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Executive Summary

Thisreport presents a new technique for mapping regional salt-sources that has major

impli cations for sali nity management. This mapping was dore by analysing aregional mosaic
of airborne gamma-radiometrics together with existing airborne geophysics and dilli ng data
colleded as part of the Murray Darling Basin (MDB) airborne geophysics projed.

A significant correlation was found ketween aeolian (wind-blown) materials, ugand salts and
the geophysicd signatures of bath airborne gamma-radiometrics and airborne dedromagnetic
(AEM) data. Thisis consistent with the conceptual model that much of the salt in the upland
areas of the MDB is ©urced from deposited aeolian materials that have been derived from
deflationary eventsin salt-beaing landscapes in the western arid part of the basin. Drill hale
data from multi ple source aeas and identification from other work suggests a dharaderistic
gammea-radiometric signature for aepli an salt-sources. This sgnature was used as a target and
the Euclidean distancefrom this target was derived for ead pixel inthe MDB radiometrics
mosaic (using both paasgum and thorium comporents) to form a continuows clasdfication d
upland salt-source.

The major areaof saline a®lian materials forms a fragmented arcuate body stretching from
northern Victoriato nath-central NSW that is consistent with aeolian depaositionfrom a
dominant westerly dust path. Much o the modell ed salt-sources lie in a broad region with
geomorphic similarity in the lower western slopes of the Grea Dividing Range.

The combined modelli ng and analysis of AEM and gammea-ray data provides a better
understanding of salinity in relation to geologica materialsin the landscgpe. The upland
aeolian salt sourcemodel, based onradiometric potassum (K) and thorium (Th) logicdly
correlates with the uppermost AEM layers. The differenceisthat the gammamodel is
deteding the original source materials while the AEM shows the locaion d the salt,
including where it has been subsequently transported. This means that the AEM can now be
better separated into componrents of salt-source and salt mobhili sation.

In terms of management, the new model and the derived salt source mapping adds an extra
dimensionto existing geophysicd tedhniques. The radiometrics data is widely avail able, so
thetechnique is a mst-eff edive aditionto the airrent tods. Unlike AEM, thisis a method
that can be readily and synogpticdly applied over large aess.
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1. Introduction

Dryland salinity is recognised as a major problem in the Australi an landscgpe dfeding both
eoconamic productivity and Hodiversity. Although surfacesali nisation has been readily
identified in numerous catchments, the scope of the problem, future risk and management
options are lessclea. Much recent work has focussed onidentifying the locaion d salt stores
and mobhility pathways using geophysicd data, particularly Airborne Eledromagnetic (AEM)
surveys (Dent, 2003. Althowgh pawerful as a management and information gathering toadl,
AEM does nat diff erentiate between mohili sed salt and areas that are salt-sources. Identifying
and mapping these salt sourcesis fundamental for sali nity management yet has not been
achieved at the regional or catchment scde.

In the southeastern udands of the Murray-Darling Basin, a mmmon conception hes been that
salt is urced from the whole landscape, being present in the overall geology or groundwvater
systems. This includes conrete salts coincident with deposition (as in marine sediments) or
salts derived from subsequent wedhering processs. More recantly, it has become acceted
that salts have been introduced to the landscape rather than being derived in situ from
bedrock. This can be by rainfall accessons with evapatranspiration causing acaimulation o
oceaiic ¢yclic satsinthe soil profile. Salts can also be aociated with silty clay deposits
derived from wind-blown sources. This mechanism of aeplian depasition d salts as ouitli ned
in previous sudies such as Bowler (1983, Acworth et al (1997 and Evans (1999 isthe
focus of thisreport. A new mapping technique, utili sing airborne gammea-radiometrics, for
locaing aeplian salt sourcesis presented and validated by comparisons with cther datasetsin
spedfic cachments. The regional identification d extensive depaosits of nea-surfacesaline
aeolian material has sgnificant implicaionsin terms of the focusdng of eff ort for salinity
management.
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2. Landscape Salt Sources in Aeolian Deposits

It iswidely accepted that salts have been introduced to the landscepe rather than being
derived from in situ bedrock sources (Evans, 1999. The wmbination d asaline aid inland
and a history of dominant westerly winds suggest that wind-borne (aeoli an) depasition d clay
and salt is sgnificant for the southeastern udand margins of the Murray-Darling Basin. Such
surficial depaosits can be the dominant source of salt in these cachments and when saturated
or mohili sed become adriver for dryland salinity.

2.1 Aeolian deposits and their occurrence in the Murray-Darling Basin

Previous investigations have shown that extensive deposits of aeolian material occur in the
landscape of southeastern Australia. The term ‘parna, which isthe aorigina word for dust,
was initi aly used to describe a®lian clay depositsin the Riverine Plain (Butler, 1956,Butler
and Hutton, 1956. Similar deposits have been identified in the vicinity of Griffith (van Dijk,
1958, Swan Hill (Churchward, 1963 and Wagga Wayga (Bedtie, 1979. Further to the eat,
aeplian cortributions to the soil profil e have been found rear Blayney (Dickson and Scott,
1999, aswell as Young, Canberra and Bemboka (Chartres et al, 1989. Mixtures of aeolian
and colluvial material have been identified in vall ey floorsin the Y ass cachment (Acworth et
al, 1997. Chartres and Chivas (1987 estimated that abou half of the Southern Tablelands
soil ongraniteis dust-derived. Aeolian dust has been foundin the dpine humus il profiles
of the Main Range of Kosciusko National Park (Johrston, 200).

Various lines of evidence have been used in these studiesto cite an aedlian arigin including:

(i.)  Theuniformity of the profile which overly different geologicd unitsin various
topagraphic settings. An erosional unconformity with the underlying bedrock can be
observed (Acworth et al, 1997%;

(ii.) A bi-modal particle size distribution with peaksin the day and coarse silt fradions;

(ii.)  Contrastsin soil chemistry and mineralogy when compared with underlying
geologicd material e.g. oxygen isotope ébundancein quertz grains (Chartres et al,
1988 or the presence of smedite days (Acworth et al, 1997);

(iv.)  Thepresenceof soil carboretes; and

(v.)  Sail sub-plasticity.

