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Abstract.

Soil loss by wind and water varies considerably in time and space making it difficult 

to quantify. Monitoring methods are limited by accuracy, precision and replication. 

The ^̂ ^Cs technique overcomes many of these problems and can provide net time- 

integrated soil flux measurements for the last 30 years, but the technique is time- 

consuming and expensive. This study uses cheap and rapidly assessed soil properties 

as surrogate variables tha t reflect the ^̂ ^Cs concentrations as an alternative method 

for gaining information on soil loss.

The distribution of ^̂ ^Cs and other related soil properties were sampled over a 600 

m  ̂area. A principal components analysis showed tha t variation in many of the soil 

properties is associated with the soil flux status. A non-hierarchical m ultivariate 

procedure established six classes of sampling sites according to differences in ^̂ ^Cs 

and the other soil properties. The net soil flux for each class and the study area as 

a whole was then established. Results suggest tha t the average soil redistribution 

rates for each class may be predicted using several of the surrogate soil properties.

Periodic variograms of soil spatial variation in the study area were found for most 

soil properties. Large periodic structure was interpreted as the influence of natural 

horizontally bedded ferricrete terraces, separated by more steeply sloping sections. 

Smaller periodic structure was interpreted to be due to the accumulation of soil 

beneath vegetation islands between bare areas. Parameters of the models fitted to 

these variograms were used in block-kriging property maps for interpreting the 

processes of net soil redistribution and for subsequent analysis.

Block-kriging estimates of properties were used to elucidate soil-landform relations 

using redundancy analysis, thus avoiding problems with missing data. Compound 

topographic attributes for susceptibility to fluvial and aeolian activity are surrogates 

for modelling spatial processes and were also included in the analysis. The results 

identified the importance of topography-limited surface wash processes in some areas 

and surface cover limited aeolian processes in others. Redundancy analysis with a 

forward selection procedure identified the most important soil properties and 

topographic attributes for predicting net soil flux. Models of the processes of soil 

redistribution were created for the two main parts of the study area.
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Chapter 1. 

INTRODUCTION.

1.1. In tro d u c tio n .

An ICRISAT (1989) workshop concluded recently tha t "the entire sub-Saharan region 

constitutes a highly fragile land resource and environment." In particular, the 

Sahelian zone has been the focus of world attention because of the prolonged periods 

of recurrent drought, successive crop failure and increasing pressure from a growing 

population of people and animals (Penning de Vries and Djiteye, 1982; Reardon, 

1993). The seasonal and annual variability of rainfall and the corresponding mobility 

of animal and human population produces substantial spatial and temporal 

variability of the factors affecting the environment (Prince et al., 1995). The irregular 

cycles of drought and recovery, together with the slow but continuing process of 

economic development within the region require a long-term programme of 

environmental monitoring (Hutchinson, 1991).

1.2. C h a rac te ris tic s  of th e  S ah e lian  Ecosystem .

The west African Sahel is an area of approximately 1.5 million square km between 

the Sahara to the north and the Sudanese vegetation zone to the south. According 

to most definitions the Sudano-Sahelian Zone (SSZ) consists of those countries 

grouped around 14°N: Niger, Burkina Faso, Chad, Gambia, Mali, M auritania and 

Senegal. The Sahel and its sub-zones may be defined by reference to mean annual 

rainfall (Aubreville, 1948; Le Houérou, 1980). One widely accepted definition is that 

the Sahel is a bioclimatic zone of predominantly annual grasses with shrubs and 

trees and a mean annual rainfall of between 150-600 mm. Sivakumar (1989) 

suggested tha t the primary criterion for the definition of the SSZ should be the 

length of the growing season which ranges from 60-150 days.

The climate is harsh, with a short rainy season between July and October when 

there are intense, unpredictable showers associated with squall systems which play
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a major role in the movement of soil. Rainfall is characterised by high inter- and 

intra-seasonal spatial and temporal variability (Ojo, 1977; Dennett et al., 1985). 

Large drop sizes and high winds during individual events considerably increase the 

erosive potential of the rains. The intensity of the rainfall quickly produces crusts 

in some areas and runoff rapidly removes unconsolidated m aterial from the surface 

(Casenave and Valentin, 1989). Permanent surface water in streams, rivers and 

lakes does not commonly occur. More common are ephemeral ponds, streams and 

sheet floods which may persist for a few days or weeks following heavy rainfall. The 

hot, dry season is interspersed with low temperatures immediately after the rains 

but tem perature peaks between March and April during the strong winds of the 

northerly Harm attan.

The inter-annual variability of precipitation has resulted in periodic dry periods in 

the Sahel over the last one or two decades, some of them persistent (Tickell, 1986; 

Flohn, 1987; Hulme, 1992). The current period in which rainfall is below the long

term  mean (Druyan, 1989) has continued since the late 1960s (Nicholson and Lare, 

1991). Precision with regard to the reduction in rainfall is difficult to provide since 

statistical manipulations using averages are fraught with problems due to spatial 

and temporal variability and the numerous definitions of drought (Beran and Rodier, 

1985; Wilhite and Glantz, 1985; Gregory, 1986; Agnew, 1989; 1991; Hulme and Kelly, 

1993). In any case, drought has long played a role in the SSZ but past periods of 

short to medium-term aridity have apparently had relatively little perm anent effect 

on the environment (Gorse and Steeds, 1985).

Although low in productivity, the natural vegetation cover is relatively drought- 

resistan t and well-adapted to the ecological conditions (Prince et al., 1995). It 

consists of annual grass and scattered bush steppe in the north, gradually merging 

into Sudanian savannas with perennial grasses, scattered trees and extensive rain- 

fed cultivation in the south. The vegetation is strongly seasonal; most woody species 

are deciduous, while all herbs are either annual or die out each dry season. Actual 

évapotranspiration and plant production is a function of the rainfall and its 

distribution in the season. At present annual grasses predominate, having replaced 

the more valuable, but less resistant perennials (Prince et al,, 1995). Annuals may 

not appear for years in an area for lack of adequate moisture and then reappear 

when the rains return. Perennial grasses mixed with shrubs and trees, particularly
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in the better-watered bottomlands, are still to be found in relative abundance. The 

majority of the tree and sbrub cover is composed of slow-growing species wbicb find 

it difficult to regenerate after drought.

The Sahel is extensively used, but with few intensive inputs such as artificial 

fertilisers, fencing and irrigation. Traditionally, the Sahel was a zone with nomadic 

and transhum ant herding in the north and more settled mixed herding and 

agriculture in the south, but the population of the Sahel has more than doubled in 

the last 40 years (Reardon, 1993) and for this reason and also perhaps because of 

economic changes (Franke and Chasin, 1992) sedentary agriculture has moved into 

parts of the central Sahel that were previously regarded as unsuitable. Thus, much 

of the landscape of the southern and more favourable mid-Sahel now consists of 

fields and extensive areas of fallow bush-grassland in various stages of regrowth. 

Moreover the changes in recent years have led to a decrease in the length of the 

fallow period. The staple crops vary with rainfall and to some extent between 

countries. Millet {Pennistem glauca) is most widely planted in Niger but in wetter 

areas some sorghum {Sorghum bicolor) and corn {Zea mays) is grown. Rice is only 

found in irrigated areas bordering the main rivers. Cowpea {Vigna unguiculata) is 

commonly intercropped with millet. Other crops include groundnuts {Arachis 

hypogea) and hibiscus {Hibiscus sabdariffa) (Le Houérou, 1989; Prince et al., 1995).

The Sahel has low production potential largely because of the poor soils developed 

on ancient, reworked sediments (Penning de Vries and Djiteye, 1989). Most soils are 

of low fertility, particularly poor in phosphates and nitrogen and are structurally 

fragile with low humus content and water retention capacity. The presence of wind 

and water erosion, hydromorphy, hard clay pans and laterization are well 

established (UNCOD, 1977; UNESCO et al., 1980). Research has confirmed th a t the 

low fertility and vulnerability to erosion of the soils are as important a constraint on 

plant productivity as drought. This may be particularly the case with wind erosion, 

especially during the early part of the rainy season. The sandstorms tha t precede 

rain events have a considerable effect on plant growth ranging from delays in 

emergence, reduced growth and development, to complete death (Lai, 1988).

The Sahelian ecosystem exhibits a balance between rainfall, vegetation and hum an 

influences tha t is dynamic and has rapid response times (Prince et al. 1995). Failure
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to understand this and to perceive the environment over long time-scales has been 

the cause of much disagreement over the interpretation of rangeland conditions 

(Ibrahim, 1984; Hellden, 1984; Hellden, 1988; Tucker et uZ., 1991) and about 

definitions and perceptions of desertification (Grainger, 1982; W arren and Agnew, 

1988; W arren and Kogali, 1992).

1.3. Soil erosion as an indicator of dry land degradation.

Desertification may be defined as dry-land degradation, taken to mean slow decline 

in productivity (Warren, 1993). Thus defined, its existence is highly probable 

considering evidence of increased dust loads in the atmosphere and the accelerating 

occupation of poorer and more vulnerable soils (Reardon, 1993). However, relatively 

little evidence has been advanced to substantiate the assertion th a t serious land 

degradation is taking place in the Sahel (Nelson, 1988). Despite this, UNCOD (1977) 

and UNESCO et al. (1980) suggested that land degradation was occurring 

throughout the Sahelian region and was resulting in a decrease in the production 

potential of the land. Estimates of areas subject to desertification are available 

(UNEP, 1992) but their accuracy and precision is dubious. The dry-land degradation 

systems are complex, dynamic and require elaborate and lengthy research to detect 

significant trends from among the substantial ‘noise’ of the other processes (Warren, 

1993).

A common manifestation of dry-land degradation is soil erosion. Accelerated erosion 

of the soil resource adversely affects the soil quality and eventually its productive 

potential. Erosion is selective (Meyer, 1986) preferentially entraining small nutrient- 

rich particles which may then be removed from the system. This may result in 

eroded areas becoming progressively coarser-textured and as the surface elevation 

is lowered tillage incorporates the less-fertile and generally coarser subsoil. The 

moisture-holding capacity of the soil is reduced and the soils become increasingly 

prone to drought. In developed countries these processes may be taking place but 

their existence is probably masked by the application of fertilizer. The use of 

fertilizer is not as prevalent in developing countries, so th a t soil erosion is more 

noticeable (Sutherland and de Jong, 1990a).
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In extreme situations soil erosion can cause an irreversible degradation of soil, 

especially where substrata are exposed. The critical limits of degradation are 

different for various soils and are not well-defined. If these critical levels or the 

response of different crops to these levels for different soil and management 

conditions are not known, then an assessment of the magnitude and trends in soil 

erosion is difficult to make.

Soil erosion is widely thought to be severe in most areas of West Africa, especially 

where the natural vegetation cover has been removed (Lai, 1993). An assessment of 

the extent of the problem and an improvement in our understanding of the causative 

factors in this spatially and temporally variable environment would require a long

term  and spatially extensive approach which would be labour-intensive and 

expensive. One way to overcome the financial constraints is to monitor small areas 

for short periods. However, monitoring with insufficient duration in semi-arid 

environments dominated by high-magnitude, low-frequency events does not provide 

accurate estimates of long-term soil flux (Loughran, 1989; Sutherland and de Jong, 

1990a, b; Higgitt, 1991). In addition, the resulting soil loss data are often spatially 

unrepresentative (Roels and Jonker, 1983; Roels, 1985; Wendt et uZ., 1986). The 

paucity of data is largely a function of the difficulty of measuring soil flux. This is 

especially true for aeolian activity. Estimates of soil loss differ by several orders of 

magnitude even for the same region, suggesting that the actual rates of soil loss are 

unknown (Carpenter, 1990). Lai (1993) combined data from several sources and 

estimated that the Sahel, lying between 14°N and 18°N, has potential wind erosion 

rates between 10 and 200 t ha^ y r '\ He estimated that the sub-Sahelian region, 

between 10°N and 14®N, was the most severely affected because of its susceptibility 

to erosion by both wind and water. There are few quantitative measurements of 

wind-erosion rates for this zone. Lai (1993) estimated wind erosion rates to range 

from 10 to 50 t  ha'^ yr^.

Measurements of erosion rates by water, based on field plots established in different 

ecological regions in West Africa were also provided by Lai (1993). Estimated erosion 

rates from croplands ranged from 5 to 40 t  ha'^ yr'^ for the sub-Sahelian zone. By 

assuming that wind erosion rates in the Sahel and sub-Sahelian regions were 20 t 

ha'^ yr'^ and 10 t ha'^ yr'^, respectively, he estimated th a t the combined gross erosion 

rates for both wind and water for the Sahel was 35 t ha'^ yr'^ and 25 t ha'^ yr'^ for
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the sub-Sahel. It is noteworthy that these estimates do not include deposition. The 

estimated net soil flux rates over the whole region were between 50 % and 60 % of 

the erosion rates (Lai, 1993).

Many of the problems of monitoring soil erosion with limited resources may be 

overcome using the fallout-radionuclide caesium-137 (^%s) as a tracer. The history 

(over ca. 30 years) of soil redistribution at a point in the landscape can be 

encompassed by sampling the soil profile (Ritchie and McHenry, 1990). Modelling the 

relationship between soil movement and ^̂ ^Cs redistribution enables the net time- 

integrated soil flux to be obtained with a known accuracy (Chapter 2). The technique 

is attractive since there is no need to install equipment a t the site of investigation 

or to collect observations over a significant period of time (Longmore et al.^ 1983).

The advantage of ^̂ ^Cs measurements over ‘black-box’ sediment output studies is 

that it can be used to identify areas of erosion and zones of deposition (Loughran et 
al., 1982; Walling and Quine, 1990; Sutherland and de Jong, 1990a, b). By the 

identification of these zones it thus provides more accurate information on erosion 

rates and sediment delivery (Martz and De Jong, 1987). The ^̂ ^Cs technique for 

measuring net soil flux due to wind and water has received only limited attention 

(Sutherland and de Jong, 1990a). The only published use of ̂ ^̂ Cs in Africa has been 

undertaken in Lesotho by Kulander and Stromquist (1989).

Campbell et al. (1988) suggest that caesium has widespread but under-utilised 

application as a tracer of soil movement. One of the reasons for its under-utilisation 

and the fact that few studies look at a combination of spatial scales is th a t the 

measurement of ̂ ^̂ Cs is time-consuming, especially in low latitude areas where ^̂ ^Cs 

concentrations are small (Chapter 2). The accurate measurement of net soil flux over 

more than  one scale of study, requires dense sampling and knowledge of the spatial 

variability. With limited resources, sampling density m ust be reduced whilst 

maintaining coverage over several spatial scales. This requires careful consideration 

of the nature of the spatial variability and a site-specific sampling strategy (Chapter 

4) for classification (Chapters 5 and 6) and for use within a statistical framework for 

estimation at unsampled locations (Chapter 7). In this way, maps of net soil flux can 

be related to other soil properties and topographic attributes to identify the 

controlling factors of pedogenesis and soil redistribution (Chapter 8).
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1.4. Aim and objectives.

The aim of this study was to identify the most important variables for predicting net 

soil flux and to elucidate the processes of soil development and redistribution in 

south-west Niger. The first objective was to review the soil erosion literature focusing 

specifically on the factors affecting the processes of soil redistribution and the 

measurement of soil flux using the ^̂ ^Cs technique. From this review an assessment 

of the most important soil properties, as surrogate measures of soil flux, were 

selected for measurement, fulfilling the second objective. These densely sampled, 

cheap-to-measure, soil properties served to validate the net soil flux results by 

overcoming the lack of spatial resolution caused by sparsely sampled, expensive ^^Cs 

measurements. The third objective was to classify the study area according to the net 

soil flux status. Regardless of the efficacy of the classification, variance normally 

occurs within each class. Thus, mapping the spatial variability of net soil flux was 

the fourth objective. This objective involves the quantification of the variation in 

spatial structure using several types of variograms, one of which requires a 

classification. The use of a variogram was necessary so that estimation at unsampled 

locations could be conducted as efficiently as possible with the data. The final 

objective was to compare the variation of the complete coverages between each 

property and topographic attributes using redundancy analysis.

1.5. Hydrological-Atmospheric P ilot Experim ent (HAPEX-Sahel).

Since the present study was restricted by a limited budget it was initially conducted 

under the auspices of the HAPEX-Sahel project. HAPEX-Sahel is a successor to the 

earlier international HAPEX-MOBILHY project in south-west France (André et al, y 

1988) and the FIFE experiment in Kansas, USA (Sellers et al,y 1992). The overall 

aims of HAPEX-Sahel were to improve understanding of the effect of the Sahel on 

the general atmospheric circulation, in particular the responses of the circulation to 

the large interannual fluctuations of land surface conditions (Goutorbe, et al. y 1994). 

In turn, ideas could be developed about how the general circulation was related to 

the persistent droughts tha t had affected the Sahel during the last 25 years. During 

the field programme measurements were obtained of atmospheric surface and certain 

sub-surface processes in a 1° x 1° area (approximately 100 km x 100 km) th a t
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incorporates examples of many of the major land surface types found throughout the 

Sahel.

An im portant consideration was that the HAPEX-Sahel data should be applicable to 

the resolution scales of current general circulation models (GCM). In order to obtain 

data for this large area, an extensive measurement programme was undertaken 

including field, aircraft and satellite remote sensing measurements, mainly between 

mid 1990 and late 1993. An intensive observation period (TOP) was undertaken for 

8 weeks from mid to late growing season 1992. Observations were made from aircraft 

to bridge the gap between ground observations and satellite data and formed an 

essential part of the HAPEX-Sahel measurement design. Details of the aircraft, 

instrum ents and major airborne measurements made in HAPEX-Sahel are given by 

Prince et al. (1995) and Goutorbe et al. (1994).

Satellite data acquisition was designed to optimise the temporal sampling, to cover 

a range of spatial resolutions from those used in field sampling to the meteorological 

mesoscale, and to acquire data for all the available frequencies from visible to 

microwave. Clear sky conditions were rare during the mid rainy season and optical 
and thermal data are sparse for this period. Nevertheless several clear-weather data 

sets were acquired. This experiment was the first large, integrated field program to 

benefit from the ERS-1 data, including SAR, ATSR and WINDSCATT. Meteosat and 

AVHRR data were acquired from receivers in Niamey at AGRHYMET. Landsat TM4 

data were acquired by EOSAT and TM5 was provided by EURIMAGE. In addition, 

SPOT and SSMI are also available for the region.

It was anticipated that the present study would utilise the large HAPEX-Sahel 

database, especially the remotely-sensed data, to interpolate results from the study 

area to a larger area. However, problems with data-availability resulted in this last 

aim being unfulfilled and more emphasis was placed upon the aim and objectives 

defined above (Section 1.4).
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Chapter 2.

THE MEASUREMENT OF SOIL REDISTRIBUTION.

2.1. Introduction.

The m easurement of aeolian transport rates has been an aim of many workers since 

the seminal work of Bagnold (1941) and Chepil (1957). Early studies of soil erosion 

in Africa were devoted to discovering the extent of erosion and to qualitatively 

identifying the factors which affect erosion. Hudson (1957) sought to define the exact 

process of erosion initiation. Since then many studies have been completed, some 

specifically directed towards defining the parameters of erosivity and erodibility 

im portant to soil loss estimation (Armstrong et al., 1980).

Increasingly, aeolian and surface wash studies have moved away from a purely 

physical explanation of the processes of entrainment and transportation. Soil 

aggregation and crusting which are critical to erosional processes are variable in 

space and time and have been closely linked to soil organic m atter and the activity 

of soil fauna. The shift of focus may in part be due to a greater understanding of the 

factors and to the development of scale-dependent, process-response simulations and 

models which have allowed results not otherwise feasible using field experiments 

(Bryan, 1991).

2.2. D irect m easurem ent of soil erosion.

According to Roels (1985) most quantitative regional erosion studies can be classified 

into two groups: those based on methods for estimating sediment yield and those 

based on methods for estimating soil loss. In areas where little data on soil loss are 

available, sediment yields provide a means of estimating regional erosion rates. 

Sediment yield monitored at the outlet of a catchment has provided a "...highly 

resolved data base with which to study short term process response systems and the 

construction of dynamic models..." (Foster et al., 1990). Unfortunately, erosional 

studies m ust be implemented for a number of years (even more in semi-arid areas)
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before any meaningful results may be obtained, because of the vagaries of the 

magnitude and frequency of events tha t control the movement of material. An 

alternative method to estimating sediment yield changes through time is based on 

Oldfield’s (1977) concept of the lake drainage basin. The material removed from the 

catchment accumulates in natural lakes and reservoirs and may be analysed to 

provide a resolution of decades or centuries (Foster et aL, 1990). However, the 

sediment yield record in this kind of study is spatially aggregated. Any attem pt to 

use sediment yield data to elucidate catchment processes, particularly source areas 

and transport pathways, is complicated by the processes of sediment delivery 

between field erosion and downstream sediment yields (Walling, 1990). The influence 

of temporal discontinuity between management effects on vegetation cover and 

sediment delivery is illustrated by Trimble (1990),

Extreme spatial and temporal variability in soil flux processes causes difficulty in 

selecting the appropriate scale of measurement in terms of sampling and 

representativeness of the data. Assumptions about the representativeness of samples 

cause problems. Precisely because sediment can be conveyed in a variety of 

magnitude-frequency events it is very difficult to obtain a representative sample 

(Sutherland and de Jong, 1990a). The seasonal occurrence of rills combined with 

rainsplash and wash processes may remove similar quantities of soil than  more 

evident gullies, if  not more. Aeolian activity is seasonal, pervasive and insidious 

often preferentially removing fine material.

2.2.1. Monitoring soil redistribution.

Dunne (1977) and Loughran (1989) reviewed techniques available for m easuring soil 

erosion. Surveying techniques use a datum from which to measure erosion and 

deposition. This group of techniques includes erosion pins and has been used to 

monitor mass flux by surface wash (Dunne, 1977; Haigh, 1977; Lawler, 1992) and 

by aeolian processes (Lancaster, 1985; 1987; Livingstone, 1987; 1989; Wiggs, 1992). 

N atural indicators such as tree root exposure (Dunne, 1977), original soil surfaces 

(Zachar, 1982) or soil horizons (Lewis and Lepele, 1982; Olson and Beavers, 1987; 

van Hoof and Jurigerius, 1984) can also be used to provide soil flux data. In addition, 

profilometers (Campbell, 1981; Ritchie and Jackson, 1989), standard levelling or
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photogrammetric techniques (Boardman and Robinson, 1985) have been used. These 

techniques are labour-intensive and require frequent visits to sites over long periods 

of time to generate a representative database. Without suitable maintenance the 

techniques become biased, especially if sample sites reflect unrepresentative sites 

using tree root exposure or soil profile information.

2.2.2. Aeolian samplers.

Despite reservations about the accuracy of monitoring techniques they have been 

widely adopted. The large variety of aeolian samplers reflects the great interest (e.g. 

Bagnold, 1941; Belly, 1964; Butterfield, 1971; Leatherman, 1979; Fryberger et aL, 

1979; 1984; Jensen et at., 1984; Illenberger and Rust, 1986; Sarre, 1988). Horizontal 

traps are usually sunk into the surface. These traps commonly suffer from their 

inability to be realigned with the wind direction. Vertical traps suffer from the 

interference of the collecting device with the air flow (Butterfield, 1971). Work 

undertaken on the errors resulting from interference with the air flow suggest 

efficiencies as low as 20 % (Horikawa and Shen, 1960).

Stout and Fryrear (1989) suggested that particle samplers should be iso k in e tic , 

e ffic ien t and nonselective , before they can be considered accurate. Although no 

sampler is capable of completely satisfying these criteria, they provide a basis for 

improved performance. A sampler is considered isokinetic if the inlet flow is identical 

to the natural wind that would exist if the sampler were not present. An efficient 

sampler traps the total mass of material that enters the sampler. A nonselective 

sampler traps all particle sizes with equal efficiency.

An aeolian sampler designed by Fryrear (1986) called the Big Springs Number Eight 

(BSNE) was the first of a family of wind-aspirated samplers to permit the accurate 

sampling of eroded material. The efficiency of the BSNE averaged more than 89 % 

for washed sand or sieved soil between velocities of 10.4 to 15.7 m s' .̂ By locating the 

trap  on a rod passing through the centre it can be made to follow directional changes 

in transport and does not contact the surface. This type of trap  is efficient enough 

to measure the suspension load changes and to evaluate the height concentration of 

aeolian material under field conditions. The BSNE samplers have provided the first

29



extensive field data on the distribution of airborne material from a height of 0.05 m 

to 6 m across eroding fields (Fryrear, 1986). The BSNE does not measure reptation 

or saltation flow below 0.05 m.

Stout and Fryrear (1989) developed a reptation and saltation sampler for collecting 

eroded m aterial from the soil surface to a height of 0.2 m. In wind tunnel tests they 

showed tha t the sampler had a collection efficiency of 88 to 94% depending on wind 

speed and particle size. The higher the wind speed up to 15.7 m s'^, the lower the 

efficiency. The sampler will retain 95 to 98% of the material entering the sample 

slot. Because of the lower efficiencies with particles less than  60 pm, the sampler is 

more efficient in determining soil losses for coarse-textured sandy soils than for loam 

soils. This reptation and saltation sampler is only successful in the field if it is 

lowered as the surrounding surface is eroded. In addition, the m etal skirt th a t the 

sampler uses to rotate upon may considerably alter the momentum of the moving 

particles and alter the actual transport rate. To improve upon the performance of 

traps near the surface without contact, BSNE samplers have been modified for 

placement of more samplers at less than 0.5 m above the soil surface (Vories and 

Fryrear, 1991). The modified samplers (V sampler) were tested to ensure th a t the 

screen area was sufficient not to restrict airflow into the sampler opening. However, 

no new tests of efficiency were conducted.

2.2.3. Surface wash plots.

Over three different scales, separate plot studies of soil erosion in the Ader Dutchi 

massif of Niger (mean annual rainfall 400 mm) were conducted. On a 0.34 ha  plot 

at Allokoto, under traditional cultivation, measured soil losses from 1967-1971 varied 

from 3.5-18.5 t  ha'^ yr'^ (Delwaulle, 1973). On a cultivated watershed of 3.5 ha  near 

Kountkouzout, with comparable slope and soil type, sediment load measurements 

from 1965-1967 revealed soil losses of 12-13 t  ha'^ yr'^ (Viullaume, 1982). When 

sediment load measurements were made on the neighbouring 117 km^ Ibohame 

basin, from 1969-1975, total soil loss was found to average 40 t  ha'^ yr'^ (Heusch, 

1980). Of the last total soil loss estimate, 56% was found to result from erosion of 

gullies and stream  banks, implying th a t sheet erosion averaged 17.6 t  ha'^ yr'^ 

throughout the basin.

30



All of these measurements fall within the same order of magnitude, from plots of less 

than a hectare to over 100 square km. Bishop and Allen (1989) suggest th a t a t a 

larger scale of study, soil loss fell dramatically: sediment load measurements carried 

out on major rivers throughout West Africa revealed net soil loss on the order of 0.1- 

2 t  ha'^ y r '\  They believed that this implies that most eroded soil was deposited in 

large natural ‘sinks’ or in artificial reservoirs. However, there are no indication of the 

estimation errors, which are probably large if only the plot studies are considered.

Many workers have discussed the range of problems caused by the large number of 

plot designs, compounded by the non-standard design of rainfall simulators, scaling 

difficulties and edge effects (Imesen and Verstraten, 1986; Moldenhauer and Foster, 

1981; Roels, 1985; Mutchler et al., 1988; Loughran, 1989; Bryan, 1991). An incisive 

review of the problems associated with the use of plots was provided by Roels (1985). 

He suggested th a t the main shortcomings were a lack of attention to the sources of 

bias associated with the use of particular plot sizes or equipment, and to statistics 

(e.g. sampling procedures and replication). Many sample plots have been located 

without attention to sampling theory, with samples being taken without random 

selection, resulting in bias (Roels, 1985). Thus, the accuracy and statistical 

significance between soil loss from different land units is uncertain. This is 

compounded in extrapolations that are made from the study area to the regional 

scale. The application of plot results to zones with apparently similar physiography 

has been shown by Roels and Jonker (1983) to lead to considerable errors.

Variability within plot results has been shown to be associated with infiltration rates 

(Wendt et al., 1986), storm duration (Bryan and Luk, 1981) and different operators 

(Scoging, 1982), whilst spatial variability between plots has also been identified (Luk 

and Morgan, 1981). These results suggest that several replications are necessary for 

estimation of mean runoff or soil loss and even the identification of the important 

controlling factors. Plot design is another issue. Bounded plots isolate the study area 

from upslope processes and sediment replacement (Bryan, 1991) and soil loss 

originates mainly from the lower edge. Removal of the boundary overcomes some of 

these problems (Morgan, 1980; Williams and Bonell, 1987) and may help with 

upscaling difficulties.

In semi-arid areas, high magnitude, low frequency events result in  a requirement
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th a t the minimum duration for a natural plot study be 15 years if accurate annual 

estimates of soil loss are to be produced (Roels, 1985). Such long monitoring periods 

make the natural plot approach unattractive for many researchers. Although many 

lengthy plot studies have been carried out (Delwaulle, 1973; Viullaume, 1982; 

Heusch, 1980; Roose, 1981; Valentin, 1979; Collinet and Valentin, 1982) and the 

results used to modify agricultural practices, Roels and Jonker (1983) and Bryan

(1991) suggest th a t the results are not reliable.

Slaymaker (1991) maintained that one of the reasons geomorphic problems had been 

difficult to resolve was the inadequacy of experimental method, especially in the 

field. Strict adherence to experimental control (Ahnert, 1980) or even true and quasi 

experiments (Be Ploey and Gabriels, 1980) may prove to be too restrictive. However, 

the strict conditions of a geomorphic experiment outlined by Church (1984) enable 

unequivocal evidence of change. One of the best examples from an erosion plot study 

in West Africa was that provided by Hudson (1957). He used 1/100 acre plots 

(approx. 1.45 by 27.43 m) and three different covers: permanent grass cover, 

completely bare and completely bare with mosquito gauze above. The soil loss from 

the bare plot was 120 times tha t of the bare plot with gauze. Since the total amount 

of rainfall was the same in both cases, the only difference was the kinetic energy of 

the falling rain. It showed that the most important factor in the erosion process is 

raindrop splash and that crop cover is therefore a very im pôftant factor in 

combatting erosion. Without experimental control, plot studies cannot identify 

change (Church, 1984; Bryan, 1991). However, studies of this type rem ain essential 

for maintaining links with the landscape and the magnitude and complexity of its 

processes and resulting landforms. Improvements should be based on developing 

hierarchical experimental designs using plots, hillsides and catchments 

simultaneously (Slaymaker, 1972), enabling a better understanding of sediment 

transfers in the landscape because of large scale-related changes (Church, 1984).
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2.3. Soil erosion models and qualitative estim ates.

2.3.1. Qualitative regional surveys of soil erosion.

A qualitative method commonly used in semi-detailed surveys (ca. 1:50,000) is the 

mapping of erosion and sedimentation features in order to identify the dominant 

processes and factors responsible (Stromquist et uZ., 1986). According to Bergsma 

(1983, p. 166) there are three major groups of erosion maps which overlap to an 

extent. The first group shows erosion features and reflects to some extent the present 

rate of the erosion processes. The second group takes into account past rates of 

erosion by studies of soil profile changes, whilst the third group are maps illustrating 

possible erosion hazards (Stocking and El well, 1973; Millington et oZ., 1984). In most 

studies a relationship is derived for controlling variables and the propensity to erode 

(Morgan, 1980, 1985; Bergsma, 1983). A fourth type of map proposed by Stromquist 

et al. (1986) is based on sediment yield of rivers mostly produced at global or 

regional scale (Walling, 1984).

Since these erosion risk estimates are based on a subjective rating procedure using 

interrelated factors, the results are questionable. Furthermore, predicted rates of soil. 

loss are only as accurate as the data used to develop the relationship from such 

classifications. Direct measurements of soil loss for each land unit are necessary to 

assess the accuracy or establish more reliable relationships (Walling and Quine, 

1991). Samples have to be numerous to avoid misclassifications of the erosion 

processes which operate over a range of scales. Pickup and Chewings (1988) used a 

soil stability index derived from Landsat MSS data to predict structures of 

degradation and recovery of the landscape. This regional erosion hazard approach 

overcomes problems with sampling, although the approach suffers from the lack of 

direct measurements of soil flux data.

2.3.2. Regional soil erosion models.

The Universal Soil Loss Equation (USLE) has provided many useful results for soil 

erosion control (Wischmeier and Smith, 1978). The USLE is an empirical model 

which combines several factors identified for their importance in predicting soil
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erosion. For example, several authors have reported the influence of slope steepness 

on soil loss (Fournier, 1967; Roose, 1975). That soil loss increases exponentially with 

slope is generally accepted (Roose, 1977), but slope length effects on soil loss are less 

well defined (Lai, 1982). The empirical nature of the USLE and the absence of clear 

linkage with physical processes has greatly limited its applicability in other countries 

(Rose, 1988). However, despite serious reservations about its reliability, the USLE 

was applied throughout West Africa using climatic and soil data collected during the 

past three decades (Bishop and Allen, 1989).

The Modified USLE (Williams, 1975) is designed to estimate soil loss on a regional 

scale, but requires estimates of runoff volume and peak flow rates, neither of which 

can be readily derived from data usually available. Data are also too sparse to permit 

use of two soil loss estimation models which were developed for southern Niger, by 

Heusch (1980) and Viullaume (1982). More recent research in other countries has 

been established to develop comparable data which can be used to adapt the USLE 

approach. In Africa, early work (Hudson, 1957) generated a different soil erosion 

prediction model (Elwell, 1977) from which the Soil Loss Estimation Model for 

Southern Africa (SLEMSA) was developed by Elwell and Stocking (1982). SLEMSA 

has only three input parameters but requires data for rates of erosion on bare soil, 

over a representative range of environmental conditions.

Bishop and Allen (1989) consider the USLE a compromise solution for at least two 

reasons: the USLE is designed for the study of small field plots, not for regional 

surveys, even though its validity in the tropics, despite three decades of study is still 

a m atter of controversy. Its application to small field plots is a more critical issue 

since the USLE ignores soil deposition. When considering th a t only 10% of the 

sediment eroded in any period may reach a major river (Walling, 1984), it becomes 

clear th a t soil deposition must be significant. As for the applicability of the USLE 

in the tropics Roose (1977) found the equation a reliable predictor of soil loss for the 

majority of cultivated lands in West Africa, especially for the gentle slopes and iron- 

rich soils typical of Mali. The most important caveat for soil loss estimation stems 

from the lack of published data on soil erosion in that nation. It is thus impossible 

to verify estimates of soil loss except, roughly, by reference to field measurements 

carried out in neighbouring countries (Bishop and Allen, 1989). The universal 

applicability of the USLE is questionable on the basis th a t any model based solely
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on collected data is a captive of the extent of that data set.

The USLE takes no account of wind erosion, probably because actual measurements 

of wind erosion over large areas are scarce. The annual dust load from the Sahara 

is estimated to be 60 million to 200 million tons (Fryrear, 1990). Since less than  1% 

of the total wind-eroded material is transported in the earth’s atmosphere (Gillette, 

1977), the quantity of material moving from one location to another a t the soil’s 

surface is very large.

2.3.3. Meso-scale soil erosion models.

Predictive models have improved over the years (Foster, 1990) presumably in 

response to a greater awareness of the limitations of direct measurements and 

earlier models of soil flux. Recent work with isokinetic samplers has shown th a t the 

transport rate close to the bed is considerably larger than predicted by extrapolating 

down to the bed the log-linear transport rate profile. Recent developments in 

modelling has taken place as a result of the use of the USD A aeolian samplers. 

These samplers enable the profile of mass flux to be obtained a t a given location 

using an empirical power equation. Integration of the relationship for one location 

and a single event revealed that of the 243 kg m'^ of soil moving between heights of 

5 and 200 cm, only 6% (15 kg m'^) was moving above 65 cm (Vories and Fryrear,

1991). Of that 243 kg m '\ 33% (80 kg m'^) moved in suspension and 67% (163 kg m'^) 

moved in saltation. Once the total mass moving in a vertical plane a t each sampling 

cluster location has been modelled, the horizontal distribution across an eroding 

surface can be determined (Fryrear et al., 1991) and the spatial variability of the 

composition and quantity of aeolian mass flux can eventually be estimated. 

Extending this procedure for a number of events should enable a temporal 

perspective to be gained (Fryrear et aL, 1991).

An alternative approach has been developed in an attem pt better to understand the 

interaction between wind and surface characteristics. For a given strength of wind 

the spatial and temporal variability of aeolian transport is controlled by surface 

properties. The Agricultural Research Service in the United States Department of 

Agriculture (USDA) developed an equation to account for this variability and provide
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average annual estimates of soil loss due to aeolian processes. N atural variability is 

also compounded by the reaction of soils to human influence such as tillage and 

management practices. The Wind Erosion Prediction System (WEPS) is being 

developed by the USD A to make daily estimates of soil loss. The modelling 

development requires the measurement of soil properties such as erodible soil 

aggregates, vegetation, surface roughness, soil density and the amount and size 

distribution of secondary aggregates (clods or pellets). These factors a t the soil 

surface affect the threshold velocity and control the wind erosion potential of soils. 

In addition, soil mechanical stability and clay or organic m atter content are taken 

into account although these properties do not vary throughout the year. Temporal 

properties such as surface bulk density or aggregate size distribution, may change 

rapidly due to tillage or climatic forces. It is the status of the temporal soil properties 

tha t controls daily soil wind erodibility. However, the intrinsic properties greatly 

influence the response of the temporal soil properties to climate and management.

Erosion problems identified at a large spatial scale have limited information about 

the variability of soil loss within the region. By contrast, conservation measures are 

most effective at the smallest scale where the controls of soil structure and strength 

can be recognised (Shaxson et al., 1989). Consequently there is a spatial dilemma 

between the identification and solution of erosion problems. The emergence of 

process-based modelling provides the greatest opportunity for closing the gap 

between studies of erosion processes and the solution of erosion problems (Rose,

1988). The USD A Water Erosion Prediction Project (WEPP) is currently underway 

to develop process-based prediction technology for use by conservationists (Foster, 

1990).

2.4. Factors affecting the processes of soil redistribution.

Yair and Lavee (1985) suggest that the main factor limiting infiltration in arid and 

semi-arid areas is the dense and compact surficial structures which respond quickly 

to rainfall. Experiments in Sede Boker showed tha t even in arid environments with 

infrequent rainfall, erosion by surface wash is primarily weathering-controlled and 

tha t variations in surface resistance control sediment entrainment. These factors 

reflect complex processes of surface crusting and the impact of disturbing agents on
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the crust in arid and semi-arid areas.

Bryan (1991) provided a summary of the important aspects of soil erodibility and the 

behaviour of the soil surface that strongly affect or control surface wash processes 

and their contribution to landform evolution:

1) Variability of initial textural and aggregation character.

2) Spatial and temporal change caused by selective erosion leading to the 

dynamic textural catena noted by Savat and Poesen (1977) and Scoging 

(1982).

3) Temporal changes in erodibility related to changes in soil moisture content.

4) Time-dependent evolution of surface crusts in response to rainsplash activity 

and other processes.

5) The role of soil fauna in disturbing crusts and providing sediment vulnerable 

to entrainm ent by surface wash.

The concept tha t erodibility is linked to soil susceptibility and erosional processes 

has been used by many workers partly because of its inclusion in the USLE. 

However, Bryan et al. (1989) have shown that the underlying assumptions of many 

field and laboratory experiments are not satisfied. They assert th a t different 

properties determine soil erodibility for each erosional subprocess and that 

erodibility can only be defined for precisely identified processes and erosive forces. 

The dynamic nature of physical and chemical processes at the soil surface defy 

characterisation using a few properties and rankings. Bryan et al. (1989) also 

suggested tha t soil erodibility could not be defined independently from the vegetation 

characteristics that affect erosive forces, soil moisture conditions and soil physical 

and chemical properties (Hodges and Bryan, 1984).
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2.4.1. The effect of rainfall on surface modification and infiltration.

The most characteristic features of rainfall in semi-arid environments are its high 

variability in space and time. Two distinct storm types have been recognised and 

their properties described by Sharon (1972) and Nicholson and Palao (1993). The 

most im portant type in semi-arid regions is convective storms which frequently occur 

under unstable synoptic conditions during the summer in the early and late winter 

season. Convective cells are between 3 km and 10 km in diameter. Their geographic 

location is not fixed, but once formed they provide a systematic pattern, tending to 

be spaced between 40-50 km and 80-100 km. The storms result in localised rainfall 

causing meso-scale variability in precipitation and the amount received within 

wetted areas.

The key to erosion processes in arid zones is the fact tha t few soils can absorb all the 

energy or mass of the rainfall. In most dry semi-arid and arid soils, with the 

exception of sandy areas, rainfall intensities are much higher than the initial 

infiltration rate. However, soil with low infiltration capacities have properties which 

can be expected to play an important role in runoff generation. Yair and Lavee (1985, 

p. 189) suggest tha t "spatial and temporal discontinuities can be considered to be an 

im portant and inherent characteristic feature of the hydrological process." However, 

the authors suggest that the occurrence of flow discontinuities on very small 

watersheds (< 1 km^) decreasing downslope can only be partially explained by 

infiltration losses. The properties of the rainfall play a dominant role in controlling 

runoff. Rainfall from convective cells is of short duration and provides only limited 

areas within medium-sized catchments, with rainfall. Runoff generated within the 

wetted areas may quickly be absorbed upon reaching dry areas. In addition, rapid 

translation of the cell, at more than a hundred times the flow velocities (Yair and 

Lavee, 1985), prevents runoff from occurring over an entire area. This leads to 

spatial and temporal variations in runoff generation which can be expressed as flow 

pulsations (Yair and Lavee, 1985). These variations are enhanced by the non-uniform 

rainfall intensity (Lavee and Yair, 1990) and amount within an area swept by a 

moving cell. Bryan (1991) suggested that in badland topography in Canada, the 

incidence, volume of runoff and timing of inputs were markedly affected by storm 
trajectory and the rate at which the storm travelled. Results from erosion plot 

studies in West Afirica (Delwaulle, 1973; Heusch, 1980; Roose, 1981; Viullaume,
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1982) showed tha t rainfall erosivity was the most critical factor in this region.

Infiltration determines rates and amounts of surface w ater th a t are available to 

overland flow and runoff. Temporal and spatial variations in runoff caused by 

rainfall properties may be greatly enhanced by spatial variations in the infiltration 

capacities of surficial material and vegetation (Bryan, 1991). For example, surface 

ponding a t various locations on a slope has been found by Imeson and V erstraten 

(1986) to reduce the impact of rainsplash on sediment production. The physical and 

chemical properties of the surficial material induce the non-uniform spatial 

generation of runoff (Yair and Lavee, 1985). The influence of heterogeneous surface 

m aterial on surface wash hydrology (Yair and Lavee, 1976) have been demonstrated 

for semi-arid and arid areas. Bryan et al. (1978) working in the Dinosaur Badlands 

of western Canada examined the influence of material from different lithologie units 

on the response to wetting and surface wash processes.

The effect of rock fragment cover on infiltration is ambiguous and has been shown 

to both increase and decrease infiltration rates. Valentin (1994) conducted field 

experiments in four West African countries and the results emphasised the 

importance of rock fragment position upon sealing and infiltration (Poesen, 1986). 

In accordance with Yair and Lavee (1976) the results showed th a t large rock 

fragments tended to favour runoff whereas smaller gravel enhanced infiltration. In 

dry areas, rock fragments; generally coarse gravel or cobbles are embedded in a seal 

and therefore generate heavy runoff. The occurrence of rock fragments embedded in 

a seal may be due to wind deposition as described by Goossens (1994).

Topography seems to have a minor influence on surface wash in drylands in 

comparison with surface conditions, such as vegetation cover and surface crusting 

(Hoogmoed et aL, 1991). Soil crusting is controlled by physical and chemical 

processes which change their properties of the surface of the soil and considerably 

affect surface wash. Two types of crust are generally distinguished by the mechanism 

of formation (Chen et at., 1980) and have been defined in a recent review by Mualem 

et al. (1990) *as:. depositional and structural crusts. The former results from the 

settling of fine particles carried in suspension by runoff to a depositional site. 

Structural crusts are formed by the destruction of the upper soil aggregates by rain 

drop impact. This process involves particle segregation, washing-in of fine material
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and compaction. The crust is dependent on its moisture content. After wetting, the 

crust layer consolidates and gains resistance to shearing forces. Recently the term 

seal was suggested to distinguish between the soil layer when it  is wet during 

rainfall and the crust described above.

Soil surface seals have been found to reduce infiltration, decrease w ater storage and 

trigger runoff and hence soil erosion (Mclntye, 1958a, b). Severely crusted surfaces 

can promote runoff and limit upslope erosion, but result in more severe erosion 

downslope (Roose, 1977). The strong cohesion and resistance of surface crusts to 

rainfall erosion (Mah et uZ., 1992) especially on ferruginous soils (Roose, 1980) was 

related by Rauws and Govers (1988) to the discharge rates that were necessary to 

cause rill initiation. Surface modification was found by Roose (1980) to be the most 

critical soil property to influence the timing and quantity of surface wash. However, 

Moore and Singer (1990) suggested that crust formation decreased erodibility, 

indicating an interaction between initial soil texture and soil aggregate stability.

Several studies have shown that the texture most prone to sealing consists of 

approximately 90% sand and 10% silt or clay (e.g. Poesen, 1986). If the dominant 

clay mineral of the clay fraction is kaolinite, crusting should be less serious, although 

the presence of even small amounts of smectite and/or micaceous minerals can 

drastically increase the soil’s crusting tendency (van der W att and Valentin, 1992). 

The positive effect of organic m atter on structural stability is more pronounced on 

sandy than on finer textured soils. In appreciation of the combination of these factors 

a ratio for crusting hazard (R) was devised by Fieri (1989 in van der W att and 

Valentin, 1992) based on samples collected in a number of West African countries ;

R (%) = organic m atter (%) / silt + clay (%) (2.4.1)

Crusting hazard is greatest when R < 5% and least when R > 9%, a threshold 

between low and high crusting susceptibility was found to occur when R = 7%.

Aggregate stability is not only related to soil texture and organic m atter content but 

also to iron oxide (Kemper and Koch, 1966) and aluminium oxide content (Bartoli et 
aL, 1988). Golberg et al. (1990) evaluated the role of native organic m atter and 

aluminium and iron oxides on soil aggregate stability. They showed th a t the removal
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of amorphous and/or crystalline oxides increased the clay dispersivity, indicating the 

importance of these oxides in stabilising soil structure.

In appreciation of the important role of crusts on surface wash, Casenave and 

Valentin (1989) developed a morphogenetic classification of the main surface crusts 

in West Africa. This work was based on an analysis of the processes and factors 

involved in crusting (Collinet and Valentin, 1982; Lai, 1976d-f; 1979; 1980; 1982). 

The classification was first developed by Valentin (1991), and Casenave and Valentin

(1992) further developed this work using simulated rainfall experiments on small 

plots in the same region to produce a classification scheme based on genetic, 

morphological and hydrological properties. Analysis of the results showed th a t three 

surface conditions: vegetation cover, faunal activity and intensity of surface crusting 

accounted for 84% of the variance of the infiltration ratio. Notably, soil texture was 

not part of this relationship and location within the landscape was not considered.

Yair (1990) working in the Nizzana Sands, in the western Negev, used sprinkling 

experiments to show that a thin biological crust which develops over a sandy 

substratum  coating the lower flanks of linear dunes played an im portant role in 

runoff generation of fine-grained material. Faunal activity had a direct impact on 

infiltration through the increased macroporosity it generated. Yair and Rutin (1981) 

showed how porcupines seeking bulbs for nourishment broke up the soil crust which, 

due to its mechanical properties and biological cover of soil lichens, inhibited soil 

erosion. The amounts of available sediment produced through biological activity were 

of the same order of magnitude as those removed from the site during a single rainy 

season. Cattle can have an ambivalent affect on surface crusting (Casenave and 

Valentin, 1989). Removal of vegetation cover by cattle and soil trampling can 

increase crusting especially on loamy and clayey soils, alternatively, trampling may 

reduce surface crusting on sandy soils and the droppings may enhance surface 

structure.

Vegetation cover protects the soil against processes which mainly influence 

superficial rearrangem ent of soil particles. However, little is known about the 

competitive interaction between erosion and the vegetation cover. Thornes (1990) 

modelled this erosion-vegetation problem at the hillslope scale in a semi-arid area 

by assuming a rectilinear slope on which the amount of soil increased and runoff
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decreased downslope. The results showed that on bare slopes erosion increased 

downslope but a t a strongly decreasing rate. With a 30% vegetation cover erosion 

decreased rapidly at the foot of the slope and by 35% was only occurring on the 

upper 15 m or so (Thornes, 1990). In the upper part of the slope, erosion was still 

able to compete with vegetation. At the highest vegetation densities the individual 

effectiveness in erosion competition was reduced by competition w ith each other for 

water.

2.4.2. Initial texture, aggregation and soil flux selectivity.

Both wind and water erosion are selective. Several early studies (e.g. Folk, 1971; 

Duller and McManus, 1972) suggested the wind has a greater tendency to pick up 

grains with a diameter of 0.25 - 0.125 mm (2 - 3 (])) ra ther than other sized grains. 

The grain-size distributions reflect the fundamental properties of the sediments, 

their origins and the processes of preferential erosion, transportation and deposition. 

The selectivity of aeolian processes plays an im portant role in controlling surface 

texture. The fine fraction is important to soil moisture holding capacity and the 

smallest and lightest particles most easily removed by the wind are those which 

contain a disproportionately large amount of plant nutrients (Zobeck et aL, 1989). 

The soil after wind erosion may exhibit very different physical and chemical 

characteristics relative to the soil from which it originated (Young et al., 1985; 

Zobeck and Fryrear, 1986a, b; Hagen and Lyles, 1985). An average of between 55 

and 90 % of the total amount of nutrients estimated in the surface 15 cm of 1 ha of 

soil was found to be moving across a 1 km length (Zobeck and Fryrear, 1986b). The 

relative rate of selective removal of fertility indices in wind eroded sediment was 

shown to be dependent upon land-use (Zobeck et al. , 1989).

Dust is pervasive in West Africa providing additional nutrients and altering the 

structure and composition of soils. Pye (1987) provided a comprehensive review of 

dust sorting which showed that particle-size decreases downwind from a source. Most 

proximal dust is poorly sorted, often mixed with sand. As the transport distance 

increases the grain-size decreases. Over hundreds of kilometres from source dust is 

generally less than  30 pm. Coarser dust settles back to the surface by gravity in 

places where windspeed declines, as around topographic obstacles or where
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vegetation increases the surface roughness. The departure of dust particles from the 

physical law of sand sorting has been used by Goossens (1988 a-c) and Goossens and 

Offer (1990) to explain dust accumulations on the upwind sides of isolated hills.

Pye (1987) suggested th a t particles smaller than 15 pm were deposited only if they 

were washed out by rain; if they were aggregated by electrostatic charges; or if they 

were brought down by adhering to coarser grains. Many dust deposits are bimodal 

in size due to the incorporation of material sources from sources a t a range of 

distances. In addition, the same bimodal distribution may be due to the variation in 

disaggregation during transport (Pye, 1987). Grains smaller than 70 pm (3.84 (j)) may 

have a greater probability of being suspended by atmospheric turbulence. However, 

grain mineralogy may influence mobility (Willetts, 1983) although Barndorff-Nielsen 

et al. (1982 p. 61) have suggested that small, heavy grains may be transported and 

deposited in a similar way to larger, lighter material.

The significance of aeolian dust input into gravelly surfaces has long been recognised 

in relation to soil formation (Yaalon and Ganor, 1973). It is generally assumed tha t 

a high surface cover by rock fragments reduces the wind erodibility of soils by 

protecting the soil surface immediately below the rock fragments. However, 

individual roughness elements at the soil surface, such as rock fragments, increase 

the turbulence intensity of the air flow and affect critical wind velocities for soil 

particle motion (Lyles et aL, 1971). Therefore rock fragments have an ambivalent 

effect on soil erosion by wind. Much less is known about the effect of rock fragments 

on aeolian deposition and accumulation, although Goossens (1994) has provided 

several theories based on results from wind tunnel simulations.

