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ABSTRACT. 

The distribution of selenium in soils developed on geochemically 

contrasting parent materials in three areas of England and Wales 

has been studied in relation to soil properties. The mean content 

of selenium in soils developed on four beds of the Lower Greensand 

formation in Surrey and Sussex was low (0.14 y.% g but was signif-

icantly higher on the more ferruginous soils of the Sandgate beds 

than on the soils of the Hythe, Bargate and Folkestone beds. 

The selenium content of soils developed on Carboniferous rocks in 

Staffordshire and Derbyshire was found to depend principally on the 

nature of the parent material. Within each profile the distribution 

of selenium was related to that of iron and organic matter. 

Sixty seven percent of the variation in the selenium content of horizons 

from thirty seven soil profiles representing nine soil series which 

were developed on parent materials derived from Silurian rocks in 

Clwyd was explained by the content of organic matter (loss of weight 

on ignition) and 0.1M potassium pyrophosphate extractable iron. The 

distribution of selenium in these soils is related to that of these 

two parameters, and is exemplified by its accumulation in the 0 and 

Bs horizons of stagnopodzols. It is proposed that selenium is retained 

in the soil against the processes of weathering primarily by its 

adsorption as selenite on ferric, and possibly aluminium, oxides, and 

by its involvement in the organic cycle. Thus topsoils typically 

contained ten times the selenium content of the parent rocks. 

The problems of adapting established soil selenium fractionation 

techniques, based on the solubility of selenium species in various 

chemical extractants, to be compatible with selenium determination by 

hydride generation and inductively coupled plasma emmision spectrometry 

are discussed. 

The results of the work are discussed in relation to the geographical 

distribution of potential selenium deficiencies in livestock in 

England and Wales. 
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CHAPTER 1. INTRODUCTION. 

1.1. Background to the study. 

Problems resulting from selenium (Se) def icien£j in livestock have 

been recognised in Britain for several years, and some of the earliest 

work in the field, undertaken in Scotland, linked areas where potential 

and actual deficiencies occurred to areas with soils developed from 

specific geological formations (Sharman, 1960; Blaxter, 1963). However, 

more recently the occurrence of white muscle disease, a Se deficiency 

dis order, has been on the increase (Anderson et al., 1976). These 

workers postulated that the timing of this increase could be due 

to the introduction of modern farming practices which tended to produce 

combined deficiencies of the inter-related Se and vitamin E at the end 

of the winter feeding period. 

These findings have focused the attention of much current research 

towards the problems and aetiology of livestock Se deficiencies. In 

addition to the actual clinical manifestations of deficiency, such 

as white muscle disease in cattle and lambs, and retained placenta in 

cattle (Rickaby, 1980), there may be sub-clinical effects of deficiency 

such that the administration of Se to livestock results in a response, 

perhaps in the form of a liveweight gain. Thus areas of potential Se 

deficiency have in the past been identified by monitoring such responses 

to administered Se (Hartley, 1960; Blaxter, 1963). The combined 

problems of sub-clinical and clinical Se deficiencies could be of 

considerable economic importance to British agriculture, although no 

overall estimates of the scale of this have been made. Clearly the 

identification of areas where deficiencies might exist could be 

of great benefit. 

In the absence of any alternative comprehensive information for 

Britain, Anderson et al. (1979) undertook a survey of the biological 

Se status of sheep flocks in Britain. This they estimated by the assay 

of the blood erythrocyte glutathione peroxidase activity (see section 

2.1.) of sheep which had previously spent at least two months grazing 

without supplementary feeds. As such they were able to assume that 

the Se status of the sheep derived solfty from the grazings, and hence 
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the survey purported to give indirectly an indication of the distrib-

ution of Se in herbage. From the survey of 329 flocks they suggested 

that "47% of farms were probably unable to provide grazing livestock 

with sufficient Se to maintain blood levels of greater than 0.075 yig ml 

a figure which was considered to be indicative of potential deficiencies. 

The distribution and mean blood concentration of these flocks is given 

in Figure 1.1. 

Anderson et al. (1979) concluded that in a setting where home grown 

feeds are comprising an increased proportion of livestock rations, 

their findings might be causally related to an increased occurrence of 

white muscle disease and other Se-responsive dissorders. Some 

measure of the extent of the problem in Britain had therefore been 

established. It may also be of interest to note here that the average 

human dietary intake of Se in Britain is known to be low (60 yig day *), 

compared to those in Canada and the U.S.A., and to the U.S. National 

Research Councils recommended daily intake of 60-100 ^ig (Thorn et al., 

1978). This low value was thought to be related to the relatively 

low Se content of British soils, in view of the fact that some 50% of 

food consumption is home grown. 

Work in the Applied Geochemistry Research Group was begun in the mid-

1970' s to establish if there is a geochemical basis for Se deficiency 

in Britain. This is a rdationship which has been established in other 

areas of the world, noteably in the U.S.A., New Zealand and Australia 

(section 2.9.2.), and is also thought to be important in Scotland 

(Blaxter, 1963). Because of the lack of suitable analytical techniques 

at the time, Se was not included in the Wolfson Geochemical Atlas of 

England and Wales (Webb et al., 1978), which was based on the concen-

tration of elements in stream sediments, and therefore no extensive 

geochemical information on Se existed. A survey of topsoil Se concen-

trations in England and Wales was therefore undertaken (Thornton et al., 

in press) which has demonstrated that broad relationships do exist 

between the Se content of the soil and the lithology of the parent 

material and these will be detailed later (section 2.9.3.). 

The preliminary brief for this project was to determine in more detail 

the distribution and forms of Se in soils in England and Wales, and its 
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uptake by pasture herbage. This was considered important as previous 

work has shown that patterns of low Se concentrations in herbage, and 

livestock Se deficiencies, which could be related to the geology of 

the parent material might be modified by the effects of soil profile 

development (Kubota et al., 1967; Watkinson, 1962). Although several 

workers have investigated the distribution of Se in various soil types 

and also the factors which affect this distribution (Wells, 1967; 

Levesque, 1974a; Koljonen, 1975), no such work has been carried out 

on British soils. It was felt that this project might most profitably 

begin by investigating the effects of soil processes and differences 

in soil formation, on the distribution of Se in the soil profile; whilst 

at the same time attempting to gain an appreciation of the magnitude 

and nature of the differences is soil Se content imparted by variations 

in the nature of the soil parent material. Later work might then 

investigate the influence of these relationships on the uptake of 

Se by pasture herbage. 

1.2. Work plan and presentation of thesis. 

For the first stage of the work three areas were chosen in England 

and Wales which contained soils expected, or known on the basis of 

the above information to contain low, high and moderate levels of 

Se respectively. These, as depicted in Figure 1.2., were: 

i. An area of the west Weald in Surrey and Sussex where soils were 

developed on the outcrop of the four beds of the Lower Greensand 

formation. 

ii. An area in N.E. Staffordshire and S.W. Derbyshire where soils 

were developed on parent materials derived from a range of Carbonif-

erous rocks, including some marine black shales known to contain high 

levels of Se (Webb et al., 1966). 

iii. An area around the village of Llansannan in Clwyd, the soils of 

which were developed on relatively uniform parent materials originating 

from Silurian rocks. 

Different patterns of work were utilised in each area, and these will 
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be described in detail in the relevant sections. Briefly, however, 

sampling in the first area, reported in Chapter 4, aimed to test if 

there were differences between the Se content of topsoils on four 

similar geological formations, whilst at the same time studying the 

distribution of Se in some podzolic soils typical of the area. The work 

in area ii above, is described in Chapter 5, and investigated the 

distribution of Se in sequences of predominantly poorly drained soils 

developed on several parent materials of varied but generally high 

Se content. The uniformity of the parent material in the Llansannan 

area (iii above) allowed a study of the effects of different soil 

forming environments on soil profile Se distribution, without the 

complication of variations derived from those of the parent material. 

This was achieved by the detailed sampling of profiles from several 

varied soil mapping units, the results being reported in Chapter 6. 

The soil properties which were studied were chosen from the literature 

as being those which had previously been implicated in influencing 

the chemistry and distribution of Se in soils. The techniques used 

and the reasons for their selection are given in Chapter 3. This 

follows a review of previous work pertaining to Se in the environment, 

with particular reference to soils and the problems of Se deficiency in 

livestock which forms Chapter 2. 

It was intended that later work would investigate in more detail the 

forms of Se in the soil and the uptake of Se by pasture herbage. The 

rationale for the scheme of this work is discussed at the begining of 

Chapter 7, in the light of the results of the preliminary work reported 

in Chapters 4,5 and 6. The final Chapter of the thesis draws together 

the findings of the project, which are discussed in terms of the 

occurrence of Se responsive diseases in Britain. 
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CHAPTER 2. SELENIUM IN SOILS, PLANTS AND ANIMALS WITH PARTICULAR 

REFERENCE TO PROBLEMS OF SELENIUM DEFICIENCY. 

2.1. Selenium and animal health. 

Extensive studies concerning Se in the soil - plant - animal system 

have primarily been undertaken because of the importance of the 

element in animal nutrition; conditions of both toxicity and defic-

iency in livestock are encountered and in terms of the dietary 

levels of Se involved the difference between the two conditions 

can be small. Levels of 5.0 Se g ^ d.m. in vegetation consumed 

by livestock over several weeks can lead to problems of toxicity 

(Lakin, 1972); whilst concentrations less than 0.1 ^ig g ^ can give 

rise to deficiency problems (Ehlig et al., 1968). 

Livestock disease syndromes such as "alkali disease" and "blind 

staggers" had been recognised in areas of central and western U.S.A. 

since the 1850's. These conditions could be associated with particular 

areas of land, and in some instances were known as alkali disease 

because alkalis or mineral salts in the soils or vegetation on which 

the animals were grazing were thought to be the cause of the problem. 

Often the problem was associated with the occurrence of species of 

Milk Vetch (Astragalus spp.) in the vegetation (Rosenfeld and Beath, 

1964). However, not until the 1930's was Se toxicity conclusively 

implicated as the cause of the disease (Robinson, 1933). Subsequently 

the high concentrations of Se responsible for these problems were linked 

to the occurrence of specific Se-rich geological formations, mainly 

of Cretaceous age, and also to the accumulation of the element from 

the soil by species of Astragalus and some other native plants (Beath 

et al., 1935). Thereafter, problems of Se toxicity, related to the 

incidence of seleniferous soils, have been recognised throughout the 

world but are generally limited to areas underlain by specific geolog-

ical formations (Table 2.1.). 

In 1957 Se was found to be an essential micronutrient for animals, 

when it was discovered that inorganic Se salts were effective in 

protecting rats against necrotic liver degeneration (Schwartz and 

Foltz, 1957). Subsequently Se was found to be necessary to many 
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Country. Area. Parent material. 

U.S.A. Wyoming Cretaceous shale. 

South Dakota. Cretaceous shale. 

Colorado. Triassic sandstone. 

Utah. Jurrasic shales and sandstones. 

Canada. Alberta. 

Saskatchewan. Cretaceous shales. 

Manitoba. 

Colombia. Black slate alluvium. 

Eire Meath. 

m
. Carboniferous shales 

Tipperary. 
. , and limestones. 

Limerick. 

South Africa. Triassic shales and sandstones 

(Karoo system). 

Australia. Queensland. Cretaceous shales and 

limestones 

U.K. Carboniferous shales. 

U.S.S.R. Jurrasic sandstone. 

Mexico. Alluvium from mine tips. 

Israel Cretaceous limestones and 

shales. 

Puerto Rico Cretaceous pyritiferous shales. 

Table 2.1. Parent materials of selenium-toxic and seleniferous soils. 

(after Fleming, 1980). 
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animals and significantly Muth et al. (1958) found that supplement-

ation of Se to ewes protected lambs against White Muscle Disease 

(W.M.D.). Other manifestations of dietary Se deficiency in livestock 

include; W.M.D. in cattle, sheep, pigs and poultry; Mulbery Heart 

Disease in pigs; and general conditions of ill-thrift in cattle and 

sheep (Anderson, 1979). Requirements of Se relate to those of vitamin 

E, such that in some cases diseases can be treated by the increased 

intake of Se and/or vitamin E. Also the requirement of Se is increased 

if the intake of dietary polyunsaturated fatty acids increases 

(Diplock, 1981). The biochemistry of this process is summarised in 

Figure 2.1. Lipid peroxides, which if allowed to accumulate in the cell 

can cause membrane disruption and ultimately cell death, are formed 

by the oxidation of polyunsaturated fatty acids, a process which can 

be inhibited by vitamin E. The enzyme glutathione peroxidase, of 

which Se forms an integral part, catalyses the elimination of lipid 

peroxides from the cell by their reduction to alcohols (Anderson, 

1979). A more detailed description of the biochemistry of Se and its 

possible interaction with other trace elements is given by Diplock 

(1981), and Judson and Obst (1975) have reviewed the broader issues 

concerning Se deficiencies in livestock. 

Only recently have the possible effects of Se deficiency in man been 

identified, not ably as a cardiomyopathy called "Keshan Disease" in the 

Peoples Republic of China. As with the occurrence of deficiencies 

in livestock its incidence has been linked with areas where specific 

soils are found in a broad belt across the country. As yet, however, 

it is not known whether Se deficiency is the sole cause of the 

condition. Diplock (1981) has detailed the present knowledge on Keshan 

Disease, and other effects of dietary Se deficiency in humans. 

2.2. The geochemistry of selenium and its occurrence in rocks. 

2 _ _ 2 -
The similarity in the ionic radii of Se and S (Se = 2.OA, S = 1 . 8 5 

X) influences much of the chemistry of Se, which is thus often found 

associated with S-bearing compounds in both plants and animals, and 

in the geochemical cycle. In a crystalising magma, Se as selenide 

separates out along with sulphides, neither being an essential constit-

uent of the rock forming silicate minerals. Consequently the Se content 
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Figure 2.1. The interrelationship between Se, vitamin E and polyunsaturated fatty acids 

in livestock metabolism (after Anderson, 1979). 
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of igneous rocks is generally low;-Goldschmidt (1954) estimated a 

mean Se content of 0.09 jig g * based upon an average.Se:S ratio of 

1:6000 in igneous rocks. Conversely sulphide minerals tend to be 

enriched in Se, although rarely in concentrations of greater than a 

few hundred jig g * (Lakin and Davidson, 1967). Excepting its concen-

tration in sulphide minerals, Se is well dispersed throughout the earth's 

crust and is rarely found in concentrations above a few g *. 

Dispersion is thought to result primarily from the evolution of Se, 

again along with S, as a volatile during volcanism, a process which is 
- 2 

estimated to have added 0.1 g Se cm to the earths surface (Gold-

schmidt, 1954). 

In oxidative weathering processes Se acts as a resistate, whereas S 

is oxidised to sulphate and is consequently removed in aqueous solution 

(Lakin, 1972). Selenium therefore accumulates in sedimentary, rather 

than igneous rocks, and particularly in oxidates such as vanadium-

uranium ores and hydrolisates such as shales. Shales, and particularly 

those rich in organic matter (black shales), predominate in a list of 

those parent materials which give rise to seleniferous soils (Table 2.1.). 

In their review, Lakin and Davidson (1967) summised that an average Se 

concentration in shales would be 0.6 ug g although some Wyoming black 
-1 

shales contained as much as 227 jig g Se. 

In the "classic" area of seleniferous soils in the western U.S.A. 

enrichment of the Cretaceous shales is thought to have occurred by the 

release of volatile Se by volcanism and by the dispersion, through 

weathering, of Se which was separated with sulphides in contemporary 

magmatic activity (Lakin, 1962). In the British Isles the only recorded 

occurrence of soils supporting seleniferous vegetation is in the counties 

of Limerick, Tipperary and Meath in Eire, the source of the Se having 

been traced to Carboniferous black shales and limestones (Walsh et al., 

1951). Prompted by these findings Webb et al. (1966) located non 

toxic seleniferous soils in the United Kingdom, again associated with 

black shales of the Namurian and Visean of the Carboniferous in 

Derbyshire. Black shales elsewhere in the U.K. also commonly contain 

higher than average amounts of Se (Thomson, 1971). 

Although the incidence of Se in the parent rocks of seleniferous soils 
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has been widely studied and documented (Rosenfeld and Beath, 1964; 

Lakin, 1962), much less information is available concerning its 

distribution in rocks containing normal levels of Se; this applies 

especially to the British Isles. In this respect, shales can be exp-

ected to give rise to soils which provide adequate levels of Se in 

crops, in the majority of their outcrops. 

Sandstones and carbonate rocks usually contain lower levels of Se 

than shales, although this amount can be very variable, often 

depending on the amount of carbonaceous material or seleniferous pyrite 

in the formation. Estimates of the mean Se contents for sandstones and 

carbonate rocks are in the region of 0.05 and 0.08 ^ g g ^ respectively 

(Turekian and Wedepohl, 1961). The Se content of metamorphic rocks 

is also variable and generally reflects that of the sediments and 

rocks from which they are formed (Koljonen, 1973). 

2.3. The forms and chemistry of selenium in the soil. 

Selenium in soils is thought to exist in several forms dependant upon 

the nature of the conditions existing within it; these forms include 
2 o A i' 

selenides (Se ), elemental selenium (Se ), selenites (Se ), selenates 
6+ 

(Se ) and organic forms. The actual Se species which exist in any 

one soil depend largely on the pH and the redox conditions which prevail. 

Thus various workers have constructed solubility field diagrams for Se 

(Geering et al., 1968; Lakin and Davidson, 1967; Howard, 1977) such 

as that depicted in Figure 2.2., which also demonstrates the relation-

ship between the forms of Se and the limits of the natural environment 

and soils in terms of Eh and pH. 

Selenites are considered to be the most prevalent Se species in acid 

to neutral well drained soils, and are thus the most important source 

of Se for plants in these soils. It has been clearly established that 

the concentration of selenite in solution, and hence its availability to 

plants, is primarily controlled by its association with ferric oxides, 

as a selenite - ferric oxide adsorption complex (Geering et al., 1968; 

Howard, 1977; Hamdy and Gissel-Nielsen, 1977). Hingston et al. (1968) 

suggested specific adsorption as the mechanism of this process when the 

adsorbing surface is goethite. The equilibrium solubility of selenite 
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Figure 2.2.h. Limits of Eh and pH of soil systems and the natural environment. 
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in association with a ferric oxide - selenite adsorption complex 

increases with pH up to approximately pH 8, when the complexes begin 

to decompose and the equilibrium solubility then increases more rapidly 

with pH such that there is almost complete desorption at pH 11 

(Allaway et al., 1967; Figure 2.2.). The increase of selenite in 

solution decreases the Eh of the selenite - selenate couple so that 

the formation of selenate in alkaline soils is favoured by the breakdown 

of the adsorption complex. Adsorption of selenites on hydrous ferric 

oxide at pH 8 and below may remove more than 95% of the ion from 

solution, the effect of lowered selenite concentrations being to 

broaden the range of redox potentials over which selenite will exist 

in solution (Howard, 1977). 

Hamdy and Gissel-Nielsen (1977) investigated selenite adsorption by 

several soil clay minerals and also ferric oxide, but concluded 

that the latter is the more effective adsorber, partly because the rates 

of adsorption are much quicker. Both aluminium oxides and silicon 

species have also been implicated in selenite adsorption in soils 

(John et al., 1976). 

Nye and Peterson (1975) demonstrated, by electrophoretic techniques, 

the presence of selenate in an alkaline toxic seleniferous soil from 

the U.S.A. and it is widely considered that the presence of soluble 

selenate in such soils leads to the increased availability of Se to 

plants. In contrast, the above workers found that in an acid Irish 

seleniferous soil, selenite was the main soluble form. Examination 

of Figure 2.2. shows that selenate should only occur in well aerated 

alkaline soils, but in pure systems the rates of conversion between 

selenite and selenate are slow (Rosenfeld and Beath, 1964). Howard 

(1977) suggested that oxidation of selenite to selenate 

would not occur readily in normal surface oxidising conditions. 

However, several species of bacteria and fungi have been shown to 

be capable of enacting the oxidation of elemental Se to selenite or 

selenate (Lipman and Waksman, 1923; Sapozhnikov, 1937; Bird et al., 

1948; Sarathchandra and Watkinson, 1981). Also Geering et al. (1968) 

demonstrated that the oxidation of selemental Se to selenite in the 

soil could proceed by both organic and inorganic pathways. Once 

present in the soil, selenate is not retained by colloids and being 
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water soluble is easily leached out of the soil. Consequently 

accumulation of selenate may only be expected to take place in arid 

alkaline conditions, such as those which prevail in the western U.S.A. 

where toxic soils are widespread (Rosenfeld and Beath, 1964). 

Microorganisms have been shown to be capable of reducing both selenite 

and selenate to elemental Se, although most of the evidence is for reac-

tions in pure culture and the relevance to soil conditions is not clear 

(Peterson et al., 1981). The solubility field diagram (Figure 2.2.) 

suggests that reduction of selenite to elemental Se should proceed 

readily in acid predominantly reducing soils. Subsequently, elemental 

Se is relatively stable in water in equilibrium with air (Allaway 

et al., 1967), although the actual quantities present in soils are 

unknown, and it may only exist as a transitory constituent before 

reduction to selenide (Allaway et al., 1967). Cary et al. (1967) 

found that reduction to elemental Se or selenide is responsible for 

the immobilisation of selenite added to a soil, since these forms are & 

insoluble and therefore not available to the plant. 

Fleming (1980) suggested that selenides, which are largely insoluble, 

do occur in soils of the semi-arid regions in association with pyrite 

where weathering is not greatly advanced. The low solubility of selenides 

may lead to their persistence in agricultural soils. It is conceivable 

that in very acid reducing conditions selenides could b e formed by 

reduction of elemental Se (Figure 2.2.), and Watkinson (1962) 

suggested that ferrous selenide may occur in some acid podzolic soils 

in New Zealand. It seems quite probable, considering the close assoc-

iation between selenite and ferric iron, that on reduction of these 

species, ferrous selenide would form, although the solubility of 

ferrous iron in acid conditions may lead to losses of Fe from the soil 

whilst selenide being insoluble would persist. Geering et al. (1968) 

also imply that other selenides such as Cu^Se may form. 

Little is known of the organic forms of Se in the soil, despite 

the fact that several workers have demonstrated associations between 

Se and organic matter in the soil (Wells, 1967; Levesque, 1974a; 

Koljonen, 1975) and that Se can accumulate in organic soils (Fleming 

and Walsh, 1957), although the mechanism by which this occurs has yet 

to be elucidated. Water soluble Se can contain a portion in organic 

combination but it is unclear if this may be available to the plant. 
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Nye and Peterson (1975) demonstrated that some Se was linked to the 

organic fraction of a water soluble soil extract; whilst the work 

of Levesque (1974b) suggested that associations between Se and organic 

acids may require chelation with ferric iron, and that these complexes 

could play a role in the mobilisation of Se in the soil profile. 

Even though evidence exists for the presence of some or all of these Se 

species in certain soils, little information is available on the 

relative abundance of each in any particular soil environment, and 

especially on the persistence and stability of the elemental and selenide 

forms. Much obviously depends on the rates of conversion from one 

form to another, but again the information here is scant, especially 

regarding the action of microorganisms in catalysing reactions which 

in pure systems appear to be slow. Cary et al. (1967) have investig-

75 

ated, by chemical fractionation, the residual forms of Se remaining 

in the soil after soil ammendment with Se containing
 7

^Se and plant 

uptake studies, however the relevance of their results to naturally 

occurring Se in the soil is not known (see section 7.4.). 

2.4. The uptake of selenium by plants. 

Investigations regarding the mechanisms of Se uptake and assimilation 

by plants are not within the scope of this work, and to this extent 

it seems unnecessary to review the topic in detail here. Aspects of 

Se uptake and metabolism by plants have been recently fully reviewed 

by Peterson et al. (1981) and forms the basis of the summary below. 

Both selenite and selenate may be assimilated by plants, yet Se has 

not been shown to be essential for plant growth. In terms of comparing 

the effects of soil additions of Se on plant uptake, the application 

of selenate results in higher plant uptake than when selenite is added. 

However, this difference may be largely attributable to the removal of 

selenite from solution by adsorption processes in the soil. Culture 

solution techniques eliminate these complications; however, the results 

of comparisons so obtained have been in disagreement. More recent work 

suggests that the uptake of selenate is more rapid than that of selenite; 

> further, studies with excised barley roots have demonstrated that the 
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mechanism of absorption is active in the case of selenate, but not so 

totally for selenite. Although some selenite may enter the root by 

diffusion it appears that it must be oxidised to either selenate or 

another form before being transported through the plant, as very little 

selenite has been identified in plant xylem exudates. 

Information on the precise biochemical pathways of Se in the plant is 

patchy, but it appears that the end product of Se assimilation, during 
. 2 -

which Se is necessarily reduced to the Se oxidation state, are 

predominantly seleno-amino acids. In normal non-accumulating pasture 

plants these are selenomethionine, Se-methy1selenomethionine, seleno-

cystine and selenocysteic acid etc. In accumulator species, seleno-

lipids and a seleno sugar have also been identified. 

Selenosis of plants occurs when non-accumulator species assimilate high 

concentrations of Se, in which case the high proportion of seleno-amino 

acids, which substitute for their S analogues in proteins, has 

deleterious effects. It is supposed that accumulator species can 

accumulate high levels of Se without harm by synthesising and storing 

non-protein amino acids or cystathionine Se-me thyleysteine, and 

therefore excluding Se from the functional enzyme systems. 

2.5. Variations in the accumulation of selenium by pasture species. 

Variations in the ability of common pasture species to accumulate 

Se from soils containing low or normal levels of Se have been demon-

strated by several workers. The most striking manifestation of 

these differences is that grass species commonly contain more Se than 

clovers, and some other legumes, grown on the same medium. Thus in 

a New Zealand pasture Trifolium repens contained less S e than Dactylis 

glomerata, Lolium perenne and Agrostis tenuis respectively (Davies and 

Watkinson, 1966); further, A . tenuis contained more Se than T. repens 

after selenite had been added to the soil (Watkinson and Davies, 1967). 

Similar, proportionately lower, Se levels in clover were noted by 

Hupkens and Tetley (1970) when selenite was applied to a peat soil, and 

when on a normal mineral soil the source of Se was that contained in 

sheep dung which was considered to be in a colloidal form (Peterson and 

Butler, 1966). Lessard et al. (1968) found significant differences 
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between the Se content of six pasture species grown on an untreated soil; 

the only legume (Lotus corniculatus) contained the least Se. They 

also concluded that although the uptake of Se by particular species 

did vary throughout the season, the differences in a mixed sward were 

not great enough to warrant considering changes in harvest time in 

order to optimise the Se content of the cut herbage. 

It would appear that exceptions to the above observations are firstly 

that alfalfa (Medicago sativa) accumulates more Se than certain common 

grass species (Kubota et al., 1967; Walker, 1971), and secondly that 

the relationship may be reversed for clovers when excess Se, or readily 

available forms such as selenate are added to the soil (Fleming, 1962; 

Ehlig et al., 1968). 

As a result of these relationships it has been postulated that in a 

marginally deficient pasture, a change to a more clover dominant sward 

could lead to Se deficiencies in livestock (Ehlig et al., 1968). To 

this extent it has frequently been observed that outbreaks of W.M.D. 

in lambs in areas of Australia and New Zealand, tended to occur in 

spring on pastures dominated by clover (Gardiner, 1969). In summary 

it is apparent that changes in sward species composition on a low Se 

soil will not significantly effect the Se content of the sward, unless 

large changes in the proportion of clovers takes place. 

No specific Se tolerant or accumulating flora has been found associated 

with seleniferous soils in the British Isles (Fleming and Walsh, 1957; 

Nye and Peterson, 1975); the ability of various classes of such plants 

to accumulate Se has been extensively reviewed by Rosenfeld and Beath 

(1964). 

In most pasture species the roots accumulate more Se than the tops, 

with differences of up to 23 times, although it seems that more Se 

will be transported to the stem and other above ground parts if selenate 

rather than selenite is the source of Se (Johnson et al., 1967). On 

low Se soils young plant growth often contains higher 1 evels of Se 

which are, however, apparently diluted when plant growth takes place 

(Beeson, 1961; Ehlig et al., 1968). Otherwise there has been little 

work reported which compares the effects of stage of growth, the age 
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of sward, or the portion of the plant being harvested, on the Se 

content of the livestock diet. 

2.6. The effects of fertilizer additions on the uptake of selenium 

by plants. 

As with the comparison of Se uptake by different plant species, much 

of the work concerning the effects of other fertilizer additions to 

soils has been undertaken where Se was also added to the soil, and 

therefore application of the results to normal situations may only be 

of modest value. 

2.6.1. Liming and pH. 

Considering the effect of raised pH on increasing the concentration of 

selenite in the soil when in equilibrium with a ferric oxide - selenite 

adsorption complex (section 2.3.), and also that at higher soil pH 

soluble selenates might form (Figure 2.2.), it might be expected that 

liming and raising the pH of the soil could result in the increased 

solubility, and therefore plant uptake, of Se. However, Gupta and 

Winter (1975) found that liming produced no significant effect on the 

uptake of native Se by pasture on an acid (pH 6.6) soil supporting low 

Se vegetation (less than 0.043 g on Prince Edward Island, Canada. 

Alternatively in two separate studies involving additions of selenite to 

soils, plant uptake has been shown to be greater on limed soils at 

higher pH; in both cases there was also a texture effect, in that the 

heavier soils retained more Se than the lighter soils presumably because^ 

of their greater adsorption capacity (Cary and Allaway, 1969; Gissel-

Nielsen, 1971a). Although the evidence is not extensive it 

appears that the real effects of increasing soil pH on the uptake of Se 

by plants on normal or low Se soils are small, and certainly so in 

terms of increasing the pasture Se content. 

2.6.2. Sulphur. 

The effects of sulphate on plant uptake of Se have been more widely 

studied, initiated primarily by the chemical similarity between Se and 

S. Initial interest in sulphate centred upon the possibility of 
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reducing the uptake of Se on seleniferous soils. In the U.S.A. this 

was not found to be beneficial, primarily because the soils already 

contained high levels of gypsum (Frank and Painter, 1939). However, 

nutrient solution studies demonstrated that sulphate depressed Se uptake 

when selenate, but not selenite was the source of Se (Hurd—Karrer, 1938). 

This effect has subsequently been proved to be successful in 

supressing Se uptake from toxic soils elsewhere (Ravikovitch and 

Margolin, 1959; Fleming, 1980; Williams and Thornton, 1972). 

The possible effects of S additions to soils sustaining vegetation 

potentially deficient in Se is perhaps of greater concern, especially 

in regions where S fertilisation is common practice. In Great Britain 

this practice is rare, however, the application of some fertilizers, 

noteably superphosphate and sulphate of ammonia, necessarily involves 

the addition of sulphate to the soil. There is much qualitative evidence 

that S additions, as superphosphate, can reduce plant Se levels. 

Walker (1971) reports that farmers in Central Alberta suspected that 

S fertilisation increased the incidence of W.M.D., however, trials 

showed that although sulphate fertilisation did decrease plant Se 

levels, the effect was only significant where this had increased plant 

growth. Similar dilution effects were observed in New Zealand soils 

when the addition of superphosphate was compared with t hat of mono-

calcium phosphate (no sulphur) (Davies and Watkinson, 1966). 

Cary and Gissel-Nielsen (1973) demonstrated that sulphate additions 

had only small effects on the solubility of soil selenate and 

negligible effects on that of selenite, thus assuming that any change 

in plant uptake due to sulphate addition was due to competetive 

interaction during plant absorption. It may therefore be concluded 

that although competition at the plant root may decrease the uptake of 

Se, the primary effects are of growth stimulation and dilution of the 

Se content of the plant, especially when selenite is the main avail-

able form of Se. 

An alternative Se - S interaction also exists as there is some evidence 

that increased dietary S levels may inhibit the biological availability 

of Se (Westerman and Robbins, 1974). 
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2.6.3. Phosphorus. 

Carter et al. (1972) found that phosphate additions increased plant 

Se contents of plants grown on six out of fourteen soils, for both 

native and added Se; they considered that the effect might be sufficient 

to induce adequate levels of Se in marginal pastures. Phosphate also 

increased the uptake of native Se by alfalfa, but at the same time reduced 

the uptake by lettuce (Levesque, 1974b). Other work with N , P, S 

and Se additions to soils has shown that the effects of phosphate dep-

ended upon the level and interaction with other nutrients (Gissel-

Nielsen, 1974). Fleming (1980) proposed that phosphate may act in 

two ways to increase the availability of Se; firstly in that both 

phosphate and selenite may be involved in exchange reactions with 

oxide surfaces, thus addition of phosphate may induce higher solution 

concentrations of Se; or secondly that phosphate may increase the Se 

uptake by promoting the growth or roots and thus increasing the plant's 

capacity for uptake. However, Cary and Gissel-Nielsen (1973) shed 

doubt on the validity of the first proposal by finding that the addition 

of phosphate did not increase the solubility, in dilute CaCl^, of 

added selenite. In the case of superphosphate applications, the effects 

of phosphate may be masked by those of the sulphate. 

2.6.4. Nitrogen. 

Little is known of the effects of nitrogenous substances on the uptake 

of Se by plants. Cary and Gissel-Nielsen (1973) noted that N applic-

ation may reduce the uptake of Se but that this is probably due to 

competetive uptake at the plant root, rather than an effect on the 

solubility of Se in the soil. Fleming (1980) notes that any effects 

of N application when using sulphate of ammonia can be complicated by 

the presence of the sulphate ion. 

2.6.5. The selenium content of fertilizers. 

Phosphatic fertilizers may contain Se, since phosphatic rocks can 

contain up to tens of jig g ^ Se, and the sulphuric acid used in the 

manufacture of superphosphate may contain Se in the same order (Lakin 

and Davidson, 1967). Normal superphosphate can contain about 60% of 
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the Se in the raw material rock phosphate, or some 40% in the case of 

concentrated superphosphate, the main control on the Se content of 

the end product being the Se content of the phosphate rock (Robbins 

and Carter, 1970). The effects of Se added in this way on plant Se 

concentrations are, however, probably negligible unless the initial 

phosphates were very seleniferous (Robbins and Carter, 1970; Gissel-

Nielsen, 1971b). The concentration of Se in some common Danish 

fertilizers, which are probably comparable to those in use in the 

British Isles, are given in Table 2.2. Xt is conceivable that long 

term additions of some fertilizers may increase the total Se content 

of the soil. 

2.7. Losses of volatile selenium products from soils. 

In some situations volatilisation is thought to be responsible for 

the loss of significant quantities of Se from soils, which may to some 

extent be augmented by volatilisation from higher plants. The evolution 

of volatiles from soils is thought to be an entirely microbial process 

(Abu Erreish et al., 1968; Doran and Alexander, 1976), and several 

strains of fungi and bacteria have been shown to be capable of synthes-

ising volatile Se compounds from either inorganic Se salts or organo-

selenium compounds (Fleming and Alexander, 1972; Cox and Alexander, 

1974; Barkes and Fleming, 1974). Dimethylselenide is considered to be 

the primary volatile product (Francis et al., 1974) but dimethylselenone, 

dimethylselenide and hydrogen selenide have also been identified 

(Reamer and Zoller, 1980; Doran and Alexander, 1976); the form evolved 

depending upon the substrate for the synthesis. 

The process is dependant upon many factors, but perhaps the most-import-

ant is the availability of a suitable substrate; thus the availability 

of water soluble Se influences the rate of methylation (Abu Erreish et 

al, 1968; Zieve and Peterson, 1981) and it is therefore expected 

that alkaline soils, having an appreciable content of selenate, are 

most susceptable to volatile losses (Hamdy and Gissel-Nielsen, 1976a). 

Losses may be much less important on more acid soils where selenite or 

more reduced insoluble species predominate. Other factors influencing 

the process are those affecting microbial activity such as temperature, 



Fertilizer. 
Number of samp-

les analysed. 

Se content 

(jig g 

Superphosphate 8 4.2 - 8.0 

PK. 12 3.6 - 5.5 

NPK (Based on sulphuric 7 1.1 - 4.0 

acid) 

NPK (Based on nitric 8 0.021 - 0.19 

acid). 

Lime. 3 0.033 - 0.037 

Table 2.2. Selenium content of some typical Danish fertilizers 

(Gissel-Nielsen, 1971b). 
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moisture status and the availability of organic matter for use as an 

energy source (Abu Erreish et al., 1968; Doran and Alexander, 1976; 

Zieve and Peterson, 1981). In respect of the latter, Hamdy and Gissel-

Nielsen (1976a) found that wetting and drying cycles, which were thought 

to advance the decomposition of organic matter, raised the levels of vol-

atilised Se. Zieve and Peterson (1981) found that more Se was evolved 

from a soil collected in the spring than in those collected in other 

seasons, and related this to an increase in the microbial population 

during this season, implicating seasonal differences in volatilisation 

in the field. 

Less is known of volatilisation of Se by higher plants, but the primary 

Se accumulators defined by Rosenfeld and Beath (1964) have been known to 

give off a garlic-like odour, thought to be due to volatile Se compounds. 

Lewis et al. (1976) found that an accumulator (Astragalus spp.) and 

alfalfa both produced volatile Se compounds, predominantly from the fol-

iage; the evolution by alfalfa was linked to the plant Se content and 

the stage of growth. 

2.8. Atmospheric cycling of selenium. 

On the basis of their experiments, Zieve and Peterson (1981) estimated . 

that the rate of Se volatilisation from soil could vary between 18 and 
- 2 - 1 

128 m yr depending on the season. As the soil tested contained 

quite high levels of total Se (5.0 g *) and was alkaline (pH = 7.4), 

these might be overestimates for most "normal" British soils, but they 

do allow for comparison with other environmental Se fluxes. Therefore 

these volatile losses can be compared with a grass crop of average Se 

concentration of 0.1 ug g yielding 500 Kg ha ^ yr
 1

 which removes 
- 2 - 1 -1 -1 

5 ug m yr Se; or a Kale crop (yielding 7400 Kg ha yr ) which would - 2 - 1 
remove 100 jig m yr Se (Cawse, 1980). 

In comparison with these values, Cawse (1980) monitored the quantities 

of Se deposited from the atmosphere in the U.K. The average deposition 
- 2 - 1 

rate for seven sites was 430 ug m yr Se, which is within the range 
- 2 - 1 

of 150-750 jig m yr Se calculated by Ronneau and Haliet (1981) on the 

basis of extrapolating known S and Se fluxes over Belgium to the rest of 
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Europe using estimated european S fluxes. Cawse (1980) also noted 

that the amount of Se deposited (including both wet and dry deposition) 

was broadly related to rainfall, and that the deposition was greater 

in winter than in summer, although he felt that this was due to fossil 

fuel burning which would be greater in winter. Fossil fuels are known 

to be an important source of anthropogenic Se emmisions (Hashimoto et 

al., 1970). In contrast, Kubota et al. (1975) cite that the soluble 
- 2 - 1 

Se m rainfall from one site in Denmark contributes 172 m yr 

and that the greatest deposition was in the summer period; this they 

related to increased biological activity due to higher temperatures. 

None of this work, however, allows for comparison of the relative 

contributions of natural low temperature emmisions, volcanic emmisions 

and industrial and other anthropogenic emmisions, although Kubota et al. 

(1975) noted that the concentration of Se in rainfall in the U.S.A. 

was highest near to industrial centres. 

On investigating the Se content of humic topsoils of Norwegian forest 

soils, Lag and Steinnes (1977) found that values were strongly correl-

ated with annual precipitation, and thus concluded that airborne supply 

of the element to the soils was important. Furthermore the accumulation 

of Se was not particularly related to the greater accumulation of 

organic matter under higher precipitation. They postulated a marine 

source of Se since the soil Se concentration was also correlated with 

the soil content of iodine and bromine, and related to the distance 

of the soil from the coast. It was appreciated, however, that natural 

terrestrial outputs (both biological and volcanic) could also make 

contributions to the airborne supply of Se. 

It would seem that anthropogenic emmisions of Se have only a relatively 

short residence time in the atmosphere, similar to that of water, thus 

suggesting that such emmisions are quickly rained-out of the atmosphere 

(Mackenzie et al., 1971). This observation is possibly supported by the 

data of Weiss et al. (1971) which demonstrate that the S:Se ratio of 

Greenland ice has increased over a 250 yr period, which they related to 

increased fossil fuel burning and a greater stability of atmospheric 

SO^ compared to similar Se species. They assumed that background Se 

levels over this period could be related to biological emmisions which 

would be more constant. 
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It is probable that in the U.K., with its small land area and high 

urban and industrial populations, that the majority of atmospheric Se 

would be anthropogenic. There may be seasonal fluctuations in the total 

atmospheric land deposition but it appears that this will depend upon 

location. In proximity to urban and industrial centres fossil fuel 

burning especially would be greater in winter, therefore increasing 

emmisions. Away from such centres values may be higher in summer 

when biological emmisions are greater. Seasonal variations in rainfall 

may also influence this pattern. 

The information presented here suggests that atmospheric inputs to land 
- 2 - 1 

(mean of 430 ug m yr ) probably exceed losses by cropping (perhaps up 
-2 -1 -2 -1 

to 100 jig m yr ) and volatilisation (mean of 73 jig m yr ). 

Additionally based on information in Table 2.2. an annual addition of 

300 Kg ha ' of superphosphate (i.e. 80 Kg ha ^
 c o n t a

i
n

i
n

g 6.0 jig g ̂  

Se might add a further \80 jig m
 2

 yr * Se (assuming that the Se content 

of other fertilizers is minimal). Unfortunately, because of a lack of 

available information, losses by leaching are difficult to assess. 

However, MacKenzie et al. (1980) have assesed that globally some 182 
8

 —

1 
x 10 g yr Se are carried by rivers in soluble and suspended forms, - 2 -1 
which amounts to losses of 136 jig m yr Se if this is all derived 

from the land surface. As a very rough estimate therefore it appears that 

Se additions to land (atmospheric and fertilizer) at approximately 510 
- 2 - 1 . 

ug m yr may easily exceed the outputs (volatile, cropping and 
' . - 2 - 1 . 

?leaching) at approximately 209 j\g m yr . However, this difference 

(301 jig m
 2

 yr * Se) would only increase the total Se content of the soil 

by around 0.04% per annum (based on a soil containing 0.5 jig g * total 

Se, with a bulk density of 1.5 g cm and being incorporated to a 

depth of 1 m.). 

2.9. Selenium distribution in soils. 

2.9.1. In relation to toxicity problems. 

The majority of the early work concerning the distribution of Se in soils 

centred upon those soils producing toxic vegetation, the vast majority 

of which were derived from shales, and frequently those shales containing 
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appreciable quantities of organic material (section 2.2., Table 2.1.). 

Toxic soils have been identified in many coutries. The toxicity of 

a soil is not, however, related solely to the total content of Se 

in the soil, but also to the form which the Se takes. From the evidence 

presented in sections 2.3. and 2.4. it may be summised that toxic Se 

levels in plants will occur on soils in which the soluble selenate 

ion is prevalent, that is in predominantly alkaline soils. This in fact 

conforms with the nature of most toxic seleniferous soils (Rosenfeld 

and Beath, 1964). 