For example, at Wagga Wayga, the a®lian dust deposits are often red clays that form a
continuows mantle, particularly in high gains (Chen, 200). These soil s have the
charaderistic bi-modal particle distribution, with ore mode in course silt (4-6 Phi) and the
other in clay (Chen, 200). Inthe flooddains, the red clay is basicdly absent although aeolian
materials are likely to be present mixed with recent sediments. On hill s with average slope
excealing 30%, the red clay contains sgnificant amourts (up to >50%) of gravels (i.e. mixed
with locdly derived coll uvium) and exists only at lower and foot-slopes (Chen, 2003. On

hill s with average slopes of 10—3®b6, mixed coll uvium/ aeolian and danket aeolian may
aternately occur.

Thisis smilar to the landscape in the Bill abong Creek caichment (McKenzie and Gall ant,
2005, refer Figure 1. Exposures suggest that about 5-7 metres of aeolian materia has been
deposited over the flatter parts of the cachment. Drill core from the aeahas been analysed
using laser grainsize analysis (Jones et al, 2003. One of these hales (BC17) interseded 14
metres of saline cver sediments overlying granite saprolite and the results of the grainsize
analysis are shown in Figure 2. A bi-modal distributionis evident, with the secondgrainsize
pe&k in the range 0.0078 — 0.0156hm being fine silt sized particles. Thisisequivalent to 6-7
Phi and, significantly, this relates to the mean grainsize for modern day dust (6.6- 6.8 Phi)
(Méelis and Acworth, 200).
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2.2 Aeolian depositional processes

The aid interior of Australia onsists of desert landforms such as durefields and dayalakes
which are avast reservoir of dust material and salt. Episodic dust storms originating from
inland areas are vedors for sediment transport. In southeastern Australi a, the major wind
systems are to the eat, enabling aeolian depaosition onthe eatern flanks of the Murray-
Darling Basin and keyond (Greene et al, 2001)), refer Figure 3. The sediment loads associated
with these events can be significant. A dust storm in December, 1987was estimated to have
eroded 5.56.3 milli ontonres from its original provenancein western Queensland (Knight et
al, 1995. Subsequent dust deposition over the 24-hour period was measured at sitesto be 2
tonnes’km’/d, compared with the annual average rate of 5-10 tonnes’km’/yr in Adelaide.
Abou 1.9-3.4milli ontonres left the Australian continent, and onthe Southern Alpsin New
Zedand, the dust storm tinged the snow red. Althoughsevere, such a storm would be
considered to be alin 20 yea event based onthe historic record sincethe 190Gs. By
acourting for the frequency and magnitude of dust storm events, Knight et al (1999
estimated the annual sediment yield from the western Queensland sourceregionto be 107-
122tonres’km’/yr. By comparison, the sediment load estimated for all Australian riversis
about athird of thisrate, at 32-45 tonnes’km’/yr (Olive and Walker, 1982.

Paleoenvironmental studies of Quaternary landforms and sequences suggest that such
processes and dust paths have persisted over the past 500,000yeas (Bowler, 1976
McTainsh, 1989. This relates to atransitionto more aid condtions from that time which has
been establi shed through investigations at sites acdossAustralia (Figure 4).

For example, Lake Bungunniawas formed in the Murray Geologicd Basin duing the Late
Pliocene (~2.4Ma) by tedonic uplift in the Padthaway region o South Australia. Thislarge
ancient lake @vering an areaof 33,000k’ (Stephenson, 1986 was fed by the Murray-
Darling river system (Figure 6) with flows considerably greaer than the modern regime. This
periodis represented by extensive depasits of sandy, micaceus clays (Blanchetown Clay)
containing evidence of freshwater eclogy. The onset of arid condtionsisrefleded in
overlying gypsiferous evaporiti ¢ sediments indicaing hypersaline wndtions aswell as
aeolian sands (Figure 4). These depaosits and their modern equival ents represent a major
reservoir of clays and salt that was made avail able for aeoli an transport eastwards by

prevaili ng winds (Stephenson, 1986. The extent of the durefields of the Malleeregion
provides testament to the dominance of aeplian processes sncethe demise of Lake
Bungunna (Figure 5). These durefields can aso be viewed as the proximal coarser
equivalents of the distal finer aeolian depaosits foundin the upland areas to the eat. Dune
profil es contain cacareous il horizons or cdcretes that show a history of remohili sation and
stabili sation relating to climate oscill ations (Brown and Stephenson, 199). Lunettes or
source-bordering dures are evident onthe eatern margins of the playa lakes, associated with
the remnants of Lake Bungunria, formed by the predominately westerly winds. These dures
can contain sand layersthat indicate deflation o |ake shore beades during wetter periods as
well as clay pell et layers which indicae deflation d saline lake floors during transiti onal
climate phases (Bowler and Wason, 1984,
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Analyses of off shore sediment coresin the Tasman Seaprovide amore detail ed record of
changesin the dust flux and relationships with the paleoclimatic record (Hesse, 1999, refer
Figure 4. These ares confirm the onset of aridity albeit at abou 350,000yeas ago, with
periods of higher dust flux relating to gladal periods. Vegetation reconstructions for these
periods suggest retrea of woodand and forest to narrow coastal margins, with expansion o
semi-arid savannah or grasdand and therefore agreaer source aeafor dust (Hope, 1987.
The spatial extent of the dust plume in the ocean floor sedimentsis consistent with the model
of prevaili ng wind systems for southeastern Australia (Figure 3). On thisbasis, Hess (1994
inferred that the dominant source aeafor the dust path was the Murray-Darling Basin and
Lake Frome Basin. Interpretation d uranium-lead dating of detrital zirconin samples of dust-
dominated soil s at Blayney and Tumbarumba came up with similar conclusions (Gatehouse et
al, 200). The zircon age patterns from these samplesin the eatern highlands were very
similar to the signature foundin the Mall eedurefield further inland in the Murray Geologicd
Basin.

2.3 Aeolian deposits as a salt store

The wincidence of salt and claysin theseinland arid source aeas auggest that aeolian
materials are often sources of sdlts. It has been pastul ated that salt acampanying dust derived
from the Murray Geologicd Basin isthe principal sourceof salts foundin the uplandsregion
of the Murray-Darling Basin (Bowler, 1983. For example, this medhanism was inferred to
have caised salt acawmulationin the soil profile & Lake George since dou 270,000yeas
ago, andrefleded in atransition in daminant vegetation from Casuarina to Eucal yptus
(Crowley, 1994. This st transport is particularly the case during periods of high
groundvater levels and adive deflation d the extensive deposits of saline laaustrine days
evident in the Murray Basin. This represents an eastwards wind-borne export of salt that is
oppdasite to the export westwards by the stream network.