A large number of studies have attempted to understand the selective transportation 

of material during wash processes. This is reflected by the importance of tracing 

fines, within which are contained the major soil fertility constituents such as N, P, 

K and organic m atter (Sharpley, 1980; 1985). In addition, fines are the primary 

transport vector for toxic contaminants such as radionuclides, trace metals and 

pesticides (Sutherland, 1991b).

The effects of selective transport by splash and discontinuous runoff in experiments 

on Kalahari sands was conducted by Savat and Poesen (1977). Discontinuous runoff
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transported all grains larger than 0.22 mm diameter, while rainsplash transported 

only m aterial between 0.125 and 0.6 mm. This resulted in a lag deposit of coarse 

grains on the hillcrest where only splash was active, while on steeper slopes 

discontinuous runoff resulted in an erosional pavement of finer grain size than  the 

original soil. Poesen and Savat (1980) revealed that when rainsplash occurred alone 

the preferentially eroded grains typically reflected modal size classes, coarser 

particles remaining on the surface and finer particles being washed down to form a 

filtration pavement at 2-5 mm depth. When discontinuous runoff was present coarser 

grains were transported more easily than average grain sizes and sorting occurred.

Luk et al. (1993) studied sediment transport rates by rill and interrill flow on a 

gentle piedmont slope under simulated rainfall. Results indicated tha t sediment 

concentration was similar but size of sediment transported was considerably coarser 

in interrill flow than in rill flow. It was suggested th a t as flow concentration 

increases downslope, the proportion of splash-detached particles tha t reached 

competent threads of overland flow was reduced (Abrahams et uZ., 1991; Parsons et 
aL, 1990). Nevertheless, raindrop detachment is aselectivé for size ranges up to 

several millimetres (Poesen, 1981) and the competence of sediment transport by 

interrill flow is enhanced by raindrop impact. Hence, rather coarse m aterial is 

transported. On the other hand, sediment transport in rill flow is strongly influenced 

by flow input from upslope and above all, scour and fill processes. Because of local 

deposition of sediment derived from upslope in the rills, the reduced surface 

transport of splash-detached particles from the adjacent contributing area to the rills 

and the selective nature of flow detachment, relatively finer particles are transported 

in the rills.

A study in Kenya by Sutherland (1991b) examined the process of grain size 

enrichment. Results indicated that silt and clay became enriched as sediment 

transported from the hillslopes to the channels and sand was preferentially deposited 

within the hillslope subsystem. A fine drainage network, steep slopes and surface 

sealing were found to contribute to rapid translation of silt and clay from the 

hillslope subsystem to the channel subsystem with limited deposition of m aterial on 

footslopes and toe slopes.
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2.5. Tracer studies of soil erosion.

Loughran (1989) defined a tracer as "any property, or characteristic, which makes 

it possible to follow the dynamic behaviour of a substance..." The ultim ate tracer is 

one th a t would act in every respect like the population being traced (McHenry, 1969

p. 280).

An example of an effective natural tracer is provided by magnetic minerals which 

occur ubiquitously and can be measured in virtually all sediments (Oldfield, 1991). 

This technique is cheap, simple, rapid and non-destructive (Oldfield et oZ., 1983), but 

the main advantage is the ability to tackle problems inaccessible to many existing 

techniques (Oldfield, 1991). The mineral magnetic technique has widespread use, but 

is most commonly used to correlate synchronous susceptibility features in lake 

sediment cores (Hearing et al., 1981; Foster et al., 1985). Such features in lake 

sediment cores have been used by several groups of workers to infer changes in the 

erosional intensity within the catchment (Hearing & Flower, 1982; Hearing et al., 

1987). An essential part of the function of a tracer is the identification of sediment 

source (Hearing et al., 1985). Through the use of a mixing model which combined 

mineral magnetic properties and short-lived radioisotopes, Foster et al. (1990) 

identified changes in sediment source through time. Hominant sources of suspended 

sediment have been identified in fluvial studies using magnetic mineral properties 

(Oldfield et al., 1979; Walling et al., 1979). Sources of atmospheric dusts and aerosols 

have also been differentiated by studies using magnetic minerals (Oldfield et al., 

1985). Artificial enhancement of magnetic minerals by heating enabled Oldfield et 

al. (1981) to trace the movement of bed-load particles. Natural enhancement of 

ferrimagnetic minerals in the upper horizons of soils was used by Hearing et al. 

(1986) to trace relative topsoil-subsoil movements on hillslopes. Parsons et al. (1993) 

used crushed magnetite to trace sediment movement in interrill overland flow.

2.6. Caesium-137 (̂ ®̂ Cs) derived net soil flux.

Of all the soil erosion techniques to be refined or developed since the late 1970s the 

artificial radioisotope ^̂ ^Cs has shown the greatest potential (Loughran, 1989). This 

is reflected by the increasing number of studies using this tracer (Ritchie and
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McHenry, 1990) accurately to quantify net time-integrated soil flux and patterns for 

the last 30 years.

The ^̂ ^Cs technique has benefitted from the assimilation of 20 years of 

multidisciplinary research (Ritchie and McHenry, 1990) developing an understanding 

of the radionuclide as a tracer of soil redistribution. The number of soil flux studies 

using this technique worldwide have increased during this period, presumably in 

appreciation of its utility and simplicity. Several assumptions of the technique have 

been explored (Walling and Quine, 1992) to enable applications of the technique to 

define its utility in new areas. Although few areas of uncertainty remain, the 

provision of accurate measurements of soil flux vastly improve upon many existing 

techniques.

2.6.1. General background.

Caesium-137 is an alkali metal with chemistry and behaviour similar to elements 

such as sodium and potassium. ^̂ ^Cs emits a strong gamma-ray making its 

measurement in environmental samples relatively easy and accurate without special 

chemical preparation or separation (McCallan et al., 1980). The signature by which 

^̂ ’Cs is detected can be provided by semi-conductor radiation detectors using the 0.66 

Mev (662 keV) gamma-ray emitted in the - ^̂ ^Ba shift (Brown, 1980).

The artificial radioactive isotope ^̂ ^Cs has a half-life of approximately 30.17 years. 

It was introduced into the natural environment as a result of fission reactions from 

nuclear reactors and nuclear weapons (Wise, 1980). Although some low yield 

explosions were carried out in the 1940s, the majority of world-wide contamination 

with long-lived radionuclides like ^̂ ^Cs were conducted in the 1950s and 60s (Brown, 

1980).

The fusion explosions were great enough to inject fission products into the upper 

troposphere and to a great extent, the stratosphere. Generally, stratospheric mixing 

within a hemisphere is greater than between hemispheres. Since more weapons tests 

have been conducted in the northern hemisphere, fallout levels are three to four 

times higher in the northern hemisphere than in the southern hemisphere (Cambray
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et al., 1981). The temporal and spatial distribution of radioactive fallout has been 

extensively measured and documented. The peak concentration of fallout was found 

to have occurred in 1963 in the northern hemisphere and in 1965 in the southern 

hemisphere. It was reported that measurable amounts of fallout in soils were 

generally beginning in 1954 (Wise, 1980).

Much of the radioactive material is submicron in size and has negligible settling 

velocity but may settle out after coagulation with other aerosols. As a result it may 

be resident in the troposphere for years before being deposited by dry deposition, 

wash-out and rain-out processes (Whicker and Schultz, 1982). With regard to 

transfer from atmosphere to ground, wet deposition by rainout and washout is 

considered more important than dry deposition (Cambray et at., 1981), reportedly 

contributing up to 90% of the transfer of radioactive aerosol to the ground. 

Radionuclide concentrations and areal deposition show significant correlations with 

rainfall (Davis, 1963). Deposition of ^̂ ^Cs is greatest in the 40 to 50 degree 

latitudinal band of both hemispheres. This is in accordance with the concept of 

stratigraphie air entering the troposphere at mid-temperate latitudes (Whicker and 

Schultz, 1982).

In the past, analysis for fallout radionuclides in rainfall, dry fallout, and soil has 

been devoted chiefly to determining levels and distribution of strontium-90, (®°Sr) a 

28 year half-life nuclide that, together with ^̂ ^Cs is a persistent and potentially 

dangerous environmental contaminant. In fallout, the ratio of the activity of ̂ ^̂ Cs to 

®°Sr has remained constant in the 1.5 to 1.7 range and has allowed estimation of 

^̂ ^Cs input based on measured fallout of ®°Sr (Larsen, 1984). The response to the 

th reat posed by fallout of ̂ ^̂ Cs, ®°Sr and other hazardous radionuclides has been the 

establishment of monitoring programmes to determine the distribution and levels of 

fallout (Fry et al., 1981; Cawse and Horrill, 1986; Bunzl and Kracke, 1988; Playford 

et al., 1990). It is expected that small quantities of ̂ ^̂ Cs are present in the equatorial 

region of Africa, based on ®°Sr estimates (Larsen, 1984). Despite ^̂ ^Cs activity around 

four times lower than tha t found in the northern hemisphere (Cambray et al. 1981), 

workers have demonstrated the utility of the ^̂ ^Cs technique in the southern 

hemisphere (Campbell et al., 1982; Loughran et al., 1990b; 1993). I t is therefore 

likely th a t sufficient amounts of ̂ ^̂ Cs will be present within the equatorial region of 

Africa to measure soil redistribution rates using the ^̂ ^Cs technique. However, to
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date only one study has been conducted in Africa (Kulander and Stromquist,

1989) and none in the Sahel.

Most of the early research using ^̂ ^Cs for soil flux estimation was done hy Ritchie 

and McHenry in the early 1970s and the ^̂ ^Cs technique is well documented. Further 

discussion and elucidation of the utility of the ^̂ ^Cs technique in soil flux work here 

will focus on several key assumptions following Walling and Quine (1992). These 

assumptions are as follows:

1) Uniform local fallout distribution.

2) Rapid adsorption and immobilisation of ^̂ ^Cs fallout onto soil particles.

3) Subsequent redistribution of ^̂ ^Cs reflects sediment movement.

4) Estimates of rates of soil loss can be derived from measurements of soil ^̂ ^Cs

inventories.

2.6.2. Spatial distribution of ^̂ ^Cs fallout.

The amount of ^̂ ^Cs deposited on the soil surface by global fallout is a function of 

latitude, precipitation pattern and type of vegetation present during the fallout 

period (Bachhuber et al., 1987). It is assumed that within a climatologically uniform 

area, a spatially uniform amount of fallout would have been produced from which a 

fallout baseline for a study area can be established (Walling and Quine, 1992). The 

theory behind this assertion is that although precipitation may exhibit local 

variability and therefore concentrations of fallout, over a period of years the pattern 

of precipitation will provide complete coverage of fallout material. Support for this 

assumption has been provided in several areas of the northern hemisphere 

(Campbell et at., 1982; Walling and Bradley, 1988). Although Sutherland (1994) 

found tha t areal ^̂ ^Cs activities within an undisturbed field were not uniform 

statistical tests and geomorphic evidence- indicated that these sites could he used as 

control sites. Fredericks et al. (1988) have questioned the instantaneous 

immobilisation of ®̂’Cs suggesting tha t considerable preferential movement of ^̂ ^Cs 

may take place before fixation, although there is little supporting evidence. However, 

at a smaller scale ^̂ ^Cs may be concentrated to some degree in the soil and litter 

near tree stems due to stemflow concentration of rainwater (Livens and Loveland,
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1986; Sutherland, 1991a). Sutherland (1991a) found elevated levels of in forest 

in comparison with the grassland control area. The difference in mean activity was 

attributed to increased efficiency of the forest stand in accumulating dry deposition. 

These results have implications for the assumption of immobilisation of ^̂ ^Cs and 

also for the assumption of a uniform ^̂ ^Cs distribution.

The Chernobyl nuclear accident raised questions as to the validity of the assumption 

of a uniform local fallout distribution. Surveys showed a marked spatial variability 

in fallout levels. However, the low yield produced from the explosion did not add 

radioactive material to the stratosphere and so was not dispersed widely. The 

disaster caused very localised radioactive contamination distributed according to air 

mass trajectories and precipitation at the time the radioactive cloud passed overhead 

(Higgitt et aL, 1992). The labelling of soils and sediments by the Chernobyl ^̂ ^Cs 

cannot be separated from global ^̂ ^Cs due to the rapid decay of ^̂ ^Cs (2.06 years) 

which originated exclusively from the Chernobyl event (De Roo, 1991). This means 

that ^̂ ^Cs cannot be used as a quantitative geomorphological tool in areas influenced 

by the Chernobyl ^̂ ’Cs. However, the deposition of ^̂ '̂ Cs provided a convenient tool 

for the examination of soil erosion and deposition operating within some drainage 

basins (Bonnett et al., 1989). In a study conducted in Poland, the high degree of 

spatial variability associated with the Chernobyl fallout was found to limit the 

potential for elucidation of patterns of soil loss. However, the redistribution of soil 

provided an estimation of the overall sediment budget (Higgitt et al., 1992).

2.6.3. Adsorption of ^̂ ^Cs.

The ion-exchange properties of the clay minerals are responsible for the sorption of 

^̂ ^Cs (Tamura, 1964). The principal mechanism of ̂ ^̂ Cs adsorption to the edge of the 

clay crystal lattice (Cawse and Horrill, 1986) is not permanent and can be displaced 

by an excess of competitive cations, for example Na^ or (Tamura, 1964). 

Permanent non-exchangeable adsorption of ^̂ ^Cs takes place with micaceous clays 

tha t are depleted in K, through weathering, and have an expanded lattice structure 

(Tamura and Jacobs, 1960). The extent of adsorption and permanent fixation of ̂ ^̂ Cs 

to clay minerals therefore varies according to clay type (Cawse and Horrill, 1986). 

In general, ^̂ ^Cs is adsorbed irreversibly by micas and hydrobiotite, whilst
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montmorillonite, kaolinite and especially vermiculite hold much less strongly 

( ; Tamura, 1964; Lomenick and Tamura, 1965). In addition, ^̂ ^Cs

retention is a pH-dependent phenomenon. Sesquioxides in interlayer positions and 

as coatings on soil particles are the chief sources of the pH-dependent ^̂ ^Cs sorption 

(McHenry, 1954; Evans and Dekker, 1966). Prout (1958) found tha t ^̂ ^Cs adsorption 

increased sharply from pH 2 to 4, reaching a maximum at 7 and declining above pH 

8 .

The effect of organic m atter on the adsorption of ^̂ ^Cs by clay minerals is complex 

and poorly understood. Organic m atter itself has ion exchange capacity and therefore 

can retain ^̂ ^Cs, a t least temporarily. Root uptake of ^̂ ^Cs has been found to occur 

readily (Coughtrey and Thorne, 1983). Organic materials may act in some way to 

increase the total amount of ^̂ ^Cs sorbed on clays, but also may increase the 

extractibility of ^̂ ^Cs from these clays (Brown, 1980). Pegoyev and Fridman (1978) 

showed that soil surface litter reduces the movement of ^̂ ^Cs into the soil profile, 

whilst Cawse and Horrill (1986) found tha t about 90% of ^̂ ^Cs remained in the top 

15 cm of two peat soils in the UK. In general, moderate amounts of organic m atter, 

such as normally found in agricultural soils are less influential in ^̂ ^Cs adsorption 

than the amount and type of clay present (Brown, 1980).

The strong buffering of ^̂ ^Cs in most soils results in extremely slow downward 

movement by leaching and diffusion (Kirk and Staunton, 1989). Simulations of 

repeated cycles of rainfall with drying periods were conducted on a sandy surface 

layer to examine the effect on ^̂ ^Cs migration (Tanaka and Yamamoto, 1991). The 

results suggested that translocation of the ^^Cs fixed to clay minerals during the 

drying period and subsequent leaching by water was the mechanism for increased 

^̂ ^Cs concentration at a depth of 2 - 3 cm. Similar leaching experiments have shown 

that fine silt and clay particles are more easily translocated through sand columns 

than medium and coarse silt particles. Since different size fractions have different 

mineral and chemical compositions, stratification of particles infiltrated into sand 

may therefore be expected (Pye and Tsoar, 1987).

The low rates of vertical migration of ̂ ^̂ Cs for many soil profiles is evidence for clay 

adsorption (Bachhuber et uL, 1982; Frissel and Pennders, 1983; Squire and 

Middleton, 1966). Many workers have found th a t uneroded soil profiles have ^̂ ^Cs
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concentrated predominantly in the upper 5 to 10 cm and there is an exponential 

decrease in concentration with depth below the soil surface (Tamura, 1964; Ritchie 

et al., 1970; McHenry and Ritchie, 1975; Loughran et al., 1987). Leaching and 

translocation of the ^̂ ’Cs fixed to clay minerals described by Tanaka and Yamamoto 

(1991) may explain slight downward displacement of radionuclides in soils. The same 

phenomenon may also be explained by the activity of the soil microfauna in surface 

soil layers. The presence of earthworms will cause mechanical mixing of soil and 

provide channels for leaching of soil particles by water. Vertical fissuring of soil 

under conditions of drought and macropores may also assist movement of 

radionuclides down the soil profile. Lance et al. (1986) found that soils with high 

sand contents probably allowed penetration while cracking due to swelling clays 

allowed deep penetration of rain into cracks and to the migration of clay from the 

surface into deeper soil layers. Consequently, the distribution of ̂ ^̂ Cs in the soil may 

be controlled by the distribution of infiltrating rainwater (Fredericks et al., 1988). 

Lance et al. (1986) also suggested that fresh fallout ^̂ ^Cs may move from the 

landscape during large rainfall events before it becomes adsorbed by soil, but Brown 

et al. (1981) however, suggests that such movement of ^̂ ^Cs is very small. This 

evidence creates uncertainty about the assumption that immobilisation of ^̂ ^Cs is 

sufficiently rapid to retain it at the soil surface of initial contact (Walling and Quine,

1992).

Using stepwise regression techniques McHenry and Ritchie (1977) investigated the 

factors which were believed to influence the distribution of ^̂ ^Cs in arid watershed 

soils and reservoir sediments. They found that the distribution of ^̂ ^Cs in surface 

soils was closely associated with the soil organic m atter on a mass specific basis. The 

amount of radioactive fallout (®°Sr), the percentage of silt and clay and the cation 

exchange capacity controlled the distribution of ^̂ ^Cs in surface soils on an areal 

basis. The retention of ^̂ ^Cs in a soil was revealed to be mainly controlled by the 

organic m atter content. The soil CEC provided an indicator of soil activity and was 

a dominant variable in predicting the amount of ^̂ ^Cs in soils. Cawse and Horrill

(1986) used principal components analysis to examine the soil physical and chemical 

properties in soil from grassland and deciduops or mixed woodland in the UK. In 

accordance with the results of McHenry and Ritchie (1977) they showed th a t the 

total variability in radionuclide concentration was largely accounted for by bulk 

density, mineral fractions, organic carbon and pH. Among other interactions organic
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carbon was found to explain more of the variation in retention of in woodland 

than in grassland.

2,6.4. Sediment-associated redistribution of ^̂ ^Cs.

^̂ ^Cs is preferentially bound to the clay (< 2 pm) fraction. If a greater proportion of 

coarse or fine m aterial is eroded or deposited there will be preferential movement of 

^̂ ^Cs (Walling, 1990). However, much of the clay fraction is likely to move in 

association with larger aggregates containing coarser particles (Foster et al., 1985) 

or bound to clay which is attached to larger sand particles.

The extent to which the problems outlined above affect the underlying assumption 

tha t ^̂ ^Cs redistribution reflects sediment movement is not understood. The 

assumption still remains to be validated using available evidence. It has been shown 

that ^̂ ^Cs is fixed strongly in the upper soil profile, the ^̂ ^Cs concentration decreases 

exponentially with depth and that ^̂ ^Cs cannot be transported in solution (Rogowski 

and Tamura, 1965, 1970a, b; Elliot et at., 1984, Kachanoski, 1987). The close 

equivalence between ^̂ ^Cs inventories and independent assessments of atmospheric 

deposition and the evidence of profile distribution support the proposition of 

insignificant loss of ^̂ ^Cs in the absence of erosion (Walling and Quine, 1992). ^̂ ^Cs 

redistribution in association with soil movement has also been demonstrated directly. 

Menzel (1960) showed that loss of fallout ®°Sr (which has a direct ratio with ^^̂ Cs) 

from plots used to study soil erosion was related to measured soil loss. Rogowski and 

Tamura (1965, 1970a, b) applied ^̂ ^Cs to small grassed test plots and found a 

logarithmic relationship between measured soil loss and ^̂ ^Cs loss. Furthermore, 

they suggested th a t 99% of the loss of ̂ ^̂ Cs from a bare soil plot could be attributed 

to soil erosion.

Further indirect evidence of the close relationship between the movement of ^̂ ^Cs 

and soil particles is afforded by profile distributions from cultivated sites (Walling 

and Quine, 1992). In rangeland soils the profile distribution of ̂ ^̂ Cs is more complex. 

In the absence of significant vertical and lateral translocation of ^̂ ^Cs it would be 

expected th a t most of the ^̂ ^Cs in uncultivated soils would be located near the 

surface and tha t the concentration would decrease exponentially w ith depth. At an
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undisturbed site the exponential profile may be defined by the profile curvature, the 

maximum ^̂ ^Cs concentration at the surface and the minimum ^̂ ^Cs concentration 

at a given depth. Within the same soil class the profile curvature should remain 

approximately the same (Zhang et al., 1990) and the minimum ^̂ ^Cs concentration 

should occur a t approximately the same depth. Assuming that erosion has not 

completely removed the entire ^̂ ^Cs content at a net-erosional site, the maximum 

^̂ ^Cs concentration should be lower than a t an undisturbed site. Thus, the total ^̂ ^Cs 

inventory from a net erosional site will be lower than from the undisturbed site. 

Conversely, the total ^̂ ^Cs inventory from a net depositional site must be higher than 

the undisturbed site. Difficulty arises in identifying a net depositional site since 

erosion and depositional processes will alter the ^̂ ^Cs profile. However, if the entire 

^̂ ^Cs profile has not been reworked, remnants of the undisturbed profile will exist. 

Superimposition of the undisturbed ^̂ ^Cs profile onto the unidentified profile 

matching the profile rem nant should reveal information about the history of 

deposited material at a site.

2.6.5. Estimating rates of soil loss from Cs measurements.

To obtain quantitative estimates of the rates of sediment flux, it is necessary to 

establish a calibration relationship between the amount of ^̂ ^Cs in the soil and the 

erosion rate (Walling and Quine, 1990). The least common approach (Kachanoski and 

de Jong, 1984; Kachanoski, 1987; de Jong and Kachanoski, 1988) is based on the 

often fortuitous opportunity for comparison of ^̂ ^Cs inventory measurements made 

at two or more time periods. The technique, more commonly applied uses a local 

reference value. This reference value is obtained from a control area th a t has not 

undergone erosion or deposition in the last 30 years. It is used as a baseline to 

identify zones of erosion or deposition based on inventory samples. The inventory 

may be gathered by ^̂ ^Cs measurements made on samples taken at successive depth 

increments or by single measurement of a core-sample. Although the former, is more 

time consuming it has the advantage of providing qualitative information through 

the shape of the profile. The results apply to a period extending in the UK from the 

initiation of fallout in the mid 1950s (earlier elsewhere, Krey et al., 1990) through 

to the time of sampling.
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The selection of a reference site is probably the single most important calculation in 

the ^̂ ^Cs technique. The reference level is used to distinguish between zones of 

erosion and deposition. Failure to characterise the statistical variability of the ^^Cs 

levels within the control area will inevitably bias estimates of sediment 

redistribution (Sutherland, 1991a), although, some studies use only a single sample 

to obtain the reference value. In the only study of its kind, to date, Sutherland 

(1991a) suggested th a t for a 95 % confidence interval the number of samples 

necessary to estimate the population mean was between 12 and 20. He found tha t 

no significant differences were evident between control areas based on a pooled 

level from 75 samples.

The selection of a calibration relationship is crucial to the level of accuracy obtained 

(Loughran et al., 1990a). A comprehensive review of the available calibration 

relationships is provided by Walling and Quine (1990). These may be divided 

between empirical models, based on localised soil flux data; theoretical models, for 

which there are a set of assumptions that m ust be satisfied before the model may be 

used reliably; and accounting procedures, requiring very specific and accurate data 

on the erosion rate. With the first alternative the estimates of mean erosion rates 

become increasingly more inaccurate as the estimate is extrapolated through time 

(Walling and Quine, 1990). The accuracy of the estimate is further compounded by 

large inter-annual variations in erosion rates especially in semi-arid countries 

(Fredericks and Perrens, 1988).

Adopting a theoretical determinations without a strong physical basis may result in 

vastly erroneous erosion rates. Of the theoretical procedures, the proportional model 

has been used by many workers (de Jong et al., 1986; Martz and de Jong, 1987; 

Kachanoski, 1987; Vanden Berghe and Gulinck, 1987; Fredericks and Perrens, 1988). 

It assumes th a t ^̂ ^Cs is uniformly distributed throughout the plough layer. However, 

^̂ ^Cs fallout accumulates at the surface during periods between cultivation. If the 

surface undergoes erosion during this period fallout will be removed without being 

incorporated into the plough layer thus giving an overestimate of the erosion rate, 

particularly where rates of soil loss are low (Walling and Quine, 1990). Kachanoski

(1987) provided erosion plot data to validate the proportional method, which can 

calculate mean annual soil loss as:
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Y = 10 (D.B.X) / T X = (A - R) / R (2.6.5.1)

where Y is mean annual soil loss (t ha'^ y )̂, D is the depth of plough or cultivation 

layer (m), B, the soil bulk density (kg m'^), X is the reduction ratio of the total areal 

^̂ ^Cs activity (Bq m'^) a t each site (A) relative to the reference site (R) and T is time 

elapsed since initiation of ^̂ ^Cs accumulation (years).

Kachanoski and de Jong (1984) developed a mass balance model and compared the 

rates of soil movement with the proportional model a t several sites. Model 

predictions, in all cases, revealed higher levels with the proportional model which 

increased with greater proportions of ^̂ ^Cs loss (Kachanoski and de Jong, 1984).

Mass balance models provide a more rigorous accounting procedure than theoretical 

models and attem pt to model the fate of ^̂ ^Cs reaching the soil surface as fallout 

(Walling and Quine, 1990). In these models the movement of ^̂ ^Cs is treated as a 

time-dependent process. The models require a large amount of information about the 

study area, including the annual fallout deposition and the annual rate of soil loss. 

In areas where this information is available the model can be adapted to reflect local 

conditions and provides an extremely flexible and reliable approach (Walling and 

quine, 1990).

In areas where limited and unreliable information about the soil erosion rate is 

required, cultivation is not undertaken on such a large scale. In such areas little is 

known about the fate of ^̂ ^Cs and therefore alternative models for calibration are 

necessary. The characteristic exponential decrease in the ^̂ ^Cs depth profile forms 

the basis of a model (Zhang et al., 1990) for uncultivated areas. The model makes use 

of the exponential coefficient fitted to the ^̂ ^Cs depth-distribution. By assuming tha t 

surface lowering has taken place to reduce the total ^̂ ^Cs activity, the depth of soil 

loss a t a site can be estimated from measurements of the ^̂ ^Cs remaining in the 

profile and may be expressed as:

Y = 100 In (1 - X) (2.0.5.2)

-A,P
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where Y is mean annual soil loss (t ha ‘̂  y'^), X is the depth distribution shape 

coefficient, P is the number of years since 1963 and X is as defined above (equation 

2.6.5.1).

Implicit in the theoretical models and accounting procedures is the assumption tha t 

erosion involves the removal of a uniform layer of ̂ ^^Cs-bearing soil from the surface 

(Walling and Quine, 1990). This is unrealistic, since erosion intensity is dependent 

on spatially variable geomorphic properties (Fredericks et al., 1988). It is likely th a t 

erosion rates are underestimated "..since the mean ^̂ ^Cs concentration of a surface 

layer of soil of uniform thickness will be greater than th a t of a layer with the same 

volume but variable depth." (Walling and Quine, 1990). However, the potential exists 

for the depth of erosion to be identified at each location using the ^̂ ^Cs profile 

remaining in the soil (Zhang et at., 1990).

2.6.6. Studies of soil re-distribution using ^̂ ^Cs.

The ^̂ ^Cs technique measures net soil loss at each site rather than total soil loss and 

can provide better information on erosion rates and sediment delivery (Martz and 

de Jong, 1987) which is essentially impossible to obtain by any other means 

(Walling, 1990). Soileau et al. (1990) compared the ^̂ ^Cs technique with USLE 

estimates. The main difference between them was tha t the ^̂ ^Cs technique could 

indicate deposition, whilst the USLE could only estimate soil loss. Further 

differences between the results from the two techniques in eroded areas were 

interpreted as the inability of the USLE to account for rill erosion.

Many workers have used the ^^Cs technique to identify erosional and depositional 

areas and calculate the net soil flux at various scales. The effect of different soil 

types on the net soil loss of arable fields in the U.K. was studied by Quine and 

Walling (1991). Many studies have shown that redeposition of sediment within a 

field results in net soil flux being depositional (Sutherland and de Jong, 1990a, b; 

Walling, 1990; Zhang et al., 1990; Quine and Walling, 1991; Sutherland et al., 1991; 

Walling and Quine, 1991; Quine et al., 1994). The results of catchment scale studies 

show more pronounced depositional net soil flux than results from the field scale 

(Longmore et al., 1983; Campbell et al., 1982; Martz and de Jong, 1987; 1991;

56



Loughran et al., 1990b; Soileau et al., 1990; Sutherland, 1991b). Results of the ^̂ ^Cs 

technique at both scales suggest that the sediment delivery ratio is low since fluvial 

and, to a lesser extent aeolian net outputs, are small in comparison to gross erosion, 

especially in humid environments.

Since the ^̂ ^Cs technique is well suited to point measurements it provides the 

opportunity to investigate the effect of topography on the net soil flux a t each site 

(McHenry and Ritchie, 1977). Brown (1980) was one of the first to consider the 

influence of topography on soil redistribution using ^̂ ^Cs. A hillslope model developed 

from measurements of ^^^Cs-sediment movement on four contrasting locations 

(Loughran et al., 1989) has been validated for a drainage basin in New South Wales 

(Loughran et al., 1990b). These results showed that positions of severe loss were 

related to either minimal runon and sediment transfer or where a slope-length effect 

occurs. An increasing number of studies have shown th a t no clear relation exists 

between geomorphological units and ^̂ ^Cs content (De Roo, 1991; Martz and de Jong, 

1987; Sutherland and de Jong, 1990a), although the arbitrariness of landform 

classification make comparisons difficult. However, Martz and de Jong (1991) 

obtained highly significant relations between mean net soil flux and landform classes 

and topographic setting in a drainage basin.

2.7. Conclusions.

One of the many problems with techniques for estimating sediment flux is the 

necessity for spatial and temporal aggregation of the data. This may be provided by 

data from a lake or a catchment outlet but these provide only coarsely resolved 

information. Monitoring approaches can provide samples from a limited number of 

locations and events through time. These estimates may be used to make judgements 

regarding the intensity of soil flux rates, but although they may provide necessary 

information, they lack accuracy. The cost of producing more accurate estimates by 

reducing sampling inadequacies often results in a disappointing return. In order to 

maximise the return, better information on sources and sinks, locations and rates 

of sediment flux is needed. In short, the pattern of soil flux over a variety of spatial 

and temporal scales should be the focus of research. This is especially im portant 

since sediment sources of different types vary in areal extent and relative importance
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in different systems. Moreover, some processes controlling movement of sediments 

operate more or less continuously and others episodically, and movement may occur 

by a sequence of linked processes or by several independent processes acting 

simultaneously (Kulander, 1986). Unfortunately few reliable methods are capable of 

providing data on both erosion and deposition and consequently the pattern of soil 

redistribution has rarely been obtained.

The advantages of the ^̂ ^Cs technique over alternative techniques can be seen from 

the discussion above. However studies using ^̂ ^Cs are constrained by the time- 

consuming nature of the analysis and limited resources. One way to overcome these 

limitations is to classify land units based on soil type and morphology (Campbell et 

al., 1982; Loughran et al., 1989; 1990b; Martz and de Jong, 1987; 1991; Pennock and 

de Jong, 1987; Sutherland, 1991b; Walling and Quine, 1991) or to confine studies to 

single fields. Unfortunately, both these approaches provide only cosmetic solutions 

to the underlying problem, which is one of spatial variability.

It is well established that variability of soil properties exists a t a range of scales 

(Beckett and Webster, 1971). Yet few studies have examined the spatial variability 

of ^̂ ^Cs in soil redistributive systems (Rogowski and Tamura, 1970a, b; Lance et al., 
1986; Martz, 1986; Rogowski, 1987; Fredericks et al. 1988). The dearth of 

information limits our ability to provide accurate estimates of erosion rates. The 

problem stems from the large number of samples required to overcome this high 

degree of variability. The variance must be accounted for to enable the identification 

of significant differences in ^̂ ^Cs between locations (Lance et al., 1986; Sutherland, 

1991a). This may be one reason why ^̂ ^Cs studies of soil flux have had little success 

in explaining topographic linkages and thus further compounds the difficulty in 

understanding the affect other factors (e.g. soil crusts and vegetation coverage) have 

on the soil flux distribution. The remainder of this dissertation describes an attem pt 

to overcome this problem.
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Chapter 3. 

STUDY AREA.

3.1. Introduction.

The Republic of Niger has an estimated population of 7.2 million people increasing 

annually a t 3.6 % (Manu et al., 1991). More than 80 % of the population is supported 

by agricultural production, but this is only tenable in 25 % of the country, south of 

the 300-350 mm isohyet (Manu et al., 1990). During the last 25 years, mean annual 

rainfall has been persistently below the long-term (1905-1989) mean annual rainfall 

(Prince et al., 1993). This marked reduction in rainfall is compounded by recurrent 

droughts, the most recent between 1968 and 1974 and also between 1983 and 1984 

(Prince et al., 1993). Although agricultural production has increased over the past 

decade at the rate of 1.5% per annum, the increase is probably due more to increases 

in the area of cultivation rather than with yield per ha (Manu et al., 1991; Reardon,

1993).

Traditional Nigérien farming systems are forced to exploit fragile land for food 

production, to shorten traditional fallow periods and to overgraze marginal rangeland 

and forests (Manu et al., 1991). The traditional practice is to remove vegetation prior 

to cultivation using the wood for fuel and construction material. This process is being 

accelerated by increasing demand for fuel from Niamey. In the absence of national 

reserves of natural fuels, wood supplies are becoming critically constrained (Spath 

and Francis, 1994). Remotely sensed images show a large and rapidly expanding 

circle of land surrounding the main cities in which vegetation clearance is taking 

place (Spath and Francis, 1994). The poor sandy soils common to the region are 

susceptible to wind and water erosion particularly when cover is removed. Thus, soil 

degradation and the consequent loss of crop production potential is a widespread 

concern (Manu et al., 1991).
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3.2. Paleoclim ate and Paleoenvironm ent.

The soils in this region are highly weathered. It is generally accepted th a t their 

pedogenesis corresponds to that of soils developed under climatic conditions more 

humid than those prevailing (Gavaud, 1966). Information on the many episodes of 

climatic change tha t have taken place in the region is incomplete. O uattara (1990) 

provides a summary from many primary sources based on dated cores from Lake 

Chad and terrace stratigraphie correlations:

100.000 - 50,000 YBP At least one period of extreme aridity when sand dunes

(‘ancient erg*) formed down to the 12th parallel.

40.000 - 30,000 YBP Evidence of a wet period with deposition of fluvial and

lake sediments and aeolian reworking.

30.000 YBP Arid phase.

29.000 - 20,000 YBP Humid climate throughout subtropical Africa with a

decrease in temperature in the la tter part of the period 

probably due to an incursion of polar fronts.

20.000 - 13,000 YBP Arid phase with a maximum aridity a t 17,000 YBP and

the associated deposition of the most recent dunes 

("recent erg") associated with much more vigorous winds 

than present (Talbot, 1980).

12.000 YBP - present Many oscillations with dry periods a t 10,000 and 7,500

YBP and wet periods at 11,000, 9,000 - 8,000, 6,000 and 

3,000 - 3,500 YBP. Rainfall was less intense and more 

evenly distributed than a t present with vegetation 

under a dense and permanent vegetation cover.

Most workers accept tha t the climate has been tropical in the region during the late 

Quaternary as suggested by the deep weathering and the formation of ferricrete 

terraces.
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3.3. Geology.

South western Niger comprises part of the lullemeden sedimentary basin which 

extends to parts of Benin, Mali and Nigeria. Covering most of the basin are the 

Miocene Continental Terminal sediments (Gavaud, 1966; Greigert, 1966). Greigert 

(1966) distinguished three main series in the formation: the uppermost clayey 

sandstone (Moyen Niger), the lignitic clayey sandstone, and the siderolitic series at 

the base. The study area is located on the youngest Moyen Niger series, comprising 

a soft, thick (400 m), sedimentary rock with massive, medium to fine-grained 

sandstone clays and clayey sediments of quartz, kaolinite and goethite mineralogy 

(Greigert, 1966; Gavaud, 1977; Sombroek and Zonneveld, 1971; Ouattara, 1990; 

Legger, 1993).

The sediment is incised by ancient river valleys comprising late Cretaceous to early 

Tertiary sedimentary rocks. At the time of the formation of these sediments the land 

surface was stable resulting in pediplanation and the formation of now fossil valleys 

(Dallols). The eastern part of the region is dominated by the Dallol Bosso with 

ancient dune deposits a t the surface. During the late Tertiary, or early Quaternary, 

several layers of ferricrete (laterite) formed within the Continental Terminal on 

horizontal surfaces. They were probably formed during interruptions to the 

sedimentary process (Greigert, 1966). At the end of the Tertiary the Continental 

Terminal was uplifted (Greigert, 1966; Gavaud, 1977) and considerable erosion 

resulted in a landscape of very flat, ironstone capped, low plateaux separated by 

broad, low gradient, sand valley systems, sloping to dry stream  beds (Wilding and 

Daniels, 1989; Ouattara, 1990). Several sequences of ferricrete have been found, the 

main sequence is at 220 m, 240 m and 260 m above the current sea level (Wilding 

and Daniels, 1989). The valley systems are buried in an aeolian sand mantle a few 

metres thick, associated with the ‘ancient erg’. The subcircular dunes do not show 

preferential orientation (Gavaud, 1966; Grove and Warren, 1968). The ancient erg 

is found in all neighbouring West Afiican countries to a latitude of 12®N (Grove, 

1958).

Ferricrete is defined as a duricrust cemented with iron and / or aluminium (Oilier 

and Galloway, 1990). It is commonly found in weathered profiles in repeated phases
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and in formations of ranging ages (Oilier and Galloway, 1990). Ferricrete has a 

variety of forms including pisolithic and vermicular (McFarlane, 1983) and may 

range between a few centimetres to tens of metres thick. The sapolite usually 

beneath the ferricrete, leached or unleached of Fe, varies from a few millimetres to 

over 100 metres (McFarlane, 1983). The ferricrete and leached sap(blite underlying 

Niamey is shown in Plate 3.3.1.

Plate 3.3.1. Leached sapAlite of the ferricrete terrace underlying Niamey.

In ferricrete formations the degradation of primary minerals, such as feldspars is 

accompanied by the formation of new secondary minerals, which typically belong to 

clay mineral groups. During initial and intermediate stages of weathering, complex 

clay minerals accumulate and together with primary minerals are the major
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constituents in surface soils and sediments. As chemical weathering proceeds the 

proportions, in surface soils and sediments, of Na, K and Ca decrease and th a t of A1 

increases and these changes are reflected in the accumulation of kaolin group 

minerals (Kronberg and Melfi, 1987). The most abundant and important constituents 

of this group of minerals are the iron oxides goethite (a-FeOOH), which give yellow 

to brown colours, and haem atite (a-FegOg), which gives red colours.

The landscape in the vicinity of the study area comprises four geomorphic elements 

(Wilding and Daniels, 1989): broad gently sloping plateaux with discontinuous sand 

cover; sandy valley systems tha t slope gently from the ironstone-capped plateaux 

toward dry ephemeral streams; broad terrace-like sand plains; and the dallols.

3.4. Present-day Sahelian clim ate.

Niger has a semi-arid and arid climate typical of the southern Sahel. Two distinct 

seasons exist in the Sahel due to the movement of the Inter-Tropical Convergence 

Zone (ITCZ). The ITCZ is the junction of the hot, dry, mid-continental Saharan air 

mass and the humid, maritime air from the Atlantic, tha t forms the ascending 

branch of the Hadley cell. The meteorological conditions tha t control the strong 

north-easterly winds during the winter months in the Sahel are well documented 

(Dubief, 1979). Many workers have investigated the Sahelian wind systems in order 

to identify source areas and transport routes for dust that is found in ocean-cores off 

the west coast (Sarnthein et al., 1981). Using the contemporary analogue this 

evidence is used for climatic reconstruction (Tetzlaff et al., 1989).

During the dry season, between October and May, the ITCZ is forced towards the 

more southern edge of the Sahel and an easterly midtropospheric jet-stream  named 

the H arm attan dominates the climate. This wind is linked to the Easterly Waves 

which are a system of tropical disturbances connected to the ITCZ with a three to 

four day cycle. These disturbances generate major dust outbreaks and localised 

aeolian activity in West Africa, mainly in southern Sahara and Sahelian zones. 

These winds move massive amounts of sand and dust (McTainsh, 1985). The dust- 

bearing H arm attan winds blow over Niger from the east-northeast. The H arm attan 

is a gentle wind a t ground level, with a mean daily maximum speed a t Kano (1978-

63



79) of approximately 8 m s'  ̂ (McTainsh, 1985). The increase in wind speed and 

turbulence a t higher altitudes produce an anvil shaped dust plume.

Movement of the sun between June and October apparently causes northward 

movement of the ITCZ. The dry, dust-laden air from the north-east is undercut by 

a wedge of warm, humid air associated with the south-westerly monsoon. 

Disturbances develop between the two air masses and give rise to storms. Storms 

often occur in squall lines that propogate from east to west between the Tropical 

Easterly and the African Easterly Jets (Farmer, 1989). These storms typically occur 

between 10° N and 15° N and are the cause of the single, short, annual rainy season 

in this region. These squall systems are associated with strong winds, up to 30 m s' ,̂ 

which form a gust front at the leading edge of the squalls and raise a wall of dust 

several hundred metres high. Intense rainfall, producing upto 100 mm during a 

single event, follows the passage of the gust front, resulting in a sudden drop in 

tem perature and an increase in pressure. The wind velocity drops gradually and 

after a few hours returns to a steady southwesterly flow. In addition, local convective 

storms are common.

The locations of all storms are unpredictable and they typically cover 1-10 % of the 

region a t any one time. Thus rainfall is highly variable in time and space, as in other 

semi-arid regions of the world. The first results of EPSAT-Niger (Taupin et al., 1993) 

have shown th a t the spatial variability of rainfall is very large at all timescales. A 

density of one gauge per 100 km^ was sufficient to estimate rainfall inputs over areas 

in excess of 500 km^. To identify the spatial variation in rainfall over a 12 km^ area 

required a total of 107 recording gauges. Rates of évapotranspiration are high and 

as the ITCZ migrates north to south so rainfall decreases from south to north in the 

Sahel. Potential évapotranspiration is about 2000 mm and the annual deficit 

between évapotranspiration and rainfall increases northwards by about 200 mm per 

degree of latitude (Sivakumar, 1989). Mean annual rainfall at Niamey is about 560 

mm (1905-1989) with a south to north gradient of about 1 mm km^ (Lebel et al., 
1992). The last 25 years have been marked by persistent low rainfall. The mean for 

this period is 495 mm (Figure 3.4.1). Total rainfall is everywhere less than potential 

evaporation resulting in a highly sparse vegetation cover with large areas of bare 

soil. The interlacing of bare soil and vegetation creates a large variability of surface 

conditions a t the 0.01 to 1 km^ scale.
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An herbaceous cover is produced rapidly after the first rains and slowly dies out with 

the onset of the dry-down near the end of the season, leaving the unconsolidated 

sands susceptible to aeolian processes.
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Figure 3.4.1. Temporal distribution of mean annual rainfall 

at Niamey from 1905-1993.

3.5. Sahelian  dust and soil.

3.5.1. Sahelian dust.

In this region, widespread ferruginous crusts occur, comprising kaolinitic clay and 

abundant reddish-stained quartz. This material has been found in ocean cores in the 

Atlantic and led Sarnthein et al. (1981) to ascribe H arm attan dust with a source area 

in the Sahel as the source whilst lighter coloured m aterial was associated with a 

more northerly Saharan source. Sufficient dust is injected into the atmosphere to 

enable an almost continuous supply to the west African coast. Recent drought and 

environmental changes in the Sahel have produced an increasing concentration of 

dust in the Atlantic ocean cores (Tetzlaff al., 1989). The H arm attan system carries 

dust in periodic plumes or pulses in a west-southwesterly direction over the West 

African savanna lands and over the Tropical Atlantic Ocean. Coudé-Gausson and 

Rognon (1983) believe that the source of most of the dust in transit or being 

deposited in the Sahel originates in ancient dry lakes near Bilma in Niger and Faya-
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Largeau in Chad. Dust plumes studied by McTainsh (1984) and McTainsh and 

Walker (1982) originated from the Bodelé Depression area of the Chad Basin.

McTainsh and Walker (1982) inferred the characteristics and geomorphic history of 

the Chad Basin source deposits from the broad particle-size range and the 

mineralogical and geochemical characteristics of H arm attan dust deposits. They 

suggested th a t sediment supply to the lake source deposits involves fluvio-lacustrine 

transport of clays, with fluvial transport and salt weathering of silts and aeolian 

transport of sands. Subsequent aeolian deflation of these sediments produces the 

H arm attan dust plumes. With distance the rate of deposition and the particle-size 

of the deposited dust decreases until the dust plume is dissipated.

The particle-size distributions of dust from several locations on a 900 km transect 

in Nigeria displayed a systematic decrease in modal particle-size and increase in % 

< 2 pm with distance downwind (McTainsh and Walker, 1982). This was found to be 

consistent with the preferential deposition of coarser particles closer to the source 

and increasingly fine deposition with transport distance away from the source. The 

proportion of dust < 2 pm increases with distance downwind a t the expense of the 

silt modes.

In comparison with soil in Niger, dust samples from the same sites have a greater 

abundance of fines (< 20 pm). This was ascribed by Drees et al. (1993) to long

distance transport of the dust. Drees et al. (1993) showed that dust infall in Niger 

was highly variable with season. Frontal storms preceding the rainy season in Niger 

are responsible for greater quantities of dust infall than the Harm attan dust storms. 

The infall is greatest in April through October with more than half the annual dust 

infall occurring between April and July. Drees et al. (1993) found significant 

correlations between the total sand (> 50 pm) and fine silt (2-20pm) fractions and 

the sampling period. They suggest that the greatest proportion of fine silt was 

measured during the period of maximum dust infall (April-July) and th a t the dust 

was coarsest during periods of low infall. The added silt may affect the physical 

properties of the soil, such as water retention capacity and the tendency to^form a 

surface crust making the soils more erodible (McTainsh and Walker, 1982).

Many authorities have calculated the thickness of yearly deposition (Table 3.5.3). A
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large range in the estimates exist probably because average annual estimates are 

based on small sampling intervals and large spatial variability. McTainsh and 

Walker (1982) showed considerable spatial and temporal variation in the rates of 

deposition with H arm attan dust plumes. Deposition rates decrease rapidly downwind 

and also in directions transverse to the direction of movement of the dust plume. 

Most of the heavy dust deposition tends to occur in the central section of the dust 

plume between the source area and Kano. Drees et al. (1993) have found 

considerably more dust infall in south-west Niger than McTainsh and Walker (1982) 

found in Nigeria (Table 3.5.3). This evidence suggests tha t reworking of dust deposits 

takes place probably due to the winds preceding frontal storms.

Table 3.5.3. Annual rates of dust deposition at several location in West Africa.

Dust accumulation rates

mm y  ̂ kg ha^ yr'^

Location —

SW Niger 0.01 2000

SW Niger 0.05 400

N. Nigeria 0.20 1620

Ghana 0.02 150

“These average statistics are taken from the following workers: Drees et al. (1993); Legger 
(1993); McTainsh and Walker (1982) and Tiessen et al. (1991), respectively.

McTainsh (1984) used particle-size and quartz grain roundness to indicate th a t soils 

of the Kano plains in Nigeria are formed in aeolian mantles deposited during the 

Quaternary by the mixing of Harm attan dust and dunes sands and th a t the range 

of soil characteristics reflects the degree of mixing of these two aeolian sediments. 

On this basis McTainsh (1984) suggested a division of soils on the Kano plains. This 

division is approximately at latitude 12°N which is the expected extent of the ancient 

erg, occurring throughout much of the Sahel. In the north of the Kano plains where 

dune sands predominate, the soils are coarse textured, structureless, well-drained 

and of low chemical fertility. In the south where dust deposition is the major process 

in the formation of loess mantles, the soils are fine-textured, well-structured, poorly
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drained and of higher chemical fertility.

Dust deposited a t distances of 100 to 1700 km downwind from Faya Largeau has 

been found to contain large quantities of clay and iron oxide. Using X-ray diffraction, 

McTainsh and Walker’s (1982) dust samples collected a t Kano were found to 

comprise about 60% kaolinite, 10% illite and 25 % smectite, with a small percentage 

of quartz (Vine, 1987). Mineralogical and micro-morphological studies of clay crusts 

collected on plateaux in Niger by Legger (1993) revealed the composition of 

haem atite, goethite, quartz, biotite and muscovite, alternating with layers of coarser 

m aterial, which lack biotite and muscovite. Legger suggested tha t due to the strongly 

weathered conditions of the plateaux, biotite and muscovite would not be expected. 

That these minerals are present in the finer layers suggests they comprise recent 

seasonal dust deposits from distal areas, whilst the coarser layers have more 

proximal source areas.

Mpberg et al. (1991) examined the clay fraction of the H arm attan dust and average 

values of the Ap and C soil horizons in northern Nigeria. They found tha t the dust 

is more basic in reaction with a pH 7 than the soil which has an average pH 6.2. In 

Niger several soil profiles were found by Legger (1993) to have distinct layers of 

lighter coloured material of 0.5 cm which has been ascribed to dust deposition. The 

pH of these layers is between 5.7 to 6.1, higher than pH values of 4.5 to 5 found in 

the underlying soil and comparable with pH for trapped dust (Mpberg et al.y 1991).

Dust had organic carbon contents of 4 % which is higher than for soils which is only 

1 %. Extractable phosphor us content, exchangeable Ca, Mg, K, Na and CEC have 

all been found to be higher in the dust sampled in Nigeria (McTainsh and Walker, 

1982; Mpberg et al., 1991) and in Niger (Drees et al., 1993). In Niger Drees et al. 

(1993) found tha t electrical conductivity and cation exchange capacity of soils near 

the dust collection sites are low mainly due to the lack of clays and organic m atter 

which act as a sink for plant available nutrients. Dusts, however, have the potential 

to contribute to plant available water-soluble cations to these soils and on an areal 

basis considerable amounts of soluble cations are added to the soil on an annual 

basis (Drees et al., 1993).

Based on the average Pearl millet crop yield at ICRISAT Legger (1993) suggests th a t
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nearly 10% of the yearly removed P, 80% of the K and all Ca and Mg is supplied by 

dust. Taking into account the redistribution of dust by water erosion, it is expected 

th a t a t deposition sites all K, Ca and Mg but only a limited part of the P is supplied 

by the dust. The crops grown in this region seldom respond to K-fertilization, 

suggesting th a t dust may be serving as a readily available source of available K.

Dust also exhibits appreciable quantities of exchangeable cations. The total potential 

nutrients contributed by atmospheric dust is the summation of water-soluble and 

exchangeable cations. The soils in Niger tend to be acid, highly weathered, low in 

organic m atter and composed of resistant material, neimely quartz and kaolinite. 