In the classic area of seleniferous soils in the Great Plains of the 

U.S.A. the soil parent materials are shales enriched in Se, it is thought 

by selenisation of the surrounding land mass by Cretaceous volcanic 

activity during the deposition of the sediments. Their occurance and 

formation has been reviewed by Rosenfeld and Beath (1964), but in short 

the soils have developed in-situ in an arid or semi-arid climate, and 

are predominantly alkaline in reaction, often containing free calcium 

carbonate. The low rainfall (less than 20 inches per annum) results in 

minimal leaching of the soluble selenate, although it is possible for 

soluble Se salts (predominantly selenate) to be redeposited due to 

evapouration of surface waters. Wide variations in soil Se content are 

often encoul:ered over small distances, and have been related to the out-
L 

crop of different strata of the relevant rocks, thus stressing the 

importance of parent material in influencing the Se content of the soil. 

On studying several seleniferous soil profiles in this r egion, Olson et 

al. (1942) found that where plant Se concentrations and presumably also 

the water soluble Se content was highest, the amount of Se increases 

with depth in the soil, evidently due to some degree of leaching of 

selenate. However, when the rainfall increases slightly in a similar 

environment lateral leaching of selenates, and their subsequent depos-

tion in basins or low lying lacustrine deposits, has been observed 

(Lakin and Davidson, 1967). 

The toxicity of these Great Plains soils, in terms of the vegetation 

which they support, is significantly enhanced by the presence of selenium 

accumulator species such as Astragalus spp. (section 2.4.) which can 

contain up to thousands of ug g
 1

 Se (Rosenfeld and Beath, 1964). The 
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occurrence of these plants has in fact been used to determine the 

distribution of seleniferous soils in the area. 

Toxic seleniferous soils found in Canada, South America and Israel are 

similar in nature to those of the U.S.A. (Lakin, 1962). In contrast the 

Irish seleniferous soils in counties Meath, Tipperary and Limerick 

were formed under humid conditions, in low lying areas and are consequ-

ently rich in organic matter. The high Se concentrations derive from 

the leaching of Se, by alkaline ground waters percolating from the 

surrounding Se-rich limestones and shales of the Carboniferous Pendle-

side and Yoredale series'. These rocks contain up to 28.5 ug g ^ Se 

(Fleming and Walsh, 1957), values which are comparable to those of the 

parent materials of the toxic soils of the U.S.A. Atkinson (1967), 

considered that Se in these rocks was related to pyrite and carbonaceous 

material, there being a relationship between their Se and S contents. 

In comparison to those of the soils in the U.S.A. soil concentrations 

of Se are much higher, up to 1200 ug g J and have been linked to the 

concentration of organic material in each horizon (Table 2.3.). 

Although the soils are alkaline in reaction, the proportion of water 

soluble Se is relatively low at between 1 and 3% of the total, compared 

to values of up to 62.5% in soils from the U.S.A. (Rosenfeld and Beath, 

despite the absence of a specific seleniferous flora. Webb et al. 

(1966) investigated soils on the comparative shale formations in 

England and Wales and located seleniferous soils which occupied similar 

low lying poorly drained sites, however, no selenium toxic vegetation 

was identified. This they related to the acidity of the soils and the 

consequent lower solubility of Se, thus stressing the importance of the 

alkalinity imparted by the limestone facies in the case of the soils 

in Eire. 

Low herbage Se concentrations have also been noted on seleniferous 

lateritic soils, this being explained by the almost total adsorption 

of Se on ferric oxides. The more ferruginous horizons also contained 

the more Se (Lakin and Davidson, 1967). 

1964). Herbage in Eire has been found 
-1 

Se 
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Depth 
(ins) PH 

Organic 
matter (%) 

S e

- i 
p z g 

0 - 4.5 6.5 33.0 37.1 

4.5 - 6 7.3 22.1 24.1 

6 - 1 0 6.6 61 .4 105.4 

10 - 20 8.1 4.5 13.5 

20 - 28 7.5 5.7 22.5 

28 - 36 7.3 10.4 23.6 

36 - 37 7.4 26.4 33.7 

Table 2.3. Distribution of Se in a soil profile supporting Se-toxic 

vegetation from Co. Limerick, Eire, in relation to pH and 

organic matter content. (Fleming and Walsh, 1957). 
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2.9.2. In relation to deficiency problems. 

Despite the wealth of research and information on the subject, toxic 

seleniferous soils are not particularly abundant in global terms, 

although they are widespread (Lakin, 1972). The problems of soils 

producing vegetation potentially deficient in Se are much more critical, 

and such soils may be significantly more prolific, although information 

on these and "normal" soils is not as extensive. 

Swaine (1955) reviewed all the available world data up to 1955 and 

concluded that the Se content of most soils was between 0.1 and 2.0 |ig g ^ . 

The results from recent surveys, given in Table 2.4., confirm this range 

and would suggest a mean soil Se concentration of 0.5 jig g ' as a 

reasonable world estimate. Obviously the majority of this work has been 

involved with those soils providing less than adequate supplies of Se 

for plant uptake and livestock consumption. Some of the earliest work 

in this field was undertaken in New Zealand, where it was found that sheep 

responded to Se supplementation in 43% of the South Island and 14% of 

the North Island (Hartley, 1961). Watkinson (1962) related this pattern 

to differences in the soils which are a primary factor influencing the 

the incidence of a Se response. Most of the responses occurred on sandy 

and silty soils, which are not extensive on the North Island where 

more intense weathering has produced predominantly clayey soils. 

Watkinson then confirmed these observations by comparing the Fe:Se 

ratio of New Zealand zonal soils. The ratio was found to increase in 

the more highly weathered members of the sequence. It was thought that 

as weathering increases, selenides in the parent.material are oxidised 

to selenites which are consequently retained by ferric oxides in the 

soil, some Fe is also lost from the soils due to leaching of soluble 

ferrous forms. Conversely where weathering proceeds more slowly, little 

Fe is released from the silicates to form the oxides on which the selenite 

could be retained. The selenites form because the oxidation of selenides 

in non silicate phases takes place more readily, and thus Se tends to be 

lost from the soils. Later, Andrews et al. (1968), reviewed that probl-

ems of Se deficiency were noteable on soils developed from granites, 

rhyollitic pumice and coastal sands. It was considered that soils 

containing less than 0.45 jig g * Se might produce vegetation giving 

rise to deficiencies; this compares to a mean Se concentration of 

0.6 ug g
 1

 for New Zealand soils (Wells, 1967). Soils with higher 



Source. Region. Type of soil. 
Rangej 
jig g 

Mean 
valuev 

Number of 
samples. 

Swaine (1955). 

Vinogradov (1959). 

Wells (1967). 

Lindberg and 
Bingefors (1970). 

Tsuge and Terrade 
(in Wells, 1967). 

Misra and Tripathi 
(1972). 

Bisbjerg (1972). 

Lag and Steinnes 
(1977). 

Whitby et al. 
(1978). 

Koljonen (1975). 

Archer (1980). 

World. 

Russia. 

New Zealand. 

Sweden. 

Japan. 

India. 

Denmark. 

Norway: 

i. Nord-Trondelag, 

ii. S.E. Norway. 

Canada (Ontario). 

Levesque (1974a). Canada. 

Finland. 

Wales and E. 
Midlands, U.K. 

Estimate for 
all soils. 

All soils. 

Representative 
soils. 

Five typical 
soil types. 

Humus layers 
of podzolics 

Potentially 
Se deficient 
soils. 

Podzolic 
topsoils. 

0.1 - 2.0 

less than 0.01 

0.60 

0.16 - 0.98 0.38 

0.71 

0.158 - 0.710 0.46 

0.20 - 1.44 

0.08 - 1.7 

0.07 - 1.35 

0.18 - 1.03 

0.43 - 2.09 

0.09 - 0.4 

0.2 - 1.8 

0.57 

0.63 

0.42 

0.40 

0.21 

0.60 

64 

24 (8 sites) 

106 

11 

122 
177 

54 

8 

114 

LO 

Table 2.4. Reported concentrations of selenium in world soils. 
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Se concentrations on which a response to Se supplementation took place 

were often acid and organic (Watkinson, 1962). 

In the U.S.A. surveys of herbage Se concentrations were used as a means 

of locating potentially deficient areas. Kubota et al. (1967), in a 

nationwide survey, sampled alfalfa and extrapolated the information to 

areas not covered on the basis of soil and soil parent material maps. 

They were able to delineate three main areas of potential deficiency 

which were closely related to the geology of the soil parent material. 

There were, however, modifications to this pattern due to the effect 

of soil profile development upon the availability of Se (Figure 2.3.). 

It is clear from the above information that Se deficiencies often occur 

on soils developed from igneous rocks, and this is also confirmed by the 

work of Sharman (1960) in Scotland who found that occurrences of enzootic 

muscular dystrophy in calves which could be treated by Se or vitamin E 

administration, were not only related to soils developed from granites 

but also from Old Red Sandstone and Carboniferous sandstones. Later 

Blaxter (1963) reported that sheep in the same areas responded to Se 

supplementation. Similarly Gardiner (1969) reports that metamorphosed 

pre-Cambrian rocks and Archaen granites are often the parent materials 

of soils on which outbreaks of W.M.D. are widespread in Western Australia. 

This information is summarised in Table 2.5. which clearly demonstrates 

that igneous rocks and predominantly arenaceous sedimentary rocks may 

give rise to selenium deficient soils. This is in accord with the obs-

ervations reported in section 2.2. that Se separates from silicate 

bearing rocks during igneous activity. In contrast volcanic ashes, 

and soils developed from them normally contain higher levels of Se 

(Lakin and Davidson, 1967; Wells, 1967). 

As noted by Kubota et al. (1967), any basic relationship between parent 

material type and soil and plant levels of Se can be modified by other 

factors. Gardiner and Gorman (1963) found that rainfall affected 

plant Se levels in Western Australia such that they were lowest near to 

the coast where the rainfall was greater, probably due to increased 

leaching of the soils. This interestingly contrasts with the effects 

of rainfall on the Se content of humic soils in Norway reported by Lag 

and Steinnes (1977) and discussed in section 2.8. Additionally plant 



Plants with very low 

concentrations of Se: 

Soils developed from 

recent volcanic 

depos its. 

Plants with low concentrations 

of Se: 

Acid to alkaline soils developed 

on granites and old metamorphic 

Plants with low conc-

entrations of Se: 

Alkaline soils dev-

eloped from low 

Se tertiary 

volcanic rocks. 

Plants with low concentrations 

of Se: 

Predominantly acid soils from 

pre-cretaceous sedimentary 

parent materials. 

Plants with very low-concen-

trations of Se: 

Acid and poorly drained soils 

developed from coastal deposits 

from a highly weathered land 

mass. 

NOTE Areas of low plant concentrations had more than 80% of plants with less than 0.1 ug g ' Se 

Areas of very low plant Se concentrations had more than 80% of plants with less than 0.05 ug g Se 

Figure 2.3. l)_i_s_t r i but ion of _po t e tUi ally selenium deficient areas in the U.S.A. (Kubota et al. , 1967) 

Ln 
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Country. Parent material. 

New Zealand. Granites. 

Rhyollitic pumice. 

Coastal sands. 

Scotland. Granites. 

Old Red Sandstone. 

Carboniferous sandstones. 

Australia (western). Pre-Cambrian metamorphics. 

Archaen granites. 

U.S.A. Recent volcanic rocks. 

Pre-Cretaceous sedimentary rocks 

Weathered coastal deposits-

Granites and metamorphics. 

Table 2.5. Parent materials of soils giving rise to selenium deficiency 

problems (after Fleming, 1980). 
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Se levels were higher on heavier textured soils. In Saskatchewan, 

Canada, Doyle and Fletcher (1977) established that both the Se cont-

ent of wheat plants and of the C horizon of the soil on which they 

grew were related to the nature of the parent material. Median 

differences between parent materials were significant, however, there 

was a poor correlation between plant Se and C horizon concentrations 

within each parent material group, which was explained by differences 

in soil pH, drainage and secondary iron oxide content affecting the 

availability of the Se in the soil. Despite the similarity in the 

C horizon Se concentration of two soils developed on different alluvial 

parent materials in British Colombia, herbage concentrations were much 

higher on a carbonated orthic gleysol than on an orthic grey luvisol 

(Van Ryswyck et al., 1976). This was related to differences in soil 

type, and primarily to the reduced availability of Se in the more acid 

Ap horizon of the luvisol; differences in soil organic matter, moisture 

regime and pH were also implicated. 

More detailed studies of the distribution of Se in soil profiles have 

been undertaken. In a qualitative appraisal of Se distribution in 

representative New Zealand soils, Wells (1967) found that topsoils 

(mean Se content of 0.6 jig; g were generally more enriched in Se 

than the parent materials from which they were formed (mean content 

of 0.42 jig g The Se content of very immature AC type soils was 

directly dependant upon the Se content of the parent rock. Where 

weathering had lead to a more distinct profile development Se was 

retained against the processes of leaching by the products of 

mineral weathering, clays and hydrous oxides of Fe. Therefore clay 

rich B horizons and Fe rich horizons of podzols were characteristically 

more enriched in Se. Additionally, dependant upon the degree of weath-

ering, podzolisation acted to reduce the amount of Se in the elluvial 

horizon, although even in the absense of ferric Fe, the elluvial 

horizon of gleyed podzols retained Se against leaching. Gleying 

apparently had little effect on the amount of Se present; Se also 

accumulated in zones of organic enrichment. All these processes inter-

acted with the nature of the parent material in influencing the Se 

content of the topsoil. 

Koljonen (1975) found similar patterns of Se distribution in podzols, 
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which predominate in Finland, and due to their low pH he assumed that 

Se would probably occur as the elemental or selenite form, the latter 

in association with ferric oxides. In a more detailed study of the 

factors governing the distribution of Se in Canadian soil profiles, 

Levesque (1974a) found that the most important factors were the Se 

content of the parent material and the organic carbon content of the 

topsoil. However, the profile distribution of Se was closely correl-

ated with both organic carbon and the reactive forms of Fe and Al 

(extracted by oxalate), and thus he summised that Se was associated 

with organic matter in upper horizons and with Fe in the subsoil, 

this being most pronounced in the case of podzols. 

In addition Se accumulated in soils relative to the parent material 

levels, and he postulated that Se accumulation in the B horizon comp-

ared to the A was largely the result of downward migration, in which 

organic matter - Fe(or Al) complexes might be implicated. Further 

work, using gel filtration techniques to separate alkaline soluble 

soil Se components on the basis of molecular weight, suggested that a 

proportion of the selenite added to a soil ultimately became incor-

porated in organic matter - Se, or organic matter - Fe - Se complexes 

(Levesque, 1974b). In contrast to Wells (1967), Levesque suggested 

that clay content had no influence on Se distribution. 

In summary therefore, the primary factor influencing the Se content 

of soils is the nature of the parent material, with granites and 

coarse grained sandstones most likely to give rise to soils with very 

low levels of Se. The processes of soil formation may influence this 

relationship by redistributing Se through the soil profile. The 

lowest availability of Se is likely to be encountered in acid soils 

occurring in humid areas. Little is known of how these processes 

influence the distribution of Se in British soils; and perhaps more 

importantly in this respect, little work has been undertaken to 

elucidate the nature of the distribution and availability of Se under 

predominantly reducing conditions in gleyed soils. 

2.9.3. In soils iri England and Wales. 

The most comprehensive information available on the Se content of soils 

in England and Wales is that of Thornton et al. (in press), who 
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related the Se content of topsoils to the lithology of the parent 

material for some.517 soil samples (Table 2.6.). The mean Se 

concentration of all the soils (0.48 pg g is comparable to those 

of other world soils presented in Table 2.4., but is lower than the 

median Se content of soils from a more restricted area in the east 

Midlands and Wales of 0.60 g
 1

 (Archer, 1980). Selenium concen-

trations in soils located on chalk, limestone, sands and sandstones 

(0.33, 0.38 and 0.36 jig g * respectively) were lower than those devel-

oped on finer argillaceous lithologies (clay, mudstone and shales, mean 

0.47 jig g ). This conforms with reports that the Se concentrations 

are higher in shales than in sandstones and carbonate rocks (section 

2.2.). However, considering the fact that Se is usually concentrated 

in soils relative to their parent materials (Levesque, 1974a; Wells, 

1967) it would appear that a proposed mean Se content for shales of 

0.60 jig g * (Turekian and Wedepohl, 1961) is an overestimate for 

argillaceous rocks in England and Wales when compared to a mean content 

of 0.47 jig g * Se for soils developed from such rocks. Considering 

the fact that many seleniferous rocks are shales, it is possible that 

previous estimates of mean Se contents for shales were unreasonably 

weighted by inclusion of data from Se rich rocks. The inclusion of 

data from soils derived from black shales, which are often enriched 

in Se, might explain the higher mean Se content of soils developed from 

shales (0.64 jig g compared to clays and mudstones (0.43 and 0.45 

jig g ^ respectively) in this work (Table 2.6.). 

The high mean Se concentrations in soils from areas underlain by 

mineralised rocks presumably derive from the dispersion of Se which 

was formerly concentrated with sulphides (section 2.2.), rather than 

from the granites and shales themselves. 

Thornton et al. (in press) therefore considered that the nature of 

the parent material was an important factor in determining the Se 

status of soils in England and Wales. It might be noted that, 

excluding peats and soils from mineralised areas, the mean soil Se con-

centration is 0.41 jig g * which is less than the value of 0.45 jig g 

below which Watkinson (1962) reported a frequent response to Se 

supplementation in sheep grazing on such land in New Zealand. 

Although this information may not be directly applicable to the situ-

ation in England and Wales, it must be viewed in light of the work 
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Parent material. 
Number of 
samples. 

Se (range) 
— — -

/ g 

_ j Se(mean) 

Chalk. 41 0.11 - 1.43 0.33 

Limestone. 25 0.13 - 0.86 0.38 

Sandstone. 190 0.01 - 2.11 0.36 

Clay. 134 0.08 - 2.91 0.43 

Mudstone. 43 0.09 - 1.59 0.45 

Shale. 38 0.25 - 1.07 0.64 

Mineralised 
16 0.71 - 4.66 1.14 

granite and shale 
16 0.71 - 4.66 1.14 

Peat. 30 0.47 - 2.11 1.20 

ALL SOILS. 517 0.01 - 4.66 0.48 

Table 2.6. Concentrations of "total" selenium in some surface soils 

(0-15 cms) in England and Wales (Thornton et al., in press). 
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o f Anderson e t a l . (1979) who, by assesment o f the b i o l o g i c a l Se s t a t u s 

o f sheep, demonstrated t h a t some 40% o f farms were unable t o p rov ide 

g r a z i n g sheep w i t h s u f f i c i e n t Se i n England and Wales ; t h i s w i l l be 

d i scussed i n more d e t a i l l a t e r . 
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CHAPTER 3 . SAMPLE PREPARATION AND ANALYSIS. 

3 . 1 . Sample p r e p a r a t i o n . 

The f o l l o w i n g techniques were used f o r a l l samples c o l l e c t e d i n the 

f i e l d . Sampling schemes v a r i e d between f i e l d areas and are d i scussed 

i n the r e l e v a n t s e c t i o n , however, a f t e r c o l l e c t i o n a l l samples were 

placed i n K r a f t paper bags f o r r e t u r n t o the l a b o r a t o r y . 

3 . 1 . 1 . S o i l s . 

A l l s o i l s were a i r d r i e d at l e s s than 25°C, then l i g h t l y ground t o 

break up the aggregates. The l e s s than 2 mm m a t e r i a l was separated by 

s i e v i n g and r e p r e s e n t a t i v e sub-samples were ground t o l e s s than 0 . 5 mm 

and l e s s than 80 mesh ( l e s s than 200 yum) as r e q u i r e d . A l l samples were 

subsequent ly s t o r e d i n paper bags i n a cool d ry p lace. D r y i n g and 

s torage a t room temperature were adopted so as to reduce the r i s k o f l o s s 

o f Se by v o l a t i l i s a t i o n f rom the samples, which would be promoted by 

warm and humid c o n d i t i o n s (Hamdy and G i s s e l - N i e l s e n , 1976a; Z ieve 

and P e t e r s o n , 1981) . 

3 . 1 . 2 . Rocks. 

A l l samples, being r e l a t i v e l y s o f t , were crushed by hand i n a p e s t l e 

and m o r t a r , and then r e p r e s e n t a t i v e sub-samples were ground t o l e s s 

than 80 mesh b e f o r e a n a l y s i s . 

3 . 1 . 3 . Herbage. 

A l l herbage was washed immediately on r e t u r n to the l a b o r a t o r y by 

r i n s i n g s e v e r a l t imes i n d e - i o n i s e d w a t e r . As much m o i s t u r e as p o s s i b l e 

was removed by shak ing, and d r y i n g w i t h paper towels be fo re the samples 

were d r i e d f o r 48 h r s i n a d r y i n g cabinet w i t h c i r c u l a t i n g a i r a t 20°C. 

The d r i e d herbage was then m i l l e d i n a C h r i s t y and N o r r i s m i l l designed 

t o reduce the r i s k o f t race element contaminat ion. Prepared samples 

were s t o r e d i n paper bags i n a cool dry p lace, and were analysed w i t h i n 

14 days o f c o l l e c t i o n . 
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3 . 2 . A n a l y t i c a l techn iques . 

F o r the survey work which was undertaken i n the t h r e e f i e l d areas 

descr ibed i n Chapters 4 , 5 and 6 , the same s u i t e o f parameters was meas-

ured i n the a n a l y s i s o f a l l the s o i l samples. I n general these were 

s o i l chemical c r i t e r i a wh ich, f rom the evidence presented i n p a s t 

work on Se i n s o i l s , were considered t o i n f l u e n c e the d i s t r i b u t i o n o f 

Se i n s o i l s . Thus Fe has o f t e n been imp l ica ted i n t h i s respect 

(Geering e t a l . , 1968; Cary and Al laway, 1969; Howard, 1977) , and 

hydrous f e r r i c ox ides are known t o be capable o f Se a d s o r p t i o n ( H i n g s t o n , 

e t a l . , 1968; Hamdy and G i s s e l - N i e l s e n , 1977) and a l s o t o be a f a c t o r 

r e l a t e d t o both the magnitude o f Se a d s o r p t i o n by s o i l s (John e t a l . , 

1976) and i t s c o n c e n t r a t i o n i n h o r i z o n s o f s o i l p r o f i l e s (Levesque, 

1974a). S i m i l a r l y , evidence e x i s t s f o r the a d s o r p t i o n o f Se by ox ides 

o f aluminium i n the s o i l (Levesque, 1974a; John e t a l . , 1976; Ra jan , 

1979) . F o r both Fe and A l t h e r e f o r e two techniques were adopted, a 

n i t r i c acid e x t r a c t i o n , r e p r e s e n t i n g " t o t a l " Fe and A l and Al^_), 

and Fe and A l ex t rac ted by 0.1M potass ium pyrophosphate (Fe^ and A l ) 

r e p r e s e n t i n g " a c t i v e " hydrous o x i d e s . 

Selenium has been shown t o be assoc ia ted w i t h organic mat te r i n the 

s o i l , e s p e c i a l l y i n t o x i c s o i l s i n E i r e (F leming and Walsh , 1957; 

Tab le 2 . 3 . ) ; and i s a l s o thought t o be i n v o l v e d i n an organic cycle 

( S h r i f t , 1964) . Levesque (1974b) cons idered t h a t organic complexes may 

have a r o l e i n the r e d i s t r i b u t i o n o f Se i n s o i l p r o f i l e s . Consequently 

a measure o f the organic mat te r content o f the s o i l , percentage l o s s 

on i g n i t i o n , was adopted. 

The o x i d a t i o n s t a t e o f the Se i n the s o i l i s known t o be i n f l u e n c e d by 

changes i n the pH and redox p o t e n t i a l (Geering e t a l . , 1968; Howard, 

1977) and t o x i c i t y problems i n s o i l s have been l i n k e d t o the predominance 

o f the s o l u b l e se lenate anion i n a l k a l i n e c o n d i t i o n s (Olson e t a l . , 

1942; F leming and Walsh , 1957) . Measurement o f pH i s a r o u t i n e 

proceedure, and i n t h i s s tudy was determined f o r s o i l i n s o l u t i o n 

w i t h b o t h water (pHw> and 0.1M CaCl2 ( P H C a ) . Subsequent data a n a l y s i s 

(Chapter 6) showed t h a t when c o r r e l a t e d w i t h o t h e r s o i l parameters 

measured i n t h i s s tudy t h e r e was no d i s c e r n a b l e d i f f e r e n c e i n e f f e c t 

between these two measures o f pH, and so pH was l a t e r chosen as the 
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s o l e parameter. E s t i m a t i o n o f the s o i l redox p o t e n t i a l i s a more 

complex problem; Keeley (1973) considered t h a t f i e l d d e t e r m i n a t i o n s o f 

redox p o t e n t i a l were u n r e l i a b l e and a t b e s t provided on ly a semi-

q u a n t i t a t i v e e s t i m a t e . F o r the purpose o f t h i s s tudy i t was decided n o t t o 

measure Eh q u a n t i t a t i v e l y , as i t was f e l t t h a t c a r e f u l r e c o r d i n g o f 

s o i l c h a r a c t e r i s t i c s such as c o l o u r , m o t t l i n g and m o i s t u r e s t a t u s , when 

used i n c o n j u n c t i o n w i t h i n f o r m a t i o n f rom o the r sources (Baas-Becking 

e t a l . , 1960; P e a r s a l l , 1938) would p rov ide u s e f u l i n f o r m a t i o n on the 

s o i l redox p o t e n t i a l . Such c r i t e r i a p rov ide an i n d i c a t i o n o f the 

e f f e c t s o f o x i d a t i o n and r e d u c t i o n i n the s o i l over the whole year , 

whereas Eh measurement by p la t i num e l e c t r o d e , o r o t h e r s i m i l a r methods, 

i s s p e c i f i c t o the c o n d i t i o n s p r e v a i l i n g a t the t ime o f measurement. 

Manganese oxides are a l s o capable o f t r a c e element a d s o r p t i o n i n the 

s o i l (Jenne, 1979) , and as t h e i r occurrence depends upon, and t o some 

e x t e n t determined the redox p o t e n t i a l o f the s o i l , i t was decided t h a t 

the Se content o f the s o i l might be i n f l u e n c e d by t h a t o f Mn, a l though 

no s p e c i f i c evidence f o r t h i s e x i s t s . Manganese was t h e r e f o r e determined 

as t h a t ex t rac ted by ho t n i t r i c ac id , r e p r e s e n t i n g " t o t a l " Mn (Mn fc). 

T o t a l Ca and Mg were a l s o determined i n h o t n i t r i c acid e x t r a c t s as 

r e p r e s e n t i n g o t h e r major s o i l ca t ions (Ca t and Mg^). 

I n these p r e l i m i n a r y s t u d i e s one p o s s i b l e omis s ion f rom the s u i t e 

o f analyses was the clay content o f the s o i l . W e l l s (1967) considered 

t h a t Se tended t o be concentrated i n h o r i z o n s o f c lay and f e r r i c oxide 

enr ichment . However, i t has been shown t h a t hydrous f e r r i c oxide f i x e s 

Se more r e a d i l y than s e v e r a l s o i l c lay m i n e r a l s (Hamdy and G i s s e l - N i e l s e n , 

1977) , and a l s o t h a t the clay content o f the s o i l has l i t t l e o r no 

i n f l u e n c e on the d i s t r i b u t i o n o f Se i n h o r i z o n s o f Canadian s o i l p r o f i l e s 

(Levesque, 1974a). So the clay content o f the s o i l was n o t determined, 

i t being considered t h a t the major r o l e o f c lays i n the s o i l chemis t ry 

o f Se i s probably as a s i t e f o r the p r e c i p i t a t i o n o f ox ides o f Mn, Fe 

and A l which themselves would be more impor tan t i n the a d s o r p t i o n and 

r e t e n t i o n o f Se i n the s o i l . Rough f i e l d de te rmina t ions o f t e x t u r e were, 

however, taken t o p rov ide some i n f o r m a t i o n on the r e l a t i v e t e x t u r e o f 

the s o i l s . 
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O u t l i n e s o f the a n a l y t i c a l techniques used, and the reasons f o r t h e i r 

s e l e c t i o n , are g iven below. 

3 . 2 . 1 . T o t a l se len ium (Se ) . 1 — 

The technique used, apar t f rom sma l l d i f f e r e n c e s i n the d i g e s t i o n 

proceedure, was the same f o r s o i l s , rocks and herbage, and f o l l o w s t h a t 

o f Pahlavanpour e t a l . ( 1 9 8 0 ) . B r i e f l y , Se i s s o l u b i l i s e d by d i g e s t i o n 

o f the f i n e ground, o r m i l l e d , m a t e r i a l u s i n g a m i x t u r e o f n i t r i c and 

p e r c h l o r i c acids under a c o n t r o l l e d temperature regime which reduces 

the r i s k o f l o s s o f Se f rom the samples by v o l a t i l i s a t i o n . D e t e r m i n -

a t i o n o f Se i n s o l u t i o n proceeds by i t s r e d u c t i o n t o hydrogen s e l e n i d e 

w i t h a l k a l i n e sodium t e t r a h y d r o b o r a t e . The hydrogen s e l e n i d e i s then 

c a r r i e d by argon gas t o an i n d u c t i v e l y coupled plasma source f o r 

d e t e r m i n a t i o n by e m i s s i o n spect romet ry ( u s i n g A . R . L . 64000C machine). 

T races o f Cu i n s o l u t i o n i n t e r f e r e w i t h the p roduct ion o f hydrogen 

s e l e n i d e and so p r i o r to the r e d u c t i o n stage Se i s separated f rom 

s o l u t i o n by c o - p r e c i p i t a t i o n w i t h lanthanum hydrox ide . The p r e c i p i t a t e 

i s d i s s o l v e d i n 5M HC1 and potass ium bromide added to ensure the r e d -

u c t i o n o f Se^+ t o the 4+ o x i d a t i o n s t a t e , t hus enabl ing i t s e f f i c i e n t 

r e d u c t i o n t o hydrogen s e l e n i d e . 

The advantages o f t h i s method are a c a p a b i l i t y to handle l a r g e batches 

o f samples, a d e t e c t i o n l i m i t (c. 1 ug ml comparable t o t h a t o f an 
. . -1 

atomic a d s o r p t i o n - hydr ide sys tem, l i n e a r c a l i b r a t i o n up t o 1000 ng ml , 

and ease o f execut ion compared t o the p r e v i o u s l y used f lou rescence 

methods (Pahlavanpour e t a l . , 1980) . A l l r e s u l t s are r e p o r t e d i n Se 

g 1 o f a i r d r y , l e s s than 2 mm s o i l o r rock; o r g 1 herbage D.M. 

3 . 2 . 2 . Pyrophosphate e x t r a c t a b l e Fe and A l (Fe^ and A l )•. 

0.1M potass ium pyrophosphate was chosen as an e x t r a c t a n t f o r f r e e amorph-

ous Fe andAl o x i d e s . Bascombe (1968) repor ted t h a t t h i s e x t r a c t a n t 

pept i sed f i n e amorphous p a r t i c l e s w i t h o u t s e r i o u s a t tack on s i l i c a t e s , 

and t h a t t h i s f r a c t i o n , because o f i t s l a r g e s u r f a c e area, would have 

a great e f f e c t on s o i l p r o p e r t i e s . I t t h e r e f o r e g ives good e x t r a c t i o n 

o f amorphous " g e l " hydrous ox ides o f F e , organic complexes o f F e , and 

was thought t o g ive good e x t r a c t i o n o f organic complexes o f A l . Other 

commonly used e x t r a c t a n t s such as acid oxalate and d i t h i o n i t e are c o n s i d -

ered t o e x t r a c t i n t u r n , aged amorphous hydrous oxides and c r y s t a l i n e 
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o x i d e s , which do no t make as great a c o n t r i b u t i o n t o the r e a c t i v e 

s u r f a c e area o f the s o i l . W i t h relevance t o the work i n Chapter 6 , 

B a l l and Beaumont (1972) demonstrated t h a t t h e r e was l i t t l e a t tack by 

t h i s e x t r a c t a n t on c o n s t i t u e n t s o f S i l u r i a n sha les f rom n o r t h Wales . 

I t has been thought more r e c e n t l y t h a t pyrophosphate i s a c t u a l l y s p e c i f i c 

f o r o rganic complexes o f F e , whereas i t has a s l i g h t l y broader a c t i o n 

f o r A l compounds (McKeague e t a l , 1971) . However, as pyrophosphate 

e x t r a c t i o n i s used t o mon i to r r e d i s t r i b u t i o n o f Fe and A l i n s o i l 

p r o f i l e s (Avery, 1980) , and c o n s i d e r i n g r e p o r t e d r e l a t i o n s h i p s between 

Se and organic m a t t e r , pyrophosphate was considered t o be the most s u i t -

able s i n g l e e x t r a c t a n t t o use i n t h i s s tudy as an es t imate o f " a c t i v e " 

Fe and A l o x i d e s . 

The method used f o l l o w s t h a t o f Avery and Bascombe (1974) and i n v o l v e s 

shaking o f s o i l and 0.1M potass ium pyrophosphate s o l u t i o n a t a 1 :100 

weight t o volume r a t i o f o r 16 h r s , f o l l o w e d by c e n t r i f u g a t i o n t o produce 

a c lea r s o l u t i o n i n which Fe and A l are determined by atomic a d s o r p t i o n 

spectrophotometry ( u s i n g a P e r k i n E lmer 4 0 3 ) . R e s u l t s f o r Fe and A l 
P c* . P 

are r e p o r t e d as the percentage o f the a i r d r y , l e s s than 2 mm f r a t i o n o f 

the s o i l . 

3 . 2 . 3 . N i t r i c acid d i g e s t i o n f o r F e , A l , Mn, Ca and Mg i n s o i l s and 

rocks (Fe . A l , Mn , Ca_ and Mg ) . 
— t - t - 1- 1 - t - — 

E s t i m a t e s o f the t o t a l s o i l and rock content o f F e , A l , Mn, Ca and 

Mg were made u s i n g a t tack on f i n e ground m a t e r i a l ( l e s s than 80 mesh) 

w i t h 70% n i t r i c acid a t 105 C f o r one h o u r , fo l lowed by a n a l y s i s f o r a l l 

elements by atomic a d s o r p t i o n spectrophotometry ( P e r k i n E lmer 4 0 3 ) . 

T h i s a t tack i s completely e f f e c t i v e f o r s o l u b i l i s i n g c o n s t i t u e n t s o f c lay 

m i n e r a l s . F o r o t h e r rock fo rming m i n e r a l s the at tack may be v i r t u a l l y 

complete ( f e l d s p a r s and o l i v i n e ) , p a r t i a l ( e . g . about 50% f o r p y r o x i n e , 

b i o t i t e and amphibole), o r negl igeable ( q u a r t z ) . R e s u l t s f o r the above 

parameters are expressed as a percentage o f the a i r d r y , l e s s than 

2 mm s o i l o r r o c k , w i t h the except ion o f r e s u l t s f o r Mn which are 

g iven i n ug Mn g s o i l o r rock . 
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3 . 2 . 4 . pH i n water (pH ) . 
w — 

The method used i s t h a t g iven i n Avery and Bascombe ( 1 9 7 4 ) , where the 

pH o f a 1 : 2 . 5 r a t i o - l e s s than 2 mm, a i r dry s o i l and water suspens ion 

i s determined u s i n g a pH e lect rode and meter . 

3 . 2 . 5 . E s t i m a t e o f the organic mat te r content by l o s s o f weight on 

i g n i t i o n ( L . O . I . ) . 

Many methods are a v a i l a b l e f o r the e s t i m a t i o n o f the o rgan ic mat te r o r 

o rganic carbon content o f the s o i l (Hesse, 1971) , bu t f o r the purposes 

o f t h i s work e s t i m a t i o n by the l o s s o f we ight on i g n i t i o n was considered 

t o p rov ide a convenient and r a p i d technique f o r dea l ing w i t h the number 

o f samples i n v o l v e d . The technique adopted i s t h a t o f Avery and 

Bascombe (1974) where the l o s s o f weight o f an oven d ry (105°C) sample 

i s es t imated a f t e r i g n i t i o n at 375°C f o r 16 h r s , and was chosen i n 

p re fe rence to i g n i t i o n at 850°C as e r r o r s due t o the l o s s o f s t r u c t u r a l 

wa te r s f rom c lays are min imised ( B a l l , 1964) . As none o f the s o i l s 

s t u d i e d were calcareous , weight l o s s due t o the d e s t r u c t i o n o f carbon-

ates was considered t o be un impor tan t , however, i t was recognised t h a t 

t h i s technique d e s t r o y s elemental carbon i n a d d i t i o n t o o rgan ic f o r m s . 

An o p p o r t u n i t y arose t o c a l i b r a t e the method aga ins t one f o r the 

d e t e r m i n a t i o n o f o rgan ic carbon. T h i s method invo lved the d e s t r u c t i o n 

o f carbonates by r e a c t i o n o f the sample w i t h 25% H^PO^ f o r 30 mins i n 

a 100 ml vaccine b o t t l e . The CX^ produced i s f l u s h e d out o f the b o t t l e 

w i t h a s t ream o f a i r be fo re d i g e s t i o n o f ca rbon ,w i th a m i x t u r e o f chromium 

t r i o x i d e i n 80% HNO^ and s a t u r a t e d phosphorous pentoxide i n concentrated 

H^SO^, takes place i n the sealed b o t t l e , a t 105 C f o r 1 h r . The 

c o n c e n t r a t i o n o f C02 evolved i s subsequent ly determined by gas chromat-

ography ( L o v e l l , 1979) . 

Twenty s i x samples, r e p r e s e n t i n g a range o f organic mat te r c o n t e n t s , i n 

s o i l s f rom the L lansannan s tudy area, were analysed by bo th methods 

and the r e s u l t s are g iven i n F i g u r e 3 . 1 . There i s good l i n e a r c o r r e l -

a t i o n ( r = 0 . 9 9 9 * * * ) between the two de te rmina t ions which can be descr ibed 

by the f o l l o w i n g r e g r e s s i o n equat ion : 

Organic carbon (%) = 0 . 4 1 5 L . O . I . (%) - 0 . 3 6 4 . 
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Figure 3.1. Relationship between the organic carbon content and the loss of weight on ignition (L.O.I.) for twenty 

six soil horizons from the LLansannan area. 
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T h i s equat ion compares c l o s e l y w i t h an equat ion der ived by B a l l 

(1964) f o r a s e t o f s o i l s f rom n o r t h Snowdonia: 

Organic carbon (%) = 0 . 4 5 8 L . O . I . (%) - 0 . 4 

As the r e l a t i o n s h i p between L . O . I , and organic carbon was l i n e a r no 

at tempt was made t o conver t L . O . I , va lues t o percentage organic carbon 

d u r i n g the s t u d y . 

3 . 2 . 6 . S i z e f r a c t i o n s e p a r a t i o n . 

T h i s was an a d d i t i o n a l technique used i n a l i m i t e d number o f s o i l 

p r o f i l e s f o r the assesment o f the c o n t r i b u t i o n o f f i n e and coarse 

m a t e r i a l to the t o t a l Se content o f the s o i l . 

A r e p r e s e n t a t i v e sample o f l e s s than 2 mm, a i r d ry s o i l was placed 

i n a beaker f o r 24 h r s w i t h 50 m l , 10% ammonia s o l u t i o n t o a id i n the 

d i s p e r s i o n o f the clay f r a c t i o n . The contents o f the beaker were t r a n s -

f e r r e d to an evapourat ing b a s i n th rough a 63 jim s e i v e u s i n g a 

rubber p e s t l e and water to a i d the breakdown o f aggregates. The 

contents o f the s e i v e were a l s o t r a n s f e r r e d t o an evapourat ing b a s i n 

and both the f i n e ( l e s s than 63 j m ) and coarse (g rea te r than 63 jim) 

f r a c t i o n s were d r i e d i n a d r y i n g cabinet a t 20°C. Bo th f r a c t i o n s were 

then ground to l e s s than 80 mesh. 

3 . 3 . A n a l y t i c a l q u a l i t y c o n t r o l . 

3 . 3 . 1 . D e t e r m i n a t i o n by atomic a d s o r p t i o n and i n d u c t i v e l y coupled 

plasma. 

The f o l l o w i n g q u a l i t y c o n t r o l proceedures were used t o assess the 

accuracy and p r e c i s i o n o f the r e s u l t s : 

i . The use o f machine c a l i b r a t o r s t o mon i to r machine performance. 

These were prepared u s i n g B . D . H . s tandard s o l u t i o n s and were made up 

i n a m a t r i x s o l u t i o n s i m i l a r t o t h a t o f the samples. They were 

d i s t r i b u t e d s y s t e m a t i c a l l y w i t h i n , and made up to 10% o f the batch. 
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i i . The use o f d u p l i c a t e a n a l y s i s o f samples to mon i to r w i t h i n 

batch p r e c i s i o n ( i . e . the r e p r o d u c i b i l i t y o f the r e s u l t s ) . I n each 

batch 10% o f the samples were analysed i n d u p l i c a t e , and inc luded 

randomly w i t h i n the batch. P r e c i s i o n (P) i s a f u n c t i o n o f the c o e f f -

i c i e n t o f v a r i a t i o n (CV) such t h a t f o r a normal d i s t r i b u t i o n : 

P = F x CV, where F i s the confidence l i m i t and i s equal t o 1 (65%), 

2 (95%), e t c . 

I n these analyses F=2 and t h e r e f o r e P = 2 x 100 and so 95% o f r e s u l t s 

f a l l between 100- P%. T h i s was es t imated by the use o f p r e c i s i o n c o n t r o l 

c h a r t s ( F i g u r e 3 . 2 . ) , 90% o f the p o i n t s p l o t t e d on t h i s char t w i l l 

f a l l below the diagonal appropr ia te t o the p r e c i s i o n a t the 95% 

confidence l i m i t (Thompson and Howarth, 1972) . 

The r e s u l t s o f any one batch o f analyses were accepted i f the p r e c i s i o n 

was l e s s than , o r equal t o 10%. Samples were analysed i n batches o f 

between 50 and 150 samples, and a l l the samples w i t h i n the batch were 

randomised t o ensure t h a t no machine b i a s would a f f e c t any sys temat ic 

inc rease or decrease i n va lues obtained i n a c e r t a i n sampling p a t t e r n . 

i i i . The use o f departmental s tandard re fe rence m a t e r i a l s , inc luded 

i n each batch t o c o n t r o l the between batch b i a s and the o v e r a l l b i a s 

o f r e s u l t s th roughout the pe r iod o f the work. These were again 

inc luded randomly and made up to 5% o f each batch. When a v a i l a b l e two 

such re fe rence m a t e r i a l s were used t o r e p r e s e n t h i g h and low va lue 

samples. C o n t r o l c h a r t s show the accepted va lue f o r each re fe rence 

m a t e r i a l and the range and mean o f measured v a l u e s . Two such c h a r t s are 

shown i n F i g u r e 3 . 3 . f o r re fe rence m a t e r i a l s "Weald Loam" and "Lower 

L i a s " which were used d u r i n g Se a n a l y s i s o f s o i l s and r o c k s , and 

represented s o i l s c o n t a i n i n g low and h i g h concent ra t ions r e s p e c t i v e l y 

when compared t o normal ly expected v a l u e s . Mean Se contents were 

0 . 2 2 |ig g ' f o r Weald Loam and 0 . 7 9 yig g * f o r Lower L i a s . 

i v . The use o f reagent b lanks t o assess background c o n c e n t r a t i o n s and 

p o s s i b l e contaminat ion e r r o r s . 



61 

Mean of results. 