Investigations in some of the southeastern udand catcchments of the Murray-Darling Basin
provide evidencefor the linkage between aeolian depasits and salt. In the Boorowa
catchment, the majority of salt is concentrated in the shall ow soil/ regolith profil e which was
inferred to have an aeplian comporent (Evans, 1998. In the more subdued upper parts of the
cachment, the shall ow-channell ed streams are in contad with these surficial deposits and
have relatively high salt loads. Further down the cachment, the streams areincised into the
underlying lessweéahered fradured rock and receve fresher groundvater discharge. A
conrete origin o the salt from the Paleozoic marine fractured rocks is discourted by
groundvater chlorine-36 analysesindicating that the stored salt is much yourger than the
rocks.

In the YassRiver cachment, surficial depasits of smedite-rich silty clays with variable salt
content have been interpreted as being aedlian in arigin (Acworth et al, 1997. Several
episodes of remohili sation d this material and mixing with colluvial material have been
identified. These episodes may correlate with wetter periods in the Pleistocene dlowing
saturation d the dust profile and subsequent structural instability and fail ure & debris flows
and land sli ps. Field mapping suggest a mrrelation between these deposits (which occur on
the lower slopes and vall ey floors) and dyland sali nity outbresks. This was attributed to
upward movement of groundwvater from the underlying fradured rocks mobhili sing salt stored
in the shall ow debris flow deposit. In the asence of the day debris flows, groundvater
discharge @s hill slope springsis not saline and can suppat small wetland ecosystems.
Smedite-rich haizons within the debris flows are strongly dispersible and mohili sation o
thismaterial can contribute day and salt to surfacerundf andlocd streams (Melisand
Acworth, 200).

At Simmons Creek within the Bill abong Creek cachment, NSW, English et al (2002 aso
suggest that significant salt storage relates to aeplian parna deposits. These reworked aeolian

10 MDB Aeolian Salt Source Model



deposits now blanket the topographicdly low parts of the cachment and correspondwith low
gammea-radiometric responses.

Relatively high salinity levels (63.5230.5EC) were foundin surfacehorizons of Kosciusko
alpine soil profilesinferred to have asignificant dust comporent, compared with degoer in the
profil e (8.5-43.3EC) where bedrock weahering processes dominate (Johnston, 200).

Even in the present-day cli mate, saline dustfall (dry particulate grains of resuspended
terrestrial dust with some entrained salt sourced) and dssolved saltsin rainfall (principally
sourced from the ocean) can be mnsiderable. Modern dust may contain upto 50% by weight
of salts (Kiefert, 1997. Comparison d cdion ratios of seawater analyses with analyses of
rainfall samplestaken nea Scone, NSW, suggests that addition d soluble material to rain by
aeolian processesis sgnificant (Elli ot and Holman, 1985.

MDB Aeolian Salt SourceModel 11



3. Mapping of Aeolian Salt Stores

A regional mapping technique based onthe conceptual model of aeolian depasits being a
significant source of saltsin the eatern ugand catcchments of the Murray-Darling Basin has
been developed. The method tses gammea-radiometric survey datato dff erentiate nea-
surfacewind-blown material from other landscgpe comporents.

3.1 Application of gamma radiometrics

Airborne gammea-spedrometry (AGS) uses gamma-ray emisson in multi ple wavelengths to
derive ebundances of the major gamma-emitting elements of potassum (K), thorium (Th) and
uranium (U). This provides gatial images of the geochemistry of the upper rock/soil 1 ayer to
adepth of abou 30-45cm. Although ladking in depth of penetration, the distribution d these
element concentrations at the surface ca dften be related to subsurfaceproperties (Bierwirth,
1996.

The sourceminerals for potassum (K) are feldspars and micas and their weahering products
such asillit e days. Uranium (U) and thorium (Th) are present in significant quantitiesin
accesry minerals. The spatial distribution within the landscape of K, U and Th and the
decay produwcts of U and Th are dso afunction d physicd and chemicad weahering processes
aswell as sdiment transport processes. In terms of weahering, K is by far the more mobile
of the dements, Th is more resistant to weahering and U is perhaps lesswell understood. The
U image datais also dften ndsy dueto low courts coll eded by airborne sensors. Gamma:
radiometric image interpretation depends therefore on the primary mineral content and the
wedhering patterns of these mineralsinfluenced by geomorphdogy.

3.2 Previous gamma-radiometric studies relating to salinity

In a detail ed study of radiometrics at Kyeamba Creek nea Wagga Wagga (Bierwirth, 199§, a
relationship was observed between salt scdds andlow K areas (Figure 7a). This areais
contained within Ordovician metasediments where high K relates to bedrock signatures of the
shallow lithosols. At the time it was thought that the low K was associated with areas of clay
linked with increased weahering and salt acaimulation. Soil samples largely from the upper
landscape showed arelationship between high K signal and low levels of salt (EC 1:5) in the
soil profile (Figure 7b).
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Figure 7: (a) Image of K draped onashaded DEM at Kyeamba Creek, NSW. The white ouitlines are sdt scdds
andtheimageis 7 km aadoss Red areas are high values and Hueislow. (b) soil sample measurements of total K in
the A horizon expressed as percent versus EC 1:5 (uS/cm) from the B horizon..
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Detail ed soil sampling also showed that, in the metasediments, lower K is associated with
increased weahering and depths of colluvium (Figure 8). Theinitial assumption was that the
very low K aress were an extension d this phenomenon bu reconsideration, based onthe
current work, suggests that the low-K response may represent introduced aeplian materials.

K % ground spec

0 50 100 150 200 250
Solum Depth

Figure 8: (a) 3-D perspedive of K draped ona DEM for upland areas east of Kyeamba Creek, NSW. Red aress
are high values and Hueislow (b) solum depths (depth to saprolite) compared with K groundspedrometer
measurements.

Foll owing on from this work, Wilford et al (2001 attempted to relate low K to salt storage &
Bethurgra, NSW dthough their assumption was that salt was associated with claysin the
wedahered low-K soils. Although aloose relationship between landscepe K and strean
salinity was presented, an apparent relationship may be because these were residual
landscapes likely to contain a significant comporent of aeolian materials. Wilford et al (200])
used a K-derivative image which adjusted K values for different lithologies and so is not
appropriate for targeting the particular gammea-radiometric signature of blanketing aeolian
materials. Also, the use of asingle dement can produce arorsin any potential model dueto
low separability between aeolian soilsand particular rocktypes such as quartz sandstones,
limestones and kesalts (Bierwirth, 2006.