Water-soluble and exchangeable cation levels are low (Drees et uZ., 1993). The 

presence of available plant nutrients in the dusts indicates that dust constitutes an 

im portant long-term continual renewal vector to these soils which should help 

m aintain fertility levels.

Chase and Boudouresque (1987) found that the trapping of a surface layer of aeolian 

m aterial in a barren, crusted soil on a laterite plateau resulted in natural 

revegetation of the treated area. This revegetation was related to better fertility and 

improved w ater infiltration in areas where the material was trapped. If the rate of 

dust deposition is as affected by vegetation cover as has been claimed, then ecological 

controls, such as aspect and soil moisture, may also play roles in determining the 

local patterns of dust deposition. Thick deposits of aeolian dust can only accumulate 

in areas where settled dust is not subsequently resuspended by wind or eroded by 

surface runoff. Thin dust accumulations often form in the bottom of dry, unvegetated 

topographic depressions which are sheltered from the wind, but thicker 

accumulations require either the presence of vegetation or moisture at the ground 

surface.

3.5.2. Sahelian soil.

Soil developed on the Continental Terminal is highly weathered. The parqnt material 

from which it is derived was already weathered, its mineralogy is dominated by 

quartz, kaolinite, goethite and haematite (Legger, 1993). Most of the soil is 

considered fossil or with strong inherited characteristics (Gavaud, 1966). The soils
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of south-west Niger are classified as Ustalfs, Psamments and Ustults (Wilding and 

Daniels, 1989), grouped within the single class of Ferruginous Soil by French 

pedologists. Ferruginous soils occur in tropical climates with a marked dry season, 

their organic m atter is concentrated near the surface and they have clay and iron 

oxides accumulated in the B horizons. Where weathering is slow, dust may provide 

the source of much of the clay, and help to form indurated horizons.

Clay rich subsurface horizons are usually denser and redder than the horizons above 

or beneath. Iron may be translocated to a depth of one to two metres and is often 

found in ancient dune sands (Pye, 1983). The translocation of iron may form pisoliths 

or th in  iron-cemented layers (petroferric layers) along any bedding planes in dune 

soils (Pye, 1983). Pronounced B horizons are probably due to the high infiltration 

rates providing the potential for translocation of fine clay and silt down-profile to 

subsurface horizons. The main control on movement to the subsoil is the amount of 

water available for leaching. This being a function of rainfall and evaporation and 

of local run-in. Indurated clay horizons at, or close to, the surface limit water 

infiltration, increasing runoff and water erosion. The survival of enriched horizons 

is dependent on the rate of reworking through water and wind erosion. This is 

especially the case where bonding agents, such as clay, are removed, weakening 

resistance to erosion.

Organic m atter contents of semi-arid soils are very low, building up slowly as rainfall 

increases (Ross, 1993). The main constraint on the production of organic m atter is 

the low productivity of desert ecosystems. The slow rate of decomposition allows 

some litter to lie on the surface for many years before it disappears. Breakdown 

rates are related to long-term average rainfall conditions controlling the composition 

of the bacterial fauna. Organic carbon contents in the region are generally low with 

surface A l horizons ranging from 0.08 % to 0.14 % (Manu et al., 1991). The organic 

m atter content increases slightly for A2 horizons from accumulation of upslope 

material, but decreases with depth (Manu et al., 1991). Soils are characterised by low 

cation exchange capacities, low nutrient contents. Low values of pH (4.6) indicate low 

base saturation, high aluminium saturation and a lack of primary weatherable 

minerals necessary for nutrient recharge (Manu et al., 1991). Little nutrient 

recycling occurs because most of the crop biomass is grazed by livestock or removed 

by farmers for other uses (Legger, 1993).
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The nutrient paucity of the soils is attributable to intensive weathering under high 

tem peratures and seasonal high intensity rainfall. Under these conditions, soils 

subjected to desilication and cation loss become dominated by kaolinitic clays and 

iron and aluminium hydroxides (Ross, 1993). Since highly weathered tropical soils 

are dominated by kaolinitic clays of medium to low cation exchange capacity, organic 

m atter provides a vital source of ion exchange capacity for retaining valuable 

nutrient ions (Ross, 1993). In soils with low organic m atter content, the humus may 

be an im portant factor in CEC if the clay content is also low.

Both forest clearance and subsequent cultivation practices alter the amount of soil 

organic m atter, quantities of organic nutrients and organically held nutrients and 

biological processes in soil. Tree removal reduces litter influx and constitutes a 

serious loss of nutrition from in situ cycling. Burning prior to cultivation removes 

topsoil and severely depletes the soil surface litter and soil organic m atter. Losses 

of carbon, nitrogen and sulphur in smoke during fires is common. Fires have been 

found to remove nutrients from vegetation rather than the soil organic m atter (Allen, 

1985). Nevertheless, an imbalance in the C:N ratio is caused and basic cations are 

accumulated at the soil surface in the redeposited ash, resulting in alkaline 

conditions. Initially, the valuable ash is returned to the soil surface, only to be 

removed ̂ before vegetation or crop growth, through erosion and strong leaching 

associated with high hydraulic conductivities (Allen, 1985).

Soil in this region has been considered amongst the least fertile in the tropics 

(Tiessen et al., 1991). Its productivity is related to a lack of moisture, crusting, depth 

to restricting layer, wind and water erosion and nutrient deficiencies (Manu et al., 
1991). Scott-Wendt et al. (1988), working in Niger, found tha t surface deposition of 

aeolian sand appear to be the cause of the high base status at the soil surface. The 

similarity between chemical properties of aeolian material and productive soils raises 

the possibility tha t the fertility of productive sites may be enhanced by recent 

accumulations of aeolian sand. Geiger et al. (1992) examined the surficial 20 cm of 

profiles from several plots in Niger for soil chemicals and clay content. The difference 

in the results between profiles corresponded with a difference in elevation indicating 

tha t factors other than nutrient cycling were operative in the improvement of soil 

productivity.
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In both these studies (Scott-Wendt et uZ., 1988; Geiger et at., 1992) productive sites 

corresponded to microhigh locations whilst unproductive sites were found at 

microlow positions. Scott-Wendt et al. (1988) suggested that microlow regions are 

wetted to greater depths after rains due to runoff accumulation. Areas with little or 

no plant growth are more subject to leaching of basic cations because there is much 

more w ater moving down through the profile than being absorbed by plant roots and 

transpired. These unprotected soils may perpetuate their infertile status, by 

increased leaching losses. Productive regions may enhance their soil fertility, by 

basic cation cycling and capture of aeolian material as a result of greater plant 

residue.

These results suggest that the concentration of nutrients is spatially and temporally 

heterogeneous due to the patchy nature of desert vegetation, determined by variable 

w ater supply related to topography, and the concentration of nutrients a t wetting 

fronts as w ater moves through the soil. In general, sands have been found to be 

remarkably similar in the majority of upland areas investigated in the vicinity of 

Niamey (Wilding and Drees, 1989). Pfordresher et al. (1989) suggests th a t although 

there is little variation in the A horizon between different areas, subtle differences 

in soil texture, surface horizon thickness, microtopography, pH and exchangeable Al 

status may be im portant to millet productivity.

The effects of invertebrates on soil erosion have been shown by Yair and Rutin 

(1981) to play an important role in semi arid areas. During scavenging and 

burrowing the invertebrates disrupt crusts and make soil available to splash 

processes in semi-arid areas. Termites play an important role in soil formation in 

semi-arid areas. Brouwer et al. (1991) have found that termite activity concentrates 

nutrients and increases clay content in Niger and provided a beneficial affect on the 

fertility of sandy soils. This increase in local fertility was shown by Brouwer et al. 

(1991) to strongly enhance the growth oïAcacia alhida. Geiger et al. (1992) suggested 

th a t termite activity influenced the relative equilibrium of low levels of organic 

m atter (1.7 - 2.2 g kg'^) in the top 30 cm of the sandy soils of the region.
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3.6. Natural and human-induced environm ental change.

A study by Spath and Francis (1994) used Landsat MSS imagery from 1973 and 

1986 (bands 4, 5 and 7), aerial photos from 1975 and 1979 and several soil profiles 

to show temporal and spatial change of forest cover, topsoil loss and laterization on 

the plateaux, and land use on the plains. Prior to 1973 indiscriminate deforestation 

in the immediate surroundings of Niamey was taking place. After 1972 the Kennedy 

Bridge was opened allowing access to forest resources in the south. Increasing energy 

demands of a rapidly increasing capital population resulted in deforestation of forest 

resources surrounding Niamey upto a 40 km distance along the main roads in 1986. 

As late as 1973, the region around Hamdallay was densely forested, but by 1986 

forests have disappeared and soil has been removed exposing ferricrete crusts. 

Summarised ERDAS statistics of Lands at MSS data compare landcover classification 

percentage changes from 1973 to 1986 for the Hamdallay area (Spath and Francis, 

1994). Forest has decreased from 24 % to 9 %, denuded plains has increased from 18 

% to 47 %, bare soil has increased from 4 % to 14 %, ferricrete has decreased from 

38 to 17 %. Thus, deforestation compounded by decreasing rainfall and persistent 

drought conditions had resulted in rapid top soil loss, irreversible exposure of 

ferricrete crusts, increasing surface runoff on the plateaux, gullying and loss of 

arable land on the plains (Spath and Francis, 1994).

3.7. Study area.

The study area can be viewed from the main survey location which provides the 

relative elevation datum and is located at 13° 33.63’N, 2° 34.22’E. The area is 

approximately 60 km from Niamey (Figure 3.7.1) in the arrondisement of Kollo. It 

can be reached from Niamey along the main road to Hamdallay. The study area is 

only 13 km from Hamdallay and can be reached by turning off the main road along 

a track towards Dantiandou. The village of Fondou Beri is closest to the study area 

which is reached by passing through the village in a north-easterly direction along 

a sand track for approximately 5 km.

The study area was one of the sites studied within the HAPEX-Sahel project. This 

campaign encompassed three supersites (10 km x 10 km), chosen to characterise the
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heterogenous area (100 x 100 km) itself a representative 1° x 1° square area for 

global circulation modelling. Although the HAPEX area contains many of the 

landscape components of the Sahel, the proportions of each of the components is not 

entirely typical of the whole subcontinental region. Nevertheless, the 1° square 

contains reasonable examples of the more widespread surfaces found in the area, 

with the exception of extensive annual grassland on sand sheets and clay plains 

(Prince et al., 1993).
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Figure 3.7.1. Location of the study area in south-west Niger, West Africa.

The study area is located within the West Central supersite, which is centred upon 

the village of Fondou Beri. The supersite has four subsites which encompass the 

variety of vegetation cover types typical of the region: Fallow savannah. Millet, 

Degraded bush and Brousse Tigrée (Prince et al., 1993). The study area was not 

located in any of these sub-sites. Instead, a 600 m x 600 m area th a t encompassed 

each vegetation type, the physiography and the land-use characteristic of the region 

was selected. A schematic cross-section of the soil toposequence typical of the region 

and the study area is given in Figure 3.7.2. The toposequence is strongly influenced 

by the proximity of the underlying ferruginous bands.
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The toposequence extends from plateaux to valley floor and includes several 

geomorphic sub-units reflecting the underlying geology. The plateaux occur on 

peneplain rem nants with slopes (2 - 8%) covered with cobbles and pebbles. 

Downslope a plain of undulating sandy slopes (0.5 - 2%) extends to the valley bottom. 

The toposequence in the study area does not reach the valley bottom proper, but it 

extends a distance of 400 m from the Plateau to the Plain covering a topographic 

difference of approximately 15 m. The distribution of land cover and vegetation 

follows almost entirely this geomorphic toposequence.
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Figure 3.7.2. A generalised schematic cross-section of a soil toposequence typical of 

south-west Niger (adapted from Prince et al., 1993) showing soil profile (A to H and 

and X to Z) locations.

Logger (1993) has produced soil mapping units for the West Central site using 

Landsat TM. Although several broad classifications are provided for the study area, 

field observation suggests that Small scale variation in soils and vegetation has been 

omitted. It may be tha t the resolution of the media used for the classification is 

incapable of identifying such small areas (50 m^) or tha t the algorithm of the
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computer-aided classification favours the larger areas with adjacent similarities for 

simplicity in devising land management strategies (R. Legger, pers. comm.). The use 

of large scale (> 1: 50 000) maps to delineate large areas and dominant soil types 

may result in misclassification and inappropriate interventions and research. Small 

areas of highly productive soils are frequently omitted causing lesser productive land 

to be used intensively (Tabor, 1991).

A description and review of each of the toposequence components with respect to 

soils and vegetation is provided. Legger’s (1993) classification is adequate for this 

purpose and will be used since it is in accordance with an intuitive separation of the 

study area between Plain and Plateau.

3.7.1. Soil and vegetation toposequence on the Plateau.

The Plateau is a ferricrete layer with the highest elevation in the study area. It is 

surrounded by steep escarpments covered in ferricrete cobbles which grade directly 

into younger aeolian deposits on the Plain. In few places the Plateau is incised by 

gullies which apparently have undergone headward retreat. The Plateau appears to 

be domed with slope gradients increasing towards the Plateau edges. A general 

movement of the water away from the centre of the dome was observed.

3.7.I.I. Soil.

Local topographic-high areas are associated with a dense vegetation canopy and 

approximately 30 cm of soil. Topographic low areas are not covered by vegetation and 

have little soil, are crusted and have a high proportion of ferricrete cobbles near or 

at the surface. The soil under the vegetated canopy has a high moisture content at 

pF 3 during the wet season (Spath and Francis, 1994) is reddish brown, sandy (clay) 

loam and contains approximately 40% iron nodules (Legger, 1993). The soil surface 

comprises a rich layer of organic detritus and humus and is approximately 20 - 30 

cm in depth before the occurrence of ferricrete cobbles.

Using the results from several soil profiles Spath and Francis (1994) make the direct
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link between vegetation removal and soil degradation through erosion. They suggest 

th a t the reduction to 50 % vegetation cover allows erosion of the soil profile and the 

reduction of the organic m atter content causing soil colour changes, evidenced by 

increases in chroma and value. The reduction in protection by the vegetation is also 

believed to allow preferential transport of soil particles, reducing the soil moisture 

storage and the formation of erosion resistant clods.

In areas with less than  40 % vegetative cover, sheet erosion, periodic flooding and 

deposition produce truncated and highly stratified soil profiles (Spath and Francis, 

1994). These bare areas are interspersed between the vegetated areas and consist 

of soils with shallower profiles, reddish brown colours and sandy (clay) loam textures 

in a m atrix of ferricrete cobbles above ferricrete contact. In many places, especially 

on the upslope side of vegetation bands (Section 3.7.1.2), heavily crusted gravelly, 

sandy loam may be found where surface water stagnates. These crusts are commonly 

a few mm thick but may reach thicknesses of 2 cm. The iron content of the stones 

is > 15%, while th a t of crusts is < 1% (pers. comm. G. Epema). The proportion of 

cobbles to crust varies over the Plateau. In some places the crust is not evident and 

the surface is comprised solely of ferricrete cobbles. At these locations the cobbles 

have a desert varnish consisting of a manganese or iron oxide coating making the 

cobbles appear brown or dark orange with a glistening luster.

Soikwithin and between vegetation bands (Section 3.7.1.2.) are rich in kaolinite and 

quartz, the la tter even in the fine clay fraction. They are acidic (pH 4.5) with low 

nutrient reserves and low water storage capacity owing to their shallow depth and 

their high coarse fragment content (Thiery et al., 1995). The main differences 

between the two soils occur in the 0-20 cm top layer. In the vegetated band, organic 

m atter content (0.71% C) is higher than the interband (0.27% C). This beneficial 

effect for chemical fertility is partly offset by a lower clay content (17% and 33% 

respectively). As a result exchangeable cations, everywhere remain extremely low 

(Thiery et al., 1995).

Some support for the trends suggested by Spath and Francis (1994) is provided by 

Legger (1993). He suggests tha t soils with large quantities of silt or very fine sand, 

low clay and low firesh organic m atter contents are susceptible to slaking. In 

contrast, soils with high sesquioxide contents and low pH levels show strong micro
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aggregation which is destroyed when the pH increases. In the study area the 

presence of sesquioxides and low pH levels in the soil indicates stable conditions. 

However, the annually precipitated dust creates a silt loam surface layer with low 

amounts of fresh organic m atter and reduces the micro stability by increasing the 

pH at the surface. This, in combination with high intensity rainfall, causes slaking 

of soil aggregates and suspension of clay particles which may infiltrate into the soil. 

This is especially the case when most of the clay in surface and subsurface horizons 

is water-dispersible (West et al., 1987). These weakly structured systems have few 

water-stable aggregates. Under intense rainfall, the clays slake from the sands, 

decreasing the cohesive strength of the aggregates. Sand grains are left a t the 

surface where they are removed by the wind. A compact and impermeable crust, 

containing large amounts of clay and silt and resistant to w ater and wind erosion is 

produced. The effects of this process are greatest whenever the infiltration layer is 

thin, for example where ferricrete is close to the surface.

3.7.1.2. Vegetation.

The vegetation forms characteristic stripes of varying width. These are best seen 

from the air (Plate 3.7.4.1-2) and are appropriately named ‘Tiger Bush’ (brousse 

tigrée). The vegetation canopy has the potential to divert air currents, reflect solar 

radiation and trap rain  water. It has been suggested th a t the vegetation ‘islands’ also 

trap aeolian material which is accumulated beneath the canopy (Manu et al., 1991). 

The woody vegetation in these areas is used by the villagers for fuel, construction, 

animal fodder, food and medicine.

Many studies have described the structure and composition of the bands. They are 

approximately 5-10 m wide and sometimes may be upto 50 m in length following the 

contours of the Plateau. Vegetation is structured into three s tra ta  (Manu et al., 

1991). Stratum  height generally varies between 0.5 and 2.5 m. At the centre of the 

band the tree stratum  (mainly Comhretum Nigricans Lepr. ex Guill. and Perrott. 

Prince et al., 1993) can attain  a height of up to 10 m. Lignaceous species may be 

found within this stratum , often with creeping roots to permit a more efficient use 

of water. The intermediate shrub stratum  is found a t the island fringe. I t is 

dominated by Comhretum micranthum  and Guiera senegalensis. The herbaceous
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stratum  can range up to 40 cm high.

Several hypotheses have been proposed to explain the establishment and origin of 

the vegetation islands (Boaler and Hodge, 1964; White, 1971; Leprun, 1979). The 

patterns seem to originate under a combination of climatic, geomorphological and 

edaphic conditions: an arid or semi-arid climate with few, but high intensity rains; 

a gentle but regular slope; soils with low permeability and a relative abundance of 

fine particles, producing intense sheet runoff.

Based on the various types of crusts as defined in the hydrological classification of 

Casenave and Valentin (1992) and the type and severity of runoff and erosion 

features, Thiery et al. (1995) provided a mechanism to explain the pattern. They 

suggested tha t the bare zone covered with gravel and erosion crust acted as a source 

catchment for the vegetation islands where sedimentary and drying crusts prevail, 

and where soil fauna are active. Such preferential erosion requires a slope and soil 

with low permeability to produce sheet runoff (Cornet et al., 1992). A step-like profile 

has been observed on the plateaux (Thiery et at., 1995). A feedback mechanism 

which favours the slight raising of the ground surface may involve a combination of 

processes: the gradual trapping of sediments yielded by sheetfiow and incorporation 

of aeolian deposits; increase in topsoil porosity due to termites and the accumulation 

of plant residues. The lack of drainage is responsible for upslope ponding, hence the 

sedimentary crusts. Support for this explanation has been provided by Legger (1993) 

who suggests tha t very fiat parts of the plateaux do not have preferential erosion on 

one side of the vegetation island and sedimentation at the other side is not taking 

place. As a result the bushes are more evenly distributed making the Tiger bush 

pattern less clear.

Recently, studies in northern Mexico (Cornet et al., 1988; 1992; M ontana et al., 1990) 

have also suggested tha t surface runoff generated on the bare patches between the 

islands accumulates and infiltrates at the upslope edge of a vegetation island. This 

soil moisture facilitates plant colonisation of the leading edge of the arc, hence a 

continual upslope migration of vegetation arcs. Recently, additional evidence 

supporting some of the earlier research suggests tha t the vegetation arcs are 

orientated perpendicular to the direction of the dominant wind (Leprun, 1991).
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Work in the region by Thiery et al. (1995) has provided a time sequence succession 

for vegetation islands based on the former hypothesis. The downslope edge of the 

band decays as a consequence of moisture conditions too defici&Jto m aintain a dense 

vegetation cover. Run-on from the interband area is absorbed by the upper and 

medium sectors of the band. The lack of moisture on the downslope edge causes 

vegetation collapse, increased sheet runoff and deflation which remove the upper 

sandy layers of the structural crust leading to the expansion of erosion crusts. The 

gradual upslope accumulation of sediments tends to even the surface of the upslope 

interband. Thus, the whole tiger bush pattern can be considered as an erosion- 

deposition sequence through space and time.

An issue as yet unresolved is the origin of these characteristic patterns. Models 

either assume the gradual degradation of an originally uniform plant cover, or the 

colonisation of a bare area (Cornet et al., 1992). Thiery et al. (1995) have recently 

addressed this problem through modelling. The results indicated th a t banding can 

orginate from various types of patterns. Whatever the initial conditions, banding 

occurs provided two conditions are met: total rainfall is not sufficient to m aintain a 

dense cover and th a t sufficient and uniform sheetflow can compensate, a t least 

partly, for this decreased water resource. The implications are th a t brousse tigrée 

is naturally contracted. Bare patches which generate runoff are essential to 

supplement w ater and other resources to the vegetation bands.

3.7.2. Soil and vegetation toposequence on the Plain.

3.7.2.I. Soil.

Despite the pervasive influence of dust on soil profiles throughout the region, clay 

contents are notoriously low on the soils of the Plain. The constant reworking of soils 

by water and wind preferentially redistributes the most readily removed fractions 

(Manu et al., 1991; Legger, 1993). The soil profile is typically coarse near the surface 

becoming finer with depth due to clay illuviation, producing distinctive highly 

compacted reddish brown (loamy) sand on red sandy loam, clay enriched B horizons.

The slopes on the Plain are convexo-concave. Two terraces are evident in the study
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area and are probably due to the occurrence of ferricrete profiles close to the surface 

(Figure 3.7.2). A low escarpment is found on the downslope side of the terraces 

resulting in a stepped profile. The largest escarpment provides the transition 

between the ferricrete Plateau and the first terrace on the Plain. These terraces are 

devoid of vegetation and comprise red, highly compact, impermeable soil. Manu et 

al. (1991) have suggested that the impermeability of these areas is due to the 

occurrence of ferricrete a t a depth of less than one metre.

The exposure of indurated clay horizons on these terraces are almost certainly due 

to topsoil removal by surface wash and aeolian activity. On the downslope side of the 

terrace a t the highest altitude local topographic highs occur interspersed with bare 

sandy patches which are crusted in some locations. Manu et al. (1991) suggest that 

accelerated erosion results from runoff water from the Plateau. Surface wash and 

rilling are indeed evident in this area. Although little evidence of channelised erosion 

is evident in areas devoid of topsoil, wash processes are probably capable of removing 

substantial quantities of material. Such energy may be provided by the rapid 

translation of w ater across the cobbled transfer surface and onto the impermeable 

clay horizon. Spath and Francis (1994) believe that the reduced spatial extent of 

these hummocks is due to lateral erosion of their perimeter by sheet floods on the 

adjacent devegetated areas.

The hummocks (30-40 cm high ranging from 10-30 m in width) consist of light 

reddish brown sandy soils, often flat-crested and vegetated and have a sharp break 

of slope on the easterly side generally aligned perpendicular to the wind direction. 

This morphology seems to be associated with preferential removal of topsoil. The 

exposure of 10-20 cm of vegetation roots and soil hummocks indicate wind erosion.

At lower altitudes surface wash is less evident but gullying is common along all main 

drainage arteries. The form of the gully changes downslope becoming wider and 

associated with alluvial deposits. Hummocks, visible in many places a ttest to the 

importance of wind erosion on these less steep slopes.
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3.7.2.2. Vegetation.

In the upper portion of the Plain region vegetation is sparse, limited to the gullies 

or the crestal region of the sandy hummocks. Vegetation is dominated by shrubs and 

lignaceous species with creeping roots which may block the flow of w ater in gullies. 

Such blockages have a feedback effect in that they trap detrital material. Grasses 

and herbs including Zornia glockiadat^ cover the crest of the sandy hummocks 

during the wet season. A longer-lasting vegetation cover is provided by the larger 

Guiera Senegalensis. Much of this vegetation is removed prior to cultivation.

The locally named ‘cram-cram’ {Cenchrus hiflorus) is present throughout the Plain 

and may be indicative of land degradation (Manu et al., 1991). The species may be 

present because a niche or micro-climate previously unavailable is suitable for its 

growth. This suggestion is similar to that of Albergel and Valentin (1988) who 

described a ‘sahelisation process’ in the Sudanese zone, in which an erosion crust 

which develops a t the soil surface results in the introduction of typically drought- 

resistant species more common in the Sahelian zone.

Manu et al. (1991) suggested that the ubiquitous Guiera Senegalensis dominated the 

vegetation stra ta  by influencing an inferior stratum  of annual grasses and lignaceous 

plants. Vegetation was generally structured into three stratum; an herbaceous 

stratum , dominated by grasses; a stratum  of scattered shrubs, and a stratum  

composed of a few trees higher than 5 m. The horizontal structure of the vegetation 

allows intense solar radiation to reach the soil. The distribution follows topography; 

where most water-demanding species are found close to gullies.

In the lower portion of the Plain cultivated land, consists mainly of Pearl millet 

{Pennisetum glauca) intercropped with Cowpea {Vigna Unguiculata). Often millet 

fields are located on deposits of alluvial fans. Although there is a good w ater balance 

for crop growth the soil is generally depleted of nutrients and organic m atter. 

However, once millet is established it grows well in these locations (Manu et al., 

1991). Both crops are traditionally grown annually with several weedings per 

annum. The millet crop in the study area were typical of the region, which averaged 

3 m for crop height and had an average cropping density of approximately 0.5 m 

apart.
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Soil fertility is a major constraint to crop production on the Plain. Fallowing is the 

traditional method used for increasing and restoring soil productivity in millet fields. 

In areas where fallows have existed for a long time, vegetation is reconstituted and 

some trees are permitted to develop. Crop yields of millet on the upper valley slopes 

are generally lower than a t the valley bottom. This can be explained by more erosion 

of richer aeolian deposits and of natural surface layers on the upper slopes, the latter 

resulting in a lower nitrogen supply by the lowering of the organic m atter content. 

Erosion also brings to the surface the indurated B horizon with its higher amounts 

of free aluminium and iron. By sorption these elements make P, already in limited 

supply unavailable. Higher manure applications close to the villages, nearly all 

located along the valley bottom, also contribute to the observed growth differences.

3.7.3. The farming system.

The following short account of the farming system and indigenous knowledge of land 

degradation in the vicinity of the study area is based on Manu et al. (1991) and 

Taylor-Powell et al. (1991). These sources of information are supplemented by the 

results of informal interviews with villagers from Fondou Beri conducted during the 

second fieldwork season.

Traditionally Zarma agriculturalists produce household cereals and sell surplus grain 

to meet cash needs. A millet-based mixed farming system is found throughout the 

region. Millet dominates the cropping pattern with cowpea as an intercrop. 

Individual farm boundaries are known and the farmer typically surveys the farm 

observing the location of grasses and sampling the texture and colour of the soil. 

Armed with this information a range of different types of soils may be identified. 

These types of soil commonly range from the exposed B horizons to sandy outwashes 

from gullies. The proportion of fines is used in discriminating between these 

extremes. Erosional and depositional processes are explicitly understood to be 

responsible for the location of the soils. Once this cognitive classification is complete 

suitable strains of millet are planted in accordance with the microenvironmental 

conditions. Often the areas are delimited by landmarks such as tree stumps or gully 

edges.
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Prior to planting, bushes in the field are cut with short handled axes. Farmers 

believe the shade inhibits the growth of millet. The wood is piled together and later 

transported back to the village to be used as fuelwood or for construction purposes. 

The remaining trunk  and roots of the bushes are burnt in situ and dug from the 

ground. Trees are left in place as Nigérien law prohibits their removal, but branches 

may still be removed. Preparation of the surface for planting also involves 

cultivation, by hand, using a long-handled hoe. The depth to which this type of 

cultivation affects the soil is typically 10 cm. With the onset of the first rains farmers 

generally dry-seed, typically in mid- to late-June. However, planting can continue 

through July in some years. Reseeding is often necessary due to early season 

drought, burial of seedlings by aeolian and surface wash deposits, or exposure by 

wind and water erosion. Weedings are customary, though dependent on labour and 

may be conducted on a reciprocal basis. Harvesting is usually done in mid- to late- 

October.

Most households own livestock, the main species being goats, cattle and chickens, 

with a few donkeys and horses. The goats and cattle are managed outside the village 

all year and are usually entrusted to Fulani herders. During the growing season the 

Fulani may remain with their herds in the vicinity of the owners. Resident herds are 

corralled close to compounds at night and moved to the Plateau daily for grazing 

during the growing season. The cattle are kept off the cultivated areas but are 

allowed to graze fallow fields. Alternatively, Fulani may move the herds great 

distances along traditional transhumance routes. In the study area one such route 

provides the administrative boundary between the villages of Fondou Beri and 

Dantiandou in the west.

The herds entrusted to the Fulani are often moved from the study area, a t the end 

of winter, to the wetter southern countries such as Benin and Togo. At the end of the 

summer months the herds are moved back to more northern countries such as Mali 

and Niger to coincide with the end of the rains. Once returned, the herds are allowed 

to graze the crop residue and manure the fields. Animal manure is preferred to 

chemical fertilizer because it is said to last 5 to 10 years depending on the amount 

and type applied, soil type, method of application and season of application. Animals 

play an im portant role in the farming system as a source of investment, food, 

transport and manure. In addition, grazing enables the crust to be broken promoting
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infiltration which incorporates manure into the soils and increases land fertility.

3.7.4. Land-use change.

Aerial photographic information is available for the study area and a large area 

surrounding it for 1950, 1975 and 1992 when aerial surveys a t a scale of 1:50 000, 

1:60 000, and approximately 1:40 000 respectively, were conducted. Unfortunately, 

it has not been possible to include the aerial photograph for 1975. The black and 

white aerial photograph for 1950 is shown in Plate 3.7.4.1. A false colour image 

taken in 1992, of approximately the same area, is shown in Plate 3.7.4.2. For 

reference, the village of Fondou Beri is located in the south-west corner of both 

images.

On the images from 1950 and 1992, the banding formed by the brousse tigrée is 

clearly visible. Focusing on the largest plateaux in the image the density of the 

stripes or vegetation islands on the ground is much greater in 1950 than the same 

area in 1992. In 1975, there was no difference between the density of brousse tigrée 

in comparison with 1950, suggesting that vegetation has decreased after 1975. The 

images also show the large increase in the area of cultivation th a t has taken place 

between 1950 and 1992. Although not shown, the image of 1975 suggests tha t much 

of this increase in cultivation has taken place since this date. The image from 1950 

shows th a t cultivation, defined by patches with the lightest tone ,. « s limited to areas 

surrounding the villages. These areas are clearly defined because most of the 

vegetation is removed during cultivation. Only trees are left in place. The area of 

cultivation extends from the villages along the course of the interm ittent drainage 

channel th a t runs approximately west to east across the images and which is more 

clearly visible in the 1992 image. Very few areas of cultivation and vegetation 

removal have occurred away from these areas.
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Plate 3.7.4.1. Monochrome image of the study area (dashed square) taken in 1950.

%

Plate 3.7.4.2. False colour image of the study area (dashed square) taken in 1992.
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In the 1992 image, vegetation removal has been so widespread th a t the area of 

cultivation is no longer easily defined. The entire image has a h in t of green 

indicative of the proximity of ferricrete to the surface and thus the removal of topsoil. 

In 1975 the area of cultivation had increased from that shown in 1950. Fallowing is 

clearly visible as an intermediate tone between the bare cultivated areas and the 

dark natural vegetation. However, in 1975 several areas of cultivation are evident 

in and around the study area. This suggests th a t the area of cultivation has 

increased from 1950 to 1975 but that the rate of increase has grown considerably.The 

scale of the images is not particularly useful for providing evidence of land-use 

change within the study area. However, the images show th a t vegetation cover on 

the Plain decreased rapidly after 1975 when the first field was cultivated in the east 

of the study area. Vegetation in 1992 is concentrated in the centre, near the base of 

the study area and has been largely removed from the south-western and south

eastern comers. Within the study area on the Plateau brousse tigrée has been 

considerably reduced since 1975 and in 1992 vegetation is concentrated in the incised 

gullies.

In 1950 there is only one main gully deep enough to be lined with vegetation, which 

drains approximately north-east to south-west on the eastern side of the study area. 

Few linear bare areas also exist within the study area in 1950 and are probably 

associated with shallow sheet erosion which has removed or buried vegetation. By 

1992 the gully network has considerably expanded linking incisions in the Plateau 

with the Plain. The appearance of dark green gullies suggest that the gullies are 

sufficiently deep to expose ferricrete.

3.7.5. Indigenous knowledge of land degradation.

In recent years droughts and unfavourable rainfall have forced changes in cultural 

traditions and farming practices. Faced with increasing population density farmers 

have had to adapt in order to secure a reliable food supply. The gender division of 

labour is such th a t males leave the farms after the rainy season in search of work 

as unskilled labour, typically in the coastal countries. Prior to the rains these 

m igrant workers return to share the farming responsibility. Farmers have been 

forced into experimentation to lessen the risk of crop failure by using multiple
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planting dates, mixing seed varieties, using favourable microenvironments, priority 

weeding, using soil restoration techniques and combat ing wind erosion by mulching 

with crop residues and native woody species (Manu et oZ., 1991; Taylor-Powell et al.y 

1991).

Farmers consider rainfall to be the principal factor determining crop production. In 

the past if a crop was planted they were assured of an adequate harvest. In recent 

years crop production has become uncertain. Farmers are faced with a 7-8 month dry 

season and only 3 months of rain, whilst many could remember 4 months of rain  in 

the past. In good rainfall years production levels were sufficient regardless of land 

quality. But increasingly drier and erratic climatic conditions have reduced 

production. Farmers noted an increase in the frequency and velocity of the dry 

season wind. These winds were able to remove topsoil, leaving unproductive B 

horizons and also damage or bury crops. Water erosion was seldom mentioned as a 

problem by farmers, except in conversation about gullies. They suggest that w ater 

erosion is limited by the location and slope of fields and is less severe. However, 

villagers acknowledged that the red colouration is due to proximity of ferricrete 

layers to the surface. These areas were described as occurring along the length of the 

gullies adjacent to each side wall and in other flat areas. Crops could not be grown 

in these areas because of the lack of topsoil.

In many areas devoid of vegetation, subsoil is exposed and ferricrete layers occur 

close to, or at, the surface. In these areas the remnants of ancient iron found ries 

can be found. Farmers believe that when vegetation cover was more complete than 

at present, locations selected for the construction of iron found ries were cleared of 

vegetation for fuel. The iron found ries were constructed using clay and required 

iron ore. Presumably the locations for the found .ries were selected according to 

access to the found ry building materials and proximity to the iron ore. The 

rem nants of the iron found .ries attest to their construction from clay and are often 

surrounded by fragments of iron ore, left after some iron has been removed by 

heating within the found ry. Although the date of construction is not known the soil 

surface surrounding many of these found ries has been lowered by approximately 

30 cm at many sites.

The decrease in vegetation cover was suggested as the cause of the increased wind
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erosion. Farmers blamed the loss of vegetation on the general climatic changes and 

on the ‘time with no rain’ which probably refers to the drought period between 1968 

and 1974. Many villagers have described how wood for fuel and construction 

purposes is gathered, with increasing difficulty, from the plateaux areas and 

vegetation islands on the valley floor. Villagers describe complete vegetation coverage 

as little as 30 years ago. Only recently has the Chef du Canton decreed th a t wood 

may not be gathered from the last remaining areas of forest on the valley floor. This 

area is said to have been unfarmed for at least the last 80 years.

The 1968 to 1974 drought was seen by many farmers to have been the trigger that 

began the increase in the cultivated area, the extent of unproductive land and 

decreased fallow periods. The traditional practice of a long bush fallow, is breaking 

down because of uncertain yields and increasing pressure on the land. Farmers 

reported th a t formerly, fallow periods were for approximately 10 years. Fallow 

periods do not now exceed 3-5 years on land that is owned and is even lower on 

borrowed land (Taylor-Powell et al., 1991). Farmers renting fields m ust minimise 

risks and cannot leave fields to regenerate while another is cultivated, despite the 

fact th a t fallow is the principal management practice of restoring soil productivity. 

As such the "declining land productivity was viewed as a self-perpetuating 

phenomenon over which farmers expressed little control" (Taylor-Powell et al., 1991).

3.8. Conclusion.

During the late Tertiary, or early Quaternary, several layers of ferricrete (laterite) 

formed and were later uplifted and eroded to produce the landscape of very flat, 

ironstone capped, low plateaux separated by broad, low gradient, sand valley 

systems, sloping to dry stream beds (Wilding and Daniels, 1989; O uattara, 1990). 

The valley systems are buried in an aeolian sand mantle a few metres thick, 

associated with the ‘ancient erg’.

A single, short, annual rainy season exists in the region between June and October, 

associated with squall systems coming from the east. These squall systems are often 

preceded by strong winds capable of moving unprotected, unconsolidated material. 

The last 25 years have been marked by persistent low rainfall. The H arm attan

89



system carries dust in plumes in a west-southwesterly direction over the West 

African savanna lands. The source of most of the dust in transit or being deposited 

in the Sahel originates in ancient dry lakes near Bilma in Niger and Faya-Largeau 

in Chad. Frontal storms preceding the rainy season in Niger are responsible for 

greater quantities of dust infall than the Harm attan dust storms (Drees et al.^ 1993).

Soil developed on the Continental Terminal in Niger is highly weathered and its 

mineralogy is dominated by quartz, kaolinite, goethite and haematite (Legger, 1993). 

Most of the soil is considered fossil or with strong inherited characteristics (Gavaud, 

1966) and is classified as Ustalfs, Psamments and Ustults (Wilding and Daniels, 

1989). The soil is grouped within the single class of Ferruginous Soil by French 

pedologists. Ferruginous soils occur in tropical climates with a marked dry season, 

their organic m atter is concentrated near the surface and they have clay and iron 

oxides accumulated in the B horizons. In Niger electrical conductivity and cation 

exchange capacity of soils are low mainly due to the lack of clays and organic m atter 

which act as a sink for plant available nutrients. Dusts, however, have the potential 

to contribute to plant available water-soluble cations to these soils and on an areal 

basis considerable amounts of soluble cations are added to the soil on an annual 

basis (Drees et al., 1993).

The study area (600 m x 600 m) encompassed the typical soil toposequence of the 

region which is strongly influenced by the proximity of the underlying ferruginous 

bands. The Plateau is a ferricrete layer with the highest elevation in the study area. 

Local topographic-high areas are associated with a dense vegetation canopy and 

approximately 30 cm of soil. Topographic low areas are not covered by vegetation and 

have little soil, are crusted and have a high proportion of ferricrete cobbles near or 

a t the surface. The vegetation forms characteristic stripes of varying width 

appropriately named ‘Tiger Bush’ (brousse tigrée).

The soil profile is typically coarse near the surface becoming finer with depth due to 

clay illuviation, producing distinctive highly compacted reddish brown (loamy) sand 

on red sandy loam, clay enriched B horizons. The slopes on the Plain are convexo- 

concave due to the occurrence of two terraces caused by the proximity to the surface 

of ferricrete. These terraces are devoid of vegetation and comprise red, highly 

compact, impermeable soil which are almost certainly due to topsoil removal by
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surface wash and aeolian activity. In the upper portion of the Plain region vegetation 

is sparse, limited to the gullies or the crestal region of sandy hummocks. Much of the 

vegetation is removed prior to cultivation which is mainly undertaken on the lower 

portion of the Plain and consists mainly of Pearl millet, intercropped with Cowpea.

Aerial photographic images show that on the Plateau brousse tigrée has been 

considerably reduced since 1975 and in 1992 vegetation is concentrated in the incised 

gullies. Vegetation cover on the Plain decreased rapidly after 1975 when the first 

field was cultivated in the east of the study area. Vegetation in 1992 is concentrated 

in the centre, near the base of the study area and has been largely removed from the 

south-western and south-eastern corners. In 1950 there is only one main gully and 

few linear bare areas. By 1992 the gully network has considerably expanded linking 

incisions in the Plateau with the Plain where ferricrete is exposed.

In recent years droughts and unfavourable rainfall have forced changes in cultural 

traditions and farming practices. Faced with increasing population density farmers 

have had to adapt in order to secure a reliable food supply. The 1968 to 1974 drought 

was seen by many farmers to have been the trigger th a t began the increase in the 

cultivated area, the extent of unproductive land and decreased fallow periods.
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Chapter 4. 

METHODS.

4.1. In tro d u c tio n .

The technique provides the potential to overcome many of the problems of 

obtaining a temporally representative sample in the semi-arid environment of Niger. 

This technique is not spatially aggregated and can encompass the range of scales 

over which soil redistribution occurs. The accurate measurement of net soil flux over 

more than  one scale of study, requires dense sampling and knowledge of the spatial 

variability. Unfortunately, measurement of ^̂ ^Cs is time-consuming in low latitude 

areas such as Niger (Chapter 2). With limited resources, sampling density m ust be 

reduced whilst maintaining coverage over several spatial scales. This approach 

requires the use of a site specific sampling strategy which can be combined with a 

geostatistical framework for estimation at unsampled locations (Chapter 7).

In addition, soil properties known to be correlated with the fixation of ^̂ ^Cs to the 

soil (McHenry and Ritchie, 1977) and which are cheaper to measure than ^̂ ^Cs, can 

also be sampled. These properties were selected for their ease of measurement 

preferably in the field, and where necessary in the laboratory. Relative to the more 

expensive to measure, ^̂ ^Cs property, these other properties may be sampled more 

densely. Thus, principal components analysis and classification (Chapter 5) can be 

used to predict the net soil flux of distinct units.

Several approaches were used when sampling the soil properties to maximise 

efficiency and retain some detail with which to validate assumptions of the ^̂ ^Cs 

technique and provide information on preferential selection of soil during 

redistribution processes.

4.2. S am pling  designs.

Regular sampling grids provide the optimal sampling configurations for studies of
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soil property spatial variation (Burgess et al., 1981; McBratney et al., 1981). 

However, Laslett et al. (1987) concluded that the smallest lag in regularly gridded 

sampling designs iS not a small enough fraction of the largest lag. When the 

sampling density is inadequate the spatial scale of variation may not be identified 

or the results may be unreliable because of too few data (Bramley and White, 1991). 

Moreover, balanced sampling designs have been shown (Oliver and Webster, 1986; 

Oliver, 1984) to be prohibitively expensive because each stage doubles the number 

of samples and th a t sampling effort could be reduced by an unbalanced nested 

design.

In order to encompass the scale of variation with the lowest sampling effort, 

McBratney et al. (1981) suggested the use of a nested sampling framework in one- 

dimension. This approach allows several orders of scale to be covered in one design 

and enables the identification of the spatial scale of variation. This approach is 

important for reconnaissance spatial surveys in which little is known about the scale, 

magnitude and direction of spatial variation (Webster and Butler, 1976; Nortcliff, 

1978, Oliver, 1986). A second survey, concentrated at the scale of variation, can be 

used to determine the structure of the variation and assess any directional 

components (McBratney et al., 1981). Alternatively, the first survey may reveal the 

occurrence of variation over such short distances tha t classical methods of analysis 

may be used without loss of efficiency (Oliver and Webster, 1987b).

Several visits to a site are unnecessary if the initial survey is to be nested over the 

scale of variation in two dimensions. A nested grid, in which all the nested sampling 

sites are in one area is inappropriate for correcting the insufficient range from the 

shortest to largest lag in grid sampling. Bramley and White (1991) suggested th a t 

the asymmetry of such nested sampling grids create problems in the investigation 

of anisotropic variation. They concluded that a square design, which retains 

symmetry in the four principal directions, but which either has several nested 

sampling areas, or a number of sampling sites close to those at the nodes of the grid, 

offered the most problem-free means of obtaining data for the investigation of soil 

spatial variability.

An intensive study of soil bulk density, using 6168 observed values, compared a 

variety of sampling schemes (Entz and Chang, 1991). The authors found th a t grid
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sampling was generally inferior to stratified random sampling especially when the 

soil property shows periodicity, and particularly when the grid straddles areas of 

higher concentration. By comparison between observed and kriged values the study 

showed th a t stratified random sampling could detect periodicity in the soil property, 

had a good potential for providing adequate variogram estimates a t short lags, 

uniformly sampled the area of concern without leaving large areas unsampled, while 

at the same time kept the total number of samples relatively low (Entz and Chang, 

1991).

S trata defined by soil maps have been used by Stein et al. (1988) and Leenaers et al. 

(1990) to divide a region into subgroups which could be sampled randomly. When soil 

maps are not available or are inappropriate, Stein et al. (1988) suggested the use of 

distinct geomorphological units to stratify a region. McBratney et al. (1991) used this 

approach by differentiating between an upland and a plain and showed how it 

greatly improved estimation variances. Recently, Pettitt and McBratney (1993) 

provided a theoretical critique of different sampling designs and provided a hybrid 

design with which to sample the spatial scale of variation.

4.2.1. Depth bulked and surficial properties.

In this study soil properties have been selected for analysis because of their ease of 

collection for use as surrogate variables for other, difficult to collect, or more 

expensive properties. For example, soil moisture and particularly ^̂ ^Cs are difficult 

or expensive to measure, but may be correlated with soil properties th a t are simpler 

and cheap to measure. ^̂ ^Cs is time-consuming to measure and requires large 

quantities of soil for accurate measurement. In order to reduce m easurement time 

and transport costs, only approximately 30 % of the total number of sample sites 

(217) were measured for this property (Figure 4.2.1.1). However, in order to verify 

the results obtained by the ^̂ ^Cs technique several properties known to be correlated 

with the ^̂ ^Cs fixation of soil (McHenry and Ritchie, 1977) were selected. These 

properties were selected as inexpensive and rapidly measured surrogates of ^̂ ^Cs 

(Table 4.2.1.1).
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Figure 4.2.1.1. Interpolated map of relative elevation showing the sampling strategy 
and the sparse sampling of ̂ ^̂ Cs relative to other, more densely sampled, properties. 
Sites of soil profiles, labelled A to G and Z are also shown.

The sampling strategy, devised in consultation (pers. comm. M. Oliver) comprised a 
stratified, nested grid. All properties, with the exception of ^̂ ^Cs, were sampled at 

the nested grid intersections and were recorded either in situ or measured once 
samples were returned to the laboratory (Figure 4.2.1.1). A 600 m square grid 

comprising - S i a  1 0 0  m x 1 0 0  m squares formed the basis for the largest scale
sampling frame. Using the characteristic toposequence, three strata were identified 
for the location of four nested grids. The Plateau forms the first and most obvious 
unit and occupies approximately 25% of the study area. With a limited number of 
sample locations it was decided to place only one nested grid in this stratum. A steep 
slope was known to surround the escarpment and it was originally decided to locate 
two nested squares in this stratum. However, upon inspection this unit was found 
to be only 100 m wide and was covered with cobbles and very little soil. It was 
decided that the remaining nested grids would be better located on the Plain, the 
other main geomorphic unit. To account for the movement of material from the 
Plateau and onto the Plain a nested grid was placed just off the ferricrete cobbles
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slightly downslope of the Plateau (Figure 4.2.1.1) on the first ferricrete terrace. 

Another nested grid was located further downslope and further west to extend the 

spatial coverage (Figure 4.2.1.1). The last nested grid was located near the base of 

the study area, overlapping the third terrace.

Table 4.2.1.1. Soil properties measured, types of data and total number of sites for

which measurable data was available.

Soil property Sites Units Type

Organic m atter 213 % Numeric

Bulk density 158 kg m'^ Numeric

81 Bq kg'^ Numeric

^% s 81 Bq m'^ Numeric

Soil strength 158 k P a Numeric

Relative elevation 177 m Numeric

% H f and % L f 458 10® %/m® kg^ Numeric

% Fd 458 % Numeric

Soil colour 208 Munsell Ordinal

pH 208 pH Numeric

Particle-size 210 % Numeric

Vegetation Cover 217 % Numeric

The 100 m x 100 squares were further subdivided into twenty-five 20 m x 20 m 

squares. At this level in the nested strategy a total of 128 sites are available. The 

next stage of the nested sampling involves the random selection of two of these 

smallest squares from each of the selected nested squares. Each of the smallest 

squares was further subdivided into four 10 m x 10 m squares. An additional 40 

sample sites is provided by this sampling frame. A further sampling frame was 

added for the measurement of mineral magnetic susceptibility because of the ease 

of its measurement. This soil property was measured at one of the four 10 x 10 m 

squares selected at random and a grid of 25, 2 m x 2 m squares, was constructed 

within it. This last sampling frame provided an additional 256 sites at which only 

magnetic measurements were conducted. The locations of these measurements are 

not shown in Figure 4.2.1.1. With the exception of this last sampling frame all

96



measurements were obtained at every grid intersection.

4.2.2. Sampling method.

A number of devices for extracting soil from depth were evaluated given the expected 

conditions and necessity for portability of device. Although the first field visit (July- 

October, 1992) was timed to coincide with the rainy season, it was expected th a t the 

sandy soils would b6 dry at the surface due to the high infiltration rates. In addition, 

the soils were thought to have attributes which would hinder effective sampling. 

These included compacted surfaces and soil comprising cobbles and pebbles. For 

these reasons it was decided that the equipment should be light but robust enough 

to withstand the harsh conditions. It was decided that a Dutch auger satisfied these 

criteria and one was used for most of the sampling. It consisted of a small auger 

head 17 cm in length with a 5 cm internal diameter and a shaft with a handle fixed 

to the top.

The Dutch auger was taped at 17 cm increments up the shaft to a total depth of 51 

cm from the auger tip. It was pushed into the ground and screwed to the correct 

depth before being extracted to reveal the soil sample inside the head. The auger 

head was cleaned before insertion into the surface a t each site to minimise 

contamination. In total, four samples were obtained from the same hole, removing 

approximately 2 kg of soil at each site, assuming a bulk density of 1.6 g cm'^. To 

reduce the transport costs of moving such large quantities of material, each sample 

was bulked with the other samples from the same site. The samples were then 

homogenised and subsampled by hand to reduce the quantity of material but provide 

a representative sample of the total soil depth. At sites selected for ^̂ ^Cs analysis, 

approximately 200 g was retained. At all other sites approximately 50 g was 

retained. Although depth increments were available using this sampling technique, 

some contamination from overlying soil was unavoidable due to poor consolidation 

and smearing during insertion and extraction.

Unfortunately, this sampling technique could not be used throughout the study area. 

The Plateau region had a very shallow soil requiring an additional sampling 

technique. A shallow pit 20 cm deep was used to extract the soil and cobble m atrix
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from an area 30 cm x 20 cm. The extracted material was passed through an Endecott 

sieve (2 mm) into a sample bag to remove the cobbles and small stones. Material 

trapped on the sieve was lightly ground to break down soil aggregates and remove 

soil adhering to the ferricrete cobbles. Organic crusts trapped on the sieve were 

included in the sample. The sample weighing approximately 750 g was thoroughly 

homogenised before being subsampled to reduce the mass of m aterial to 

approximately 200 g a t sites required for ^̂ ^Cs analysis and 50 g a t all other sites.

For the same reasons, sites on the Plateau caused problems for in situ measurement 

of soil properties which involved intrusive techniques. In particular bulk density and 

soil strength measurements could only be obtained at a few sites, notably only within 

the vegetation islands. At all other locations in the stratum  the presence of ferricrete 

cobbles within a fine matrix meant the bulk density cylinder and shear vane could 

not be pushed or even hammered into the surface.

