relationship between the base of the
conductive cover and the base of the regolith. Regolith conductance can be mapped, and used to
measure salt store through a relationship established with bore hole data. Nea surface
conductivities are better resolved and the depth to conductive horizons will have implications for
salinity management. It was evident that the highest conductivities occur well below surface
between 8 and 20 m. A buried sandy paleochannel sequence was identified through a @ntrast in
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conductivity with surrounding clay material in the regolith. This information is used to target and
prioritise future pumping, in order to reduce the salinity risk to Toolibin Lake.

(@) (b)

Figure 12. “Conductive Unit” parameters (a) Depth to base. (b) Conductance.

(@) (b)

Figure 13. Conductivity isosurfaces for the subset of the data shown in Figure 7 for (a) 150 mS/m, and (b)
500 mS/m, viewed from an azimuth o 200 and an devation d 25°. The mesh, coloured by eevation above
sea level, represents the surface topography. The outline of the lake and selected bore hdes are shown for
spatial reference.
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