.01 .10 I . 0 10 

In a set of duplicate measurement, tin many samples, 90% of the points 

will fall below the diagonal appropriate to the precision of the meas-

urements at the 95% confidence Limits. 

Figure 3.2. Fxamp1e precision control chart used in analytical 

qua 1ity control. 
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a. Reference material. "Weald Loam": 

GO 

GO 

.26-1 

.24 

.22 

.20 1 

.18 

. 16 

o 
_Q P_ 

1 T 

O O 

2 3 

o 
o 

Mean +S.D 

Mean = 0.22 

Mean -S.D 

T 1 1 1 1 
5 6 7 8 9 

Batch number. 

b. Reference material "Lower Lias ": 

. 8 6 -

^ . 8 2 -

GO 

go -78 

CD zn 
74 -

. 70 -

t 1 r 
2 3 4 

T r 

5 6 

Mean + S.D. 

Mean = 0.79 

Mean -S.D. 

i r 

Batch number. 

Figure 3.3. Control charts for reference materials used in the ana lysis 

of Se in soils and rocks. 1 
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3 . 3 . 2 . D e t e r m i n a t i o n o f pH. 

Machine c a l i b r a t o r s took the fo rm o f s tandard b u f f e r s o l u t i o n s used 

to mon i to r the v a r i a t i o n s i n machine performance. No reagent b lanks 

could be used. D u p l i c a t e analyses and a re fe rence m a t e r i a l were a l s o 

inc luded. Batches were normal ly o f 50 samples. 

3 . 3 . 3 . D e t e r m i n a t i o n o f l o s s o f weight on i g n i t i o n . 

The method used d id not a l low f o r the use o f machine c a l i b r a t o r s o r 

b lanks ( s e c t i o n 3 . 2 . 5 . ) . D u p l i c a t e analyses and a re fe rence m a t e r i a l 

were inc luded i n each batch which normal ly contained some 40 samples. 
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C H A P T E R 4 . SOILS D E V E L O P E D ON THE L O W E R GREENSAND OF THE W E S T W E A L D . 

4 . 1 . I n t r o d u c t i o n . 

The rocks and s o i l s o f the Lower Greensand are known to be i n h e r a n t l y 

poor i n many t race elements, and occurrences o f Cu and Mg d e f i c i e n c i e s 

have been repor ted (Wood, 1975; Jordan, 1975) . Cons ider ing both 

these observa t ions , and a l s o those o f B l a x t e r (1963) who demonstrated 

a response to Se a d m i n i s t r a t i o n i n sheep f rom farms w i t h s o i l s 

developed f rom arenaceous parent m a t e r i a l s i n Scot land, i t was 

considered t h a t s o i l s o f the Lower Greensand would prov ide an example 

o f s o i l s low i n Se. The work o f T h o r n t o n e t a l . ( i n p r e s s ) on B r i t i s h 

t o p s o i l s which i s repor ted i n Chapter 2 , has al ready demonstrated t h a t 

the Se content o f s o i l s der ived f rom sandstone (mean=0.38 ug g 
- 1 

range=0.01 - 2 . 1 1 j i g g , n=190) i s l e s s than t h a t o f s o i l s f rom most 

o t h e r parent m a t e r i a l s (mean f o r a l l s o i l s = 0 . 4 8 j i g g The sandstone 

o f the Lower Greensand c o n s i s t s o f f o u r d i s t i n c t beds and t h i s s tudy 

aimed t o t e s t , on a more l o c a l sca le , the ex is tance o f a broad r e l a t i o n -

s h i p between the na tu re o f the s o i l parent m a t e r i a l and the Se content 

o f the s o i l such as has been repor ted i n o ther c o u n t r i e s (see s e c t i o n 

2 . 9 . 2 . ) . 

Much o f the land u n d e r l a i n by the Lower Greensand has been colon ised by 

heath type vege ta t ion , where podzo l ic s o i l s are commonly developed on 

these f r e e l y d r a i n i n g parent m a t e r i a l s . I t was considered t h a t the c lear 

r e d i s t r i b u t i o n o f s o i l c o n s t i t u e n t s , and e s p e c i a l l y o f sesqu iox ides 

and_organic_matter , i n_ such_so i l s _mayx in f l uence_both t h e _ d i s t r i b u t i o n 

and content o f Se i n t h e i r p r o f i l e s . A d d i t i o n a l l y , t h e r e f o r e , seve ra l 

podzo l ic s o i l s were examined i n order t o i n v e s t i g a t e such phenomena. 

A g r i c u l t u r a l l y t h i s may be impor tant when rec la iming the heathland t o 

p roduct ive use; many o f the s o i l s o f the Lower Greensand now under 

c u l t i v a t i o n having been reclaimed f rom heathland i n the p a s t . 

4 . 1 . 1 . Geology. 

The f o l l o w i n g s o l i d fo rmat ions are p resen t i n the west Weald: 
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Chalk. 

Gaul t Clay. 

Lower Greensand 

F o l k e s t o n e beds: sand. 

Sandgate beds: clayey sand and i r o n sand. 

Bargate beds: sand, calcareous and s i l i c e o u s 

Cretaceous 

sandstone. 

Hythe beds: sand, s i l i c e o u s sandstone and 

cher t bands. 

A t h e r f i e l d c l a y : clay and sand. 

Wealden » 

Weald Clay clay and s i l t y m u d s t o n e w i t h 

s u b s i d i a r y beds o f sand, 

l imes tone and i r o n s t o n e . 

T h i s s tudy has been concerned w i t h those s o i l s developed on outcrops 

o f the f o u r sandstone beds o f the Lower Greensand; the occurrence 

o f these beds i n r e l a t i o n t o the t h r e e sampling areas i s shown i n 

F i g u r e 4 . 1 . The geology o f the wes t Weald has been descr ibed i n d e t a i l 

by T h u r r e l l e t a l . (1968) and G a l l o i s ( 1 9 6 5 ) . 

The Lower Greensand f o r m a t i o n i s predominant ly arenaceous but a l s o 

conta ins s i g n i f i c a n t sma l l amounts o f s i l t y and a r g i l l a c e o u s m a t e r i a l , 

i n a d d i t i o n to c h e r t , i r o n s t o n e and calcareous d e p o s i t s . The f o r m a t i o n 

d e r i v e s i t s name f rom the g r e e n i s h co lour o f the f r e s h r o c k s , which i s 

due t o the presence o f g laucon i te (a d ioc tahedra l i r o n r i c h mica); on 

exposure g laucon i te i s o x i d i s e d t o l i m o n i t e , w h i c h g i v e s a" y e l l o w o r 

r e d d i s h brown s t a i n i n g . 

The outcrop o f the Lower Greensand i n the sou th eas t o f England 

e n c i r c l e s the outcrop o f the o l d e r A t h e r f i e l d clay and the Wealden r o c k s , 

and i s most e x t e n s i v e i n the r e g i o n o f the west Weald. The o l d e s t sand-

s tone beds o f the f o r m a t i o n are the Hythe beds, which i n t h i s r e g i o n 

are made up o f f i n e grained g l a u c o n i t i c sands and sandstones . The 

sands are hardened i n the upper p a r t o f the f o r m a t i o n to beds o f 

compact, non calcareous sandstone, which may be c h e r t y . At approx-

imate ly 300 f t the beds are at t h e i r t h i c k e s t near Farnham i n the 

n o r t h w e s t , and t h i n towards M i d h u r s t i n the sou th west where they 
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Figure 4.1. Location of the three sampling areas.in relation to the 

occurrence of the beds of the Lower Greensand. 

Gault Clay 

Folkestone Beds 

Sandgate Beds 

Bargate Beds 

Hythe Beds 

Atherfield and 

Weald Clay 

Main towns: 

F - Farnham 

Cu - Guildford 

Go - Codalming 

H - Haslemere 

M - Midhurst 

Scale - 1:250 000 
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amount t o some 200 f t . 

The Bargate beds are d i s c o n t i n u o u s th roughout the Weald but i n t h i s r e g i o n 

are p resen t to the n o r t h o f the area around Godalming, Farnham and 

Haslemere, and a l s o immediately s u r r o u n d i n g M i d h u r s t t o the s o u t h . 

They c o n s i s t o f g l a u c o n i t i c sands and calcareous sands o f v a r i a b l e grade 

and a l s o inc lude some calcareous doggers, cher t and c h e r t y sandstone. 

The succeeding Sandgate beds comprise both f i n e and p o o r l y graded sands 

which l o c a l l y i n c l u d e g l a u c o n i t e , l i m o n i t e , sandy i r o n s t o n e s and c l a y . 

I n a d d i t i o n , t o the sou th around M i d h u r s t occur the Selham I r o n s h o t t 

Sands which are a loamy sand c o n t a i n i n g l i m o n i t e g r a i n s . 

The F o l k e s t o n e beds i n t h i s r e g i o n are c l e a r l y d i f f e r e n t i a t e d i n t o an 

upper group o f coarse sands, i n c l u d i n g q u a r t z , l y d i t e and i r o n s t o n e 

pebbles , and a lower group which c o n s i s t s o f f i n e q u a r t z sand w i t h 

occasional i l l - g r a d e d f a c i e s ; t hus they predominant ly c o n s i s t o f p o o r l y 

conso l idated quar t zose sands. The Lower Greensand i s then o v e r l a i n 

by the Gaul t Clay and the Chalk. 

Recent and d r i f t d e p o s i t s i n the area c o n s i s t main ly o f head, r i v e r 

g rave l s and a l l u v i u m , which are a l l o f l o c a l o r i g i n ; none o f them 

a re , however, e x t e n s i v e and the s o i l s o f the area are c h a r a c t e r i s t i c a l l y 

formed f rom the sandstones themselves . 

4 . 1 . 2 . S o i l s , c l imate and land use . 

The rocks o f the Hythe beds, being sandy and l a r g e l y r e s i s t a n t t o 

weather ing, produce a s i g n i f i c a n t upland which i n p a r t s p r e s e n t s a w e l l -

marked escarpment over look ing the broad lowlands o f the Weald Clay. 

T h i s can be seen i n the v i c i n i t i e s o f Blackdown, near Haslemere, and at 

Te legraph H i l l to the sou th which r i s e t o 280 m and 208 m r e s p e c t i v e l y . 

A t the f o o t o f the Hythe dip s lope the Bargate and Sandgate beds fo rm 

a va le over which the F o l k e s t o n e beds r i s e i n a low escarpment, towards 

the f o o t o f the Chalk downs. 

S o i l s developed on the outcrop o f the Lower Greensand are c h a r a c t e r -

i s t i c a l l y coarse t e x t u r e d and w e l l d ra ined; v a r i a t i o n s i n s o i l type 

are due l a r g e l y t o d i f f e r e n c e s i n the l i t h o l o g y o f the parent m a t e r i a l . 
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D e t a i l e d su rveys o f the s o i l s o f the Lower Greensand have t o date 

on ly been undertaken i n Kent (Fordham and Green, 1973; Green and 

Fordham, 1973) however, the occurrence o f s o i l s i n the wes t Weald 

has been ex t rapo la ted f rom such i n f o r m a t i o n by McRae and Burnham 

(1975) ; they d i f f e r f rom those i n Kent by being g e n e r a l l y l e s s f e r t i l e 

due t o a l e s s e r f requency o f loamy d r i f t cover and calcareous f a c i e s 

w i t h i n the beds. 

The sandstone f a c i e s o f the Hythe and F o l k e s t o n e beds g ive r i s e to a 

s o i l a s s o c i a t i o n o f podzo l s , brown e a r t h s and brown sands. The 

c o a r s e r , most leached s o i l s i n general have been co lon i sed by heath 

and woodland, which has r e s u l t e d i n the p o d z o l i s a t i o n and f u r t h e r 

impoverishment o f the s o i l s . Such s o i l s are represented p r i m a r i l y 

by the h u m o - f e r r i c podzols o f the H o t h f i e l d s e r i e s , bu t t h e r e are 

occurrences o f che r ty h u m o - f e r r i c podzols o f the Southampton s e r i e s 

developed on the sandy f l i n t g rave l o v e r l y i n g some o f the F o l k e s t o n e 

beds. A g r i c u l t u r a l s o i l s on such parent m a t e r i a l s w i l l be predominant ly 

sandy brown e a r t h s o f the Bears ted s e r i e s . Of ten on Hythe beds these 

s o i l s may grade i n t o brown e a r t h s w i t h s i g n s o f p o d z o l i s a t i o n and 

t r u e brown podzo l ic s o i l s (unnamed). Occas ional ly w i t h i n t h i s 

a s s o c i a t i o n , on l e s s sandy f a c i e s and where the re i s a t h i n d r i f t 

cover , coarse loamy and loamy a r g i l l i c brown e a r t h s o f the Barming and 

Stone S t r e e t s e r i e s occur. 

Such f i n e r t e x t u r e d Barming and Stone S t r e e t s o i l s comprise the main 

s o i l s o f an a s s o c i a t i o n which i s developed main ly on the outcrop o f 

the Bargate and Sandgate beds. W i t h i n t h i s a s s o c i a t i o n are a l s o minor 

occurrences o f Bears ted and H o t h f i e l d s e r i e s s o i l s on the coarser 

ou tc rops . T h i s a s s o c i a t i o n produces land o f mixed q u a l i t y , w i t h 

the deeper s o i l s on more l e v e l ground being used f o r i n t e n s i v e 

a g r i c u l t u r e and h o r t i c u l t u r e . I n c o n t r a s t t o the former a s s o c i a t i o n 

the f requency o f heath and woodland i s l e s s marked. However, s o i l s 

under such v e g e t a t i o n , a l though o f i n h e r a n t low f e r t i l i t y , are capable 

o f a good response t o appl ied f e r t i l i z e r s when reclaimed and brought 

i n t o c u l t i v a t i o n . The former a s s o c i a t i o n g ives r i s e t o an area 

main ly o f heath and woodland w i t h i n f r e q u e n t occurrences o f poor 

q u a l i t y a g r i c u l t u r a l land on the acid brown e a r t h s . The predominant 

s o i l s e r i e s o f the west Weald are summarised i n Tab le 4 . 1 . 
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T a b l e 4 . 1 . A summary o f the main s o i l s e r i e s which occur on the 

Lower Greensand o f the west Weald. 

S o i l s e r i e s . S o i l Group/Subgroup Occurrence. 

B e a r s t e d . Sandy brown e a r t h . A g r i c u l t u r a l areas on sandy 

f a c i e s o f F o l k e s t o n e and 

Hythe beds. Coarser f a c i e s 

o f Sandgate and Bargate beds. 

H o t h f i e l d . H u m o - f e r r i c podzols Heathland on sandy f a c i e s 

o f Fo lkes tone and Hythe beds. 

L e s s f r e q u e n t l y on coarse 

f a c i e s o f Sandgate and Bargate, 

Southampton. Cherty h u m o - f e r r i c 

podzo l s . 

I n f r e q u e n t , on sandy f l i n t 

g rave l over F o l k e s t o n e beds. 

Barming. Coarse loamy and 

loamy a r g i l l i c 

brown e a r t h s . 

S tone S t r e e t . A r g i l l i c brown 

e a r t h s . 

Unnamed. Brown podzo l ic 

s o i l s . 

Ma in ly on the outcrop o f 

Bargate and Sandgate beds. 

L e s s f r e q u e n t l y on f i n e r 

f a c i e s o f F o l k e s t o n e 

and Hythe beds, o r where 

t h e r e i s a t h i n d r i f t cover . 

Sandstone f a c i e s o f Hythe 

beds. 
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Mixed fa rming and f o r e s t r y are the main a g r i c u l t u r e - r e l a t e d i n d u s t r i e s 

o f the area. The n a t u r a l tendency f o r the heathland to be co lon i sed 

by t r e e s and sh rubs has been used t o advantage i n the p l a n t i n g o f 

s tands o f c o n i f e r s . Arable c u l t i v a t i o n s are more widespread on the 

b e t t e r s o i l s o f the Bargate and Sandgate beds. The re has been and 

s t i l l cont inues t o be rec lamat ion o f podzo l i sed heath s o i l s , which 

commonly i n v o l v e s a m e l i o r a t i o n w i t h l a r g e amounts o f organic m a t t e r , 

l ime and o the r f e r t l i z e r s . 

The presence o f g laucon i te i n many o f these s o i l s i s be l ieved t o 

ensure a r e l a t i v e l y h i g h f e r t i l i t y , e s p e c i a l l y i n respect to po tass ium. 

Jordan (1975) has noted t h a t rec lamat ion , i n v o l v i n g l i m i n g , o f 

s t r o n g l y leached podzo l ic s o i l s could p o s s i b l y lead t o induced 

d e f i c i e n c i e s o f Mn and Zn ; a l s o low t o t a l concent ra t ions o f Cu and 

Mg i n the s o i l s can cause d e f i c i e n c i e s o f these t race elements i n 

c e r e a l s , and potatoes r e s p e c t i v e l y , e s p e c i a l l y a f t e r l i m i n g . 

4 . 2 . Sampling and a n a l y s i s . 

T o p s o i l samples were c o l l e c t e d i n December, 1979 and January, 1980. 

The bulked t o p s o i l sample a t each sampling s i t e c o n s i s t e d o f between 

t e n and f i f t e e n s i n g l e , 0-15 cms auger samples which were taken i n 

a "W" t r a n s e c t over an area o f rough l y 50 m x 50 m. A l l the samples 

were taken f rom s i t e s on a g r i c u l t u r a l land under permanent p a s t u r e 

o r arable l e y which were shown to be f r e e f rom d r i f t on the d r i f t 

geology map ( i t was recognised t h a t t h i s d id not preclude the presence 

o f t h i n d r i f t c o v e r i n g s ) . 

W i t h i n the r e g i o n o f the west Weald t h r e e smal l sampling areas were 

se lected which represented the n o r t h e r n arm, s o u t h e r n arm and westmost 

p o r t i o n o f the outcrop o f the Lower Greensand ( F i g u r e 4 . 1 . ) . I n 

each area f i v e samples were taken f rom each o f the f o u r c o n s t i t u e n t 

arenaceous beds o f the Lower Greensand, g i v i n g a t o t a l o f 60 samples. 

S o i l p r o f i l e s were sampled by d igg ing a p r o f i l e p i t and c o l l e c t i n g 

m a t e r i a l f rom a cleaned face w i t h a smal l t r o w e l . Bo th t o p s o i l and 

p r o f i l e samples were analysed f o r the f o l l o w i n g parameters as g iven i n 

s e c t i o n 3 . 2 : pH , pH., , Se . Fe . A l , Mn , Ca . Mg . Fe , A l and L . O . I . r w r Ca t t t t t t p p 
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The t o p s o i l sampling scheme as o u t l i n e d above was adopted so t h a t a 

comparison could be made both o f s o i l s f rom the f o u r beds and f rom 

d i f f e r e n t outcrops o f the Lower Greensand w i t h i n the r e g i o n . 

4 . 3 . R e s u l t s and d i s c u s s i o n . 

4 . 3 . 1 . T o p s o i l sampl ing. 

The p o s i t i o n o f a l l sampling s i t e s i n the t h r e e areas , i n r e l a t i o n t o 

the outcrop o f the beds o f the Lower Greensand, i s shown i n F i g u r e s 

4 . 2 . , 4 . 3 . and 4 . 4 . A n a l y t i c a l r e s u l t s f o r Se^ and o t h e r parameters 

are g iven i n Appendix 2 . 1 . 1 . The Se concent ra t ions are low (mean = 
- 1 - 1 

0 . 1 4 ^ig g , range = 0 . 0 6 - 0 . 2 6 g , n = 60) compared to both 

the o v e r a l l mean s o i l Se concen t ra t ion ( 0 . 4 8 ^ig g and the mean Se 

c o n c e n t r a t i o n f o r s o i l s developed on sandstones ( 0 . 3 6 j i g g which 

are repor ted i n s e c t i o n 2 . 9 . 3 . f o r B r i t i s h s o i l s . S i m i l a r l y , Wood 

(1975) repor ted t h a t concen t ra t ions o f Cu, Co, Mn and Zn i n s o i l s 

were s i g n i f i c a n t l y lower on the Lower Greensand than i n sandstone 

d e r i v e d s o i l s f rom B r i t a i n ; a l s o Jordan (1975) repor ted t h a t sediments 

i n s t reams d r a i n i n g the Lower Greensand contained ve ry low concen t ra t ions 

o f Mn, Z n , Cu and Mg. 

The mean Se c o n c e n t r a t i o n o f those s o i l s developed on the Sandgate 
- 1 . . . . 

beds ( 0 . 1 9 ^ig g ) i s s i g n i f i c a n t l y h i g h e r than t h a t o f any o f the t h r e e 

remain ing beds ( o v e r a l l mean = 0 . 1 3 ^ig g \ Tab le 4 . 2 . ) . S i m i l a r l y 

Fe^ and concent ra t ions are h i g h e r i n the s o i l s f rom the Sandgate 

beds. I n c o n t r a s t , t h e r e i s no s i g n i f i c a n t d i f f e r e n c e between the mean 

concent ra t ions f o r the s o i l s o f each sampling area. When a l l param-

e t e r s are considered f o r the t h r e e a reas , on ly the h i g h e r mean Fe^ 

c o n c e n t r a t i o n f o r area 3 (1.87%) i s s i g n i f i c a n t , means f o r area 1 and 

area 2 being 1.05% and 0.99% r e s p e c t i v e l y ( Table 4 . 3 . ) . 

The mean concent ra t ions o f Fe and Se f o r each bed i n each area show 
t t 

t h a t s o i l s on the Sandgate beds c o n t a i n c o n s i s t a n t l y h i g h e r concen-

t r a t i o n s compared to the t h r e e remain ing beds, w i t h those s o i l s on 

the Bargate beds being g e n e r a l l y more Fe^ and Se^ r i c h than those 

on the F o l k e s t o n e and Hythe beds ( Tab le 4 . 4 . ) ' . I t can a l s o be seen t h a t 
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v v v v u u u w u 
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Gault Clay 

Folkestone Beds 

Sandgate Beds 

Bargate Beds 

Hythe Beds 

Sampling sites 

Scale - 1:50 000. 

Based on I.G.S. (1981) 

H - Headley. 

Figure 4.2. Area 1: relation of sampling sites to the outcrop of the 

Lower Greensand. 



Figure 4.3. Area 2: relation of sampling sites Co the outcrop of the Lower Greensand. 
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Figure 4.4. Area 3: relation of sampling sites to the outcrop of the Lower Greensand 



T a b l e 4 . 2 . Mean s o i l concent ra t ions o f n i n e v a r i a b l e s f o r each 

o f the f o u r beds o f the Lower Greensand. 

V a r i a b l e . Hythe. Bargate . Sandgate. F o l k e s t o n e . 

pH r w 6 . 3 0 a 6 . 3 0 a 6 . 6 0 a 6 . 3 0 a 

Se 
t 

0 . 1 2 a 0 . 1 3 a 0 . 1 9 b 0 . 1 3 a 

Fe 0 . 0 9 a 0 . 0 9 a 0.11a o.n
a 

P 
o.n

a 

Mn 
t 353 a 534 a 360 a 162b 

F e t 0 . 9 3 a 1 . 2 3 3 2 . 1 0 b 0 . 9 6 a 

A l 
t 

„ „ a ab b a A l 
t 0 . 2 2 0 . 2 5 0 . 3 2 0 . 1 9 

Ca t 0 . 1 8 a 0 . 2 3 a 0 . 1 7 a 0 . 3 4 a 

Mg
t 

0 . 0 3 0 a 0 . 0 3 6 a 0 . 0 3 5 a 0 . 0 2 8 a 

L . O . I . 3 . 3 l a 3 . 2 3 a 3 . 5 9 a 4 . 7 9 b 

Means i n the same row w i t h the same s u p e r - s c r i p t l e t t e r s are 

n o t s i g n i f i c a n t l y d i f f e r e n t (at p - ^ 0 . 0 5 ) . 
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T a b l e 4 . 3 . Mean s o i l concent ra t ions o f n i n e v a r i a b l e s f o r each 

o f the t h r e e sampling areas on the Lower Greensand. 

V a r i a b l e . Area 1. Area 2 . Area 3 . 

PH w 6 . 1 8 a 6 . 3 6 a 6 . 5 7 a 

Se 
t 0 . 1 3 a 0 . 1 5 a 0 . l 4 a 

Fe 
P 

0 . 0 9 a 0 . 1 2 a 0 . 0 9 a 

Mn 
t 300 a 308 a 447 a 

Fe 
t 1 . 0 5 a 0 . 9 9 a 1 . 8 7 b 

A 1 t 0 . 2 1 a 0 . 2 5 a 0 . 2 7 a 

Ca t 0 . 1 5 a 0 . 2 4 a 0 . 2 9 a 

Mg t 0 . 0 2 6 a 0 . 0 3 3 a 0 . 0 3 9 a 

L . O . I . 3 . 4 3 a 4 . 0 5 a 3 . 7 l a 

Means i n the same row w i t h the same s u p e r -

s c r i p t l e t t e r s are n o t s i g n i f i c a n t l y 

d i f f e r e n t (a t p = 0 . 0 5 ) . 
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Tab le 4 . 4 . Mean Se and Fe concent ra t ions f o r s o i l s f rom each 1 1 : 
bed arid each area o f the Lower Gteerisarid. 

Area. E lement . 
Bed 

F o l k e s t o n e . Sandgate. Bargate . Hy the. 

Area 
Mean 

Area 1. Se 
t 

0 . 1 0 0 . 1 8 0 . 1 2 0 . 1 2 0 . 1 3 

Fe 
t 

0 . 9 6 1 .68 0 . 9 8 0 . 5 8 1 .05 

Area 2 . S e t 0 . 1 5 0 . 2 0 0 . 1 4 0 . 1 3 0 . 1 6 

Fe 
t 

0 . 5 2 1 .91 0 . 8 6 0 . 7 0 0 . 9 9 

Area 3 . S e t 0 . 1 3 0 . 2 0 0 . 1 5 0 . 1 0 0 . 1 5 

F e t 1 .39 2 . 7 2 1.87 1 .50 1 .87 

Bed 

Mean 

Se 
t 

Fe 
t 

0 . 1 3 

0 . 9 6 

0 . 1 9 

2 . 1 0 

0 . 1 3 

1.23 

0 . 1 2 

0 . 9 2 

* 

0 . 1 4 
* 

1.30 

A l l means are f o r n = 5 . 

* O v e r a l l mean f o r a l l samples (n = 6 0 ) . 
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the h i g h e r Fe^ concent ra t ions f o r area 3 apply to each bed o f t h a t area. 

A l s o a l though the d i f f e r e n c e s are not s i g n i f i c a n t , t h e r e i s a 

tendency f o r mean concen t ra t ions o f a l l the t race elements s t u d i e d , 

w i t h the except ion o f Se, t h a t i s F e , A l , Mn, Ca and Mg t o be h i g h e r 

i n area 3 ( Tab le 4 . 3 . ) . 

S o i l s developed on the F o l k e s t o n e beds have a s i g n i f i c a n t l y h i g h e r 

organic mat te r ( L . O . I . ) content than those on the o t h e r beds ( Tab le 

4 . 2 . ) . T h i s i s perhaps b e s t explained by the g rea te r p r o p o r t i o n o f 

samples which were taken f rom permanent p a s t u r e , as opposed to a rab le 

l e y s , on the F o l k e s t o n e beds; t h i r t e e n o f the f i f t e e n samples were 

taken f rom permanent p a s t u r e , as compared to seven, n i n e and s i x on 

the Sandgate, Bargate and Hythe beds r e s p e c t i v e l y . I t would be expected 

t h a t t o p s o i l s under permanent pas tu re are more humose than those under 

arable c u l t i v a t i o n . These p r o p o r t i o n s o f s o i l s under permanent and 

temporary g rass are n o t n e c e s s a r i l y r e p r e s e n t a t i v e o f the ac tua l 

p r o p o r t i o n s which e x i s t on each o f the f o u r beds, however, i t has 

been noted t h a t arable cropping i s more widespread on s o i l s o f the 

Bargate and Sandgate beds ( T h u r r e l l e t a l . , 1968) . D e s p i t e the r e p o r t e d 

a s s o c i a t i o n s between organic mat te r accumulation and the accumulat ion 

o f Se (see s e c t i o n 2 . 3 . ) , the S e t concen t ra t ion o f the s o i l s on the 

F o l k e s t o n e beds are not cor respond ing ly e levated. 

As no o t h e r t r e n d s are apparent i n the data, i t would appear p o s s i b l e 
t. 

t h a t the reason f o r the h i g h e r mean Se^ concent ra ions o f the s o i l s f rom 

Sandgate beds i s due t o the h ighe r Fe and p o s s i b l y A l c o n t e n t s ; 

e s p e c i a l l y as both these elements have been shown by o t h e r workers t o 

p lay impor tan t r o l e s i n the chemis t ry o f Se i n the s o i l , predominant ly 

i n p r o v i d i n g a s i t e f o r s e l e n i t e a d s o r p t i o n (Geering e t a l . , 1968; 

John e t a l . , 1976; Howard, 1977) . However, i f such a r e l a t i o n s h i p 

e x i s t s i t i s complicated by the f a c t t h a t the h ighe r mean 

concent ra t ions o f the s o i l s f rom area 3 are not complemented by a s i g n -

i f i c a n t l y h i g h e r mean Se^ c o n c e n t r a t i o n . Wood (1975) suggested t h a t 

the source o f s e v e r a l t race elements , i n c l u d i n g F e , i n the s o i l s o f t h i s 

area was t h e i r parent m a t e r i a l ; i f t h i s r e l a t i o n s h i p ho lds f o r Se 

then i t i s p o s s i b l e t h a t on d e p o s i t i o n o f the sediments , the i n p u t o f Se 

was independent o f t h a t o f F e . Such a p o s s i b i l i t y was p o s t u l a t e d by 

F l e t c h e r (1968) i n the f o r m a t i o n o f Se r i c h Carbon i fe rous rocks i n 

D e r b y s h i r e . I t i s not f e a s i b l e , w i t h o u t examinat ion o f the ac tua l 

parent m a t e r i a l s , to draw any f i r m conc lus ions on t h i s idea. 
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I t i s a l s o conc«tvable t h a t much o f the Se i n these s o i l s has been 

der ived f rom a d d i t i o n s o f f e r t i l i z e r s , manures and o the r ame l io ran t s 

which have been added t o the s o i l s i n the course o f c u l t i v a t i o n s . 

T h i s becomes more p e r t i n e n t when i t i s considered t h a t the processes 

o f leaching and p o d z o l i s a t i o n , which are dominant i n the s o i l s under 

the s e m i - n a t u r a l v e g e t a t i o n o f the area, r e s u l t i n a s u b s t a n t i a l 

impoverishment o f the Se content o f the s o i l (see s e c t i o n 4 . 3 . 2 . ) . 

I n p u t s o f such as superphosphate and su lphate o f ammonia o f t e n 

con ta in s i g n i f i c a n t amounts o f Se ( s e c t i o n 2 . 6 . 5 . ) , and i t has been 

shown t h a t r a i n f a l l can c o n t r i b u t e a sma l l bu t i d e n t i f i a b l e i n p u t 

o f Se to the s o i l (Cawse, 1980) . I n r e l a t i o n to such i n p u t s , the 

q u a n t i t i e s o f Fe and A l i n the s o i l , which are impl ica ted i n the ads-

o r p t i o n and r e t e n t i o n o f Se i n the s o i l , would be. i m p o r t a n t . I t 

would be expected t h a t the more Fe and A l r i c h s o i l s would r e t a i n more 

Se a g a i n s t leaching l o s s e s , as adsorbed spec ies . 

4 . 3 . 2 . Podzo l p r o f i l e s . 

The f i v e p r o f i l e s presented here are a l l developed under e i t h e r the 

c h a r a c t e r i s t c heathland o r c o n i f e r o u s woodland o f the area, which 

occur p r i m a r i l y on the outcrops o f the Hythe and F o l k e s t o n e beds 

( p r o f i l e and s i t e d e s c r i p t i o n s are g iven i n Appendix 1 . 1 . ) . Such 

land accounts f o r approximately 30% o f the t o t a l area i n the t h r e e sam-

p l i n g areas , so a l though they are no t o f d i r e c t importance t o a g r i c u l t u r e 

these s o i l s c o n s t i t u t e an impor tan t p r o p o r t i o n o f the s o i l s o f the 

r e g i o n . The f i v e d i f f e r i n g s o i l s were chosen to r e p r e s e n t the v a r i a t i o n s 

i n s o i l type which may be encountered on the heathland developed on 

the Lower Greensand. Data f o r these s o i l s i s g iven i n Appendix 2 . 1 . 2 . 

and p r o f i l e diagrams, showing the d i s t r i b u t i o n o f Se^, a n d 

L . O . I , are presented i n F i g u r e 4 . 5 . 

The d i s t r i b u t i o n o f S e t between the c h a r a c t e r i s t i c h o r i z o n s o f these 

f i v e p r o f i l e s i s e s s e n t i a l l y s i m i l a r , and i s perhaps b e s t descr ibed 

by f i r s t c o n s i d e r i n g p r o f i l e P 2 . The Se^ has accumulated, r e l a t i v e 

t o the r e s t o f the p r o f i l e , i n both the 0 and Bs/Bh h o r i z o n s . T h i s 

d i s t r i b u t i o n , when the o t h e r data presented are cons idered, can be 

seen to correspond to an accumulat ion o f organic mat te r ( rep resen ted 

by L . O . I . ) i n the 0 h o r i z o n , and t o an accumulation o f Fe and A l i n 



80 

Selenium (Se^) yg. g Iron (Fe and Fe ) 2 1 H Organic Matter (L.O.1.) 7 
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the Bs/Bh h o r i z o n s . T h i s b a s i c p a t t e r n o f Se d i s t r i b u t i o n i n podzols 

has a l s o been r e p o r t e d f o r examples f rom New Zealand, Canada and 

F i n l a n d ( W e l l s , 1967; Levesque, 1974a; K o l j o n e n , 1975) . I t would 

seem probable t h a t i n the 0 h o r i z o n , Se i s p resen t both as a c o n s t i t u e n t 

o f decomposing p l a n t remains , where i t would occur p r i m a r i l y i n s e l e n o -

forms o f the s u l p h u r amino acids ( P e t e r s o n and B u t l e r , 1962) , and a l s o 

i n combination w i t h organic c o l l o i d s i n the humi f ied f r a c t i o n . 

Combination w i t h humic a c i d s , which are predominant ly n e g a t i v e l y charged, 

would r e q u i r e the presence o f a m u l t i - v a l e n t c a t i o n , such as Fe o r A l , 

to act as a b r idge w i t h the n e g a t i v e l y charged s e l e n i t e i o n ; such a 

complex has been p o s t u l a t e d by Levesque (1974b) . However, d e s p i t e a 

r e l a t i v e accumulat ion o f Se i n the organic t o p s o i l s o f these s o i l s , 

when compared w i t h o t h e r organic s o i l s the Se concent ra t ions (mean = 

0 . 2 2 j ig g are very low ( the mean Se concent ra t ion o f o rganic s o i l s 

i n a survey o f B r i t i s h s o i l s ( T h o r n t o n e t a l . , i n p r e s s ) was 1 .20 j i g g 

n = 30) r e f l e c t i n g the poor supply o f the element f rom a parent m a t e r i a l 

which i s i n h e r a n t l y low i n Se. 

Below the organ ic t o p s o i l the d i s t r i b u t i o n o f Se c l o s e l y f o l l o w s t h a t 

o f the Fe. i n the p r o f i l e , and more c l o s e l y t h a t o f Fe . Consequently t p 
the leached, c o l l o i d poor , p l u v i a l Ea h o r i z o n conta ins l i t t l e Se; t h i s 

r e l a t i o n s h i p i s more accute i n p r o f i l e s P I , P3 and P 4 , whose Ea h o r i z o n s 

a l s o con ta in l e s s Fe and A l than t h a t o f p r o f i l e P 2 . The r e l a t i v e l y h i g h 

organic mat te r ( L . O . I . ) content o f the Ea h o r i z o n sample f rom p r o f i l e 

P2 suggests t h a t t h e r e i s some accumulat ion o f organic m a t e r i a l i n t h i s 

h o r i z o n , and i t i s p o s s i b l e t h a t a p o o r l y def ined Ah h o r i z o n e x i s t s 

towards the top o f the Ea , m a t e r i a l f rom which has been incorpora ted i n 

the samp-le. Such a h o r i z o n e x i s t s i n p r o f i l e s P I , P3 and P 4 , and 

t h e i r Sefc content i s probably assoc ia ted w i t h the organic m a t t e r . 

Beneath the Ea h o r i z o n i s the i l l u v i a l zone, and both the Bh and the 

subord inate Bs h o r i z o n s are enr iched i n Se. F o r a l l the p r o f i l e s examined 

the most Se r i c h h o r i z o n i s t h a t ' w i t h the h i g h e s t Fe^ con ten t , f o r 

p r o f i l e P2 t h i s r e l a t e s t o the Bs h o r i z o n , s ince i n t h i s p r o f i l e t h e r e 

i s c lear d i f f e r e n t i a t i o n o f the Bs and Bh h o r i z o n s , be ing h o r i z o n s o f 

g r e a t e s t Fe and organic mat te r accumulat ion r e s p e c t i v e l y . I n p r o f i l e s 

P I and P 4 , however, the g r e a t e s t accumulat ion o f o rganic m a t e r i a l and Fe 

occurs i n the same h o r i z o n , which i s a l s o the h o r i z o n o f g r e a t e s t Se 

accumulat ion. I t i s a l s o n o t i c e a b l e t h a t i n these two p r o f i l e s the 
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Fe : F e r a t i o o f the i l l u v i a l h o r i z o n i s g r e a t e r , approaching u n i t y 
p t 

i n both cases. I n these i n s t a n c e s t h e r e f o r e , i t i s almost c e r t a i n 

t h a t the Fe w i t h which the Se i s assoc ia ted , probably as a s e l e n i t e -

f e r r i c oxide a d s o r p t i o n complex, i s p r e s e n t as an organic complex o r 

has been p r e c i p i t a t e d f rom such a complex and i s represented by t h a t 

Fe which i s ex t rac ted by potass ium pyrophosphate (Bascombe, 1968) . 

T h i s o b s e r v a t i o n , however, sheds l i t t l e l i g h t on the mode o f r e d i s t r i b -

u t i o n o f the Se w i t h i n the s o i l . I t i s thought t h a t Fe i s m o b i l i s e d 

as a f e r r o u s i r o n - organic complex, and as such would no t be expected 

t o be assoc ia ted w i t h Se, as the f e r r o u s i o n has not been demonstrated 

t o have any a f f i n i t y f o r the s e l e n i t e i o n . Levesque (1974a) p o s t u l a t e d 

t h a t , because o f the a s s o c i a t i o n o f Se, organic mat te r and the r e a c t i v e 

forms o f Fe and A l i n spodic h o r i z o n s , i t was p o s s i b l e t h a t organic mat-

t e r - Fe or A l complexes could be imp l ica ted i n the m i g r a t i o n o f 

Se. I t i s conceivable t h a t as Fe i s reduced and m o b i l i s e d , s e l e n i t e i s 

re leased i n t o s o l u t i o n and then leached down the p r o f i l e to be adsorbed 

on f e r r i c ox ides which have been p r e c i p i t a t e d i n the Bs and Bh h o r i z o n s : 

bu t u n l i k e l y t h a t Se i s m o b i l i s e d i n the fo rm o f an organic - Fe o r A l -

Se complex. The f o r m a t i o n and t r a n s p o r t o f the s o l u b l e se lenate anion 

would no t be p o s s i b l e i n the acid c o n d i t i o n s which are found i n these 

s o i l s , where the pH was never more than 4 . 7 5 (see F i g u r e 2 . 2 . ) . 

As t h e r e i s a c lose r e l a t i o n s h i p between the d i s t r i b u t i o n o f Fe and A l 

i n these p r o f i l e s i t i s no t p o s s i b l e to say whether the Se i s p r e f e r -

e n t i a l l y assoc ia ted w i t h e i t h e r element, and indeed, as peaks i n the 

A l concen t ra t ion coincide w i t h those o f F e , A l could a l s o be i m p l i c -

ated i n i n f l u e n c i n g Se d i s t r i b u t i o n . John e t a l . (1976) found t h a t 

f r e e forms o f A l were impor tant i n the a d s o r p t i o n o f s e l e n i t e by some 

New Zealand s o i l s , bu t noted t h a t Se apparant ly has a s t r o n g e r 

a f f i n i t y f o r f e r r i c o x i d e s . Thus i n t h i s s i t u a t i o n , c o n s i d e r i n g the 

lower concent ra t ions o f A l compared t o Fe , i t i s p o s s i b l e t h a t 

Fe i s more impor tan t i n determin ing the Se d i s t r i b u t i o n . 

Much o f the evidence presented h e r e , and e lsewhere, p o i n t s to the 

c y c l i n g o f Se w i t h i n the s o i l ( S h r i f t , 1964; K o l j o n e n , 1975) . P l a n t 

uptake o f Se, probably as s o l u b l e s e l e n i t e , and the subsequent b u i l d 

up o f o l d p l a n t m a t e r i a l at the s u r f a c e , r e s u l t s i n the accumulat ion o f 

Se i n the organic t o p s o i l . S e l e n i t e would be brought i n t o s o l u t i o n 
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when f e r r i c i r o n , w i t h w h i c h . i t i s assoc ia ted , i s reduced and 

m o b i l i s e d ; such processes can take place f rom the base o f the 0 h o r i z o n , 

f rom the Ea, o r even w i t h i n the Bh and Bs h o r i z o n s themselves . Smal l 

concent ra t ions o f s e l e n i t e would i n n e v i t a b l y e x i s t i n s o l u t i o n , i n 

e q u i l i b r i u m w i t h the adsorbed phases on the s o i l c o l l o i d s . 

I n these sandy s o i l s leaching has been i n t e n s e and the Ea h o r i z o n 

conta ins l e s s Se than the C h o r i z o n a t depth; t h i s i s i n c o n t r a s t 

t o the podzols s t u d i e d by Levesque (1974a) where the Se concent ra t ions 

i n the two h o r i z o n s were comparable. The s o i l s are a l s o much depleted 

o f bases ( represented by Ca^ and Mg^, see Appendix 2 . 1 . 2 . ) . P r o f i l e 

P3 demonstrates the extreme leaching which may be encoutered i n the s o i l s 

o f t h i s area. Below a t h i n peaty t o p s o i l , and an i n d i s t i n c t Ah 

h o r i z o n , i s a deep Ea h o r i z o n , which a l though on ly sampled to 25 cms, 

was found t o cont inue t o more than 90 cms depth. I n these f i v e p r o f i l e s 

the base o f the Ea h o r i z o n v a r i e d between 10 and more than 90 cms. 

Thus rec lamat ion o f these s o i l s to a g r i c u l t u r a l use could lead 

to the p roduc t ion o f a v a r i e d t o p s o i l , dependant ve ry much on the depth 

o f p lough ing. A l though the organic t o p s o i l s con ta in r e l a t i v e l y h i g h 

concent ra t ions o f Se , t h i s would be d i l u t e d by m i x i n g w i t h the Ea 
t . J> . . 

which i s impover ished w i t h respect t o Se^. Subsequent l i m i n g o f these 

acid s o i l s would lead to more favourab le a l k a l i n e c o n d i t i o n s i n which 

h u m i f i c a t i o n and m i n e r a l i s a t i o n o f o rganic mat te r would proceed more 

q u i c k l y , and some l o s s o f Se bound i n organic combination would ensue. 