It was expected tha t the use of a random sampling framework might mean a number 

of sites would be inaccessible, e.g. directly beneath a tree, or should not be sampled 

due to the presence of a track or village hut, etc. Although an alternative strategy 

was available the need did not arise. However, a problem that was foreseen in terms 

of sampling was the presence of gullies. Sample sites located in the base of gullies 

were not sampled, but their location was noted.

4.3. D epth profile samples.

Soil profiles were obtained during the second field season (August - October, 1993), 

primarily to test several assumptions of the ^̂ ^Cs technique and assess its validity 

in the study area (Chapter 5.6). The same soil property measurements th a t were 

conducted on the depth-bulked samples were also conducted on the profile samples.

4.3.1. Sample locations.

As explained above profiles are an essential element in the ^̂ ^Cs technique. I t is not 

sufficient to locate sites for profiles using the large-scale geomorphic framework as
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local pedogenic processes may be more important in determining the ^̂ ^Cs profiles. 

To minimise bias and encompass the possible range of ^̂ ^Cs profiles all bulked ^̂ ^Cs 

sample sites were sorted according to their total activity and a systematic sample 

was taken to identify sites. The location of the soil profiles within the study area are 

shown in Figure 4.2.1.1 labelled A to G and Z.

The schematic location of the soil profiles along the toposequence is shown in Figure

3.7.2. The largest total ^̂ ^Cs activity is found on the Plateau beneath the vegetation 

cover, whilst the lowest total ^̂ ^Cs activities on the Plateau are found in the bare 

areas between the vegetation islands. On the Plain the amount of ^̂ ^Cs decreases 

downslope reaching the lowest level at the base.

Three more locations for profiles were selected in an attem pt to identify an 

undisturbed area. The first site (Z) is devoid of vegetation, located on a 

transhum ance route (Figure 4.2.1.1), the significance being th a t no cultivation or 

wood cutting has occurred for at least 30 years (from photographic evidence and 

indigenous knowledge). Although there may have been heavy trampling erosion the 

natural vegetation has not been depleted. The other two profiles (Y and X) were 

located outside the study area in vegetated areas near the base of the toposequence 

(Figure 3.7.2).

4.3.2. Sampling method.

At each of these locations a pit was dug reaching a depth of approximately 50 cm or 

until ferricrete cobbles prevented further excavation. The south-facing wall of the soil 

pit was cleaned to aid description and to provide sufficient light for a photograph. A 

copper cylinder, with an internal diameter of 5 cm, was used to sample the soil in 

5 or 8 cm depth increments depending on the depth of the profile. The cylinder was 

inserted vertically into the soil sufficiently close to the soil pit so tha t the cylinder 

could be excavated easily. Soil was removed from the cylinder and placed into a 

sample bag and sealed. The copper cylinder was cleaned before extraction of each 

sample.
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4.4. F lux samples.

The high-magnitude, low-frequency nature of erosive events in the study area 

ensured th a t unless large amounts of resources were available, spatially and 

temporally representative samples of material in flux could not be obtained. Thus, 

sampling strategies for the location of flux traps were not located to fulfil these aims.

Flux trap  designs have been discussed in Chapter 2. In general, the efficiency of flux 

traps increases proportionally with sophistication and design of trap. However, 

highly sophisticated traps require a great deal of attention and an external power 

supply and are often unreliable, especially in semi-arid conditions. Traps required 

for both wash and aeolian processes were selected according to several criteria listed 

in order of importance: ease and cost of construction, transportability and efficiency.

4.4.1. Aeolian traps and sampling locations.

The trap used in this study was designed by Fryrear (1986) and called the Big 

Springs Number Eight (BSNE) wind erosion sampler. The efficiency of the BSNE 

averaged more than 89% for washed sand or sieved soil between wind velocities of 

10.4 to 15.7 m s '\

The design was adapted slightly to reduce construction costs, but dimensions were 

kept the same. Instead of being constructed from aluminium, a wooden base was 

used, on which the trap and vane were secured (Plate 4.4.1.1). The trap was made 

into a single unit which was screwed together once the appropriate mesh was 

inserted. Unfortunately, these adaptations, although reducing costs, caused problems 

in the field.

Minor problems with the mesh peeling away from the trap were experienced but 

were expected given the conditions. More fundamental problems were caused by the 

occurrence of rainfall shortly after the aeolian events. This was unexpected, although 

quite normal, since the majority of aeolian activity precedes advancing storm fronts. 

Both the aeolian material and the incoming rainfall were trapped causing water to 

overflow, removing some of the aeolian material. The traps were not w ater tight and
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this m eant tha t water leakage also removed trapped material. The problem with 

trapping rainfall in the trap has recently been overcome, and the trap  efficiencies 

remeasured, by Shao et al. (1993).

Plate 4.4.1.1. Aeolian m aterial sampler located on the Plateau (based on the BSNE 

design of Fryrear, 1986).

During the first field season (July - October, 1992) a single site was selected for 

sampling aeolian m aterial located on the basis of topographic exposure to aeolian 

activity and the presence of ripples of loose, non-cohesive, erodible material. A total 

of five BSNE traps were supported by a mast approximately three metres high. A 

wind vane was placed at the top of the mast to record wind direction every 5
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minutes. This trap configuration was impractical because the m ast had to be 

dismantled after each aeolian event only to find very small amounts of m aterial in 

the traps. The small amount of material collected may have been due to the lack of 

m aterial moving around hut may also have been due to the problems described 

above.

In the light of these problems, the traps were separated during the second field 

season (August - October, 1993) and located at sites selected according to differing 

land uses. The traps were now located on the upper part of the toposequence. One 

trap  was placed a t each of the following locations: bare Plateau; uppermost part of 

the Plain amongst soil pedestals; and a newly sown millet field in which vegetation 

had been removed. Unfortunately, few aeolian events occurred during this period and 

little material was caught. Although this latter method was more practical the 

quantity of caught in each trap was insufficient for any meaningful results.

4.4.2. Surface wash traps and sampling locations.

Wash traps can vary from the simple Gerlach traps to sophisticated divisors 

separating aliquots of runoff during all stages of flow. The first design selected for 

this study followed the design provided by Shakesby et al. (1991). This design 

improves upon the Gerlach type trap by including: an insert for easy removal of 

sediment; two mesh sizes to aid trap efficiency and increase drainage; a lid to 

minimise rainsplash; and a protruding edge to stop scour a t the front of the trap. 

Unfortunately, the design and modifications required th a t the trap  be made from 

aluminium which significantly increased construction time and costs. The size and 

weight of such a trap made this design impractical for the purposes of this study.

Instead, cheap, stackable, light-weight plastic containers were used. These boxes 

which had internal dimensions of approximately 26 cm x 16 cm x 25 cm, were bought 

commercially and had ready-made slots in the side which meant the meshes could 

be used following the Shakesby et al. (1991) design. Frames for the mesh were 

constructed from aluminium and the mesh was fixed in place with glue. Within each 

box two meshes were used. A limited selection of meshes was transported to the 

study site and the most appropriate sizes were selected based on washing soil
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samples through combinations of the different meshes. The meshes which reduced 

the largest amount of material were 425 pm mesh which was placed upslope of the 

finer 212 pm mesh in the trap. Five drainage holes were also drilled at the 

downslope base of the box. The shape of the box was such that, when buried parallel 

to the surface, so the opening was level with the surface, 10 cm of the box sides were 

still exposed. It was decided tha t the protection provided by the side walls was 

sufficient to minimise rainsplash and no lids were constructed (Plate 4.4.2.1).

Plate 4.4.2.1. Wash trap located in a micro-catchment on the Plain.

With a limited budget, only 12 wash traps were bought and 24 mesh frames were 

constructed. This meant that sample locations could be chosen based on either a
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priori knowledge of the toposequence and field observations or systematic coverage 

of a limited area. During the first field season (July - October, 1992) wash traps were 

located according to the first option at selected points across the study area, 

normally a t the junction of rills. Holes for the traps were dug and the traps partially 

inserted and the soil surface re-compacted around the traps.

Intense rainfall and the removal of large quantities of material was focused in to the 

traps. In most cases the traps were not of sufficient capacity or stability to capture 

the sediment and remain in the same location. At locations where the traps 

remained stationary, sediment quickly inundated the trap  and subsequently flowed 

over and around it.

A systematic approach to trap location was adopted in an attem pt to overcome 

problems of sediment inundation. A row of traps was located every 50 m along the 

third row of the main sampling grid, parallel to the Plateau edge. This m eant tha t 

drainage channels were not selected unless by chance and that problems with the 

movement of such large quantities of material would be overcome. This latter 

approach worked better than the former approach, in tha t the traps remained at the 

sample location. Unfortunately, in many locations large quantities of m aterial were 

still being moved and the traps were unable to catch all the material. The meshes 

were removed to examine the effect on the trap efficiency. Unfortunately, the large 

quantities of trapped material prevented any useful conclusion on the efficiency of 

the meshes and they were removed from subsequent sampling campaigns.

Shortly after the onset of each event, water and sediment quickly ponded the traps. 

Clearly, these traps cannot be used to estimate the total amount of m aterial moving 

from a given area in this environment. It was thought th a t a sample of the m aterial 

remaining in the trap after an event might have been representative of the material 

moving through the system, but it is unclear just how representative this sample is. 

It was assumed tha t samples were representative and the row of wash traps was 

moved downslope by 100 m for the next rainfall event. Unfortunately, the limited 

number of rainfall events meant that the traps were only moved one row further 

downslope.

During the second sampling campaign (August - October, 1993) traps were located
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at locations of differing land-use in the upper part of the toposequence away from 

drainage channels. Traps were located close to the aeolian traps and encompassed 

a newly sown millet field, a micro-catchment, the uppermost part of the Plain in the 

hummocky terrain and on the Plateau.

4.5. In situ  field m easurements.

4.5.1. Spatial location and relative elevation.

The relative positions of the sample sites were obtained by compass bearings and 

pacing. This information is usually sufficient for studies of spatial variation. 

However, in order to derive topographic variables to relate to soil movement 

processes, more accurate means of location and calculation of relative elevation are 

necessary. Such data can be produced from either ground survey or aerial 

photographs. In combination with ground control points, the la tter can very 

effectively produce the necessary data. However, photographs of the study area are 

too large-scale to be of use for accurate photogrammetry.

A ground-based survey was undertaken over the study area for subsequent 

calculation of topographic variables at each sample site. Four positions were used to 

survey the nested grids and parts of the main sampling grid. The range of the survey 

at each position was limited to approximately 400 m due to the quality of the 

theodolite optics. Siting problems were introduced because of the occurrence of large 

and dense Guiera Senegalensis bushes. Further compounding these problems was the 

lack of stadia hairs in the theodolite, which allow rapid tacheometric measurements 

to be made (Wilson, 1987). For this reason the tangential system of surveying was 

used. Unfortunately, this method is hardly tacheometric due to the necessity for the 

m easurement of two angles as far apart, on the staff, as possible. Problems with 

refraction, non-verticality of the staff and displacement between the measurement 

of each angle also lead to greater inaccuracies in comparison with other methods 

(Wilson, 1987). The accuracy of the survey was estimated to be approximately ± 0.07 

m.

The combination of a very labour-intensive method and extreme working conditions
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had an adverse affect on the results. Several critical measurements relating the 

different positions of the theodolite were erroneous. In addition, compass bearings 

used to relate azimuth measurements to the magnetic-north co-ordinate system were 

lost in transit.

These reference data were collected during the second field visit using a Magellan 

Global Positioning System (GPS) receiver. The accuracy and precision of this system 

increases with the amount of equipment. Provision was made to collect data which 

had a similar accuracy to the surveying already conducted. To provide survey data 

with similar accuracies was impractical because a location with known co-ordinates 

could not be identified in the field. Most single terrestrial receivers have a reported 

accuracy of approximately ± 30 m. However, the Magellan system has the ability to 

average position locations in Differential Mode to obtain more accurate horizontal 

positions, sometimes approaching 10 m. This is especially the case when the satellite 

almanac is consulted to achieve the optimal precision dilution of position (PDOP). 

The positions provided by the GPS in this study were obtained during a period when 

the lowest PDOP was available, resulting in optimal precision given the limitations. 

The GPS positions were standardised according to the map projection Universal 

Trans-Mercator (UTM). In addition, the GPS was set to average over 200 positions 

which meant tha t the average horizontal position and standard deviation for each 

of the reference sites was produced (Table 4.5.1.1)

Table 4.5.1.1. Survey reference locations and error estimates in horizontal and

vertical planes.

Location Northings 

UTM (m)

Eastings 

UTM (m) Sd.

Elevation m 

above datum

1 31 1499162 453513 31.5 0

2 31 1499291 453279 24.5 +1.59

3 31 1499226 453050 34.2 -8.26

4 31 1498996 453188 45.7 -7.77

These positions in combination with other data were used to calculate the relative 

height difference between each theodolite location and provide the extremes in error.
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In the case of location 1, the position was obtained from a lengthy averaging process 

of 1500 positions which also ascertained the absolute height above sea level.

4.5.2. Vegetation cover and type.

Vegetation type was observed a t each site and classified according to herbs, grasses 

and trees and bushes. Total vegetation cover was expressed as a percentage of a 1 

quadrat oriented north. Estimation of coverage was very approximate and 

difficult to gauge due to the difference in density of a particular vegetation type. The 

herbaceous layer was often found to be widespread but not very dense, whilst bushes 

and trees often covered the quadrat very densely but were sparsely located 

throughout the study area. The main problem in estimating total vegetation cover 

was related to the area of bare ground within the quadrat.

The timing of this vegetation survey is important as a distinct temporal variation 

exists within and between seasons. A return visit to the study area the following 

year early in the growing season revealed a significant reduction in the coverage of 

herbs and grasses. The coverage of bushes and trees remained the same. For this 

reason analyses were conducted on total vegetation cover to provide a statistic with 

less temporal variation than the other measurements.

4.5.3. Soil strength.

Soil strength measurements are often used as an indicator of soil structure which 

may change with different land uses, becoming more compacted by vehicles and to 

a lesser extent by animals. In recent years the strength of soils has been used as a 

measure of the apparent cohesiveness of surface layers (Mah et al., 1992).

Although many methods for measuring soil strength exist (Walley, 1990), few have 

been designed for use in the field. The shear vane provides rapid estimates of soil 

strength away from the laboratory. The vane is pressed into the soil until covered 

or a t the required depth and a torque is applied to the shaft. The torque is increased 

until, a t a maximum value, the soil shears along a cylindrical surface enclosed by the
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vane. The angular deflection of a calibrated spring is the usual way to determine the 

torque. This torque (T), measured in kilo Pascals, is converted into undrained shear 

strength (CJ when the height (h) and diameter (d) of the vanes are known from :

C„ = T / [ Tcd̂  (h/2 = d/6) ] (4.5.3.1)

The selection of the vane size is dependent on the strength of the soil being 

measured. For consistency, a single rod with a blade width of 1.9 cm was used for 

all measurements. At each site and at the same relative position, 20 cm north of the 

sample hole, a measurement for soil strength was made using the shear vane. Three 

depth increments, 5 cm, 10 cm and 15 cm, were taken, measured from the base of 

the rod. Problems associated with this device involved the insertion of the rod into 

the soil where crusts had developed or exposed B horizons were present. At only a 

few sites were the measurements out of range due to these surface features.

An approximate estimate of measurement errors is provided by replicate 

measurements within two areas of 0.16 m  ̂ each. A total of 7 m easurements were 

conducted in each area. Unfortunately, nothing is known about the population from 

which these samples were drawn. In this case the random variable X, from which p 

and a  are finite can produce estimates of E[X] = p and var[X] = / n. Although no

assumptions are made about the distribution th a t X follows reasonable 

approximations of the actual distribution of E[X] are still available. The standard 

deviation of the sampling distribution (standard error) of a statistic such as the 

mean provides a measure of the reliability of the statistic. Since two locations 

require comparisons and the mean varies between sites, the pooled within-site 

variance was calculated. The standard error of the mean in a random sample of size 

n is o / V n. The results in Table 4.5.3.1 show that the measurements of the soil 

strength of the uppermost 5 cm are more accurate than the measurements a t depth. 

This suggests th a t the upper 5 cm of the soil is less variable than the soil a t greater 

depth. This level of accuracy suggests that differences of approximately 0.9 k  Pa may 

be due to significant differences in soil strength rather than to measurem ent error.
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Table 4.5.3.1. Accuracy of replicate soil property field measurements.

Soil property n E[X] Var[X] SE[X] % cv

Soil strength (5 cm) 14 18.14 9.30 0.88 17
Soil strength (10 cm) 14 19.57 23.70 1.40 25
Soil strength (15 cm) 14 22.14 22.80 1.38 22

Fx 49 33.26 18.53 0.38 13
Bulk density 14 1.52 0.26 0.14 34

4.5.4. Mineral magnetic susceptibility (F%).

Magnetic susceptibility was measured in the field with a Bartington Instruments 

survey loop connected to a portable meter at a scale of 0.1. The search loop produces 

a spherical field which integrates the effect of magnetic minerals a t an average depth 

of approximately 10 cm below the surface (pers. comm. J. Dearing). Measurements 

were taken at the four corners of a 1 m  ̂quadrat placed around the sample hole and 

oriented to north. Surface vegetation influences the measurements and was removed 

in order to place the search loop directly on the soil surface, to obtain consistent 

results. Air readings were taken before and after the measurements on the quadrat 

to estimate the background level and account for wandering of the meter. The 

average of the background readings was then subtracted from the average of the four 

surface measurements to give the field magnetic susceptibility measurement.

Since a single measurement was obtained from the four readings on a quadrat at 

each site it may be assumed magnetic susceptibility is uniform over the quadrat. In 

this case the field measurements reflect measurement error at each site over the 

entire study area. Although, only sites from the main sampling grid were included, 

the mean varied considerably as shown by the pooled within-site variance (Table 

4.5.3.1). However, the coefficient of variation is small in comparison with other 

replicate measurements suggesting that the measurements are not affected by the 

measurement error.
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4.5.5. Soil colour.

Hue is a measure of redness or yellowness of soil colours. Chromaticity of soil colours 

reflects the relative purity of the dominant wavelength, represented by hue. The 

colour value is indicative of lightness of the soil colour. The three components of soil 

colour are sensitive to the concentrations of particular minerals (especially iron 

oxides of clay size) and organic matter. The accumulation is more or less dependent 

on redox conditions which in turn  are dependent on drainage conditions (Gerrard, 

1981).

An attem pt was made to record the Munsell soil colour of samples immediately after 

extraction. However, the angle at which the soil was viewed combined with the angle 

of the sun made it difficult to obtain repeatable measurements in situ. 

Measurements were therefore conducted in the laboratory using consistent lighting. 

To avoid bias, measurement was conducted on samples with locations obscured and 

by random selection.

4.6. Laboratory soil analyses.

4.6.1. Sample preparation.

Although all samples were subject to common preparation procedures some samples 

required special pretreatment. Samples retrieved from the field were contained 

within sealed plastic sample bags. The contents were placed in a drying oven at 

approximately 30®C for three days. Once dry, the soil including th a t clinging to the 

bags, was brushed into clean, labelled and preweighed sample bags. Samples in 

sample bags were weighed and the weight of the sample bag was subtracted to 

provide the weight of the soil. At this stage Munsell soil colour was recorded.

Each sample was stirred to ensure a representative subsample (10 g) was obtained. 

These subsamples were used in the determination of soil organic m atter content 

using low tem perature loss on ignition. After removal of organic m atter the same 

samples were used in the analysis of particle size distribution. The material from 

this latest analysis is lost after each measurement.
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The m aterial remaining in the original site samples was lightly ground to break up 

soil aggregates and pass through a 2 mm sieve. This reduces the m aterial to a 

relatively constant density for calibration of field magnetic equipment, and the 

determination of pH. It also provides a constant radioactive counting geometry 

required for ganuna-ray spectroscopy (McCallan et al., 1980).

4.6.2. Soil surface bulk density.

This measurement provides the ratio of the mass of dry solids to the bulk volume of 

the sampled soil, measured in g cm'^ (Blake and Hartge, 1987a). The mass is 

determined by drying to constant weight at 105"C. The volume is tha t of the bulk 

density ring used to obtain the sample in the field. The ring consisted of a thin 

walled brass cylinder with a bevelled edge.

Bulk density samples were obtained approximately 20 cm from the auger hole in an 

easterly direction. The ring was driven into the ground by placing a flat spade on top 

of the cylinder and pushing on the spade. This method was used to avoid viscous 

flow and compression of the soil during hammering (Blake and Hartge, 1987a). The 

sample was re-collected if the soil elevation inside the cylinder was significantly 

different from the soil surface. The cylinder and soil were removed by digging the 

cylinder from the soil. Care was taken to retain all the soil especially near the base 

of the cylinder. The soil was removed from the cylinder and placed into a sample bag. 

Care was also taken to avoid inclusion of material clinging to the outside of the 

cylinder.

The soil samples were removed into pre-weighed foil containers for drying in the 

oven. The transference of the soil to a sample bag and then to a drying container was 

necessary because of the lack of numerous bulk density cylinders. Although it is 

realised th a t it would have been ideal to place the cylinder and soil in the oven, it 

was thought tha t the small amount of material lost in the transference of soil would 

be equivalent to the amount of soil lost during transit if retained in bulk density 

rings. The samples were obtained near the end of the wet season when the soil is 

more likely to be at medium water content, this being the optimum time for 

m easurem ent (Blake and Hartge, 1987a). Unfortunately, these samples were
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obtained over a lengthy period which meant the moisture content would not have 

been consistent, and so was not measured.

The field measurements were considered to be the largest source of error. At two 

sites of 1 m^, seven samples were obtained. Since the mean varied between these 

sites, the pooled within-site variance was calculated to derive the standard error 

(Table 4.5.3.1). In comparison with other replicate field measurements the coefficient 

of variation shows tha t bulk density was the most variable. This is probably due to 

the variability in the consolidation of the soil surface which is controlled by, for 

example, surface crusts, indurated layers and moisture.

4.6.3. Organic m atter content.

Organic m atter contributes to the physical condition of a soil by holding moisture 

and by affecting structure. The influence of organic carbon content on aggregate 

stability has been investigated by, among other workers Luk (1979), and Peart and 

Walling (1982) suggest there is a threshold amount of organic m aterial tha t controls 

aggregation. It is a direct source of plant nutrient elements, the release of which 

depends upon microbial activity and by affecting the CEC, organic m atter is directly 

involved in the availability of nutrient elements. Its chemical function is manifested 

in its ability to interact with metals, metal oxides, hydroxides and clay minerals to 

form metal-organic complexes and act as ion exchanger and storehouse of N, P  and 

K (Schnitzer, 1991).

The removal of organic m atter is usually a precursor to the chemical treatm ent of 

soils for other properties. The necessity and complexity of organic m atter removal is 

dependent on a number of factors according to Gee and Bauder (1987). They suggest 

tha t removal should be based on the intended use of the analytical results of the 

particle size analysis. In the present case the samples were being prepared for 

optical sizing using laser diffraction. In addition, it was intended th a t the method 

should provide an efficient and accurate value for the organic m atter in each sample.

The technique to estimate total carbon content is complex and often simple and less 

accurate methods are used (Hesse, 1971). One of the most common is the
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Walkey/Black technique. Improvements in this technique have been provided by 

many workers. They mainly include a heating phase in the removal of organic 

m atter. Although simple, the technique only recovers the more active organic m atter 

and over 90% of elemental carbon is excluded. In addition, several substances 

interfere with the determination of oxidizable carbon, notably iron (II) and higher 

oxides of manganese. This is often overlooked as most air-dry soils seldom contain 

appreciable amounts of either element.

A popular alternative to the Walkey/Black procedure is the use of total organic 

m atter by weight loss. Determination by weight loss at low tem peratures has been 

suggested to be the most reliable. In the present study the organic m atter content 

of samples was obtained following the procedure outlined by Tiessen et al. (1991). 

The soil moisture in each sample is removed a t 105°C overnight. The samples are 

removed from the furnace and placed in a desiccator whilst waiting to be reweighed. 

The soil is then returned to the furnace and heated for 6 hours a t 375°C. The soil is 

removed from the furnace to a desiccator before the final weight is taken. The weight 

loss between 105°C and 375®C is used as a measure of organic m atter content in the 

sample.

The weight loss procedure is considered by many authorities as an inadequate 

method for discriminating between loss of organic m atter and loss of mineral m atter 

such as COg from carbonates and water and hydroxyl groups from clay. However, 

Hesse (1971) points out tha t Ball (1964) suggested tha t the greatest part of the 

weight loss due to the clay mineral water occurs in the tem perature range of 450 - 

600°C and suggested that the errors of the method are overrated provided th a t the 

tem peratures are kept below 450°C. The method gives an estimate of organic m atter 

(in non calcareous soils) sufficiently accurate for most purposes.

An estimate of the accuracy of the technique including the errors associated with 

sub-sampling the soil may be provided by replicate measurements. Subsamples from 

a variety of sites were combined to provide a composite sample. From this composite 

sample 24 sub-samples were obtained. The standard error of the measurement 

technique (Table 4.6.3.1) is smaller than replicate field measurements (Table 4.5.3.1) 

as expected under laboratory conditions. However, the coefficient of variation is 

larger than  any other measurement technique which reflects the magnitude of the
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mean. This suggests tha t despite the small standard error, measurements of organic 

m atter are likely to be considerably affected by measurement errors.

Table 4.6.3.1. Accuracy of replicate soil property laboratory measurements.

Soil property N E[X] VarlX] SE[X] % cv

Organic m atter 24 1.60 1.24 0.06 70

pH 38 5.65 0.008 0.08 2

4.6.4. pH.

Hesse (1971) believes tha t pH Is the single most Important measurement made upon 

soils. This Is largely because of the Information tha t Is revealed about the availability 

and mobility of elements such as Iron, manganese, zinc and phosphorous. He gives 

an example In which the pH, Intensity of alkalinity, or acidity, of a soil Is critical 

when considering phosphorous fixation capacity. The rapidity with which 

phosphorous Is fixed Is due to the secondary effects of Iron and aluminium.

The measurement of pH Is, at best, consistently accurate but Its precision Is 

arbitrary given the large number of sources of variation. At worst pH provides a 

rough approximation to the soil status. The latter extreme Is often found In 

determining field pH which Is dependent on localised redox states, concentrations of 

soluble salts and CO  ̂ In the soil all of which are constantly changing. For these 

reasons pH was determined In the laboratory. However, even under relatively stable 

conditions pH Is difficult to standardise.

Most pH determinations are conducted In a soil/water suspension, mainly because 

of the simplicity of the method. However, thick pastes provide better approximations 

to field conditions, but require greater preparation time. The two preparations 

provide consistently different results. In addition, the ratio of soil to water has been 

found to affect the pH results as the salt concentration Is diluted. For this reason 

workers have diluted the soil with KCl and CaClg. In any case the pH value will vary
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with the dilution medium and the concentration. For these reasons comparison 

between pH methods was not attempted and for convenience soil was diluted in 

distilled water a t a concentration of 1 : 5.

The pH meter was connected to a glass electrode-calomel system. This equipment 

was calibrated before each batch of measurements with standard buffer solutions of 

7 and 3 pH, made from dissolved tablets in boiled distilled water. The accuracy of 

the solutions was found to vary by ± 0.02 of a pH unit, in accordance with Hesse 

(1971). Once the sample suspension was produced the resulting liquid junction- 

suspension interface sets up a potential by diffusion of the stronger solution into the 

other (Hesse, 1971). It is important to allow this potential to equilibrate before 

m easurement of the pH. Measurements were made on each sample after 3 hours 

from the creation of the suspension. The base of the probe was placed directly onto 

the soil surface so tha t the electrode was a constant height in the suspension.

In order to assess the temporal variation in this pH system, 10 replicate samples 

were obtained from a composite sample created from subsamples of many sites. The 

samples were diluted, shaken and allowed to equilibrate before measurement of pH. 

Once the base of the probe was placed on the soil surface, pH was monitored and 

recorded in 30 second intervals for a total of three minutes. The probe was washed 

in distilled w ater before repeating the procedure for subsequent samples. That the 

average pH and the standard error decreases almost exponentially with time 

suggests th a t the pH meter requires at least 3 minutes to stabilise.

A further 38 samples were obtained from the same composite sample in order to 

assess the accuracy of this measurement procedure. The results in Table 4.6.3.1 

show a small standard error and much smaller coefficient of variation than  with 

organic m atter content. These results suggest tha t the procedure for measuring pH 

is very accurate, with a measurement error of ± 0.1 pH unit.

4.6.5. ^̂ ^Cs.

Sampling soil for ^̂ ^Cs analysis is normally undertaken on a depth-incremental basis. 

As Walling and Quine (1990) have suggested this approach provides valuable
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qualitative information about the movement of material and verifies certain 

assumptions about the fixation of ^̂ ^Cs. For these reasons a limited number of 

profiles, encompassing the range of total activities, were obtained from the study 

area using the method described above (Section 4.3.2)

When a large number of samples are necessary, especially when undertaking a 

variability study, soil profiles are impractical. It generates a large number of samples 

with decreasing ^̂ ^Cs concentration with depth in rangelands. This means tha t 

counting times for the deepest samples are extremely long in order to achieve a 

reasonable level of accuracy (10%). Campbell et al. (1988) suggested that where only 

the total activity is required a core may be used as long as the entire ^̂ ^Cs 

distribution is extracted. Longmore et at. (1983) provided an incisive comparison 

between this depth-bulked approach and the soil profiles. Using the bulked approach, 

a single sample provides the total areal activity. The profile needed five times as 

many samples in order to obtain the same level of accuracy as the bulked approach 

and the counting error was found to be lower with sectioned cores. In general the 

results from profiles showed good agreement with those from bulked cores.

Walling and Quine (1990) generally sampled to a depth of 60 cm in order to be 

certain of retaining the full ^̂ ^Cs profile. By obtaining the basal 2 cm of the core and 

analysing for ^̂ ^Cs the absence of a significant activity ensures the entire profile has 

been extracted. By including soil which contains no ^^'Cs in the core, the ^̂ ^Cs 

concentration is diluted and necessitates longer counting times. The effect of 

increased dilution by the inclusion of non ^^^Cs-bearing soil on the counting error was 

determined by Longmore et al. (1983). Results showed th a t counting error averaged 

from 11 to 16% by bulking to increased depths. It was suggested tha t the greater 

background count and longer counting time required for these diluted samples may 

be the cause of reduced counting precision. Longmore et al. (1983) concluded that, 

where possible, cores should be bulked to a depth just below the expected cut-out 

point.

As long as the dimensions of the core provide an amount of soil which can be placed 

on a detector this bulking approach is feasible. However, a core of 60 cm depth with 

a small diameter would produce considerable quantities of soil. Where transportation 

of large amounts of material is difficult, the soil from the core may be subsampled.
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In cultivated areas it is assumed that the ^̂ ^Cs profile is well mixed by the plough. 

However, in rangelands a bulked core must be homogenised before subsampling 

because an exponential decrease in ^̂ ^Cs concentration may be found. By 

homogenising the ^̂ ^Cs profile, the concentration is effectively reduced to an average 

level and a uniform distribution is produced. The concentration of the subsample 

remains the same as the homogenised core. This means th a t the total areal activity 

can still be obtained as long as the total mass of the core is known or can be 

estimated. In addition, a bulked core also has the same ^̂ ^Cs concentration as the 

subsample from the homogenised core. This means tha t transport costs of large 

quantities of material can be reduced without a lack of comparability with other 

results.

The depth-bulked subsample excluded surface grasses and mulch rem nants and was 

prepared for gamma-ray spectroscopy by air drying and crushing to pass a 2 mm 

sieve to give a constant density.

4.6.5.1. Gamma-ray Spectrometry.

The analysis of ^̂ "̂ Cs is achieved by gamma-ray spectrometry carried out using 

equipment available in most physics laboratories. It involves a detector used to count 

the radioactive disintegrations associated with the energy of the radionuclide of 

interest. Campbell et al. (1988) suggest the resolution of the individual spectra is 

best achieved with a solid state detector system, such as the byperpure germanium 

(Hp(Ge)) crystal detector systems. This study used this type of detector mounted 

horizontally on top of a dewar containing liquid nitrogen for operation a t the 

required temperature. Detectors of this type commonly have relative efficiencies of 

between 15 and 30%. The efficiency of the Hp(Ge) detector used in this study is 

described in Table 4.6.5.1.1. The crystal diameter is 50 mm and 56.3 mm in length 

but approximately 0.7 mm of inactive Germanium is present. The detector has an 

end gap to crystal of 3 mm with a total active volume of 104 c& and aluminium 

absorbing layers amount to 1.3 mm.

Relative to a (3 x 3 inch) sodium-iodide detector (NaI[Tl]) at 1.33 meV, the lithium  

drifted germanium detectors (Ge[Li]) used by McCallan et al. (1980) was 12%
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efficient. The detection efficiency of a Hp(Ge) detector is greater than other detector 

types. The full-width half maximum resolution for ^̂ ^Cs gamma rays using a Ge(Li) 

detector is 3 keV (McCallan et al., 1980) whilst the Hp(Ge) detector used in this 

study is 1.42 keV. The smaller the energy per channel, the wider the range of the 

region of interest th a t can be examined and thus a better resolution is provided.

Table 4.6.5.1.1. Efficiency of the ORTEC detector (Hp(Ge)) using a variety of

measures.

W arranted Measured

Resolution (FWHM) a t 1.33 MeV ^Co (keV) 2 1.71

Peak to Compton ratio ®®Co 46 58.30

Relative efficiency at 1.33 MeV ®°Co (%) 20 21.70

Gamma-ray spectrometry counts the number of disintegrations in a given period of 

time. The gamma particles of interest are found at low levels in most environments. 

In order to provide a precise measurement of the radioactivity in a sample, the 

background level m ust be reduced. To achieve this, the detector and sample were 

placed inside a lead cylinder, 6.9 cm thick, for counting. The lead housing effectively 

reduces the number of gamma particles reaching the detector allowing a greater 

number of counts above the background level to be registered. The background 

counting rate in the region of 662 keV for this study was 0.06 keV'^ per minute in 

the empty cell, the same value as that reported by McCallan et al. (1980). When a 

soil sample is placed in the cell on the detector, the background counting rate 

increases to 0.10 keV'^ per minute slightly lower than the reported value by 

McCallan et al. (1980).

A full gamma-ray spectrum revealed that a large number of radionuclides with 

characteristic energies exist both in the measurement environment and within soil 

from the study area. Although the energy for ^̂ ^Cs is well documented a t 662 keV 

(Durrance, 1986; McCallan et al., 1980) the detector must be calibrated to locate the 

channels which will count disintegrations responsible for ^̂ ^Cs. To achieve this 

calibration, a standard ^̂ ^Cs source is placed on the detector for a short period of

118



time and the channels associated with this characteristic energy identified. Repeated 

calibrations over a period of several months revealed tha t the detector was very 

stable, probably as a result of the efficient air-conditioning system in the laboratory.

An additional problem that many studies have suffered when undertaking gamma 

spectrometry is the interference with the ^̂ ^Cs peak by its nearest neighbour 

Bismuth (^^^Bi). Such interference was found in this study and has been reported in 

several other studies (McCallan et al., 1980; Forsyth, 1992). In such cases the 

number of counts at 662 and 666 keV are added together and the number of counts 

a t the adjacent 609.3 keV ^̂ ^Bi peak subtracted to correct for the extra counts 

(McCallan et al., 1980). In this study such interference was avoided by inserting a 

408 A biassed amplifier (with the settings in Table 4.6.5.1.2) into the standard 

equipment circuit between the stable low noise 575 amplifier and the multi-channel 

analyser (MCA).

The biassed amplifier effectively spreads the signal over a larger range of channels 

providing a greater resolution for the MCA. In this case a personal computer with 

a program card and software was used as the MCA. This enabled the number of 

counts within the peak and the background regions of interest to be calculated 

easily.

Table 4.6.5.1.2. Settings for the use of a biassed amplifier to avoid interference

from Bismuth peaks.

Amplifiers

Biassed Ordinary

Coarse gain 10.000 20.000

Fine gain 0.855 0.974

Bias level (V) 2.480
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4.6.5.2. Counting.

The disintegration of radioactive particles is a stochastic process. In order to 

determine the gamma activity in a sample, the number of disintegrations m ust be 

measured over time. Longer measurement periods are more representative than 

shorter periods. Short count periods which yield only low numbers of counts are very 

prone to error and have poor repeatability (Durrance, 1986). However, longer periods 

do not yield sufficiently extra accuracy to w arrant the expenditure of time. The 

estimate of uncertainty may be calculated using formulae from Faires and Parks 

(1973). Alternatively, Sutherland (1991a) describes the equation (Canberra 

Industries, 1985) which was used to determine ^̂ ^Cs measurement errors in this 

study :

Error% = 1.96 . ((V VI / VI) . 100) (4.6.5.2.1)

where VI is the area of the ^̂ ^Cs peak which is equal to the region’s integral minus 

the background, and 1.96 is the 95% confidence level statistic.

Counting times vary between 4000 and 30 000 seconds (e.g. Zhang et al., 1990; 

Menzel et al., 1987) in the northern hemisphere but may be 86400 seconds (24 hrs) 

in the southern hemisphere because of smaller sample concentrations (Longmore et 

al, 1983). Counting times may have to vary between and within study areas to allow 

for an acceptable statistical error or an answer of geomorphological significance 

(Campbell et al., 1988). In this study an acceptable level was set at 10%. To obtain 

this level of accuracy required counting times which ranged between 2000 - 300 000 

seconds for aggregate samples, but were commonly 20 000 seconds. It is im portant 

tha t the accuracy of the measurement technique is maximised and reported in order 

to determine whether the observed variability of ^̂ ^Cs is spatial or due only to 

measurement error.

Counting can take place when the sample is placed inside the lead housing onto the 

detector. In order to maximise the efficiency of the sample activity on the detector 

the sample-detector geometry must be maximised. For large volume, low activity 

samples, the Marinelli (re-entrant) beaker geometry is used to standardise the 

sample-detector efficiency. This design is nearly optimal in terms of placing the
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sample m aterial as close as possible to the detector active volume. In addition, de 

Jong et al. (1982) suggested that the amount of gamma radiation reaching the 

detector depends on self-absorption and is a function of sample volume and density.

The use of the Marinelli beaker requires calibration for changing sample-detector 

geometry with variable sample mass. In addition, calibration of the detector must 

be accomplished using known standards. The latter can be performed using a 

Marinelli Beaker Standard Source (ANSI / IEEE Std. 680-1978) available from 

several sources (International Atomic Energy Authority, milkpowder, No. 152; 

Amersham International).

The Marinelli standards used in this study were produced by dosing three prepared 

samples with ^̂ ^Cs chloride of a known concentration. The samples were prepared 

by selecting samples from the study area which were devoid of detectable ^% s. The 

samples were homogenised and separated into three similar masses before dosing. 

The standard concentrations were provided in picoCuries (pCi) and were converted 

to the unit of radioactivity, the becquerel (Bq), which is one nuclear transition per 

second (1 pCi = 0.037 Bq).

Each standard was placed on the detector and counted for a period of time. The 

count rate was obtained by taking the average number of counts from two 

background regions on either side of the ^̂ ^Cs peak, subtracting it from the total 

number of counts in the peak region and dividing by the total count time. The 

specific activity (S, Bq) is :

S = R ± e / m (4.6.5.2.2)

m is the sample mass (g), R, the count rate per second (Hz) and e is the 

m easurem ent error (equation 4.6.5.2.1). Each of the specific activities (67.3 ± 1.9 Bq 

g '\  67.9 ± 1.6 Bq g'  ̂ and 65.2 ± 1.2 Bq g'^) m ust be adjusted for the decrease in 

activity due to radioactive decay of ^̂ ^Cs :

Ap ± e = Aj, ± e • e' ‘̂ (4.6.5.2.3)

where Ap is the specific activity corrected to present (Bq g'^), A  ̂ is the original
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specific activity (Bq g'^), e is the exponent with decay constant {X = 0.693/ Tyg) where 

Ti/2 ~ 30.2 yrs = ^̂ ^Cs half life (11023 days) and t is the time since original activity 

(days). The average of the adjusted specific activities weighted by the error is the 

standard specific activity 66.4 ± 0.9 Bq g' .̂

A further correction to this standard specific activity is applicable if the detector 

sample-geometry is dependent upon the mass of the sample in the Marinelli beaker. 

To investigate this the most active of the standards was combined with a sample 

from the study area to provide sufficient soil to encompass the range of sample 

masses retrieved from the study area. Different masses were placed in the Marinelli 

beaker and fixed in place by sponge foam before being mounted horizontally on the 

detector and measured (Table 4.6.5.2.1).

In some studies only two points are used to produce the calibration curve, because 

it is assumed tha t there is a linear relationship between mass and sample count 

rate. The results show tha t this linear relationship does exist. However, the linearity 

decreases due to a decrease in specific activity when the sample mass and, therefore 

the sample height, reaches the extremes of the curve. This is probably due to the 

location of the Hp(Ge) crystal relative to the placement of the sample. With larger 

standard masses this curve would be further complicated by the shape of the beaker 

around the top of the detector.

Table 4.6.5.2.1. Dependence of sample specific activity upon sample mass.

Sample

Mass (g) 100.19 126.10 152.10 179.71 206.71 231.37 260.11
Specific
activity 1.03 1.11 1.10 1.11 1.09 1.08 1.05
(Bq g-̂ ) ± 0.03 ± 0.02 ± 0.01 ± 0.02 ± 0.02 ± 0.03 ± 0.02

The specific activity of a sample with a mass which falls within the two extremes of 

the calibration curve should be corrected. However, the measurement error 

encompasses all other variation, so tha t there is no basis for correction of all 

samples. A threshold for correction of specific activity was based on samples with a

122



mass of less than  120 g and more than 240 g. Assuming a linear relationship 

between the end points on the calibration curve, the correction factors for masses 

below and above the arbitrary thresholds are 0.93 and 0.97, respectively.

The samples were measured and corrected, where appropriate, and the total activity 

per unit mass (A^, Bq g'̂ ) of a soil core was calculated from the sub-sample 

concentration (Cg, Bq g'^) using ;

A ^ ± e  = Cg ± 6 ' Mt / Mg (4.6.5.2.4)

Cg = A p ± e - R ± e

Mt / Mg = (Ô • V) / Mg

= (Ô • D • E) / Mg

where M̂  is the total mass from core or pit (g), Mg is the sample mass from core or 

pit (g), V is the volume (cm^) of the pit or core with an area, E, (cm^) and depth, D, 

(cm) where the soil density is, Ô, (g cm'^).

The total activity per unit area (Â , Bq m'^) is obtained by dividing the total activity 

expressed as a mass by the area of the core or pit used to obtain the soil. This is the 

same as multiplying the subsample concentration by the soil density and the volume 

and dividing by the sample mass :

(A  ̂± e) / E = (Cg ± E • 5 • D • E) / Mg (4.6.5.2.5)

Each variable included within these equations has both a random and a systematic 

error attached to it. In many cases systematic errors are reduced by automation, but 

in sampling this cannot be avoided and must be taken into account. Fortunately, the 

theory of error propagation enables the addition of random errors from each source. 

As long as each error was obtained independently, the total error is confined to the 

largest single source of error. This means that although important in their own right, 

each error need not be included in the calculation. As long as the measurement 

errors are kept to ± 10% the largest single error that m ust be included in Equation
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4.6 .5.2.5 is th a t provided by the standard calibration measurement.

Simplifying, the measurement of the total activity per unit area (A )̂ can be obtained 

by :

A^ ±e  = (66.4 ± 0.9 • R • 5 • D) / M3 (4.6.5.2.6)

Areal activities obtained using this aggregate sample technique with the above 

equation are comparable with many other studies reported in the literature. This 

suggests th a t the technique is valid and may be used to reduce the transport costs 

and counting time, albeit with a slightly increased counting error.

4.6 ,5.3. Size distribution of^^^Cs fixed soil.

It has been shown in earlier discussion (Section 2.6.3) that ^̂ ^Cs is fixed to the clay 

size-fraction. It is assumed that the redistribution of ̂ ^̂ Cs takes place in conjunction 

with soil. However, the processes of water and wind erosion have been shown to 

transport size fractions preferentially. It is necessary to understand the importance 

of this problem with the ^̂ ^Cs technique to be able to take into account such 

preferential selection.

Two composite samples were obtained by subsampling material at each site within 

the sandy Plain and Plateau strata. Each composite sample was separated into 10 

size fractions by gravimetric sieving for 20 minutes (Gee and Bauder, 1986). A larger 

proportion of the smallest and largest particles are found in the Plateau region 

(Figure 4.6.5.3.1a) than are evident from the Plain region (Figure 4.6.5.3.1b). In 

contrast, the Plain region exhibits a larger proportion of the modal size fraction than 

is found on the Plateau.

In as many cases as possible material retained on each sieve was analysed for ^̂ ^Cs. 

However, in several cases an insufficient amount of material for ^̂ ^Cs analysis was 

retained. In these cases the soil was added to the adjacent group size fractions for 

^̂ ^Cs analysis. The ^̂ ^Cs concentration by size fraction, plotted a t its midpoint, for 

both Plateau and Plain regions are shown in Figure 4.6.5.3.I. Only three size
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fractions were available for the Plateau because only small quantities of soil were 

retained on each sieve. In addition, the percentage contribution to the total size 

fraction of the ^̂ ^Cs concentration of each size fraction, P, was calculated following 

Mullins (1977).
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Figure 4.6.5.3.1 The size distribution, ^̂ ^Cs concentration and ^̂ ^Cs concentration 

proportional to the size distribution for the Plateau (a) and Plain regions (b).

The results show that as the size decreases the measured and proportional ^̂ ^Cs 

concentrations on the Plateau increases more than on the Plain. This suggests tha t 

^̂ ^Cs on the Plain reflects the particle-size distribution better than on the Plateau. 

This is because the tracer distributions for the Plateau is dominant in the finest size 

fraction, which has a small contribution to the volume of the sample. Whereas the 

tracer distribution for the Plain, was dominant in the modal size fraction. This 

suggests tha t coating on the sand size-fraction is responsible for a more effective 

^̂ ^Cs tracer on the Plain than on the Plateau.

4.6.6. Mineral magnetic susceptibility (%).

There are several main sources of mineral magnetic susceptibility in soils. Table 

4.6.6.1 defines the approximate magnetic susceptibility levels of the most common 

minerals (Mullins, 1977). In nearly all soils the most significant magnetic signal is 

provided by magnetite and maghemite (Mullins, 1977). Maghemite has been found 

to be abundant in highly weathered tropical / sub-tropical soils, whilst magnetite has 

restricted occurrence due to its association with parent material, or from soil firing
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(Maher, 1986). Maghemite and magnetite predominate the smallest fractions. 

Concentrations of magnetic minerals found within the medium- and fine-sand 

fractions are often ‘finely disseminated grains of haem atite coating individual grains 

of silica’ (Maher, 1986 p. 81). Haematite is generally found in relatively dry, highly 

oxidised soils, usually in areas of elevated temperature and has a characteristic 

ferruginous colouration. Maher (1986) suggests th a t arid soils can be expected to 

accumulate the dehydrated iron oxide form, haematite. Reddening associated with 

iron oxide formation on individual grains is achieved by a greater extent and 

thickness of iron oxides deposited in surface indentations.

Table 4.6.6.1. Magnetic susceptibility of selected minerals.

Mineral 10® %/m® kg^

Magnetite 5 - 10 X  10^

Maghemite 4.1 X  10^

Goethite 35.0 - 126

Haematite 27.0 - 63

Quartz -0.58

In the study area goethite may also contribute to the magnetic signal further 

complicating the situation. In highly weathered and humid environments kaolinite 

controls the availability of Fe for retention or mobilisation. Goethite may also be 

directly produced by weathering of other primary minerals, for example biotite and 

hornblende (Singh and Gilkes, 1992). In some ferricrete profiles goethite gives way 

to haem atite progressively upwards in the profile. To explore this assertion samples 

of the ferricrete were obtained from several locations at an exposed profile where a 

gulley had retreated headward into the Plateau. The top of the profile produced a 

magnetic susceptibility signal three times larger than the signal from the midpoint 

of the profile. The magnitude of the field measurements is in accordance with the 

different susceptibility for haematite and goethite (Table 4.6.6.1) and suggests tha t 

weathered surficial materials will probably comprise the la tter mineral.

Calibration of the field magnetic measurements was conducted using a single sample 

susceptibility sensor, on a mass specific basis. Depth-bulked subsamples were packed
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to fill 10 ml plastic pots, thus immobilising the m aterial before insertion into the 

sensor. Low frequency (Bartington Instruments 0.47 kH) mass specific susceptibility 

(XLf) is approximately proportional to the concentration of ferrimagnetic minerals 

within the sample, although in materials with little or no ferrimagnetic component 

and a relatively large anti-ferromagnetic component, the la tte r may dominate the 

signal. High frequency (Bartington Instruments 4.7 kH) mass specific susceptibility 

(% H f)  was also measured to calculate the frequency dependent susceptibility (%pj) from

%Fd -  (%Lf " %Hf) / %Lf (4.6.6.1)

This magnetic param eter provides information on the grain size assemblage within 

a sample. The difference between frequencies is a function of the contribution to total 

low frequency susceptibility made by fine, ‘viscous’ ferrimagnetic grains. Such fine 

grains are rare in unweathered parent materials, but become significant 

contributions to total susceptibility in weathered horizons, soils and m aterials 

affected by high temperature (Oldfield, 1991).

A linear least squares model was used to obtain the relationship between field 

magnetic susceptibility (F%) and each of the three magnetic param eters (%pd> %u 

Xnf) measured in the laboratory. The calibration relationships are shown in Figure

4.6,6.1. The correlation coefficients were statistically significant a t the 5 % level for 

XLf and %Hf However, a poor relationship was found between F% and resulting in 

an insignificant correlation coefficient. For this reason, F% was only calibrated for %u 

and Xnf and Xra was derived from the calibrated data using Equation 4.6.6.1.

One of the problems with the use of magnetic parameters is uncertainty in their 

interpretation. The discussion above suggested that two magnetic minerals may 

contribute to the magnetic signal. Observation of the individual grains through a 

microscope suggested the presence of black grains of clay- and silt-sized magnetite. 

This observation was confirmed by the attraction of these grains towards a small 

magnet. Microscope observations of the sand-sized particles revealed th a t the distinct 

red colouration, especially from soil on the Plain (less so on the Plateau), was due 

to the presence of clay skins of iron-oxide bound to the coarser quartz particles.

In order to provide additional information on the contribution of these various
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minerals to the magnetic signal, measurements were conducted within a 

characteristic grain-size distribution. The same composite samples tha t were used 

in the ^̂ ^Cs analysis (Section 4.6.5.3) were measured to obtain Xbf In

addition, the percentage contribution to the total size fraction susceptibility, P, can 

be calculated following Mullins (1977).
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Figure 4.6.6.1. Calibration models of field and laboratory measurements of low and 

high frequency (10® x/m^ kg'^) and frequency dependent magnetic susceptibility.

The results for each of these magnetic parameters for the Plain and Plateau regions 

are shown in Figure 4.6.6.2 and Figure 4.6.6.3. The Xlf param eter on the Plateau 

(Figure 4.6.6.2a) is large in the smallest size fraction and proportionally is dominated 

by the magnetic mineral in the smallest size fraction. In contrast, Xlf is 

proportionally not dominated by the smallest size fraction on the Plain (Figure 

4.6.6.2b). Instead it more closely resembles the particle-size distribution than on the 

Plateau although the finest fraction still retains a large contribution to the tracer.

