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ABSTRACT

The information content of airborne gammea-ray imagery is asessd by the empiricd analysis
of radioelement abundances and soil properties in soil samples. Interpretations are made
within the context of geology, geomorphdogy and pedogenesis. Results siggest that gamma
images are cgable of mapping soil properties such as pH, composition/nutrients and texture
but that gamma resporses often a mixture of mineral, geomorphic and pedogenic processes. In
areas of relative geomorphic inadivity, paassum maps leading and addity while thorium
defines clay type and content. In general, mixing of effeds including different element
mobiliti es, predude simple interpretation. Models for interpretation shoud involve
subdviding the datainto damains based ongeomorphdogy and geology.

INTRODUCTION

This paper reports on significant findings from a pil ot study examining the utility of airborne
gammar-radiometric data a a rapid mapping tod for soils and land degradation (Bierwirth,
1996. Airborne gamma-spedrometry provides fatial images of the geochemistry of the top
30-45 cm of the rock/soil layer by measuring the éundince of gammea-rays produced by the
radioadive deca of K, Th and U with orly minor effeds from vegetation.

In a cetain landscgpe, the spatial distribution d K, U and Th and the decgy products of U and
Th will be afunction d physicd and chemicad weahering processes - relating to primary
minerals and the weahering patterns of these mineras influenced by the geomorphic status
and climate of a region. Physicd transport of minerals by wind, surfacewash and aluvial
processes acourts for much of the distribution o radioelements (Martz and de Jong ,1990.

Upon chemicd bre&kdown of mineral comporents, most elements are known to be mobile
(being either soluble or attadched to coll oids) depending on the dhemicd condtions which in
turn may be afunction d the mineralogy, age of the landscape and climatic fadors. For
example, as aresult of hydrolysis, K* is released from k-feldspar and micas to be used in the
formation d illite, adsorbed on to aoher clays or removed by fluid migration
(Wedepoh,1969. Acid solutions will aid the release of K™ by substituting H* in the ealy
stages of weahering which may initialy also increasse pH (Wollast,1967). Airborne deteded
spatial patterns of K distribution will therefore depend on the mineralogy and age (ie
wedhering state) of soils.

Since arborne U and Th data ae derived from gamma emissons due to decay products 2*Bi
and 2°®T| respedively, it isimportant to understand mobility aspeds of all the parents of these
elements that have reasonably long half-lives. In the Uranium deca chain, isotopes of



Uranium and Radium are soluble under various chemicd condtions (Langmuir, 1979. In
general, most of the parent and decay isotopes are known to adsorb orto fine organic and
mineral particles known as coll oids depending on the chemicd condtions (WedepoHh, 1969.
Movement of these wlloids by physicd processes is therefore important in the mohility of
most elements.

Data acquisition.

The Australian Geologicd Survey Organisation (AGSO) operates an aircraft which aaquires
gammarray data on a regional basis. To cgpture enough signal, an aircraft must fly at low
atitude generaly at a maximum of only 120 metres. The AGSO system aso aqyuires
elevationinformation.

The first Wagga Wagga data were aquired over a nine day period at the beginning of May,
1992 aaossthe entire Wagga 1:100k shed (see Figure 1 for locaion). A reading in ead of
four channels (seebelow) was colleded every 70 metres along evenly spacel flight lines 400
metres apart. Significant overlap between sample points occurs due to the large ‘footprint' -
50% of recaved gamma-rays emanate from an areaof 180 metres in dameter. The line data
arethen interpdated to form agrid of values or image. The Wagga Wagga data was gridded to
form 50 metre pixels. A second smaller airborne survey was aqquired in ealy November,
1993at 100 metres line spadng and gridded to a 50 metre pixel.

Prior to the aedaion d gammarray images, threeimportant corredions are gplied to the data:
1) badkground radiation corredion, 2 terrain cleaance height corredion and 3 spedral
stripping (Minty, 1989. After these @rredions, four images are aeded (total count and
abundancefor potassum, uranium, thorium).