In the Bill abong Creek areg McKenzie and Gall ant (2005 used airborne gammaK and
topographic indices to map soil classes associated with aeolian materials. They concluded that
units dominated by aeolian materials (Figure 1) were asociated with low K (using
uncdibrated data) and slopeslessthan 6 degrees. Ancther study by Dickson and Scott (1998
foundthat red aeplian soil sin the Blayney district, NSW, had a charaderistic gamma-
radiometrics sgnature of 0.7%0 K, 2 ppm U and 11 ppn Th athough there was no analysis of
salt content.

Based onall previouswork, there does appea to be a cae for both aeolian sources of salt and
the patential for gamma-radiometrics to identify these regionally. Thisis particularly the cae
in southeastern Australiawhere there is substantial evidencefor westerly aeolian transport
from alarge reservoir of salt further inlandfor at least the last 350,000yeas. The next steps
are to aqquire the necessary data, analyse these in relation to avail able borehole data and use
this analysis to construct an appropriate model for spatially charaderising salt sourcesin
terms of aeolian soil profiles.

3.3 Data Acquisition

Airborne radiometrics data for the Murray-Darling Basin were downloaded via the internet
from the Geophysicd Archive Data Delivery (GADDS) system at Geoscience Australia. This
included image data of the threegamma amitting elements (K, Th and U) for 94 individual
airborne surveys. The gridded pixel size for these surveys ranged from 10m to 130m and
these crresponded to flight line spadngs ranging from 50m to 400m. A mosaic, with a pixel
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size of 100m, was creaed for ead of the threeelements over the spatial extent of the basin.
There were anumber of issues with the wllation d the mosaic. For example, a propation o
these surveys were represented in courts per sscondand nd cdibrated to element
concentrations. This meant that these surveys had to be elge-matched to cdibrated surveys.
Thiswas eff edive for the K data, but after compili ng the mosaic it was clea that, for Th and
U, even the cdibrated data had level diff erencesthat were dealy evident at the survey
boundiries. In most cases the cdibration dff erences are due to the methods used by the
various aqquisition system operators. The erors are often produced by the use of inadequate
cdibration targets and in most cases the aror translates to the sensiti vity constant multi pli er
(B. Minty, pers. com.). As a consequence, the thorium data was then visually manipulated so
that the small est number of individual surveyswas adjusted to produce an edge-matched
mosaic.

Digital geology for the Murray-Darling Basin has previously been coll ated and simplified
(Kingham, 1999. This was compil ed from existing 1:250,000and 1:100,000scd e geologicd
mapping and provides smplified litho-stratigraphic groupings. Fundamental surficial geology
islikely to be important when considering gammea-ray signatures and their relationship with
surfacematerials.

3.4 Data Analysis

Analysis of borehole data

As mentioned previoudly, any salt-source model derived from the gammea-radiometrics shoud
be based onfield evidence As part of the MDBC airborne geophysics projed (Dent et al,
2003 aseries of bores were drill ed with the am of verifying and cdibrating airborne EM
data-sets. Samples from these bores, often drill ed through to basement rocks, were analysed
for geophysicd and chemicd propertiesincluding salt (EC 1:5 soil extrads). Thisdata can be
used to assesslandscape relationships between salt distribution and the gamma-radiometrics
data.

Use of MRVBF to delineate upland holes

Alluvial areas may often have acamulated salts urced from upland areas (Bierwirth, 2008.
Therefore the gammea-ray signatures of alluvial materials will not necessarily relate to the
original salt source However in udand areas there is more likely to be a orrelation between
the gamma-radiometrics and salt, where salt-beaing sources andrelatively salt-free aeass are
present. Seledion d upland baehades for further analysis was based onthe Multi-Resolution
Vall ey Bottom Flatness(MRVBF) index (Gall ant and Dowling, 2003 which is derived from
topographic modelli ng of adigital elevation model (DEM). Anindex of MRVBF < 2.7 was
used to define eosional uplands (McKenzie and Gallant, 2009. A variety of DEM’swere
avail able for the individual study areas discussed in this report including radar-alti meter data
aqquired along with the @rborne geophysics and the national-scde 9-second DEM from
Geoscience Australia. Unfortunately most of the boreholes were drill ed in alluvium and those
defined as upland were from only two AEM survey aress at Bill aborg Creek and Bill aburg
Creek, bah in NSW (seeFigure 9). These represent the popuation o suitable bores for the
correlation between dovnhde salinity data and the gammea-ray signatures.
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Figure 9: Locaion d upland baehaoles produced from the MDBC airborne geophysics projec

Comparison of radiometrics and downhole salinity data

A number of sources of error will be present in any correlation o airborne data with
downhde readings. These include data cdi bration errors, diff erences in measurement scae
and the presence of shallow alluvial cover that may mask aeoli an salt-source materials
(Bierwirth, 2006. Also some of the salt in baehdesislikely to be sourced from meterials
that are upslope from the site. To addressthis latter isaue, regions of interest were drawn to
include the aea based onthe DEM, which would roughly incorporate up-slope clluvial
sediments with a maximum distance of 1km.

In order to avoid cdibration errors at this gage, only the boreholes from a single radiometrics
data-set (at Bill abong Creek) were analysed. Pixel values for gamma-element concentrations
and upslope averages relating to the representative Bill abong Creek borehoes and for all
elements, are shown in Figure 10. These values are compared with the average EC 1.5 (sail
extrad) for the mver andtop 15m of saprolite. This zone of saprolite was included dwe to the
general observations of higher EC 1:5 values at this depth, interpreted to be due to salt
infiltrationinto the weahered bedrock. A broad negative relationship is observed for bath K
and Th and this had been expeded (particularly for K) based onthe ealier observations. The
airborne U dataislessclea andthis could be due to the large erorsintroduced from low-
court noise that is commonly a problem for this element. The relationships are likely to
improve by the wlledion d groundbased gamma-ray measurements with better spatial
resolution and longer courting times.
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Figure 10: (a) Airborne K pixels values for boreholes determined by atopagraphic index (MRVBF) to bein
colluvia cover over saprolite versus the average EC 1.5 for the cver including the top 15m of saprolite. These ae
presented for both the neaest value and averaged values upslope from the borehdle (b) same for airborne Th (c)
same for airborne U.