I n the case o f the sha l lower s o i l s p loughing would r e s u l t i n the m i x t u r e 

o f Bh and Bs h o r i z o n s a l s o , which would increase both the Se content o f 

the t o p s o i l , and i t s content o f c o l l o i d a l sesqu iox ides which would be 

impor tant i n the r e t e n t i o n o f the Se i n the s o i l . 

4 . 4 . Conc lus ions . 

C o n s i s t e n t w i t h t h e i r low content o f o t h e r t race elements , t h i s work 

has shown t h a t the Se content o f the s o i l s developed on the arenaceous 

beds o f the Lower Greensand i s low (mean = 0 . 1 4 j i g g * ) . Whether 

such s o i l s might produce v e g e t a t i o n which i s d e f i c i e n t i n Se (normal ly 

considered to be l e s s than 0 . 0 1 j ig g 1 d.m. (R ickaby, 1980)) i s 

d i f f i c u l t to say w i t h o u t f u r t h e r s tudy o f the actua l f u t u r e herbage Se 

c o n t e n t . However, Watk inson (1962) demonstrated a f r e q u e n t response 

to Se a d m i n i s t r a t i o n i n animals g r a z i n g p a s t u r e on s o i l s c o n t a i n i n g l e s s 
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than 0 . 4 5 jig Se g * i n New Zealand; and i t has a l s o been s t a t e d t h a t 

where rocks low i n Se decompose t o fo rm s o i l s under humid o r dry 

c o n d i t i o n s , the p l a n t s growing on them are l i k e l y t o con ta in i n s u f f -

i c i e n t Se t o p r o t e c t l i v e s t o c k f rom Se d e f i c i e n c y , and t h a t t h i s i s 

more probable the more acid the s o i l (Al laway, 1971) . U s i n g these 

c r i t e r i a and c o n s i d e r i n g t h a t the s o i l s tend towards being a c i d i c 

(mean pH = 6 . 3 5 ) , i t i s p o s s i b l e t h a t Se d e f i c i e n c y could be a problem 
w 

i n t h i s area. T h i s s a i d , however, i t must be noted t h a t the occurrence 

o f l i v e s t o c k r e a r i n g i n t h i s area i s no t widespread, and t h a t the occur-

rence o f Se d e f i c i e n c y i n l i v e s t o c k w i l l a l s o depend on the r e l a t i v e 

consumption o f loca l -g rown and imported feeds . 

I n agreement w i t h the work o f W e l l s (1967) t h i s s tudy has shown t h a t 

p o d z o l i s a t i o n can r e s u l t i n the s i g n i f i c a n t d e p l e t i o n o f Se f rom the 

t o p s o i l , which i s e s p e c i a l l y prominent when the i n h e r a n t c o n c e n t r a t i o n 

o f Se i n the parent m a t e r i a l i s a l ready low. I t has a l s o been s a i d t h a t 

p o d z o l i s a t i o n and a c i d i t y o f s o i l s w i l l lead t o p o t e n t i a l l y more Se 

d e f i c i e n t s o i l s (Ko l jonen , 1975) . T h i s o b s e r v a t i o n prompted the concept 

t h a t a l a r g e p a r t o f the Se content o f the c u l t i v a t e d s o i l s on the 

Lower Greensand, which may have been p r e v i o u s l y leached and p o d z o l i s e d , 

could be der ived f rom o u t s i d e sources and not n e c c e s s a r i l y p u r e l y f rom 

the parent m a t e r i a l . 

The work has shown t h a t t h e r e i s a s i g n i f i c a n t d i f f e r e n c e between the 

Se content o f s o i l s der ived f rom the Sandgate beds and t h a t o f those on 

the o the r t h r e e beds, and t h i s has been r e l a t e d t o the h i g h e r Fe and 

A l c o n t e n t s * o f these s o i l s because o f the impor tant r o l e played by 

these elements i n the chemis t ry o f Se i n the s o i l ( s e c t i o n 2 . 3 . ) . 

T h i s has n o t , however, been taken to be conc lus ive evidence t h a t 

the d i f f e r e n c e s i n the Se content o f the s o i l s are due t o d i f f e r e n c e s 

i n the Se content o f the parent m a t e r i a l s , which i n t u r n i s r e l a t e d t o 

the Fe and A l c o n t e n t s . The reason f o r the lack o f h i g h e r Se concent r -

a t i o n s i n the u n i f o r m l y more f e r r u g i n o u s s o i l s o f area 3 on the 

n o r t h e r n outcrop o f the Lower Greensand i s u n c l e a r , and the problem 

r e q u i r e s f u r t h e r i n v e s t i g a t i o n i n v o l v i n g the sampling o f the parent 

m a t e r i a l s themselves . 

R e l a t i o n s h i p s between s o i l s e r i e s and the Se content o f the s o i l would 

have to be q u a l i f i e d by re fe rence to s p e c i f i c parent m a t e r i a l s . Thus 
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al though s o i l s on a l l s o i l series.common t o the area are low i n Se, 

those o f the Barming and Stone S t r e e t s e r i e s developed on the Sandgate 

beds w i l l con ta in m a r g i n a l l y h i g h e r Se c o n c e n t r a t i o n s . 
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CHAPTER 5 . SOILS DEVELOPED ON THE CARBONIFEROUS SYSTEM I N N . E . 

STAFFORDSHIRE AND S.W. DERBYSHIRE. 

5 . 1 . I n t r o d u c t i o n . 

Geochemical i n t e r e s t i n t h i s area began i n the 1960 ' s when i t was 

found t h a t anomalously h i g h molybdenum concent ra t ions i n the s o i l s 

and herbage were induc ing the widespread occurrences o f hypocupros i s 

i n g r a z i n g l i v e s t o c k (Webb et a l . , 1968) . The source o f the Mo was 

t raced to Carbon i fe rous marine black s h a l e s . F o l l o w i n g f i n d i n g s i n 

I r e l a n d t h a t such Mo- r ich black sha les were a l s o enr iched i n Se, the 

r o c k s , s o i l s and herbage o f the area were analysed f o r Se and i t was 

found t h a t the same a s s o c i a t i o n s e x i s t e d . ( F l e t c h e r , 1968) . T h i s was 

repor ted as the f i r s t recorded occurrence o f s e l e n i f e r o u s s o i l s i n the 

U . K . ; these were p r i m a r i l y waterlogged s o i l s i n low l y i n g s i t e s , having 

Se concent ra t ions between 1.5 and" 7 . 0 j i g Se ml ^ (Webb e t a l . , 1966) . 

T h o r n t o n (1968) repor ted t h a t suspected cases o f Se t o x i c i t y i n 

l i v e s t o c k have been encountered i n the area, but t h a t the problem 

was not thought to be s e r i o u s . 

The area was chosen f o r the p resen t s tudy because o f the occurrence o f 

s o i l s h i g h i n Se; the aim o f the work being to assess how the Se 

d i s t r i b u t i o n i n s o i l s may be a f f e c t e d by development on parent m a t e r i a l s 

r i c h i n Se, and a l s o to see i f the v a r i a b i l i t y i n the Se content o f 

the v a r i o u s l o c a l parent m a t e r i a l s was r e f l e c t e d i n the Se content 

o f the l a r g e l y p o o r l y dra ined s o i l s o f the area. 

Two t r a n s e c t s have been sampled, the f i r s t i s a t Bent Farm, T i s s i n g -

t o n , D e r b y s h i r e and i s o f s o i l s developed on a h i l l s i d e which i s u n d e r l -

a i n by marine black s h a l e s ; the second i s i n the l o c a l i t y o f Mixon 

and B u t t e r t o n Moor i n N . E . S t a f f o r d s h i r e and covers s o i l s developed on 

s e v e r a l c o n t r a s t i n g parent m a t e r i a l s ( F i g u r e 5 . 1 . ) . 

5 . 1 . 1 . Geology. 

The geology o f the area, w i t h p a r t i c u l a r re fe rence to the f o r m a t i o n o f 

the marine black s h a l e s , has been reviewed f u l l y by F l e t c h e r ( 1 9 6 8 ) . 

The geology o f the r e g i o n i s depicted i n F i g u r e 5 . 1 . and the s t r a t i g r a p h y 



rTTTTTTTT-^ 
A A A A A 
A A A A A 
* A A A A 

Carboniferous limestone. 

Lower Namurian and Visean shales 

Upper Namurian. 

3 Westphalian 

T r i a s . 

0 Km 5 SCALE - 1:320 000 
1 I 

1. Mixon and Butterton Moor transect. 

2. Bent Farm transect. 

Figure 5.1. Location of sampling transects in relation to a 

generalised geology of S.W. Derbyshire and N.E. 

Staffordshire (After Fletcher, 1968) 



88 

summarised i n Tab le 5 . 1 . 

The o l d e s t f o r m a t i o n s represented i n the area are o f V i sean age, 

deposi ted i n the marine environment o f the r e g i o n at the t ime. They 

comprise both a r g i l l a c e o u s b a s i n sediments and a l s o impure l imes tones 

deposi ted i n the b a s i n and at the margins o f the D e r b y s h i r e m a s s i f . 

D u r i n g the same p e r i o d more pure l imes tones were depos i ted on the 

actua l l imes tone m a s s i f . 

The success ion o f Namurian sed imentat ion has been zoned on the b a s i s 

o f g o n i a t i t e f a u n a l bands i n the sha le h o r i z o n s and was s p l i t i n t o 

t h r e e main phases i n N . E . S t a f f o r d s h i r e ( Tab le 5 . 1 . ) . The f i r s t phase 

(zone E2) comprises s h a l e s , depos i ted i n the acid and anaerobic bottom 

w a t e r s , in terbedded w i t h calcareous i n t r a b a s i n a l t u r b i d i t e s . D u r i n g 

the second phase (zones E2- lower R l ) sha les were interbedded w i t h 

q u a r t z i t i c t u r b i d i t e s which t h i n towards the n o r t h east away f rom 

t h e i r source. F i n a l l y i n the t h i r d phase (zones upper R1-R2) as the 

b a s i n i n f i l l e d , coarse a r k o s i c sediments were t r a n s p o r t e d f rom the 

n o r t h , the g r i t bands i n the phase t h i n n i n g and d i sappear ing to the s o u t h . 

L a t e r , f l u v i a l sediments covered the b a s i n and a d j o i n i n g m a s s i f , 

s u i t a b l e c o n d i t i o n s were t h e r e f o r e e s t a b l i s h e d f o r the sed imenta t ion 

o f the succeeding Wes tpha l ian f o r m a t i o n s i n which sha les a l t e r n a t e w i t h 

sandstones and assoc ia ted coal seams, being depos i ted i n marginal 

marine env i ronments . The t rend towards a t e r r e s t r i a l envi ronment , 

begun i n the Namurian, cont inued u n t i l the b a s i n was i n f i l l e d towards 

the end o f the Carbon i fe rous p e r i o d . 

I n respect o f the occurrence • o f the marine black s h a l e s , F l e t c h e r 

(1968) d iv ided the Namurian i n t o ; the lower Namurian o f predominant ly 

marine sha les (zones E l - l o w e r R l ) , and the upper Namurian main ly 

compr i s ing sandstones interbedded w i t h sha les (upper R 1 - R 2 ) . The Mo 

and Se r i c h sha les o c c u r r i n g i n the V i sean and the lower Namurian. 

No younger f o r m a t i o n s are represented i n the area u n t i l those o f 

the Quaternary. D u r i n g the l a s t g l a c i a t i o n the area was g e n e r a l l y 

f r e e f rom i c e , however, o lde r d r i f t o f the penu l t imate Pennine 

g l a c i a t i o n occurs o c c a s i o n a l l y , main ly to the s o u t h . The p e r i g l a c i a l 

envi ronment , contemporary w i t h the l a s t g l a c i a t i o n , a f f e c t e d the N . E . 

S t a f f o r d s h i r e h i l l s and the l imes tone p la teau . Many o f the 



F o r m a t i o n . Z o n e . , L o c a l Mixon and B u t t e r t o n f o r m a t i o n . 

Upper C a r b o n i f e r o u s : Wes tpha l ian (Coal Measures) . 

Namurian ( M i l l s t o n e G r i t ) : Upper R2 M a n i f o l d f o r m a t i o n . 

R l 

Lower H Gun H i l l S i l t s t o n e f o r m a t i o n . 
E2 
E l 

Lower C a r b o n i f e r o u s : V i sean (Top o f C a r b o n i f - P Onecote Sandstone f o r m a t i o n . 

erous l imes tone) 

Mixon L imes tones and Shales 

f o r m a t i o n . 

Tab le 5 . 1 . The s t r a t i g r a p h y o f the Carbon i fe rous system i n N . E . S t a f f o r d s h i r e and S.W. D e r b y s h i r e , 

( a f t e r F l e t c h e r , 1968) . 
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v a l l e y s conta in head, o f v a r i a b l e t h i c k n e s s , developed f rom the l o c a l 

sed iments . Recent d e p o s i t s o f a l l u v i u m i n st ream v a l l e y s are o f t e n 

i n d i s t i n g u i s h a b l e f rom the adjacent head d e p o s i t s . On the l imes tone 

t h e r e i s a cover ing o f a s i l t y depos i t thought to be a m i x t u r e o f l o c a l 

l imes tone r e s i d u e and l o e s s i a l m a t e r i a l which i s probably der ived f rom 

the s u r r o u n d i n g Namurian. 

5 . 1 . 2 . T race element content o f the r o c k s . 
> 

F l e t c h e r (1968) found the lower Namurian and V isean sha les t o be enr iched 

i n many t race elements , bu t not ably i n Mo, Se, As , Cu and V. These 

sha les were approximately e i g h t t imes more enr iched i n Se than the 

younger upper Namurian and Wes tpha l ian s h a l e s , the h ighe r F ^ C ^ 

concen t ra t ions i n the l a t t e r being c o n s i s t e n t w i t h d e p o s i t i o n i n an 

aerobic near shore envi ronment . Examinat ion o f d e t a i l e d s e c t i o n s showed 

t h a t the d i s t r i b u t i o n o f Se i n the sha le f a c i e s c l o s e l y f o l l o w s t h a t o f 

Mo, bu t o c c a s i o n a l l y Se enrichment occurred when the Mo concen t ra t ions 

were low, probably r e f l e c t i n g d i f f e r e n c e s i n supply o f the elements on 

f o r m a t i o n o f the s h a l e s . The enr ichment o f Mo and Se was thought t o 

* occur i n ac id , s tagnant bottom wate r s e i t h e r by s o r p t i o n on organic m a t t e r , 

o r i n a s s o c i a t i o n w i t h i r o n s u l p h i d e s ( F l e t c h e r , 1968) . I n c o n t r a s t the 

greyer sha les i n the success ion , r e p r e s e n t i n g more aerated near sho res 

w a t e r s , contained lower concent ra t ions o f a l l the t race e lements . 

F l e t c h e r (1968) p rov ides no va lues f o r Se i n the cor responding sandstones 

and l i m e s t o n e s , bu t i n p a r a l l e l w i t h v a l u e s f o r the o the r t race e lements , 

concen t ra t ions might be expected t o be low; except perhaps i n the 

a r g i l l a c e o u s l imes tones o f the V i sean where t h e r e was moderate enr ichment 

o f Mo and o t h e r t race elements . Such rocks occur main ly i n the Onecote 

area and are no t widespread e lsewhere. 

The d i s t r i b u t i o n o f Mo and Se i n these rocks i s e s s e n t i a l l y s i m i l a r 

t o t h a t i n the Namurian Clare sha les i n E i r e which are known to g ive 

r i s e to s o i l s s u p p o r t i n g S e - t o x i c v e g e t a t i o n (F leming and Walsh , 1957;= 

Webb and A t k i n s o n , 1965) . However, i n E i r e the impover ished h o r i z o n s 

o f the g r i t - s h a l e f a c i e s are absent . 
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5 . 1 . 3 . S o i l s , c l imate and land use . 

The area i s exposed to the p r e v a i l i n g west winds and as a r e s u l t i s 

wet and cold th roughout the y e a r . R a i n f a l l i n the area o f Onecote 

(Mixon and B u t t e r t o n Moor t r a n s e c t ) , a t between 1016 and 1143 mm per 

year , i s g r e a t e r than around Bent Farm which rece ives around 825 to 

890 mm per y e a r , n e a r l y two t h i r d s o f t h i s f a l l i n g between J u l y and 

January ( H o l l i s , 1975) . 

The monthly mean temperatures at Bux ton , which are probably r e p r e s e n t -

a t i v e o f the whole area range between 1.9°C i n January and 14.3°C i n 

J u l y . At Onecote monthly mean r a i n f a l l exceeds p o t e n t i a l evapo-

t r a n s p i r a t i o n f o r a l l but one month o f the year , the annual excess o f 

r a i n f a l l over e v a p o - t r a n s p i r a t i o n being about 650 mm. Lower r a i n f a l l 

and p o s s i b l y h i g h e r temperatures mean t h a t the excess w i l l be l e s s 

a t Bent Farm. As a r e s u l t o f t h i s , the predominant ly heavy t e x t u r e d 

s o i l s developed upon V i sean and Namurian rocks are g e n e r a l l y p o o r l y 

d ra ined, a l though drainage may be l o c a l l y improved when more sandy 

f a c i e s g ive r i s e to a l i g h t e r t e x t u r e d parent m a t e r i a l . Occas ional ly 

extreme leaching may lead to p o d z o l i s a t i o n on the coarser t e x t u r e d 

parent m a t e r i a l s . 

H o l l i s (1975) has descr ibed the s o i l s o f the Onecote d i s t r i c t , and 

h i s c l a s s i f i c a t i o n has been ex t rapo la ted t o the s o i l s developed on s i m i l a r 

parent m a t e r i a l s a t Bent Farm. The whole o f the area i s under permanent 

g r a s s , rough g r a z i n g o r open moorland, and the smal l f a r m s , which 

average about 50 acres (20 h a ) , concentrate mainly on d a i r y i n g w i t h some 

l i v e s t o c k r e a r i n g and f a t t e n i n g . The severe c l imate p rov ides on ly a 

s h o r t growing season o f around 220 days, which combined w i t h the 

heavy r a i n f a l l r e s u l t s i n a r e l a t i v e l y poor q u a l i t y p a s t u r e , and low 

s t o c k i n g r a t e s . 

5 . 2 . Sampling and a n a l y s i s . 

The sampling was undertaken i n l a t e F e b r u a r y , 1980. At each s i t e on a 

t r a n s e c t the s o i l p r o f i l e was sampled and a bulked sample o f the t o p -

s o i l taken. 
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P r o f i l e samples were taken w i t h an auger at i n t e r v a l s o f 15 cms 

depth. Bulked t o p s o i l samples comprised f i v e , 0-15 cms t o p s o i l samples 

taken w i t h an auger; the samples being c o l l e c t e d a t 10 m i n t e r v a l s 

along the s t r i k e o f the s l o p e . B r i e f p r o f i l e d e s c r i p t i o n s and s i t e 

d e s c r i p t i o n s are g iven i n Appendix 1 . 2 . 

Each s o i l sample was analysed f o r the f o l l o w i n g parameters as 

descr ibed i n s e c t i o n 3 . 2 . : Se , Fe , A l , Mn , Ca , Mg , Fe , A l , 
t t t t ' t ' 6 t ' p ' p ' 

pH and L . O . I . Some s o i l samples were separated i n t o two s i z e w 
f r a c t i o n s ( 0 . 0 6 3 - 2 mm and l e s s than 0 . 0 6 3 mm), d e t a i l s o f the 

technique are g iven i n s e c t i o n 3 . 2 . 6 . 

5 . 3 . Mixon and B u t t e r t o n Moor t r a n s e c t . 

5 . 3 . 1 . I n t r o d u c t i o n . 

T h i s was a broad t r a n s e c t , cover ing approximately 1500 m, which was 

chosen t o encompass the d i f f e r i n g s o i l s e r i e s and parent m a t e r i a l s i n 

the area. The p o s i t i o n o f the p r o f i l e s i t e s on the t r a n s e c t i n r e l a t i o n 

t o the l o c a l topography i s shown i n F i g u r e 5 . 2 . 

Th ree geo log ica l f o r m a t i o n s are covered by the t r a n s e c t ; as descr ibed 

by H o l l i s (1975) they a re : 

Mixon L imes tones and Shales - zone P o f the V isean - which are a success ion 

o f t h i c k black marine sha les w i t h t h i n l imes tone p a r t i n g s . 

Onecote Sandstone f o r m a t i o n - zone P o f the V isean - c o n s i s t i n g o f 

t h i n l y in terbedded sha les and sands tones , the l a t t e r having a c a l c a r -

eous m a t r i x . 

Gun H i l l S i l t s t o n e f o r m a t i o n - zone E2 o f the Namurian - made up 

o f clay and s i l t y sha les w i t h w e l l graded calcareous s i l t s t o n e s and mud-

s t o n e s . 

The m a j o r i t y o f the Onecote Sandstone f o r m a t i o n i s covered^by a head 
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d e p o s i t and so m i x i n g o f the v a r i o u s f a c i e s may have occurred. However, 

i t i s l i k e l y t h a t the head i s l o c a l l y der ived and t h u s r e f l e c t s the 

u n d e r l y i n g s o l i d geology, e s p e c i a l l y on the g e n t l e r s l o p e s . Sandy l e n s e s 

are o f t e n p resen t where sand ie r s t r a t a have been weathered and not 

incorpora ted i n t o the m a t r i x . 

F l e t c h e r (1968) analysed rock samples f rom a d e t a i l e d s e c t i o n near 

Onecote and found t h a t the dark sha les i n zones E1-E2 contained between 

0 . 2 and 3 4 . 0 j ig Se g One sample f rom the Visean contained 12.0 j ig 
- 1 . 

Se g . The cor responding grey sha le f a c i e s were n o t analysed f o r Se 

bu t may be expected to be low i n Se on the evidence o f t h e i r ve ry 

low Mo c o n c e n t r a t i o n s . The Se content o f the parent m a t e r i a l s o f the 

area can t h e r e f o r e be expected to vary cons ide rab ly , and t h i s may be 

r e f l e c t e d i n the s o i l s . 

The p r o f i l e and s i t e d e s c r i p t i o n s are g iven i n Appendix 1 . 2 . B r i e f l y , 

p r o f i l e s S6 and S7 have been c l a s s i f i e d as pe lo-s tagnogley s o i l s o f the 

Dale s e r i e s being developed upon the Mixon L imestones and S h a l e s . P r o f i l e 

S8 i s probably developed upon a l l u v i u m or head which has accumulated 

a longs ide the s t ream, downslope f rom p r o f i l e s S6 and S7 . Such s o i l s 

were not c l a s s i f i e d by H o l l i s (1975) but t h i s i s probably an a l l u v i a l 

gley s o i l . The Onecote s e r i e s (cambic stagnohumic gley s o i l s ) i s 

represented by p r o f i l e S10 which i s der ived f rom the Gun H i l l S i l t s t o n e 

f o r m a t i o n . The remain ing f o u r p r o f i l e s , S I 1 to S14 , are a l l formed on 

head d e p o s i t s der ived f rom the Onecote Sandstone Fo rmat ion and have 

been c l a s s i f i e d as cambic stagnohumic gley s o i l s o f the s l i g h t l y b e t t e r 

dra ined Wi lcocks s e r i e s . P r o f i l e S I 4 , however, shows s i g n s o f leach ing 

and may be t r a n s i t i o n a l to the t y p i c a l humus- i ron podzols o f the 

Anglezarke s e r i e s . 

I n a d d i t i o n t o t a k i n g bulked t o p s o i l samples and p r o f i l e samples a t 

each o f the e i g h t s i t e s mentioned above, a bulked t o p s o i l sample was taken 

on a s o i l o f the T i c k n a l l s e r i e s (cambic stagnogley s o i l s ) at Mixon 

mines farm ( g r i d re fe rence SK 049 5 7 0 ) . T h i s s o i l (S9) i s probably 

developed on s i l t y sha les and s i l t s t o n e o f the Gun H i l l S i l t s t o n e 

f o r m a t i o n . 
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5 . 3 . 2 . R e s u l t s and d i s c u s s i o n . 

The data f o r the bulked t o p s o i l samples ( Table 5 . 2 . ) d i s p l a y a tendency 

f o r the more p o o r l y dra ined s o i l s o f the Dale and Onecote s e r i e s ( S 6 , S7 

and S 1 0 ) , which are o b v i o u s l y developed f rom the more f i n e l y gra ined 

parent m a t e r i a l s , to con ta in more Se^ (mean = 3 . 2 8 j ig g than those 

b e t t e r d ra ined s o i l s o f the Wi lcocks s e r i e s which are developed on the 

Onecote Sandstone f o r m a t i o n (mean = 1 .08 j i g g The s o i l s on the 

Mixon L imestones and Shales ( S 6 , S7 and S8) a l s o c o n t a i n h i g h e r concent-

r a t i o n s o f Fe^ and than the o t h e r s o i l s . D e s p i t e having a h i g h e r 

Se^ con ten t , the Fe and Mn concen t ra t ions o f the s o i l a t S10 are more t t t 
comparable w i t h the s o i l s o f the Wi lcocks s e r i e s and T i c k n a l l s e r i e s . 

Evidence f rom the geolog ica l map ( I . G . S . , 1978) and the s o i l map ( H o l l i s , 

1975) suggests t h a t the s o i l s a t S9 and S10 are both der ived f rom the 

Gun H i l l S i l t s t o n e f o r m a t i o n ; however, these data demonstrated a n o t i c e -

able d i f f e r e n c e between the concent ra t ions o f the two t o p s o i l s . 

Cons ider ing the d i s tance between the two s i t e s (c. 850 m) t h i s may n o t be 

unusual as F l e t c h e r (1968) has shown t h a t the t race element content o f 

f a c i e s w i t h i n the same f o r m a t i o n can vary c o n s i d e r a b l y . 

Some o f the above f i n d i n g s can be explained by c o n s i d e r i n g the data f o r 

the e i g h t p r o f i l e s , which are g iven i n Tab le 5 . 3 . P r o f i l e diagrams, 

showing the d i s t r i b u t i o n o f Se^, Fe^ , Fe^ and L . O . I , w i t h depth, are 

g iven i n F i g u r e 5 . 3 . I t can be seen t h a t r e l a t i v e l y sma l l d i f f e r e n c e s 

i n the t o p s o i l Se^ content between s o i l s can mask much l a r g e r d i f f e r e n c e s 

i n the s u b s o i l con ten t , as exempl i f i ed by the data f o r p r o f i l e S10 . 

W i t h the except ion o f s o i l S l l t h e r e i s good agreement between the data 

f o r the bulked t o p s o i l samples and the s i n g l e (0-15 cms) samples f rom 

the p r o f i l e s ; and so i t may be assumed t h a t the p r o f i l e s are reasonably 

r e p r e s e n t a t i v e o f the s o i l s i n t h e i r l o c a l i t y . The re i s no obvious 

reason f o r the anomalously h i g h s i n g l e t o p s o i l Se^ va lue at S l l , however, 

the content i s a l s o comparat ively h i g h e r (2.01% compared to 0 . 6 2 % ) ; 

t h i s w i l l be d i scussed l a t e r . 

The most no t iceab le f e a t u r e o f the Sefc d i s t r i b u t i o n i n p r o f i l e s S6 and S7 

o f the Dale s e r i e s i s i t s increase w i t h depth. T h i s t r e n d i s a l s o apparent 



P r o f i l e 
No. 

S o i l 
s e r i e s 

Sample 
No. pH w PH; Ca Se. Fe Al! Mn. Fe A l Ca Mg L . O . I . 

3 7 
3 3 
3 9 
3 1 0 
3 1 1 
3 1 2 
3 1 3 
3 1 4 

D A L E 
D A L E 
UNNAMED A L L U V I A L G L E Y 
T I C K N A L L 
ONECOTE 
WILCOCKS 
WILCOCKS 
WILCOCKS 
W I L C O C K S / A N G L E Z A R K E 

1 1 1 is* • 4 5 4 • 9 5 2 • 9 5 0 IS* O 
• uo 0 • 12 4 3 0 3 • 6 0 1 • 4 7 0 • 6 5 0 • 0 8 17 • 8 3 

7 121 is* 
vJ 

• 0 0 A 

"T • 0 9 4 • 0 9 0 • 7 4 0 •I N 

• .1. A -
5 3 6 4 • 9 4 1 • 0 4 0 • 3 6 0 • 0 4 14 • 3 9 

2 1 2 2 4 • 5 0 3 • 3 0 3 • 3 9 1 • 0 4 0 • 13 6 3 0 3 • 3 1 0 • 3 0 0 • 13 0 • 0 4 13 • 9 2 
'? | 7 7 A • 3 0 4 • 2 5 0 • 3 3 0 • 2 3 0 • 0 7 1 5 6 1 • 2 5 0 • 6 0 0 • 2 1 0 • 0 2 8 • 3 3 
2 L34 5 • 5 0 5 • 0 0 N • 3.1. 0 o / • 0 • 13 6 0 0 • 5 7 1 • 0 4 0 • 5 2 0 • 0 4 17 • 3 5 
'"I 1.35 5 • 9 0 5 • 3 0 0 • 9 4 0 • 2 9 0 • 13 3 3 0 • 6 2 0 • 6 1 0 • 3 3 0 • 0 4 14 cris* 

• »JvJ P L 4 5 5 • 2 5 4 • 9 5 1 • 14 0 • 3 6 0 • 12 1 2 3 0 • 3 6 0 • 5 2 0 • 3 6 0 • 0 3 12 • 5 1 
7 1 5 1 IS" 

vJ 
• 15 4 • 6 0 :L • 2 4 0 • 5 1 0 • 0 3 1 7 2 1 ur / • JO 0 • 3 0 0 • 3 3 0 • 0 4 13 • 3 3 

o 
Am L57 5 • 10 I • 5 0 l • 0 1 0 • 4 3 0 n 'vr 

• A - V.) 
5 6 0 • 7 0 0 • 3 9 0 • 5 0 0 • 0 2 8 • 0 4 

Table 5 . 2 . Mixon and B u t t e r t o n Moor t r a n s e c t , a n a l y t i c a l r e s u l t s f o r bulked (0-15 cms) t o p s o i l samples. 

V£> 
ON 



Table 5.3. Mixon and Butterton Moor transect, analytical results for profile samples S6-SI4 

Profile Soil Sample Depth nil pH„ Se Fe Al Mn Fe Al Ca Me L.O . I. No series No. (cms) w ca t p p t t t t t 
36 DALE 2112 0 15 5 .70 5 .15 n .60 0 .42 0 . 10 230 3 . 12 1 .32 0 .53 0 .071 15 .59 

2113 15 30 . 90 3 . 15 3 .12 0 .26 0 .09 316 A . 38 1 .36 0 .54 0 .055 11 ,81 
2114 30-45 .J .00 5 .05 5 .18 0 .10 0 .05 4 72 CJ .64 1 . 10 0 . 36 0 .047 ~> .20 
2115 45-50 vj .75 5 .00 4 .65 0 .10 0 .05 240 4 .40 1 .06 0 .36 0 .051 7 .64 
2115 50-75 5 .70 .10 3 .95 0 .08 0 .05 310 .33 1 .12 0 .41 0 .051 6 -7-7 

37 DALE 2117 0 15 5 .05 4 .35 4 .39 0 .30 0 10 620 6 .20 1 .03 0 .35 0 059 13 42 
2110 15-30 5 .05 4 .60 6 .23 0 .34 0 .06 630 7 .52 1 .02 0 .32 0 .047 9 04 
211? 30-45 5 .50 4 .65 6 .23 0 0 .04 1056 7 .92 0 .90 0 30 0 .038 6 03 
2120 45-60 5 .50 4 .75 5 .95 0 .26 0 .05 300 8 .40 0 .94 0 .34 0 .047 7 54 

30 UNNAMED ALLUVIAL GL.EY 2123 0-15 4 .35 3 .60 3 65 1 22 0 13 380 3 ,28 0 .72 0 .10 0 .040 13, 78 
2124 15-30 4 50 3 90 3 41 0 .73 0 .11 1106 3 .50 0 .72 0 .19 0 036 3. 91 
2125 30-45 C %J .00 4 .15 n .30 0 .64 0 .09 1012 3 .36 0 .80 0 .25 0 .044 3. 27 
2125 45-60 5 10 4 35 1 37 0 .52 0 .03 396 3 .88 0 .34 0 .32 0 .044 3. 11 

310 ONECOTE 2120 0-15 4 85 4 30 o 75 0 44 0 20 43 0 32 1 ,00 0 .44 0 .024 16 04 
212? 15 30 4 40 3 70 7 74 1 00 0 24 3 6 31 1 ,12 0 .11 0 .028 3 21 
2130 30-45 4 40 3 60 12 30 1 36 0 24 12 3 61 1 .08 0 .11 0 ,024 3 99 
2131 45-60 4 25 3 45 19 60 1 40 0 ''6 12 4 .36 1 .03 0 .09 0 .020 9 21 
21 ZJ 2! 60-75 4 40 3 60 17 40 1 40 0 26 38 4 72 1 04 0 ,09 0 020 8 82 
2133 75-90 4. 25 3 45 00 1 24 0 25 24 4 76 1 00 0 09 0 020 3. 32 

311 WILCOCKS 2135 0-15 5 90 5 20 3. 06 0 36 0 10 62 6 01 0 76 0 32 0. 034 10. 28 
15 30 5 70 5 • 10 1 09 0 12 0 09 32 0. 66 0 64 0 21 0. 036 6. 39 

2130 30-45 J 35 5. 15 1 53 0 13 0 10 36 6 24 1 12 0 11 0 024 5 03 
213? 45-60 5 50 4 30 1 65 0. 14 0 10 32 1 32 1 00 0 20 0 072 5 05 

312 UIECOCK3 2140 0-15 . j 80 5. 60 1 33 0 44 0. 13 134 1 50 0, 76 0 50 0 044 13. '? s 
2141 15-30 10 5 50 1 74 0 34 0. 1.1 6 73 0 84 0 26 0. 024 28 
2142 30-45 5. 30 3 00 1 95 0. 37 0. 15 23 1 96 0. 92 0 21 0. 023 5. 49 
2143 45-60 5. ?0 5. 20 1 73 0. 40 0. 16 36 1 92 0 92 0 26 0 020 41 
2144 60-75 3 30 5. 10 1 47 0. 26 0. 15 23 1 45 0 96 0 21 0 028 4. 39 

313 'JILC0CK3 2145 0-15 5 • 90 ... • 20 0. 95 0. 50 0. 03 2.16 1 93 1 00 0 52 0. 040 14. 71. 
21 4 7 15 30 6. 05 5. 70 0. 47 0. 14 0. 04 60 6 62 0. 92 0. 29 0. 048 5. 47 
21 4 3 30 45 6. 20 5. 40 0 . 34 0. 06 0. 03 204 3. 98 .1.. 36 0. 32 0. 320 4 . 76 
2 3 4 ? 45 60 6. 30 5. 50 0. 33 0. 03 0. 02 336 3. 50 1 28 0. 40 0. 096 5. 84 
21 30 60 75 6. 25 5. 60 0 , 89 0. 04 0. 02 543 3. :l 2 0 0 46 0. 068 6. 05 

314 U ! 1 COCKO-'ArlllL! AKKL 2152 0 15 5. 30 4. 90 1. 10 0. 26 0. 13 5.6 0. 36 0. 29 0. 5 3 0 012 26. 57 
2 J 53 15 30 4 . 65 3. 7 5 0 . 23 0. 10 0. 05 3 1 . 05 0. 6 "> 0. 04 0. 001 1 . ? 5 
21 54 30 45 4 . 60 3. ?0 0. 2.1. 0. 03 0 . 04 4 0. 94 0. ' ••> ^ 0 01 0. 003 .1 , 33 
2155 45 60 4 . 50 3. 80 0. 37 0. 03 0. 05 3 0. 57 0. 76 0, 04 0. 001 2. 13 
2 I 55 60 75 5 • K> % J 3. 00 0 . 22 o , 03 0 . 05 12 0. 73 0 23 0. 30 0. 001 2. 1.8 
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e. Profile S8: Unnamed alluvial gley soil. 
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Figure 5.3. Distribution of Be , Fe^. Fe and organic matter (I..0.1.) i n_ eij^lu so i I I'.
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on the Mixon and Butterton Moor transect. 
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Figure 5.3. (Continued. 
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i n p r o f i l e S10 and i n some o f the s o i l s developed f rom s i m i l a r parent 

m a t e r i a l s at Bent Farm ( F i g u r e 5 . 9 . ) . The t r e n d i n the Dale s e r i e s 

i s p a r a l l e l e d by an increase i n w i t h depth; there i s , however, a poor 

c o r r e l a t i o n w i t h Fe . I n these gleyed s o i l s the concen t ra t ion o f Fe 
p 6 P 

tends to decrease down the p r o f i l e . Bascombe (1968) showed t h a t t h i s was 

a common r e l a t i o n s h i p i n water logged s o i l s and suggested t h a t i t was 

due to the "ageing" o f p r e c i p i t a t e d i r o n oxides to a w e l l ordered 

c r y s t a l i n e form i n gleyed h o r i z o n s . Such aged c r y s t a l i n e oxides are 

no t pept i sed and ex t rac ted by 0.1M potass ium pyrophosphate. 

A f e a t u r e o f both these p r o f i l e s , and most o f the o the r p r o f i l e s on the 

t r a n s e c t , i s a lack o f a r e l a t i o n s h i p between the Se^ and organic mat te r 

( L . O . I . ) con ten t . T h i s i s unusual c o n s i d e r i n g the w e l l documented 

r e l a t i o n s h i p between the Se and organic mat te r i n s o i l s (F leming and 

Walsh , 1957; Levesque, 1974a). I n f a c t the o r g a n i c - r i c h t o p s o i l i s r e l -

a t i v e l y depleted o f Se compared to the r e s t o f the p r o f i l e . T h i s may be 

due to r a p i d leaching o f the element f rom the su r face a f t e r decomposit ion 

o f o rganic m a t e r i a l , o r to low uptake o f Se by herbage f rom the s o i l . The 

l a t t e r would be the case i f the Se i n the r o o t i n g zone was r e l a t i v e l y 

u n a v a i l a b l e f o r p l a n t uptake. 

I n p r o f i l e S6 the Mn^ va lues v a r y w i t h those o f f e ^ , whereas i n p r o f i l e 

S7 t h e r e i s a peak i n Mn^ content between 45 and 60 cms i n the Bg 

h o r i z o n ; t h i s i s probably due to the p r e c i p i t a t i o n o f Mn i n favourab le 

o x i d i s i n g c o n d i t i o n s . H o l l i s (1975) noted t h a t mangani fer rous concre t -

i o n s are f r e q u e n t l y p resen t i n s o i l s o f the Dale s e r i e s . A n a l y s i s o f 

the two separated s i z e f r a c t i o n s f o r t h i s s o i l ( Table 5 . 4 . ) showed t h a t 

the sand f r a c t i o n f rom between 45 and 60 cms contained 1.22% Mnfc compared 

t o 0.22% Mn^ i n the s i l t and c lay f r a c t i o n , which would be c o n s i s t e n t w i t h 

the presence o f mangani fer rous c o n c r e t i o n s . 

A l though t h e r e are no data a v a i l a b l e f o r the d i s t r i b u t i o n o f c lay 

i n these s o i l s , H o l l i s (1975) no tes t h a t t h e r e i s a tendency f o r the 

c lay content to increase w i t h depth i n the p r o f i l e , and f i e l d t e x t u r e 

d e t e r m i n a t i o n s would tend to c o n f i r m t h i s i n the case o f these two s o i l s . 

Clay w i l l i n n e v i t a b l y p lay some r o l e i n the d i s t r i b u t i o n o f Se, however, 

c o n s i d e r i n g the r e l a t i v e l y poor a d s o r p t i o n o f Se by c lays compared t o 

t h a t by f e r r i c oxides (Hamdy and G i s s e l - N i e l s e n , 1977) , and t h a t the 

main f u n c t i o n o f c lay i n t h i s respect i s as a s i t e f o r the p r e c i p i t a t i o n 



Depth F i n e f r a c t i o n ( l e s s than 63 um) Coarse f r a c t i o n (63um - 2 mm) 

P r o f i l e . Sample No. (cms) Se Fe^ Mn Se^ Fe_ Mn 
t t t t t t 

S3 2086 0-15 

2087 15-30 

2088 30-45 

2089 45-60 

S4 2117 0-15 

2118 15-30 

2119 30-45 

2120 45-60 

S10 2128 0-15 

2129 15-30 

2130 30-45 

2131 45-60 

2132 60-75 

ND - Not Determined. 

3 . 9 8 2 . 5 4 316 

4 . 2 3 2 . 4 5 280 

4 . 4 4 1 .56 144 

5 . 0 6 1.34 80 

4 . 0 6 5 . 5 9 1400 

5 . 8 2 7 .59 600 

ND 8 . 1 1 1020 

6 . 6 0 8 . 0 3 2190 

2 .37 1 .58 36 

7 . 7 4 2 . 7 6 12 

12.0 4 .17 12 

2 1 . 1 6 .44 16 

14.8 5 .06 16 

11.4 8 . 4 0 936 

10.8 3 . 4 2 428 

5 . 2 0 1 .29 136 

9 . 1 4 1 .70 52 

10 .0 16.5 1980 

14.7 16.3 1900 

12.1 15 .0 3850 

13.8 16.5 12200 

3 . 0 9 8 . 4 8 48 

27 .7 8 . 4 6 16 

2 0 . 0 8 . 5 2 20 

3 1 . 0 9 . 9 0 16 

11 .6 9 . 1 3 24 

Tab le 5 . 4 . Se , Fe and Mn concen t ra t ions i n two s i z e f r a c t i o n s o f t h r e e s o i l p r o f i l e s . 
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of Fe and A l ox ides (Jenne, 1977) , then the p o s s i b i t y o f t h e r e being 

a p r o p o r t i o n a l r e l a t i o n s h i p between the clay content and the S e t 

concent ra t ion o f the s o i l i s u n l i k e l y . 

Analys i s o f the two s i z e separa t ions o f the l e s s than 2 mm s o i l f o r 

each sample o f the p r o f i l e (S10) shows t h a t the content o f bo th 

f r a c t i o n s i s l a r g e l y r e l a t e d to the F e t content ( F i g u r e 5 . 4 . ) . The 

p l o t o f Se^ a g a i n s t Fe^ f o r these two f r a c t i o n s p l u s t h a t o f the whole 

l e s s than 2 mm s o i l shows t h a t Se^ va lues are approximately the same 

as f o r the s i l t and c lay f r a c t i o n . T h i s i s c o n s i s t e n t w i t h the s o i l 

c o n t a i n i n g v e r y l i t t l e coarse m a t e r i a l , which would be expected f rom 

the f i e l d t e x t u r e d e t e r m i n a t i o n s . Cons ider ing the presence o f 

ochreous m o t t l e s th roughout the p r o f i l e , the h i g h Fe content o f 

the sand s i z e f r a c t i o n suggests t h a t i t c o n s i s t s predominant ly o f 

f e r r i c oxide c o n c r e t i o n s ; which are a l s o enr iched i n S e but c o n t r i b u t e 

l i t t l e t o the t o t a l Se content o f the s o i l . F l e t c h e r (1968) found 

a s i m i l a r l y h i g h Fe content i n the coarser f r a c t i o n s o f p o o r l y dra ined 

s o i l s f rom the same r e g i o n . 