Wagga Wagga 1:100,000 sheet ;{R,rd“-? {A.bx
: @ !
Ladysmith ¥ }‘
N\ h
\ i

Bullenbong Plains

10K

Figure 1. Locaion d study area

STUDY SITESAND GROUND SAMPLING

In arder to study the dfeds of locd geology and landforms on gammea-ray resporse, regiona
samples were analysed and two aress were dosen for detaled sampling and anaysis.
Locaions of these aeas are shown onFigure 1. The Ladysmith study site @rresponds with
the aeaof the seoondexperimental airborne survey.



L adysmith area (Ordovician M etasediment Hills)

The Ladysmith study areais approx. 7 x 15 km of rolling hill s and comprises mostly one
lithology. These ae dlightly metamorphased shales and sandstones of marine origin. Minerals
present are dominantly quartz, muscovite and illit e. The latter two contain most of the K, U
and Th present and the breakdown o these minerals controls the dispersion d radioelements.
The aeawas analysed, bah for soil properties and terrain attributes, as part of the Wagga
Wagga study (Gesder and Ashton, in prep). A system of distributed soil cores (76 sites), eat
divided into haizons, and a 20 metre DEM were used to generate soil and terrain variables.
Gamma-ray emitting elements in a subset of the soil samples (23 sites, 52 samples) were
analysed in the laboratory using X-ray diffradion (XRF, U and Th) and Atomic Absorption
(K) tedhniques. Groundgamma spedrometer measurements were dso coll eded at the sample
sites. Laboratory measured K in soil samplesisreferred to as‘sampleK’.

Bullenbong Plains (Flat lands - alluvium)

The main am of studying this areawas to determine if gamma-ray data can be an significant
mapping aid in the vast expanses of gentle, very low relief land requiring land resource
survey in Australia. The aeaof detailed investigation is located some 25 km west of Wagga
Wagga (see Figure 1). Ladking rock outcrop and current geomorphic adivity, it is part of an
old landscgpe. To investigate the image variations, four traverses were cnduwted which
included groundspedrometer readings, buk soil sampling to 30cm depth and field soil tests.

RESULTS
Regional samples

Figure 2 shows regional A horizon sample results for K and gH measured in CaCl, solution.
This dows only areas classfied by Chen and McKane (1999 as piedmont terraces and
sloping plains (pied) as well as lower footslopes of metasediments (pu), granites (fh) and
inadive dluvial areas (ob). The observed relationship between sample K and H is sgnificant
in that, for these residual landscgpes, K images may diredly indicate pH. Thisrelationship can
be used to crede asurfacesoil pH map for parts of the landscgpe (Bierwirth, 1996.
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Figure 2. Acidity versus K in soil samplesfor residual |landscgpe cdegories.



Regional samples also showed that in add soils, high values of exchangeele Al were
produced (Bierwirth, 199¢. This means that K images can be used to indicae aeas of
Aluminium toxicity. Soils containing lessthan 1% K may be ad¢d enough to produce nea
toxic levels of avail able Aluminium.

Ladysmith area

Figure 3 isa 3D perspedive showing just potassum for part of the aeadraped ower the digital
elevation model (DEM), aso derived from the arborne survey. At the tops of ridges ils are
shallow and high levels of potassum and thorium relate to erosional dispersal of clays as the
bedrock breas up. Away from ridges, lossof elementsis siggested. The questionis, what are
the mobility pathways? Do the dements move down profile or laterally either by surface
erosion a subsurfaceredistribution?

Figure 3. Perspedive of Ladysmith areahill s. Colour coded K concentration is draped onthe
DEM. K ranges from 0.9% (blue) to 3% (red). The scene is 3km aaoss
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Figure 4(a). K in the E horizon v Calcium leading Figure 4(b). K in E versus A horizons

In the A and E (bleadied A2) horizons, wedk relationships were observed between CEC,
which may indicate day content, and sample K and Th contents (R ~ 0.5). Thisindicates that
at least some of the distribution petterns of these dements may be due to clay dispersal.