The upslope values of K correspondng to ead hde can be compared with insitu values
(Figure 10). The upslope relationship is generally improved and these results indicae that
upland salt storages can broadly be estimated using the @rborne K and Th data. Some
variation can be explained by geologicd influence on radiometric signatures. For example,
borehde BC lisin afoat-slope aeaof quartz-sandstone hill s and has a arrespondngly low
K value (similar to saline a®lian soil s), particularly for the upslope aeathat relates to low K
sandstone outcrops. These outcrops are the purple aeas in the southeast of the K image &
Bill aborg Creek (Figure 11b), refer to the geology unit DIsl in Figure 16 below. The same
site has alow Th value relating to the quartz sand content, and thisis much lower than the
aeolian saline soil s. Conversely one site with low sali nity in metasediments (BC 11) hasa
similar Th signature to aeolian soil s but a contrasting K signature. With the datatrendsin
Figure 10, it appeas posdble to derive an index from K and Th that might separate low-
salinity sandy soil s from highly-saline aelian soils.

3.5 Generating a salt source model

As mentioned ealier, McKenzie and Gallant (2009 used alow airborne K threshold and
DEM-derived indices to map soil classes asociated with aeplian materialsthat are likely to
be strongly associated with salt sources. Figure 11 shows the results of their soil model in
comparisonwith the K image. The model incorporates the MRV BF terrain variable, derived
from the DEM, which eff edively separates all uvial soil s from upland areas that contain
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aeolian materials. In the upland areas, the a®lian classes are defined using K < 111couns
per seaond (cps) and slope < 6% while gosional classes are primarily defined by K > 111cps
or slope > 6% (McKenzie and Gall ant, 20085.

= } Erosional

} Aeolian

. } Alluvial

Figure 11: (a) Soil model derived from K and DEM indices (from McKenzie and Gall ant, 2005 — spatial
resolution is degraded compared to the original data (b) K image draped onthe DEM. The white outline on bah
images is the extent of the Airborne EM data discussed |ater.

One problem with this methodis that aeoli an soil s and certain geology types (such as quartz-
sandstones in the Bill abong Creek areg have overlapping K signatures. The quartz-sandstone
erosional areas appea to be well defined as very low thorium values snce quartz-sandstones
are relatively freeof thorium accessory minerals compared to aeolian dust that has moderately
high thorium (presumably attached to iron oxdes). These sandy soil s are falsely identified as
aeolian soil sby McKenzie and Gallant (2005 (Figure 11a), indicaing that the use of a
threshald of 6 degrees for dopeisinefficient at separating the dasdficaionfor sandstone
areas (outcrop and coll uvium) from residual aeolian landscepes.

Apart from masking the mapped sandstone aess, the problem can be overcome by
incorporating the thorium data into a patential model. One simple model is achieved by
cdculating the Euclidean dstance (E,):

E, = (K~ K+ (Th ~Th)?) 1) (

where (K; Th)) are the radiometric data values for i pixel and (K, Th) isthe target value for
the saline a®li an soil s end-member. Prior to this cdculation, the K data was transformed so
that the mean and standard deviation equall ed thase for the Th data. A target value of 0.7% K
and 10pmn Th for saline a®lian soil s were obtained from Figure 10. These ae similar to the
threshalds used by Dickson and Scott (1998 to charaderise a®lian soil sin the Blayney
district. Using equation 1above, E, was caculated and pxel values extraded for upland
borehdesfor both the Bill abong Creek and Bill abung Creek areas (seeFigure 9 for locaion).
These were plotted against EC 1.5 (soil extrad) data which were aseraged for the wver
material including the top d the saprolite (Figure 12). In general thereis amuch better
correlation between E, and ugand sali nity than for the individual elementsK and Th, as
depicted in Figure 10. Apart from the borehde BC1, whase distance gpeasto be still
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influenced by the gamma-ray signature of sandstone soil s, pixels with a Euclidean distance
(to the target signature) of lessthan 1 generally have an EC 1:5 (soil extrad) > 400 &/cm, a
value that, although na quite asali ne soil, represents a substantial salt-source.

The datain Figure 12 indicates that the Euclidean distance dgorithm could work in abroader
exercise to define salt sources aaossthe Murray-Darling Basin. The model was then applied
to the basin wide mosaic (Figure 13). Using the linea relationship between E; and EC 1:5
from Figure 12, the avail able radiometrics E, datafor the basin were cdibrated to EC 1:5 of
the soil for upland areas. Two dscrete dasses were then creged using EC 1:5 threshadlds:

Class1 = EC 1:5 (soil extrad) > 430 us/cm (red in Figure 13)
Class2 = 350< EC 1:5 < 430(orangein Figure 13)

The remaining classes were < 350 US/cm and given a dassbased onthe simplified geology of
the Murray-Darling Basin (Kingham, 1999. Of the upland geol ogy-types, basalts, quartz
sandstones and limestones (Figure 13, magenta) may have signatures that are doser to the
aepli an salt-source materials than granites, add-volcanics and clay-rich sediments (green).
Alluvial areas were derived from the MRV BF topagraphic index (Gall ant and Dowling,
2003.
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Figure 12: Correlation ketween EC 1:5 of the soilsin udand baehad esto the Euclidean dstancefrom pixel values
to aspedfied target value of K and Th for saline a®lian soils.
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MDB Gamma-ray salt-source model

EI Saline aeolian - lesser deposits (> 350 uS/cm)

Cainozoic residual and aeolian

and clay-rich sediments - low salinity
- less reliable salinity model

estuarine and beach

. Water bodies

. Saline aeolian - significant deposits (> 430 uS/cm)

Upland lithosols/colluvium granites, acid volcanics
Upland basalts, quartz sandstones and limestones

Other Cainozoic deposits - alluvial, lacustrine,

Figure 13: Salt sourcemodel image of the Murray Darling Basin. White outline aeas are AEM survey aress. (1)
Gilmore (2) Bill abung Ck, (3) Bill abong Ck and (4) Honeysuckle Ck.