I n c o n t r a s t t o the s o i l s o f the Dale s e r i e s the Sefc content o f the 

a l l u v i a l s o i l a t S8 decreases w i t h depth, and t h i s t r e n d apparent ly 

v a r i e s i n p a r a l l e l w i t h decreasing Fe p and L . O . I , c o n t e n t s , r a t h e r 

than t h a t o f F e t . So a l though both s o i l s are g leys and have the same 

c h a r a c t e r i s t i c d i s t r i b u t i o n o f F e p > d i s t r i b u t i o n o f Se^ i s markedly 

d i f f e r e n t . However, i n p r o f i l e S8 , apar t f rom the d i f f e r e n c e between 

the 0-15 cms and the 15-30 cms samples, the decrease i n L . O . I , i s no t 

l a r g e , and so the r e l a t i o n s h i p w i t h Fe p may be the more p e r t i n e n t . 

T h i s t h e r e f o r e suggests a d i f f e r e n t mode o f occurrence o f the Se i n 

the s o i l s o f the Dale s e r i e s upslope and t h i s gleyed a l l u v i a l s o i l . 

Be ing a t the base o f the s lope t h i s s o i l w i l l probably be i n r e c e i p t 

o f drainage wate r s moving downslope f rom the s o i l s o f the Dale s e r i e s ; 

bu t a l s o , being i n c lose p r o x i m i t y to the s t ream, no doubt groundwaters 

w i l l be moving l a t e r a l l y th rough the s o i l . The r e l a t i v e l y h i g h 

content o f Fe p i n the s o i l at depth, suggests t h a t such wate r s are 

s u f f i c i e n t l y aerated to produce the f r e s h p r e c i p i t a t i o n o f f e r r i c 

o x i d e s ; any Se t r a n s p o r t e d t o the s o i l f rom upslope may then be adsorbed 

on these c o l l o i d s . At the same t ime any Se re leased f rom the a d s o r p t i o n 

complex by e i t h e r exchange r e a c t i o n s o r the r e d u c t i o n o f f e r r i c i r o n 
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ignre 5.4. Relationship between Se^ and Fe^ for total soil, sand 

and silt and clay fractions. Profile S7: Dale series 
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to the s o l u b l e f e r r o u s fo rm may be leached l a t e r a l l y away f rom the 

p r o f i l e by the groundwaters assoc ia ted w i t h the s t ream. The process 

i s no t a b s o l u t e l y c lea r but i t may be considered t h a t due to the l o c a t -

i o n o f the s o i l at the base o f the s l o p e , and adjacent t o the s t ream, 

the environment o f changing redox c o n d i t i o n s and leaching i s more 

dynamic than i n the s o i l s o f the Dale s e r i e s ups lope. 

The s o i l o f the Onecote s e r i e s a t s i t e S10 demonstrated the most 

s t r i k i n g increase i n Sefc content w i t h depth o f a l l the p r o f i l e s on the 

t r a n s e c t ; t h i s increase apparent ly v a r i e s not on ly w i t h the F e t 

content bu t a l s o w i t h the Fe content o f the s o i l . The p a t t e r n o f 
P 

d i s t r i b u t i o n o f Fe i s the r e v e r s e o f t h a t encountered i n the o t h e r 
P 

gleyed s o i l s o f the area, the h i g h e s t concent ra t ions being found 

i n the Bg and BCg h o r i z o n s a t depth. I t i s no t iceab le t h a t d e s p i t e 

the h i g h concent ra t ions o f Se^ i n t h i s p r o f i l e , the Fe^ concen t ra t ions 

are w i t h i n the range encountered i n the o t h e r s o i l s o f the area. As 

t h i s s o i l occupies a f a i r l y l e v e l s i t e towards the top o f a g e n t l e s lope 

t h e r e i s l i t t l e evidence t h a t the s i t e i s i n r e c e i p t o f Se 

t r a n s p o r t e d i n drainage w a t e r s . I t seems probable t h a t the source o f 

the m a j o r i t y o f the Se i s a parent m a t e r i a l which i s s i g n i f i c a n t l y 

enr iched i n Se compared to i t s ne ighbours . F i g u r e 5 . 5 . shows t h a t 

the mean Se^rFe^ r a t i o , f o r p r o f i l e S10 i s much h i g h e r than t h a t o f 

the remain ing s o i l s on t h i s t r a n s e c t , a l l o f which tend t o l i e about 

the same r e g r e s s i o n l i n e . P r o f i l e S10 i s t h e r e f o r e more enr iched 

i n Se, r e l a t i v e to i t s Fe^ con ten t , than the o t h e r s o i l s . F l e t c h e r 

(1968) found t h a t t h e r e was no o v e r a l l r e l a t i o n s h i p between the Fe 

and Se content o f the sha les o f the r e g i o n , which he supposed was 

due to d i f f e r e n c e s i n the modes o f supply o f the elements d u r i n g the 

f o r m a t i o n o f the r o c k s . 

I n s p i t e o f the general t r e n d i n these water logged s o i l s t h a t the 

t o p s o i l i s r e l a t i v e l y depleted i n Se, t h e r e appears to be an exag-

erated d i f f e r e n c e between the t o p s o i l and s u b s o i l Se^ content i n 

p r o f i l e S10 . Cons ider ing the more organic r i c h t o p s o i l s o f the 

Onecote s e r i e s t h i s may be a l l the more u n u s u a l . H o l l i s (1975) 

however, makes s p e c i a l ment ion o f the f a c t t h a t the s o i l s o f the 

Onecote s e r i e s i n the v i c i n i t y o f F a i r v i e w Farm have a tendency t o 

take on the c h a r a c t e r i s t i c s o f the s o i l s o f the I p s t o n e s s e r i e s , which 

occur where s i l t y head covers the clay sha les o f the Gun H i l l S i l t s t o n e 
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Figure 5.5. Relat:ionship betrween Fe and Se for horizons of aL 1 soiLs on the Mixon and Butterton Moor transect. 
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f o r m a t i o n . T h i s s o i l i s ve ry near to the boundary o f the Onecote 

and Wi lcocks s e r i e s , the l a t t e r being formed on the head der ived 

f rom the Onecote Sandstone and S h a l e s , i t would seem probable, 

t h e r e f o r e , t h a t the r e l a t i v e l y low Sê _ concent ra t ion o f the t o p s o i l 

o f p r o f i l e S10 i s due t o an i n c l u s i o n o f a t h i n cover ing o f t h i s head. 

The lower S e t and Fe^ concent ra t ions o f the s o i l s o f the Wi lcocks s e r i e s 

suggests t h a t t h i s head would c o n t a i n l e s s Se and Fe than the 

m a t e r i a l o f the Gun H i l l S i l t s t o n e f o r m a t i o n . 

The Fe p va lues i n p r o f i l e S10 , e s p e c i a l l y a t depth, are appreciably 

g rea te r then those o f the o t h e r s o i l s on t h i s t r a n s e c t . T h i s 

anomaly i s d i f f i c u l t to e x p l a i n ; e s p e c i a l l y c o n s i d e r i n g t h a t t h e r e 

was very l i t t l e ochreous m o t t l i n g i n the h e a v i l y gleyed BCg h o r i z o n . 

One reason may be d i f f e r e n c e s i n the s u s c e p t a b i l i t y t o weather ing 

o f the two parent m a t e r i a l types thought to be p r e s e n t i n t h i s p r o f i l e . 

D e s p i t e the s t r o n g c o r r e l a t i o n between the Sê _ and Fe contents o f 
t p 

s o i l h o r i z o n s f rom the L lansannan area which has been demonstrated 

( s e c t i o n 6 . 4 . ) , i t would seem more l i k e l y t h a t i n the case o f these 

s o i l s the S e t i n the p r o f i l e i s no t s p e c i f i c a l l y r e l a t e d to the Fe^ 

conten t . A n a l y s i s o f the sand s i z e f r a c t i o n ( Tab le 5 . 4 . ) shows an 

enrichment o f bo th Fe and Se r e l a t i v e to the s i l t and clay f r a c t i o n . 
t t J 

As w i t h the s o i l s o f the Dale s e r i e s t h i s probably r e p r e s e n t s the p r e s -

ence o f f e r r u g i n o u s c o n c r e t i o n s ; which have been shown t o e x i s t i n the 

s o i l s o f the Onecote s e r i e s ( H o l l i s , 1975) . The Fe i n these concre t ions 

would be l a r g e l y c r y s t a l i n e ; y e t i t o b v i o u s l y has an assoc ia ted Se^ 

con ten t , which i s o f the same order as t h a t i n the f i n e f r a c t i o n , where 

much o f the more amorphous " f r e s h " i r o n oxides w i l l occur ( F i g u r e 5 . 6 . ) . 

T h i s p l o t o f the Fe^ and Sê _ concen t ra t ions o f the separated s i z e 

f r a c t i o n s shows t h a t t h e r e i s a l i n e a r t r e n d between the two parameters , 

w i t h the except ion perhaps o f the samples f rom the top and bottom o f 

the p r o f i l e . The low Se c o n c e n t r a t i o n o f the sand s i z e f r a c t i o n o f 

these two samples i s d i f f i c u l t t o e x p l a i n . I n the t o p s o i l where 

t h e r e i s l e s s i n t e n s e g ley ing the f o r m a t i o n o f f e r r u g i n o u s concre t ions 

i s u n l i k e l y . 

I n the absence i n t h i s s tudy o f a method by which t o determine the 

r e l a t i v e c o n t r i b u t i o n s to the t o t a l s o i l Se o f e i t h e r Se i n assoc-

i a t i o n w i t h f e r r i c o x i d e s , o r Se i n more reduced forms such as e lemental 
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and s i l t and clay F r a c t i o n s . P r o f i l e S1 0: Onecote s e r i e s 
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Se (Se°) o r s e l e n i d e s (Se ) i t i s d i f f i c u l t to be s p e c i f i c about 

the r e l a t i v e importance o f e i t h e r f r a c t i o n . Howard (1977) cons ide r s 

t h a t i n the redox c o n d i t i o n s p r e v a l e n t i n the presence o f reduced 

f e r r o u s i r o n , Se would take the fo rm o f e i t h e r o f these s p e c i e s , 

dependant on the e x t e n t o f the reducing c o n d i t i o n s ; and t h a t i n bo th 

o x i d i s i n g and reducing environments the d i s t r i b u t i o n and forms o f 

Se are c o n t r o l l e d by t h a t o f F e . 

P r o f i l e s S l l , S12 and S13 o f the Wi lcocks s e r i e s again demonstrate a 

broad r e l a t i o n s h i p between the F e t and Se^ i n the s o i l ( F i g u r e 5 . 3 . ) . 

I n a l l cases the d i s t r i b t u t i o n o f Fe i s c h a r a c t e r i s t i c o f g l e y i n g , 

as i t s c o n c e n t r a t i o n decreases w i t h depth. Only f o r p r o f i l e S l l do 

the a n a l y t i c a l va lues c o n f i r m the presence o f a c h a r a c t e r i s t i c Eg 

h o r i z o n , where the concent ra t ions o f Fe , Fe , Se and A l i n the s o i l 
t p t t 

a t the 15-30 cms depth are l e s s than those o f the h o r i z o n above and 

below. Evidence f o r the presence o f such a h o r i z o n i n S I 2 and S I 3 

may be masked by the presence o f m a t e r i a l f rom o t h e r h o r i z o n s i n the 

r e l e v a n t sample, as Eg h o r i z o n s i n the Wi lcocks s e r i e s are o f t e n t h i n 

and weakly d e f i n e d . The pH o f these p r o f i l e s i s g e n e r a l l y h i g h e r 

than i n those al ready d i scussed , which i s c o n s i s t e n t w i t h the o b s e r v a t -

i o n o f H o l l i s (1975) t h a t p r o f i l e s developed on d r i f t m a t e r i a l tend t o 

be more a l k a l i n e , probably due t o the m i x i n g o f more calcareous f a c i e s 

w i t h those o f the s i l t s t o n e and o t h e r s t r a t a . 

One anomaly i n the r e s u l t s i s the l a r g e discrepancy between the 0-15 

cms p r o f i l e sample and the bulked t o p s o i l sample a t s i t e S l l ( Tab les 

5 . 2 and 5 . 3 . ) . Cons ider ing the r e l a t i o n s h i p between S e t and Fe^ so 

f a r d i s c u s s e d , t h i s can be explained i n p a r t by the s i g n i f i c a n t l y 

h i g h e r Fe^ content o f the s i n g l e t o p s o i l sample (2.01% compared t o 

0 .62%) , the r a t i o o f S e f c : F e t i n both samples being equal ( 1 . 5 ) . I t 

i s d i f f i c u l t to e x p l a i n the source o f the h igher Se^ and 

concent ra t ions but l o c a l contaminat ion by enr iched d r i f t m a t e r i a l i s 

p o s s i b l e ( c . f . the s i t u a t i o n a t p r o f i l e S 1 0 ) . 

There i s no appreciable accumulation o f Se^ w i t h depth i n these p r o f i l e s 

and the concen t ra t ion i n the t o p s o i l i s a reasonable e s t i m a t e o f the 

'Se concen t ra t ion o f the r e s t o f the p r o f i l e . Al though sha le f ragments 

were p resen t i n the p r o f i l e s t h e r e i s no evidence to suggest t h a t these 

may be s i g n i f i c a n t l y enr iched or depleted i n Se r e l a t i v e t o the r e s t o f 
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the solum. The presence o f a leached Ea h o r i z o n i n these l i g h t e r 

t e x t u r e d s o i l s i s i n d i c a t i v e o f enhanced leaching o f : the s o i l , which 

has probably meant a c o n s t a n t - r e d i s t r i b u t i o n o f Se between the organic 

phase i n the t o p s o i l and adsorbed phases on f e r r i c o x i d e s , and reduced 

forms a t depth. A l though leaching w i l l have r e s u l t e d i n the l o s s o f 

some Se f rom the s o i l , the g e n e r a l l y lower Se^ concen t ra t ions are 

due i n most p a r t t o the lower Se content o f the parent m a t e r i a l f rom 

which they were d e r i v e d , compared to t h a t o f the Dale and Onecote s e r i e s . 

F l e t c h e r (1968) demonstrated t h a t the coarser l i t h o l o g i e s i n general 

contained lower concent ra t ions o f t race elements . 

The p r o f i l e a t s i t e S I 4 r e p r e s e n t s a s i m i l a r ye t more advanced s i t u a t -

i o n where an even coarser t e x t u r e d s o i l has been h e a v i l y leached, 

r e s u l t i n g i n the f o r m a t i o n o f a more acid p r o f i l e which i s r e l a t i v e l y 

depleted o f Se. T h i s r e l a t i o n s h i p coupled w i t h the enr ichment o f the 

peaty t o p s o i l i n S e t i s c h a r a c t e r i s t i c o f p o d z o l i s a t i o n as demonst-

r a t e d elsewhere i n t h i s s tudy ( s e c t i o n s 4 . 3 . 2 . and 6 . 4 . 1 . ) . Again the 

sandy rocks g i v i n g r i s e t o t h i s s o i l were probably i n h e r a n t l y low 

i n Se compared t o the s u r r o u n d i n g l i t h o l o g i e s on which the s o i l s o f 

the Onecote and Wi lcocks s e r i e s are developed. 

5 . 4 . Bent Farm t r a n s e c t . 

5 . 4 . 1 . I n t r o d u c t i o n . 

T h i s t r a n s e c t covers a sequence o f s o i l s developed on a s i n g l e s lope 

which i s u n d e r l a i n by S e - r i c h black sha les o f Namurian age. The 

s i t u a t i o n o f the t r a n s e c t i n r e l a t i o n to l o c a l topography and 

drainage i s depicted i n F i g u r e 5 . 7 . The land i s used f o r g r a z i n g as 

permanent p a s t u r e , and h i g h Mo concent ra t ions i n the herbage have 

lead to problems o f Mo induced Cu d e f i c i e n c y i n g r a z i n g l i v e s t o c k . 

Cons ider ing the r e l a t i o n s h i p between Mo and Se i n t h i s type o f parent 

m a t e r i a l ( F l e t c h e r , 1968) , i t would be expected t h a t the s o i l s and 

parent m a t e r i a l were a l s o enriched, i n Se. 

C l a s s i f i c a t i o n o f the s o i l s i s complicated, as the c h a r a c t e r i s t i c s 

change cons iderab ly over a smal l d i s t a n c e . P o o r l y d ra ined s o i l s 
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at the crest of the slope, probably belonging to the pelo-stagnogley 

soils of the Dale series, give way as the slope becomes steeper to 

better drained soils of the Alton series (typical non calcareous 

pelosols). The soil at site S2 is probably an intergrade between the 

soils of the Dale and Alton series, being relatively freely drained 

yet showing signs of strong gleying at depth; whilst at site S3 a 

shallow well drained soil containing many black shale fragments has 

been classified as a soil of the Alton series (steep phase). Towards 

the base of the slope, as the gradient decreases, the soils become 

poorly drained again; the presence of a relatively humose topsoil 

in the profile at site S4 places the soil in the Onecote series 

(cambic stagnohumic gley soils). 

Adjacent to Bletch Brook is an area of very poorly drained soils 

which at the time of sampling had water lying on the surface. These 

soils are developed on recent alluvium with perhaps some mixing of 

head deposits at the base of the slope. Although an odour of 

sulphide was evident on sampling, the soil is not sufficiently acid 

to be considered to have a sulphuric horizon (Avery, 1980) and so 

has been classified as a typical humic-alluvial gley soil. Such soils 

were unnamed by Hollis (1975). The presence of sulphur-rich 

horizons would however, be consistent with a soil recieving drainage 

waters from surrounding pyrite-rich rocks and soils. 

Site and profile descriptions for the five profiles are given in 

Appendix 1.2.2. Additionally, samples of shale were taken from a 

small outcrop in the vicinity of site S3 which have also been 

analysed for Se, and a bulk stream sediment sample was taken from 

along the stream at its intersection with the transect. 

5.4.2. Results and discussion. 

The data for the bulked topsoil samples are broadly comparable with 

the corresponding topsoil values for the profiles (Tables 5.5. and 

5.6.); the exception is at site S3 where the bulked topsoil Se
t 

concentration is lower than that of the profile, despite values 

for the nther parameters being similar. The general trend in the bulked 

topsoil data is for the topsoil Se concentrations to increase 
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No. 

Soil 
series 

Sample 
No 

PH 
w P

R

Ca 
Se 

t 
Fe 

P 
Al 

p 
Mn 

t 
Fe 

t 
Al 

t 
Ca 

t M g
t 

L.O.I. 

S I D A L E 2 0 7 9 5 * 1 0 4 * 7 0 1 * 7 3 0 * 4 2 0* 11 3 4 0 7 1 7 
A.. • .1. A.* 1 * 0 0 0 * 3 6 0 • 0 8 8 1 2 * 2 7 

8 2 D A L E / A L T O N 2 0 8 5 5 • 5 0 5 * 1 0 2 * 9 9 0 * 4 9 0* •| 7 
.1. A.. 

4 8 0 2 * 6 0 0 * 9 2 0 * 4 2 0 * 0 7 5 1 2 * 6 5 

8 3 A L T O N 2 0 9 0 5 • 4 0 4 * 9 0 4 * 2 5 0*66 0* 14 4 9 2 3 • 0 0 0 * 9 6 0 * 3 6 0 • 0 7 5 1 0 * 8 3 

8 4 O N E C O T E 2 0 9 4 5 • 6 0 4 * 8 0 5 * 6 0 0 * 3 4 0* 11 6 4 0 3 * 2 2 1 *62 0 * 6 2 0 * 1 2 7 1 4 * 2 7 

8 5 U N N A M E D 2 0 9 5 4 * 3 0 4 * 0 0 2 0 * 9 0 0 * 2 3 0* •i -y 
.1. / 3 0 0 3 • 6 4 0 * 7 2 0 * 5 5 0 * 1 2 3 5 5 • 11 

S T R E A M S E D I M E N T 2 1 0 1 N D ND 6 * 3 8 N D N D 1 6 9 6 8 * 4 0 1 • 0 6 0 • 7 6 <)• 1 5 5 1 0 * 4 1 

Table 5.5. Bent Farm transect, analytical results for bulked (0-15 cms) topsoil samples. 

u> 



Profile Soil Sample Depth 
pH pH Se Fe Al Mn Fe Al Ca Mg L.0.1. 

No. series No. (cms) 
F

 w 
1

 Ca t P P t t t t t 

SI DALE 2 0 7 5 0--15 5 * 0 3 4 * 5 5 1 * 9 2 0 . 4 4 0* 13 6 5 0 2 * 3 6 1 *07 0 * 2 0 0 . 0 4 1 1 1 * 5 8 
2 0 7 6 15- 3 0 5 * 0 0 4 * 50 2 * 3 0 0 * 2 8 0 * 1 2 1 8 8 0 3 * 7 6 1 . 0 0 0 * 1 9 0 * 1 0 1 7 * 1 9 

2 0 7 7 30- 4 5 5 * 0 0 4 * 4 0 3 * 2 9 0 * 2 2 0 * 11 1 0 4 0 3 * 1 2 0 * 1 0 0 * 1 9 0 * 1 0 1 6 * 6 6 

2 0 7 8 45- 60 4 * 4 5 4 * 3 0 2 * 5 1 0 * 1 0 0 * 1 1 8 4 0 3 * 7 2 1 . 1 8 0 * 2 1 0 * 1 3 1 5 * 1 9 
S 2 DALE /ALTON 2 0 8 0 0- .1.5 5 * 8 5 5 * 20 3 * 5 6 0 . 4 8 0 * 1 0 4 1 2 2 * 2 8 0 • 8 4 0 * 4 3 0 * 0 6 7 1 1 * 2 2 

2 0 8 1 15- 30 5 * 5 0 4 * 80 4 * 1 6 0 * 4 3 0 * 11 3 0 8 n 
AM • W AM 0 * 9 2 0 * 3 3 0 . 0 7 1 8 * 7 5 

2 0 8 2 30- 4 5 5 * 0 5 4 .50 6 • 34 0 * 5 0 0* 14 2 7 6 2 * 5 8 0 * 8 8 0 * 2 3 0 * 0 5 7 6 • 5 9 
2 0 8 3 45- 6 0 5 * 1 0 4 * 4 0 3 * 4 0 0 * 4 2 0 * 1 3 3 1 2 2 * 8 4 0 * 8 6 0 • 2 2 0 * 0 5 9 5 * 9 7 

2 0 8 4 60- 7 5 5 * 2 0 4 * 40 1 0 * 4 0 0 * 2 8 0* 14 2 7 2 3 * 5 4 0 * 3 3 0 * 2 1 0 * 0 5 9 4 * 3 0 

S 3 ALTON 2 0 8 6 0- 15 5 * 4 0 4 * 3 0 7 * 1 0 0 * 6 6 0 * 1 4 3 9 2 3 * 4 3 0 * 9 6 0 * 5 8 0 * 0 7 1 1 1 * 2 3 
2 0 8 7 15- 30 6 * 20 5 * 5 0 6 * 4 3 0 * 64 0 . 1 6 3 4 4 2 * 8 0 0 * 9 6 0 * 4 1 0 • 0 5 9 9 * 1 4 
2 0 3 3 30- 4 5 5 * 2 0 4 .40 5 * 2 6 0 * 4 8 0 * 1 5 9 8 1 • 7 2 0 * 7 5 0 * 2 1 0 * 0 4 1 6 • 60 

2 0 8 9 45- 60 4 * 8 5 4 * 0 0 3 • 0 0 0 • 3 6 0 * 1 2 8 8 :L .70 0 * 6 4 0 * 1 3 0 * 0 2 8 5 • 3 6 
S 4 ONECOTE 2 0 9 1 0- 15 5 • 3 0 4 * 7 0 5 * 0 1 0 * 3 6 0 * 1.1 9 9 9 

AM AM W 1 * 5 0 1 * 7 2 0 * 5 5 0 * 1 2 3 1 5 * 1 6 n A Q O 
A*.. V / A.. 15- 3 0 5 * 1 0 4 * 5 5 5 * 2 9 0 * 2 4 0 * 1 3 9 6 1 * 1 6 1 * 6 2 0 * 4 0 0 * 1 0 7 9 * 7 5 

2 0 9 3 30- 4 5 5 * 1 5 4 * 3 0 7 * 2 0 0 * 1 6 0 * 1 2 4 6 4 1 * 6 0 .L + AM 0 * 2 2 0 * 1 1 9 4 * 7 0 

S 5 UNNAMED 2 0 9 5 0- 15 4 * 3 0 4 * 0 0 2 0 . 9 0 0 • a« 3 0 . 1 7 3 0 0 3 * 6 4 0 • 7 2 0 * 8 0 0 * 0 3 5 5 5 * 11 
2 0 9 6 15- 30 4 * 7 0 4 * 3 0 4 0 * 0 0 1 * 5 6 0 * 2 6 6 6 9 Rft 

A*- * \.L V 0 * 9 0 0 . 7 0 0 * 0 9 7 4 3 * 9 2 
2 0 9 7 30- 4 5 4 • 70 4 * 30 7 7 * 00 1 * 16 0 * 1 4 64 2 * 8 0 1 * 2 0 0 * 7 2 0 * 1 2 7 2 8 * 5 2 
2 0 9 3 45- 60 4 * 90 4 * 5 5 3 2 * 00 0 * 4 4 0 * 1 1 5 2 2 . 3 6 1 * 2 0 0 . 4 9 0 * 1 2 7 1 3 * 4 9 
2 0 9 9 60- 7 5 4 * 80 4 * 5 5 7 9 • 00 0 * 7 0 0 * 2 1 8 3 4 * 6 0 1 * 3 6 0 * 4 5 0 * 1 2 3 1 4 * 7 7 
2 1 0 0 75- 90 5 * 1 0 4 * 7 5 93 * 00 0 * 5 8 0 * 1 6 1 3 6 5 • A? 3 1 • 8 8 0 * 5 4 0 * 1 4 3 1 5 * 0 6 

Table 5.6. Bent Farm transect, analytical results for profile samples S1-S5. 
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downslope, in parallel with an increase in the F e
t
 concentration, and 

with the exception of site S5
5
in Mn . The concentration of Fe is 

. p 
highest in the better drained soils at sites S2 and S3. As both Fe and 

Mn may be mobile in their reduced forms it is possible that these 

trends are due to the successive enrichment of downslope soils by 

drainage waters enriched in these metals and derived from waterlogged 

horizons of soils upslope. It is possible that Se mobilisation and 

redeposition occurs by a related process. 

The plot of S e
t
 against Fe^ for these five soils is linear for 

soils SI to S4 (Figure 5.8.), which suggests a similarity in the 

mode of occurrence of the Se^ in all the soils; site S5 is considerably 

enriched in Se^. relative to its Fe
fc
 content. Although some mottling 

was apparent in the topsoils at sites SI to S4 it would be expected 

that these topsoils were well aerated and that the Se occurred 

primarily as selenite adsorbed on ferric oxides. In contrast at site 

S5, at the time of sampling the soil was completely waterlogged, and 

the Se would probably be largely in reduced forms, such as elemental Se 

or selenides. 

The stream sediment sample, although rich in both Fe^ and Mn^ due 

to secondary precipitation, has a relatively low Se
fc
 content. The 

shale sample taken from near to the soil at site S3 was composed of 

dark grey and black unweathered fragments and rust coloured fragments, 

the latter being considered to have been weathered to a greater extent 

and a portion of the iron content having been oxidised to the ferric 

form. The sample was separated on this basis and the data is given 

in Table 5.7. 

The profile of the Dale series at site SI shows a similar distribution 

of Se^ to the profiles of the same soil series on the Mixon and 

Butterton Moor transect, with the Fe^ concentrations increasing with 

depth (Figure 5.9.). In this case there is a maximum between 30 and 

45 cms before the concentration decreases slightly below 45 cms. In 

common with soil S7 (section 5.3.2.) the observed presence of mangan-

iferrous concretions in the Bg horizon is confirmed by the higher 

Mn
f c
 concentrations in the sample from the top of the horizon (Table 

5.6.). 
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Sample. Se Mil Fe 
. t t t 

BF 1, "unweathered". 23.2 44 2.90 

BF 2, "weathered". 9.9 52 1.32 

Table 5.7.
 a n d

 Fe^ content of shale samples from 

Bent Farm. 
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Concentrations of Se^ in this profile are lower than in those further 

down slope, so it is possible that this soil is developed on a 

different parent material, possibly a different shale facies out-

croppin at the top of the slope, or residual drift material remaining 

in the more level ground. 

Profile S2 is predominantly freely drained in the top 45 cms, although 

some ochreous mottling indicative of gleying is evident; thus 

Fe^ values are relatively uniform at the top of the profile (Figure 

5.9.). There is a sharp increase in the Se
t
 content with depth, 

which is difficult to explain in terms of the other data presented. 

However, the increasing frequency of shale fragments down the profile 

suggests that much of the total Se
fc
 content of the soil may be 

present in these shale fragments. If the concentration of Se in the 

dark shale sampled near to site S3 (23.2 g ) is consistent with 

that of the shale underlying most of the slope then this would be poss-

ible; an increase in the shale content would increase the S e
t 

content of the soil. The Alton series soil at site S3 is well drained 

and on a steeper portion of the slope, and although similar in 

morphology to profile S2, especially in the well drained topsoil, 

the distribution of Se
fc
 is markedly different (Figure 5.9.). Down 

to 45 cms the Se^ content decreases in parallel with a decrease in 

the Fê _ concentration. There were also unweathered shale fragments 

in the soil but these were predominantly in the Cr horizon between 

45 and 60 cms. Analysis of the sand, and silt and clay size fractions 

shows that unlike the soils of the Dale and Onecote series, the Se^ 

enriched sand fraction makes a larger contribution to the total Se^ 

content of the soil (Tables 5.4. and 5.6.). However, excepting 

the topsoil the sand fraction is not significantly enriched in Fe
fc 

compared to the silt and clay fraction. Certainly in the Cr 

horizon most of the sand fraction will consist of shale material 

which is relatively unweathered. Thus considering the high S e
t 

content of the shale samples taken from the slope, it seems probable 

that the inclusion of shale in the profile is making a significant 

contribution to the total soil S e
t
, both at site S3 and probably at 

site S2 where the fequency of shale fragments increased down the profile. 

Towards the surface in both of these profiles (S2 and S3), where the 

soil is well aerated, it may be expected that the Se is associated 
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with ferric oxides and organic complexes. The plot of Fe^ against 

Se^ for the separated size fractions of the Alton series soil (S3) 

(Figure 5.10) exhibits no linearity in the relationship between the 

two parameters, which provides evidence for a different mode of 

occurrence of Se in these better drained soils. 

The soil of the Onecote series at site S4 is more poorly drained than 

the soils of the Dale series at SI and S2 which has resulted in a 

greater accumulation of organic matter (L.O.I.) at the surface 

(Figure 5.9.). Considering the well documented associations between 

organic matter and Se (section 2.3.) this may in part explain the 

higher concentrations of Se^. Being towards the base of the slope 

this soil occupies a receiving site for drainage waters from upslope 

which may contain Se and so contribute to the Se content of the soil. 

Only the top of the profile has been sampled, but the pattern of 

distribution of Se^ is apparently for an increase with depth. 

The most striking feature of these data at Bent Farm are the extremely 

high Se concentrations found in the soil profile at site S5 (Figure t

 -1 

5.9.). A mean profile Se^ concentration of 65.0 jig g is approximately 

130 times greater than the mean Se content of some British soils given 

by Thornton et al. (in press) of 0.48 g It also represents an 

appreciable enrichment compared to the other soils on this transect. 

The high Se^ concentrations can perhaps be explained by its 

accumulation in this low lying site from drainage waters carying Se 

which has been mobilised from the soils upslope. As such the soil 

is similar to the soils in Eire which were found by Fleming and Walsh 

(1957) to be enriched in Se. These were soils occupying "flush" 

low lying sites receiving drainage waters from surrounding rocks and 

soils which contained quite high levels of Se. Common to such soils 

in Eire was a relationship between their organic matter content and the 

distribution of Se (Table 2.3.). Such a relationship is not 

apparent in profile S5; in fact the more Se-rich horizons are those 

towards the base of the profile which, although high in organic matter 

(L.O.I.) relative to the soils on the slope above, are depleted in 

organic matter in relation to the surface horizons of the soil (Figure 

5.9.). The accumulation is more apparently linked, again, to that of 
Fe . 

t 
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Relatively high Fe^ and Mn^ values for the Q-15 cms sample may be 

anomalous as ferric oxide patches were associated with stagnant surface 

water lying above this soil. Oxidising conditions causing the precip-

itation of ferric species might also be expected to cause the precip-

itation of MnO^ from reduced^ soluble species. The more organic 

surface horizons contain relatively high concentrations of Fe^, 

consistent with the presence of ferric oxides in complexes with 

organic matter (Bascombe, 1968), and it is possible that much of 

the Se here is associated with this Fe. Selenium may also be 

present in unmineralised plant remains; or in reduced forms such as 

Se° and selenides in the reduced portions of the soil which are 

characterised by the grey colours attributable to ferrous Fe. Ochreous 

mottling, indicative of ferric oxides, occurs to a depth of 60 cms 

which is designated the base of the Bgl horizon. In this horizon red-

ucing conditions may cause the reduction of Se to the elemental form, 

after the Fe is reduced to ferrous iron (see Figure 2.2.). Flushes 

of oxygenated water which may cause the oxidation of ferrous to 

ferric iron and the precipitation of mottles of ferric oxides could 

be responsible for the oxidation of elemental Se back to selenite, 

although Geering et al. (1968) have shown that this reaction takes place 

relatively slowly. Most selenite produced would presumably be adsorbed 

onto the surfaces of the ferric oxides. This horizon therefore 

probably contains Se as both selenite and elemental Se dependant upon 

the redox poise in its locality. 

Below 60 cms in the Bg2 horizon the ochreous colours of ferric oxides 

are absent, and it may be assumed that the majority of the Fe is in 

the reduced ferrous form. A sulphide odour was detected when the 

lower horizons were sampled, and it is probable that ferrous sulphides 

are present. In such sulphide rich conditions Howard (1977) suggests 

that Se would be further reduced, from the elmental form, to the 
2- . . . . 

selenide ion (Se ) which may be present substituted for S in pyritic 

material, and represented by the formula; Fe(S2>
 S e

2
) >

 a n d a s s u c

^ 

the Se is again associated with the Fe in the soil (Figure 2.2.). 

The absence of oxygenated waters in this zone means that the acidity 

produced by the oxidation of sulphide to sulphate is absent, which 

would be one of the criteria for a sulphuric horizon (Avery, 1980). 

However, the evidence suggests that this horizon has formed due to 

the enrichment of the soil by waters draining from pyritic soils and 

parent materials upslope. 
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5.5. Conclusions. 

The levels of Se in these soils (mean 3.39 ug g range 0.83 -
-1 . . 

20.9 jig g , n = 16 for bulked topsoil samples) are distinctly 

higher than those reported in section 2.9.3. for soils from England 

and Wales, where the mean Se concentration was 0.48 jig g and 

0.67 jig g ^ for shale derived soils. Subsoils concentrations were 

often much higher. This is obviously a reflection of the influence 

of parent materials which are considerably enriched in Se. 

The presence or absence of mottling and the colours associated with 

gleying have been used to qualitatively assess the redox conditions 

of the soils; the presence of such colours is largely attributable 

to the ferric and ferrous species of Fe respectively. The poise of 

the couple between these two forms of Fe is important in governing 

the overall redox potential of the soil. Thus it has been postulated 

that in surface horizons, where waterlogging is less frequent and 

little Fe is in the ferrous form, the Se would be present as the 

selenite oxy-anion, adsorbed on the surface of ferric oxides (Howard, 

1977). As the Fe is reduced to the ferrous form, Howard has 

demonstrated that the selenite would be reduced first to elemental Se, 

and then as the redox potential becomes more negative, to the selenide 

ion which he thought would be associated with ferrous sulphide. 

Watkinson (1962) thought that this form of Se existed in soils in 

New Zealand. Thus it would appear that in both oxidising and reducing 

conditions in the soil, Se will be associated with Fe, the only except-

ion being in the case of elemental Se. The quantities of elemental Se 

present in the soils are difficult to assess, its reoxidation has 

been shown to proceed only slowly, although microbial action may 

modify this process (Geering et al., 1968). As elemental Se is insol-

uble and ferrous Fe soluble in acid conditions, it might be expected 

that under such conditions leaching would produce areas of enrichment 

of Se relative to the Fe content. The data presented shows no such 

horizons, suggesting either that leaching is not extensive or that 

most of the Se occurs as selenide in the presence of ferrous Fe. 

It is possible that this clear relationship between Se^ and Fe^ is 

masking a connection between Se and organic matter, especially towards 
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the top of the profiles, possibly because Se in combination with 

organic matter can be present as an organic - Fe - Se complex 

(Levesque, 1974b), but also because small amounts of Se incorporated 

in plants may be readily leached from the surface when the plant 

material is mineralised. 

Elemental Se and selenides are largely insoluble, and therefore 

not available for plant uptake (Cary et al., 1967), whilst selenite 

can be utilised by plants. However, the adsorption of selenite 

on ferric oxides results in low solution concentrations and thus 

low plant availability. The combination of these two factors will 

result in low availability of Se in these soils, despite the high 

total concentrations of the element. 

In the better drained soils developed on the same parent materials there 

is also an increase in the concentration of Se with depth. In similar 

soils in Eire, Atkinson (1967) related this purely to the enhancement 

of lower horizons due to leaching from the surface. However, the 

evidence for these soils suggests that as well as the accumulation of 

selenite on ferric oxides at depth, there is relative enrichment 

of the soil from Se contained in unweathered shale fragments. Selenium 

in this form would not contribute to the plant available fraction. 

The information from the soils at Bent Farm suggests that as well 

as leaching of Se and Fe down the profile there is lateral movement 

of these elements in soils on the slope resulting in the accumulation 

of the elements in the soils on the more level ground at the base of the 

slope. However, unlike the similar situation in Eire where the soils 

are alkaline in reaction, the acidity of these soils would make the 

possibility of high plant concentrations and toxicity in livestock 

unlikely. It is possible that locally the formation of these Se 

rich soils might coincide with the occurrence of thin calcareous facies, 

producing soils of more alkaline reaction, but such occurrences 

would be scarce and difficult to predict. 

The distribution of Se in the soils of the Mixon and Butterton Moor 

transect demonstrates the variability of the Se content of the soils 

of the area, and that this variation is due to differences in soil 
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parent materials. Generally the soils on the finer grained parent 

materials contain the higher concentrations of Se. However, the 

classification of the soils of the area is based on the lithology 

of the parent material, and not all of the finer grained parent 

materials will be enriched in Se to the same extent (Fletcher, 1968). 

Thus soils of one series: may have widely differing Se concentrations. 

In parallel with the possible occurrence of molybdeniferrous soils, 

soils high in Se will predominantly be found derived from clay shales 

and silty shales with siltstones of the Mixon Limestones and Shales 

formation, and the Gun Hill Siltstones respectively. No specific 

soil series will contain uniformly high or low concentrations of Se. 

The lower Se concentrations in the soils of the coarser grained parent 

materials (e.g. Wilcocks series) is probably due to a combination 

of inherently low Se contents, and hightened leaching due to the more 

permeable nature of the solum. 

Whilst considering the data from these soils, drawbacks in the method 

of sampling have been evident. The use of an auger for taking 

bulked topsoil samples is both quick and convenient, however, its 

use in the sampling of profiles, although quick, can lead to misrep-

resentation. It is only possible to easily sample at one depth inter-

val down the profile (in this case 15 cms), and this may result in 

the inclusion of material from more than one horizon in a single sample. 

So although samples taken in this way can be instructive in recognising 

overall trends, chemical and physical changes in the soil which 

are attributable to the conditions prevalent in a particular horizon 

can be masked. As, for example, in the case of the weakly defined 

Eg horizons of the Wilcocks series. Thus in an initial study of the 

distribution of Se in the soils of an area, or soil series, a more 

discrete sampling technique should be adopted. This wiil be discussed 

in the following chapter. 
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CHAPTER 6. SOILS DEVELOPED FROM SILURIAN ROCKS IN THE LLANSANNAN 

AREA OF CLWYD. 

6.1. Introduction. 

It has been shown in the preceeding chapters that the Se content of 

the soil can be influenced by the nature of its parent material, and 

consistent with this in section 2.9.3. it was demonstrated that the 

Se content of the soil could differ widely when the soils were 

derived from different lithologies. The work in Chapter 5, covering 

soils developed from predominantly argillaceous rocks of Carboniferous 

age, also demonstrated appreciable differences in the Se content of 

soils from similar lithologies within a resticted area; and to a 

lesser extent it was apparent in south east England (Chapter 4) that 

quite small differences in the nature of the sandstones of the Lower 

Greensand could result in significant but small variations in the Se 

content of the soils so derived. 

Combined with variation in soil Se content due to the influence of 

the parent material, it has been shown that processes of soil devel-

opment can influence the distribution of the element both vertically 

within the soil profile, as exemplified by the podzols developed on 

the rocks of the Lower Greensand (section 4.3.2.), and also laterally, 

as evidenced by the accumulation of Se in profile S5 at Bent Farm in 

Derbyshire (section 5.4.2.). It was therefore sought to extend this 

work in order to better identify the effects of soil formation and 

development on the distribution of Se within the soil. 

The study area for this work waA in north Wales, predominantly in 
2 

Clwyd, around the town of Llansannan, and covers some 180 Km 

(Figure 6.1.). It was chosen because of the uniformity of the soil 

parent material throughout the area, and the fact that the distribution 

of the relatively diverse soil types is governed largely by topog-

raphy and land use (Ball, 1960). It is thus possible to study the 

effects of differing soil forming environments on the distribution 

of Se, and to make comparisons between the varied soil types. The 

soils of the area have been clearly classified and documented by 

Ball (1960), and this information has been used as a basis for estimating 



Figure 6.1. Topography, drainage and settlements in the Llansannan area. 
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the extent of the differences in soil Se content and distribution 

between the main soil series of the area. Despite the variety of 

soil types, the soils are predominantly acid and fine textured and 

therefore can not be taken as being representative of British soils 

in general. However, they demonstrate characteristics of many 

British upland soils, and most especially of those in mid and north 

Wales where similar rock types are found (Avery et al., 1975). 

Profile pits were dug to cover the number of common soil series in 

the area, whilst at the same time sampling each soil with sufficient 

care to allow all the characteristic horizons to be sampled. This, it 

was estimated, would reduce the risk of mixing of horizons and lack 

of definition in results which was found to be a problem in the use of 

an auger for sampling as in the work reported in Chapter 5. However, 

although sufficient profiles were sampled to cover all soil mapping 

units and the major variants therein, any attempts to take into 

account the geographical variation within each soil series was not 

possible because of the time which would have been involved in doing 

so. One assumption made in this work therefore, is that of the 

uniformity of the composition of the parent material. In order to 

make some estimation of this uniformity a number of solid rock samples 

were taken from within the study area, and analysed for their Se 

content. Keeley (1973) working in the same region, noted that there 

was little variation in the rock content of several trace elements 

(Co, Cu, Mn and Fe). 

6.1.1. Soil parent materials. 

a. Geology and stratigraphy. 

The following summary of the geology of the study area is taken from 

Ball (1960) and Smith and George (1961). 

The whole of the study area is underlain by Lower Palaeozoic, Silurian 

rocks, which in north Wales form a thick series of non-calcareous 

marine sediments. The Silurian has been divided into three series which 

are recognised by their characteristic fossil graptolyte contents; 
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Silurian. 