However, in a geomorphic context clays would be expeded to acamulate lower in the
landscgpe which daesn’'t fit with the observed dstributions of K and Th onthe surface To test
for leading as a K removal process relative levels of exchangeale Calcium were examined
in the E and upger B horizons - a high Ca (B)/Ca(E) ratio indicaes more leading. A strong
correlation was observed between sample K and the ratio (Figure 4Q). This suggests that areas
with lower K in the E horizon have strongest leading. Figure 4b shows that K concentrations
between the E and A horizons are strongly correlated and a similar relationship exists with K
in the B horizon (Bierwirth, 1996.

Bullenbong Plains

The gammea-radiometric images of K and Th for the aea ae shown in Figure 5. K, and Th
images are uncorrelated apart from adive dluvia flooddains in the north and south-west of
the aea The thorium shows (midd e left of areg what appeasto be an dder alluvial system.
However the same feaure is not discernible in the K image - this may be aresult of K
leating which has been observed in bah regional and Ladysmith samples. Both groundand
airborne gamma-ray measurements of Th correlate with ‘clay dispersion’” which measures the
propation d clay that is easily dispersed in water after shaking (figure 6). The fad that a
relationship exists with dispersion properties, and there is no good correlation between clay
content and Th (Bierwirth, 199§, indicates that Th values are related to clay type. This agrees
with tests in the field which show that low thorium areas in the image data relate to swelling
and cradking clays, ie montmorill onite group clays. Conversely, higher thorium areas relate to
greder propartions nonswelli ng clays uch as kaolinite andillit e.

Figure 5 (a) Bullenborg plains, K concentration (0.9-2% = blue to red), (b) Th concentration
(10-18 ppm = blue through to red)

The difference in Thorium gamma resporse between cradking and noncrading clay soils is
not conclusively a function d different source materials for the different phases of aluvia
depasition. Groundreadings for both U and Th were @nsistently lower on crading clays than
noncradking areas. Thereis apossbility that radon gas release from cradks in the soil may be
reducing the anourts of detedable daughter prodicts in bah the 2**Th and 2*®U chains. XRF
measurements in regional samples of Th isotopes compared with airborne measured 2°°Tl
suppat this theory (Bierwirth, 199§.
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Figure 6. Soil clay dispersal versus airborne and groundmeasurements of Thorium

DISCUSSION
Ladysmith area

Results show that spatial distributions of K indicae leading, and abundancein the A horizon
refleds abundance in the E and B horizons. Where leading is grongest, the whale profile is
depleted in K whereas exch. Cais depleted in the E horizon. This is likely becaise we ae
comparing total K, which slowly beames available for leading, with available Ca which
leates readily. Measuring K in the A horizon by airborne methods will i ndicate subsurfaceK
and the extent of leading and development of the E horizon. The fad that K and Th are
depleted in zones of increased leading indicaes down-profil e water movement is a dominant
fador in the removal of these dements

Bullenbong Plains

In terms of sediment sources, the drborne gammaray data for the Bullenborg plains is
particularly useful for understanding geomorphic history and determining soil types at the
surface High values of K (> 1.4%) and Th (>15 ppm) in the respedive images (Figure 5)
show areas of recent depaosition asociated with high levels of silt (Bierwirth, 1996. Away
from the arrent flooddains, soils are much dder and there is little correlation between Th
and K data. Thisis becaise K is drongly influenced by leating effeds over time and Th is
showing different phases of deposition and source materials. Intermediate thorium values
(12.5- 15 ppn) relate to an dder phase of aluvia deposition with low silt and the days are
mainly nonsmedites, ieillit e and kaolinite. In some aeas, Th values in this range dso relate
to the deposition d wind-blown clays or ‘parna (see middle right of image). Low thorium
aress (< 12.5 ppn) represent the ealiest phase of aluvias where the dominant clay is
montmorill onite and seasonal cradking is common. Montmorill onite forms in condtions
where excessve leading is absent (Buckman and Brady, 1960 and this ealiest phase of
deposition pobably relates to either a period o aridity or lake depaosition d finer
montmorill onite days. The most recent deposition d silt is probably a result of increased
erosion dieto land cleaing in the last 100yeas.