On the Plateau (Figure 4.6.6.3a) Xpd is similar to Xld being large in the smallest size 

fraction and proportionally dominated by the magnetic mineral in the smallest size 

fraction. However, on the Plain (Figure 4.6.6.3b) the Xpd param eter does not increase 

as the particle size decreases. Proportionally this property is dominated by the modal 

size fraction and closely resembles the rest of the particle-size distribution on the 

Plain. The results are similar to those found for the distribution of the ^̂ ^Cs tracer 

(Section 4.6.5.3) and suggest that the Xrd param eter is a better tracer than  Xlf»
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although neither are strongly representative of the size distribution on the Plateau.
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Figure 4.6.6.2. The size distribution, low frequency 10  ̂ %/m̂  kg'^) magnetic 

susceptibility and Xu proportional to the size distribution for the Plateau (a) and 

Plain regions (h).
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Figure 4.6.6.3. The size distribution, frequency dependent magnetic susceptibility 

(Xpj) and Xpd proportional to the size distribution for the Plateau (a) and Plain 

regions (b).

XLf of the smallest size fraction on the Plain and Plateau is several orders of 

magnitude lower than tha t associated with magnetite or maghemite (Table 4.6.6.1). 

In addition, the lack of red colouration to the soil on the Plateau and the dominance 

of the signal in the finest fraction suggests tha t goethite may provide the dominant 

magnetic signal for Xu ioi this region.

Xpj of the silt- and sand-size fraction is within the range (Mullins, 1977) suggested
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for haem atite (Table 4.6.6.1). The distinctly red colouration and its preponderance 

in the silt- and sand-size fractions in soil on the Plain suggests th a t the magnetic 

mineral is dominated by haematite. Thus, it is suggested tha t is dominated by 

haem atite and may be used to trace the movement of the silt and sand-sizes soil 

fraction on the Plain.

The occurrence of two important sources of Xu the soil on the Plain makes 

interpretation of this param eter difficult. The contribution to the signal from the 

smallest size fraction may be indicative of goethite. The presence of this m ineral in 

dust is likely to be the source of goethite in the soil on the Plain. Alternatively, the 

practice of burning to clear fields prior to crop cultivation may provide the 

explanation. Measurements of soil before and after burning a t several locations 

showed that %u increased by 26 %, whilst the param eter only increased by 5 %. 

These results suggest th a t the growth of maghemite may be partly responsible for 

the magnetic signal in the finest fraction.

4.6.7. Particle-size analysis using laser diffraction.

A variety of analytical techniques have been devised to ascertain the size distribution 

of material (Gee and Bauder, 1986). An increasing interest in particle size analysis 

has concurrently developed techniques which are faster and more accurate than 

traditional methods. A relatively recent addition to the numerous instrum ents used 

to measure grain size distributions is a group based on light diffraction. In particular 

the Malvern 2600 laser sizer is based on the principle th a t particles of a given size 

diffract light through a given angle, the angle increasing with decreasing particle 

size (Singer et al., 1988).

In the Malvern 2600 sizer, a 2mW Helium-Neon (He-Ne 633 nM wavelength) laser 

beam of monochromatic light is passed through a suspension, and the diffracted light 

is focused onto a multi-element ring detector with 31 annular sectors over the range 

of angles of scatter (Malvern Instruments, 1980). The crux of the technique is tha t 

the diffraction pattern displayed does not vary with particle movement. In this way 

suspended particles can be passed through the beam and the diffraction pattern 

accumulated for the range of particle sizes, very quickly. Typically in 5 seconds 100s
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of particles can be measured (Malvern Instruments, 1980).

A computer attached to the system compares the diffraction data with a data base 

of a range of materials to predict the scattering signal and calculate the volume size 

distribution. A comparison between observed and theoretical distributions enables 

the form of the distribution to be calculated without assumptions about the nature 

of the distribution. The predicted volume is synonymous with weight since only 

relative distributions are produced, with 100% of the volume assumed to lie within 

the selected range (Malvern Instruments, 1980).

The measurement process is two-stage, incorporating a background measurement 

which contains light picked up from extraneous sources, immediately before the 

sample measurement is conducted. The first measurement is used to eliminate 

contributions to the second. Suitable placement of the laser equipment ensured that 

the ambient lighting conditions are stable. The sample is placed in a fluid or 

dispersant whilst passing through the beam. A cell system is used for this purpose 

and comprises an ultrasonic tank with stirring facilities to keep samples suspended 

whilst a pump circulates the sample to the measurement cell.

In general the amount of material required to give a good measurement depends on 

the size range of the material. The finer the material the less m aterial is required 

in suspension to give good scattering intensities. For most measurements less than 

1 g of m aterial was used. Measurements were conducted on two separate lenses in 

order to cover the range of sizes in the distribution. All samples were measured first 

using the 600 mm lens with a range of 3 - 1128 pm, followed by the 100 mm lens 

with a range of 0.5 - 188 pm. Blending of the results from each lens was conducted 

in an attem pt to provide an effective range of 0.5 - 1128 pm.

4.6.7.1. Identification of the optimal dispersion media.

The liquid in which the sample is suspended and dispersed can be any clear optically 

homogeneous liquid tha t does not interact with the sample so as to change its size. 

Some liquids such as tap water may contain a large quantity of impurities and may 

form bubbles easily due to containment under pressure. Loizeau et al. (1994) suggest
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tha t these bubbles are produced in the range 150 to 500 pm and may completely 

alter the measurement of the particle size distribution. Additional problems with the 

suitability of suspension media may be caused by flocculation. McCave et al. (1986) 

showed th a t flocculation in mud produced a distinctive decrease in the estimated 

median size over a three hour period on a laser sizer. The surface charge th a t causes 

flocculation may be satisfied with the use of additives, surfactants or admixtures. For 

example Decon 90 (a concentrated cleaning agent) may be used as a general purpose 

surfactant. Admixtures aid dispersion by modifying the properties of the raw 

dispersant th a t are responsible for the problem (e.g. sodium hexametaphosphate and 

sodium carbonate as Calgon). An alternative is ultrasonic action. The breakup of 

aggregates takes place mechanically when the particles are agitated by the rapid 

movement of the liquid due to the transmission of vibrating sound waves (Malvern 

Instruments, 1980). Gee and Bauder (1986) suggested that this method was a 

preferable alternative because of its simplicity and effectiveness.

In the present study, a series of experiments was undertaken to identify the most 

appropriate suspension (ordinary tap water and distilled water) and the most 

effective dispersion method (Decon 90, Calgon and ultrasonic action). The three 

dispersion methods were tested for each suspension. In addition, the concentration 

and method of application were varied in order to increase the dispersion of the 

sample. A surrogate measure for sample dispersion is the sample obscuration which 

provides the number of particles visible by the laser. As the aggregates break down, 

more laser energy is diffracted thereby increasing the obscuration value. This 

measure is useful for identifying the most appropriate dispersion method. The speed 

of breakdown for each method was also considered. By monitoring the obscuration 

value through time and dividing by the initial obscuration value a simple dispersion 

ratio may be used to assess the efficiency of dispersion.

The laser sizer was allowed to warm up to working temperature for 20 minutes 

before the experiments were undertaken (Malvern Instruments, 1986). Samples of 

approximately 1 g were obtained from a well mixed composite sample of soil from 

throughout the study area. A sample was placed in the chamber filled with the 

suspension under test and cycled 200 times through the laser optics to measure the 

size distribution and the obscuration value. In the first test a sample suspended in 

distilled w ater was compared with a sample suspended in tap water. Both
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suspensions were disaggregated using ultrasonic action during the measurements. 

The size distributions and obscuration ratios were very similar. Any differences could 

probably be accounted for by replication errors.

A sample was suspended in tap water and Calgon, at concentrations of 0.033, 0.066, 

0.132 and 0.66 g L' ,̂ was added directly into the suspension. This made little 

difference to the obscuration and no change was observed when the concentration 

was increased. Ultrasonic action was introduced partway through the test to assess 

the effectiveness of this method of dispersion. There was a significant increase in the 

obscuration, although the concentration of Calgon seemed to make little difference. 

Additional samples were pre-treated by shaking overnight in Calgon at 

concentrations of 0.825 and 1.65 g L \  The samples were tested in the same way. The 

initial dispersion rate for the sample pre-treated at the largest Calgon concentration 

was greater than the sample pre-treated at the smallest concentration. Ultrasonic 

action was initiated part way through this test and increased the ra te  of dispersion.

The increase in the dispersion rate suggests tha t ultrasonic action disaggregates 

samples far more quickly than other methods. However, the exact combination of 

pre-treatm ent or surfactant with ultrasonic action that provides the most effective 

dispersion method is unclear. To investigate this, similar tests were conducted with 

ultrasonic action operating continuously from initiation. A comparison of the 

different dispersion methods is shown in Figure 4.6.7.1.1. A sample which has not 

undergone any dispersion improvement is provided as a control for the tests. That 

the control sample shows some dispersion suggests that stirring and pumping of the 

sample is effective in disaggregation.

The dispersion rates for each method increase rapidly at first, but decrease with time 

although dispersion continues. All but one of the dispersion curves contrast markedly 

with the control curve showing steep initial dispersion rates associated with rapid 

disaggregation by ultrasonic action. The dispersion curve for a sample with Calgon 

added directly into the suspension shows a similar initial dispersion rate to the 

control curve suggesting that direct application of Calgon is not effective. In contrast, 

dispersion curves of samples pre-treated with Calgon and suspended in tap or 

distilled water have greater initial dispersion rates than the initial dispersion rate 

for samples in which Calgon was applied directly. This suggests th a t the samples
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pre-treated with Calgon are more easily disaggregated using ultrasonic action.
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Figure 4.6.7.1.1 Dispersion curves of several methods used in conjunction with 

ultrasonic action with time.

The largest initial dispersion rate was produced using the largest concentration of 

Calgon as a pre-treatment. A distinct change is evident in the dispersion rate of 

samples pre-treated with Calgon after approximately three minutes. Dispersion of 

these samples decreases after approximately 10 minutes of ultrasonic action probably 

because particles have flocculated. This was observed to occur at the w ater surface 

and against the chamber walls. In contrast, samples suspended in tap or distilled 

water and dispersed using ultrasonic action continue to disperse after this ten 

minute period.

To examine the temporal variation in particle damage due to ultrasonic action the 

particle-size distributions of samples suspended in tap w ater were calculated shortly 

after initiation of ultrasonic action and after a duration of six and ten minutes 

(Figure 4.6.7.1.2). Immediately after each measurement a sample was obtained by 

micro-pipette from the same location in the sample chamber. All samples were 

placed into petri dishes and compared visually using a microscope. The microscope 

was used to observe the particle shape to provide some qualitative assessment of 

particle break-down. The most noticeable difference between the three samples was 

the reduction in red colouration in samples obtained during ultrasonic action. Prior 

to ultrasonic action the sample exhibited many small particles fixed to the larger,
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mainly rounded quartz particles. A large number of aggregates was found in this 

sample in contrast to the few aggregates found in the sample obtained after six 

minutes of ultrasonic action. The composition of this sample consisted of a variety 

of pale-red rounded particles. The particles found in the sample obtained after ten 

minutes of ultrasonic action consisted of a similar size-range and colouring. However, 

the largest particles were sharp and elongated and were probably shards of the 

rounded quartz particles observed in the other samples.
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Figure 4.6.7.1.2. Temporal variation in particle-size distribution of a sample 

suspended in tap water and dispersed by ultrasonic action.

Microscope observations suggest that the duration of ultrasonic action prior to 

measurement of the size distribution should be no longer than six minutes in order 

to minimise particle breakage. However, a more precise estimate of the duration of 

ultrasonic action is provided by the dispersion curves (Figure 4.6.7.1.1). It was 

decided tha t the standard duration of dispersion using ultrasonic action should be 

three minutes. The combination of this dispersion method and a sample pre-treated 

with Calgon provides the most efficient dispersion method. However, the preparation 

time outweighs the slight advantage offered over the simplicity of a sample 

suspended in tap w ater and dispersed only with ultrasonic action. Therefore, the 

standard adopted for all size distribution measurements is a tap w ater suspension 

dispersed using ultrasonic action for three minutes.

All samples were measured twice with this procedure using the 100 mm and 600 mm
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lens. Unfortunately, blending using the Malvern software was ineffective due to the 

very large size overlap between the lenses. This overlap was necessary to provide the 

range of sizes without the use of the 63 mm lens which has been found to produce 

spurious results (McCave et al., 1986). Blending, undertaken within a computer 

spreadsheet, was accomplished by correcting the 100 mm lens estimates by the 

proportion of the difference found within the smallest sizeband in the 600 mm lens 

(1 1 .6 -3  pm). All values were subsequently corrected to percentages.

4.6 .7.2. Laser sizer comparisons and accuracy tests.

It has been found that earlier models of the Malvern laser sizer could not cope well 

with the clay fraction. McCave et al. (1986) showed th a t the amount indicated 

between 0.5 pm and 2 pm was only 16% to 20% of the amount less than  2 pm 

registered by the Coulter Counter. Both McCave et al. (1986) and Singer et al. (1988) 

found spurious fine modes that were recurrent on both the 100 mm lens and more 

pronounced on the 63 mm lens. It was presumed that the clay is partly responsible 

for these modes and for the progressively smaller modes a t larger sizes.

Singer et al. (1988) used silt standards finer than 6 ^ for comparison with other 

instruments. The laser sizer detected a significant number of particles outside the 

size range detected by other methods. It provided direct particle size measurements 

and recorded the presence of larger, lower density fractions in addition to the higher 

density smaller diameter grains. Lower correlation coefficients were found for 

instrum ent performance tests for the Malvern than for other instrum ents. These 

tests used a mean (j) size, however, it is generally accepted tha t polymodal 

distributions cannot be accurately characterised by the mean. Since the instrum ent 

had already successfully identified other modes it is logical to infer that the lower 

value for the test statistic is a reflection of this ability.

In general, tests have shown that samples containing clay-sized material posed the 

greatest analytical problem for the instruments tested by Singer et al. (1988). % ey  

suggested this was mainly due to light dispersion, influence on fluid viscosity and 

particle-particle interaction. Specifically these workers suggested th a t the Malvern 

laser sizer has the poorest resolution ability in analysing both the silt standards and
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polymodal samples. Nevertheless, the laser sizer offers advantages including high 

speed production of accurate, reproducible results which few other techniques 

provide. Loizeau et al. (1994) suggested tha t the sediment preparation procedure was 

responsible for greater variation than the optical measurement itself. Thus, for the 

present study, replicate measurements of sub-samples were conducted by resampling 

material. The average particle-size distribution and 95% confidence intervals are 

shown in Figure 4.6.7.2.1. This indicates greater variability in the coarse size- 

fractions where relatively small numbers of particles are found, in comparison with 

the finer fractions. For this reason it is important to ensure a sufficient number of 

sweeps provide representative results. Consequently, the default setting was 

increased and maintained at 300 for all measurements.

0.010 .0 0 1
Size (mm)

Figure 4.6.7.2.1. Average particle-size distributions and confidence intervals of 20 

replicate recycled and repeated subsampling measurements.

The recent addition of the laser light source Coulter Ls-lOO has proved to be a more 

efficient instrum ent for measuring the size distribution than other instrum ents 

(Loizeau et al., 1994). The main advantage of the Coulter LS-lOO over other laser 

instrum ents is that it can measure all the diffraction angles simultaneously (Loizeau 

et al., 1994) whilst other methods require three focal lengths. These authors tested 

the Coulter LS-lOO with the Malvern 2600 laser sizer by measuring 20 samples of 

fine lacustrine sediments (< 63 pm) using both instruments. Their results showed 

very good correlation between the instruments although a discrepancy appeared in 

the silt and clay sediments with a median diameter lower than 10 pm (Loizeau et al..
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1994). The authors suggest that this difference between instrum ents is due to the 

less accurate measurement of this fraction by the smallest focal lens (63 mm) on the 

Malvern 2600. This accords with the findings of other workers (McCave et al., 1986; 

Singer et al., 1988).

4.6.7.S. Size distribution parameters.

It is common to find statistics and models in the literature based on a log-normal 

distribution. This assumption is important as the statistics that are calculated from 

it are heavily reliant upon it. In the past workers have used this approach to 

describe the mass-size distribution of aeolian and fluvial sediments using sample 

moments. Often, these statistics are calculated semi-graphically from a log-normal 

probability plot of data following Folk and Ward (1957). However, there have been 

expressions of doubt about the statistical assumptions the techniques have employed 

(Bagnold and Barndorff-Nielsen, 1980; Flenley et al., 1987; Barndorff-Nielsen and 

Christiansen, 1988),

It is conventional within the soils literature to express basic information about 

texture using the fractions of clay, silt and sand in a sample. This study used the 

British standards definition of 2 pm, 60 pm and 1128 pm, respectively. However, 

separation of soil into clay, silt and sand have proved inadequate in term s of 

measuring the soil texture and especially for modelling. Shirazi and Boersma (1984) 

suggested that soil texture should be described using a geometric mean particle 

diameter and geometric standard deviation. These authors provided simple equations 

to allow the conversion from size fraction data to mean and standard deviation. The 

underlying assumption was tha t soils fit a log-normal particle-size distribution 

function. Recognising that a single log-normal distribution may not adequately fit 

data for whole soils, they suggested that bimodal and trimodal distributions would 

better describe soils. Shiozawa and Campbell (1991) tested this assertion using six 

soils and found that a unimodal model was a poor fit and that a more complex 

bimodal model fitted much better. More importantly, the fit was considered 

unim portant in determining the adequacy of the transformations. When geometric 

mean particle diameters were used to represent each size class, excellent agreement 

was obtained between measured and predicted means. Reasonable agreement was
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also provided by the geometric standard deviation.

In the present study it was intended that these parameters would be used to 

characterise the particle-size distribution. However, with the provision of 32 size 

bands from the laser sizer it is not necessary to assume distributions since the 

available data accurately define it. For this reason the mean, standard deviation and 

skewness param eters were calculated using equations provided by Malvern 

Instrum ents (1980). The geometric mean diameter (Gp) for each of the 32 (n) size 

bands (b) was calculated using the size fractions (S) from

Gp[b] =TSi.SiJ°-® (4.6.7.3.1)
i = l

The arithm etic mean particle diameter for the distribution (Ap) was calculated using

the percentage weight in each size band (Wy) and summed over the whole

distribution:

b=n b=n

All = E  Giie,. Wb / E  Wi, (4.6.7.3.2)
b = 1 b = 1

The standard deviation of the distribution (S) was obtained by square rooting the 

result from:

b = n  b=n

= E  (Gii^ - A tif . Wt / E  Wt (4.6.7.3.3)
b = l  b = l

The skewness of the size distribution (Sk) is obtained using a similar equation but 

raised to the third power:

b=n b=n

Sk = E  (Gii„ - An)^ . Wi, /  E  S’ . (4.6.7.3.4)
b = l  b = l

4.7. Conclusions.

A sampling grid was placed over the study area. Four sample nests were stratified, 

in the absence of large-scale soil maps, using the characteristic toposequence. Within
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each of the four main nests, two additional nests of samples were located randomly. 

This sampling framework provided a total of 217 sites for depth-bulked samples. All 

of the soil properties, except ^̂ ^Cs, were either recorded or later measured a t these 

sites. ^̂ ^Cs was later measured at only 30 % of these sites. An additional nested grid 

was inserted within the last sampling frame by random selection for additional field 

magnetic susceptibility measurements providing a total of 458 sites. This stratified 

nested sampling strategy enabled several spatial scales to be encompassed.

Eleven of these depth-bulked sampling sites were selected for detailed soil profile 

measurements. Surface wash traps were placed along the upper three rows of the 

main sampling grid. These traps were also moved and placed along with the aeolian 

material samplers at sites within the study area where different land uses were 

found. Problems with the design of both the surface wash and aeolian m aterial 

samplers caused a lack of quantitative measurements of net soil flux. Trapped 

samples were analysed for information on the selectivity of the transport processes 

by assuming a representative sample of material.

Soil properties were selected based on correlations with ^̂ ^Cs, the ability to record 

the property in the field, and where necessary, the rapid measurement of the soil in 

the laboratory. This was important because the necessity to reduce transport cost by 

depth-bulked sampling caused low ^̂ ^Cs concentrations and lengthy counting times 

to reach acceptable statistical reliability. Thus, only relatively few samples could be 

measured given the constraints of this study. Fortunately, the inclusion of a biassed 

amplifier within the gamma-ray spectrometry system enabled a greater resolution 

with which to measure the low concentration ^̂ ^Cs.

The size distribution of the tracers ^̂ ^Cs, %Fd Eind %Lf were compared with the particle- 

size distribution to assess the extent to which these tracers will be representative of 

soil redistribution. These tracers produced similar results for both regions w ithin the 

study area. On the Plain the distribution of the tracers was found to reflect the 

particle-size distribution better than on the Plateau. This was because the tracer 

distributions for the Plateau was dominant in the finest size fraction, which has a 

small contribution to the volume of the sample. Whereas the tracer distributions for 

the Plain, was dominant in the modal size fraction. The results suggested these 

tracers are likely to be more effective on the Plain, than on the Plateau.
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Disaggregation was required for the remaining particle-size distributions measured 

using a Malvern 2600 laser sizer. Although Calgon dispersed in tap w ater produced 

the greatest dispersion rates, ultrasonic action was selected as the most effective 

dispersion method. This was because samples were more easily disaggregated with 

negligible reduction in the dispersion rates. Ultrasonic action was found to break 

individual particles after six minutes. Several dispersion curves showed the 

disaggregation of particles with time and a threshold of 3 minutes was determined 

and used in the measurement of all particle-size distributions.
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Chapter 5.

PROFILE VARIATION IN SOIL PHYSICAL AND CHEMICAL

PROPERTIES.

5.1. Introduction.

The soil properties were selected for their potential to predict ^% s (McHenry and 

Ritchie, 1977). Each property should contain important information on the fixation 

of ^̂ ^Cs with depth and the spatial, depth-averaged, distribution of ^̂ ^Cs. In turn  

these factors of soil redistribution are controlled by geomorphological and pedological 

processes. Analysis of the multivariate dataset should provide information on soil 

geomorphology interactions with which to interpret maps of soil redistribution from 

% .

The properties of soil profiles are the basis for reconstruction of the recent history 

of the soil geomorphology. Although the detailed and therefore time-consuming 

nature of this analysis prevents its use at many sites, profiles were well-distributed 

throughout the study area. Depth-bulked soil samples should provide a more 

economical and generalised approach to identifying spatial patterns of soil 

redistribution over the entire study area, than the profile approach.

A necessary first step in the analysis of large multivariate datasets is to generalise 

the data. Complimentary techniques which accomplish this aim are multivariate 

classification and ordination. The latter technique can also provide detailed 

information prior to exploratory data analysis.

5.1.1. Multivariate Classification.

Hierarchical classification systems are most appropriate when some hierarchical 

structure to the data is suspected. Unfortunately, hierarchical systems tend to assign 

individuals to groups to which they bear little resemblance because they happen to 

possess or lack one or more discriminating attributes. Furthermore, if  the population
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is clustered there is a risk that one or more clusters will be split. For this reason 

divisive hierarchical systems are seldom used for classifying soil. Although 

agglomerative classification systems do not suffer from this defect, Webster and 

Oliver (1990) suggest tha t the sequence of linkages between individuals may be 

strongly associated with the spatial distribution of data and also with the 

agglomerative technique.

5.1.1.1. Non-hierarchical multivariate classification.

In cases where populations are believed to lack any inherent hierarchical structure 

and when the aim is to compare the groups, a non-hierarchical classification system 

is likely to be a more appropriate alternative (Oliver and Webster, 1987; Webster 

and Oliver, 1990). The essence of this type of classification is tha t individuals are 

subdivided into a decreasing number of disjoint groups on the basis of minimum 

variance within groups and maximum variance between groups. The classification 

procedure used in the analysis of multivariate data is discussed by Webster and 

Oliver (1990) and was conducted for this study using Genstat software (Genstats 5 

Committee, 1987), following Oliver and Webster (1987a).

5.1.2. Ordination.

Ordination provides an alternative method of expressing m ultivariate relationships 

scattered in space and often proves more useful especially with continuously variable 

soil data. Typically the suite of techniques that is encompassed within ordination 

arrange sites along axes based on composition (ter Braak, 1987). Ordination 

techniques may be divided between direct and indirect gradient analyses.

Direct gradient analysis or canonical ordination includes a range of techniques to 

relate response variables directly to their environment. This analysis can be used in 

an exploratory way, through the ordination diagram, or in a confirmatory m anner 

where the influence of individual environmental variables can be tested statistically 

(ter Braak, 1987a). Canonical ordination incorporates regression and constrains axes 

to linear combinations of measured environmental variables so th a t the resultant
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ordination diagram has a known environmental basis. This technique is discussed 

in more detail in Chapter 7.

5.1.2.1. Principal Components Analysis (PCA).

Indirect gradient analyses such as PCA arrange sites purely on the basis of sample 

composition which reflects variation and latent structure without reference to 

external data. Ordination axes act as surrogates for latent environmental variables 

acting upon the data. Known explanatory variables are replaced by a smaller 

number of theoretical variables which summarise the data in a convenient 

geometrical way. However, interpretation is often difficult and by no means assured, 

as the principal components are mathematical constructs with no direct physical 

meaning.

5.2. Soil profile principal com ponents analysis.

Single m ultivariate data sets have been applied in the numerical classification of 

soils using PCA (Norris, 1970; Oliver and Webster, 1987a; Oliver and Webster,

1989). Prior to PCA the data can be centred to unit variance and standardised by 

dividing each value by the standard deviation of the property. Although 

standardisation overemphasizes the influence of variables with low variances, 

particularly the nominal and ordinal variables (Odeh et aL, 1991), it is essential for 

variables measured on different scales and in different units (Webster and Oliver,

1990).

An alternative used by Odeh et al. (1991) applies a different transformation to each 

data type (Table 5.2.1) and was adopted in the present study. The Munsell soil colour 

system was transferred to ordinal data by categorising: soil hue, which reflects the 

degree of soil redness, was given integer values between 0, for 5Y, and 6, for lOR. 

Both the value (lightness associated with grej^ess) and the chroma (relative purity 

of the dominant wavelength) ranged from zero to a maximum of 8 . To reduce the 

variance of ordinal and numeric data to similar scales, all the ordinal variables were 

divided by their respective maximum values to reflect their relative magnitude
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ra ther than their absolute values. Percentage particle-size data and organic m atter 

were transformed into decimals. Each variable with pure numeric data (^^^Cs, pH, 

soil strength and bulk density) was divided by its respective maximum, thus 

reducing all the variables to transformed data between 0 and 1.

Table 5.2.1. Soil property data types used in the principal components analysis of 

soil profiles sampled within the study area.

Number of Measurement Data
Soil property profile sites Units Type

Organic matter 11 % Numeric
Bulk density 11 kg m'^ Numeric

'='Cs 11 Bq m'^ Numeric

Xu 11 10® %/m® kg'^ Numeric
Soil Colour 11 Munsell Ordinal
pH 11 pH Numeric
Particle-size 11 % Numeric

Standardisation by sample totals is necessary for proportional data tha t sum to unity 

(ter Braak, 1988). This applies only to the grain-size data. However, standardisation 

by sample totals was avoided by omitting each of the grain-size proportions 

sequentially and repeating the PCA using the untransformed data. The combination 

of these grain-size data that contributed the most to the variance was found to be silt 

and sand. Thus, untransformed data, including only these grain-size proportions, was 

centred and standardised prior to PCA.

The results of the PCA for soil profiles from the entire study area are shown in Table

5.2.2. Most variance is explained by the first eigenvalue, but the proportion of 

variance explained by subsequent eigenvalues does not decrease rapidly. The first 

two explain approximately 68 % of the variance. This suggests a large amount of 

inter-correlation between-soil-properties which explain the majority of the variance.
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Table 5.2.2. Principal component eigenvalues of multivariate soil profiles obtained

at sites throughout the study area.

Principal components

Latent roots 4.81 2.68 1.26 0.77 0.50 0.43
Variance % 43.72 24.38 11.50 7.04 4.57 3.95

Since the data were standardised prior to PCA, the analysis was effectively 

conducted on the correlation matrix. Thus, the highlighted dominant component 

loadings (Table 5.2.3) plotted in the plane of the first two principal components 

(Figure 5.2.1) may be used for interpretation. Unfortunately, spurious values were 

found in the Xpd data and consequently this variable was omitted. The first principal 

component is dominated by percentage silt and sand content, organic m atter, ^̂ ^Cs, 

bulk density and Xlf descending order of importance.

The second principal component is dominated by soil colour, pH and XLf addition, 

^̂ ^Cs is weakly loaded on the second component suggesting that this property is 

im portant in explaining variation in both components. Examination of a plot of 

principal component scores in the plane of the first two principal components (Figure 

5.2.2) reveals the variation in the properties that load highly on the principal 

components. For component one, proportions of silt, organic m atter and the 

concentrations of ^̂ ^Cs and magnetic minerals are higher on the right than on the 

left. However, the converse situation exists with bulk density and percentage sand 

content. The second component represented by the vertical axis has sites with red 

soil and lower pH on the upper portion of the graph, whilst sites with less red and 

more brown soils and with higher pH are found in the lower portion of the graph.
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Table 5.2.3. Principal component loadings of multivariate soil profiles obtained at

sites throughout the study area.

Principal component latent vectors

Soil property 1 2 3

Organic matter -0.4299 -0.0908 0.0718

Bulk density 0.2958 0.1316 0.0089

'^Cs (Bq kg h -0.3294 -0.2363 0.0442

%Lf -0.2917 0.3437 0.2793

Colour Hue -0.1524 -0.4922 -0.2029

Colour Value 0.0747 -0.4404 0.2257

Colour Chroma 0.2534 -0.0052 0.6965

pH -0.0410 -0.4139 0.5000

% Silt content -0.4407 0.0161 0.0209

% Sand content 0.4407 -0.0164 -0.0085

0.3

0.2

Dvixng

Loi

- 0.5
-0 1  -0 .0  0.1 0.2 0.3 0.4 0.5

Principal component I

Figure 5.2.1 Soil profile eigenvectors labelled for each property plotted in the plane 

of the first two principal components.
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Figure 5.2.2 Principal component scores plotted in the plane of the first two principal 

components and labelled using the multivariate classification.

5.3. N on-hierarchical m ultivariate  soil profile classification.

The principal component scores plotted in the plane of the first two principal 

components (Figure 5.2.2) are labelled according to the optimal classification and in 

some cases w ith the profile site label and depth. The optimal number of classes was 

determined using sum of squares as a measure of goodness for different numbers of 

groups, g. For a homogeneous population the criterion will decline fairly steadily but 

clustering will be indicated by a sharp decline below the general trend. Clustering 

in the data is evident for four classes (Figure 5.3.1).

The class associations of the profiles are shown with depth, and across, a schematic 

toposequence typical of the study area (Figure 5.3.2). It is clear th a t separation of 

data between classes two and four is associated with location in the profile, between 

topsoil and subsoil. Applying this interpretation to the second principal component 

separates the soil profiles on this basis with only a few exceptions which will be 

discussed below (Section 5.4.2).

The separation of the site scores by principal component two according to the 

location within the profile enables the general characteristics of th a t component to 

be adopted for classes two and four. The class averages for each soil property (Table
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5.3.1) aid the summary of these classes. The topsoil in class two is less red than  the 

subsoil and the concentration of magnetic minerals is lower in the topsoil than  in the 

subsoil. Furthermore, the topsoil has higher pH than in the subsoil. These properties 

are all sensitive to the redox status of the soil. Soil colour and magnetic 

susceptibility are linked to the presence and accumulation of clay-sized iron oxides. 

Together these properties suggest that the topsoil is well-drained whilst the subsoil 

is less well drained. There is further discussion on the division of topsoil and subsoil 

in section 5.4.2.

4 0 0

I  150

5 0 0

2 5 0

S 200

1 5 0

too

Number of classes (g)

Figure 5.3.1 Graph of class sum of squares against g for identification of the optimal 

non-hierarchical classification.

The site scores of principal component one exhibit a well defined separation of class 

one from classes two and four. It is clear from the site scores th a t only one soil 

profile with four depth increments comprises class three. Two of these depth 

increments plot amongst sites associated with classes two and four. More detailed 

analysis is necessary to explain the reason for classification of a separate profile and 

the nature of the soil (Section 5.4.2). The separation of class one from classes two 

and four enables the general characteristics of the component to be adopted for both 

these classes, and provides an interpretation. The soil properties averaged for each 

class aid in the interpretation of component one and classes one and three. 

Proportions of silt, organic m atter and the concentrations of ^̂ ^Cs and are higher 

in classes one and three than in classes two and four, whilst percentage sand content 

and bulk density are lower in the former classes than the latter.
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Figure 5.3.2 Schematic cross-section of the study area separated by m ultivariate non- 

hierarchical classification of soil profiles.

The presence of large proportions of the silt mode (15 - 30 pm) has been ascribed to 

the presence of H arm attan dust (McTainsh and Walker, 1982) which is enriched with 

^^̂ Cs. In an environment where considerable reworking takes place, aeolian m aterial 

will only accumulate beneath protective vegetated canopies, such as those found in 

class one and three (Figure 5.3.3) where high proportions of organic m aterial will be 

found. Thus, principal component one separates out sites where deposition and 

accumulation occurs beneath vegetation cover. The concentration of ̂ ^̂ Cs and 

only be reduced by surface lowering and exposure of the more compact subsoil. Since 

the Plateau has a greater percentage vegetation cover (33 %) than the Plain (19 %) 

the implication is tha t the Plateau is associated with an accumulation zone due to 

deposition of aeolian material, whilst the Plain is an erosional zone due to the lack 

of protective vegetation cover. This suggests tha t exposure of the soil surface to 

aeolian and surface wash processes has removed the H arm attan dust and most of 

the silt and clay fraction causing the sand size fraction to be dominant. These results 

are in accordance with those of McTainsh (1985) who suggested th a t sim ilar 

reworking has important implications for soil degradation.
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Table 5.3.1. Soil property averages for each class identified using a non-

hierarchical procedure.

Class

Property 
Organic matter

1 2 3 4

1.31 0.45 1.23 0.43
Bulk density 1.13 1.35 1.09 1.37
"'Cs 7.71 2.57 6.16 1.40

Xhf 8.46 2.66 2.29 4.44

pH 4.69 5.16 4.41 4.28
% Silt 31.23 7.72 28.03 10.55
Colour* 5yr 5 3.5 5yr 5.5 4.5 lOyr 7 2 2.5yr 5 4

*NB. The soil hue has not been averaged, instead an indicator has been used and the average 
of the indicators reconverted. Soil value and chroma are rounded to the nearest whole unit.
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Figure 5.3.3 Particle-size distributions averaged for each class identified using non- 

hierarchical m ultivariate classification.
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5.4. E xploratory  data  analysis (EDA).

5.4.1. Particle-size distributions.

The dominant mode found between 110 - 130 pm in the soil, shown in Figure 5.3.3 

is also found in trapped mobile material (Figure 5.4.1.1). The absence of large 

amounts of the silt fraction in this mobile material trapped on the Plain suggests 

th a t vegetation is protecting the soil from reworking. However, the size distribution 

of surface wash material trapped on the Plateau is distinctly finer than the mobile 

m aterial trapped on the Plain. In addition, this size distribution exhibits a small silt 

component. These results suggest that greater vegetation cover on the Plateau only 

reduces the reworking of aeolian accumulations.

The surface wash material trapped on the Plain is coarser than the aeolian material 

trapped on the Plain (Figure 5.4.1.1). The former size distribution exhibits several 

coarse modes (400 pm, 250 pm and 100 pm). That these modes are visible suggests 

the operation of a number of processes: that preferential selection of material with 

these size modes is occurring; that lags of the size fraction between these modes have 

been produced; or a combination of these alternatives due to the movement of the 

soil in aggregates.
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Figure 5.4.1.1 Particle-size distribution of wash trap material.

Several workers throughout the Sahel have described the size-distribution of trapped
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dust samples. The amount of clay fraction (< 2pm) was found to range from 2.3 % 

to 32 % (McTainsh and Walker, 1982). The variation in the particle-size distributions 

of transported material largely explains the differences between the particle-size 

distribution of trapped dust. The abundance of fines (< 20 pm) in dust samples 

compared to local soils is indicative of long-distance transport (McTainsh, 1984). At 

unvegetated sites sand is dominant in the A horizon and clay constitutes a 

substantial fraction of the C soil horizon (Drees et al., 1993).

Since large proportions of the H arm attan dust component (15 - 30 pm) occur at 

vegetated sites, it should be possible to identify the sedimentary history assuming 

the site has been undisturbed throughout. The particle-size distribution of each 

depth increment of a profile obtained at a vegetated site (site X) is shown in Figure

5.4.1.2. This profile is representative of other vegetated profiles and shows th a t the 

surface 5 cm has the highest silt content and the lowest sand content of the profile. 

Subsequent depth increments have decreasing proportions of silt, and increasing 

proportions of sand.

0.01 0.10.001
Size (mm)

0 - 5  

5 - 1 5  

13  -  21

21  -  2 9

Figure 5.4.1.2 Particle-size distributions of a soil profile from a vegetated site (X).

Assuming tha t the material accumulated beneath the vegetated canopies is 

representative of the aeolian material in transport, these results suggest tha t, with 

time, increasing proportions of silt have been transported and deposited beneath the 

canopy. The presence of finer dust accumulations has been interpreted as secondary 

entrainm ent (McTainsh, 1985) of H arm attan dust probably because accumulations
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of dust have been exposed by removal of vegetation. The coarse resolution of the 

sampling of the profile may hide other differences in the size of m aterial which may 

have implications for the sedimentary history.

5.4.2, Soil property profiles.

The soil profiles of several of the more discriminative soil properties are shown in 

Figure 5.4.2.1. Each part of the soil profile is labelled according to the non- 

hierarchical multivariate soil class. These profiles establish the existence of trends 

in the soil profiles and differentiate between classes.

The profiles for most properties are more similar in shape and magnitude, for classes 

one and three than profiles for classes two and four. Exceptions to this generalisation 

for classes include pH and to a lesser extent for frequency-dependent magnetic 

susceptibility. These exceptions will be dealt with separately. The profiles of class 

one and three show decreases in organic matter, silt content and ^^^Cs, whilst clay 

content increases with depth. The profiles of classes two and four for the same 

properties change more linearly with depth. The magnitude of organic m atter, silt 

and clay content and ^̂ ^Cs is larger for classes one and three than  for classes two 

and four.

Since vegetation cover is known to be greater for classes one and three than  for 

classes two and four, these results provide further evidence of the protective effect 

of vegetation from erosion. Deposition and accumulation of dust beneath vegetation 

apparently causes lower bulk density, higher silt and clay content, organic m atter 

content and higher ^̂ ^Cs concentration, than is found at unprotected sites. Vegetation 

reduces the intensity of rainfall through interception, resulting in the development 

of more exponential soil profiles for most soil properties. More linear soil profiles, 

which may still increase with depth (in the case of silt content), are attributed to 

higher rainfall intensity, percolation and éluviation at unvegetated sites.
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Figure 5.4.2.1 Soil profiles labelled with the non-hierarchical m ultivariate soil class 

for (a) frequency dependent magnetic susceptibility, (b) pH, (c) organic m atter 

content, (d) bulk density, (e) silt content, (f) ^̂ ^Cs.

Percolation and éluviation may be affected by the presence of surface seals or crusts. 

The point closest to the surface on profiles of organic m atter and silt profiles (Figure 

5.4,2.1c and e) is a single sample of the crust at site D. The soil properties of the 

surface crust a t site D are compared with those found in the underlying soil in Table
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5.4.2.1. The crust has more clay, silt, organic m atter and higher pH than the 

underlying soil. This may be attributed to the development of a cryptogamie crust 

which traps dust, and hence increases the pH. The presence of an organic crust will 

probably alter the percolation characteristics by reducing the effect of in-washing of 

fines. It is not clear why ^̂ ^Cs is lower in the crust than in the underlying soil, 

although it may suggest that ^^^Cs-enriched dust has moved from the crust into the 

underlying soil. Consideration of the soil properties associated with crusts explains 

their presence in the topsoil / depositional quadrant of the PCA.

Table 5.4.2.1. Soil property characteristics of crust and underlying soil a t site D.

Soil property Crust 1-5 cm

organic m atter 0.63 0.50

% clay 0.43 0.34

% silt 22.70 8.71

% sand 76.87 90.95

pH 5.75 5.01

Xhf 2.64 2.61

137(]S 2.20 ± 0.6 3.40 ± 0.9

The soils in the study area may be described as neutral (between 5.5 and 7 pH). pH 

on the Plain is below this range and may be prone to A1 toxicity and excesses of e.g. 

Fe, Mn and maybe deficient in Ca, N, P and K. pH may be a sensitive indicator of 

the drainage status within a profile. pH is generally lower under reducing conditions 

like those found in the subsoil suggested by the profile for class four. Soil under more 

oxidising conditions is likely to have higher pH, thus explaining similarities in the 

magnitude of soils in classes one and two, associated with topsoil accumulations. 

Similarity in the magnitude and shape of pH curves between classes three and four 

suggests tha t the profile at site Z (class 3) is associated with subsoil th a t is poorly 

drained.

The patterns for %Fd suggests that class three is distinctly different from other 

classes. This profile was obtained from a site outside the study area in a topographic 

hollow which is densely vegetated. Soil in this area has been suggested by Legger
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(1993) to be rapidly internally drained, but slowly draining externally. The soil 

colour was light grey (10 yr 7 2) suggesting th a t all elements except completely 

bleached quartz sand were leached out (Legger, 1993). These characteristics explain 

the separation of the profile by the PCA and the classification procedure. Although 

not shown, it is noteworthy that %Lf is more discriminative between classes whilst Xpd 

discriminates down profile showing a similar increase with depth for all classes.

Other exceptions to the location of the site scores within the ordination diagram 

include the increments of the profile from site H. The classification suggests that 

several subsoil samples are not located correctly. The unifying reason for the 

incorrect location seems to be the presence of large amounts of dust in the samples. 

It has been suggested that dust can only accumulate beneath vegetation. Thus, an 

explanation for the anomaly of these profile increments obtained a t depth from site 

H is th a t they were originally closer to a surface protected by a vegetation cover. At 

present these samples are buried beneath alluvial deposits and the vegetation is 

absent (Figure 5.3.2).

In general, the ^̂ ^Cs profiles exhibit the characteristic exponential curve (Figure

5.4.2. If) reported in undisturbed and rangeland areas worldwide (Walling and Quine, 

1992; Campbell et al. 1982; Zhang et al., 1990). However, unexpectedly small 

amounts of ^̂ ^Cs are present in the topsoil (class 2) of some profiles unprotected by 

vegetation and require more detailed analysis. Although these patterns may be due 

to the micro-variability of the soil structure from using a corer with a small internal 

diameter (5 cm), it is assumed that this sampling technique provides representative 

inventory values. Two competing hypotheses may explain the unexpectedly small 

amounts of ^̂ ^Cs in the topsoil, these are: the deposition of low ^̂ ^Cs concentration 

soil; clay éluviation by leaching caused by high intensity rainfall and percolation.

5.5. T esting the validity of the tracer for net soil flux.

In order to assess the validity of the ^̂ ^Cs technique in the study area the framework 

used by Walling and Quine (1992) will be undertaken. The assumptions of the ^̂ ^Cs 

technique are:
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1) Uniform local fallout distribution.

2) Rapid adsorption and immobilisation of ^̂ ^Cs fallout onto soil particles.

3) Subsequent redistribution of ^̂ ^Cs reflects sediment movement.

4) Estimates of rates of soil loss can be derived from soil ^̂ ^Cs inventories.

Unfortunately, no evidence further can be provided here to support the first 

assumption, although justification has been provided in several areas of the northern 

hemisphere (Campbell et al., 1982; Walling and Bradley, 1988).

In general the exponential decrease with depth suggests that low rates of vertical 

migration exist, and this provides evidence for the strong adsorption of fallout ^̂ ^Cs 

(Bachhuber et al., 1982; Frissel and Pennders, 1983; Squire and Middleton, 1966; 

Kirk and Staunton, 1989). Such a marked decrease in ^̂ ^Cs concentration with depth 

would not exist if movement of ^̂ ^Cs took place in the absence of erosion or 

deposition. That some of the depth-profiles found in the present study extend further 

than the 5 to 10 cm found by many workers (Tamura, 1964; Ritchie et al., 1970; 

Loughran et al., 1990b; Walling and Quine, 1992) suggests th a t soil properties 

considerably affect ^̂ ^Cs fixation (Livens and Loveland, 1988). In the highly 

weathered environment of Niger, the location of small quantities of kaolinitic clay 

is likely to be important in extending the ^̂ ^Cs profile. This evidence may be taken 

to further support the assumption that fallout ^̂ ^Cs is strongly fixed to the clay 

particles in the soil. Although no evidence on the rapidity of the ®̂̂ Cs fixation exists, 

results suggest that movement of ^̂ ^Cs takes place mainly in conjunction with 

sediment redistribution.

5.5.1. ‘Undisturbed’ sites.

To satisfy the fourth assumption an undisturbed site is required with which to model 

the net soil flux rates. Intuitively, it is difficult to identify such sites in a semi-arid 

environment because of constant reworking of material by both aeolian and surface 

wash processes. It is necessary to look in detail a t the profiles to ensure correct 

designation of the undisturbed site.

Profiles obtained on the Plateau (Figure 3.7.2) were shallow and, despite the coarse
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resolution, showed a steady decrease in ^̂ ^Cs activity with depth from the surface. 

Total activities from within (site A), and between (site B), the vegetation islands are 

shown in Table 5.5.1.1 The profile with smaller of the two total ^^̂ Cs activities, is 

associated w ith the smaller soil depth. This could have been the result of a number 

of different processes: 1) net deposition of material has occurred a t site A; 2) net 

erosion has occurred at B; or both of the above.

Table 5.5.1.1. Total ^% s activities and measurement errors for each sample site

along the toposequence.

Site A B C D E F G H X Y Z

Total 
Depth (cm)

21 13 37 45 45 56 56 53 53 29 53

Total 
activity 
(Bq m'̂ )

3788 1217 1516 1485 1748 1203 943 950 2598 4129 1608

Error 166 92 93 80 86 67 68 67 142 558 88

A combination of net-erosion and net-deposition is probable. Surficial material, rich 

in ^̂ ^Cs (Table 5.5.1.2) and unprotected by vegetation is probably mobilised by 

aeolian and overland flow processes. The slight topographical gradient may cause 

m aterial to accumulate at the upslope edge of the vegetation arcs (Thiery et al., 
1995) storing water and nutrients and promoting growth on the upslope side and die- 

out on the downslope side. Overland flow on the Plateau also probably removes fine 

^^^Cs-rich m aterial from the Plateau (Table 5,5.1.2).

Densely vegetated sites appear to act as sinks for material derived by aeolian 

activity from surface layers rich in ^̂ ^Cs and cannot therefore be seen as 

undisturbed. Such areas probably accumulate both the ^̂ ^Cs fallout and the aeolian 

component. A first approximation to the fallout ^̂ ^Cs inventory can be obtained by 

identifying and subtracting the aeolian component. Figure 5.5.1.1 shows a ^̂ ^Cs 

profile obtained from a site (X) beneath a dense vegetated canopy 1 km from the 

study area, known to have been undisturbed for the last 30 years.
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Table 5.5.1.2. The concentration in soil profiles and mobile material.

^̂ ^Cs concentration (Bq kg'^)

Source Plateau Plain

Profiles 8.72 1.91

Traps 10.18 0.80

A mass specific exponential model of the form :

Logio Cj = 3.04 - 0.026 D, ' (5.5.1)

where: C = mass ^̂ ^Cs concentration (Bq kg'^)

D = soil depth (cm) 

i = sample increment

produced a statistically significant fit to the data (r  ̂ = 0.97). The model under- 

predicts the ^% s concentration near the surface probably because of the influx of 

^^^Cs-rich dust. Unfortunately, the profile is also truncated a t 29 cm from the surface 

due to the loss of samples during transit. Extrapolation of the model to a depth of 

51 cm, integration and subsequent error compounding using quadrature, prior to 

unit conversion effectively removes the aeolian component. The result is a corrected 

total ^̂ ^Cs activity for an ‘undisturbed’ site of 2517 ± 76 Bq m'^ in the study area. 

Notably, this reference level is much lower than profiles obtained a t vegetated sites 

A and Y (Table 5.5.1.1).

In an attem pt to validate the level of total ^̂ ^Cs activity for an undisturbed site, an 

additional profile was obtained at site Z (Figure 5.5.1.2). This site is devoid of 

vegetation, and located on a transhumance route. The significance being th a t no 

cultivation or wood cutting has occurred for at least 30 years (from photographic 

evidence and indigenous knowledge).
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Figure 5.5.1.1 Truncated profile for vegetated site, X, with an exponential 

model used for extrapolation and integration to obtain the total activity.

In accordance with the stability of the site a similar mass-specific exponential model 

produces a statistically significant fit (r  ̂= 0.96) with the form :

Logio Cj = 3.05 - 0.034 Dj (5.5.2)

The profiles at sites X and Z have slightly different soil types, which is known to 

affect ^̂ ^Cs fixation (e.g. Cawse and Horrill, 1986). A more appropriate explanation 

may be provided for the difference between the fitted curves. The profile a t site 

X has a similar gradient to the model for site Z but with consistently elevated ^̂ ^Cs 

concentrations suggesting that ^̂ ^Cs fixation is similar and th a t differences between 

the profiles oa*. due to surface raising or lowering. Simulating surface lowering by 

removing the upper 5 cm at site X emphasises the similarities between models and 

^̂ ^Cs fixation properties (Figure 5.5.1.2).

Without the protection of vegetation at site Z it appears th a t there has been little 

deposition of aeolian material, but that, on the contrary the site would have been 

affected by aeolian and surface wash erosion. The measured total activity at site Z 

is 1608 ± 88 Bq m'^. However, the exponential model predicts a greater ^̂ ^Cs 

concentration at the surface (0-5 cm) of site Z (Figure 5.5.1.2) which is probably due 

to erosion. Extrapolation of the exponential model to the present surface provides a 

total ^̂ ^Cs activity of 2066 ± 125 Bq m'^. This activity is similar to the reference level
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derived at site X, but suggests that reworking and net soil loss has occurred.
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Figure 5.5.1.2 Profile of ^̂ ^Cs for unvegetated site, Z, showing reworking a t the 

surface by comparison with ‘undisturbed’ exponential model.

The difficultly of interpreting the sedimentary history is axiomatic. The results 

suggest tha t only vegetated sites which have continuously accumulated dust can be 

used to obtain a reference level for total ^̂ ^Cs fallout in the region. A precise 

estimate of this fallout level requires many samples (Sutherland, 1991a).

5.5.2. Erosional and depositional sites.

Other ^% s depth distributions were obtained downslope of the Plateau (Figure

3.7.2). Similarities occur between profiles obtained at sites C, D, E and H (Figure 

5.5.2.1 a, b, c and f), in contrast to profiles taken at sites F and G (Figure 5.5.2.1 d 

and e). The former group exhibit a characteristic profile inversion near the surface, 

deviating from the ‘undisturbed’ models, whilst the latter group have profile shapes 

which are similar.

The profile inversion in the former group occurs generally from 8 cm towards the 

surface, with the lowest levels of ̂ ^̂ Cs at the surface. Site H is an exception and has 

a reduction in the ^̂ ^Cs profile from 20-25 cm to the surface. The surface layers of 

the ^̂ ^Cs profile a t this site are the most depleted of all the profiles. It is located near
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the base of the soil toposequence (Figure 3.7.2) on an alluvial fan.
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Figure 5 .5.2.1 ^̂ ^Cs depth-distributions obtained downslope of the Plateau at site C

(a), site D (b), site E (c), site F (d), site G (e) and site H (f), respectively.

Other workers (McCallan et al., 1980; Loughran et al., 1990b; 1993) have all found 
a similar surficial reduction in ^̂ Ĉs at colluvial and alluvial sites. McCallan et al. 
(1980) suggests that it might be due to dilution by non caesium-bearing material.
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Loughran et al. (1990b) and Campbell et al. (1982) believed th a t the variation in 

concentration down-profile was associated with the deposition of material. The 

maximum ^̂ ^Cs concentration in the profile was believed to be associated w ith the 

fallout period between 1963 and 1964, whilst lower concentrations near the 

surface are associated with the deposition of material recently exposed to low levels 

of fallout.