Ludlow series: 

(Upper Ludlow rocks are not present in the 

area.) 

Elwy Group. 

Upper Nantglyn Flags. 

Wenlock series: 

Lower Nantglyn Flags. 

Denbigh Grits Group. 

rValentian series. 

However, only lower Ludlow and Wenlock rocks are represented in the 

study area. Lithologically both these series are members of the same 

broad facies which comprises mudstones and shales alternating with 

flags, sandstones and grits. Structurally the rocks form a syncline 

pitching to the E.N.E. along the flanks of which the older Wenlock 

rocks are exposed, thus outcropping towards the S.W. of the study 

area (Figure 6.2.). Within this outcrop the older Denbigh Grits 

group, of well cleaved flags and shales interbedded with a dominant 
c, 

development of greywakes, forms well marked scarp features. The o u . 
greywakes being a poorly sorted, deep water deposit of mixed sand, 

silt and clay. These are succeeeded by the lower and upper Nantglyn 

Flags group which spans the boundary between the Wenlock and Ludlow 

series. These rocks are composed of laminated and ribbon banded 

alternations of mudstones, muddy siltstones and calcareous siltstones. 

The youngest rocks represented in the area are those of the Elwy 

group which are coarser facies consisting of silty and striped mud-

stones with subordinate sandstones. The outcrop of the Ludlow rocks 

is the most extensive in the study area. 

As a result of later Silurian earth movements a block pattern of 

faulting with broad symetrical folding was produced, which was 

later enhanced by minor folds during post-Carboniferous earth 

movements. This has resulted in an irregular and fragmented outcrop 

of the various facies throughout the study area. 

Drift cover in the area is quite extensive being predominantly a 
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till produced by the local Pleistocene, north Wales ice, and can 

be up to 37 m thick. The till consists of a boulder clay which is 

grey brown in colour and generally a rubbly and incoherant silty 

clay loam. It derives from the Ludlow and Wenlock rocks only and is 

therefore difficult to distinguish from the in-situ weathering 

products of the rocks themselves (Boswell, 1949; Ball, 1960). 

Other recent deposits include valley and river deposits of sands and 

gravels, again being developed mainly from the local Silurian rocks 

and the drift so derived. 

b . Mineralogy and composition. 

There is little available information on the composition of the rocks 

within the study area covered by this work, however, Boswell (1949) 

gives the chemical composition of comparable rocks (mainly flags) 

from the nearby Clwydian range as: 65% SiO^, 18% Al^O^, 7% 

0.3% CaO, 2.3% MgO and 4% loss on ignition at 950°C. He also noted 

the commoner heavy minerals of the local Silurian flags and sandstones 

to be micas, chlorite, epidote-zoisite, tourmaline, garnet, rutile, 

zircon and iron ores. In agreement with this, dioctahedral illite and 

iron rich chlorite have been quoted as being the dominant clay 

minerals in Silurian sediments in Wales, being complimented mainly 

by quartz (Evans and Adams, 1975a). On studying similar rocks in 

mid Wales, Adams et al. (1971) found that the main change on 

weathering was the decomposition of the chlorite component, and that 

since diagenetic chlorite acted as a rock cement, this lead to a 

textural degradation of the material. 

Smithson (1953) undertook a more local study of the heavy mineral 

assembleges in soils, concluding that limonite, ilmenite, magnetite, 

leucoxene and large flakes of chlorite were most common in those 

soils developed from lower Palaeozoic shales, and that the most 

probable source of the limonite was easily weathered pyrite which 

was relatively abundant in some of the rocks. 

Unfortunately this information sheds little light on the mode of 

occurrence of Se within these rocks. However, the pyrite noted by 

Smithson could be implicated as a possible source (Koljonen, 1974; 
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Rosenfeld and Beath, 1974; Atkinson, 1967), otherwise an assoc-

iation with any carbonaceous phase, of which little is known in 

these rocks, is the most probable. 

6.1.2. Soils, climate and land use. 

The soils of the area have been described in detail by Ball (1960) 

and the information which follows is derived mainly from that source; 

however, his classification of soils and their horizons has been 

modified to comply with that currently in use by the Soil Survey of 

England and Wales (Avery, 1980). 

Because of the relative uniformity of the parent material which 

underlies the soils of this area the distribution of soil types 

is governed largely by topography, and in respect of this the area 

can be split into two topographical units; the upland and the moorland. 

The upland occupies the north of the area and lies between about 135 m 

in the north and 310 m to the south where it borders the moorland. It 

consists of hill blocks, with the more resistant grits and sandstones 

outcropping near the hill tops, separated by many steep sided narrow 

valleys. Pleistocene glaciation smoothed the outline of the hills 

and deposited the extensive locally derived drift, so that the only 

widespread rocky areas are those of the coarser facies mentioned 

above, the shales and mudstones being more easily weathered. 

The moorland averages between 340 and 400 m with a high point 

within the study area of 518 m , and is formed of smooth contoured, 

rolling moorland. It is characterised by a flora of Heather (Calluna 

vulgaris), or Moor Matt Grass (Nardus stricta) where the Heather 

has been cleared in the past. 

Rainfall over the area increases to the south, away from the coast, 

as the elevation increases. Thus from being approximately 1025 mm 

per year in the N.E. corner of the study area it increases to a 

maximum of about 1280 mm per year at Llyn Aled on the moorland 

(Figure 6.1.). Mean monthly temperatures decrease away from the 

coast and with altitude, such that the number of days with a minimum 
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temperature below 0°C increases from about 31 at the coast to 

50 on the moorland. Frosts are more frequent in the east than the 

west. Lower mean temperatures on the moorland therefore result 

in lower evapo-transpiration and therefore a greater excess of 

rainfall than on the upland. 

The most widespread soils on the upland are the silty loam to. loam, 

typical brown earths of the Denbigh series which are acid and of low 

base status, having a typical horizon sequence of A , AB, B, BC. 

(Table 6.1.). This soil series is probably the most frequently occur-

ring soil in the non mountainous areas of Wales. The soils are 

derived from the drift from the Silurian rocks, and the series has been 

divided into phases which cover the variations in the thickness of 

the drift, and topographical location. Normal phase soils occur 

on thick deposits of drift on gently sloping ground where unweathered 

drift material does not occur within c. 90 cms of the surface; they 

are primarily found below an altitude of 185 m . The percentage satur-

ation of their good base exchange capacity depends upon the fertilizer 

history, but these soils generally occur in low rainfall areas where 

leaching is not as extensive as in the upland phase. 

Upland phase soils are found on more elevated sites,usually between 

230 and 310 m , and normally overly shales and mudstones. The soils 

are between 30 and 90 cms deep and have a higher stone content than 

the soils of the normal phase; otherwise the two phases are similar, 

those of the upland being perhaps more acid, which is typical of a 

lower level of fertility resulting from more rapid leaching in a looser 

and more stony soil situated where the rainfall is higher. 

The shallow phase soils are found in hummocky terrain, associated with 

the normal phase soils, when the drift cover has been affected by 

erosion. Thus they are shallow soils, the C horizon lying between 

30 and 60 cms, and typically have an horizon sequence of A , AB, BC, 

the BC being composed of only slightly weathered drift. 

Soils of the steep phase occupy the steep slopes of the upland which 

are either wooded or bracken covered, and are developed on colluvium. 

A thin 0 horizon, predominantly of leaf litter, merges with a thin A 



Soil mapping 
unit. 

Soil subgroup. Frequency 

(%). 

Denbigh. Typical acid brown earth. 53 

Powys. Brown rankers and humic rankers. 12 

Sannan. Stagnogleyic brown earths. 11 

Cegin. Cambic stagnogley soils. 1 .4 

Aled. Typical brown alluvial soils. 3 

Eriviat. Typical acid brown earths. 1.3 

Manod. Typical brown podzolic soils. 4.7 

Hiraethog. Ferric stagnopodzols and ironpan 4.2 

stagnopodzols. 

Ithel. Humic brown podzolic soils. 0.8 

Ynys. Cambic stagnohumic gley soils. 7.3 

Caron. Raw peat soils. 1.6 

Table 6.1. The frequency of occurrence of the soil mapping 

units found within the Llansannan study area (Based 

on Ball, 1960). 
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horizon which is typically a dark brown gritty loam, high in organic 

matter. The B is of a similar texture but brownish yellow:'in .-.colour 

and merges with the C horizon after about 30 cms. Because of steepness 

the land is of little agricultural value. The two latter phases are 

much less widespread than the two former. 

Powys series soils are predominantly brown rankers with some humic 

rankers occurring within the map unit, and are located on the hills 

of the upland, typically in broken country where the drift cover is 

thin and rock outcrops at or near to the surface; the soils are there-

fore developed either from post glacial weathering products or from 

a thin drift cover. They are shallow acid soils of low base status, 

profile drainage being excessive due to the open and stony nature 

of the solum. A dark grey brown silty loam to loam A horizon of 

about 10 cms thickness merges with a similar AB horizon of lower 

organic matter content which at about 20 cms passes into shattered 

rock with warmer coloured material between the fragments. At higher 

altitudes the increase in precipitation leads to the development of 

a more distinct B horizon due to the increased vertical leaching of 

the sesquioxides, and as such the soils often merge with those of the 

Manod series (see below) . Occasionally under heath type vegetation 

the development of a thin peaty topsoil places the soils within 

the Hiraethog map unit. 

Stagnogleyic brown earths of the Sannan series occupy uniform, gentle 

slopes and level ground in the upland, where run off is fairly good 

but profile drainage is imperfect, their parent material being drift 

derived from the Silurian rocks. In similar situations with more 

restricted drainage cambic stagnogley soils of the Gegin series, or 

occasionally at higher altitudes, soils of the Ynys series are found. 

Thus Sannan series soils are often found downslope of soils of the 

Denbigh series. Mottling along root channels in the .typically 

grey brown silty loam Ah or Ah(g) horizon becomes more frequent in the 

B(g), and at perhaps 30 cms depth there is a sharp boundary to a 

more heavily gleyed Bg horizon, in which light grey and grey brown 

colours predominate. The grey Cg horizon is normally less stony 

than the C horizon of the better drained Denbigh series soils, the 

more moist conditions resulting in the greater weathering of the .. 

stones. The position of the boundary between perfect and imperfectly 
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drained soils is largely determined by the presence of faults in 

the underlying rocks which affect the disposition of the underlying 

strata in relation to the angle of joints and bedding. 

Soils of the Aled series (typical brown alluvial soils) occupy only 

a small portion of the land area in this study (Table 6.1.) and 

are developed from alluvium derived from the local Silurian rocks. 

They therefore occur on narrow, level areas of land adjacent to 

the rivers. Typically upper horizons have a silty loam texture, 

and below this is a gravel horizon containing little fine material 

which is developed from a coarser alluvial deposit than that of the 

topsoil. Because of the variations in the alluvial parent material 

these soils are varied in morphology and classification of horizons 

is often difficult. However, in general the profile drainage is good ' 

and these soils are often under arable rotation, being easily worked. 

Typical brown podzolic soils of the Manod series are found on 

cultivated land with gentle to moderate slope and adjacent to the 

moorland above about 300 m . The soils are thus bounded at the lower 

altitudes by the soils of the Denbigh series. The parent material 

is the drift derived from the Silurian rocks, although often this 

was thin and none now remains below the soil. In this respect 

-therefore, the soils are related to those of the upland phase of 

the Denbigh series. Profiles are normally free to very freely 

drained but occasionally imperfect subsoil drainage occurs. Manod 

series soils can therefore be considered as an extension of the Denbigh 

series where increased leaching has resulted in sesquioxide movement 

and the formation of a Bs horizon. 

Ball considered Manod series soils to be a component of the moorland 

fringe (Figure 6.3.), passing at higher altitudes to the stagnopodzols 

of the Hiraethog series; which in turn are associated with soils of 

the Ynys and Caron series in a topographical sequence on the moorland. 

Hiraethog soils are found on moderate slopes, and on more gentle slopes 

where there is little or no drift cover. The series was not mapped 

in detail and the map unit therefore represents significant variations 

in soil type. The majority of the soils are ironpan stagnopodzols which 

have an accumulation of organic matter overlying a gleyed elluvial 



Figure 6.J. Relationship between topography, land use and the occurrence of s 

Llansannan area. (After Ball, 1960). 
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horizon (Eag) below which a thin ironpan (Bf) has developed causing 

the restricted drainage in the upper horizons. Below the pan is a 

relatively well drained clay to clay loam Bs horizon which is often 

enriched in clay material;this horizon gives way to a paler BC 

horizon which may occasionally be more grey in colour due to 

restricted drainage. Hiraethog soils are commonly found under 

heather (Calluna vulgaris) but this has often been cleared resulting 

in the predominance of moor mat grass (Nardus stricta) . A common 

variant within the map unit has no ironpan development. These are 

ferric stagnopodzols and have more recently been classified elsewhere 

as soils of the Hafren series (Lea, 1975). 

When the Hiraethog series has been reclaimed, usually on the moorland 

fringe, humic brown podzolic soils of the Ithel series are found. 

Cultivation and faunal activity in the less acid, limed soil mixes 

the Hiraethog 0, Eag and Bf horizons-, thus producing a humic dark 

brown Ahp horizon containing bleached sand and stones. Below the 

Ahp are the Bs and BC horizons which are similar to those of the Hir-

aethog series. In appearance the profile is often similar to that of 

the Manod series. 

Cambic stagnohumic gley soils of the Ynys series are found on the 

moorland where the slope is more gentle, and are underlain by drift. 

Profile drainage only really occurs through fissures and old root 

channels, the soil and parent material being relatively impermeable 

with the majority of water moving over the surface of the soil. 

Surface wetness and acidity have resulted in the accumulation of an 

0 horizon, of up to 40 cms; this is underlain by a silty clay loam, 

dark grey brown to brown, Ag horizon. Prism faces of the predominantly 

light brownish grey Bg horizon are coated in a dark humic material 

washed down from above. The Bg passes into a stony and structureless 

CG horizon of gritty clay loam texture. Vegetation is predomin-

antly Nardus stricta with lesser amounts of other species such as 

Molinia caerulea. Raw peat soils of the Caron series are perhaps 

best considered as extreme examples of the Ynys series, occurring 

where the lack of drainage from level and basin sites has resulted 

in the accumulation of greater amounts of peat. The mineral matter 

beneath the very acid peat has the appearance of the Bg and CG horizons 

of the Ynys series. Vegetation on the peats is poor and little grazed, 
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consisting of Deer Grass, Cotton Grass, mosses and occasional 

heath. 

On both the upland and the moorland therefore, each soil series may 

be found to merge into one or more other series, the changes depending 

on gradual changes of altitude, topography and drift cover, and 

occasionally abrupt changes in land use; the latter being the only 

instance where clear boundaries between soil series may be found. 

This relationship, between the occurrence of soil series and other 

factors such as topography, has been represented in Figure 6.3. 

Table 6.1. gives the approximate extent of the various soil 

mapping units within the study area, and their geographical dist-

ribution has been depicted in Figure 6.4. 

Farms in the region are normally small, those of less than 20 ha 

being in the majority. Cattle rearing and milk production are the 

most important practices on the better land of the upland, with sheep 

rearing becoming more important towards, and onto, the moorland. 

Some of the better land is down to arable rotation but the majority 

at any one time, perhaps 90%, is under permanent or temporary grass. 

The high unreclaimed moorland is primarily used as rough grazing for 

sheep. There is little woodland in the area, but just outside the 

study area on the moorland at Clocaenog the Forestry Commision 

have extensive plantations. 

6.2. Sampling and analysis. 

The thirty seven soil profiles were sampled in May, 1980 and were 

all taken from grazing land which was either upland permanent pasture 

of rough grazing on the moorland. The profiles were sampled by 

digging a profile pit and collecting material from the representative 

horizons from a cleaned face using a small trowel. Most soils were 

sampled to the depth of the C horizon, or the underlying parent mat-

erial. Brief profile descriptions were taken in the field and 

concentrated mainly on those characteristics which could be of value 

in later interpretations of the chemical data. Thus moist colours 

and the nature of mottles were noted as an aid to assesment of the 
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drainage status of the soil. Root depth, the nature and content 

of stones and rough texture determinations were also recorded. The 

identification of horizons was finalised after the results of labor-

atory analyses were known. Profile descriptions for the soil 

profiles are given in Appendix 1.3. All the samples were analysed 

for the following parameters as given in section 3.2.: pH^, P
H

C a
> 

Se , Fe , Al , Fe , Al , Mn , Ca , Mg and L.O.I, 
t p p ' t t t t

 6

t 

Rock samples were taken from exposures found near to roadsides, 

which included road cuttings, stream banks, quarries and natural 

exposures. Each sample was taken from a fresh face produced with a 

hammer and was analysed for Se^ by the same method as used for 

soil analysis after the rocks had been crushed and ground to less 

than 80 mesh. 

6.3. Results of solid geology sampling. 

Rock samples from the study area were collected, and analysed for 

their Se^ content, in order to assess the uniformity of the Se content 

of the soil parent materials in the study area. Twenty eight 

samples were taken from surface exposures, the location of which, 

in relation to the occurrence of the main formations in the area, 

is given in Figure 6.2. Carefull classification of the rock types 

has not been made, but each sample has been placed within a formation 

on the evidence of the solid geology map (I.G.S., 1973). Due to 

extensive folding and faulting of the strata within the area many of 

the beds are disturbed and have not been clearly differentiated. 

The Se^ concentrations of the rocks are given in Table 6.2. 

The mean concentration of the rocks is 0.048 jig g ^ (standard 

deviation = 0.041, median = 0.037, n = 28), this value is low compared 

to the value of 0.6 jig g * quoted by Lakin and Davidson (1967) as a 

mean Se concentration for shales, however, it must be remembered that 

many shales are greatly enriched in Se compared to the majority of the 

sedimentary rocks (see section 2.2.; Rosenfeld and Beath, 1964). 

Otherwise little comparable data is available for the Se content of 

rocks in Britain. The range of concentrations encoutered in these 



Formation. 
Sample 
number. 

Grid 
reference. 

Se
t
-

Elwy group. 2502 913 682 0, ;oi5 

2504 835 612 0. .012 

2507 863 622 0, .023 

.2509 839 620 0, .014 

2510 872 668 0, .034 

2511 861 682 0. .029 

2512 893 675 0. .029 

2513 932 666 0. .021 

2514 949 677 0. .055 

2521 913 604 0. .058 

2525 863 670 0. .013 

2527 960 643 0. .081 

Upper Nantglyn 2500 894 645 0. .034 

Flags group. 2508 833 637 0. .057 

2515 943 659 0. .044 

2517 891 634 0. .038 

2526 885 645 0. .035 

2528 966 606 0. .095 

Lower Nantglyn 2501 922 575 0. .052 

Flags group. 2503 858 599 0. ,024 

2506 872 601 0. .079 

2518 911 641 0. ,208 

2519 913 650 0. ,043 

2520 926 634 0. ,063 

2522 912 589 0. .005 

2523 954 609 0. ,110 

2524 948 628 0. ,046 

Denbigh Grits 2505 837 588 0. ,018 

group. 

Table 6.2. Selenium concentrations in solid geology samples from 

the Llansanrian area. 
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rocks was therefore quite narrow (0.005 to 0.208 ^ig g with only 

two samples having Se^ concentrations greater than 0.1 yug g 

Analysis of variance (p = 0.05) shows that there is no significant 

difference between the mean Se^ concentration of rocks from any of 

the formations sampled. 

The mean Se^ concentration of all the soils sampled in the study 

area (section 6.4.) was 0.55 yug g and the mean topsoil Se^ 

content of the non peaty topsoils was 0.46 yjg g
 1

 (n = 25); these 

values therefore represent approximately a ten times enrichment of 

the soil compared to the concentration of the underlying solid 

rocks. Similar enrichment of the topsoil, compared to the C horizon, 

was noted by Levesque (1974a) for some Canadian soils; and Koljonen 

(1975), investigating podzolic soils from Finland, reported enrichment 

factors of 2.3 to 23 for B horizons compared to the parent material. 

These values obviously demonstrate the appreciable persistance of Se 

against losses due to weathering in soil formation. 

The behaviour of Se in these Welsh soils contrasts with that of other 

trace elements; Keeley (1973) found that the soils of the same area 

tended to be depleted in Cu, Co, Mn and Fe relative to the underlying 

Silurian rocks. In soils of the Denbigh series from an area to the 

east of Llansannan, rock and topsoil mean concentrations of Fe, Zn, 

Mg, Co and Mn were found to be of the same order, whilst Cu and Ca 

were approximately 2 and 3 times respectively more concentrated in the 

rocks than in the topsoils, and Pb was roughly 2 times more concen-

trated in the topsoils (Gardener, 1980). Keeley (1973) also found 

that there was little variation in the trace element (Cu, Co, Mn and 

Fe) content of rock samples from the area. 

6.4. Soil profile sampling. 

6.4.1. Observations on soil profile selenium distribution. 

The location of the soil profile sampling sites in relation to the 

occurrence of the major soil types is given in Figure 6.4. These 

soils represent the most frequently occurring soil series in the area 

as given in Table 6.1. In most cases several soils have been sampled 
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from within the same map unit in order to cover the variations in soil 

morphology which may be encountered within that unit. The soils 

have been categorised on the basis of the map unit from which they 

were sampled, and were classified initially on the basis of their 

profile morphology; the results of subsequent analysis may place a 

soil within a different series, and this is discussed later. Obser-

vations on the Se distribution in these soils, based on the analytical 

data presented in Appendix 2.2. are given in the following sections. 

а. Denbigh series. 

Soils of the Denbigh map unit are represented by profile numbers D3, 

D5, D6, D9, D12, D29 and D31. There is little change in concen-

tration with depth in these soils, with the exception of profile D 3 . 

However, the small variations which are perceptable conform to a basic 

pattern as demonstrated in Figure 6.5. which shows the Se^ concentration 

of each horizon as a function of the Se^ concentration of the respec-

tive topsoil (A horizon) for each profile. Working down the profile 

from the A horizon the Se concentration decreases into the AB horizon 
t 

after which there is enrichment of the B horizon relative to both the 

AB and BC horizons. Such trends are most apparent in profiles D3, 

D6, D29 and D31. Profile D5 is unusual in that the relative accumul-

ation of S e
t
 occurs in the base of the AB horizon rather than in the B. 

Profiles D9, D12 and D29 exhibit the least variation with depth, as 

demonstrated in Figure 6.6.a. for profile D9. 

When the Se^ distribution in these soils is compared with the rest 

of the measured parameters (Appendix 2.2.) it can be seen that in gen-

eral the accumulation of Se^ in the B horizon is paralleled by an 

increase in the concentration of Fe ; this is demonstrated in Figure 
P 

б.6.b. for profile D31. Correlation analysis also shows that there 
AAA 

are good correlations between Se and Al (r = 0,698 ) and Fe 
t o t jckft " ititJt 

(r = 0.602 ) as well as with Fe (r = 0.703 ). Correlation with 
P 

A l
t
 was however, poor (r = 0.183). Slightly elevated Se^ concentrations 

in the A horizon compared to the AB horizon are not clearly related 

to higher Fe concentrations (see Figure 6.6.b. for profile D31), but 
P 

it seems probable that there is an association with organic matter 

which is obviously more abundant in the topsoil, and is reflected in 

the higher loss on ignition values for the A horizons compared to the 
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 and Fê ) % Organic matter (I..O. I . ) / 

j. Profile DI3: Ynys series, cambic stagnohumic gley soil. 

0 0.5 1.0 1.5 0 6 0 10 20 50 100 

Depth 

(cms) 

10' 

20-

30-

Ahg 

Bg 

_i I I J I J • I I I I. I I 

k. Profile DI4: Ynys series, cambic stagnohumic gley soil. 

1 0 ' 

2 0 " 

30-

40' 

50-

0 0.5 1.0 1.5 0 
I I 

Eg 

B(g 

B(g) 

BCg 

6 0 10 20 50 100 
' 1—1 ' I ' ' I I—J 

J 

F i gu re 6.6. (Cunt inued) . 



152 

rest of the profile. 

Bascombe (1968) suggested that iron oxides in brown earths are mostly 

in well crystalline forms, since their high base status and good aerat-

ion result in good microbial breakdown of organic matter, so that the 

reactive organic compounds which are able to dissolve and complex 

Fe do not persist in the soil. Consequently there is little mobili-

sation and transport of Fe, and typically in these soils the Fe^ 

content will decrease with depth and constitute only a small prop-

ortion of the total iron oxide content of the soil. Soils of the 

Denbigh series, however, are of low base status (Ball, 1960) and 

receive quite high rainfall (see section 6.1.2.), the soils are 

therefore naturally acid and this will result in the persistance of 

some organic complexing agents and some redistribution of Fe. This 

is much in evidence in profiles D3, D5, D29 and D31 which have peaks 

in Fe concentration in the B horizon coincident with those of Se . P t 

Fe^ concentrations are fairly uniform to depth in these soils, 

suggesting a uniformity in the parent material from which the soils 

are derived, but the fact that Fe and Fe are well correlated 

itieit P 
(r = 0.780 ) suggests that variations in Fe^ are due to redistrib-

ution of Fe. 

Development of the B horizon in this way is most demonstrative in 

that of profile D3 which contains four times more Fe than the A 
P 

horizon (2.8% compared to 0.7%), relative accumulation of Se^ in 

this horizon is also much greater in this soil (Figure 6.5.a.). 

This profile therefore has many of the characteristics of a Manod 

series soil (see section 6.4.I.e.), and although from an altitude of 

only 160 m is similar to the soils of the upland phase of the Denbigh 

series, being developed from only thin drift or rock material itself. 

Those profiles showing the least differentiation of Se^ content with 

depth also exhibit very little variation in both the total and 

extractable Fe and Al contents. This suggests that there has been 

little vertical redistribution of Fe and Al, however, these three soils 

have in common that they occupy sites on relatively steep slopes 

(greater than c. 10°) compared to the other four profiles examined. 

This suggests that movement of sesquioxides in these soils has prim-

arily been laterally downslope, thus resulting in little accumulation 
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of sesquioxides in the B horizon. Evans and Adams (1975b) studying 

a sequence of similar soils on a similar parent material in mid-

Wales found that lateral movement of Fe downslope was a signif-

icant factor in its redistribution. 

Profiles D5, D6, D9 and D29 are representative of the normal phase 

of the series. Profile D12, although found under rough pasture and 

evidently having been limed at some time as evidenced by its redatwely 

high pH (mean = 5.8), has been classed as a steep phase soil, and as 

noted above it is thought that lateral movement of Fe and possibly 

Al from the profile has resulted in little variation in sesquioxide 

content with depth, and subsequently of Se. Profile D31 although 

quite deep (45 cms to the top of the BC horizon) is representative 

of an upland phase soil, and has a well developed accumulation of both 

sesquioxides and Se in the B horizon. This should be typical of the 

phase, which occurs at higher altitudes where there is greater rain-

fall, and is generally developed on the rock itself or thin drift, 

leading to better profile drainage than in the predominantly drift 

derived normal phase soils. 

b . Powys series. 

Soils of the Powys map unit are represented by profiles Dll, D28, D32, 

D35 and D37. As with the Denbigh series soils the distribution of 

Se^ between the characteristic horizons of these soils conforms to a 

basic pattern, which is demonstrated in figure 6.5.b., showing the 

Se concentration of each horizon as a function of the Se content 
t t 

of its respective A horizon. In common with the Denbigh series soils 

the Se concentration increases into the B horizon, however, in these 
t * ' 

shallow soils there is no differentiation of an AB horizon and there-

fore no perceptable decrease in the Se^ content beneath the A 

horizon as a result of a decrease in the organic matter content 

(see Figure 6.6.C.). The contrast between the Se^ concentrations of 

the A and B horizons is on average greater than in the Denbigh series, 

and again this can be compared to the accumulation of Fe and Al 
P P 

in the B horizon which is also distinctly greater. The exception to 

this pattern is profile D35 where the Fe^ concentration is no greater 

in the B than the A . 



154 

Topsoil Se concentrations for the Powys series soils (mean = 0.56 
-1

 t

 . . . 

jig g ) are significantly greater (at p = 0.05) than those of the 

Denbigh series (mean = 0.36 jig g as are those of Fe^ and loss on 

ignition (1.27% and 16.25% compared to 0.56% and 11.76% respectively). 

However, although only two Powys C horizons were sampled their mean Se 

concentration (0.31 jig g is very similar to that of the BC 

horizons of the Denbigh series (0.30 jig g \ n = 6). Also consistent 

with the uniformity of the parent material between the two series, 

both Fe^ and Al^ concentrations are comparable (Denbigh series mean 

= 3.55% and 1.98%, Powys series means = 3.31% and 1.85% respectively). 

The greater enhancement of Fe concentrations in the B horizon of 
P 

the Powys series, combined with the fact that the pyrophosphate 

extractable fraction of the Fe and Al constitutes a larger percent-

age of the total (mean values 43% and 40% respectively) than in the 

Denbigh series (mean values 19% and 18% respectively) is symptomatic 

of enhanced leaching in these very freely drained soils. More humose 

topsoils and naturally more acid soils will lead to the persistance of 

organic complexing colloids and therefore greater redistribution of Fe 

and Al. 

All five of these profiles are, however, from altitudes above 

230 m and so probably represent the high altitude phase of the 

series (Ball, 1960). Low altitude phase soils, despite having a 

less marked B horizon would still be expected to show and increase 

of Fe , Al and Se into the B horizon, because of the stony an 
p p

 .
 t 

more free draining nature of the soils. 

c. Manod series. 

In general the soils of this map unit (profiles D8, D22, D26 and 

D36, Appendix 2.2.) demonstrate an extension of the trends which 

were described for the Denbigh and Powys series soils, in that the 

enrichment of the B horizon, in this case the Bs horizon, in both 

sesquioxides and Se is more pronounced. This is evidenced by the 

representative profile D8 in Figure 6.6.d. and by the plot of relative 

horizon Se^ concentrations given in Figure 6.7.a. The latter figure 

however, shows that there is considerable variation in the relative 
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a. Manod series. 

1.0 1.2 1.4 1.6 1.8 2.0 2.2 

tr. Sannan series. 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Figure 6.7. Relativ e Se^ concentrat ions in typi c a 1 horizons of soi1 

series in the hlansannan area. 
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enrichment of the Bs horizons, to the extent that, although from the 

Manod map unit, profile D26 exhibits very little B horizon enrichment 

of either sesquioxides or Se^, and infact is better considered as an 

example of the Denbigh series with which it is more comparable 

(see section 6.4.1.a.). 

Manod series soils are characteristically developed at high altitudes 

adjacent to the moorland, where the rainfall is higher than on the 

upland itself and also where drift cover is thin or absent. These 

criteria combine to produce freely drained soils with an acid reaction 

where the mobilisation of sesquioxides is therefore appreciable. 

The soils sampled are in general quite acid (mean value pH = 5.85), 
w 

although liming will have taken place to ameliorate soil acidity under 

cultivation. Thus the Bs horizon of these soils, being more enriched 

in sesquioxides than the Denbigh series soils, is also more Se rich. 

Correlation of Se concentration is only significant however, with 
* h -1 

Fe (r = 0.563 ). The mean topsoil Se concetration (0.52 ug g ) 
P t £ j 

is significantly greater (p = 0.05) than that of the Denbigh series 

(0.36 jig g ') but not the Powys series (0.56 jig g Mean topsoil 

Fe and L.O.I, values (0.90% and 12.11%) are not significantly 
P 

different to those of the Denbigh series (0.56% and 11.72%) or the 

Powys series (1.27% and 16.52%). 

Profile D22 exhibits an interesting variation in that the most Se 

rich horizon is above that of the greatest sesquioxide enrichment, 

and in fact corresponds to elevated L.O.I, values compared to the hor-

izons above and below. It seems probable therefore that some accum-

ulation of organics has taken place in this horizon, with which the 

Se is associated, as the concentration of Se^ is greater than would be 

expected from the sesquioxide content alone. 

d. Sannan series. 

The five representative profiles of the Sannan map unit (D23, D25, 

D27, D30 and D33), in contrast to the three series already studied, 

show a very marked relative depletion of Se^ content with depth, and 

with the exception of profile D3 no marked accumulation in the B hor-

izon (Figure 6.7.b.). In general the sesquioxide concentrations 
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decrease down the profile, this being most clear in the case of 

Fe . The .decrease of Fe concentration with depth in these soils 
P

 #
 P 

is characteristic of the gleying process, as in a permanently 

waterlogged horizon the majority of free Fe will be in a reduced form 
2+ . 

(Fe ) which is not peptised by potassium pyrophosphate (Bascombe, 

1968). In horizons where oxygenated waters periodically penetrate 

the soil producing aerobic conditions, some iron oxides will be 

precipitated; this process will usually increase towards the surface 

as the soil is less permantently waterlogged. Such a relationship 

was clearly seen in the majority of the poorly drained soils in the 

Derbyshire and Staffordshire study areas (section 5.3. and 5.4.). 

Correlation of Se is good with Fe (r = 0.764 ) and also with kkk*- P 
Alp (r = 0.603 ). Unlike iron, however, aluminium is unaffected by 

changes in the redox conditions of the soil, and visual evidence, in 

for example profile D30 (Figure 6.6.f.), suggests that the relation-

ship between Se and Al is not as clear as that between Se and Fe . 

. . t p . p 
It is noticeable that the correlation between Fe and Al is poor 

** P P 
for these soils (r = 0.557 ) compared to that of the Denbigh, 

•kick 
Powys and Manod series (r = 0.925 ). This suggests that good 
correlations between Se and Al in the previous three series could 

t P 
be and artifact of the relationship between Fe and Al . 

P P 

In contrast to extractable values, total Fe has a tendancy to increase 

down the profile, which reflects the leaching of Fe as ferrous iron 

down the profile from the upper horizons. This difference in Fe 

and Fe
fc
 distribution clearly implicates Fe^ iron rather than other 

forms in affecting the distribution of Se
t
 in these soils. In well 

drained Denbigh series soils, for example, a close relationship between 
kkk 

Fe and Fe (r = 0.780 ) produced an artificial relationship between 

P
 t

 kkk 

Se^ and Fe^ (r = 0.602 ). Interestingly, the peak in Se
t
 concentr-

ation in the Bg horizon of profile D23 (appendix 1.3.; Figure 6.7.b.) 

does coincide with a peak in Fe^ and Al^ concentration, although 

this particular phenomenon is difficult to explain. 

In contrast to Denbigh, Powys and Manod series soils, correlation is 
kkk 

also good with L.O.I, (r = 0.662 ), both parameters decreasing 

with depth. The mean topsoil Se
t
 concentration of 0.52 jig g

 1

 is not 
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significantly greater than that of the Denbigh series (0.36 jig g 

because of the wide range of values encountered in the Sannan series 

soils (0.14 - 0.68 jig g and is similar to the means for the Manod 

and Powys series soils. Topsoil L.O.I, values tend to be higher 

than for the Denbigh series, reflecting organic matter accumulation 

under more acid and water saturated conditions. 

The depth at which Se concentrations, and those of Fe , decrease 
. Z . p . 

appreciably varies from soil to soil (Figure 6.7.b.) and will be a 

function of the drainage status of the soil. In soils that are 

permanently waterlogged to very near the surface there will be little 

Sê _ in the soil immediately beneath the surface horizon; such a 

condition could be expected in the more poorly drained Cegin series 

soils, to which some of the soils in the Sannan map unit may be 

intergrades. 

e. Aled series. 

Soils of this series do not occur extensively within the study area 

(Table 6.1.), and only two profiles have been studied (profiles D4 

(Figure 6.6.h.) and D10; Appendix 2.2.). Concentrations of Se are 

low m both of the soils (mean = 0.13 jig g ). Both profiles show 

signs of gleying (Appendix 1.3.), due primarily to high groundwater 

rather than impeded drainage, as both soils were quite stony to 

depth. Increased Fe
fc
 concentrations at the base of the profile were 

common to both soils, and are probably due to secondary precipitation 

of iron oxides which was observed on the stones. Otherwise Fe^ 

concentrations varied little down the profiles. Evidence of oxid-

ation of Fe and the preciptiation of iron oxides at depth suggests 

that the decrease in F e
p
 concentrations down the profile is due to a 

decrease in the fine material content of the soil (Ball, 1960), 

rather than the effects of gleying as observed in the soils of the 

Sannan series. Concentrations of Se were again well correlated with 

those of Fe (r = 0.880 ) and also Al (r = 0.995 ) and L.O.I. 
P 

(r = 0.662 ). As such the patterns of distribution of Se in these 

soils is similar to that in the alluvial gley soil at Onecote which 

was reported in section 5.3.2. 
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f. Hiraethog series. 

Five examples of podzolic soils from within the Hiraethog map unit, 

which represents a variety of soil types (Ball, 1960), are presented 

(profiles Dl, D2, D16, D17 and D21). Despite differences in the 

morphology of the soils, the distribution of Se
t
 between the charact-

eristic horizons complies to a basic pattern. This is evidenced in 

Figure 6.9.a. which shows the Se concentration of each horizon as 

a function of the Se^ concetration of its respective E horizon; the 

E horizon was chosen as a reference since there was considerable 

variation in the Se content of the organic topsoil horizons (0.41 
- 1 7 . 

- 1.68 jig g ) and in most instances the E horizon contained the low-

est concentrations of Se^ (0.29 - 0.46 jig g This basic pattern 

is one of elevated Se^ concentrations in the peaty 0 horizon, where 

there is a linear relationship between the Se^ and organic matter 

(L.O.I.) contents providing good evidence for organic combination of 

Se (Figure 6.8.). 

This relationship, however, raises an important point regarding 

concentrations in organic horizons. If these are expressed on a 

weight to weight basis, as in this study, concentrations are higher 

than they would be expressed on a weight to volume basis, and this 

is pertinent when comparing organic and mineral horizons of much 

higher bulk density. No bulk density measurements were made in this 

study and so such comparisons can not be made, Wells(1967) however, 

also made note of this and showed that an organic horizon with a Se 

concentration of 0.15 ug g \ would on a volume basis have a 
-3 -3 

concentration of 0.006 cm (bulk density 0.04 g cm ). Higher 

concentrations in organic horizons must therefore be viewed in the 

light of such information. However, close relationships between 

Se^ and L.O.I, do suggest that Se is accumulating to a greater or 

lesser extent in combination with organic matter. 

Below the organic topsoil Se^ concentrations are lower in the 

eluvial horizon, however, here concentrations are similar to those 

in the majority of the upland soils (mean = 0.37 jig g S , as was 

that of the only BC horizon sampled, from profile D17 (0.33yig g 

In the underlying illuvial B horizon there is a distinct accumulation 
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Figure 6.9. Relative Se^ concentrations in typical horizon s of 

soil series from the Llansannan area, 

a. Hiraethog map unit. 
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of S e
t
, which coincides with the accumulation of Fe, Al and also 

organic matter (L.O.I.). The pattern of Se^ distribution in these 

podzols is essentially similar to that of the coarsegrained podzols 

which are developed on the Lower Greensand in south east England 

(section 4.3.2.), although Se
fc
 concentrations are much higher in these 

soils. 

Profile D17 most closely resembles the example given by Ball (1960) 

as being typical of the Hiraethog series. It is an ironpan stagno-

podzol with a well developed ironpan (Bf) and gleyed eluvial 

horizon (Eag) as can be seen in Figure 6.6.g. The BC horizon at 

the base of the profile, which, represents slightly weathered parent 

material, is comparable in composition to the basal horizons of the 

Denbigh series soils of the upland (Table 6.3.). In relation to the 

BC horizon Se has accumulated in the very acid (pH = 3.40) organic 
t w 

0 horizon; below this the Se concentration of the Eag horizon is 
-i 

comparable to that of the BC (0.35 and 0.33 jig g respectively), and 

although impoverished in Fe^ in relation to the 0 and Bs horizons it 

contains appreciable amounts of Al^ and organic matter (Figure 6.6.g. 

and Appendix 2.2.). Both the clayey nature of this horizon, and the 

continuous ironpan below, serve to impede drainage and therefore the 

horizon is heavily gleyed and predominantly anaerobic conditions will 

prevail; the presence of ferric mottles is evidence of some degree of 

aeration, but very little of the Fe was freshly precipitated = 

0.02%). Thus evidence suggests that Se present in this horizon may be 

associated with the appreciable organic component (L.O.I. = 16.8% 

in the top 5cms). In comparison, the well drained Bs horizon 

has a much higher concentration of Fe (0.84%; Fe :Fe = 0.36) and Se, 
p p t 

which has also accumulated here, would predominantly occur as selenite 

adsorbed on ferric oxides (Geering et al., 1968). Strengthening the 

evidence for an association between Fe and Se it can be seen that the 

Bf horizon (Fe
t
 = 19.9%) is also enriched in Se^ (1.48yjg g *)• 

It is of interest that the ratio of extractable to total Fe (Fe :Fe ) 
P t 

in the Bs of profile D17 is much lower (0.36) than that of the other 

four profiles of the Hiraethog map unit where there was no ironpan 

formation (mean ratio = 0.80), this being indicative of mobilisation 

and transport of Fe. It may be considered that enrichment of the Bs 



Hiraethog series Denbigh series 
profile D17. (mean, n = 6). 

Se 
t 

0.33 0.30 

Fe 
P 

0.41 0.49 

Al 
P 

0.19 0.33 

rt
 560 567 

F e
t 

3.71 3.65 

A 1

t 
2.00 2.18 

C a
t 

0.003 0.073 

M g
t 

0.736 0.760 

Table 6.3. Comparison of BC horizon analytical results for Denbigh 

arid Hiraethog series soils. 
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horizon is therefore less marked after formation of the ironpan, 

and this consequently can be linked to the lower Se^ content of the 

Bs horizon (0.84 jig S ) compared to the other four profiles (mean — 

1.40 jig g "
1

) . 

Profile D2 is a less well developed ironpan stagnopodzol. There is 

a smaller accumulation of surface organic matter (L.O.I. = 80.38%) 

and the Bf horizon is only weakly developed and discontinuous. 

However, the accumulation of Fe in the Bs accounts for 89% of the 
P 

total Fe, and the accumulation of Se^ in this horizon is correspond-

ingly higher than in profile D17 (Figure 6.9.a.). 

In contrast, profile D1, which was situated only about 20 m from 

profile D2, shows no signs of ironpan formation, although there was 

gleying in the eluvial horizon, and hence has been classified as 

a ferric stagnopodzol. The organic topsoil was not well developed, 

being less than 10 cms thick and having a L.O.I, value of only 30%. 

There was also a noticeable difference between the top and bottom 

of the Bs horizon, the top Bsl containing less Fe, Al and organic 

matter (L.O.I.) than the Bs2 (Appendix 2.2.). These factors provide 

evidence that podzolisation is less advanced in this soil than in 

the previous two examples from this map unit. The position of 

profile D1, on a steeper portion of the slope than profile D2, 

enabling better run off of rainwater, and thus less saturation at 

the surface and build up of organic matter, is probably the reason 

for the difference between the two soils. Adams et al. (1971) have 

commented that the degree of weathering in Hiraethog series soils is 

related to the surface accumulation of organic matter, and that the 

process of weathering in similar parent materials which are rich in 

chlorite, results in the textural degradation and gleying because of 

the resultant impermeability imparted. The three profiles already 

discussed do conform to this pattern, in a sequence of D17, D2 and Dl, 

with D17 having the most marked development of organic matter and 

Eag horizon than in profile D2 and so on. The evidence suggests that 

the distribution of Se^ in these soils also varies according to the 

extent of the profile development, such that the more organic topsoils 

have greater concentrations of Se^ (Figure 6.8.), whilst the Se enrich-

ment of the Bs horizon, relative to that of the Eag, increases in tan-

dem with the development of the E horizon due to increased weathering; 
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that is until the development of an ironpan, which serves to inhibit 

further accumulation of Fe, Al and susequently Se in the Bs horizon. 