The major areaof saline a®lian materials derived from the radiometric analysisforms a
fragmented arcuate body stretching from northern Victoriato nath-central NSW (Figure 13).
Thisfits with daminant westerly wind paths sourcing material from the inland arid parts of
the Murray Geologicd Basin (Figure 3). Figure 15 shows the distribution d the modell ed
aeolian deposits downwind o the ancient Lake Bungunnria and the durefields and daya
lakes that make up the landscgpe in this areatoday. Aeolian depasition accurs when the dust
plume encounters deaeasing wind velocity or turbulence due to changesin land surface
roughness(such as vegetation a hilly terrain) or wash ou due to rainfall (Pye, 1984. The
arcuate distribution along the eatern flank of the basin corresponds to where the topography
beames more unduating, vegetation more significant and rainfall higher, when compared
with the flat arid landscgpe to the west. Examination d the relationship with elevation (Figure
14) shows that the modell ed aeolian depasits adually lie in a broad region with geomorphic
simil arity, i.e. lower western slopes of the Grea Dividing Range. This smilar geomorphic
pasition suggests that all this mapping with a similar gamma signature is the same material.
Also, the topagraphic high which extends in a northwest diredion into the basin appeasto
ading as atrap for aelian material acourting for the most intense acamulationjust north of
centre in theimage (Figure 14).
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Figure 14: Comparison d salt source model image (white) with DEM

{ B y LA r_- VR R

Figure 15: Aeolian salt-sources (red) in the MDB overlain ona hill -shaded DEM (Shuttle Radar Topagraphy
Misson— sourced from NASA) in relation to the ancient Lake Bungunnia.
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4. Comparison with AEM study areas

Asdiscus=d ealier, there ae anumber of previous gudies that recognise a®lian dust
deposits and their associated gammea-ray signatures (Dickson and Scott, 1998 McKenzie and
Gallant, 2005. As shownin Figure 12, baehole data suggests that these a®lian deposits and
soil s with these gammea-ray signatures have devated salt contents. As discussed ealier, these
borehdeswere asociated with airborne EM surveys conducted as part of the MDBC airborne
geophysics projed (Dent et al, 2003. This projed concluded that in most areas the drborne
EM data provided information onspatial salt storesin threedimensions throughou the
landscape. It seanslogicd that if the gamma radiometrics, as asserted here, shows locations
of salt sources, there shoud be an olservable relationship between the radiometrics-based
mapping and the arborne EM data. The foll owing sedions examine this relationship for
individual AEM survey aress.

4.1 Billabong Creek

The Bill aborg Creek AEM survey areais shown oulined in the bottom-left areaof Figure 9.
Interpretation d bath the gammea-radiometrics and AEM datais discussed in detail in
Bierwirth (2006. Significant aeolian depaosits are mapped by McKenzie and Gall ant (2005
(seeFig. 11) athough these ae naot represented in the avail able geologicd mapping.
Geologicd units, derived from the NSW Geologicd Survey 1:250,000mapping, are shown in
Figure 16. Bedrock geology consists of Ordovician metasediments of slate and plyllite (Os),
Silurian granites (Sjp, Sggp) and volcanics (Slv) and Devonian sediments (DIs) that include
sandstone, conglomerate, siltstone and shale.

1:250,000 Geology
Intrusives:

| Sjg - Granite
“= Sggp - Granite

Volcanics:
Slv — acid to intermediate
Sediments:

0s — metasediments

{ QUt/Os — residual/ metaseds

Dls1 — Sandstone,
Conglomerate

/ Dls2 — siltstone, shale

Figure 16: Geology of the Bill abong Creek radiometrics survey area The AEM survey areais siown as white and
the patassum image is hown in grey tonesin areas mapped as aluvial cover.

The study by Bierwirth (2006 showed that at Bill abong Creek, the AEM data was poaly
cdibrated in two dmensions at leagt, i.e. verticdly displacel together with the gradual
dedinein values at depth. Also sincethe highest AEM layer equates to the landscape & abou
20m depth, the surfacelayers are dfedively misgng. Figure 17 shows representative layers
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together with a wlour composite. After shifting the AEM layers down by 20m (seeFig 12),
borehd e relationships siow a generally goodrelationship between AEM condctivity, dovn-
hoe mnductivities and salt (Jones et al, 2003 Bierwirth, 200§. As aresult the AEM
conductivities can be broadly cdibrated to salt content (EC 1:5 soil extrad) (Figure 17). The
deeper salt stores guch as in the Kangaroo Creek all uvial terrace(Figure 17a) can be dealy
seen to be segmented but apparently conneded to more extensive and shall ow salt stores that
are overlying saprolite (Figure 17a). This suggests that the extensive salt stores sich as at
Kangaroo Creek are locdly-sourced which has implicaions for management. In general the
lateral extent of salt-aff eded geologicd material increases towards the surface

(a) 20-25m

(c) 45-50m

Figure 17: (a)-(c) Billabong Creek AEM data downward-shifted by 20m and cdibrated to EC (d) composite of
AEM depths 20-25m, 35- 40m, 45-50m as RGB respedively.

Using the essumed linea relationship between E; and EC 1:5 from Figure 12, the
radiometrics data were cdibrated to EC 1:5 of the soil for upland areas (Figure 18). The
resulting distributionis not consistent with geologica boundiries (Figure 16), which further
suppats aeolian depasition. The aeas of shall ow salt storage defined by the AEM are dso
shown onFigure 18, defining a spatial relationship between udand salt sourcesindicated by
the radiometrics and salt acaumulations lower in the landscape @ indicated by the AEM. The
significant lowland saline aeas are downslope from the upland acawmulations of aeplian
depasits. It ishighly likely that yellow to red areas (EC 1:5 — 400to > 700 uS/cm) in Figure
18 are mgjor salt sources in the Bill abong area A soil with EC 1: 5 of 700 u8/cmis
considered saline with resped to the viability of crops (Baskaran Sundarathnam pers. com.),
although this value muld be lessfor amateria to pdentialy be asourcefor salt for later
acaimulations lower in the landscgpe.
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Figure 18: Upland salt model based onEuclidean distance and airborne K and Th cdibrated to baehole EC 1:5
datafor Bill abong Creek. Bladk aress are dl uvium defined by thresholding the MRV BF topographic index. White
aress, indicaing salt, are the highest values of uppermost AEM layer (20-25m).