General Findings

Results of this gudy generaly indicéae that the three éements mapped by airborne gamma
spedrometry have both urique and similar modes of distribution around the landscgpe.
Radioelement distribution petterns are often a wmplex mixture of effeds that require sensible
interpretation. The gproadh taken in anaysing the dements sparately was e to be
important in uncerstanding these dfeds.

For areas with shalow soils on kedrock, gamma-ray signatures are variable and dten high
(with the exception d sandstones) and relate primarily to rock composition. These ae
generally aress of adive eosion where fresh material is continually being exposed. As
wedhering proceals, mineras breskdown and soils develop, there is often a loss of
radioelements which are transported away attadhed to finer particles. In these geomorphicdly
adive aeass gamma resporses are a function d bedrock composition, the degree of
weéhering and soil thickness

Away from adively eroding aress, there ae large aeas of residua to semi-residual slope
colluvium and aluvium in the Wagga Wagga region. K, U and Th are distributed by
adsorption orto and transport with clays and some K may be present within the days. The
level of adsorption depends on the type of clay. In relatively geomorphicdly inadive aeas
such as gentle slopes, pedogenesis and dovn-profile mobility of elements becomes important
in uncerstanding radiometric patterns. Importantly, after deposition, K dislves over time and
Th dces not under normal ranges of addity. This means that in residual areas, K can be used
to asessaadity/leading over time and Th can be used to assessclay content or clay type.

After subdviding into geomorphic and geologicd landscgpes, the radiometrics can provide
spedfic information abou soil nutrients, texture and chemistry. Some of the soil properties
that can be mapped are outlined below in the context of geomorphic and geologic caegories:

Geomorphicdly inadive soils - Acidity/leating and Al toxicity (low K), clay types (e.0.
montmorill onite (low Th) versusillit e, kaoli nite (higher Th),

Shallow bedrock aress - extent of sandy colluvium shown by low K in sandstone aess,
feldspar content in granite aess, illit e content in metasediment areas (both high K)

Active dluvial areas - texture, silty top soils (high K and Th) can be separated easily on the
Bullenborg Plains (aluvial)

Multichannd classification

This gudy has foundthat radiometric signatures require different interpretations for different
areas (Bierwirth, 1996. For example:

- sedimentary clays in shallow soils over bedrock in metasediment aress have an identicd
signature to alluvial clays on parts of the Murrumbidgeefloodgain;

- aelian clay deposits and dd aluvial deposits on the Bullenborg Plains are inseparable
radiometricdly;

- dluvial cradking clays have similar resporses to coll uvial soil s derived from sandstone;

- high uranium resporses in some aeas due to groundvater effeds cause similar soilsto have
completely diff erent responses.



For this reason, wholesale dassfication d the multichannel data will produce alarge number
of asauumed soil similarities that do nd exist. In some aeas, K and Th petterns are not
correlated since they show different properties. For example, onthe Bullenborg Plains, This
showing clay types and K is showing the extent of leading. Classficaion shows a cmnfused
mixture of the two effeds. For clasgfication to be useful, the data shoud first be divided into
particular geomorphic or geologicd terrains. This $oud incorporate DEM modelling
(Gesder et a. 1995 and might only involve a particular gamma dement image. If one
element best defines il properties that define mappable soil units, then inclusion d other
elements, in amapping model, may degrade the model.

CONCLUSION.

Airborne gamma-radiometric datais a valuable tod for mapping soil types, soil properties and
aspeds of degradation. While not the mmplete answer, this data in combination with DEM’s
and traditional methods can improve both the speed and acairacy of soil surveying. In some
cases, gamma demicd images can rapidly deted landscgpe properties - such as leading,
windddown materias, basin-fill colluvium, radon dscharge and sediment provenance - that
are nat achievable by other remote sensing methods.
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