In terms of the above defined sequence therefore, profile D16 (Fig-

ure 6.6.e.) lies somewhere between profiles D1 and D2, having a moder-

ately organic topsoil (L.O.I. = 66.7%). Profile D21 has a very well 

drained, shallow profile, with little or no signs of gleying, 

despite some accumulation of organic matter (L.O.I. = 51.42%). In 

contrast to the similar profile at D1 this soil is probably devel-

oped upon a more permeable, or coarser, parent materialj but may also 

represent an intergrade to the soils of the Powys series. Within the 

Hiraethog map unit therefore the following sequence of soils has 

been identified: Hiraethog series (D17), weakly developed Hiraethog 

series (D2), Hafren series (D16 and Dl) and a Hafren - Powys inter-

grade (D21). 

Ball (1960) demonstrated that translocation of clay into the Bs 

horizon of Hiraethog series soils took place; however, considering the 

stronger affinity of iron oxides for the adsorption of Se than clays 

(Hamdy and Gissel-Nielsen, 1977), it can be expected that the main 

role for clays is as a site for the precipitation of ferric and 

aluminium oxides which are transported to the horizon as complexes with 

organic matter (Jenne, 1977). In this respect it would seem reasonable 

to assume that the accumulation of such oxides would b e enhanced in 

a more clay rich horizon. 

g. Ithel series. 

The distribution of Se
t
 in the two profiles from the Ithel map unit 

which were sampled (profiles D7 and D34, Appendix 2.2.) conforms to 

that which might be expected from the reclamation of a Hiraethog soil 

(Figure 6.6.1). Thus the mixing of an organic 0 and relatively imp-

overished E horizon from the Hiraethog soil produces a Aph horizon 

with a moderate organic matter content (mean = 17.9%) and quite high 

Se^ concentration for the soils of the area (mean = 0.57 jig g S. 

Beneath this horizon is a Bs horizon which is very similar to the Bs 

of the Hiraethog soils, having a high proportion of extractable Fe and 

Al (means 2.18% and 0.88% respectively) as well as a high Se concen-
-1

 z 

tration (mean = 1.0 ug g ). In both morphology, and the nature of the 
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distribution of S e
t
 in the profile, these soils are very similar 

to those of the Manod series; and as with the Manod series the dis-

tribution of Se
t
 lower in the profile closely follows that of the Fe 

whereas in the topsoil Se
t
 concentrations are higher than might be 

expected from consideration of the Al and Fe concentrations alone, 
P

 #
 P 

which suggests an association with organic matter. 

h . Yriys series. 

Patterns of Se^ distribution in the five sampled profiles of the 

Ynys map unit (D13, D14, D19, D20 and D24, Appendix 2.2.) are quite 

varied, as demonstrated by Figure 6.9.b. In this figure the Se^ 

concentration of each horizon has been presented as a function of 

the Se concentration of the lowest part of its respective Bg or 
7 . -1 

CG horizon; the mean Se^ concentration of these samples is 0.24 jig g 

(range 0.17 - 0.32 yg g whereas there is considerable variation 

in topsoil Se^ concentrations (0.58 - 1.15 jig g *)• 

Two factors common to these profiles are firstly high Se^ concentrat-

ions in the 0 horizons, which is characteristic of the peaty topsoils 

throughout the moorland, and secondly a marked decrease in Se^ conc-

entrations at depth, especially in the Bg and CG horizons. The latter 

trend is generally paralleled by a decrease in Fe^ concentration with 

depth (example D13 in Figure 6.6.j; and appendix 2.2.); thus the rela-

tionship is similar to that in the gleyed horizons of the poorly 

drained Sannan series soils (section 6.4.1.d.). Two of the profiles 

(D13 and D14) have accumulations of Se^ in the Bg horizon, which is 

associated with an accumulation of Fe , and to a lesser extent Al . 
P

 <
 P 

These two profiles also have distinct eluvial horizons, in the case 

of profile D14 this is clear between 15 and 21 cms (sample number 2224) 

where lower Fe , Al and Fe concentrations accompany a lower Se 
P P t

 F

 t 

concentration than in the horizons above and below. The eluvial 

horizon in profile D13 is somewhat masked by the presence of organic 

material from above (L.O.I. = 2 1 . 5 5 % ) , but Fe and Al concentrations 

are much lower in this horizon. Relatively high Se^ concentrations 

in this horizon are quite probably associated with the organic content. 

Analytical values for the three remaining profiles (D19, D20 and D24; 
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Appendix 2.2.) provide evidence of an eluvial horizon in terms of 

Fe , Al and Mg , but there is no subsequent deposition of Fe , Al 
t t t P P 

or Se^ lower in the profile. This distribution of sesquioxides and 

Se^ being consistent with the gleying process, in that below the 0 

horizon the concentration of both parameters decreases with depth. 

All the soils show signs of vertical redistribution of Fe. In 

profiles D13 and D14 this takes the form of an accumulation into 

the Bg horizon (see Figures 6.6.j and k.), whereas in the other three 

profiles Fe^ concentrations increase with depth (see the example 

of profile D19 in Figure 6.6.i.). The evidence presented suggests 

that profiles D13 and D14 are transitional to soils of the Hiraethog 

series, having horizons of depletion and enrichment of sesquioxides 

and subsequently Se^. Consequently this suggests that oxidising 

conditions, probably due to oxygenated groundwaters, are prevelant 

for long periods of the year as deep as the Bg horizon. The distrib-

ution of Se , Fe and Al in profile D14 especially, shows a marked 
t p p 

similarity to that of the Hiraethog series (example D17 in Figure 

6.6.g.); however the profile displayed none of the visual characteris-

tics of such soils, being more uniform in colour with depth (see 

Appendix 1.4.). The band of Mn concreations at 29 cms (20% Mn^ and 

11.2% fe^) is indicative that oxidising conditions commonly penetrate 

to this depth, however, it is not clear how such concretions form 

(Rowel, 1981). In contrast, therefore, the latter three profiles 

(D19, D20 and D24) are more poorly drained and so oxidising condit-

ions favourable to the precipitation of Fe occur less frequently at 

depth. 

Compared to topsoils of the Hiraethog soils those of the Ynys series, 

especially in profiles D13, D14 and D19 (Figure 6.6. and Appendix 

2.2.), contain much higher concentrations of (mean values of 

1.89% and 0.59%), which is probably due to secondary precipitation of 

Fe from drainage waters which have moved laterally after Fe has been 

mobilised from soils of the Ynys and Hiraethog series upslope. This 

phenomenon would not be expected in the Hiraethog soils which predom-

inantly occupy shedding rather than receiving sites. This extraneous 

contamination with Fe, and possibly therefore Se also, could well be 

the reason for the lack of good correlation between Se^ and L.O.I, in 

Ynys series topsoils compared to that which has been demonstrated for 
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the 0 horizons of the Hiraethog soils (Figure 6.8.). It is also 

possible that a similar process has contributed to the enrichment 

in sesquioxides of the illuvial Bg horizon of profiles D13 and 

D14. 

Differences in the Se distribution in these soils, in relation to 

that of Fe , can generally therefore be related to differences in the 
P 

drainage status of the soil and the depth to which waterlogged 

conditions are prevalent. 

i. Caron series. 

Deep raw peat soils of the Caron series (profiles D15 and D18; 

Appendix 2.2.) can be essentially considered as deeper variants of the 

Ynys series, where conditions of high rainfall, acidity and the 

accumulation of moisture in basin sites has resulted in the deep 

build up of organic matter. Thus the two profiles which were exam-

ined from the Caron map unit have a pattern of Se^ distribution which 

is similar to that of profile D24 from the Ynys map unit, which has 

a deep 0 horizon. Concentrations of Se^ are high in the peat, but 

also show variations as for example in profile D18 (Appendix 2.2.), 

and subsequently Se^ concentrations are lower in the gleyed mineral 

horizons below the peat and have only small concentrations of Fe^. 

Reasons for the variations in S e
t
 concentration with depth in the 

peat are difficult to assess; Wells (1967) considered that similar 

patterns of Se distribution could be observed in organic soils as in 

mineral soils, such that quassi-eluvial and illuvial zones, in 

relation to Se concentrations, were apparent. No such trends 

were apparent in these soils. Variations in Se content could also 

reflect differences in the ability of various plant species to accum-

ulate Se before their deposition as peat; or could be due to accumul-

ation from drainage waters as above, which could obviously vary 

with both depth and time. However, comparison of Se^ concentrations 

in the Caron peat (mean = 0.88 yug g n = 5) to those of the other 

peaty topsoils of the moorland (mean = 1.03 yig g \ n = 15) suggests 

that accumulation of Se in basin sites is not a feature of these 

soils. 
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6.4.2. Statistical examination of the data from the soil profiles. 

Basic statistical examination and observations of the data which are 

presented in section 6.4.1., for the thirty seven soil profiles 

included in this study, have indicated several interesting relation-

ships between the Se
t
 content of the soil and the content or measure 

of other parameters. Most clear amongst these is the relationship 

between the Se^ concentration and that of the sesquioxides, repres-

ented by Fe and Al , in the soil, but it has also been demonstrated 

P P 

that organic matter has a role to play. In this section a more 

comprehensive statistical examination of the data is presented in 

order to attempt to both clarify, and better categorise, these 

relationships. 

The data set used in these investigations is that given in appendix 

2.2., however, before analysis the data for the following samples 

was removed: 

i. Sample number 2187, a sample of drift material from 130 cms below 

the surface of profile D8 (Manod series), and as such was not consid-

ered as "soil" for this work. 

ii. Sample number 2441, which is a sample of the ironpan (Bf) from 

profile D17 of the Hiraethog series. It was considered that its 

very high Fe content (Fe
fc
 = 19.9%) would produce a disproportionate 

influence in correlation and regression analysis. 

iii. Sample number 2222, was a sample of a zone of Mn concretions 

from Ynys series soil profile 14 and was removed because of its very 

high content of Mn and Fe (Mn
fc
 = 20% and = 11.2%) for the same 

reasons as sample number 2441 above. 

a. Correlation analysis. 

i. Results. 

When the data from all thirty seven soil profiles were grouped (n = 

167) highly significant correlation coefficients were found between 
&&& AAA &&& 

Se and Fe (r = 0.680 ), Al (r = 0.524 ) and L.O.I, (r = 0 . 5 2 4 ). 
t p p 
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Also there were highly significant negative correlations with Mg 

(r = -0.526 ) and pH^ (r =-0.370 ). The first three relationships 

were as expected, however, such a strong correlation with Mg^ is a 

little surprising, and will be discussed later. The negative 

correlation with pH , although highly significant, is not large and 
w 

is probably a reflection of the fact that organic topsoils and pod-

zolic B horizons which accumulate Se are more acid than most other 

samples. In all but two of the groupings of subsets of samples which 

follow their is no significant correlation between Se and pH . 

•k w 

The exceptions are all B horizons (r = -0.302 ), where again the 
accumulation of Se by acid podzolic B horizons will influence the 

. kkk 
data; and for all samples of the Aled series (r = -0.838 ) which 

occurs because of the diversity between the only two profiles which 

were examined, profile D4 having on average acid samples (pH = 5.10) 
-1

 w 

containing much Se^ (0.26 jig g ) and profile D10 being more 

alkaline (pH = 6.4) but containing little Se (mean = 0.11 ug g 
w t J 

Table 6.4. gives the correlation coefficients between Se^ and other 

parameters for the nine soil series which were examined. In all cases 

Se^ is significantly positively correlated with Fe , and in all but 

two cases with Al (Manod and Caron series). This reinforces the p 

observed relationships between these parameters which was discussed 

in section 6.4.1. Correlation between Se^ and Fe^ is only highly 

significant for Denbigh series soils. Although ev idence in the last 

section (6.4.1.) suggested a relationship between Se^ and L.O.I, in 

some instances, there is only a significant correlation between these 

parameters for four soil series; in the case of Aled and Ynys series 

this is a reflection of the coincident trend for both L.O.I, and Se
fc 

content to decrease with depth down the profile. In the case of the 

Hiraethog series the coefficient is not highly significant (r = 
* . . 

0.486 ) but is a reflection of the accumulation of Se in the organic 

topsoil and also the Bs horizon where there were elevated L.O.I, 

values. When, however, certain series are grouped together, corr-

elations with L.O.I, become more apparent, as for the grouping of 
the three well drained series of Denbigh, Powys and Manod (r = 

** . . 

0.350 ). This occurs because the grouping now includes a wider range 

of L.O.I, and S e
t
 concentrations compared to the more restricted range 

encountered within the soils of a single series. Correlation for 



Soil series. 
Number of 

pairs. 
Fe 

P 
Al 

P 
M n

t 
Fe 

t 
Al 

t 
Ca 

t 
M g

t 
L.O.I. PH 

w 

1. Denbigh. 
kkk kkk k kkk k 

1. Denbigh. 31 .703 .698 .439 .602 .183 .111 -.460 .191 -.160 

2. Powys. 17 
k 

.538 
k 

.524 .471 
k 

.494 .428 .146 -.111 .109 .003 

3. Manod. 18 
k 

.563 .430 
k 

.551 -.025 .116 -.203 -.257 .168 -.098 

4. Aled. 
kkk kki 

4. Aled. 10 .880 .955 .045 -.563 -.198 .199 -.228 .882 -.838 

26 
kkk kkk * * 

5. Sannan. 26 .764 .603 -.396 -.128 -.355 .582 -.607 .662 .302 

6. Hiraethog. 
•kit k k 

6. Hiraethog. 21 .599 .539 .279 .437 .390 .273 .184 .486 .294 

7. Ithel. 
kkk kkk 

7. Ithel. 9 .874 .813 -.554 .338 .373 -.153 -.321 .310 .284 

8. Ynys. 26 
kkk kk * kk kk 

8. Ynys. 26 .860 .51 1 .065 .415 -.376 .171 -.536 .564 -.170 

9. Caron. 9 
k 

.758 -.059 -.267 -.096 -.483 .392 -.354 .435 -.468 

All 1,2 and 3. 66 
kkk kkk k kkk kkk kk 

All 1,2 and 3. 66 .693 .670 .301 .392 .070 .072 -.457 .350 -.146 

1,2,3,4 and 5. 
kkk kkk * kkk kkk 

1,2,3,4 and 5. 102 .686 .688 -.033 .113 -.060 .215 -.575 .549 -.132 

6,7,8 and 9. 65 
kkk kkk kk kkk 

6,7,8 and 9. 65 .697 .473 .065 .348 -.035 -.011 -.320 .428 -.063 

All 1 - 9. 167 
kkk kkk kk kk kkk kkk 

All 1 - 9. 167 .680 .524 -.226 .068 -.219 -.097 -.526 .524 -.370 

Superscripts: * - p=0.05 

** - p=0.01 

*** - p=0.001 

Table 6.4. Correlation coefficients of the relationship between Se^ and nine other variables for various soil series 

and groupings of soil series. 



172 

these two parameters is also significant for a grouping of all 

upland soils (Denbigh, Powys, Manod, Aled and Sannan series, r = 
kkk 

0.549 ), and of all moorland soils (Ithel, Hiraethog, Ynys and 
•fckk 

Caron series, r = 0.428 ). 

A negative significant correlation between Se and Mg exists for the 
k t • t 

Denbigh series (r = -0.460 ), Sannan series (r = -0.607 ) and the 
kk 

Ynys series (r = -0.536 ), but as for the correlation with L.O.I, it 

is also significant in the case of all the groupings examined (Table 

6.5.). As with L.O.I, this probably occurs because the restricted 

range of values within one soil series often masks any correlations 

which may be present. 

Various groupings of soil horizon type were also made and the corr-

elation coefficients calculated; those between S e
t
 and other parameters 

are given in Table 6.5. Again Se^ and Fe^ are positively significantly 

correlated for all groupings, as are Se^ and Al in all cases but 

for 0 and Bs horizons. For all groupings of horizons, with the 

exception of 0 horizons, Se^ concentration is significantly positively 

correlated with organic matter content (L.O.I.). There is also a 

negative significant correlation with Mg
f c
 for all but 0 and Bs 

horizons. Significant positive correlations between Se and Fe for 
kk ^ kkk 

all 0 horizons (r = 0.573 ) and all types of B horizons (r = 0.571 ), 

probably reflect an actual correlation with Fe^ in instances where 

accumulation of Fe as Fe has lead to an increase in the total Fe 
P 

content of the horizon. Except for a significant negative correlation 
* * 

with Mn
f c
 for all mineral A horizons (r = -0.369 ) there are no 

significant correlations between Se^ and any of Mn^, A l
t
 or Ca^. 

No correlations with pH^ are significant but for a poor correaltion 

for all B horizons (r = -0.302*). 

ii. Discussion. 

Broadly speaking and with certain specific exceptions Se^ is 

significantly correlated with Fe , Al and L.O.I. The inverse rel-
P P 

ationship between Se
fc
 and Mg^_ was unexpected. Whilst working on 

soils developed from similar lower Palaeozoic mudstones, containing 

chlorite, in mid Wales, Adams et al. (1971) concluded that the main 



Horizon 
group. 

Number of 
pairs. 

Fe 
P 

Al 
P 

Mn 
t 

Fe 
t 

Al 
t 

C a
t 

Mg
f c 

L.O.I. pH 
w 

All data 167 
kkk 

.680 
kkk 

.524 
kk 

-.226 .068 
kk 

-.219 -.097 
kkk 

-.526 
kkk 

.524 
kkk 

-.370 

All upland 
A 

42 
kkk 

.579 
kkk 

.640 
. * 

-.369 -.183 .278 .058 
kkk 

-.610 
kk 

.445 -.187 

All 0 21 
kkk 

.667 .272 .111 
kk 

.573 .054 -.078 -.250 .340 .134 

All B types 53 
kkk 

.779 
kkk 

.690 -.013 
kkk 

.571 .302 -.156 
kkk 

-.576 
kkk 

.770 
k 

-.302 

All Bg 23 
kkk 

.779 
* * * 

.851 -.158 
k 

.453 .207 -.203 
kk 

-.589 
kkk 

.748 -.361 

All Bs 11 
kkk 

.897 .582 -.082 
kk 

.797 .452 -.551 -.529 
kk 

.814 -.562 

All B 19 
kk 

.667 
kk 

.685 .361 
k 

.572 .266 .139 
k 

-.524 
kk 

.603 -.158 

All gleyed 
horizons 

54 
kkk 

.795 
kkk 

.768 -.154 .277 .091 .033 
kk 

-.415 
k 

.308 -.182 

All BC and 
C horizons 

28 
kkk 

.786 
kkk 

.849 -.093 -.010 .283 .137 
kk 

-.482 
kkk 

.851 - A l l 

Superscripts: * - p=0.05 

** - p=0.01 

kkk - p=0.001 

Table 6.5. Correlation coefficients of the relationship between Se^ and nine other variables for various groups of 

soil horizons. 
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change in the sediments due to weathering was loss of chlorite, 

resulting in the release of Fe, Al, Mg and Si. Subsequent work 

demonstrated that Al, Mg and Si, but not Fe, showed net losses from 

soil profiles developed on such a parent material. In this work Mg 

is invariably negatively correlated with L.O.I, (r = -0.634 for 

all data) which, especially in the case of all the upland soils 

(r = -0.717 ) where L.O.I, decreases with depth, can be taken as 

an indication of the content increasing with depth in the profile. 

This suggests that weathering in these soils results in the degradation 

of chlorite and the mobilisation of Mg as above; weathering will of 

course be more advanced in the top of the soil and it will be expected 

that more Mg will be lost. Mean Mg concentrations for A (0.44 ug g 

-1 -1 
B (0.54 jig g ) and the BC and C horizons (0.72 jig g ) exemplify 

this relationship. 

Similarly, negative correlation coefficients are found between L.O.I. 
&&& AAA 

and Fe or Al (r = -0.520 and -0.756 respectively, for all 
& A A 

the data, and -0.261 and -0.453 for all upland soils where n =102) 

however, in contrast to Mg^ these two elements tend to demonstrate 

relative accumulation lower in the B horizon of the profile, as 

demonstrated by the comparison of B and Bs horizons in Table 6.6. 

Lower mean Mg^_ values in Bs compared to B horizons is probably an 

indication of a greater degree of weathering in these horizons. Thus 

the overall relationship is one where increased weathering results in 

the release of Mg, Fe and Al, and subsequent loss of M g , whilst Fe and Al 

tend to remain and be reprecipitated as sesquioxides with which Se 

is associated. Negative corr alations between the Mg^ and L.O.I, 

content of specific horizon groupings (Table 6.5.) may also suggest 

that weathering is more advanced in the more organic and hence more 

acid soils. This is consistent with the findings of Adams et al. 

(1971), who suggested that the extent of chlorite weathering could be 

associated with the surface accumulation of organic material. 

As Se^ is positively correlated with both Fe^ and Al^ in most groupings 

it is difficult to deduce whether there is a real relationship between 

Se and either or both of these two parameters. In most cases Fe is 

highly significantly correlated with Al (r = 0.789 for all 167 
p . 

samples) suggesting that the same conditions favour the accumulation 
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Parameter. 
Mean Bs horizon Mean B horizon 
concentration concentration 

(n = 1 1 ) . (n = 19). 

Fe 4.65 3.94 

A l
t
 2.32 2.04 

Mg 0.48 0.55 

Table 6.6. Comparison of mean Fe^, AX^ and Mg^ concentrations in 

B and Bs horizons. 
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of Fe and Al . However, for the following groupings the correl-
P

 p 

ations attain less significance; Caron series (r = O.Oll), Ynys 
* 

series (r = 0.452 ), all 0 horizons (r = 0.154) and Sannan series 
** 

(r = 0.557 ), these all being instances where gleying and anaerobic 

conditions are prevs lent. However, the grouping of all gleyed 

horizons produces a highly significant correlation between Fe and 
* * * P 

Alp (r = 0.723 ). The tendancy for all 0 horizons, especially 

of the Ynys and Caron soils to accumulate Fe, possibly as secondary 

precipitation products (see section 6.4.l.h.) may be the reason for 

this. In such instances where oxidation is causing the reprecipitation 

of Fe in an acid melieu, Al would not be precipitated, and the major 

portion of Al in such situations would be derived in-situ, hence 
P 

the poor correlation between Fe and Al . Hie fact that in these 0 
P P 

horizons the correlation between Se and Al is not significant 
P * * * 

suggests that Se is associated primarily with the Fe^ (r = 0.667 ). 

This phenomenon may therefore be the reason for the poor Fe to Al , 

and Se^ to Al correlations for Ynys and Caron soils. Hiraethog 

soils do not exhibit this relationship because as demonstrated in 

Figure 6.9. they tend to have a closer relationship between organic 

matter (L.O.I.) and Se
fc
 content, probably because of a lack of secon-

dary precipitation of Fe; these soils occupying predominantly shedding 

sites in the landscape (section 6.1.2.). This relationship between 

Se^. and Fe where there is differential accumulation of Fe over p P 

A ^ , suggests that an Fe^ - Se^ association is more important than 

that with Alp. It is possible therefore that this is also the case 

where Fe and Al are correlated. 
P P 

b . Regression analysis. 

Analysis has already shown that largely the same factors correlate 

with the distribution of Se in all the soil series studied. It was 

therefore decided that the whole data set :from thirty seven profiles 

(n = 167) could be used for regression analysis. Correlation analysis 

of this data has shown that significant correlations exist between 

several variables and the soils Se
t
 content, the highest correlations 

being with Fe which accounts for some 46% of the variation in soil 
P. *** 

Se^ concentration (r = 0.680 ). Regression of the Se^ content 

of the soil against more than one variable may therefore allow the 
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development of a model which accounts for a greater proportion of 

the variation in the concentration of Se than does Fe alone. 
t p 

Ridge regression analysis was chosen for the development of this 

model as it has the advantage over the more commonly used least 

squares regression techniques of being capable of handling predictor 

variables which are not independant of each other. That is, 

correlations between predictor variables tends to produce multiple 

regression coefficients which are too high and often of the wrong 

sign when least squares estimates are used; this problem is overcome 

by using ridge regression (Turner, 1980). Examination of the 

correlation coefficients in a matrix for these data shows that many 

of the predictor variables which could be used in this model are 

correlated (Table 6.7.). 

The proceedure for ridge regression involves the addition of a 

small constant "k" to the diagonal elements of the covariance matrix. 

The estimates of regression coefficients obtained in this way are 

biased, but have small sums of squares deviations between the coeffic-

ients and their estimates (Turner, 1980). The optimum value for "k" 

is determined by the data itself; a plot of standard estimators against 

"k", called the ridge trace (example in Figure 6.10), is used as a 

means of determining subjectively the value of
 T

k " . Turner (1980) 

gives the following criteria to be used in the selection of "k": 

i. At the chosen value all changes of sign of the estimators should 

have occurred, as should all major changes in relative importance of 

the estimators. 

ii. Coefficients with apparently incortect sign at k = 0 will 

have changed to the proper sign. 

iii. Varience inflation factors should be approximately equal to unity. 

iv. The sum of inverse eigenvalues will be approximately equal to 

the number of variables in the model. 

v . The residual sum of squares will not have been inflated to 

an unreasonable value. 



Se Fe Al Mn Fe Al Ca Mg L.O.I, 
t p p t t t t

 6

t 

Fe 
P 

0 .680*** 

Al 
P 

0 .524*** 0. 789*"** 

Mn 
t 

-0 .226 0. 162 0. 102 

Fe 
t 

0 .068 0. 
kkk 

520 0. 
kkk 

324 0 
kkk 

.615 

Al 
t 

-0 .219 0. 218 0. 
kkk 

308 0 
kkk 

.509 0. 
„ kkk 

765 

Ca 
t • 

-0 .097 -0. 076 •0. 134 0 
kkk 

.294 0. 110 -0. 038 

M g
t 

-0 .526*** -0. 182 •0. 168 0 
kkk 

.479 0. 
kkk 

581 0. 761 

L.O.I. 0 
kkk 

.524 0. 100 0. 034 -0 
kkk 

.454 --0. 
kkk 

520 -0. 756 

PH w 
-0 

kkk 
.370 -0. 075 - 0. 091 0 

kkk 
.609 0. 

kkk 
563 0. 563 

kkk 
kkk 

kkk kkk 

kkk 

kkk kkk 

Superscript: 

Table 6.7. 

kkk p = o.Ol. 

Correlation matrix for ten parameters for the Llansannan area profile data (n = 167). 

00 



1

' 6.10. R idge_ regression; ridge Lrace. Llansannan area profile 

da la j_ en p red icLor variables. 
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vi. The coefficients (estimators) will not have unreasonable values 

with respect to the factors for which they are representing rates of 

change. 

The computer program used for ridge regression analysis in this work 

was developed by Dr. R. Howarth of the Applied Geochemistry Research 

Group. 

Initially the ridge regression model was tried using ten predictor 

variables which were: Fe , Al , Mn , Fe , Al , Ca , Mg , L.O.I., pH 
p p t' t* t t

 6

t * w 

and depth. Depth was taken to be the depth in cms. from the surface 

to the horizon midpoint, all other variables are as previously defined. 

In any ridge trace (example in Figure 6.10) the main trend is for the 

standardised estimators to tend towards zero as the value of k 

increases, all changes must therefore be assesed against this back-

ground condition. The ridge trace (Figure 6.10.) shows that the vari-

ables Ca^ and depth are of little value as predictors, having standard-

ised estimators with values near to zero. The normal least squares 

estimate (i.e. when k = 0) would give A l
t
 to be as important a predictor 

as however as k increases the importance of declines until at 

k = 0.4 it becomes negative and of very small value. Conversely 

Al , which at k = 0 has a small standardised estimator, becomes incr-
P

. 
easingly important as the value of k increases, thus relationships 
between Se^ and Al^ which were masked probably because of correlation 

between Fe and Al become clearer. This demonstrates the value of 
p

 .
 p 

ridge regression analysis in clarifying relationships which would other-

wise be masked by correlations between predictor variables, although 

the value is small the ridge trace also shows the sign of the pH 
w 

coefficient becoming negative, which is in line with the negative 

correlation between Se
t
 and pH^ (Table 6.7.). Clearly the most 

important predictors in the model are Fe , L.O.I, and Mg which have 
p t 

the largest standerdised estimators. 

The optimum value of k was chosen as 0.5, since the stability of the 

ridge trace had been achieved at this value, and all the criteria given 

above for the choise of k are satisfied. Figure 6.11. shows the stat-

istics comparing the least squares model with the ridge regression 

model when k = 0.5. It can be seen that the residual sum of squares 

for the ridge model has only been increased from 5.79 to 7.12, and that 
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Figure 6.11. Comparison of ridge regression and least squares multiple 

regression. Llarisaririari area profile data, ten predictor 

variables. 

Ridge regression: 

Variable. Standardised 
estimator 
at k = 0.5 

Normal 
estimator 

Standard error 
of normal 
estimator. 

Intercept 0.476 Intercept 0.476 

Fe 
p 

0.296 0.112 0.018 

Al 
P 

0.157 0.192 0.0551 

Mn 
t -0.083 -0.000073 0.000038 

Fe 
t 

0.131 0.0341 0.0129 

A 1

t 
-0.0230 -0.0139 0.0305 

Ca 
t 

0.003 0.00669 0.110 

M g
t 

-0.185 -0.233 0.0610 

L.O.I. 0.240 0.00367 0.000705 

pH 
w 

-0.057 -0.0228 0.0195 

Depth 0.009 0.000169 0.000738 

At k = 0.5, average variance inflation factor = 1.03. 

Analysis of variance: 

Source of Degrees of 
variation freedom. Sum of 

Ridge 
Mean 

squares squares 

Least squares 
. Sum of Mean _ 

F-ratio F-ratio 
squares squares 

Regression 
Residual 
Total 
variation 

10 
156 

166 

14.94 
7.12 

22.06 

1.49 
0.05 

32.708 16.27 
5.79 

22.06 

1.63 
0.04 

43.844 

Multiple R (%) 
Standard error of 
estimator 
Variance of error 
term 
Sum of inverse 
eigenvalues 

Ridge 

67.7-

0.214 

0.0457 

10.32 

Least squares 

73.8 

0.193 

0.0371 

46.56 
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the sum of inverse eigenvalues (10.32) is approximately equal to the 

number of variables in the regression (10). Also at k = 0.5 the 

mean variance inflation factor is at an acceptable level of 1.03. 

The residual probability plot (Figure 6.12.) being nearly linear 

demonstrates that the data are relatively normally distributed and 

therefore suitable for application to this type of analysis. The 
2 

multiple R value has been reduced from 73.8 to 67.7% but the latter 

ridge model should be more reliable than the least squares estimate, 

which is partly evidenced by the reduction in the total variance of the 

estimators from 0.065 to 0.021. 

This model can be reasonably simplified, and this was first attempted 

by removing variables from the model whose estimated coefficients, 

plus or minus its standard error, encompass . zero (Figure 6.11.). 

Thus the analysis was repeated using only the following variables: 

Fe , Al , L.O.I., Fe . Mn . Mg^ and pH . The ridge trace for this model 
p p t t t

 r

w ° 

(Figure 6.13.) is stable at k — 0.35. Other statistics are given in 

Figure 6.14. and show that this new model accounts for some 66% of the 

variation in the Se^ concentration and that all coefficients are signif-

icantly greater or less than zero. Although this model contains all the 

useful predictors of S e
t >
 in terms of the amount of variation it 

explains it is no better than a simpler model containing only Fe^ 

and L.O.I, as predictors. The ridge trace for this model showed that 

there was no relative change in the position of the variables as the 

value of k increased and therefore it can be assumed that the least 

squares estimate is adequate. This model accounts for 67.3% of the var-

iation in the concentration (Figure 6.15.) and is expressed as: 

Se = 0.240 Fe + 0.0071 L.O.I. + 0.212 
t P 

The residual probability plot given in Figure 6.16. shows that the data 

are reasonably normally distributed. However, five data points do 

deviate some way from the straight line, being those which fit the 

model least well. The three points with the largest residuals are 

sample numbers 2216, 2238 and 2223 and represent instances where the 

actual Se^ concentration is larger than that predicted by the model 

(see Appendix 2.2.). They represent either the bottom of 0 horizons 

(2238) or Ah horizons below an 0 horizon (2216 and 2223), where the 

organic matter may be particularly humic, and in which case L.O.I, as 
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Figure 6.12. Residual probability plot: Cor ridge regression. 

Llansannan area profile data, ten predictor varia b 1 e s . 
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Ridge constant (k) 

Figure 6.13. Ridge regression; ridge trace. Llansannan area profile 

data, seven predictor variables. 
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Figure 6.14. Ridge regression statistics. Llansannan area profile 

data, seven predictor variables. 

Ridge regression: 

Variable. Standardised Normal Standard error 
estimator estimator of normal 

at k = 0.35 estimator. 

Intercept 0.4281 

Fe 
p 

0.3174 0.1203 0.0196 

Al 
p 

0.1509 0.1847 0.0574 

Mn 
t 

-0.0982 -0.000085 0.000039 

Fe 
t 

0.1527 0.0395 0.0137 

M g
t 

-0.2090 -0.2620 0.0604 

L.O.I. 0.2752 0.00421 0.00071 

PH 
w . 

-0.0472 -0.0191 0.0190 

At k = 0.35, average variance inflation factor = 1.31 

Analysis of variance: 

Source of Degrees of 
variation freedom. 

Ridge at k = 0.35 
Sum of 
squares 

Mean 
squares 

F-ratio 

Regression 
Residual 
Total 
variation 

7 

159 

166 

15.53 
6.71 

22.06 

2.19 
0.04 

51.95 

Multiple R (%) 
Standard error of 
estimator 
Variance of error 
term 
Sum of inverse 
eigenvalues 

Ridge at k = 0 . 3 5 

69.6 

0.205 

0.042 

8.59 
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6.15. Multiple regression analysis of variance and estimators for 

Llansannan area profile data, two predictor variables (Fe^ 

and L.0.1.) . 

Variable. Normal Standard error 
estimator. of normal 

estimator. 

Intercept 0.2120 

Fe 0.2402 0.017 
P 

L.O.I. 0.00707 0.000688 

Analysis of variance: 

Source of 
variation. 

Degrees of 
freedom. 

Sum of 
squares 

Mean 
squares 

F-ratio 

Regression 2 14.84 7.42 
168.56 

Residual 164 7.22 0.04 
168.56 

Total 
variation 

166 22.06 

Multiple R (%) 

Standard error of 
estimator 

Variance of error 
term 

67.3 

0.2098 

0.044 
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Figure 6.16. R e s i d u a I probability plot for the regression of Se ̂  

against Fe and L.O.I. LIansannan area profile data. 
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an assay of the organic matter content may underestimate the 

"active" component of the organic matter when compared to situations 

where more of the organic matter is in non humified forms (see 

conclusions). 

The other two residuals are not as easy to explain but analytical 

error is a possible reason why the sets of data might not fit the 

regression equation very well. 

6.5. Conclusions. 

Differences in the pattern of Se distribution between soils of different 

soil series in the Llansannan area have been clearly demonstrated by 

this work. In the well drained Denbigh and Powys series soils, Se
fc 

concentrations tend to be highest in the B horizon which contains 

the higher sesquioxide concentrations. In addition the A horizon of 

Denbigh series soils tends to contain more Se than the AB horizon, and 

this has been related to the higher organic matter content of the A 

horizon; such a relationship is absent in the Powys series soils where 

no AB horizon is differentiated. Greater leaching, resulting in a more 

acid soil, can take place either at high altitudes where the rainfall 

is higher, or when the soil is derived from rock which has no covering 

of drift, producing a more stony and freely drained solum. Such leach-

ing leads to the greater differentiation of the B horizon, especially 

in terms of the sesquioxide content, but also not ably in terms of 

higher Se concentrations; this is demonstrated by soils of the upland 

phase of the Denbigh series, and Manod and Powys series soils. Thus 

there is a sequence of B horizon development along the lines of: 

Denbigh (normal phase), Denbigh (upland phase) and Powys series, 

Manod series, through which the Se content of the B horizon tends to 

increase. Additionally, because surface acidity and wetness lead to the 

persitance of organic matter in the topsoil, with which some Se is 

evidently associated, the Se content of the topsoil in such soils is 

higher than that in the normal phase of the Denbigh series. 

The sequence of profile development continues onto the moorland, where 

some examples of podzolic soils from within the Hiraethog map unit 
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can be considered to be transitional to those of the Powys and Manod 

series. In these soils there is a surface accumulation of organic 

matter in the more acid and wet conditions, and the podzolisation has 

le .d to the greater redistribution of sesquioxides from the top of 

the soil into the B horizon, as well as a clearer distinction of surface 

organic matter. The effects of podzolisation may be responsible 

for some of the B horizon characteristics of upland phase Denbigh series 

soils and Manod series soils, that is in addition to the effects of 

leaching causing modification of the Fe and Al contents. Thus the 
P P 

highest concentrations of Se encountered occur in peaty topsoils 

(1.68 jig g
 1

 in profile D17) and Bs horizons (1.56 jig g
 1

 in profile 

D21) of the Hiraethog soils. 

Within the Hiraethog map unit the podzolic soils demonstrate a basic 

pattern of Se distribution conforming to; enrichment of the 0 and Bs 

horizons, and also when present of the ironpan (Bf) which is consistent 

with the observations of Wells (1967) and Koljonen (1975), as well as 

with the reported trends in the podzolic soils developed on Lower 

Greensand sediments in south east England (section 4.3.2.). However, 

within this map unit there are variations in profile morphology with 

which there are concurrent variations in Se content and distribution. 

Generally, under greater accumulations of organic matter there is inc-

reased differentiation between the E and B horizons, the former 

horizon eventually becoming gleyed due to an increase in its clay 

content as a result of the weathering and physical degradation of 

chlorite (Adams et al., 1971), and subsequently formation of the 

ironpan results. At this stage enrichment of the B horizon in both 

sesquioxides and Se declines as these fractions become concentrated into 

the Bf. 

Alongside this sequence in well drained soils, the effects of gleying 

in the more poorly drained soils of the Sannan and Ynys series also 

modifies the nature of the Se distribution. In the Sannan series Se 

concentrations decrease downwards from relatively high values in the 

humose topsoil; a similar pattern is observable in the gleyed subsurface 

horizons of the Ynys series soils. In the latter series, however, soils 

which appear to be intergrades to those of the Hiraethog and Hafren series 

occur, these soils demonstrate an enrichment of Se in the Bg horizon 

which is also enriched in sesquioxides, this probably being due to 
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occasional periods when oxidising conditions prevail near to the 

surface of the soil. 

The study of Se distribution in these soils lends support to the 

argument for them being members of a genetic sequence. Organic matter 

and sesquioxides, especially of Fe, with which Se appears to be 

associated are two of the more important factors in the visual and phy-

sical manifestation of soil profile development. Thus the differences 

in Se distribution between these soils are easy to deduce from the 

observable characteristics of the soil, such as gleying, organic matter 

accumulation and the redistribution of Fe species. 

Despite differences in Se distribution between different soil types, 

it has been demonstrated that in all cases the distribution is deter-

mined largely by associations with organic matter and sesquioxides, such 

that 67% of the variation in soil Se content can be explained by that 

of pyrophosphate extractable Fe and organic matter, represented by L.O.I., 

using a multiple regression model. In many groupings of soil horizons 

or soil series, both Fe^ and Al^ were equally implicated in affecting 

Se distribution, however, it appears that often the same conditions 

favour the accumulation or production of both Fe and Al , such that 
P . P . 

the two parameters are strongly correlated. Exceptions to this 

relationship do exist, such that in situations favouring the accumulation 

of ferric oxides, for example 0 horizons of the Ynys series and Bs 

horizons, the content of Se is much better correlated with that of 

Fe than of Al . This suggests that correlation between Se and Al 
P P t p 

may be an artifact of the real relationship between Fe^ and Alp» the 

evidence is not, however, conclusive. Hydrous oxides of Al have been 

shown to be capable of the adsorption of Se (Rajan, 1979), and to be 

important factors in controlling the amount of selenite adsorbed by 

soils (John et al., 1976). It is possible that in these soils both 

ferric and aluminium oxides are involved in Se adsorption. However, 

Evans and Adams (1975) have shown that in soils of the Denbigh, Hafren 

and Hiraethog series which were developed on a similar parent material 

to that of the soils in this study, the predominant trend is for a net 

loss of Al from the profile. This takes place despite the fact that 

some illuvation does occur; in the case of Fe however, there was no 

perceptable loss from the profile. 
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The high Se content of mineral topsoils compared to that of the 

local Silurian rocks from which they are derived (by a factor of 

as much as ten times), suggests that there has been no overall loss 

of Se from these soils on weathering of the parent material. Indeed 

it is possible that enrichment could have occurred. However, it is 

not possible to establish the exact balance without a careful 

quantitative assesment of horizon gains and losses, compared to the 

parent material, in relation to an inert internal reference component 

in the manner of those undertaken by Evans and Adams (1975). This 

was not possible during this study. However, the apparent persistance 

of Se against the processes of weathering in these soils is perhaps best 

explained by its intimate association with ferric species which suffer 

no overall loss from the soil also. The effect of plants in cycling 

Se to the surface horizons where it is intimately associated and 

apparently accumulates with the organic matter, will also be an import-

ant factor in this relationship. 

Ball and Beaumont (1972) demonstrated that in a sequence of Denbigh, 

Manod and Hiraethog soils the release and illuvation of Al, which is 

extracted by pyrophosphate, tends to occur before that of Fe; such 

that the first signs of podzolisation in Manod series soils is the 

illuvation of Al. In Hiraethog series soils the Al has moved from the 

profile and the distribution of Fe is then indicative of the effects 

of illuvation. Thus it may be that in brown earths of the Denbigh 

series both Fe and Al hydrous oxides are responsible for the adsorp-

tion of Se. It has been shown that Se is most concentrated in the most 

weathered soils, being those of the Ynys and Hiraethog map units, and 

that the Mg content of the soils can give an indication of the extent 

of weathering, such that there is a linear relationship between the Se^ 

and Mg
fc
 content of the soil. Since degradation of chlorite is believed 

to be the main weathering process in these soils, and that Al as well as 

Mg is lost from the profiles as a consequence (Adams et al"., 1971), it 

might be expected that Al would also be negatively correlated with Se. 

However, there is only a poor negative correlation between Se and Al ick 
(r = -0.219 , n = 167), the relationship being modified by the 

illuvation of Al which occurs. There is no evidence in these data for 

the redistribution of Mg, merely loss from the profile. Such a strong 

relationship between and Se^ will therefore be particular to soils 

where chlorite, or a similar Mg containing mineral, is the principal 
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weathered component; no such relationship was noted from either the 

Lower Greensand (section 4.4.) or the Carboniferous (section 5.6.). 