If the upland aeolian salt model derived from the arborne radiometrics datais valid, there
shoud be areasonable arrelationwith the cdibrated AEM data dthough the uppermost 20m
of the geologicd profile is not effedively represented by the latter. Figure 19 shows the
comparisonandthereisalogicd spatial relationship. The AEM data (Figure 19b) shows
similar levels of EC 1:5 to the salt sources defined by the gammea-ray data (Figure 194q).
Interpretation d these images is based onthe fad that these two geophysicd methods are
highli ghting two fundamentally diff erent aspeds of the conceptual model. The gamma-
radiometric model showsthe extensive nea-surfacedepasition d aeolian salt-source
materialsin the upland areas. The AEM data is highlighting the degoer zones where salt is
being mohili sed and dreded davn-gradient to the significant acaimulationsin the floodgdain
asindicated in Figure 18. As an example, very littl e a®lian material is evident in the southern
central uplands of the survey area @ indicated by bluein Figure 19a. In this areathereis no
significant deeper sali ne zones (Figure 19b) direded towards any neaby salinity
acamulationsin the flooddain (Figure 18).
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Figure 19: Comparison d cdibrated salt models for Bill abong Creek derived from (&) airborne K and (b) the
airborne EM.

4.2 Billabung Creek

The Bill abung Creek catchment encompasses ©me 10,000 fedares on the Southwest Slopes
of New South Wales between Cootamundra and Junee draining to the MurrumbidgeeRiver
upstrean of Wagga Wayga. The AEM was flown in this areadue to high levels of salt found
in Bill abung Creek and the problem of this st contribution to the MurrumbidgeeRiver.
(Braaen et al, 2003. In Figure 20, the AEM survey area and Bill abung Creek are shown in
relation to the MurrumbidgeeRiver. The aeawithin the fly-zone is gently unddating with a
generally low radiometric-K signature which suggests that there could be significant aeolian
sediments here & well.

Figure 20: A mosaic of airborne patassum showing Bill abung Creek, the AEM fly-zone (white outline) and
borehdesin relation to the Murrumbidgee River and Wagga.
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The surficial geology (Figure 21), although coarsely mapped, consists of sedimentary rocks
(silt stones), metasediments, add and basic volcanics, granitoids and mapped all uvium.

] Alluvium
] Colluvium
[ ] Early Palaeozoic metasedimentary rocks
[ Granitoids
v ] Late Palaeozoic metasedimentary rocks
[ Acid volcanics
Basic rocks
[ | Sedimentary rocks

[ Ultramafics

Figure 21: Geology of the Bill abung Ck AEM survey area From NSW geologicd survey 1:250,000 mapping.

Braaen et al (2003 foundthat salt stores are quite locdised within the landscgpe. Salt is
asciated with dff erent geologicd formations and landformsin diff erent areas, bu
generaly, with thick clay soil sand regolith (unlithified sediments auch as aluvium, and
wedahered material overlying hard rock). These ae the hall marks of aeolian deposits being a
significant comporent of cachment salt storage.

The gamma-radiometrics salt source model (Figure 224) shows a dose visual correlation with
the nea-surfaceAEM data (Figure 22b), with red and aange wloursin bah images related
to salt. Thisisremarkable given the independence and vastly different nature of these two
datasets. Close comparison d these feaures with geology (Figure 21) indicates that the
surficial salt zones are transgressng the diff erent lithologies and are unlikely to be related to
bedrock materials. The significant aeolian classfied soil s (red in Figure 22a) are overlain on
the AEM datain Figure 22(c) and this demonstrates the good spatial correlation. This class
appeastolieinlow slope aeas andthiswould be expeded with the topagraphic position d
significant aeolian materials onresidual landscepes.

Like Bill abong Creek, the aorrelation between gammea-radiometrics and AEM datais
significant. Given that the AEM shows us generally the locaion o salt stores and the
radiometricsisidentifying original salt-sources, this means that the AEM can naw be
interpreted as to which part of the salt store has moved relative to the salt source. If thisis
generaly applicable over wide aeas of the Murray-Darling Basin, this combination o
techndogiesis extremely important for salinity assessment and management.
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Figure 22: Bill abung Cree&k AEM fly-zone. (a) gamma-ray salt sourcemodel (b) AEM conductivity layer 10-15m
(c) AEM layer 10-15m with high gamma model salt source (red from Figure g overlain in white and (d) The salt
sourcemodel overlain onashaded relief DEM.
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4.3 Honeysuckle Creek

In contrast to the Bill abong Creek AEM data, the Honeysuckle Creek survey iswell
cdibrated (Christensen, 2003. The survey area onsistslargely of all uvium with alow range
of hill s consisting of Ordovician metasediments that can be seen in the DEM (Figure 23d).
None of theinvestigation baehadesfor this areawere locaed in udand aress  thereisno
dataon salt source materials. However, the AEM data (0-10m, Figure 23a,b) shows high and
shall ow salt-related conductivity in the aeaof low hill s, generally in the low slope @ver
between the ridges (English et al, 2004. At deeper levels (Figure 23c) these aeas have less
conductivity and low salt associated with the saprolite of the metasediments. At 15-20m
depth, the salt is concentrated in all uvium further to the northwest and d'ten appeasto be
asciated with magnetic paleo-channels that are pathways for salt movement (Dent, 2003.

elevation

Figure 23: Honeysuckle Creek AEM layers for (a) 0-5m (b) 5-10m (c) 15-20m with magnetics 1% verticad
derivative asintensity and (d) elevationin colour with shaded relief asintensity. Red ishigh, blue low.

Similar to the Bill aborng Creek and Bill abung Creek survey areas, the mmparison d the
gamma salt-source model with the 0-5m AEM layer shows a correlation (Figure 24).
Importantly, the modell ed aeolian depasits (white in Figure 24b) correspondwith the shall ow
salt areas along the range of low hill s (c.f. Figure 234). The data can be interpreted to indicate
initial salt storesin these upland areas with significant mobili sationto degoer alluvium to the
northwest direded by the palaeochannel network. Althowgh it appeas that much of this st
has been mohili sed, these source aeas would still require gpropriate management.
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Figure 24: Comparison d the (a) gammerray salt sourcemodel (mapped salt scads are overlain in white) with (b)
the surfacelayer of AEM for Honeysuckle Creek (red values from the salt sourcemodel are overlain in white).
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5. Discussion and Conclusions

The evidence presented suggeststhat it is posgbleto broadly map salt-sources acosslarge
parts of the Murray Darling Basin using airborne gamma-radiometrics. Thisis suppated by
both drill hole data and correlation with airborne EM surveys, atedhnique that has been
demonstrated to deted salt storesin the landscgpe. A conceptual model based onsurficial
aeplian deposits as being a significant salt store forms the basis of the mapping. Such a
mechanism has been propcsed in previous investigations of dryland salinity including
Acworth et al (1997 and Evans (1999. Such aeplian depasits have been identified aaoss
many upland cachments in the Murray-Darling Basin including Bill aborng Creek (McKenzie
and Gall ant, 2005, Wagga Wagga (Chen, 2003 and Yourg (Chartres et al, 1989.