The shape of the ^̂ ^Cs profile at site H is consistent with the removal of the upper 

20-25 cm of material and its replacement with soil of low ^̂ ^Cs concentration. 

Reworked soil derived originally from gully walls may provide the source for soil 

with low ^̂ ^Cs concentration at site H. Similarities exist between the profile a t site 

H and other profiles in the study area (sites C, D and E). The sources of soil w ith low 

^̂ ^Cs concentration for sites C, D and E, may be subsoil now found at, or close to, the 

surface near the upper and middle part of the toposequence (Figure 3.7.2). The ^̂ ^Cs 

concentration of soil found at these eroded areas was 0.55 ± 0.16 Bq kg'^. 

Transportation of soil with such low ^̂ ^Cs concentration from these eroded areas and 

its mixing with soil downslope would result in a dilution of the total ^̂ ^Cs activity. 

Samples obtained from wash traps placed downslope of the badly eroded areas did 

indeed provide material with low ^̂ ^Cs activities (0.72 ± 0.03 Bq kg'^). Similarity 

exists between the concentration of ̂ ^̂ Cs in the wash traps and the upper 5 cm of the 

soil a t sites C, D and E (1.05 ± 0.32 to 3.41 ± 0.43 Bq kg'^). The evidence from ^̂ ^Cs 

profiles and ^̂ ^Cs concentrations of material from wash traps suggests th a t ^̂ ^Cs 

redistribution reflects sediment movement. The results are also in accordance with 

McCallan et al. (1980) who suggested tha t deposition of soil derived from exposed 

subsurface horizons is causing the development of profiles with low ^̂ ^Cs 

concentration in the surface layers. However, since ^̂ ^Cs fixation is related to clay 

content which may be indicated by Xpd» reworked subsoil w ith low ^̂ ^Cs concentration 

should also have high levels of and clay (Figure 5.4.2.1a, d and f). The absence 

of high levels of these properties near the surface of the soil profile and presence of 

low levels suggests th a t this hypothesis is inadequate to explain the pattern of ̂ ^̂ Cs 

profiles.

Alternatively, soil exposed to high intensity rainfall and percolation may be prone 

to leaching and clay éluviation. Increased ^̂ ^Cs concentration a t a depth of 2 - 3 cm 

has been simulated by repeated cycles of rainfall with drying periods on a sandy
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surface (Tanaka and Yamamoto, 1991). The results suggested that translocation of 

the ^^^Cs-fixed clay minerals during the drying period and subsequent leaching by 

w ater was the mechanism. Similar leaching experiments have shown tha t fine silt 

and clay particles are more easily translocated through sand columns than medium 

and coarse silt particles. The agreement between the clay and ^̂ ^Cs profiles 

suggests th a t clay éluviation had occurred, probably as a consequence of repeated 

cycles of intense rainfall and drying over a long period of time.

Although, it is likely tha t the upper portion of the profile a t site H (Figure 5.5.2.1f) 

has been replaced with low ^̂ ^Cs concentration soil transported from badly eroded 

area, it is more likely tha t clay éluviation caused by repeated periods of flooding and 

drying has caused the pattern in the ^̂ ^Cs profile at this site. Both ‘undisturbed’ 

models from sites X and Z provide a reasonable fit for the lower points in the ^̂ ^Cs 

profile a t site C and D (Figure 5.5.2.1a and b). The upper portion of these profiles 

deviates from the models probably as a consequence of the in-washing of ^^^Cs-rich 

clay and accumulation between 5 cm and 20 cm from the surface. A reasonable fit 

is found between the ‘undisturbed’ models and the ^̂ ^Cs profile at E (Figure 5.5.2.1c), 

but unlike the profiles at D and C, the ^̂ ^Cs concentrations lower in the profile are 

greater than the model. These differences are probably due to greater quantity of 

water passing through the profile causing ^̂ ^Cs éluviation. At sites F and G (Figure 

5.5.2.Id  and e), differences between the profile shape and the undisturbed models are 

probably due to surface lowering which has reduced the profile curvature.

5.6. Conclusions.

A PCA was conducted on transformed data from soil profiles a t several locations. The 

first two principal components explained approximately 68 % of the variance. The 

optimal non-hierarchical classification separated the soil profiles into four groups. 

The principal component scores plotted in the plane of the first two principal 

components were labelled according to these groups. The site scores separated into 

four groups with only a few exceptions. The separation between classes 2 and 4 was 

shown to be due to depth within a profile, specifically between topsoil and subsoil. 

Since the variables important in this separation were soil colour, %u pH it was 

inferred tha t the topsoil (20 cm) was reworked and better drained than the more
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stable poorly drained subsoil.

The im portant variables in the separation of classes 1 and 3 from classes 2 and 4 

were silt, sand and organic matter, bulk density, and the concentrations of ̂ ^̂ Cs and 

%Lf. This separation coincided with the intuitive separation of the study area between 

Plain and Plateau. By inference, this regional separation is due to the presence of 

dense vegetation canopies on the Plateau. The presence of vegetation here 

apparently protects the soil, allowing accumulation of aeolian material, particularly 

^^^Cs-enriched dust. Further evidence for this was found in the particle-size 

distributions which were believed to show large proportions of H arm attan dust (15 - 

30 pm) had been added to profiles beneath vegetated canopies. These were evidently 

smaller proportions of this component in the subsoil. Furthermore, increases in the 

amount of dust found towards the surface was interpreted to be re-deposition of dust 

after secondary entrainment, following the exposure of dust accumulations by the 

removal of vegetation.

The considerable reworking of soil may affect the validity of using ^̂ ^Cs to trace soil 

flux. However, similarities between the shape of the ^̂ ^Cs profiles found in this study 

and those found elsewhere in the world suggest tha t assumptions about the fixation 

of ^̂ ^Cs necessary for the application of the technique in this region are justified. 

Difficulties occurred in locating an undisturbed site principally, it appears, because 

of the pervasive nature of aeolian activity. By identifying the ^^^Cs-rich aeolian 

material using an exponential model the contribution to the ^̂ ^Cs reference inventory 

was subtracted, thus, providing a first approximation to the reference level of total 

^̂ ^Cs activity in the study area (2517 ± 76 Bq m'^).

The nature of ^̂ ^Cs redistribution and sediment movement were illustrated in ^̂ ^Cs 

profiles and material in wash traps. Marked disparities between many profile shapes 

and the reference profile shape are believed to be due mainly to clay éluviation and 

the consequent movement of ̂ ^̂ Cs down-profile. However, the deposition of m aterial 

from subsoil horizons and gully walls virtually devoid of ^̂ ^Cs make interpretation 

of the ^̂ ^Cs profiles difficult. Detailed assessment of these profiles also provide^ an 

im portant source of information on surface raising and lowering where the profiles 

were not irregularly shaped.
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The combination of techniques has provided an understanding of the processes which 

affect the soil redistribution in the study area. Specifically it appears tha t surface 

stability such as beneath vegetation or in areas where surface crusting protects the 

soil from aeolian and surface wash, allows the accumulation of m aterial from local 

or distant sources. The Plateau with a high but variable vegetation density provides 

a sink for deposition and accumulation. However, unvegetated parts of the Plateau 

are prone to surface wash and aeolian erosion which remove m aterial from the edges 

of vegetation islands and transport it to the Plain overland or via gullies. 

Concentration of this erosion near the top of the Plain and exposure to aeolian 

activity a t these sites seems to have removed soil to a depth of approximately 20 to 

30 cm. The soil has been deposited further downslope where it is subsequently 

reworked, predominantly by wash processes. As the gradient of the toposequence 

decreases, wash processes become less important and aeolian activity is more 

influential. Pronounced wind erosion is likely to take place on alluvial fans which are 

the destination of material transported through gully systems. Thus, a constant 

reworking of m aterial produces little opportunity for deposition on the Plain.
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Chapter 6.

PHYSICAL AND CHEMICAL CHARACTERISTICS OF DEPTH-BULKED

SOIL SAMPLES.

6.1. Introduction.

The non-conformity of several of the profiles to an exponential distribution 

suggest th a t processes of preferential selection take place within the soil profiles of 

the study area. Although this is problematic, it does not render the ^̂ ^Cs technique 

inadequate for quantifying soil redistribution. The potential exists to correct the 

profiles for this effect by modelling the profile shape. Unfortunately, ^̂ ^Cs profiles are 

not available at every site and the provision of a reliable net soil flux map based on 

^̂ ^Cs profiles would be prohibitively time-consuming (Longmore et al., 1983). 

Although ^̂ ^Cs éluviation cannot be totally overcome within the present study, the 

use of depth-bulked samples provides several logistical advantages.

Results from the PCA of soil profile samples showed that, although ^̂ ^Cs contributed 

to the explanation of variance in the first principal component, other properties were 

more important. The low importance of ^̂ ^Cs on the principal components is 

surprising since it was thought to be associated with erosion and deposition. By 

conducting the same analyses on depth-bulked samples it is hoped that the ^̂ ^Cs 

loading will be more dominant and provide a greater explanation of variation in the 

principal components. If so, the depth-bulked samples might provide a more useful 

sampling approach for mapping ^̂ ^Cs and calculating net soil flux.

6.2. Principal com ponents analysis.

The soil properties of the depth-bulked samples were standardised following the 

method of Odeh et al. (1991) as described above (Section 5.2). The results of the PCA 

for samples bulked with depth from the entire study area (global) are shown in Table

6 .2.1. Most variance is explained by the first eigenvalue but the proportion of 

variance explained by subsequent eigenvalues does not decrease rapidly. Thus, the
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first two explain approximately 57 % of the variance. This suggests a large amount 

of inter-correlation between soil properties. Sites were divided between Plain and 

Plateau in an attem pt to increase the percentage variance explained. Direct 

comparison between the explained variance for these regions is not possible because 

bulk density and soil strength variables were not available on the Plateau. Despite 

this, the percentage variance explained by the Plateau is similar to th a t for the 

global region (Table 6.2 .1). The results suggest th a t the PCA of the global region may 

be dominated by variation in data from the Plateau.

Table 6.2.1. Comparison of eigenvalues and explained variance accounted for by 

PCA of sites from within the study area.

Principal components

Global
Eigenvalues 5.48 3.14 1.53 1.21 1.06 0.73
Variance 36.52 20.97 10.17 8.05 7.06 4.86

Plain
Eigenvalues 4.89 2.50 1.59 1.42 1.06 0.92
Variance % 32.59 16.69 10.59 9.47 7.09 6.12

Plateau
Eigenvalues 3.90 1.93 1.56 1.44 0.96 0.79
Variance % 35.41 17.56 14.21 13.07 8.74 7.14

Since the data were standardised prior to the PCA the highlighted dominant 

component loadings (Table 6.2.2) plotted in the plane of the first two principal 

components (Figure 6.2.1) may be used for interpretation. As with the profile 

samples, the first principal component of the depth-bulked saniples is dominated by 

percentage silt and sand content, pH and organic m atter, and to a lesser extent by 

soil strength at 15 cm depth, bulk density and the mass expression of ^̂ ^Cs.

169



Table 6.2.2. Principal component loadings of soil properties from sites within

regions of the study area.

Principal component loadings

Global Plateau Plain

1 2 1 2 1 2
Soil Property
% Organic matter -0.356 0.058 -0.118 0.017 -0.294 0.142

Bulk density 0.293 0.355 - - 0.221 -0.037

(Bq kg ') -0.291 -0.379 -0.446 0.314 0.093 0.528

""Cs (Bq m ") -0.207 -0.391 -0.446 0.318 0.101 0.527

Strength (5 cm) -0.200 0.332 - - -0.205 -0.126

Strength (10 cm) -0.123 0.282 - - -0.159 0.348

Strength (15 cm) -0.305 -0.254 - - -0.138 0.424

% Lf -0.222 0.313 -0.254 -0.515 -0.370 0.162

Hue -0.118 0.224 -0.044 -0.223 -0.284 -0.173

Value 0.117 0.086 0.425 -0.335 -0.090 -0.078

Chroma 0.242 -0.042 0.185 0.166 0.100 -0.047

pH -0.376 0.147 0.040 -0.134 0.238 0.200

% Silt content -0.376 0.147 -0.345 -0.182 -0.407 -0.010

% Sand content 0.374 -0.150 0.344 0,185 0.405 0.009

A similar set of loadings exerts an influence on principal component two due to the 

large proportion of variance explained by this component. The im portant loadings 

include both expressions of ^̂ ^Cs, bulk density, soil strength and Notably, an 

inverse relationship between bulk density and ^̂ ^Cs exists. Although not strongly 

loaded on either component, soil hue is positively related to %Lf and soil strength, soil 

chroma to sand content and soil value to bulk density. These relationships were also 

identified in the profile analysis where they were interpreted as being linked to 

drainage qualities.

Since a large percentage of the variance was explained by soil properties w ithin the
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Plateau and Plain regions it is not surprising to find the same loadings dominating 

the first two principal components. It is clear from the similarity in the dominant 

loadings and the ordering of these loadings tha t the PCA of the global region is a 

generalisation of the smaller Plateau and Plain regions. Furthermore, the 

associations tha t have been made for each PCA are sufficiently similar to avoid 

conducting this analysis on the separate regions.
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Figure 6.2.1 Depth-bulked soil eigenvectors labelled for each property plotted in the 

plane of the first two principal components.

6.3. N on-hierarchical m ultivaria te  classification.

The principal component site scores for the global region are plotted in the plane of 

the first two principal components in Figure 6.3.1. Despite the only slight clustering, 

non-hierarchical classification of the multivariate dataset was performed.

Selection of the optimal classification was hindered by the lack of Wilks’s criterion 

which was due to the inability of the program to handle missing data. The sum of 

squares (SS) was used as an alternative (Figure 6.3.2). However, it is still difficult 

to identify the optimal classification. Principal component scores may be used in 

place of the m ultivariate dataset to replace the missing values. Thus, both Wilks’s 

and SS criteria became available. By comparison between these criteria for the 

classification using the principal component scores, the use of the weaker SS
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criterion was validated for the identification of the optimal classification using the 
multivariate dataset (Figure 6.3.2). Slight clustering in the data is evident in the 
trough at g = 6 . This suggests that if there are weak clusters, then there are six 

classes (Oliver and Webster, 1987a).

An interpretation of principal components for the global region is provided by 

inspection of the site scores plotted in the plane of the first two principal components 
(Figure 6.3.1) and labelled using the six classes. To aid interpretation of the principal 
components and to summarise the soil in the study area the average of each soil 

property for each class was produced (Table 6.3.1).
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Figure 6.3.1 Principal component scores for depth-bulked samples of the global 
region plotted in the plane of the first two principal components and labelled using 
the multivariate classification.

Principal component one represents variation mainly in particle size, organic matter 
and pH. Finer more organically rich material with higher pH levels is found on the 
left (classes 2, 3, 4 and 6), whilst coarser soil with less organic matter and lower pH 
levels is found on the right (classes 1 and 5). Principal component two represents 
variation in ^̂ ^Cs, Xlf soil compaction. Lower ^̂ ^Cs but higher soil compaction and 
Xu are found in the upper portion of the diagram (classes 1, 3 and 4), whilst higher 
^̂ ^Cs and lower soil and compaction and ^Lf are found on the lower portion (classes 
2, 5 and 6).
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Figure 6.3.2 Graph of various criteria for identifying the optimal non-hierarchical 
classification of depth-bulked samples.

Using the same inference as for profile analysis (Section 5.3), the interpretation of 
principal component one is that of deposition and accumulation beneath vegetation 
cover. Principal component two may be interpreted to represent alteration with 
depth as with the profile analysis (section 5.3). The concentration of ^̂ Ĉs and 
may only be significantly reduced or increased, respectively, by surface lowering and 
exposure of the more compact subsoil. It is likely that principal component two and 
the attendant classes are associated with surface lowering or soil loss.

The spatial location of each sample site labelled by class was plotted and separated 
using lines which represent an arbitrary class divide (Figure 6.3.3). The classification 

is in accordance with component one and an intuitive separation of the study area 
between Plain (class 1 and 5) and Plateau (class 2, 3, 4 and 6). Separation of the 
sites according to the regional classification implies that there is greater vegetation 
cover on the Plateau than on the Plain for fine, organic and pH rich material to 
accumulate beneath, as described above (section 5.3). This again suggests that it is 

the vegetation islands which are accumulating the aeolian material.
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Table 6.3.1. Summary of the soil within the study area using the average soil

property for each class.

Classes

Soil Properties 1 2 3 4 5 6

Organic matter 0.5 1.5 0.7 1.3 0.4 1.2
Bulk density 1540.0 - 1530.0 1570.0 1590.0 -
"="Cs (Bq m ") 463.0 1549.0 42.0 216.0 1241.0 2913.0

Xu 4.5 4.2 8.0 4.4 3.6 4.3
% Silt content 15.3 20.0 25.1 27.0 9.3 28.9
% Vegetation 7.1 30.0 0.0 34.3 23.0 43.0

That the separation of the study area is in accordance with component one, results 

in there being a number of classes within the Plateau and Plain regions, since 

components are orthogonal to each other. Thus, within both regions there exist 

classes which vary according to ^̂ ^Cs, Xu compaction status. Of the classes on the 

Plateau, classes three and four have lower ^̂ ^Cs and higher %Lf (Table 6.3.1) than 

classes two and six. It is likely that the former classes are found in more exposed 

areas between the latter classes found amongst the vegetation islands. These results 

are similar to those found by Coppinger et al. (1991), who suggested tha t landscape 

units with moderate shrub cover had significant differences in ^̂ ^Cs amounts 

between and under shrubs. In accordance with these workers, the results are 

attributed to the transport of soils from between vegetation islands to beneath them.

It is im portant to ascertain the significance of the differences between the m ean soil 

property for each class. Although the classification has attempted to reduce the units 

to the same variance, the extent of the variability within and between classes is 

unknown. The analysis of variance (ANOVA) provides an effective method for 

estimating the contribution of each source of variation. Although this technique 

requires th a t sample distributions are approximately normally distributed Webster 

and Oliver (1990, p. 73) suggest that ANOVA may be undertaken on-thaassumption 

tha t the variances are equal. Since the number of samples in each class differed, a 

correction for sample size was conducted (Snedecor and Cochran, 1980). The F-ratio 

of the between-class mean squares and within-class variance with a critical value at

174



the 5 % level, for six classes and the respective sample size, shows that all properties 
have highly significant differences between classes.

453268453016,
1499560

14993171499317

453016 453266452765

Figure 6.3.3 Spatial location of each sample site labelled by class association and 
classes are separated by lines representing an arbitrary class divide.

For the two classes identified in the Plain region, class one has lower percentage 
vegetation cover, ^̂ Ĉs concentrations and higher Xlù than class five (Table 6.3.1). 
Notably, class one should have the lowest ^̂ Ĉs content and the coarsest material of 
the entire study area. That it does not (Table 6.3.1) is probably because this class is 
transitional for material moving, via wash processes, from the Plateau onto the 
Plain. This is evident from the overlap of class one with other classes found on the 
Plateau and associated with finer material (Figure 6.3.1).

The correlation among individuals within the same class is very strong for most 
properties with the exception of organic matter content and soil strength at 5 cm. 
Since the total sample size and the number of groups are large the correlation can 
be regarded as the proportion of variance accounted for by the classification.
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6.4. Canonical varia te  analysis (CVA).

Transforming the data to canonical variâtes (CVA) and plotting in the plane of first 

two canonical variâtes (Figure 6.4.1) not only provides a strong visual impression of 
the separation between the groups (Oliver and Webster, 1987a, 1989) but also 
determines the most important properties of that separation (Table 6.4.1). Wilks’s 

criterion was adopted as the measure of dispersion for each class and its statistical 
significance, tested using chi-square, was found to be less than 0.01. Thus, the 
probability of achieving this by chance is less than 1 %. Separation of the groups 
were compared using the Mahalanobis criterion, a component of Wilks’s criterion.

-s

-1 0

.  ‘ f

5b V  5 ^
1 ^  1

: s,',j
1

i 1 ,

i

3

4  ♦

-z 0 2 4 6
Canonical Voriot* 1

Figure 6.4.1. Canonical variate scores plotted in the plane of the first two canonical 
variâtes, + denotes the class centroid.

Class separation that may have occurred by chance, at the 1 % level, involve classes 
2 and 3, classes 2 and 6 and classes 3 and 6 . Each of these classes comprises few 
sites, causing a lack of statistical reliability. The configuration of the canonical 
variâtes is remarkably similar to the configuration of the principal components, 
requiring a 180° rotation to provide the same pattern. The properties that were 
important in determining the classification are highlighted in bold on Table 6.4.1. 
Component one is dominated by bulk density and soil strength measurements and 
limited influence was due to those properties dominant in the PC A, namely ^̂ ^Cs, %u 
and silt content. Although component two is not as important to the separation of 
the classes as the first component, it is dominated by ^̂ ^Cs and is probably
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influential in the classification. These results suggest th a t the classification of the 

soil in this region is dominated by soil compaction, soil strength and ^̂ ^Cs 

measurements.

Table 6.4.1. Variate and soil property correlation matrix.

Canonical variâtes

Soil Property 
% Organic matter

1 2

0.0146 -0.0263
Bulk density -0.8249 0.0850

(Bq kg-') 0.0695 0.1242

'="Cs (Bq m ") 0.3030 0.3784

Strength (5 cm) -0.7422 0.0995

Strength (10 cm) -0.8522 0.1020

Strength (15 cm) -0.8354 0.1163

Xu 0.0413 0.0391
Hue -0.2339 -0.0594

pH -0.0761 0.0132

% Silt content 0.2943 -0.1616

% Sand content -0.1744 0.0567

6.5. E x p lo ra to ry  d a ta  analysis.

6.5.1. Particle-size distributions.

The particle-size distributions of the depth-bulked samples have been averaged for 

each class (Figure 6.5.1). The fine silt component (15 - 30 pm) probably signifying 

H arm attan dust (McTainsh and Walker, 1982) is more pronounced on the Plateau 

(Figure 6.5.1a) than on the Plain (Figure 6.5.1b). The sand component (100 - 700 pm) 

is more pronounced on the Plain than on the Plateau presumably because more local, 

coarser material, unprotected by vegetation may be reworked by aeolian and surface 

wash processes on the Plain, than on the Plateau. A coarser silt component (40 - 60
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ja m )  also exists in all classes and is more pronounced on the Plateau than on the 
Plain. A source for this material is not easily identified.

(a)

Cfa» 3

Ckai 4

> 3

0.01 0.10.001
S i»  (mm)

(b)

10

001 0.01 0.1

Figure 6.5.1. Particle-size distributions averaged for all samples within each class 

for the Plateau (a) and the Plain (b).

6.5.2. Enrichment ratios of bulked soil and trapped material.

A simple ratio of properties from the surface soil and those of trapped material 
provides additional information on the selectivity of transport modes. The average 
for several soil properties of bulked soil samples on the Plain is shown in Table
6.5.2.1. The average for the same soil properties of aeolian and surface wash traps 
on the Plain region is also shown. The percentage ratio of the mobile material to the 
bulked soil samples for each property provides a measure of enrichment.

The results show that surface wash is effectively reducing the organic matter and 
sand content. The pH of the surface wash material is much larger than the soil. 
Aeolian processes also apparently act to reduce the soil pH status and sand content 
although little organic matter was found to be transported from the soil. Both 
aeolian and surface wash processes do not reduce the soil store of clay or silt. It 
is noteworthy that surface wash reduces these soil properties more than does aeolian 
erosion. These latest results must be used with caution since the aeolian data are 
based on few events.
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Table 6.5.2.1. Enrichment ratios for selected soil properties of trapped surface 

wash and aeolian material to bulked soil samples from the Plain region.

Property
Content Enrichment

Soil Aeolian (%)

Content Enrichment

Wash (%)

Organic matter 0.44 0.13 30 0.77 175

% Lf 4.50 1.40 31 2.05 46
pH 4.78 6.2 130 5.31 111
% Clay 0.72 0.10 14 0.27 38
% Silt 12.46 1.06 9 4.51 36
% Sand 86.82 98.84 114 95.20 110

6 .6 . Im plications of the depth-bulked soil sample ^̂ Ĉs classification  

for net soil flux.

The PGA indicates that each class is associated with variation in soil flux status. 

Thus, the ^̂ ^Cs tracer can be used to calculate the sediment budget for each class 

and each of the three regions; global (all classes), Plain (classes 1 and 5) and Plateau 

(classes 2, 3, 4, and 6). This approach makes several assumptions about the 

relationship between soil and ^̂ ^Cs in the study area :

1) Sample sites, located randomly, are representative of the ^̂ ^Cs activities 

within the study area.

2) ^^^Cs-enriched dust comprising silt and clay has a ^̂ ^Cs concentration per unit 

mass 10 times higher than for sand.

3) Deposition involves the accumulation of dust beneath vegetated canopies.

4) resulting in the formation of a uniform ^̂ ^Cs distribution at these sites, 

enabling the use of a proportional model corrected for preferential 

accumulation of ^̂ ^Cs.
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5) The use of an exponential model for the reduction in with depth (Zhang 

et al., 1990) is appropriate for this assay, requiring correction for preferential 

accumulation of ^̂ ^Cs for sites on the Plateau.

In order to calculate the net soil flux for each class, relationships between ^̂ ^Cs and 

soil movement must be established. A relationship described by Zhang et al. (1990), 

was used to measure surface lowering. The depth of soil loss a t a site can be 

estimated from measurements of the ^̂ ^Cs remaining in the profile. This model 

makes use of the exponential coefficient due to the ^̂ ^Cs depth-distribution :

Y = 100 In (1 - X) / -IP  X = ( A - R ) / R  (6.6.1)

where Y is mean annual soil loss (t ha'^ y‘̂ ), X is the reduction ratio of the total areal 

^̂ ^Cs activity at each site, (A) relative to the reference site (R) in the same units (Bq 

m'^), X, is the depth distribution shape coefficient and P is the number of years since 

1963. A value of 0.026 (Equation 5.5.1) was used for the Plain region and a value of

0.114 was adopted for the Plateau since the soil depth and therefore the ^̂ ^Cs profile 

curvature was greater.

The model is customised for the eroding sites. An additional model is needed to 

define the relationship between ^̂ ^Cs and net soil gain. The proportional model used 

in cultivated areas by de Jong et al. (1983, 1986) assumes th a t the percentage 

increase in total ^̂ ^Cs activity is proportional to soil gain by assuming a uniform 

depth distribution of ^̂ ^Cs in the deposited material. Discussion above (Section 6.3) 

has shown tha t depositional sites throughout the study area are protected by 

vegetation and that this allows ^^^Cs-rich aeolian material to accumulate. By 

assuming th a t the ^^Cs concentration of the mobile aeolian m aterial is 

approximately constant, the depth-distribution of aeolian m aterial accumulated 

beneath vegetation will be uniform.

The ^̂ ^Cs concentration on the Plateau is ten times higher than on the Plain (Table

5.5.1.2) and the proportional model m ust be modified to account for this size- 

selectivity. The residual total ^̂ ’Cs activity as a proportion of the reference level is 

reduced by the ratio of the average ^̂ ’Cs concentration of m aterial on the Plateau to 

the average ^̂ ^Cs concentration of material on the Plain, thus accounting for the
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preferential accumulation of on the Plateau. The modified proportional model 

suitable for establishing the mean annual net soil flux rate for depositional sites 

within the study area is therefore :

Y = 10 (D.B.X.F) / T (6.6.2)

where Y is the mean annual soil flux (t ha^ y )̂, D is the sample depth (m), B, the 

bulk density of soil (kg m'^), X, the reduction ratio of the total areal ^̂ ^Cs activity at 

each site, as defined above (Equation 6 .6 .1), F is the adjustment due to preferential 

accumulation of ^̂ ^Cs (0.1) and T is the time elapsed since 1963 (years). Although, 

T should be the time elapsed since initiation of ^̂ ^Cs accumulation, it has been 

modified for comparison with the equation for net soil erosion (Equation 6.6.1).

The sediment budget determines the proportion of the overall input tha t has been 

mobilised by soil erosion and the proportion that is currently stored in the 

depositional zone. The difference is the net soil flux which expresses the mean 

annual net (30 years) soil flux (loss or gain) from the study area (Table 6.6.1).

One of the most important attributes of the ^̂ ^Cs technique for measuring net soil 

flux is the measurement error which translates into the net soil or ^̂ ^Cs flux error. 

Many soil erosion techniques do not account for the measurement error. Although 

most samples were measured with an acceptable error estimate (10 %), some had 

very low ^̂ ^Cs activities, and would have required prohibitively long counting times 

to further reduce larger errors. Samples with errors greater than 20 % of the ^̂ ^Cs 

activity were excluded from the sediment and ^̂ ^Cs budget to enable more precise 

estimates of the net soil flux rates. Despite their removal, the magnitude of the 

errors is large in some cases, although, in every case the magnitude of the errors is 

smaller than the net soil or ^̂ ^Cs flux.
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Table 6.6.1. Average proportions of the total input used to calculate the soil 

flux budget for several classifications of the study area.

Class

Soil erosion

Net ®̂̂Cs total
flux*(%) t/ha/yr area

Soil deposition Net soil flux

total
t/ha/yr area % t/ha/yr

One -59.5 ± 9.1 -61.5 ± 9.6 100 0 -61.5 ± 9.6
Two -38.5 ± 1.8 -9.7 ± 0.5 100 0 -9.7 ± 0.5
Five -41.1 ± 4.2 -51.2 ± 6.2 97 2.0 ± 0.2 3 -49.3 ± 5.2
Six 22.4 ± 2.0 -1.4 ± 0.1 60 2.6 ± 0.1 40 +1.1 ± 0.1

Plateau -0.7 ± 0.0 -11.6 ± 0.7 70 2.6 ± 0.1 30 -9.1 ± 0.5
Plain -42.3 ± 4.4 -52.3 ± 0.7 98 2.0 ± 0.2 2 -50.3 ± 5.4

Global -15.4 ± 1.3 -41.7 ± 4.6 98 2.5 ± 0.1 2 -39.3 ± 3.5

* Net ^̂ ^Cs flux uncorrected for preferential accumulation of ®̂̂Cs

Results of the ^^Cs budget suggest that the Plateau comprising classes 2 and 6 are 

net-erosional and net-depositional, respectively. The Plain (classes 1 and 5) is net- 

erosional. These results show that the entire study area is net-erosional.

Sediment budget results are in accordance with the PGA and the ^̂ ^Cs budget for 

classes five and six, showing net soil loss and net soil gain on the Plain and Plateau, 

respectively. The majority of the area of class five (97 %) has suffered soil loss. This 

is particularly im portant because this class represents approximately 60 % of the 

study area. The net deposition rates within class five and six are remarkably similar 

suggesting tha t dust accumulation protected by vegetation is as effective on the Plain 

as it is on the Plateau. Notably, the dust accumulation rate for the last 29 years 

estim ated from the ^̂ ^Cs technique (2.5 ±0 . 1  t  ha^ yr'^) is similar to the dust 

accumulation rate monitored for the last 8 years (2 1 ha'^ yr'^) by Drees e t  a l .  (1993).

The importance of the calibration relationship between soil and ^̂ ^Cs (Quine e t  a l., 

1994) is shown in Table 6.6.1. A large reduction in ^̂ ^Cs may be converted into a
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small soil loss where an exponential ^̂ ^Cs depth distribution exists (Zhang et aL, 

1990). The correction for preferential selection of ̂ ^^Cs-enriched dust with large bulk 

densities, results in small accumulations beneath the vegetated canopies using the 

proportional model.

The net soil flux for classes and the Plain and Plateau regions as a whole, are also 

in accordance with the interpretations of the PCA. The results show th a t a small net 

soil gain and a large net soil loss has occurred on the Plateau and Plain regions, 

respectively. The latter finding is because erosion rates are so high on the Plain that 

a small number of accumulating sites make little difference to the net result. The 

global region has a depositional area of approximately 2 % of the region; whilst 98 

% is erosional.

6.7. Conclusions.

A large degree of similarity between the results of the PCA for profiles and those for 

the depth-bulked samples was found. This similarity produced similar 

interpretations for both PC As. In the PCA of depth-bulked samples, the second 

principal component was interpreted to be associated with surface lowering. This 

interpretation differed slightly from that given to the second principal component of 

the profile sample PCA because of the dominance of ®̂̂ Cs in the former PCA. The 

increased influence of ̂ ^̂ Cs in the depth-bulked sample PCA may be due to the effect 

of bulking. This implies that the reduced influence of ̂ ^̂ Cs in the profile sample PCA 

is due to the shape of the profile. Although the profile sample PCA explains more of 

the variance (68 %) than the depth-bulked sample PCA (57 %), the la tter approach 

is more efficient and important for calculation of the net soil flux over the study 

area.

Non-hierarchical multivariate classification separated the sample sites into six 

groups divided between the Plain and Plateau. This classification was used to 

interpret the principal components of the depth-bulked PCA and provides an 

assessment of the net soil flux status of each class. The properties tha t dominated 

the classification and provide important indicators of net soil flux in this region are 

soil compaction and soil strength. Although ^̂ ^Cs was not as im portant in the
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classification as these soil properties it was more influential than  the other soil 

properties. The influence of ̂ % s in the classification is important because it provides 

the ability to quantify net soil flux for each class using a budgeting approach.

The Plateau was shown to be undergoing net soil loss (-9.1 ± 0.5 t  ha'^ yr‘̂ ) due to 

the exposure of soil to aeolian and wash processes. This was despite the finding tha t 

some parts of the Plateau were undergoing net soil gain which was attributed to the 

deposition and accumulation of dust beneath dense vegetation-island canopies. Less 

vegetation and greater exposure to surface wash and wind erosion were assumed to 

be the reason for the large net soil loss of the Plain region (-50.3 ± 5.4 t  ha'^ yr'^). 

Similar magnitudes of net soil loss were evident for both classes within the Plain 

region. This resulted in a net soil loss (-89.3 ± 3.5 t  ha'^ yr'^) for the study area as a 

whole.

Although parts of the Plateau appear to have been stable during the last thirty years 

the Plateau as a whole is net-erosive, whilst the Plain has become largely net- 

erosive. It seems likely that the absence of vegetation is responsible for the global 

net soil loss in the study area. These average annual estimates of net soil loss hide 

any increase in the rate of net soil loss that may be due to vegetation removal. The 

spacing of bare areas and the ability of the vegetated areas to recapture reworked 

m aterial are factors th a t require more detailed analysis to better understand and 

manage these environments.

184



Chapter 7.

GEOSTATISTICAL MAPPING OF PROPERTIES AFFECTING SOIL

REDISTRIBUTION.

7.1. Introduction.

The spatial structure of soil characteristics m ust be taken into account for sampling 

and mapping in the treatm ent of data that vary continuously (Campbell, 1978; Vieira 

et al., 1981; League and Gander, 1990). Matheron (1971) developed Regionalized 

Variable Theory for analysing spatial data. Geostatistics is the practical application 

of this body of theory. It embraces a suite of analytical tools to define spatial 

structure and to estimate properties from sparse data. The central tool is the 

variogram. It measures the degree of spatial dependence or autocorrelation in the 

data which arises from the underlying structure in the variogram (Oliver and 

Webster, 1991). Kriging is the generic term for geostatistical estimation and 

encompasses many techniques. Geostatistics has been applied in a diverse range of 

studies within soil science involving the estimation of nutrients and other soil 

constituents a t unvisited sites and over large areas (Burgess and Webster, 1980a; b; 

McBratney et al., 1982; Yost et al., 1982a and b; Van Miervenne et al., 1994) and to 

improve the efficiency of sampling (Burgess et al., 1981; Webster and Burgess, 1984; 

Oliver and Webster, 1986a).

A variogram is essential for kriging which has been found to be one of the most 

reliable two-dimensional spatial estimators (Laslett et al., 1987). Kriging is 

unsuitable where there are abrupt spatial changes in properties and researchers 

have combined soil classification with kriging to utilise the advantages of both 

approaches (Voltz and Webster, 1990; Bregt et al., 1987; Heuvelink and Bierkens, 

1992). Studies have improved kriging estimates by sampling more effectively by 

using regional stratifications such as soil maps (Stein et al., 1988; Voltz and Webster, 

1990; Yost et al., 1993; Rogowski and Wolf, 1994) or geomorphic information 

(McBratney et al., 1991).

Some researchers have found geostatistical methods unsatisfactory (De
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Kwaadsteniet, 1990; Bramley and White, 1991) and Philip and Watson (1986) have 

questioned several assumptions of the technique, arguing tha t many are 

fundamentally flawed. Merks (1992) maintains tha t geostatistics has drifted away 

from its scientific basis and despite uncertainty voiced by Philip and Watson (1985) 

little correctional work has resulted. Krige (1986) provided a concise defense, stating 

(p. 502) th a t the techniques "..have never departed from classical statistics and can 

be accepted as following the universally accepted scientific principles of 

m athematical modelling of data...".

7.2. Regionalized variable theory.

The theory of regionalized variables (Matheron, 1971) treats spatial properties as 

random functions which enable a stochastic rather than a deterministic approach. 

In essence spatial data are deterministic; they are a function of their position in 

space, but their variation is so irregular that the best way of treating them is as if

they were random variables. The basis of the theory is th a t variation in an attribute

Z may be defined by a stochastic component and a constant. Following Oliver et al. 

(1989a) this may be written as

Z(x) = Pv + E(x) (7.2.1)

where x  denotes the spatial coordinates, is the mean in an area v and the 

quantity e(x) is the spatially dependent random variable. This last component has 

a mean of zero,

E[e(x)l = 0 (7.2.2)

and a variance defined by

var[e(x) - e(x + h)] = E[{e(x) - e(x + h)}̂ ] = 27(h) (7.2.3)

where h  is a vector, the lag, that separates the two places x  and x+h in both 

distance and direction. Thus, the variance of e(x) depends on the separation h  and 

not on the actual position of x. Matheron (1971) realised th a t with a constant mean,
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Equation 7.2.3 was equivalent to

var[z(x) - z(x + h)j = E[{z(x) - z(x + h)}̂ ] = 27(h) (7.2.4)

The assumptions tha t the mean and variance of the differences are both stationary 

constitute Matheron’s Intrinsic Hypothesis, The semi-variance^ 7(h), is half the 

expected squared difference between two values separated by h, as above. The 

function tha t relates 7 to h  is the semi-variogram or more commonly the variogram. 

Where the intrinsic hypothesis holds, the attribute of interest is (second-order) 

stationary over a given area. In large regions the mean values of variables vary from 

one part to another. A variable will usually be locally stationary within some 

neighbourhood v and may be described as quasi-intrinsic, hence the subscript in 

Equation 7.2.1.

In the presence of global or local drift or trendy the intrinsic and quasi-intrinsic 

hypotheses do not hold. If global drift is present, the constant change in the property 

with distance can be removed. The variogram can be estimated a second time from 

the residuals (Olea, 1975; 1977; Oliver, 1987; Lam and Barrett, 1992). Local drift 

cannot be resolved in this way, requiring the use of structural analysis in order to 

enable optimal interpolation (Olea, 1975; 1977).

7.3. V ariog ram  es tim atio n  and  m odelling.

The usual formula for computing the variogram is

^  M(h)

7(h) = -------- 12 (z(Xi) - z(Xj+h)}  ̂ (7.3.1)
2 M(h) ‘ = ^

where M(h) is the number of pairs of observations separated by the lag h. Thus by 

increasing h an ordered set of values are produced which constitutes the sample 

variogram.

Estimating semi-variances from environmental data such as artificial radionuclides 

is complicated since the data are often skewed and have outliers (Gilbert and
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Simpson, 1985). Although Krige and Magri (1982) have shown outliers do not present 

a serious problem, Gilbert and Simpson (1985) suggest the conventional variogram 

estim ator is not appropriate for this type of data. Cressie and Hawkins (1980) 

proposed a more robust variogram estimator which was developed by Hawkins and 

Cressie (1984). McBratney and Webster (1986) examined the method and concluded 

th a t it  conferred little benefit.

The determination of confidence intervals for the semi-variances a t each lag is not 

straightforward. Webster and Oliver (1992) have shown th a t the num ber of 

comparisons a t each lag affects the magnitude of the semi-variance error. However, 

they suggest th a t a variogram computed from measurements made a t approximately 

225 sample sites should be reliable and that 100 samples sites was the recommended 

minimum.

The experimental semi-variances are generally modelled mathematically to estim ate 

the underlying regional variogram. The parameters of the variogram model can then 

be used for kriging. Only models that meet several assumptions i.e. are "conditional 

negative semi-definite" (CNSD), may be used for kriging (Oliver and Webster, 

1986b). In other words the variance of any linear combination of the values of a 

regionalized variable provided by the model, m ust be positive or zero, variances 

cannot be negative (Oliver et al., 1989a). For simplicity groups of models known to 

be CNSD are used and linear additions of these models may be used for more 

complex structures. In general there are two families of functions th a t describe the 

simple forms of variograms; they are those that are bounded by a sill and those tha t 

are not (Figure 7.3.1).

The steepness of the initial slope of the variogram indicates the intensity of change 

in a property with distance and the rate of decrease in spatial dependence. Where 

the extent and intensity of sampling enables the scale of spatial dependence to be 

determined, the variogram will reach a maximum, called the sill variance, where it 

flattens (Figure 7.3.1a). The lag at which the sill is reached is the range, or lim it of 

spatial dependence (Figure 7.3.1a). This form of the variogram is generally 

interpreted as representing variation th a t consists of transition features such as 

different types of soil or lithology (Burgess and Webster, 1980; Oliver, 1984). Where 

these param eters vary for a variogram calculated from the same data  in a different
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direction, anisotropy is identified. Alternatively, the decrease in spatial dependence 

continues indefinitely in an unbounded variogram (Figure 7.3.1b), This has been 

attributed to an increasing number of sources of variation as the area of interest 

increases. The variogram often has a positive intercept on the ordinate called ‘nugget 

variance’ and sometimes appears completely fiat exhibiting pure nugget variance 

(Figure 7.3.1c).

sill

nugget
variance

0
range

lag distance

nugget variance

Figure 7.3.1. Bounded (a). Unbounded (b) and Pure Nugget (c) variogram functions 

(adapted from Oliver and Webster, 1991).

The nugget variance arises partly from measurement error, purely random variation, 

but mainly from the spatially dependent variation that occurs over distances much 

smaller than the shortest sampling interval (Burgess and Webster, 1980; Oliver and 

Webster, 1986b). It cannot be predicted, and sets a lower limit to the precision of the 

estimates. If a variogram has a substantial nugget variance this generally obscures 

local drift. When the sample spacing has not been sufficiently intensive to detect the 

variation i.e. sampling interval has exceeded the scale of variation, the resulting 

variogram is pure nugget (Campbell, 1978; Oliver, 1984). All of the spatially 

dependent variation is occurring over distances less than the sampling interval.
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7.4. V ariogram s of p rincipal com ponents scores.

The principal components scores explained in chapter 6 for the global, Plateau and 

Plain regions (Figure 7.4.1 a, b and c) were used to compute variograms. These 

variograms effectively summarise the spatial structure of the properties tha t load 

heavily on the components (Oliver and Webster, 1986b; Oliver et uZ., 1989b) for each 

region.
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Figure 7.4.1. Variograms and models of all principal component scores from depth- 

bulked m ultivariate soil properties for global (a). Plateau (b) and Plain (c) regions.

Workers have found tha t the leading principal components (1, 2 and 3) explain more 

of the spatially dependent variation than the higher order components (Webster and 

Butler, 1976; Nortcliff, 1978; Oliver and Webster, 1987b). Indeed, the first principal 

components in the present study explain most of the spatially dependent variation 

(Figure 7.4.2). Higher order components for the global region show decreasing 

variation and a reduction in the spatially dependent variation. The exception is

190



component two, in which a nugget effect is evident, suggesting a lack of spatial 
dependence. Support for this conclusion is provided by examining the variograms of 
the principal components on the Plain and Plateau. As above, the first component 
explains the largest amount of spatially dependent variation and higher order 
components have pure nugget variograms in all cases. These results suggest that 
properties that load heavily on principal component one are those exhibiting strong 

spatial control of the variation whereas those associated with the other leading 
components will possibly exhibit weaker spatial dependence.

Global
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E 0 .04
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0 5 0  1 0 0  1 5 0  2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  5 0 0
Log (m)

Figure 7.4.2. Variograms and models of the first principal component scores from 
depth-bulked multivariate soil properties for global. Plateau and Plain regions.

Comparison between the variogram of the first principal component for each region 
(Figure 7.4.2) shows that the Plateau has the greatest spatial variation, followed by 
the Plain and the global region. In contrast, McBratney et al. (1991) found that the 
global variogram had variation which was approximately the average of the regional 
separation. This contrast in results is probably because the Plateau variograms are 
not strictly comparable to the Plain variogram since soil strength and bulk density 
data were not available for the Plateau PCA. The semi-variance of the first principal 
component for the global region (Figure 7.4.2) increases suddenly at a lag distance 
of approximately 350 m. A similar feature was attributed by McBratney et al. (1991) 
to the presence of global drift and / or an abrupt change in the property associated 
with a distinct boundary. The interpretation of this pattern is that this distance is 
consistent with the average position of the regional landform boundary between
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Plateau and Plain.

7.4.1. Variogram model fitting.

A weighted least squares procedure, described by McBratney and Webster (1986), 

was used to fit a variety of models to the variograms. This procedure was conducted 

using Ross’s (1987) Maximum Likelihood Program (MLP). The weighted least 

squares procedure gives less weight to those semi-variances with few comparisons. 

The fitted model can often provide insight into the spatial variation, particularly 

detecting spatial pattern tha t is not readily apparent from the measured semi

variances. Modelling of the variogram is extremely im portant for estimation since 

the kriging variances depend only on the variogram model and the configuration of 

the sampling points (Gilbert and Simpson, 1985). The criterion used to select the 

most appropriate model fit was the residual mean squares (RMS). The best fit for the 

variograms of the principal components scores for the global. Plateau and Plain 

regions is a periodic model with a power function since the variogram increases 

without bound.

The full periodic model calculates the semi-variances of the average lag distance 7(h) 

from :

T(/i) = Co + Cl cos(2ji/i/r) + Cg sin(27r;/i/r) + Cg/i“ (7.4.1.1)

where r  is the wavelength; Cq is the nugget variance; ĉ , the coefficient of the sine 

term; Cg, the coefficient of the cosine term; and Cg is the coefficient of the power term 

a. Unfortunately, only models that are conditional negative semi-definite (CNSD) are 

authorised for kriging. The above model is only authorised for one dimension (Oliver 

et aL, 1989b) this means th a t in order to produce kriged maps a damped periodic 

model with power function must be used ;

y{h) = Cq + Cl cos{2nhlr)/h + Cg smi2nhlr)/h + (7.4.1.2)

This is the only periodic model with a power function authorised for two dimensions, 

although a repetitive function like the hole effect model may be applicable (pers.
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comm. R. Webster).

The inclusion of the power function in this model shows th a t variation is unbounded 

with no finite a priori variance and that only the intrinsic hypothesis holds (Oliver 

et al., 1989a). The general form of models with unbounded isotropic variation is

y{h) = co/i“ for 0 < a  < 2 (7.4.1.3)

where m i s a  linear parameter describing the intensity of the spatial variation, and 

=  I h  I is the lag. The parameter a  determines the shape of the variogram. If a  = 

1 then the model has a linear form. If a  < 1 then the curve is convex upward; 

conversely if a  > 1 then the curve is concave upwards. It is more common in earth 

science to find bounded variograms, in particular the spherical model, tha t describe 

second order stationarity.

Since a periodic model with power function has a tendency to repeat, dependence 

does not decrease continuously with distance, as observations spaced far apart may 

be more similar than those which are closely spaced. Cyclical regionalized variables 

produce cyclical variograms with minima at distances which correspond to the 

wavelengths of pronounced repetitive elements (Olea, 1977). That variation in a 

periodic model with power function does not return to the same level after one cycle 

suggests tha t with increasing lags more sources of variation are incorporated. Few 

examples of periodicity are evident in the literature. Oliver et al. (1989b) found 

periodic variation in the slope angles of valley sides in Dartmoor where there were 

terraces separated by more steeply sloping sections. The wavelength of the periodic 

model was found to represent the average repeat distance in the gradient. Within a 

cycle, m aterial from local sources was found to explain the variation. Between cycles 

the accumulation of material from upslope was suggested to increase the variability. 

From the review of literature available on the geomorphology and soil toposequence 

th a t exists in the study area (Chapter 3) it is evident that terraces exist. Therefore, 

an interpretation of the periodicity similar to tha t suggested by Oliver et al. (1989b) 

is plausible.

The param eters of unauthorised (undamped) models in two dimensions may be used 

to interpret the spatial dependence and give explanations of the patterns
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summarised by the variograms (Table 7.4.1.1). Similarity exists between these 

param eters and those for authorised (damped) models in two dimensions, making 

little difference to interpretations. The damped periodic model with power function 

may even improve upon the undamped version producing more accurate param eter 

estimates (Table 7.4.1.1). The parameters from the model with the best (least RMS) 

fit will be used to interpret the spatial dependence.

Table 7.4.1.1. Parameters for two types of models fitted to variograms of the first 

principal component scores from the Plateau, Plain and global regions.

Regional Principal Component One

Periodic model with power function Damped periodic model 
with power function

Parameters Global Plateau Plain Plateau Plain

RMS 0.18493 0.21331 0.08651 0.19012 0.10036

r 94.80136 41.39458 257.38990 19.04802 223.96960

a 1.20857 0.57900 0.37643 0.55471 0.70650

Co 0.00769 -0.00236 0.00325 -1.48010 0.58047

Cl -0.00617 -0.01052 0.00498 1.37830 -0.06543

Cg 0.00023 0.00621 0.00394 0.00693 0.00683

C3 0.00424 - - - -

The param eter r  in Table 7.4.1.1 is the wavelength of the periodic function. The 

wavelength of principal component one on the Plateau is several times smaller than  

the wavelength on the Plain, for the same component, suggesting th a t processes with 

different scales are, or have been, in operation in each region. These models are all 

unbounded, showing th a t with increasing lags other sources contribute an increasing 

amount of variation to the variogram. In this case the ra te  of change in variation is 

greater on the Plateau than on the Plain, yet the rate of change in variation is 

greater on the Plain than for the region as a whole. These results suggest a more 

complex interpretation of the origin of the periodicity than already suggested above.
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Further elucidation of the nature of periodic spatial variation will be provided by 

examining the variograms for each soil property and the factors affecting soil flux.

7.5. V a r io g r a m s  o f  s o i l  p r o p e r t i e s  a n d  f a c t o r s  a f f e c t i n g  s o i l  f lu x .

7.5.1. Data transformation.

Skewness results in some dependence of the variance on the mean. Transformation 

of sample data to a normal distribution can overcome these difficulties and is often 

made to stabilise the variance. The transformations of the sample data th a t reduced 

skewness the most were selected and applied to all regions (Table 7.5.1.1).

Table 7.5.1.1. Transformations applied to each property of depth bulked sample

data for all regions.

Property Transformation

Organic m atter Ln(x+1)

Bulk density -

^̂ ’Cs (Bq/kg) -

Strength (5 cm) Ln(x+1)

Strength (10 cm) Ln(x+1)

Strength (15 cm) Ln(x+1)

Relative elevation -

Xu Logio(x)

%Fd
Logio(x)

Hue Ordinal

pH
Clay Logit

Silt Logit

Sand Logit

Vegetation V(x)
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Data th a t consist of proportions are often compressed near 0 and 1. The logit 

transformation used by McBratney and Webster (1983b) to spread the observations 

of particle-size data to approximate a normal distribution is given as:

Y = \n{p/q) (7.5.1.1)

where p  is an observed proportion and g = 1 - p.

7.5.2. Anisotropic variation.

Different degrees of variation in different directions can be detected by computing 

the variogram for a t least three directions. In computing directional variograms the 

number of comparisons is less because the angular regularization or tolerance is less 

than 180° to ensure tha t directional effects are detected. To retain a large and 

therefore reliable number of comparisons the lag interval m ust be increased and a 

large number of sites m ust be available. The property with the largest number of 

measurements (458) in the present study is magnetic susceptibility (x f̂) on the Plain 

region. This property was used to compute directional variograms for detecting any 

anisotropy. Difficulty in interpreting directional anisotropy in these variograms was 

caused by the same large point-to-point variation that Oliver and Webster (1987b) 

experienced. This suggests that factors other than the size of the dataset are 

im portant in determining the stability of directional variograms. A factor likely to 

be im portant is the uneven sampling strategy which may have caused erratic 

variation in the variograms.

A more quantitative assessment of the presence of anisotropy can be obtained by 

comparing the wavelengths of the fitted models. For each of the three directions, N- 

S, NE-SW and E-W the wavelengths are 173 m, 173 m and 174 m, respectively. 

These wavelengths are sufficiently similar to conclude th a t anisotropy does not exist 

in this property. Since no other evidence is available, these results are assumed to 

be representative of the isotropy in all properties. Thus, no account will be made of 

this phenomenon in the interpretation of the variograms or for kriging.
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7.5.3. Global and local drift.

The intrinsic hypothesis assumes that all variation is random. However, where 

relative elevation, for example, is measured across a constantly sloping area, this 

property varies regularly. In this case the mean is no longer constant, even within 

small neighbourhoods, and the intrinsic hypothesis no longer holds. When drift or 

trend is present a low-order polynomial may be fitted. Since the residuals are a 

random variable the spatial variation is expressed by a variogram of the residuals 

(Olea, 1977). In the case of local drift a model cannot be fitted to the variation, and 

a full structural analysis must be applied (Olea, 1975).

The shape of the variogram and in particular its behaviour near the origin, provides 

information about the continuity and regularity of the regionalized variables. A 

variogram with a parabolic form near the origin implies excellent continuity in the 

regionalized variable. This has been interpreted by many workers to be indicative 

of drift (Burgess and Webster, 1980). An example of drift found in the property 

variograms was for relative elevation in all regions (Figure 7.5.3.1). The concave 

upward shape especially evident in the Plain region is due to the rate of change in 

gradient. Notably, the global region variogram shows the greatest ra te  of change in 

variation. The rate of change in variation on the Plateau is greater than th a t found 

on the Plain region. Although the Plateau region appeared to be approximately level, 

the results accord with Thiery et al. (1995), suggesting that the Plateau slopes 

towards the Plain. These results suggest that to model the variation of relative 

elevation precisely the analysis should focus on the regional variograms of the study 

area.

The variograms of the residuals from a polynomial fitted to the variogram of relative 

elevation of each region are shown in Figure 7.5.3.2. The variogram for the Plain 

region is clearly cyclical and a bound damped periodic model with a power function 

produced a wavelength of 191 m. The variogram of the relative elevation residuals 

for the Plateau has an almost linear form although a damped periodic model with 

a power function fits best resulting in a wavelength of 19 m. An unbound model for 

relative elevation on the Plateau suggests tha t all of the variation has not been 

encompassed by the sampling strategy. This is not unexpected since in comparison 

with the Plain only a small part of the Plateau was sampled. The distances of
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minima in periodic variograms of residual relative elevation correspond to the 
wavelengths with pronounced repetitive elements (Olea, 1977). Thus, on the Plateau 
there are a greater number of similar relative elevations approximately every 19 m. 
On the Plain similarities recur approximately every 190 m, although periodicity may 
be nested at smaller lag distances similar to the Plateau variogram.
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Figure 7.5.3.1. Variograms and models showing global drift of relative elevation for 
global. Plateau and Plain regions.
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Figure 7.5.3.2. Variograms and models of relative elevation residuals after removal 
of global drift on Plateau and Plain regions.

Properties that are strongly dependent on topography are likely to exhibit drift. This
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is especially the case with artificial radionuclides (Gilbert and Simpson, 1985). 

However, insufficient data were available for many of the properties, especially ^^^Cs, 

with which to correctly identify drift. The magnetic susceptibility param eters were 

used to examine the data for the presence of drift on the Plain since a large number 

of sites were available. A detailed variogram was calculated over 80 m with a lag of 

2 m. Drift was not evident in this variogram. In addition, the semi-variances 

smoothly reached the origin with a convex upward form. The absence of any nugget 

component to the variogram suggests tha t all the spatial variation had been 

encompassed by the minimum sampling distance of 2 m. It is tenable to assume th a t 

these results are representative of other properties and that drift does not exist in 

these other properties.

7.5.4. Regional property variograms.

Comparisons between the Plain, Plateau and global variograms of the principal 

components scores showed that the global variogram summarised the average 

variation for the study area. Over long lags the global variogram exhibits marked 

trend which has been interpreted to arise from averaging across the topographical 

boundary between the Plain and Plateau regions.

Voltz and Webster (1990) suggest several approaches that would overcome these 

problems. The most obvious is to compute a separate variogram for each mapping 

unit and use it, and the data within the unit, to interpolate within tha t unit. Stein 

et al. (1988) adopted this procedure for kriging moisture deficits. It performed better 

than kriging with a single global variogram because large differences in variation 

existed among the mapping units (Voltz and Webster, 1990). Gilbert and Simpson 

(1985) found tha t variograms of artificial radionuclides for subregions produced more 

precise kriged maps than those produced for the global region. These authors 

suggested tha t the intrinsic hypothesis for radionuclides or pollutants did not hold 

globally and tha t the mean and variance of the differences were stationary only 

within subregions. Unfortunately, there are insufficient data in the present study to 

compute separate variograms for each class. To overcome this problem and verify the 

results of Gilbert and Simpson (1985), regional property variograms for the Plain and 

Plateau were calculated. Although, these variograms still combine variation across
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soil boundaries, they avoid the main bias of combining variation from both regions.

The effect of calculating a variogram across strata or regions can be seen by 

comparing the regional variograms for several soil properties (Figure 7.5.4.1a - f). At 

small lags the global variogram has variation which is approximately the average 

of the variation for variograms of the regional separation in accordance w ith the 

findings of McBratney et al. (1991). However a t lag distances longer th an  are 

available on the Plateau the variation in the global variogram greatly exceeds the 

variation of the same property within each region.

The range of the global variogram (Table 7.5.4.1) has been interpreted as the 

approximate average distance between boundaries in space reflected by differences 

in the property (Webster and Cuanalo, 1975; Voltz and Webster, 1990). A better 

approximation is provided by the wavelengths of the Plain and Plateau regions 

(Table 7.5.4.1). The wavelengths of the variograms for the Plain and Plateau, 

highlighted in Table 7.5.4.1, have significant spatial dependence, whilst the other 

wavelengths are nugget, based on the appearance of the variogram. In the majority 

of cases the wavelength of the Plain region is larger than the wavelength of the 

global variogram, whilst in every case the wavelength of the Plateau region is 

smaller than the wavelengths for both the global and Plain regions.

Despite exhibiting spatial structure, the global variogram for clay is a pure nugget 

variogram. Since the majority of samples for clay in the global region are provided 

by the Plain it is not surprising to find this latter region exhibiting similar 

characteristics. It may be th a t the nugget variation is due to insufficient sampling 

intensity. Although, the global variogram for vegetation cover is not nugget it  is not 

strongly spatially dependent. It is highly probable th a t this is due to the large 

nugget variance caused by insufficient sampling intensity and the lack of a rigorous 

measurement technique. However, it may be tha t clay does not vary across the  Plain 

as topsoil is reworked and clay éluviation exists everywhere because of the lack of 

micro-environmental variation such as vegetation cover. In contrast, on the P lateau 

vegetation cover and  clay content are spatially dependent probably because of the 

occurrence of vegetation islands. Further support for the lack of variation in clay on 

the Plain is provided by which provides a related measure of clay content and was 

sampled more intensively, with a minimum distance of 2 m. The %Lf property has
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distinct structure in the variogram but exhibits poor spatial dependence. The 
extremely small nugget variance suggests that the spatial variation has been 
encompassed by the sampling intensity and that Xhf and clay do not vary across the 
Plain.
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Figure 7.5.4.1. Variograms and models of global, Plain and Plateau variograms for
(a) organic matter, (b) low frequency magnetic susceptibility (xLf), (c) clay, (d) silt, 
(e) sand and (f) vegetation cover.
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Table 7.5.4.1. Wavelengths of each spatially dependent variogram type modelled

for each property.

Global Plain Plateau PWC

Property

Organic m atter 266 267 44 411

Bulk density 165 178 - -

"""Cs (Bq kg ') 255 149 42 380

Soil strength (5 cm) 266 338 - -

Soil strength (10 cm) 157 192 - -

Soil strength (15 cm) 178 156 - -

Residual elevation 254 190 19 -

Xhf 56 97 39 -

Hue 398 170 32 337

pH 414 107 91 414

Clay content 221 281 30 210

Silt content 227 275 26 386

Sand content 181 273 42 -

Vegetation cover 244 340 33 117

Strong similarity between the modelled %Lf variogram for both global and Plain 

regions is due to the dominance of samples in the la tter region. On the Plateau clay, 

%Lf and vegetation cover variograms exhibit stronger spatial dependence than  the 

global and Plain region variograms. The same sampling intensity was used for both 

regions for each property, respectively. Therefore these differences between the 

variograms suggest th a t different processes are active in each region.

Although the other global variograms (e.g. organic m atter, silt and sand content) 

appear to exhibit global drift this is due to the truncation of the upper portion of 

these variograms (Figure 7.5.4.1a, d and e). Inspection of the entire variogram for 

each of these properties (Figure 7.5.5.1) shows th a t the concave curvature is due to 

scaling of the periodic structure. In all these cases separating the Plateau and Plain 

produces variograms without global drift. Organic m atter on the Plain exhibits a 

sim ilar variogram structure to clay which is probably also caused by the lack of
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variation across the study area. The variograms for silt and sand are very sim ilar 

on the Plain suggesting tha t as one increases the other decreases proportionally. In 

contrast, the variograms of these properties are dissimilar on the Plateau. The silt 

variogram is pure nugget, whilst the sand variogram shows evidence of spatial 

dependence. It is likely th a t the sampling strategy is not intensive enough to capture 

the spatial variation for silt, but adequate for the construction of the sand variogram. 

This implies th a t processes controlling the redistribution of these properties are not 

the same as on the Plain. It is likely th a t this difference on the Plateau is due to the 

slaking of soil aggregates in the presence of high clay and organic m atter contents 

producing a seal or crust a t the surface. Thus, the sand-size fraction is being 

preferentially transported by surface wash and aeolian processes.

Global variograms th a t display spatial dependence are ^^^Cs, hue, pH and vegetation 

cover (Figure 7.5.4.2a - c). The global ^̂ ^Cs variogram exhibits a large nugget 

variance which may be due to computation with few data (Gilbert and Simpson, 

1985). The ^̂ ^Cs variograms for Plain and Plateau exhibit spatial dependence but 

differences in their form suggest that the origin of the periodicity is not the same. 

Since the wavelengths are considerably smaller on the Plateau than  on the Plain 

(Table 7.5.4.1), either different processes are in operation or the same processes 

operate over different scales in each region.

The similarity between the global variograms for pH and hue is expected since these 

properties are both related to the drainage status of the soil. The wavelength of the 

Plain variograms for pH and very similar providing support for the link

between pH and iron content, the latter is also related to soil drainage. The 

wavelengths for these properties are considerably different from other soil properties 

on the Plain. Oliver and Webster (1987b) also found dissimilarity in the structure 

of variograms between pH and other soil properties in the U.K. They suggested th a t 

pH was subject to the uneven distribution of rain  and dissolved anions reaching the 

ground through the tree canopy. Workers in Niger have suggested th a t dust 

accumulations contribute considerable amounts of N, P and K to the soil in West 

Africa (M0berg et uZ., 1991; Tiessen et xiL, 1991; Drees a t aZ., 1993). Thus, pH is  

likely to be controlled by a combination of soil mineralogy and nutrient and drainage 

status.
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Figure 7.5.4.2. Variograms and models of global, Plain and Plateau regions for (a) 

mass specific ^̂ ^Cs, (b) soil hue and (c) pH.

Soil strength data provide information on the apparent cohesiveness of the surface 

layers and th a t soil cohesion reflects crusting and sealing processes, especially those 

related to the kinetic energy of rain. Soil strength is encompassed by bulk density 

but the la tter measurement is based on compaction. Thus, it is not surprising to find 

structural similarity exists between the variograms on the Plain for soil strength 

measured at 5 cm and bulk density of the top 5 cm (Figure 7.5.4.3). The la tter 

exhibits considerably more variation than the former. This is expected since the 

coefficient of variation for repeatable measurements was larger for bulk density than 

for soil strength measurements at 5 cm depth (Table 4.5.3.1). Soil strength 

measurements at greater depths had nugget variograms. The coefficient of variation 

for repeatable measurements of soil strength at 10 cm and 15 cm depths were 

similar, larger than for soil strength at 5 cm, but smaller than for bulk density 

(Table 4.5.3.1). It is probable that the increased variation in the repeatable 

measurements causes pure nugget variograms for soil strength at depth.
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Figure 7.5.4.3. Variograms and models for bulk density and soil strength a t 5 cm, 10 

cm and 15 cm.

7.5.5. Pooled within-class (PWC) variograms.

Difficulties occurred in computing reliable regional variograms because few samples 

were available. A more practical approach is to calculate the pooled within-class 

variogram (PWC) using only data within each mapping unit (Voltz and Webster, 

1990). This procedure eliminates the effect of soil classes from the variogram and 

avoids kriging across soil boundaries, thus providing the best approximation of the 

variogram for the study area. The theory of this approach is provided by Voltz and 

Webster (1990). The main drawback of is tha t if some mapping units are more 

variable than others the variogram will be most erroneous for the more variable ones 

(Voltz and Webster, 1990).

As the range of the global variogram is approximately the average distance between 

property boundaries (Webster and Cuanalo, 1975; Voltz and Webster, 1990) the effect 

of removing the between-class variation will be to reduce the total variance and the 

range, relative to the global variogram (Voltz and Webster, 1990). Since a 

wavelength is twice the range, it is sufficient to compare the wavelength of both the 

global region and PWC variograms (Table 7.5.4.1) to verify the reduction in range 

(Voltz and Webster, 1990).
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Properties that have PWC variogram wavelengths which are larger than the 
wavelengths of global variograms are organic matter, ^̂ ^Cs, %Lf and silt content 
(Table 7.5.4.1). These properties also lack spatial dependence and are pure nugget 

except for Xu (Figure 7.5.5.la-d).
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Figure 7.5.5.1. Pooled within-class and global region variograms and models of 
organic matter (a), ^̂ Ĉs (b), Xu (c) and silt content (d).

The other properties have PWC variogram wavelengths which are smaller than, or 
equal to, the global wavelengths. Only pH and vegetation cover have any spatially 
dependent variation remaining within the classes (Figure 7.5.5.2a-b). The 
wavelengths of pH for the PWC and global region variograms are the same and both 
are considerably larger than the regional variogram wavelength. In the present 
study such large variogram wavelengths are normally associated with nugget 
structures, but the PWC variogram exhibits marked spatial dependence. Since no 
other data suggest otherwise, the PWC variogram of pH will be used for kriging.
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Figure 7.5.5.2. Pooled within-class and global region variograms and models of pH 

(a) and vegetation cover (b).

The cause for the occurrence of PWC variograms with wavelengths which are larger 

or equal to wavelengths of global variograms is unknown. However, the pooled 

within-class procedure assumes that the classification has mapping units with 

similar within-class variance and that the structure of the variograms for these units 

is the same (Van Meirvenne et al., 1994). Since few data are available for each 

mapping unit it is difficult to assess the extent to which this assumption is justified 

within the study area. In principle, classification produces units with the same 

variance. In practice some units are more variable than others.

The analysis of variance (ANOVA) provides an effective method of identifying 

significant differences for within-class variances. Despite samples departing from 

normality, ANOVA was applied assuming sample variances were equal since this 

test is much more robust than other techniques (Webster and Oliver, 1990; p. 73). 

The number of samples in each class differed, requiring the correction for sample 

size suggested by Snedecor and Cochran (1980). The within-class variances differed 

considerably between properties. The F-ratio of the between-class mean squares and 

within-class variance with a critical value at the 5 % level, for six classes and the 

respective sample size, confirmed that all properties have highly significant 

differences between classes. This result does not explain the occurrence of the PWC 

variogram wavelength for clay, hue and vegetation being smaller than the respective 

global variogram wavelengths. Contrary to expectation, the results suggest tha t 

significant differences between variances for mapping units are not as important as 

Van Miervenne et al. (1994) believe. Therefore, it is not necessary to compute the
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standardised PWC variograms advocated by these workers. The interpretation of 

these results is th a t the classification has encompassed the spatial variation in all 

soil properties except pH and vegetation cover. Spatial dependence remains after 

removing the effect of the soil classes suggesting tha t continuous variation is present 

and th a t the boundaries are diffuse. Thus, these PWC variograms will be used for 

kriging without violating the assumptions of continuity in the variation.

Despite the classification encompassing most of the spatial variation in many of the 

properties, spatial dependence was present in the global and regional variograms 

suggesting th a t continuous variation exists. Block-kriging may be undertaken on 

those properties with regional variograms tha t exhibit spatial dependence to assess 

regional variation. It is necessary to produce spatially dependent kriged estimates 

of all properties for redundancy analysis (Chapter 8). However, some of the regional 

variograms are pure nugget. In order to produce a more complete database the global 

variograms of all properties, except those kriged from PWC variograms and hue, soil 

strength (10 cm and 15 cm) and relative elevation were kriged. Kriged estimates 

were required for relative elevation so tha t a digital elevation model (DEM) could be 

produced (Chapter 8). In this case kriging was undertaken using the regional 

variograms of the relative elevation residuals. The DEM was used to derive 

topographic attributes to relate to the other properties using redundancy analysis.

7.6. Kriging.

Kriging is a generic term for several local estimation procedures embraced by 

regionalized variable theory (Krige et al.^ 1989). The advantages of kriging over other 

methods are tha t estimates are unbiased and have minimum variances; in this sense 

it is optimal (McBratney and Webster, 1983). Kriging is also an exact interpolator,

i.e. the kriged value a t a sampling point is the measured value there and the 

variance is zero (McBratney and Webster, 1983).

The estimation variances themselves can be estimated providing a-‘reliability map’. 

Such a  map will show if there are parts of a region where sampling should be 

increased in order to improve kriging estimates (Burgess and Webster, 1980a; b). If 

the kriging errors are normally distributed, the kriging variances can be used to put
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confidence bands about concentration isopleths and confidence limits on average 

concentrations for individual blocks of land (Gilbert and Simpson, 1985). The 

independence of the estimation variances fi'om the observed values themselves has 

been exploited in designing sampling schemes for mapping spatial variables (Burgess 

et al., 1981; McBratney et al., 1981), reducing sampling effort (Mcbratney and 

Webster, 1983) and identifying the optimal location of sites for bulking samples 

(Webster and Burgess, 1984).

7.6.1. Theory.

The theory of kriging is well-documented (Joumel and Huijbregts, 1978) and a 

review of its application is provided by Oliver et al. (1989b). Therefore, only a brief 

description of the kriging equations will be provided here. It follows Oliver et al. 

(1989a). At its simplest, kriging is a method of weighted averaging of the observed 

values of a property Z within a neighbourhood, V, from the measured values z(x )̂ of 

the property a t n sites, x̂ , i = 1, 2,..., n. Estimates can be made over a block of land 

B by
n

z(B)= E  X|Z(Xi) (7.6.1.1)
i =  1

where are weights associated with the sampling points. To ensure th a t the 

estim ates are unbiased the weights sum to 1. The estimation variance for z(b) is 

given by
n  n  n

(f(B) = E[(z(B) - z(B)}'] = 2E X, 7(x„ B) - E E X, X, )(x., x,) - Ÿ(B, B) (7.6.1.2)
i = l  i = l  j = l

where "y(X|, x\) is the semi-variance between the ith. and j th  sampling points, 7(Xi, B) 

is the average semi-variance between the block B and the ith  sampling point and 

T(B, B) is the average semi-variance within the block B, i.e. the within-block 

variance. The estimation variance is minimised subject to the weights summing to 

1 when
n

jÇ Xi 7(Xi, Xj) + Y = ^Xi, B) for all j  (7.6.1.3)

which introduces a Lagrange multiplier, \|f, to achieve minimisation. The weights are 

found by solving these kriging equations and the estimate is then obtained by 

inserting the weights into Equation 7.6.1.1. The estimation variance or kriging
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variance is estim ated by
n

(f(B) = S  l(Xi, B) + \j/ - 1(B, B) (7.6.1.4)
i=l

In general, the sampling points within, or near, an block carry large weights while 

more distant ones have small weights. Points th a t are clustered individually have 

smaller weights than isolated points and near points can be screened by others lying 

between them and a  block. Thus the estimate is local.

Despite attem pts to sample to encompass spatial variation at all scales, a sample 

variogram will often produce a nugget variance. If kriging is applied a t points over 

the region, punctual kriging, the use of a variogram with a nugget variance may 

produce an undulating surface with spikes where there are data (Burgess and 

Webster, 1980 a, b). When a property needs to be mapped smoothly, block-kriging 

may be adopted. The nugget variance is contained in the within-block variance and 

does not contribute to the block-kriging variance, resulting in greater precision over 

distances greater than the shortest sampling interval used to determine the 

variogram (Webster and Oliver, 1990).

7.6.2. Block-kriging properties using pooled within-class variograms.

A damped periodic model with a power function (Equation 7.4.1.2) provided the best 

fit to the estimated semi-variances for pooled within-class vegetation cover, as 

follows

# )  = -36.4 cos(2Tcmi7.3)/A + 52.7 sin(2T[A/117.3)//t + 3.3A°^ (7.6.2.1)

The block-kriging equations (Equations 7.6.1.2 to 7.6.1.4) were solved using the 

coefficients for the respective models. Estimates were made over blocks a t the 

intersections of a 18.6 m grid from the original data. The nearest 25 observations 

within the range of spatial dependence were used to compute each estimate. The 

properties were displayed by threading the isarithms through the resulting fine 

figure fields to provide a ‘contour’ map of the statistical surface using SURFER 

(Figure 7.6.2.1). Where suitable the corresponding estimation variances were 

displayed with a perspective diagram using the same software.
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Figure 7.6.2.1. Isarithmic map of block-kriging (18.6 m) estimates for vegetation 
cover using a pooled within-class variogram and a damped periodic model with power 
function.

Unfortunately, a large number of negative estimation variances were computed for 
the pooled within-class vegetation cover using the damped periodic models and power 
functions. These negative variances suggest that the kriging equations are unstable 
for the periodic model and consequently cause the fragmented appearance of Figure
7.6.2.1. The spherical model is authorised for two dimensions and was used as an 

alternative. The basis for the use of this model as an alternative approach is that 
only the first few lags are important for estimation.

Using the variogram coefficients from fitting a spherical model, the estimates and 

estimation variances were computed and mapped (Figure 7.6.2.2a and b). 
Unfortunately, the small range described by the PWC variograms could not produce 
the 18.6 m blocks. This was because too few data were encompassed by the search 
radius. In this case, block-kriging was conducted over 24.8 m blocks. The main 
difference between maps produced by block-kriging over larger blocks is to smooth 
the variation.
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Figure 7.6.2.2. Isarithmic map of vegetation cover estimates (a) and estimation

variances (b) by block-kriging (24.8 m) using a pooled within-class variogram and a

spherical model.
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Fewer negative estimation variances were computed and the variation was less 

fragmented (Figure 7.6.2.2a and b) using the spherical model than  the estimates 

produced by the damped periodic model with power function (Figure 7.6.2.1). The 

smaller, more reliable estimation variances (Figure 7.6.2.2b) are associated with the 

four sampling nests, whilst higher variances are found separating the nests. W ithin 

the sampling area the estimation variances are below 0.17, whilst in areas devoid 

of data the variance increases. This pattern emphasises the problems of 

extrapolation. These estimation variances are an order of magnitude smaller than 

estimation variances from the damped periodic model with power function, 

suggesting the la tter model is relatively unstable. This instability is probably 

exacerbated by the small range of the periodic model th a t barely encompasses 

sufficient data to provide reliable block-kriging estimates.

The mapped estimates of vegetation cover remain transformed because conversion 

of these estimates into the original form is not simple. In any case, the estimates 

show th a t vegetation cover is greater on the Plateau than on the Plain. The 

vegetation is concentrated towards the central part of the Plateau. Although the 

banding form of the vegetation islands is not readily apparent the map shows areas 

of sharply contrasting vegetation coverage. The vegetation decreases markedly from 

the Plateau onto the Plain. The area adjacent to the Plateau is largely devoid of 

vegetation in the north-west but exhibits vegetation clusters in the south-east. This 

pattern  continues downslope across the Plain resulting in less vegetation in the 

north-west than  in the south-east. However, more vegetation is found in the central 

part of the Plain than is evident in either the south-east and north-west directions.

Similar problems with the damped periodic model and power function were found 

when block-kriging estimates were computed for PWC pH. These results provide 

further evidence to suggest this model is unreliable. Therefore the spherical model 

was adopted as the standard model. The map of pH was re-computed using the 

coefficients of the PWC variogram in this manner (Figure 7.6.2.3 a  and b).
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Figure 7.6.2.3. Isarithmic map of pH estimates (a) and estimation variances (b) by

block-kriging (18.6 m) using a pooled within-class variogram and a spherical model.
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In contrast to the map of vegetation cover, the map of pH shows strong continuity 

throughout the study area. The estimation variances are consistently small, 

increasing significantly only towards the edges of the map where estimation 

neighbourhoods have few data. The estimation variances for pH are much smaller 

than those for vegetation cover using the same PWC technique and model. The 

difference is probably due to the large nugget variance evident in the variogram of 

vegetation cover (Figure 7.5.5.2b).

High values of pH are found a t similar locations to dense vegetation coverage on the 

Plateau. The pH decreases rapidly over the transition zone between the Plateau and 

Plain. The pH isolines are parallel to topographic contours suggesting surface wash 

processes are responsible for redistribution. The pattern of pH on the Plain is 

dominated by relatively low levels in the south-east and north-west of the region. 

These large areas of low pH are separated by an area of relatively high pH in the 

central part of the Plain region. The similarity between the pattern  of pH and 

vegetation cover is striking. Notably the pH isolines on the lower part of the Plain 

are orthogonal to the those found on the upper, surface-wash-controlled part of the 

Plain. It may be tha t aeolian processes from an easterly direction contribute to the 

distribution of pH on the lower part of the Plain.

These are the only maps for which PWC estimates can be provided because the other 

properties were nugget. However, the extent of the within-class variance is uncertain 

and it is necessary to produce block-kriged estimates, estimation variances and maps 

of the other properties. This is particularly important for relative elevation and ^̂ ^Cs 

(Bq kg'^). An assessment of the accuracy of maps computed using global. Plain and 

Plateau region variograms is provided by comparison with a map of vegetation cover 

computed from the PWC variogram.

7.6.3. Block-kriging properties using regional variograms.

An assessment of the relative accuracy of the Plain and Plateau region maps is 

provided for vegetation cover, for comparison with the PWC approach. All maps were 

computed using a spherical model, as described above (Section 7.6.2), to avoid 

problems with the damped periodic model and power function. The merged maps of
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vegetation cover computed from the variograms of the Plain and Plateau regions is 

shown as a single map (Figure 7.6.3.1a). First, the estimation variances on the 

Plateau are larger than those on the Plain (Figure 7.6.3.1b). These la tte r estimation 

variances are comparable with, although larger than, those computed by the PWC 

approach. In the discussion above (Section 7.5.4) most Plateau variograms were seen 

to have larger nugget variances than the Plain and PWC variograms. The increased 

nugget variance is probably the cause of the large estimation variances for 

vegetation cover on the Plateau. The estimates for vegetation cover computed using 

the regional variograms (Figure 7.6.3.1a) are similar to the PWC but more detailed 

than  the PWC estimates (Figure 7.6.2.2a). The disadvantage of this regional 

approach is the apparent lack of continuity between estimates of vegetation cover 

moving from the Plateau onto the Plain.

In the case of relative elevation this discontinuity is realistic (Figure 7.6.3.2a). The 

Plateau is surrounded by a steep slope which was absent in few locations. The 

Plateau has a gentle slope with slightly upraised areas associated with the 

vegetation islands. The Plain exhibits markedly different terrain. In general, it 

slopes towards the south-west and the gradient is steep near the Plateau and 

decreases with distance. Within the steeper part of the Plain there are several 

relatively flat areas adjacent to small steep slopes. The estimation variances for 

relative elevation (Figure 7.6.3.2b) are similarly distributed to the variances for other 

properties. However, the lack of data in the western part of the study area, due to 

problems with surveying, results in larger estimation variances. The variances on 

the Plain are smaller than those on the Plateau in accordance with the results for 

the regional separation of vegetation cover. However, the difference in variance is not 

great between Plain and Plateau probably because of the large number of data points 

on the Plateau. Despite the larger estimation variances on the Plateau the block- 

kriging estimates of relative elevation using the regional variograms formed the 

DEM for subsequent analyses (Chapter 8).
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Figure 7.6.3.1 Isarithmic map of vegetation cover estimates (a) and estimation

variances (b) by block-kriging (18.6 m) using variograms from the Plain and Plateau

regions and a spherical model.
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Figure 7.6.3.2 Isarithmic map of elevation, relative to sea level, estimates (a) and

estimation variances (b) by block-kriging (18.6 m) using variograms from the Plain

and Plateau regions and a spherical model.
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7.6.4. Block-kriging properties using global variograms.

The apparent lack of continuity between the Plateau and Plain regions for vegetation 

cover using regional variograms is partly overcome by block-kriging using the global 

variogram (Figure 7.6.4.1a). The distribution of vegetation cover in both regions is 

very similar using both approaches, but the latter approach has a greater amount 

of cover on the Plateau using the global variogram than the coverage provided by the 

regional variograms. Block-kriging vegetation cover using the global variogram has 

produced the smallest estimation variances of all approaches (Figure 7.6.4.1b).

This result was unexpected given the findings of McBratney et al. (1991) and Voltz 

and Webster (1990). The lack of a distinct difference between the maps of vegetation 

cover derived by block-kriging using the regional variograms (Figure 7.6.3.1a) and 

global variograms (Figure 7.6.4.1a) might be because the global variogram is very 

similar to the Plain variogram (Figure 7.5.4. If). For properties with dissimilar global 

and Plain variograms a large difference is likely between the derived maps. In the 

light of these results block-kriged maps using the global variogram will be used to 

produce estimates for each property for later analysis (Chapter 8).

Estimates of vegetation cover using block-kriging and the global variogram (Figure 

7.6.4.1a) were compared with the more common inverse distance-squared 

interpolation (Figure 7.6.4.2). Although similarities between the maps do exist, there 

are also many discrepancies. In general, the estimates from the la tte r technique are 

structurally dissimilar and less detailed than the estimates from the former 

technique. It is highly probable that the lack of spatial dependence in the la tter 

technique is causing considerable smoothing of the estimates and results in a less 

accurate map of vegetation cover. There are no estimates of the accuracy of the la tter 

interpolation technique to compare with the estimation variances firom block-kriging. 

The use of this last map in more detailed analyses would probably result in radically 

different conclusions.
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Figure 7.6.4.1 Isarithmic map of vegetation cover estimates (a) and estimation

variances (b) by block-kriging (18.6 m) using a global variogram and a spherical

model.
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Figure 7.6 .4.2 Isarithmic map of vegetation cover using an inverse distance-squared 
interpolation.

When few data are available, for example with ^̂ Ĉs on the Plain and Plateau, 
variograms for these regions cannot be used for block-kriging. Thus the global 
variogram of ^̂ ^Cs is block-kriged. In this case the differences between block-kriged 
maps and more traditional interpolation maps are larger. Figure 7.6 .4.3 shows the 
inverse distance-squared interpolated map of areal estimates of ̂ ^̂ Cs (Bq m'^). Using 
the same scale and contour interval, the block-kriged map of the same property with 
the global variogram (Figure 7.6.4.4a) is very different from the interpolated map. 
This former map has been smoothed by averaging over large distances by the 
interpolation method. Thus, much of the spatial variation in ^̂ Ĉs has been lost along 
with the highest and lowest concentrations.

The pattern of estimation variances produced by block-kriged ^̂ ^Cs data (Figure 
7.6.4.4b) using the global variogram is similar to the patterns of estimation variances 

produced using the same procedure from other soil properties. This suggests that the 
undersampling has not had a tremendously detrimental affect on the variation of the 
estimation variances. However, the estimation variances produced using the global
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variogram are greater than the estimation variances for other soil properties. In this 
case the undersampling of ̂ ^̂ Cs and the attendant large nugget variance has affected 
the magnitude of the variances. The number of samples necessary to reduce the 
estimation variances to the desired level can be calculated (McBratney and Webster, 
1983). For the purposes of this study it is sufficient to realise that within the nested 
sampling grids approximately 35 samples are necessary to reduce the estimation 

variances to approximately 0.04. For ^̂ Ĉs only 10 samples provide a variance of 
approximately 4.

452956 453142
1499555

'° 00 .

1498848 1498848
453514452770 452956 453142

Figure 7.6.4.3 Isarithmic map of total areal ^̂ Ĉs activity (Bq m'^) using an inverse 
distance-squared interpolation.

The results of block-kriging the total areal ^̂ Ĉs activity data do not accord with 
those of De Roo (1991). He found that decreased sampling intensity caused the 
variogram to be unreliable and incorporated a large nugget variance which truncated 
the block-kriging estimates and limited the scale of spatial variation. The contrast 
suggests that the nested sampling approach has partly overcome the problem of 
sampling intensity. The nested grid allowed the shorter variogram lags to be 
estimated better than an ordinary grid and hence produced better kriging estimates.
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Figure 7.6.4.4 Isarithmic map of total areal activity (Bq m' )̂ estimates (a) and

estimation variances (b) by block-kriging (18.6 m) using a global variogram and a

spherical model.
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The block-kriged map (Figure 7.6.4.4a) shows isolines of the total areal ^% s 

activities th a t are parallel to the relative elevation contours in many parts of the 

study area. This suggests that wash processes are im portant in redistributing the 

^^^Cs-fixed material. The ^̂ ^Cs accumulations on the Plain and the considerably 

larger ^̂ ^Cs levels on the Plateau are distributed in a pattern similar to vegetation 

cover. The low concentrations on the Plain attest to the considerable reworking of 

sediment, probably as a consequence of vegetation removal or die-out and subsequent 

re-growth.

Net soil flux estimates are produced by modelling the relationship between ^̂ ^Cs and 

soil using the same models as in section 6.6 (Figure 7.6.4.5). Although preferential 

accumulation of ^̂ ^Cs beneath vegetation on the Plateau is accounted for as in 

section 6 .6 , this region is undergoing mean annual net soil gain. In contrast, most 

of the Plain is apparently undergoing mean annual net soil loss. Although, some 

correlation exists between the location of dense vegetation canopies and soil 

accumulation on the Plateau, the pattern shown in Figure 7.6 .4.5 is not simple. It 

is likely th a t the apparent occurrence of large accumulations of soil away from the 

vegetation towards the edge of the Plateau is due to the redistribution of soil by 

surface wash. The accumulation is presumably due to protection from reworking by 

ferricrete cobbles and the formation of a surface seal. As the slope gradient increases 

the net soil gain decreases until eventually reaching the foot of the Plateau slope 

where the net soil loss is the highest in the study area. The concentration of water 

from this steep Plateau slope is the probable reason.

Further downslope on the Plain (Figure 7.6.4.5) net soil loss gradually decreases in 

some places but can be seen to increase at others. This is especially the case for the 

central part of the Plain region where the net soil flux is approximately stable 

between loss and gain. The lower part of this central portion is where the majority 

of the vegetation cover on the Plain is found (Figure 7.6.4.1) and also where slope 

gradient is much reduced (Figure 7.6.3.2). However, slope gradient is not necessarily 

the controlling factor for soil redistribution processes on the Plain. Near the base of 

the study area, the gradient is very small and yet net soil loss is approximately 

interm ediate for the Plain region. Importantly, there is a strong relationship between 

mean annual net soil loss and the occurrence of vegetation on the Plain. Where 

vegetation exists net soil loss is low and where vegetation is sparse net soil loss is
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Figure 7.6.4.5 Isarithmic map of net soil flux (t ha'^ yr'^) derived from block-kriged 
(18.6) estimates of the total areal ^̂ Ĉs activity (Bq m'^).

A soil budget was calculated from block-kriged ^̂ Ĉs estimates using the procedure 
outlined in the previous chapter (Section 6.6). The net soil flux was found to be -48.5 
t ha'^ yr'^ and produces a sediment delivery ratio of 89 % for the entire region. This 
result compares favourably with the net soil flux calculated in the previous chapter 
(Section 6 .6) using a non-hierarchical multivariate classification of relatively few 
^̂ ^Cs samples, but many samples of related soil properties, over the global region (- 
39.3 ± 3.5 t ha'^ yr'^). Knowledge of the precision of these latter estimates of net soil 
flux can only be provided by accounting for the spatial variation in those estimates. 
Similarity between the calculated net soil flux suggests that some improvement in 
precision has been gained by the block-kriged estimates. The lack of a large 
difference between these estimates is explained by the lack of spatial dependence 
evident in the pooled within-class variogram. The implication is that the 
classification encompasses all of the spatially dependent variation.
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7.7. Conclusions.

The wavelength parameters for each type of variogram for all properties enables the 

elucidation of the processes of soil redistribution within each region. Information 

about the spatial variation of a property is also provided by the maps of net soil flux 

and related properties such as vegetation cover and pH. A summary of these results 

is provided by two models of the processes of net soil redistribution on the Plateau 

and the Plain.

The small wavelengths on the plateau are similar to the average separations 

between the narrow vegetation islands and wider bare surfaces on the plateau. It is 

suggested tha t the presence of soil beneath the vegetation, and absence of soil in 

bare areas is causing the periodicity in the variogram of relative elevation. Even 

though the constant slope gradient was removed from the data the variogram of the 

residual relative elevation remains periodic. Furthermore, the wavelength of this 

property is similar to the wavelengths of clay and vegetation cover. However, the 

wavelengths of ^̂ ^Cs, sand and organic m atter content are similar to each other, 

but are slightly larger than the wavelengths of the former group of soil properties.

The upslope sides of the vegetation islands are associated with depositional wash 

processes which accumulate soil because the surface is protected against erosive 

aeolian processes by surface crusts. This fine soil is nutrient-rich with moisture 

retention properties derived from the vegetation island further upslope. The moisture 

and nutrient retention on the upslope side causes vegetation on the downslope side 

to decay exposing dust accumulations and causing organic m atter to be removed by 

aeolian and surface wash processes. Each vegetation island is a transition zone 

between accumulation and erosion.

The lateral expanse of the accumulation zone is likely to be greater than  the expanse 

of the erosion zone because of the nature of the processes. Therefore, on average the 

wavelength between accumulation zones will be smaller than the average 

wavelength between zones of erosion. It is suggested th a t clay and vegetation cover 

are properties associated with thé gradual accumulation of material on the upslope 

side and beneath the vegetation islands. In contrast, ^^^Cs, sand and organic 

m atter content are properties associated with the distinct vegetation die-out
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boundary on the downslope side of the vegetation islands. Thus, the periodicity and 

the wavelengths of these two groups of soil properties define the average spacing of 

the upslope and downslope sides of the vegetation islands, respectively.

On the Plain, half the wavelength of the periodic variogram for relative elevation 

represents the range and the length of a typical hillslope. Over the length of a 

hillslope, the plain region variograms for pH and magnetic susceptibility (%Lf)> and 

the pooled within-class variogram of vegetation cover, complete a wavelength. These 

properties indicate the drainage status of the soil. The interpretation of these results 

suggests th a t soil profile drainage is poor a t the top of the hillslope, where vegetation 

cover and pH would be high, whilst Xhf is low. Poor drainage a t this location is 

assumed to be due to the proximity of the soil surface to a confining ferricrete layer. 

Soil drainage would increase downslope, becoming well-drained approximately half

way down. At this part of the hillslope, vegetation cover and pH would be low, whilst 

Xu would be high. As the slope gradient decreases towards the base of the slope, 

w ater storage would increase completing the cycle and reversing the drainage 

indicators again.

Wavelengths for bulk density and soil hue are very similar, but the ^̂ ^Cs wavelength 

is considerably smaller than both these properties. However, the ^̂ ^Cs variogram is 

less reliable than the other soil properties because of the reduced number of soil 

samples. Therefore, it is assumed for the purposes of explanation, th a t the ^̂ ^Cs 

wavelength is the same as the wavelength for bulk density and soil hue. An 

explanation of these wavelengths is provided by assuming th a t surface wash 

processes operate in a similar way to hillslope drainage. Maximum surface wash will 

occur on the model hillslope where the maximum rate of change in slope gradient 

occurs, slightly downslope from the summit. Soil erosion and bulk density would 

reach a maximum in this zone, removing topsoil and exposing a more compact 

reddened subsoil. Since the rate of change in slope gradient decreases towards the 

base of the hillslope the soil erosion rate will decrease causing deposition and an 

attendant decrease in the bulk density resulting in a different soil hue.

The regional variogram wavelengths of organic m atter, silt and sand content are 

very similar to one another. Notably, the range of these properties is approximately 

one and a half times the range of the relative elevation. This suggests surface wash
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processes controlled by relative elevation do not directly affect the distribution of 

texture and organic matter. This is expected as textural variation was controlled 

strongly by aeolian depositional processes and vegetation cover on the plateau. 

However, the PWC wavelength of vegetation cover is much smaller than  the 

wavelength for texture and organic matter.

I t  maybe assumed th a t dust is trapped by vegetation a t the exposed summit of the 

hill. Surface wash processes would redistribute the dust downslope, exposing it to 

reworking by aeolian processes. At elevated positions, it is assumed th a t aeolian 

reworking would transport this material from the hillslope to be trapped by 

vegetation capping the next downwind hillslope. Further movement downslope would 

result in deposition on the upslope side of the vegetation a t the base of the hillslope. 

The fine material would be protected from preferential selection by aeolian processes 

by the coarser material. These processes explain the similarity in the wavelength of 

both silt and sand content. The association between organic m atter and the 

distribution of dust is probably due to the incorporation of partially burnt ash and 

plant debris from dry season fires (Tiessen et uZ., 1991).
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Chapter 8 . 

SOIL-LANDFORM RELATIONSHIPS.

8.1. In tro d u c tio n .

Martz and de Jong (1987, 1991) used slope gradient, surface curvature, catchment 

area and w ater ponding depth in a landform classification model which related soil 

erosion rates to topographic setting in a small agricultural Prairie watershed. 

Pennock et al. (1987) used slope gradient and surface curvature to discriminate 

spatially soil properties in a similar landscape. Murakami and Komine (1983) 

successfully predicted regional surface wind velocity distributions in Japan using a 

number of simple topographic variables expressing relative landscape position.

Statistical methods to analyse the relation between soil (response) properties and 

topographic (environmental predictor) attributes have used linear regression models 

(e.g. Burt and Butcher, 1985) but these analytical techniques are of limited value 

when large databases require analysis. Indirect ordination methods, such as PCA, 

are commonly used to examine large multivariate databases, but cannot be used to 

directly relate the analyses to external variables. Recently, regression and ordination 

have been integrated to produce direct gradient analysis called canonical ordination. 

Redundancy analysis (RDA) is the canonical form of PCA where axes may be 

constrained to linear combinations of environmental variables to minimise the sum 

of squares. Although this technique is more common in ecological studies (ter Braak, 

1986) it has begun to be used to analyse the response of soil properties to 

environmental variables such as topographic attributes (Odeh et at., 1991).

The recent increases in resolution of remotely-sensed stereoscopic imagery has 

provided more accurate digital elevation models (OEM’s) which form the basis for the 

derivation of landform attributes. However, in many cases survey data still provide 

the basis for the DEM and these often require interpolation to a systematic structure 

for processing by computer to derive the landform attributes. Moore et al. (1993) 

hypothesised, based on the findings of Martz and de Jong (1991), that the spatial 

distribution of topographic attributes that characterise water flow paths also
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captures the spatial variability of soil attributes at the mesoscale. Implicit in this 

hypothesis is that the spatial variability of the topographic attributes has been 

captured. However, the spatial scale of dependence of the topographic attributes is 

not often known, especially when an arbitrary interpolation is used.

8.2. Canonical ordination.

The applicability of canonical ordination techniques is dependent upon the 

relationship between the response and predictor variables. Canonical correspondence 

analysis (CCA) is based on the non-monotonic (unimodal) Gaussian species response 

model. Redundancy analysis (RDA) is based on a systematic and monotonie (linear) 

relationship between response and environmental variables. These techniques have 

been tested by ter Braak (1986) using ecological data with unimodal and non-linear 

relationships among species variables and environmental data. The CCA was more 

robust in extracting variation in species abundance in relation to the environment 

than  RDA. However, Odeh et al. (1991) showed that CCA was less attractive than 

RDA because the relations between soil and landform attributes are more linear 

than  unimodal.

8.2.1. Soil (response) properties.

Soil properties estimated using block-kriging (Chapter 7.6.3) were involved in the 

canonical ordination. These soil properties (labels) included organic m atter {loi), bulk 

density {hd), both per unit area and per unit mass expressions of ^^Cs {hq/kg, 

hqlm2), surface soil strength {csvl), hue, pH, clay and silt. The basis for using these 

data ra ther than the initial samples was to avoid problems with missing data, 

especially within the plateau region. In this case, the technique provides one of the 

best ways of estimating properties throughout the study area. Block-kriging over the 

same scale (18.6 m) was also performed on the relative elevation data. This ensured 

the appropriate scale of spatial dependence for estimation and enabled direct 

comparison between soil properties and derived topographic attributes.
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8.2.2. Primary topographic (predictor) attributes.

There are various criteria for defining landform features as part of a 

geomorphometric study. The greatest difficulties are of subjectivity and operator 

variance associated with landform definition and delineation (Evans, 1981). This 

problem may be overcome by adopting a general approach to geomorphometry based 

on the analysis of variables that are measured at a sample of points over the land 

surface. Speight (1974) suggests that the characterisation of the topography a t a 

point in the landscape should consider both the surface morphology a t the point (i.e. 

slope gradient, aspect, contour and profile curvature) and the relative position of the 

point in the landscape (i.e. catchment area, dispersal area), especially since many 

geomorphological processes and pedological properties are associated more strongly 

with slope position than with slope form (Gerrard, 1981). These primary topographic 

attributes (Moore et al., 1991) can be treated in a general geomorphometric 

framework if the variables are measured in a systematic manner at the same set of 

sample points using the same topographic database (Martz and de Jong, 1988).

Topographic attributes of a landscape can be calculated directly from a DEM using 

only the point values without the assistance of surface fitting or smoothing. This 

approach has limited usefulness, is restricted to grid-based DEM’s and does not 

produce physically realistic results. There are a variety of methods available for 

fitting elevation surfaces to point data. With gridded data structures local 

interpolation methods are commonly used because they are the simplest and easiest 

to implement (Moore et al., 1991). This approach has been used by Evans (1980) and 

Zevenbergen and Thorne (1987).

The DEM used in this study was created from field survey data, but a regular grid 

was not produced by simple interpolation. Instead a more rigorous analysis of the 

scale of spatial dependence was undertaken (Chapter 7). The relative elevation 

variogram, which summarises the spatial variation, was used in block-kriging the 

estim ates on a regular grid with a spacing (18.6 m) slightly larger than the smallest 

sampling interval.

Numerous programs have been written to analyse a digital elevation model and 

derive standard topographic attributes. The Fortran programs GEOM and CATCH,
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used in this study, were written by Martz (1986) and Boundy and Martz (1988). The 

program GE0M2, which is the latest version of the former program, calculates the 

following morphological variables: slope aspect (ASPECT \|/) i.e. the direction of the 

maximum downward slope away from the DEM cell expressed as an azimuth 

compass bearing between 0° and 360®; slope gradient (GRDNT p) is the angle 

between 0® and 90® of the maximum downward slope away from the DEM cell; 

profile curvature (PROFCV (j)), being the curvature along the line of maximum 

downward slope expressed in units of degrees of gradient per unit length; contour 

curvature (CONTCV ü5), being the curvature perpendicular to the line of maximum 

downward slope expressed in units of degrees of aspect per unit length. Both 

measures of curvature indicate convexity when positive and concavity when negative. 

The gradient influences the rate of sediment and water flow. With knowledge of the 

direction of flow using aspect, the upslope area tha t provides the flow can be 

obtained. The profile curvature affects flow acceleration and deceleration, whilst the 

la tter affects flow convergence or divergence, both influencing soil erosion or 

deposition.

A second order polynomial function is fitted to a 3 x 3 sub-matrix of the elevation 

data. The polynomial is solved for the first and second horizontal and vertical 

derivatives of the function to produce the morphological variables for the central cell. 

By moving the grid over the elevation matrix these variables are produced for the 

entire dataset, except those at the extreme edges of the elevation matrix.

A program to determine the local and global catchment area at every element of an 

elevation matrix, CATCH, has been documented by Martz and de Jong (1988). The 

most recent version, CATCH2 was used in this study to calculate the following 

variables: local catchment area of flowlines which term inate on encountering a sink; 

global catchment area of flowlines which terminate upon reaching the edge of the 

DEM after spilling through depressions and flat areas; a modified DEM is produced 

for which all depressions are filled to the elevation of the lowest available outlet 

(FILL); downslope flow path (SINK) is identified by either presence (1) or absence 

(0) a t each grid cell.

Catchment area cannot be calculated as a mathematical derivative of an elevation 

surface. The program advances a flowline downslope of every elevation cell down the
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steepest path between adjacent points. The catchment area is obtained by counting 

the number of flowlines that coalesce and pass through each point in the landscape. 

Thus catchment area may be defined as the number of points upslope which could 

contribute flow to any particular point. Multiplying this by the square of the m atrix 

spacing gives catchment area in areal units. To standardise this measure for use in 

compound topographic attributes (Moore et al., 1991) specific catchment area (Ag), 

defined as the upslope area per unit width of contour was calculated (Speight, 1974). 

Thus, local specific catchment area (LCAT) and global specific catchment area 

(GCAT) were calculated by multiplying the number of upslope points of each 

elevation cell by the spacing of the elevation matrix (18.6 m).

8.2.3. Compound topographic (environmental) attributes.

Compound topographic variables are used as surrogates for modelling spatial 

processes which cannot be handled readily using a truly physical approach. Three 

hydrologically-based compound indices that have potential use in predicting the 

spatial distribution of soil properties are the stream power index (Q), the wetness 

index (w^) and t, a sediment transport capacity index (Moore et al., 1993). The basis

of these indices is the stream power equation which has been extensively used in

studies of erosion and sediment transport. However, it requires detailed field 

measurements or accurate estimates on the rate of energy expenditure:

n  = p.g.q.tanU (8.2.3.1)

where pg is the unit weight of water, q is the discharge per unit width and 13 is the 

slope angle (®). It may be assumed that rainfall excess is temporally and spatially 

constant over the study area and that steady-state discharge per unit width, q, is 

directly proportional to Ag (m  ̂m'^), the specific catchment area (Moore et al., 1991; 

Moore and Wilson, 1992). These assumptions enable the substitution of Ag for q to 

derive the compound topographic stream power index:

O. = Ag.tanB (8.2.3.2)

which is the time rate of energy expenditure and so is a measure of the erosive

233



power (m per degree) of overland flow (Moore et al., 1991). Both local and global 

specific catchment area are used in this equation to derive the local stream  power 

index (LCATPOW) and the global stream power index (GCATPOW).

The wetness index has been used to characterise the spatial distribution of zones of 

surface saturation and soil water content in landscapes (Moore et al., 1988, 1993). 

However, little is known about the transmissivity of the saturated soil profile in this 

study. In this case the modified wetness index, w (m degree'^):

w = In (As / tanB) (8.2.3.3)

is used. This assumes that the transmissivity is constant throughout the landscape 

and equal to unity. Weaknesses identified with this simplistic index (Jones, 1986) 

are only applicable to basins in which pipe flow is important. Both local and globally 

specific catchment area are used in this equation to derive the local wetness index 

(LCATSWC) and the global wetness index (GCATSWC).