Feaures of the mapping derived from the gammea-radiometrics also suppat the underlying
conceptual model. Much of the modell ed aeolian materias liein asimilar landscape position
and do na coincide with geologicd boundiries. It could be agued that this relationship with
geomorphdogy just indicates a weahering zone. However it aso fits the a®lian model
where abroad regionin the foot-slopes of larger mourtains might be the expeded
acamulation zone for winddown materials. This, when combined with multi ple observations
of aeolian materialsin soil profiles, provides grong evidencefor the validity of the gamma-
ray salt-source model.

The geographicd relationship between the saline a®lian deposits, forming an arcuate shaped
pattern aroundand to the eat of the ancient Lake Bungunria andits arid hypersaline
equivalents (Figure 15) isalso persuasive in explaining the medianism of formation d salt
source zonesin the MDB. Clealy the grainsize of aeolian depasits will depend onthe
distancetravell ed from the source, ranging from proximal sands observed in the Murray
Basin (seeFigure 5) to siltsand to predominantly clay sized particles that eventually fal into
the Tasman Sea(Hess, 1999, refer Figure 3. The saline a®lian materials modelled here
have abi-modal distribution d particles being both clay and silts (seeFigure 2). Thiswould
be expeded where windbane silt-sized clay pell ets (containing salt and dcerived from salt
lakes) are mixed with ather silts (containing iron oxdes and derived from weahered plains
interstitial to the lakes). Subsequent disaggregation d the day pellets will result in clay-sized
particles, giving the bimodal distribution that is commonly observed. This could mean that
salt may only be present in the silt sized particle range of aeolian deposits as represented by
the salt-source materials mapped by the gammea-ray model presented here. The other size
fradions of aeolian depasits (eg sand dures) are likely to have diff erent mineralogy and hence
different radiometric signatures.

The gamma-ray signature of the modell ed saline a®lian depaosits can be partly explained by
the discusdon above. Salt |ake materials would generally be expeded to have low potassum
and thorium, bu these material's mixed with weahered lake-interstitial iron-oxide-rich silts
could producethe observed signature. These latter silts are likely to have alow potassum
concentration due to weéhering and a higher thorium value due to the complexing of thorium
with Fe-oxides (Dickson and Scott, 1998. Thiswould result in a general low K and mid-
range Th that is the observed signature.

The new work presented here dso bringsinto question the magnitude of the dfed of
weahering on gammea-ray signatures. An ariginal work onthis effea (Bierwirth, 1996
suggested that significant element loss particularly K, occurred in the weahered soil s relating
to many lithologies. From the aurrent work, it appeasthat at in at least some of these aess,
aeolian materials were @ntributing to the low K signatures. In the metasediment areas nea
Wagga Wagga, the thorium resporse remained elevated even in the weahered zones and it
was asumed that Th remained as aresidual (Bierwirth, 1996. However, given the now
known radiometric resporse of aeolian materials, the presence of significant aeolian materials
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isnow an alternative explanation. Despite thisit is dill | ogicd that weahering contributes to
element lossandin some caes enhancement.

The model presented here only partially acourts for reworking of aeolian materials and the
potential mixing of their gammea-ray signatures with those of bedrock. The Euclidean dstance
algorithm all ows for partial mixing with colluvial and alluvial sediments depending onwhat
distancethreshold is used. The most rigorous appli cation would use geologicd boundiries
and charaderistic lithology signatures to urmix the aelian comporent, athowgh acairate
geologicd boundxries are often na avail able. Nevertheless the aurrent model, that does not
incorporate geology, appeasto be working well.

Although na avail able for this dudy, chemica analysesincluding isotopes would be very
valuable for attempting to provide asampling signature for aeoli an soils. It may be that some
of these target materials are depleted in terms of their original salt storage andthisis
important information for management. Soil and water chemistry may also be an important
tod for verifying whether the gamma-ray salt-source model is mapping aeolian or other
geologicd materials like sandstone or basalt coll uvium.

In terms of management, the new model adds an extra dimension to existing geophysicd
tedhniques. While the AEM data has proved valuable in understanding where the salt stores
are in the landscgpe, magnetics data has often showed subsurfacepa eochannels and pathways
for salt movement often for a considerable distance. The gamma model appeasto shaow the
comporent of the AEM that represents the major source of the salt. In thisway the AEM can
be further interpreted as to which part of these data represent mohili sed salt. Thisis highly
significant in terms of management.

As radiometrics datais widely avail able, the techniqueis a wst-eff edive alditionto the
current tods. AEM has proved a antentious todl largely because of the large sts involved.
The gamma model isamethodthat can be readily and synopticdly applied over large aess.
The experience of interpreting the gamma-ray salt source model with a number of existing
AEM data-sets means that it may be passble to predict where salts are and what an AEM
survey might look like where it currently does not exist.

5.1 Further work

The model presented here @vers alarge geographicd areathat includes a variety of
geologicd and geomorphic environments. As auch there ae many issues and a number of
aspeds of further work are recommended.

Theidentification d aelian soil s can be difficult, particularly when they are weahered or
mixed with ather material. This requires reseach to investigate the relationships between
gammea-ray signatures, aeolian soil s and aher geologicd materials.

Clealy the map neads to be validated further to provide wnfidenceinits usein fadlit ating
better management of dryland salinity. Verificaionwill require:

(i.)  Anaysisof available groundtruth data such as dream and groundvater monitoring
and dill hdeinformation;

(ii.)  Colledion d new data such asfield gamma-ray spedrometry, drilli ng andlaboratory
analysis of the chemistry of soil s and regolith.

Some eisting radiometrics data, particularly for South Australia, is yet to be acquired for the
model. Also the isaue of radiometric cdibrationisnat trivial. As mentioned ealier, alarge
number of the 94 surveys used so far have cdibrations that are not consistent. Whil e this has
been largely correded in the mosaic generated here, significant adjustments shoud be made
to improve the model.
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