The sediment transport index, t  (m per degree), characterises erosion and deposition 

processes and in particular the effects of topography on soil loss (Moore et al., 1992; 

Moore and Wilson, 1992). This index is analogous to the length-slope factor in the 

USLE, but is applicable to 3D landscapes:

T = (As / 22.13)” . (sin 13 / 0.0896)" (8.2.3.4)

where m = 0.6 and n = 1.3 are constants. This index was independently and 

theoretically derived using unit stream power theory to describe soil transport in 

overland flow, which includes both sheet flow and flow in rills. The derived factor 

has been evaluated by comparing it with its empirically derived counterpart in the 

USLE. The theoretically-derived factor is physically based and better accounts for 

complex slope geometries and the effects of rilling than the USLE (Moore and Burch, 

1986). Both local and globally specific catchment area are used in this equation to 

derive the local sediment transport index (LCATLS) and the global sediment 

transport index (GCATLS).

Surrogate measures of aeolian processes are provided by two simple topographic
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indices of wind sheltering-exposure, fetch and directional relief (Lapen and Martz, 

1993). Fetch determines the distance (m) to an obstacle in any one direction. An 

obstacle height increment is used to express the downwind sheltering effect of a 

topographic obstacle and provide an index sensitive to topographic irregularities 

(Lapen and Martz, 1993). If a value for fetch is not available prior to reaching the 

edge of the DEM the maximum fetch is provided for that DEM cell. Directional relief 

provides the elevation (m) of a given location above the average elevation of cells in 

a given direction. Directional relief is not as sensitive to limited topographic 

perturbations as the fetch variable and "tends to expose general relief trends in a 

particular direction, whereas fetch tends to reveal more local relief characteristics" 

(Lapen and Martz, 1993; p. 772).

The specification by the user of the obstacle height increment for fetch calculation 

permits flexibility in the definition of topographic obstacles. Lapen and M artz (1993) 

suggested tha t large values reflected the well-defined valleys of the major drainage 

courses in their study. Smaller values were more sensitive to minor topographic 

irregularities. The authors suggest that soil redistribution by wind may have a 

different sensitivity to topographic sheltering and exposure effects than snow drifting 

in their study. A range of values for the obstacle height increment (0.012, 0.025, and 

0.05 m m'^) were used to calculate fetch values in an easterly (FIE, F2E and F3E) 

and north-easterly direction (FINE, F2NE and F3NE), respectively. These directions 

were chosen to coincide with easterly squalls and north-easterly H arm attan, both 

have been shown to have a significant effect on aeolian processes in the vicinity of 

the study area (Drees et al., 1993). Directional relief was calculated for easterly 

(RIE) and north-easterly (RINE) directions.

These indices reflect topographic shelter and exposure zones but exclude the effect 

of vegetation cover which may be particularly important in providing shelter zones. 

A simple method of incorporating the effect of vegetation cover is to modify the DEM 

at those locations where vegetation occurs. Throughout the study area, vegetation 

coverage varies considerably. It is reasonable to assume tha t only vegetation with 

high areal coverage acts as a significant obstacle to wind erosion and provides a 

shelter zone. A threshold of 6 units of vegetation cover, corresponding to 

approximately 8 % of the study area, was used to locate and modify the DEM by 

addition of 2 m to the topographic elevation. This additional elevation is the
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approximate average height of bushes and trees in the study area.

The procedure outlined above was replicated using the modified DEM. The same 

range of values for the obstacle height increment (0.012, 0.025, and 0.05 m m'^) was 

used to calculate directional fetch above vegetation (vegetation fetch) in an easterly 

(VFIE, VF2E and VF3E) and north-easterly direction (VFINE, VF2NE and VF3NE), 

respectively. Directional relief above vegetation (vegetation relief) was also calculated 

using the modified DEM for easterly (VRIE) and north-easterly (VRINE) directions.

8.2.4. Redundancy analysis (RDA).

Since soil properties and topographic attributes comprise the dataset it was decided 

to use RDA for the canonical ordination in accordance with Odeh et al. (1991). This 

technique may be used in an exploratory way or for confirmation purposes. In this 

study RDA is used to confirm the models of soil development provided by the earlier 

PCA (Chapter 6.2) and the variogram analysis (Chapter 7.5.6) by directly linking soil 

properties to topographic attributes using an ordination biplot. In addition, this 

confirmatory analysis will further elucidate the processes of soil redistribution. These 

redistribution processes will be validated by specifically identifying those topographic 

attributes that explain most of the variation in net soil flux.

A FORTRAN program (CANOCO), written by ter Braak (1988), was used for all 

canonical ordination analyses. Prior to conducting the analyses it is necessary to 

select between ‘ordinary’ and ‘standard’ RDA. The former method refers to variable 

centring where each sample is weighted according to the property variance. Thus, 

the variables with high variance tend to dominate results, whereas variables with 

low variance have negligible influence on the solution. In the la tter method, each 

sample is divided by the variable standard deviation. In this case, the variables that 

do not vary substantially, unduly influence the results (Odeh et al., 1991). Tests were 

conducted with a dataset on which non-standard transformation (Odeh et al., 1991) 

had been performed. Tests of the untransformed dataset were not conducted because 

an improvement in the explanation of variance was noted using the non-standard 

transformation with PCA.
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The results of the tests on the transformed dataset (Table 8.2.4.1) showed tha t 

ordinary (centred) RDA explained more variance in the soil properties and between 

the soil properties than did either standardised RDA or centred and standardised 

RDA. Thus, ordinary RDA is adopted for subsequent analyses.

Table 8.2.4.1. Comparison of cumulative % variance accounted for by the first two 

axes and the total variance explained resulting from linear RDA using different 

methods.

Soil properties 
Cumulative (%)

Soil-environment 
Cumulative (%)

Eigenvalues

Axis 1 Axis 2 Axis 1 Axis 2 Variance

Ordinary RDA 37.5
Standard RDA 1.8
Both RDA 32.8

59.7
2.9

47.0

49.8
51.0
48.4

79.4
80.9
69.3

0.752
0.036
0.678

Odeh et al. (1991) states that "the relationships between some soil variables and 

landform attributes are continuous only within partial landscape units. This is of 

particular importance inasmuch as areas that fall outside the continuous land units 

may distort the distributional relationships assumed for soil variation along 

environmental gradients" (Odeh et al., 1991; p. 13). For these reasons regression- 

based empirical models may conflict with continuous and discontinuous soil-landform 

associations when used to describe the whole catchment. The PCA and variogram 

analysis in the present study support this statement and suggest th a t RDA should 

not be conducted for the entire study area. Instead, RDA is conducted on data from 

the Plain and Plateau regions separately.

The preponderance of topographic attributes over soil properties results in difficulty 

in interpreting the ordination diagram. This is mainly due to the small distances 

between environmental gradients because of multicollinearity between topographic 

attributes and may lead to over-emphasis and mis-interpretation. Forward selection 

of the topographic attributes was used to reduce the number of environmental 

variables tha t best explain the soil properties. In CANOCO the variable chosen at
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each selection-step is that which adds most to the explained variance of the response 

data (ter Braak, 1990). The statistical significance of variance explained by each 

additional variable is tested using a Monte Carlo permutation test. The Monte Carlo 

test makes no assumptions about the distribution of the m ultivariate data and is 

conducted by randomly permuting the sample numbers in the environmental data 

to give a random dataset for each permutation. In this case 99 permutations were 

used to provide a 1% significance level.

Forward selection prior to RDA reduced the number of environmental variables on 

the Plateau from 33 to 14 while only reducing the variance explained by the 

variables from 0.67 to 0.635. On the Plain 17 statistically significant environmental 

variables were selected resulting in a reduction in the variance explained by the 

variables from 0.68 to 0.666. The cumulative percentage variance explained by the 

first two axes and soil properties and soil property-environmental variables are 

shown in Table 8.2.4.2a. This shows that the first two axes of the Plateau RDA 

account for 54.7 % of the variance in the soil properties and 86.1 % of the variance 

in the soil property and environmental variables. Slightly more of the variance in the 

soil properties and the soil properties-environmental variables is explained by the 

first two axes for data in the Plain region.

These results are in accordance with the results of Moore et al. (1993). These authors 

found th a t topographic attributes explained between 41 and 64% of the variability 

of measured soil properties. They believe that because of the highly variable nature 

of soil properties it was unrealistic to expect more than 70% of the variance to be 

explained by topographic attributes. The results of the present study show 

surprisingly strong relations. This is probably due to the fact that the spatial scale 

of dependence for properties had been assessed by the variograms and encompassed 

by block-kriging. Furthermore, the use of spatially dependent relative elevation data 

for calculation of the DEM ensured that all derived topographic attributes were also 

spatially dependent.

The intra-set correlations of environmental variables on the Plateau and Plain are 

given in Table 8.2.4.2b. It shows that on the Plateau the first axis has a high 

negative trend with depression filled relative elevation (FILL) and vegetation cover 

(VEG) and a positive trend with minor perturbations in topographic relief and
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vegetation relief, respectively, for an easterly (RIE, VRIE) and north-easterly 

direction (RINE). A positive trend with the first axis is also evident for fetch with 

major vegetation relief perturbations in a north-easterly direction (VF3NE). On the 

Plain the first axis has no high negative trends and is dominated by positive trends 

in depression filled relative elevation (FILL), surface gradient (GRADNT), and for 

fetch with major topographic perturbations in a north-easterly direction (F3NE).

Table 8.2.4.2a. Variance accounted for by the first two canonical axes obtained by 

ordinary RDA using non-standard transformation of all variables for the Plateau and 

Plain regions.

Soil properties 
Cumulative (%)

Soil-environment 
Cumulative (%)

Eigen
values

Axis 1 Axis 2 Axis 1 Axis 2 Variance

Plateau RDA 36.1 54.7 
Plain RDA 55.1 62.2

56.9 86.1 
82.8 93.4

0.635
0.666

Table 8.2.4.2b. In tra-set correlations of environmental variables (ranked according

to explanation of variance during forward selection) w ith the  first two canonical axes

given above (a).

Plateau Plain

Environmental 
variables Axis 1 Axis 2

Environmental 
variables Axis 1 Axis 2

FILL -0.7875 -0.2247 FILL 0.8545 0.1124
F3E 0.1739 0.5484 RIE 0.4921 0.3504
RIE 0.7036 -0.0037 VEG 0.1451 -0.3012
VEG -0.6044 -0.1182 VRINE 0.0333 0.1236
VF3NE 0.5401 0.2225 LCATLS 0.3743 -0.1438
GRADNT 0.4811 -0.0457 F3NE 0.6776 -0.1157
RINE 0.7116 0.1488 GRADNT 0.7238 -0.1017
PROFCV -0.1488 -0.1023 F3E 0.4032 -0.0982
LCATPOW 0.2518 0.1697 PROFCV -0.0046 -0.0581
ASPECT 0.1772 -0.1931 GCAT -0.2725 -0.0388
FINE 0.4461 0.0447 FINE -0.3825 0.0683
GCAT 0.1561 0.0237 ASPECT 0.0963 0.1092
VRIE 0.7274 -0.0643 RINE 0.0176 0.1227
VFIE 0.2580 -0.1224 VRIE 0.4806 0.3597

FIE 0.2663 -0.0048
LCATSWC -0.0320 -0:0484
GCATLS 0.0553 -0.0618
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The RDA ordination diagrams for the transform ed data  on the P lateau  (Figure 

8.2.4.1) and the Plain (Figure 8.2.4.2) illustrate  the relationship of soil properties 

w ith environm ental variables. This is done by approxim ating the covariance of soil 

properties w ith environmental variables using the variable symbols and  the 

environm ental lines. If a line is projected from the origin to a soil property symbol, 

the  cosine of the angle between this line and the  environm ental variable line 

quantifies the  correlation between the two. Lines oriented in  approxim ately th e  same 

direction indicate high positive correlation; lines pointing in  the opposite directions 

imply high negative correlation; and lines orthogonal to one another are 

uncorrelated.

Comparison of the RDA ordination diagrams for the Plain and P lateau  shows th a t 

topographic a ttribu tes associated w ith surface wash processes are more evident on 

the P lain th an  on the Plateau. By inference this suggests th a t surface w ash 

processes have more influence on the spatial variability of the  soil properties on the 

Plain th an  on the Plateau. The occurrence on the RDA ordination diagram s of 

num erous directional topographic attributes approximately orthogonal to the slope 

contour a tte sts  to the pervasive influence of aeolian processes. The im plication is 

th a t surface w ash processes are topography-limited w hereas aeolian processes are 

surface-cover limited.

The RDA ordination diagram (Figure 8.2.4.1) shows th a t organic m atter, pH  and 

^^^Cs per u n it m ass increase with relative elevation and vegetation cover on the 

Plateau. For both easterly and north-easterly directions above average elevation and 

fetch, slope gradient, stream  power index and the upslope catchm ent a rea  all 

increase as these properties decrease. One explanation (in accordance w ith resu lts  

of the PCA) is th a t the  soil accumulates beneath the vegetation thus increasing the 

relative elevation. In areas where vegetation is absent or has been removed, soils 

cannot accum ulate because they are exposed to aeolian and surface w ash processes.

Unexpectedly, silt increases as these aeolian-related topographic a ttribu tes increase. 

Although the  sand content is not shown, by inference this m ust decrease if  silt 

increases, since the percentage clay content is very small. An explanation of the 

increase in  silt w ith exposure to aeolian activity is th a t preferential transpo rt of the 

more mobile sand size-fraction takes place. Silt also increases as the slope gradient
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increases suggesting that the same size-fraction is also preferentially transported by 

surface wash. This also explains the associated increase in bulk density since soils 

with mixed size distributions are more dense than those with very uniform size 

fractions.
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Figure 8.2.4.1. Ordination diagram resulting from ordinary RDA with non-standard 

transformation of soil properties and environmental variables in the Plateau region. 

Abbreviated symbols are explained in the text (Section 8.2.1-3). Site scores are not 

shown.

Soil hue appears to increase with exposure to small-scale topographic perturbations 

in easterly fetch. Hue increases as upslope catchment area and the stream  power 

index increase and profile curvature decreases. Soil colour variations may be 

indicative of differences in the drainage condition of soil, which is influenced by land- 

surface configuration (Gerrard, 1981). Odeh et al. (1991) also found tha t the upslope 

area and the stream  power index determine the hydrological condition of the soil 

through its influence on the balance between runoff and infiltration. Since 

infiltration is low in this region areas with small stream power index and catchment 

areas have poorly drained yellowish brown soils indicative of the presence of 

hydrated iron oxides such as goethite. Locations with more reddish-brown soils have 

larger catchment areas, values of the stream power index and improved drainage. 

It is noteworthy tha t surface wash occurs despite the lack of significant changes in 

slope gradient.
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The RDA ordination diagram for the Plain data (Figure 8.2.4.2) shows th a t slope 

gradient and the sediment transport index are more im portant in explaining surface 

wash than  on the Plateau. As these environmental variables increase together with 

upslope area and depression-filled relative elevation, hue and soil strength increase, 

but pH and silt decrease. By inference, a decrease in silt produces an increase in 

sand. In this region, silt is apparently being preferentially transported downslope by 

surface wash processes. This probably causes the exposure of subsoil and the 

increase in reddish soil colouration of the steeper slopes indicative of the presence 

of non-hydrated iron oxides such as haematite. On low gradient slopes, drainage is 

slower and the presence of brownish soil is indicative of hydrated iron oxides such 

as goethite as on the Plateau. Seasonal waterlogging, accentuated by textural B 

horizons, may occur a t these locations in the landscape.
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Figure 8.2.4.2. Ordination diagram resulting from ordinary RDA with non-standard 

transformation of soil properties and environmental variables in the Plain region. 

Abbreviated symbols are explained in the text (Section 8.2.1-3). Site scores are not 

shown.

As silt and pH decrease, soil strength and hue increase, small-scale topographic 

perturbations in easterly and north-easterly fetch, and the large-scale topographic 

perturbations in easterly fetch decrease. These results suggest th a t wind erosion 

associated with easterly squalls and north-easterly H arm attan winds contribute to 

the preferential removal of the silt size-fraction, decreasing pH and increasing soil 

strength and hue. The same changes in these soil properties are associated with
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increases in  large-scale topographic perturbations in  north-easterly  fetch. This 

suggests th a t north-easterly H arm attan  winds are associated w ith  the accum ulation 

of silt, increased levels of pH and decreased soil strength  and hue. A pparently, the 

preferential redistribution by wind of silt and consequent variation in  pH, soil 

s treng th  and hue is scale dependent.

I t is noteworthy th a t fetch attributes are generally orthogonal to directional relief 

attribu tes. In  particular, above average topographic and vegetation elevation in  an 

easterly  direction and vegetation cover increase as pH and silt decrease bu t organic 

m a tte r and ^^^Cs increase. This pattern  suggests th a t ^^^Cs and organic m a tte r are 

protected from exposure a t above average elevations by vegetation cover.

8.2.5. Multiple regression.

The environm ental variables selected to explain most of the variance in th e  soil 

properties could be combined using multiple regression. It would be useful to predict 

ne t soil flux from selected environmental variables especially since th is property is 

more expensive to m easure than  other soil properties. The selection of the properties 

m ost predictive of ne t soil flux further elucidates the processes of soil redistribution.

The forward selection procedure was conducted separately on both the P la teau  and 

P lain da ta  as described above (Section 8.2.4). Forward selection was conducted on 

the topographic a ttribu tes alone. In addition, the same procedure carried out using 

the  soil properties was conducted w ith the predictor variables. Lastly, the 

topographic a ttribu tes and the soil properties were combined and forward selection 

was repeated. The am ount of variance explained by each set of predictor variables 

for P lain  and P lateau  data is shown in Table 8.2.5.1a. This shows th a t  the 

topographic a ttribu tes explain more of the net soil flux variance th an  the  soil 

properties, bu t th a t a combination of both topographic a ttribu tes and soil properties 

explains more net soil flux variance than  either separately. The variance explained 

by the  combination of topographic attributes and soil properties accords well w ith  the 

resu lts  of other workers. Sutherland (1991b) found th a t a m ultiple (stepwise) 

regression including A-horizon thickness, bulk density and relative elevation 

explained 62% of the  variability of the sedim ent redistribution m easured using ^^^Cs.
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The predictive variables that are the most informative about the soil redistribution 

processes are those forward selected variables that explain the most variance. 

However, these variables are likely to be multicollinear because of the strong 

relationships between them. Collinearity alters the regression coefficients and causes 

problems in the interpretation of the important variables because different 

combinations can give similar results. Collinearity between environmental variables 

can be diagnosed using the reported variance ‘inflation factor’ (VTF) for each variable. 

Generally, collinearity is deemed to be significant when this factor is larger than  20.

On the Plain none of the forward selected predictive variables had a VIF larger than 

20. However, on the Plateau the VTF was large for VRINE and RINE. The la tter 

variable was added by forward selection after the former variable. Therefore, the less 

significant variable was removed from the RDA and the forward selection was 

repeated. The second time, none of the forward selected predictive variables had a 

VIF larger than 20 and these variables were not deemed to be significantly collinear. 

On the Plateau the variables predictive of net soil flux explained a slightly smaller 

amount of variance after removal of the collinear variable than prior to its removal 

(Table 8.2.5.1a).

The correlations between the predictive variables and net soil flux for the Plateau 

and the Plain are shown in Table 8.2.5.1b. The variable th a t explains most of the net 

soil flux variance on the Plateau is slope gradient. This attests to the importance of 

surface wash in soil redistribution. As the slope gradient increases towards the Plain 

the net soil erosion increases. This is expected when surface wash is reducing the 

soil depth. Soil bulk density and surface strength are in accordance with this 

pattern, the former increases and the latter decreases as net soil erosion increases. 

These relationships provide quantitative support to the semi-qualitative evidence 

described earlier (Chapter 7.6.3).
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Table 8.2.5.1a. Ordinary RDA with forward selection removal of multicollinear 

variables to explain the net soil flux variance using topographic attributes, soil 

properties and a combination of both on data from Plateau and Plain regions.

Net soil flux variance explained (%)

Topographic Soil Combined Collinear
attributes Properties Removed

Plateau RDA 34.6 25.6 56.3 52.8
Plain RDA 24.6 19.6 31.2 -

Table 8.2.5.1b. Intra-set correlations and regression coefficients of variables

predictive of net soil flux after removal of multicollinearity (ranked according to

explanation of variance during forward selection).

Plateau Plain

Environmental Environmental
variables Correlation Coefficient variables Correlation Coefficient

GRADNT -0.4697 -0.37 VRIE -0.4084 -0.717
bd -0.3520 -0.27 csvl 0.2983 0.355
csvl 0.2379 0.38 bd -0.1581 -0.449
clay 0.1929 0.48 GCATSWC 0.0923 0.230
VFINE -0.2668 -0.07 veg 0.1311 0.346
pH 0.2227 -0.68 F3E -0.0460 -0.315
VRINE -0.3847 -1.00 PROFCV -0.0386 -0.211
F3E 0.0533 0.42
hue 0.0262 -0.28
PROFCV -0.0195 -0.27

The second most important variable in explaining variance is small-scale vegetation 

relief in a north-easterly direction. Notably, small-scale perturbation fetch with 

vegetation in the same direction is also included amongst the variables. That 

topographic relief and fetch are not included as im portant variables suggests tha t 

vegetation considerably influences aeolian processes. As vegetation fetch and
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vegetation relief increases, both in a north-easterly direction, net soil erosion 

increases. Thus, the absence of vegetation apparently exposes soil to wind erosion. 

Conversely, the presence of vegetation reduces the fetch and increases relief which 

acts as a shelter against aeolian processes from the north-east causing aeolian dust 

to be deposited amongst the vegetation islands. That net soil flux patterns are not 

associated with fetch and relief from an easterly direction suggests th a t the aeolian 

events preceding summer squalls are not important on the Plateau. Instead, the 

aeolian events associated with winter Harm attan from the north-east are dominant.

Net soil flux variance is largely explained by vegetation relief in an easterly 

direction. This suggests that aeolian activity is more important on the Plain than  on 

the Plateau and that winter squalls are largely responsible. This also implies tha t 

vegetation cover is the controlling factor for exposure to aeolian activity ra th er than 

position in the landscape.

The results suggest that net soil erosion decreases as vegetation relief increases and 

conversely net soil erosion increases as vegetation cover decreases. Furthermore, as 

bulk density increases and soil strength decreases, net soil erosion increases. These 

changes in the surface structure of the soil must mainly be due to aeolian activity. 

However, profile curvature and soil water content are included as significant 

properties in the prediction of net soil flux. As the former increases and the la tter 

decreases net soil erosion increases. This suggests that surface wash is im portant in 

soil erosion. It also suggests that soil moisture limits soil erosion, presumably aeolian 

activity.

Manu et al. (1991) monitored soil moisture from June 1988 to may 1989 in the 

vicinity of the study area. They found no simple relationship between soil moisture 

and topographic position. This contrasts with Ouattara (1990) who based on field 

evidence suggested th a t soil characteristics important to crop production may be 

linked to position in the landscape. Instead, Manu et al. (1991) believe th a t the same 

soil characteristics are controlled by surface degradation, management and 

vegetative cover, ra ther than position on the toposequence. They suggest th a t a 

survey of local farmers around Hamdallaye indicated tha t landscape position is not 

the major factor for land use; surface texture, surface degradation and crusting and 

decline in productivity of soils are major factors in land use decisions.
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Poor relationships between the wetness index and soil properties in the present 

study testify to the lack of a simple relationship between soil moisture and 

topography. However, strong correlations between other surrogate measures of 

drainage status such as soil colour and texture suggest that complex relationships 

do exist between soil properties in the landscape and soil moisture.

Net soil flux on the Plateau is strongly correlated with the surface gradient, 

vegetation and north-easterly Harm attan winds. On the Plain, net soil flux is mainly 

associated with easterly squall winds and vegetation. For the study area this 

suggests th a t aeolian processes active on the Plateau are different from those active 

on the Plain suggesting that aeolian activity is related to topographic position, 

probably as a function of the difference in vegetation cover. Since vegetation cover 

decreases downslope with proximity to the village, wind erosion and soil property 

modification is inextricably linked to land use. The results also suggest th a t surface 

wash is apparent on the Plateau but not on the Plain indicating tha t topographic 

position is im portant for surface wash and the consequent modification of soil 

properties by these processes.

8.3. Conclusions.

Block-kriging estimates of soil properties were used to elucidate soil landform 

relations. Instead of using the actual samples, block-kriged estimates avoided 

problems with missing data. This approach was also used for relative elevation data 

and ensured that derived primary topographic attributes encompassed the scale of 

spatial dependence and could be directly compared with soil property data. 

Compound topographic attributes (stream power, soil water content and sediment 

transport capacity indices) were also calculated, as were directional relief, surface 

fetch and vegetation fetch. These compound topographic attributes are used as 

surrogates for modelling spatial processes which cannot be handled readily using a 

truly physical approach.

A linear form of redundancy analysis (RDA) was selected for use in relating the soil 

properties directly to the topographic attributes. Ordinary RDA with a non-standard 

transformation (Odeh et nZ., 1991) was found to explain most of the variance in a
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representative test dataset. Ordinary RDA with transformation was therefore 

conducted on data from the study area separated according to Plateau and Plain 

regions. Difficulty was found in the interpretation and significance of the topographic 

attributes in the ordination biplots because of the large number of these 

environmental variables. Forward selection and significance testing of the 

topographic attributes was used to reduce the number of environmental variables 

th a t best explain the soil properties. On the Plateau 33 topographic attributes were 

reduced to 14 and resulted in a reduction from 0.67 to 0.635 in the explanation of 

soil property variance. On the Plain 17 statistically significant environmental 

variables were selected and resulted in a reduction in the soil property variance from

0.68 to 0.666.

Moore et al. (1993) believed that because of the highly variable nature of soil 

properties it was unrealistic to expect more than 70% of the variance to be explained 

by topographic attributes. The results of this study, however, show surprisingly 

strong relations. This is probably due to provision of the spatial scale of dependence 

for soil properties by the variograms encompassed within block-kriging. Furthermore, 

the use of spatially dependent relative elevation data for calculation of the DEM 

ensured th a t all derived topographic attributes were also spatially dependent.

The RDA ordination diagrams for the Plain and Plateau showed tha t topographic 

attributes associated with surface wash processes are more evident in the 

explanation of soil properties on the Plain than on the Plateau. By inference this 

suggests tha t surface wash processes have more influence on the spatial variability 

of the soil properties on the Plain than on the Plateau. The occurrence on the RDA 

ordination diagrams of numerous directional topographic attributes approximately 

orthogonal to the slope contour attests to the pervasive influence of aeolian 

processes. This implies that surface wash processes are topography-limited whereas 

aeolian processes are surface cover limited.

The RDA Plateau data support a model that shows H arm attan  dust and organic 

m atter being trapped by vegetation and accumulating beneath it increasing the 

relative elevation. In areas where vegetation is absent or has been removed soils do 

not apparently develop because they are exposed to aeolian and surface wash 

processes th a t preferentially remove the sand size-fraction, lowering the relative
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elevation and affecting the colour of the soil. On the Plain, silt is apparently being 

preferentially transported downslope by surface wash and removed from the slopes 

by aeolian activity causing reddish soil colour enhancement probably due to the 

presence of haem atite coating the sand size-fraction. On the lower slopes slower 

drainage and more brown soils are indicative of hydrated iron oxides, probably 

goethite. The silty deposits of aeolian processes and surface wash only accumulate 

beneath vegetation because of its protective effects.

To elucidate the factors responsible for processes of net soil flux, forward selection 

was conducted prior to RDA on net soil flux as the only response variable using the 

topographic attributes and soil properties as predictor variables. Separate RDA of 

the la tte r groups of environmental variables showed tha t topographic attributes 

explain more of the net soil flux variance than the soil properties. The combination 

of both topographic attributes and soil properties explains the most net soil flux 

variance, the explained variance being 52.8 % on the Plateau and 31.2 % on the 

Plain. The results strongly suggest that whilst aeolian activity influences soil 

removal on the Plateau, soil removal is largely controlled by surface wash and 

vegetation cover. Vegetation seems to attract the deposition of H arm attan dust 

coming from the north-east and that accumulates beneath the protective canopy. 

Aeolian events preceding summer squalls apparently do not effect soil redistribution 

on the Plateau. In contrast, net soil flux variance on the Plain is largely explained 

by vegetation cover and these easterly aeolian squalls. The aeolian activity may be 

limited by soil moisture content. Surface structural properties such as bulk density 

and soil strength seem to be good indicators of net soil flux status in the Plain and 

Plateau regions.
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Chapter 9.

CONCLUSIONS.

9.1. The m easurem ent of net soil flux.

Application of the technique for measuring net soil flux was validated by 

examination of several soil profiles located along the characteristic toposequence 

from Plateau to Plain in south-west Niger. Some differences were evident between 

the exponential ^̂ ^Cs profiles found in the study area and those found elsewhere in 

the world. These differences were found near the soil surface of the ^̂ ^Cs profiles on 

the Plain. A non-hierarchical multivariate classification apparently separated the 

topsoil from the subsoil. In the highest part of the Plain, the depth of topsoil was 

smaller than a t the lowest part of the Plain suggesting that surface wash had 

removed topsoil downslope. Some anomalous ^̂ ^Cs profiles were ascribed mainly to 

clay éluviation by leaching due to repeated cycles of intense rainfall and percolation, 

and drying periods. However, an explanation involving surface lowering and removal 

of soil depleted in ^̂ ^Cs and deposition primarily by surface wash processes could not 

be ruled out at some sites.

The concentration of ^̂ ^Cs, the magnetic susceptibility parameters and %Lf were 

compared with the undispersed (sieved) particle-size distribution to assess the extent 

to which these tracers are representative of soil redistribution. On the Plain the 

concentrations of the tracers was found to reflect the particle-size distribution better 

than  on the Plateau. This was because the tracer concentrations for the Plateau were 

dominant in the finest size fraction, which has a small contribution to the volume 

of the sample, whereas the tracer concentrations for the Plain were dominant in the 

modal size fraction. The results suggested that ^̂ ^Cs and tracers of soil 

redistribution are likely to be more effective on the Plain, than on the Plateau.

Several further properties, also possible surrogates of net soil flux, were measured 

on each depth increment of all soil profiles. Profiles on the Plateau were separated 

from the other classes by PCA. This separation was apparently due to the occurrence 

of smaller particle-sizes, larger amounts of vegetation cover and organic m atter and
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higher concentrations. The interpretation of these results is tha t vegetation 

cover is trapping dust which is thus accumulating beneath the canopies. Further 

evidence for this was found in the particle-size distributions which were believed to 

show tha t large proportions of Harm attan dust (15 - 30 pm) had been added to 

profiles beneath vegetated canopies. Furthermore, increases in the amount of dust 

found towards the surface were interpreted to be re-deposition of dust after 

secondary entrainment by wind, following the exposure of dust accumulations 

elsewhere by the removal of vegetation.

Since sites without vegetation were exposed to considerable reworking and sites 

protected by vegetation were accumulating dust, it was difficult to identify an 

undisturbed site to obtain a ^̂ ^Cs reference level. Fitting an exponential curve to a 

^̂ ^Cs profile from a vegetated site seemed to identify the dust component, which was 

then subtracted from the total inventory to provide the reference inventory for an 

‘undisturbed’ site (2517 ± 76 Bq m'^).

A sampling grid was placed over the study area. Four sample nests were stratified 

using the characteristic toposequence, in the absence of large-scale soil maps. Within 

each of the four main nests, two additional nests of samples were located randomly 

providing a total of 217 sites. This nested framework was designed to encompass the 

spatial variability of all properties over several scales. Because the m easurem ent of 

^̂ ^Cs is time-consuming and requires large amounts of soil, the sampling framework 

was not used for ^̂ ^Cs which was measured at only 71 sites. At each site, samples 

were bulked to the same depth for comparability and to minimise transport costs.

A PCA of the depth-bulked sample sites was conducted in an attem pt to validate the 

sampling method by replicating the results of the profile sampling method. A large 

degree of similarity between the results of the PCA for profiles and those for the 

depth-bulked samples was found. Although the PCA for profile samples explained 

more variation than the PCA for depth-bulked samples, the increased efficiency of 

the depth-bulked method was justified. The influence of ^̂ ^Cs on the PCAs for the 

profile and depth-bulked sampling methods was found to be less in the profile 

sampling method. It is suggested that deviations of ̂ ^̂ Cs from the exponential profile 

are responsible for the reduced influence of ̂ ^̂ Cs in the profile sampling method and 

th a t the depth-bulked sampling method provides a simple but effective preliminary
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means of reducing transport and other costs.

A non-hierarchical multivariate classification of the depth-bulked sample sites 

separated six groups, divided between the Plain and Plateau. This classification was 

used to interpret the PCA of the depth-bulked samples and provided an assessment 

of the net soil flux status of each class. The properties that dominated the 

classification and provided important indicators of net soil flux in this region were 

soil compaction and soil strength. Although ^̂ ^Cs was not as im portant in the 

classification as these soil properties, it was more influential than many other soil 

properties.

The influence of ̂ ^̂ Cs in the classification is important because it provides the ability 

to quantify net soil flux for each class using a budgeting approach. The Plateau was 

shown to be undergoing net soil loss (-9.1 ± 0.5 t ha'^ yr'^) between the vegetation 

islands due to the exposure of soil to aeolian and wash processes. Less vegetation 

and greater exposure to surface wash and wind erosion were assumed to be the 

reason for the large net soil loss of the Plain region (-50.3 ± ,5.4 t  ha'^ yr'^). Similar 

magnitudes of net soil loss were evident for both classes within the Plain region. 

This resulted in a net soil loss (-39.3 ± 3.5 t ha'^ yr'^) for the study area as a whole.

These average annual estimates of net soil loss for the last 30 years hide fluctuations 

in the rate. It seems likely that vegetation removal has caused the global net soil 

loss in the study area. Aerial photographic evidence showed that since 1975 brousse 

tigrée on the Plateau and vegetation cover on the Plain has been considerably 

reduced. The gully network on the Plain has extended since 1950 and in 1992 it 

linked incisions in the Plateau with the Plain. Interviews with farmers in the 

present study and results of other studies in the region suggest th a t the 1968 to 

1974 drought and unfavourable rainfall in more recent years have caused the 

increase in the cultivated area and the decrease in fallow periods forcing changes in 

cultural traditions and farming practices. Thus, it is tentatively suggested th a t most 

soil loss in the study area has occurred during the last 15 years and tha t the average 

annual net soil flux rate for the last 30 years is annaderestimate.

There are few quantitative studies of the sub-Sahelian zone (SSZ) where 

measurements of erosion have been made over a long enough period to establish
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trends. Organisations responsible for the allocation of funds and construction of 

policy to combat soil erosion are reliant upon very crude estimates. Lai (1993) 

suggested that potential wind erosion rates for the sub-Sahelian region, between 

10°N and 14°N, ranged from 10 to 50 t ha'^ yr'^. He summarised a number of sources 

and suggested that actual water erosion rates for the same region ranged from 5 to 

40 t  ha'^ yr‘̂ . Thus, the combined gross erosion rates for both wind and w ater for the 

sub-Sahel is 25 t ha'^ yr'^ and the net soil flux for the region should be approximately 

between 50 % and 60 % of the gross erosion rates, resulting in an expected rate of 12 

t ha'^ yr'^ (Lai, 1993). Assuming the measured net soil flux of the study area (-48.5 

t ha'^ yr'^) is representative of the sub-Sahelian region, the expected net soil flux 

estimate is a four-fold underestimate of the measured net soil flux. The large 

discrepancy between these rates may be because Lai’s (1993) expected ra te  is based 

on short-term estimates of soil loss with unknown accuracy.

9.2. The spatial variation of the factors controlling soil

developm ent and redistribution.

The spatial variation of all properties was summarised using variograms of the 

principal components scores for the global. Plateau and Plain regions. The global 

variogram exhibited a distinct change in structure which was attributed to the 

boundary between Plain and Plateau. All the variograms exhibited periodic variation 

with a power component suggesting cyclical repetition with increasing sources of 

variation. On the Plain this periodic structure was assumed to be influenced by 

repeated terraces separated by more steeply sloping sections. On the Plateau the 

surface in the vegetated canopies was observed to be higher than in bare areas and 

periodic variation was assumed to be associated with the accumulation of soil in the 

vegetation islands.

To further elucidate the underlying causes of this periodic variation, variograms for 

the pooled-within class (PWC), global. Plain and Plateau regions were computed, 

models were fitted and wavelengths provided for each property. Most of the regional 

property variograms were periodic with a power function and exhibited spatial 

dependence. Only pH and vegetation cover PWC variograms exhibited spatial 

dependence. This was attributed to the effectiveness of the classification in
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encompassing most of the spatial variation. The property variograms quantified the 

spatial scale of variation providing the necessary information to sample more 

effectively over the same distances and within similar terrain.

Block-kriged estimates and estimation variances of vegetation and pH were produced 

using the coefficients from the PWC variograms and global property variograms. The 

difference between block-kriging global variograms of ^̂ ^Cs and the more common 

inverse distance-squared interpolation was striking and was largely due to the 

inability of this latter method to account for the spatial scale of variation. Net soil 

flux estimates were produced by modelling the relationship between ^̂ ^Cs and soil 

and a soil budget was calculated. The net soil flux was found to be -48.5 t ha'^ yr'^ 

producing a sediment delivery ratio of 89 % for the study area. The similarity 

between this estimate of net soil flux and that derived using the non-hierarchical 

m ultivariate classification (-39.3 ± 3.5 t  ha'^ yr'^) suggested tha t the former estimate 

was very precise. This precision was attributable to the stratified, nested sampling 

framework encompassing several spatial scales of variation.

Based on the similarity in wavelengths of groups of properties and information from 

maps of the soil properties, models of soil development and redistribution were 

produced. It was suggested that moisture and nutrient retention on the upslope side 

of a vegetation island on the Plateau causes vegetation on the downslope side to 

decay. This decay in vegetation exposes dust accumulations and organic m atter 

which is removed by aeolian processes and trapped by other vegetation canopies. 

Wash processes transport the exposed dust accumulations and organic m atter 

downslope where it is deposited on the upslope side of the adjacent vegetation island 

enhancing moisture retention and increasing the levels of soil nutrients.

On the upper Plain, vegetation cover and pH are high, whilst Xu is low because soil 

drainage is poor due to the proximity of the soil surface to a confining ferricrete 

layer. Soil drainage increases downslope, and soil becomes well-drained 

approximately half-way down. On this part of the hillslope, vegetation cover and pH 

are low, whilst Xu is high. As the slope gradient decreases towards the base of the 

slope, water storage increases. It is assumed tha t maximum surface wash occurs 

where the maximum rate of change in slope gradient occurs, slightly downslope from 

the summit. Soil erosion and bulk density reach a maximum in this zone, removing

254



topsoil and exposing a more compact reddened subsoil. Since the rate of change in 

slope gradient decreases towards the base of the hillslope, the soil erosion ra te  m ust 

decrease, causing deposition. At this position an increase in vegetation cover, a 

decrease in the bulk density and a different soil hue is found.

There is no similarity between the variogram wavelengths of the tracers of soil 

redistribution, texture and organic m atter on the Plain, which suggests th a t surface 

wash processes are not responsible for their distribution. This is expected as textural 

variation is strongly controlled by the entrapment of dust by vegetation on the upper 

Plain. Exposure of these dust accumulations results in their redistribution downslope 

by surface wash processes. Continued movement of soil by wash downslope results 

in deposition on the upslope side of patches of vegetation at the base of the hillslope. 

Reworking of the dust component by aeolian processes is prevented by surface 

crusting and deposition of coarse material washed downslope. Exposed dust 

accumulations on the upper Plain are also reworked by aeolian activity. At elevated 

positions, it is assumed that the wind reworks this dust and transports it to the next 

downwind vegetated hill, thus explaining the similarity in the variogram wavelength 

of both silt and sand content. The association between organic m atter and the 

distribution of dust is probably due to the incorporation of partially burnt ash and 

plant debris from dry season fires.

Block-kriging estimates of all properties were used to ensure th a t derived primary 

topographic attributes encompassed the scale of spatial dependence. Compound 

topographic attributes (stream power, soil water content and sediment transport 

capacity indices) were also calculated, as were directional relief, surface fetch and 

vegetation fetch. These compound topographic attributes are used as surrogates for 

modelling spatial processes. A linear form of redundancy analysis (RDA) and 

significance tested forward selection was undertaken to identify the most im portant 

variables, for relating the soil properties directly to the topographic attributes. The 

unusually large explained variances for the soil-landform relations on the Plain and 

Plateau are apparently due to the spatial scale of variation being encompassed by 

the sampling strategy and embodied in the block-kriged estimates.

The RDA ordination diagrams for the Plain and Plateau showed that topographic 

attributes associated with surface wash processes are more evident in the
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explanation of soil properties on the Plain than on the Plateau. This suggests that 

surface wash processes have more influence on the spatial variability of the soil 

properties on the Plain than on the Plateau. The occurrence on the RDA ordination 

diagrams of numerous directional topographic attributes approximately orthogonal 

to the slope contour attests to the pervasive influence of aeolian processes. This 

implies tha t surface wash processes are topography-limited whereas aeolian 

processes are surface-cover-limited.

The RDA results for the Plateau support the model proposed by the variogram 

analysis tha t shows Harm attan dust and organic m atter being trapped by vegetation 

and accumulating beneath it, increasing the relative elevation of the ground. In 

areas where vegetation is absent or has been removed, soil does not apparently 

develop because of exposure to wind erosion and surface wash. These processes 

preferentially remove the sand-size fraction, lower the relative elevation and affect 

the colour of the soil. The model proposed by the variogram analysis for the Plain is 

validated by the RDA results. Silt is apparently being preferentially transported 

downslope by surface wash and removed from the slopes by wind erosion, enhancing 

the reddish soil colour at the surface as the subsoil is exposed to reveal horizons in 

which sand has a haematite coating. On the lower slopes slower drainage and 

browner soils are indicative of hydrated iron oxides which are probably goethite. The 

silty deposits carried by wind and surface wash only accumulate beneath vegetation.

Using ^^^Cs-derived net soil flux as the response variable, RDA with forward 

selection and significance testing was conducted to identify those factors tha t explain 

the most spatial variation in soil redistribution. Topographic attributes alone 

explained more of the net soil flux variance than the soil properties. However, the 

combination of both topographic attributes and soil properties explained most net soil 

flux variance. Surface structural properties such as bulk density and soil strength 

seem to be good indicators of net soil flux status in the Plain and Plateau regions. 

On the Plateau, soil removal is largely controlled by surface wash and vegetation 

cover, although aeolian activity has some influence. Vegetation seems to attract the 

deposition of H arm attan dust coming from the north-east which accumulates 

beneath the protective canopy. Aeolian events preceding summer squalls from the 

east do not apparently effect soil redistribution on the Plateau. The variation of net 

soil flux on the Plain is largely explained by vegetation cover and these squalls, but
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may also be limited by soil moisture during this season.

9.1 Further Research.

There is a need for further quantitative studies of soil redistribution in countries like 

Niger. Despite some limitations, the ^̂ ^Cs technique seems to be the most 

appropriate method for measuring soil flux in environments with high variability. 

Further research on the validity of the ^̂ ^Cs technique in this region is required. The 

nested sampling framework, encompassing several spatial scales, is ideally suited 

to point measurements of net soil flux measured using the ^̂ ^Cs technique. However, 

the ^̂ ^Cs technique is time-consuming and requires large quantities of soil. Its 

inclusion within the geostatistical approach provided the spatial scale of variation 

and mapped net soil flux, but there were several problems. Many of these problems 

stemmed from the lack of data, especially with the ^̂ ^Cs property. If sufficient 

resources were available to sample this property at approximately 150 sites, the 

geostatistical approach could be applied over any size of area; More importantly, the 

geostatistical approach could be improved with the use of more densely sampled 

properties co-regionalized with the sparsely sampled ^̂ ^Cs property. In this case 

remotely-sensed data combined with nested field measurements of ̂ ^̂ Cs would have 

the potential to provide net soil flux measurements over very large areas.

Further research should also be undertaken on the implications of soil redistribution 

for crop yields. If the selectivity of soil erosion does not cause a reduction in the 

nutrient status of the soil, soil erosion ceases to be of major concern to the farmer. 

Thus more needs to be known about the relations between net soil flux and nutrient 

status. This research should also aim to assist farmers to identify the best soils for 

cropping and to avoid badly eroding areas.
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experiment. Radiation Botany, 6: 413-423.

Stein, A., Hoogerwerf, M. and Bouma, J., 1988. Use of soil-map delineations to improve (co- 
)kriging of point data on misture deficits. Geoderma, 43: 163-177.

Stocking, M. and El well, H., 1973. Soil erosion hazard in Rhodesia. Rhodesia Agriculture J., 
70(4): 93-101.

Stout, (I.E. and Fryrear, D.W., 1989. Performance of a windblown-particle sampler. Trans. 
Am. Soc. Agric. Eng., 32(6): 2041-2045.

Stromquist, L., Lundén, B. and Chakela, Q.K., 1986. A soil erosion map of the Lesotho 
lowlands. A case study using visual interpretation of multitemporal LANDSAT false colour 
composites. In Q.K. Chakela, B. Lundén and L. Stromquist (eds.) Sediment sources, sediment 
residence time and sediment transfer - case studies of soil erosion in the Lesotho lowlands. 
Dep. Phys. Geogr. Uppsala Univi; UNGI Rapp. 64: 15-32.

289



Sutherland, R.A., 1991a. Examination of caesium-137 areal activities in control (uneroded) 
location. Soil Technology, 4(1): 33-50.

Sutherland, R.A., 1991b. Caesium-137 and sediment budgeting within a partially closed 
drainage basin. Zeit. Geomorph., 35(1): 47-63.

Sutherland, R.A., 1994. Spatial variabihty of ̂ ^̂ Cs and the influence of sampling on estimates 
of sediment redistribution. Catena, 21: 57-71.

Sutherland, R.A. and de Jong, E., 1990a. Estimation of sediment redistribution within 
agricultural fields using caesium-137, Crystal Springs, Saskatchewan, Canada. Applied 
Geography, 10: 205-221.

Sutherland, R.A. and de Jong, E., 1990b. Quantification of soil redistribution using caesium 
137, Saskatchewan, Canada. In R.B. Bryan (ed.) Soil Erosion: experiments and models. 
Catena Suppl. 17: 177-193.

Sutherland, R.A., Kowalchuck, T. and de Jong, E., 1991. Cesium-137 estimates of sediment 
redistribution by wind. Soil Science, 151(5): 387-396.

Tabor, J., 1991. Formulation of research programs in soil and water conservation. 
CILSS/INSAH/University of Arizona.

Talbot, M.R., 1980. Environmental responses to climatic change in the West African Sahel 
over the past 20,000 years. In M.A.J. Williams and H. Faure (eds.) The Sahara and the Nile. 
p. 37-62. Balkema, Rotterdam.

Tamura, T., 1964. Selective sorption reactions of caesium-137 with soil minerals. Nuclear 
Safety, 5(3): 262-268.

Tamura, T. and Jacobs, D.G., 1960. Structural implications in caesium-137 sorption. Health 
Physics, 2: 391-398.

Tanaka, T. and Yamamoto, T., 1991. Influence of drying period on migration behaviour of 
radionuclides in aerated soil layer. J. Nuclear Sci. and Technology. 28(3): 239-247.

290



Taupin, J.D., Lebel, T., Casenave, F,, Greard, M., Kong, J., Lecocq, J., Adamson, M., d’Amato, 
N. and Ben Mohamed, A., 1993. EPSAT-Niger Campaign 1992. ORSTOM/DMN, Niamey, 
Niger pp 64,

Taylor-Powell, E,, Manu, A., Geiger, S.C., Ouattara, M. and Juo, A.S.R., 1991. Integrated 
management of agricultural watersheds: Land tenure and indigenous knowledge of soil and 
crop management. TropSoils Bulletin No. 91-04. Soil Management CRSP North Carolina 

State University, USA / S & CSD Texas A & M  University, USA / INRAN Niamey, Niger / 
USAID Niamey, Niger.

ter Braak, C.J.F., 1986. Canonical correspondence analysis: a new eigenvector technique for 
multivariate direct gradient analysis. Ecology, 67: 1167-1179.

ter Braak, C.J.F., 1987. Ordination. In R.H.J. Jongman, C.J.F. ter Braak and O.F.R. Van 
Tongeren (eds.) Data Analysis in Community and Landscape Ecology. Pudoc, Wageningen. 
pp. 91-173.

ter Braak, C.J.F., 1988. CANOCO: A FORTRAN Program for Canonical Community 
Ordination by [partial] [detrended] [canonical] Correspondence Analysis and Redundancy 
Analysis (version 2.1). Agricultural Mathematics Group, Wageningen, The Netherlands.

ter Braak, C.J.F., 1990. Permutation versus bootstrap significance tests in multiple 
regression and ANOVA. In K.-H., Jockel (ed.) Bootstrapping and related resampling 
techniques. Berlin, Springer Verlag.

Tetzlaff, G., Peters, M., Janssen, W. and Adams, L.J., 1989. Aeolian dust transport in West 
Africa. In M. Leinen and M. Sarnthein (eds.) Paleoclimatology and Paleometeorology: Modern 
and Past Patterns of Global Atmospheric Transport, pp. 185-203. Kluwer.

Thiery, J., d’Herbes, J.M. and Valentin, C., 1995. A model simulating the genesis of banded 
vegetation pattern in Niger. J. Ecology (April issue).

Thornes, J.B., 1990. The interaction of erosional and vegetational dynamics in land 
degradation: spatial outcomes, pp. 25-39. In J.B. Thornes (ed.) Vegetation and Erosion. J. 
Wiley and Sons, Chichester.

291



Tickell, C., 1986. Drought in Africa : impact and response. Overseas Development, 102: 10-15.

Tiessen, H., Hauffe, H.-K. and Mermut, A.R., 1991. Deposition of Harmattan dust and its 
influence on base saturation of soils in northern Ghana. Geoderma, 49: 285-299.

Trimble, S.W., 1990. Geomorphic effects of vegetation cover and management: some time and 
space considerations in prediction of erosion and sediment yield, pp. 55-65. In J.B. Thornes 
(ed.) Vegetation and Erosion. J. Wiley and Sons, Chichester.

Tucker, C.J., Dregne, H.E. and Newcomb, W.W., 1991. Expansion and contraction of the 
Sahara Desert from 1980 to 1990. Science, 253: 299-301.

UNCOD, 1977. Desertification: Its causes and consequences. Nairobi, Kenya.

UNEP (United Nations Environment Programme), 1992. World Atlas of Desertification. 
Edward Arnold, London, pp. 69.

UNESCO, UNEP & UNDP, 1980. Case studies on desertification. UNESCO Natural 
resources research XVII

Valentin, C., 1979. Problèmes méthodologiques de la simulation de pluies. Sem. agric. soil 
erosion in temperate non-mediterranean climate, Strasbourg-Colmar, 117-122.

Valentin, C., 1991. Surface crusting in two alluvial soils of northern Niger. Geoderma, 48: 
201 - 222 .

Valentin, C., 1994. Surface sealing as affected by various rock fragment covers in West 
Africa. Catena, 23: 87-97.

van der Watt, H.v.H. and Valentin, C., 1992. Soil crusting: the African view. pp. 301-338. In 
M.E. Sumner and B.A. Stewart (eds.) Soil Crusting: Chemical and Physical Processes. Lewis 
Publishers, Boca Raton, Florida, USA.

van Hoof, P.P.M. and Jungerius, P.D., 1984. Sediment source and storage in small 
watersheds on the Keuper marls in Luxembourg. Catena, 11(2-3), 133-144.

292



Van Meirvenne, M., Scheldeman, K , Baert, G, and Hofman, G., 1994. Quantification of soil 
textural fractions of Bas-Zaire using soil map polygons and/ or point observations. Geoderma, 
62: 69-82.

Vanden Berghe, I. and Gulinck, H., 1987. Fallout ^̂ Ĉs as tracer for soil mobility in the 
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