The role of organic matter in influencing the distribution of Se is 

nowhere as clear as in the case of the peaty topsoils of the moorland, 

which contain high concentrations of Se. As mentioned in section 

6.4.1., however, this must be viewed with caution in remembering that 

concentrations expressed on a weight to volume basis would be much lower 

in comparison with those of most of the mineral horizons; the real 

problem here lies in comparing two mediums which are essentially diff-

erent in nature. The relationship between organic matter accumulation 

and increasing Se content was clear for the soils in the Hiraethog map 

unit (Figure 6.9.), but in the case of the Ynys and Caron soils the 

evidence presented suggests that secondary precipitation of ferric 

oxides from groundwaters and its association with Se masked any similar 

relationship. Elsewhere organic matter effects were evident where 

for example the more organic topsoils of the Powys series contained more 

Se than those of the Denbigh series. 

The fact that organic matter and Fe (which accounts for Fe in 
P 

organic combination, or which has been precipitated recently from such) 

together account for 67% of the variation in the horizon Se content 

suggests that much of the Se in the soil is involved in an organic cycle. 

This being the case it is also evident that if the primary source of 

the Se in these soils is from the parent material, then it must be 

present in forms which are readily oxidised and released on weathering. 

Selenium which has been assimilated by plants is clearly persistant 

in an organic form in the topsoil. Loveland et al (1981) demonstrated 

a strong correlation between the N and Se content of topsoils from some 

Welsh acid brown earths which they felt was indicative of the combination 

of Se in plant proteins. The fact that proteins and nitrogenous organic 

compounds tend to resist microbial breakdown more than other organics 

no doubt contributes to the accumulation of Se in organic topsoils. 

When and if Se is mobilised from the topsoil the association with Fe^ 

suggests that it may be either mobilised in combination with Fe and 

organic matter, or as a organic - Fe - Se complex as proposed by Levesque 

(1974b). Alternatively, if it is released as the soluble selenite 

ion it is readily adsorbed on the most retentive colloid surfaces, which 

would be expected to be hydrous oxides of Fe and Al (Hamdy and Gissel-
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Nielsen, 1977), being represented in this work by Fe^ and 

Some 33% of the variation in soil horizon Se content is not accounted 

for by that of Fe^ and L.O.I., and none of the other parameters studied 

here greatly improves this value. Several factors may account for this. 

Obviously some Se may be associated with Fe and Al oxides which are not 

extracted by potassium pyrophosphate, Levesque (1974a) found that there 

was a significant relationship between the Se and oxalate soluble Fe 

content of some Canadian soil, oxalate extracting a broader spectrum 

of soil Fe species than pyrophosphate. Also loss of weight on ignit-

ion is a relatively indiscriminate assay of the organic matter content 

of the soil, in that it comprises all organics including simple humic 

and fulvic acids, amorphous carbon and "macro" organics in the form of 

plant roots and decomposing vegetation, all of which by unit weight may 

be expected to vary in their affinity for and content of Se. Thus 

dependant on the proportion each of these contributes to the whole, 

organic matter measured as L.O.I, will vary in its capacity to include 

Se. This work has also assumed uniformity in the composition of the 

soil parent material. However, Levesque (1974a) studying a wide variety 

of Canadian soils from different parent materials demonstrated that 

variation in the parent material Se content accounted for most of the 

variation in the Se content of soil horizons. The analysis of rocks 

from this study area demonstrated that although small, there was some 

variation in the Se content of the local rocks, and this could account 

for some of the variation in soil horizon Se content. This could 

be both in a single profile due to differences in vertically adjacent 

strata, and also between similar ;soils in different localities. The 

fact that the mean total Fe content of for example largely drift derived 

Denbigh series soils and of largely rock derived Powys series soils 

is similar (means 3.30 and 3.55 ^respectively) goes some way 

to confirming that there is little difference in the composition of 

the drift and the solid rock from which it is derived. It can be 

considered that for the purposes of this study, however, assumptions 

on the uniformity of the parent material were mostly justified. 

It is not possible to assess to what extent Se present in the soil in 

reduced forms such as elemental Se and selenides is unaccounted for by 

this model which demonstrates relationships between Se and sesquioxides 
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of Fe and Al, and organic matter. Certainly some Se included in the 

assay of "total Se" (Se^) could be present as an unweathered fraction 

of little weathered stones and rock fragments which are less than 

2 mm in diameter, such Se would have little role in the organic cycle 

which was mentioned above. 
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CHAPTER 7. SELENIUM IN HERBAGE AND SOILS OF THE LLANSANNAN AREA 

OF CLWYD: EXPERIMENTS FOR THE SPECIATION OF SOIL 

SELENIUM. 

7.1. Introduction. 

The results of this work presented in the previous chapters have 

helped to define several factors which influence the content and 

distribution of Se in soils. In terms of geographical distribution 

the most important of these is probably the Se content and nature of 

the soil parent material. However, this basic relationship can be 

extensively modified by the process of soil formation, such that the 

soil concentrations may differ in soils developed from the same parent 

material. More specifically this is due to the effects of different 

soil form ing environments on the distribution and content of soil 

organic matter, iron and aluminium with which the distribution of Se 

is related in the soil profile. This has been considered to be due 

to actual associations between Se species and these above named soil 

constituents. 

So far in this work conclusions regarding the forms of Se in the soil, 

and their associations with organic matter, iron and aluminium have 

been based on the subjective appraisal of correlation and regression 

analysis data, and with comparison with other published findings on 

the subject (Geering et al., 1968; Howard, 1977). In this way the 

following forms and associations of Se have been postulated; organic -

Se compounds, organic - Se and organic - Fe(or Al) - Se complexes, 

selenite mainly in equilibrium with a ferric oxide - selenite adsorption 

complex, and elemental Se and selenides in more poorly drained soils. 

It is thought that little selenate will exist in the majority of British 

soils. 

It was felt therefore that the programme of research could best continue 

by attempting to investigate more fully the forms of Se in the soil 

and the nature of the above relationships, in such a way as to be able 

to quantify the various forms of Se existing in any particular soil type. 

The original brief for this project also included proposals for the 

assesment of the uptake of Se by pasture herbage. Clearly this is most 
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relevant in terms of actual animal health problems, as the Se content 

of the herbage should most closely control the actual intake of Se by 

the grazing animal. The assesment and prediction of soil Se status are 

only useful if ultimately they can be related to the dietary intake of 

the element by livestock from the herbage. Careful study of the 

effects of soil type, drainage, etc. on the uptake of Se by herbage 

would ideally necessitate the establishment of experimental plots or 

pot trials, as it is felt that the variations in swardspecies compos-

ition and also of management practice inherent in the sampling of 
f 

established swards and vegetation would confgj: large m^-uences on the 

levels of Se in the herbage. These difficulties could perhaps only 

be overcome by extensive soil and herbage survey work. Any such experi-

mentation and surveys, however, could not practically be attempted in the 

time available for completion of the project which was insufficient for 

the establishment of swards, and harvesting of plots. 

It was felt that this aspect of the work could be accomodated in the 

continuing research programme by relating quantified soil Se fractions 

to plant availability on the basis of established knowledge, and perhaps 

by developing a means of assesing this plant available fraction. The 

ability to identify soil conditions which favour or otherwise the exis-

tance of plant available fractions would be invaluable. Unfortunately 

analytical methods capable of determining plant available and other 

soil Se species were not readily available and would first have to be 

developed. 

Because of the extensive background information which has been obtained 

on the soils of the area it was thought that the work outlined above 

should be carried out in the Llansannan area. It was considered that 

work of this nature would be more profitable in terms of establishing 

relationships between soil Se and animal health problems, than would 

be an extension of the work presented in Chapter 6 on the soils of the 

Llansannan area to other regions characterised by contrasting parent 

materials and supporting a broader range of soil types. 
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7.2. Sampling of soils and herbage. 

It was decided that for the purpose of the fractionation work which 

was to be undertaken, it was necessary for fresh samples of soil to 

be taken. A limited number of soil profileswhich represented the 

range of conditions found in the area were sampled, in order that the 

effects of all possible extremes of soil conditions could be studied. 

Thus soils which were typical of the following series were sought: 

Denbigh series - typical acid brown earth. 

Powys series - brown ranker. 

Manod series - typical brown podzolic soil. 

Sannan series - stagnogleyic brown earth. 

Ynys series - cambic stagnohumic gley soil. 

Hiraethog series - ironpan stagnopodzol. 

It was planned that material from these soils was then to be used in 

the speciation studies which are detailed later (section 7.4.). In 

addition to the sampling of these profiles it was thought that as 

a preliminary investigation it would be beneficial to take some samples 

of herbage from each of the profile sampling sites. This would give an 

appreciation of the range of herbage concentrations which might be 

encountered in any subsequent survey of the area, and also of the extent 

of the variation in soil and herbage Se concentrations in a single loca-

lity on one soil series. 

All the samples were taken in June, 1981. Soil samples were taken in 

the same way as in section 6.2., and subsequently the material was 

analysed for the following parameters: S e
t
,

 F e

p
> ^ t '

 F e

t ' 

C a
t
, Mg^, L.O.I, and pH^ (section 3.2.). This allowed the charac-

terisation of the soils in the same way as for the profiles described 

in Chapter 6, with which they could then be more easily compared. 

Herbage and corresponding topsoils were sampled in the locality of 

each of the soil profiles. Four plots, 3m x 3m, at the corner of 

a square of side equal to approximately 25 m , of which one corner was 

the profile pit, were sampled. Representative herbage samples of the 

mixed sward were collected using a small pair of shears, and a bulked 

soil sample of 9, 0-15 cms auger samples was taken from the same plot. 
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Where the site of the profile was on a significant gradient the four 

plots were located at 25 m intervals along the strike of the slope where 

it was considered that there would be less variation in the nature of 

the soil. At some sites specific species were also sampled. It 

was hoped that a single, common species could be sampled from each 

site which might therefore aid in the comparison of sites; however, the 

composition of the swards was very variable and this was not possible. 

All herbage samples were prepared and analysed for Se as given in 

sections 3.1.3. and 3.2.1. 

7.3. Results and discussion. 

7.3.1. Soils. 

Due to the problems encountered in devising techniques for the 

speciation of selenium in the soil (section 7.4.) no such results were 

obtained for the soil profiles which were sampled. Basic characterisa-

tion of the soils in the manner of those reported in Chapter 6, 

showed that the distribution of total Se in these new soils conformed 

to the same patterns and it was therefore not considered necessary to 

present the data here. 

7.3.2. Herbage and corresponding topsoils. 

The results which are presented in Table 7.1. can conveniently be split 

into two groups; the first of herbage growing on the mineral topsoils 

of the upland (sited D40, D42, D43 and D44) which contain significantly 

less Se (mean 0.035 jig g S than the herbage growing on the organic 

topsoils of the moorland (mean Se content 0.145 jig g S at p = 0.05. 

This relationship is paralleled by the significantly higher mean Se con-

tent of the organic compared to the mineral topsoils (0.83 jig g ^ 

compared to 0.47 jig g \ p = 0.05) as demonstrated by the plot of 

individual herbage and soil Se concentrations in Figure 7.1. Several 

factors could alone or together explain this relationship: 

i. There may be a positive relationship between the soil and herbage 

Se concentration, this is however, difficult to substantiate from the 
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Table.. 7.1. The selenium content of herbage from the Llansannan area. 

Site No. Soil Plot Herbage Se (pg g
 1

) Land type and 

and grid 
reference 

series No. Mixed^ 
sward 

Other 
species 

dominant species. 

D40 Manod 1 0.016 0.020 Permanent pasture: 

SH 890668 2 0.025 0.027 Poa spp. Festuca 

3 0.025 0.018 pratensis, Holcus 

Mean 0.022
a 

0.022* lanatus, Agrostis 

tenuis, broadleaves. 

D41 Hiraethog 1 0.200 0.075 0.166 Rough grazing: 

SH 922575 2 0.104 0.074 0.137 Nardus stricta, 

3 0.225 0.143 0.193 Festuca spp., Moss 

4 0.114 0.185 0.200 & locally Juncus 

Mean 0.160
b 

0.094
2

 0.174
3 

spp. 

D42 Sannan 1 0.018 Permanent pasture: 

SH 925649 2 

3 

4 

0.028 

0.067 

0.036 

Lolium perenne, 

Trifolium spp., Poa 

pratensis. Dactylis 

Mean 0.037
a 

glomerata. 

D43 Denbigh 1 0.036 Permanent pasture: 

SH 954652 2 

3 

4 

0.020 

0.093 

0.036 

Cynausaurus cristatus 

Festuca pratensis 

D . glomerata, L . 

Mean 0.054
a 

perenne & broadleaves 

D44 Powys 1 0.025 Permanent pasture: 

SH 918674 2 

3 

4 

0.023 

0.022 

0.036 

Agrostis tenuis. 

Festuca spp. H. 

lanatus, some Trif-

Mean 0.026
a 

olium spp & broad-

leaves . 

D45 Ynys 1 0.120 0.137 Rough grazing: 

SH 847597 2 0.140 0.196 Nardus stricta. 

3 0.126 0.154 Festuca spp. Moss 

Mean 
b 

0.129 
„ 2 

0.162 and locally Juncus 

spp & C. vulgaris. 

A - Means with different superscript letters are significantly different 
at p = 0.05 level. 

B - Superscript numbers refer to species: 1: Holcus lanatus 2: Juncus spp. 
3: Sphagnum moss. 
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limited results presented here which fall into two groups with no 

intermediate values (Figure 7.1.)« 

ii. Selenium in organic combination in organic topsoils could be 

in a form which provides more Se for plant uptake than in mineral 

soils. 

iii. Herbage species on the moorland (predominantly N. stricta and 

Festuca spp.) could be capable of assimilating more Se than species 

found on the mineral topsoils of the upland. 

There is little evidence in the literature that organic forms of Se 

in the soil, and particularly in organic soils, should be more 

available to the plant than those in mineral soils, which would be 

expected to be predominantly selenite in equilibrium with ferric 

oxide - selenite adsorption complexes. In fact in an acid and 

waterlogged soil it would be expected that Se would take the form of 

insoluble elemental Se or other reduced forms (Figure 2.2.). Watkin-

son (1962) noted that soils of high Se content on which livestock 

were responsive to Se administration were predominantly acid and organic. 

When the mineral topsoils of the upland and their herbage are consid-

ered alone there is no real relationship between the concentration of 

Se in the herbage and that of the soil (Figure 7.1.); in fact for 

all but three of the samples the herbage Se concentration lies between 

0.016 and 0.036 ^ig g there being no apparent reason for the 

higher Se concentrations in the three other samples (Table 7.2.). 

There is no significant difference between the mean herbage Se 

contents of any of the four upland soils (Table 7.1.). It is poss-

ible that variations in the sward species composition could mask diff-

erences in the ability of the soils to supply Se to the plant. There 

is little specific information regarding the difference between species 

in their ability to assimilate Se from soils low in Se in the liter-

ature; excepting that it is well established that clovers (Trifolium 

spp.) inevitably contain less Se than grass species on the same soil 

(Davies and Watkinson, 1966; Hupkens and Tetly, 1970). Ehlig et 

al. (1968) however, did note that species differences were much less 

marked on soils low in Se than on those containing much higher levels 

of soluble Se. On the Manod series soil at site D40 there was no 
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Figure 7.1. Re la t ionsh ip he twee n he rbage and soil Sê _ concentrations 

from the Lfansannan area. 



Se 
SITE SAMPLE Her-

bage 
Se t PH 

w 
Fe 

P 
Al 

P 
Mn t Fe t Al t Ca t M g

t 
L.0.1. 

4 0 1 0 * 0 1 6 0 * 5 9 i t rr nr \J • vJvJ 0 * 8 8 0 * 5 5 6 3 6 3 * 6 7 2 * 0 1 0 * 2 2 6 0 * 4 3 8 X 2 1 Ja« 
3 0 * 0 2 5 0 * 4 8 5 * 7 0 0 * 3 0 0 * 5 3 6 3 2 3 * 3 8 1 * 8 6 0 * 2 6 4 0 * 3 6 0 1 2 * 9 6 
4 0 * 0 2 5 0 * 6 7 5 * 4 0 0 * 9 3 0 * 6 4 5 9 4 3 * 4 8 1 * 9 6 0 * 1 9 2 0 * 4 2 4 1 3 * 3 8 

4 1 1 0 * 2 0 0 1 * 0 7 3 * 1 0 0 * 4 6 0 * 2 9 4 0 0 0 * 5 0 0 * 3 9 0 * 0 8 2 0 * 0 3 8 7 3 * 3 7 
9 0* 104 1 * 14 3 * 4 0 0 * 5 9 0 * 3 0 4 0 0 0 * 6 2 0 * 3 4 0 * 1 2 0 0 * 0 4 0 8 6 * 7 8 
3 0 * 2 2 5 0 * 4 3 4 * 1 5 0 * 56 0 * 5 6 2 0 0 0 * 7 8 0 * 9 2 0 * 0 6 8 0 * 0 5 2 1 6 * 8 7 
4 0* 114 0 * 7 8 3 * 4 0 0 * 9 0 0 * 3 2 4 0 0 1 * 2 2 0 * 5 6 0 * 0 9 6 0 * 0 3 2 6 1 * 5 6 

4 2 1 0 * 0 1 8 0 * 3 3 6 * 3 0 0 * 3 5 0 * 1 9 4 7 6 2 * 9 2 2 * 0 8 0 * 3 3 0 0 * 5 3 2 8 * 7 1 o 0 * 0 2 3 0 * 3 8 6 * 0 0 0 * 3 4 0 * 1 9 4 3 3 2 * 9 3 1 * 9 5 0 * 2 8 4 0 • 5 8 4 8 * 7 6 
3 0 * 0 6 7 0 * 4 0 6 * 1 0 0 * 3 7 0 * 2 2 5 9 6 3 * 0 8 1 * 9 7 0 * 3 2 0 0 * 5 5 2 8 * 2 3 
4 0 * 0 3 6 0 * 4 2 5 * 9 0 0 * 4 2 0 * 2 3 3 1 6 3 * 0 4 :L *95 0 * 4 0 0 0 * 5 2 0 9 . 8 7 

4 3 1 0 * 0 3 6 0 * 4 4 5 * 3 0 0 * 6 1 0 • 3 2 6 2 3 3 • 3 8 1 • 8 9 0 * 2 4 0 0 * 5 8 8 1 1 * 6 9 
9 0 * 0 2 0 0 * 4 5 5 * 6 0 0 • 5 3 0 * 3 2 7 1 2 3 * 1 0 2 * 0 6 0 * 2 5 6 0 * 5 7 2 .1.2*05 
3 0 * 0 9 3 0 * 4 1 5 * 3 5 0 * 6 0 0 * 3 3 7 0 0 3 * 2 2 2 • 0 2 0 * 2 4 8 0 * 6 5 6 1.4*11 
4 0 * 0 6 9 0 * 4 8 5 • 6 5 0 * 6 3 0 * 3 6 6 2 8 3 * 3 1 1 * 8 9 0 * 2 4 0 0 * 5 3 8 1 3 * 2 7 

44 1 0 * 0 2 5 0 * 5 7 5 * 9 5 0 * 6 4 0 * 4 5 1 1 1 2 3 * 3 1 2 * 0 6 0 * 5 1 2 0 • 4 2 6 1 9 * 4 6 
p 0 * 0 2 3 0 * 4 7 6 * 1 0 0 * 5 7 0 * 3 9 4 0 0 3 * 3 9 2 * 0 5 0 * 3 3 6 0 * 4 4 0 1 3 * 2 6 
3 0 * 0 2 2 0 * 5 1 6 * 2 0 0 * 3 4 0 * 3 3 9 8 4 3 * 1 8 2 * 0 4 0 * 4 4 0 0 . 5 0 0 1 4 * 6 5 
4 0 * 0 3 6 0 * 3 8 5 * 6 0 0 * 4 3 0 * 3 3 5 2 8 3 * 2 1 2 * 1 4 0 * 3 2 0 0 * 4 6 0 1.3*52 

4 5 1 0 * 1 2 0 0 * 9 4 3 * 3 0 0 * 6 1 0 * 4 0 3 2 0 0 * 7 6 0 * 6 7 0 * 0 6 2 0 * 0 6 1 6 2 * 4 9 
n 0 * 1 4 0 0 * 7 1 3 * 9 5 0 * 9 3 0 * 4 6 2 8 0 :L *34 0 * 7 2 0 * 0 6 8 0 * 0 4 4 3 5 * 7 7 
3 0 * 1 2 6 0 * 7 1 3 * 9 0 1 *06 0 * 5 3 2 0 0 :L*40 0 * 6 8 0 * 0 5 6 0 * 0 2 8 4 2 * 6 0 

Table 7.2. Mixed sward selenium content and soil analytical values for six sites in the Llansannan area. 

ro 
o 
ro 
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difference between the Se content of Holcus lanatus and that of the 

mixed sward (Table 7.1.). Junciis spp. were also sampled on the 

moorland since Fletcher (1968) found that on a high Se soil from 

Derbyshire, Juncus spp. contained more Se than any of the other 

species which he sampled. The values here were contrasting, being 

higher than the mixed sward on the Ynys series soil (site D45) and 

lower on the Hiraethog series soil (site D41) as shown in Table 7.1. 

The Se concentrations in the herbage from the upland sites (mean 0.035 

Pg S low compared to those values generally quoted as providing 
. . . -1 

sufficient Se for livestock nutrition at 0.10 jig g (Rickaby, 1980), 

although this level can vary, and be less than this figure, depending 

on the dietary levels of other factors, noteably of vitamin E (Diplock 

1981). Thus plant concentrations as low as 0.02 jig g ' can in some 

cases provide adequate Se (Ehlig et al., 1968). In general these 

levels are not unexpected on such acid soils (mean pH 5.80, Table 

7.2.) which contain only moderate concentrations of Se (mean 0.47 

J
1

 g g These observations would have to be backed up by more 

extensive surveys of the herbage Se concentrations in the area, these 

results only being intended as a preliminary guide. It would appear 

that herbage growing on the organic soils of the moorland would provide 

adequate Se, based on the above criteria (mean Se concentration of 

0.145 jig g although in terms of the selectivity of the grazing 

animal, the method of sampling used is rather indiscriminate in sampling 

the whole plant and not the more palatable portions of the sward in 

which the Se content of the plant may differ. 

Any further extension of this type of work should also include some 

seasonal sampling to take account of the effects of stage of growth 

on herbage Se content. Little is at present known regarding this 

subject, although it has been shown that on low Se soils young growth 

contains more Se than that later in the season, being probably a 

dilution effect (Beeson, 1961; Ehlig et al., 1968). 

An additional pathway of Se into the grazing animal could be by the 

ingestion of soil. This has been considered to be a potentially 

important source of several trace elements, including Se (Healy, 

1969; Healy et al., 1970). Obviously the amount of soil ingested 

will depend on many factors including management practice, sward 
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composition, rainfall and soil type. The availability of the element 

to the animal may, in addition, depend upon the forms of the element 

in the soil. Considering the relatively high Se concentrations in 

soil compared to herbage (means of 0.47 jig g ^soil and 0.035 jig g ' 

herbage for the soils in this study from the upland) it is clear that 

this factor requires further investigation, alongside that of the 

herbage Se contents. 

7.4. Experimental work, fractionation of soil selenium. 

7.4.1. Introduction. 

Schemes for the fractionation of soil Se have been used by other 

workers, noteably Olson et al. (1942) and Cary et al. (1967), both 

of which were based upon selective chemical extraction from the 

soil of Se species, dependant upon their solubility in the various 

extracting solutions. For the present work it was proposed to adapt 

these techniques for the examination of the soils from the Llansannan 

area; however, certain problems could be envisaged. 

The first problem was one of detection of trace amounts of Se; the 

mean total Se concentration of the soils studied in Chapter 6 was 

0.55 Jig g \ and the detection limit of the analytical system used 

was approximately 0.02 jig g * of Se in the soil (section 3.2.1.). 

This meant that the detection of part fractions of the total soil Se 

might necessarily involve determinations near to the detection limit, 

unless methods such as preconcentration were adopted. In the case 

of the work of Olson et al (1942) the soils examined were seleniferous, 

producing toxic vegetation, and having total Se concentrations in the 

order of about 30 jig g *. In situations giving rise to toxic veget-

ation it is considered that large amounts of soil Se are in water 

soluble forms, and thus are available to the plant, and detection 

problems are therefore not serious. In the work of Cary et al. (1967), 

and also that of Hamdy and Gissel-Nielsen (1976b) which was based on 

the same proceedure, the intention was to study changes in the form 

of Se (as selenite) which had been previously added to the soil, and 

therefore the extraction proceedure was practised on soils to which 

had been added 2.5 ug g
 1

 and 4.0 jig g
 1

 respectively of largely water 
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soluble Se. In comparison this study was to concentrate on acid soils 

to which no Se had been added; in such situations it has been con-

sidered that the majority of the soil Se is not readily soluble in 

water, or other similar extractants such as the K^SO^ which was emp-

loyed by Cary et al. (1967). 

Secondly it could be envisaged that some of the chemical extractents 

involved in the proceedure may interfere with the determination of 

Se using the available technique of hydride generation and determination 

by inductively coupled plasma source emission spectrometry. Such 

problems were not encoutered by either Cary et al. (1967) or Hamdy 

and Gissel-Nielsen (1976b), as they relied upon the assay of residual 

radioactivity present as a remnant of the
 7

"*Se added as a component 

of the Se additions to the soils. Essentially therefore there was 

no interference between the extraction technique and that of the assay. 

In addition to the above system of fractionation, and preliminary 

to it, water extraction of Se from soils was attempted. In this case 

a technique for the determination of Se in aqueous solution was 

available in the department, however, extraction techniques had to 

be developed. 

7.4.2. Water extraction of selenium from soils. 

Several workers have undertaken extraction of soil Se with water, or in 

some cases dilute solutions of C a C ^ * and the methods employed have 

been summarised in Table 7.3. This only includes work where the 

extraction was of the natural soil Se; similar techniques have been 

used to assay the solubility of residual Se remaining after plant 

uptake trials with Se additions (Cary and Gissel-Nielsen, 1973; 

Ganje and Whitehead, 1958) and also for assesing the availability 

of soil Se additions for microbial volatilisation (Zieve and Peter-

son, 1981). The majority of the soils studied (Table 7.3.) have been 

seleniferous soils containing up to several hundreds of jig g ^ of Se, 

and water soluble Se accounted for up to 7% of the total, but more 

normally between 1 and 2%, which is also within the range reported by 

Levesque (1974b) for some "normal" soils from Canada. These techn-

iques have been used as a guide to formulating an extraction technique 

for this work. Boiling water extraction was discounted as a suitable 



Soil: 
Reference. Extractant. solution 

ratio. 

Contact Method of 
time. separation, 

Method of Se 
determination, 

Total Se 
Extracted 

Type of soil. g
e 

V
s g

 ' (% of total) 

Olson et al. 
(1942) 

Fleming and 
Walsh (1957) 

Williams and 
Thornton (1973) 

Levesque 
(1974b) 

Nye and Peter-
son (1975) 

Boiling 
water. 

Water. 

Water. 

Water. 

Water. 

0.1M CaCl. 

115 

1:2.5 

1 :10 

1:10 

1:10 

1:10 

o r i
 • I-,• i . Acid digestion & 

30 min. Filtration. ,. .
n distillation. 

Over-
night. 

Filtration. as above. 

Over- Centifuge Acid digestion & 
night. 3000 r.p.m. colourimetry. 

Not Not Acid digestion & 
known. known. flourimetry. 

n u -m-i*. Acid digestion & 
12 hrs. Filtration. „ . 

flourlmetry. 

12 hrs. Filtration. 

Seleniferous 2.7 -
soils (U.S.A.) 38.4 

Seleniferous 20.4 -
soils (Eire) 850, 

Seleniferous 92 -
soils (U.K.) 230 

"Normal" soils 0.20 -
(Canada). 0.74, 

Seleniferous 0.9 -
soils (British 91.4 

Isles) 

1.08 -
50.1 

0.33 -
2.90 

<1 .0 -
2.2 

1.9 -
6.9 

Mean of 
<1 .0 

Less than 
for water as 

above. 

Table 7.3. Summary of published work involving the water extraction of native soil selenium. 

ro 
o 
ON 
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method as it was considered that high temperatures might promote 

volatilisation and loss of Se unless measures were taken to ensure 

the oxidation of the Se in solution. 

Determination of selenium in solution by hydride generation, as 

employed in this study, has one possible advantage over other 

methods, in that the formation of the hydride is only successful 
6+ 

when the Se is in the 4+ oxidation state, Se is normally pre-

reduced to the 4+ form using KBr prior to determination (section 

3.2.1.). Omission of the prereduction stage should therefore 
4+ 6+ 

readily allow for the speciation of Se and Se forms. 

Experiment 1. 

Initially extraction of soils was undertaken using less than 2 mm 

air dried soil at a soil to solution ratio of 1:10 with either water 

or 0.01M CaCl^, which was shaken overnight (18 hrs) in a polythene 

bottle. Calcium chloride solution was used as a comparison with water 

because it is considered to approximate to the ionic concentration 

of the soil solution (Hesse, 1971) and also because it would maintain 

the floculation of the soil colloids and thus aid the separation of 

soil and solution after the extraction. An aliquot of the super-

natant produced by centrifuging the mixture at 3000 r.p.m. for 

15 mins was used for the analysis. The supernatant of the water 

extract produced in this way was generally clouded by the presence 

of suspended colloids. This problem was reduced by filtration of the 

solution under suction through a 0.4 jim filter after centrifugation. 

Analysis of the Se in the resulting solution was undertaken using the 

preconcentration method of Thompson et al. (1981). The hydride gener-

ation - I.C.P. system used provided a detection limit for Se in solution 

of 0.003 jig ml Assuming a water soluble Se percentage of around 

2.0% (based upon the values in Table 7.3.), concentration factors 

were chosen which it was thought would provide final solution 

concentrations above the detection limit, these were 5 and 10 times 

pre-concentrations obtained as below. 

The sample (50 or 100 ml) was placed in a large centrifuge tube and 

acidified with concentrated HNO (1 or 2 ml). One ml of lanthanum 
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nitrate (2.5% m/v) and 2 ml of diluted (1+1) ammonia solution were 

added successively and the sample mixed before centrifuging at 3000 

r.p.m. for 2min. The supernatant was discarded and the precipitate 

dissolved in 10 ml of 5M HC1 containing 5% KBr and the resulting solu-

tion was heated in a water bath for 50 min at 50°C. This solution 

was then used for analysis. 

The above proceedure was carried out on soil numbers 2121, 2135, 

2186 and 2459 (Table 7.4.) at both the 5 and 10 times pre-concentration. 

In no cases could Se be detected above the detection limit. This 

approximates to less than 0.006 and 0.003 jig g * water soluble Se in 

the soils. In comparison with most of the methods described in Table 

7.3. no acid digestion was involved in the proceedure, and it was 

thought that any Se present in organic forms might therefore remain 

undetected. In addition, and especially in the case of the water 

soluble extract, some soil colloids of less than 0.4 jm. effective 

diameter would still remain in solution, onto which it is possible 

that oxidised species of Se may be adsorbed; it is possible that this 

takes place after separation of the solution therefore removing soluble 

Se from solution. 

Experiment 2. 

Water extracts were obtained in the same manner as in experiment 1. 

Then the following digestion was adopted: 

A 100 ml aliquot of the solution was placed in a 250 ml beaker and 

2 ml of concentrated HNO^ added to maintain the Se in oxidised forms. 

The solution was then heated, on a temperature control hot plate, at 

80°C until the volume was reduced to about 3 ml. This solution was 

transferred to a test tube with the addition of a further 1 ml of 

concentrated HNO^. The volume was reduced to 3 ml at 100°C on a 

temperature control hot block. Then HCIO^ (0.05 ml) was added and the 

temperature was first raised to ,150°C, until all the HNO^ bad fumed 

off, and then to 170°C until the volume of perchloric acid was also 

reduced. The resulting small amount of solution was then treated 

as for a soil digest as given in section 3.2.1. 
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Sample g
e
 „ L.O.I. Origin and type of soil 

number. t w 

2121 4.09 5.00 14.4 

2135 0.94 5.90 14.6 

2186 0.57 7.10 11.4 

2419 0.59 5.55 12.5 

2459 0.33 6.30 8.7 

D001 0.78 6.65 11.9 

D002 0.80 6.65 15.1 

Mixon area. Dale series Ahg 
horizon 

Mixon area. Wilcocks sereis Ah 
horizon. 

Llansannan area. Manod series 
A horizon. 

Llansannan area. Denbigh series 
A horizon. 

Llansannan area. Sannan series 
Ahg horizon. 

Tideswell Derbyshire. Soil devel-
oped from limestone. 

Tideswell,Derbyshire. Soil devel-
oped from limestone. 

Table 7.4. Characteristics of the soils used in extraction and 

fractionation experimental work. 
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The digestion proceedure was designed to relaese into solution any 

Se which was in organic combination, or was sorbed onto, or in 

association with, suspended colloids. Soils 2419 and 2459 (Table 

7.4.) were analysed in this way but again no values were obtained 

which were above the detection limit of the analytical sytem. The 

same proceedure enacted on spiked standard solutions of Se, taken 

from the post filtration stage, gave recoveries of above 95%. It 

was thought therefore that the content of "water soluble" Se in these 

soils was extremely low, for a soil which contained 0.50 jig g
 1

 S e
t 

this would approximate to less than 0.6% water soluble Se (as a 

percentage of the total). This is a value which is much smaller than 

any of the values quoted by Levesque (1974b) for Canadian soils 

(least value 1.9% of total). Because of the relatively acid reaction 

of the soils used in this study (see Table 7.4.) conditions do not 

favour the formation of soluble selenate (Geering et al., 1968), and 

any selenite which may be present is likely to be almost fully 

adsorbed on soil colloids, as it appears that very little is in solut-

ion in equilibrium with this phase. 

Some of the problems encountered here may be worthy of consideration 

when past results for water soluble Se are considered. The 

efficiency of soil - solution separation after the extraction is of 

great importance, m that few soils will remain totally floculated after 

water saturation, and therefore the presence of suspended colloids 

in solution is likely, unless high efficiency of separation is 

achieved. Any Se which may be associated with such colloids will not 

be water soluble if plant availability estimation is the broad, 

rationale for the extraction. To this extent also, the validity of 

assaying Se which is a component of water soluble or suspended organics 

is suspect (Levesque, 1974b). A more complete fractionation of the 

forms of Se which are present in these soils may shed some light it 

was thought on the reasons for their apparent lack of water soluble Se. 

7.4.3. Fractionation of soil selenium. 

The fractionation scheme to be developed was based on that originally 

devised by Cary et al. (1967) which is summarised in Figure 7.2. 



SOIL 
75, 

(With added Se) 

0.2M K
o
S0, 

2 4 

pH 6.6 

Supernatant: soluble Se 

(mainly selenate). 

SOLIDS 

R 

0.1M NaHSeO, 

pH 6.6 
Supernatant: Se from isot-

opically exchangeable 

selenite. 

Supernatant 

HC1 

CaCl„ 

Supernatant 

H P O 
3. 2 

Supernatant: Se from 

organic Se compounds 

soluble in acid. 

Supernatant: Se from 

HC1 soluble selenites. 

Supernatant: Se from 

Se° and heavy metal 

selenides. 

SOLIDS 
I 

0.05N NH.OH 
4 

SOLIDS 

Precipitate: Se 

from NH OH soluble 
4 

but acid insoluble 

organic compounds. 

x — n . 
Precipitate: Se 
from occluded and 

NH OH soluble 
4 

selenites 

6N HC1 

SOLIDS 

9N HNO, 

Solids: 

residual selenium. 

Figure 7.2. Flow diagram for fractionation of
 7 5

S e from soil. 

(Cary et al., 1967). 
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Experiment 3. 

In utilising this scheme it was proposed to assess the solubility of 

Se in each extractant by the measurement of the resulting solution 

concentration of Se at each successive stage. Both Cary et al. (1967) 

and Hamdy and Gissel-Nielsen (1976b) relied upon the assay of residual 
7

^ S e remaining in the soil after each extraction. This means that 

the saturation of the soil with Na^SeO^ to remove isotopically 

exchangeable Se (Figure 7.2.) must necessarily be omitted from the 

proceedure, and therefore the I^SO^ extraction is followed immediately 

by extraction with NH.OH. In this instance the final extraction was 
4 

with 50% HC1, after which the remaining solids were to be digested as 

in the normal proceedure for measuring soil Se^ (section 3.2.1.). 

The scheme is summarised in Figure 7.3., the extraction times which 

were adopted at this stage were those given by Hamdy and Gissel-

Nielsen (1976b) as providing complete extraction at each stage for 

their soils. Initially centrifugation was chosen for soil-solution 

separation after the extraction. For the K^SO^ solution both acid dig-

estion (as in experiment 2.) and lanthanum pre-concentration 

(as in experiment 1.) were investigated as means of measuring the Se 

solution concentration. As NH^OH extractraction is designed to be 

specific for organics an acid digestion was considered to be necess-

ary. Several problems were encountered with the proceedure which 

are reported below: 

i.
 e x t r a c t

i -
o n ;

 centrifugation produced an apparently clear 

solution, however, the precipitate produced during the lanthanum prec-

ipitation stage was darkly coloured, which was thought to be due to 

the presence of entrained organics or clays. Filtration (0.4 jim) of 

the supernatant removed this problem. Subsequently no Se was detected 

in solution. 

Acid digestion of the extract was not possible using the normal 

oxidising acids as addition of HNO^ to the solution produced cryst-

alised KNO^ which could not then be redisolved when the digestion 

was complete. 

ii. NH,0H extraction: once the conditions for the acid digestion had 
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Stage, Proceedure. 
Possible extracted 

forms. 

1. 12 g of less than 2 mm air 
dry soil. 

120 ml 0.2M K,S0. for 72 hrs. 
- j — 2 - 4 

Centrifuge 3000 r.p.m. for • Supernatant: Soluble Se 
15 mins. 

SOLIDS 

Mainly 
selenate. 

120 ml 0.05M NH.OH for 96 hrs. 
i 4 

Centrifuge 3000 r.p.m. for 
15 mins. 

; 

SOLIDS 

I 
120 ml 6M HC1 for 48 hrs. 

Supernatant: Organic Se 
forms and 
occluded and 
NHrOH soluble 
selenites. 

Centrifuge 3000 r.p.m for 
15 mins 

I 
SOLIDS 

Supernatant: Se from 
HC1 soluble 
selenites. 

Residual Se and Se , 
and heavy metal selenides, 

Figure 7.3. Summary of initial fractionation proceedure. 
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been optimised tbe proceedure was enacted upon both soil which had been 

pre-extracted with K^SO^ and soil which had not bad the pre-extraction; 

also the effects of filtration (0.4 jim) on the supernatant were inves-

tigated. The results (Table 7.5.) show that, for both K^SO^-extracted 

and non K^SO^-extracted soil, less Se (by approximately 10%) was 

present in solution after filtration, suggesting that centrifugation 

was not totally efficient. More surprisingly, and contrary to 

expectations, more Se was recovered in the extraction on the K^SO^-

extracted soil (approximately 10%). The reason for this is not clear, 

however, the lanthanum precipitate produced in tbe preparation of these 

samples was considerably more ferric coloured; it is therefore possible 

that the K^SO^ extraction acted to solubilise ferric compounds, which 

on previous evidence might be expected to release Se, as selenite, into 

solution. 

At a later stage in the investigation, centrifugation at higher speeds 

(13000 r.p.m.) became available, and was found to be comparable in effect 

(when used for 60 min) to the combined process of centrifugation at 

3000 r.p.m. followed by filtration, and was subsequently adopted for 

soil - solution separation. Also during filtration tbe possibility 

of scavenging of Se from solution by the filter itself, or by the 

material entrained thereupon, bad been considered as a possible explan-

ation for very low Se concentrations in the water extracts. However, 

as centrifugation at 13000 r.p.m. and filtration produced similar 

results with NH^OH extracts it was considered that this problem may not 

be important. It may, however, in future require further investigation. 

Because of the problems which were encountered with the analysis of Se 

in the extracting solutions, and also because high speed centrifugation 

allowed the clear separation of soil in tbe extracting bottle, an 

alternative strategy was sought. This was to dispose of the super-

natant after extraction and to analyse for tbe amount of Se remaining 

in the soil after each stage. 

Experiment 4. 

Tbe following scheme was adopted: 

i. To each of three 250 ml polythene centrifuge bottles was added 

5g of less than 2 mm air dry soil and 50 ml of 0.2M K SO.. Bottles 
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Soil 

treatment. 

Centrifuge at 3000 

r.p.m. for 15 min, 

Centrifuge at 3000 
r.p.m. for 15 min & 

Without previous 

K„S0, extraction 
2 4 

0.127 0.111 

With previous 

K_S0. extraction 
2 4 

0.137 0.126 

All values are in jig g' of air dry soil 

Table 7.5. Effects of previous K^SO^ extraction and filtration on 

the determination of NH,0H soluble selenium, soil D001 . 
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were then shaken for 72 hrs. 

ii. All bottles were centifuged for 60 min at 13000 r.p.m. and 

the supernatant discarded, the soil was carefully allowed to drain. 

iii. Solids from one of the bottles were transferred quantitatively 

to an evapo rating basin, using minimum amounts of water, and then 

dried at 20°C in a drying cupboard. 

iv. 50 ml of 0.05M NH^OH was added to each of the two remaining 

bottles which were then shaken for 96 brs before centrifuging as 

above. 

v . The supernatant was discarded as above and the soil from one 

bottle was! dried as in iii. above. 

vi. 50 ml of 6M HC1 was added to the remaining bottle which was 

shaken for 48 hrs after which the soil was separated, collected and 

dried as above. 

vii. All the dried soils were ground to less than 200 jim and mixed 

thoroughly, a 0.5 g sub-sample was taken for total Se determination as 

given in section 3.2.1. for soils and rocks. All extractions were dup-

licated as were all Se determinations. 

The use of three separate bottles per sample was preferred to the 

alternative of taking sub-samples from a single bottle used for all 

three extractions as during centrifugation solids settle out in 

sequence relative to their effective diameter and therfore it is diff-

icult to take a representative and homogenous sample from the bottle 

without first removing and mixing the soil. It was felt that this 

process would impart greater errors in the technique than those 

inherant in the sub-sampling of three separate samples of dry soil 

initially. The soil was not washed, to remove salts, after each extr-

action as it was considered that this might result in further loss of 

Se either into solution (although this might be very small) or as a 

component of suspended colloids in solution. The total Se in 

untreated soil was also determined. 
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Soils D001 and 2419 (Table 7.4.) were used, and the results are given 

in Table 7.6. Duplicate Se determinations were good with precision 

of less than 10%; the comparison of duplicate extractions was also 

less than 10% calculated as: 

Difference between duplicates ^ JQQ 
Mean of duplicates 

The results suggest that 0.2M K
2

S

°4
 e x t r a c t s

 20.5% and 32.2% of 

total soil Se for soils D001 and 2419 respectively, values which are 

much higher than those previously recorded for this extractant 

(Cary et al., 1967; Hamdy and Gissel-Nielsen, 1976b). The results also 

conflict with earlier work (section 7.4. experiments 2 and 3) when no 

Se could be detected in both K-SO, extracts and water extracts. The 
2 4 

variation in results between duplicate analyses and extractions are 

large compared to the recorded differences between some of the treat-

ments, and therefore their reliability is in doubt. An appraisal of 

the technique located the following sources of error which might 

affect the results: 

i. Firstly differences in the soil to solution ratio of the 

extractions are possible, these could be due to both variations in 

the volume of solution and the weight of soil. These, however, would 

be quite small. 

ii. Residual K^SO^
 a n <

* P
o s s :

>-bly HC1 could remain after drying of 

the samples, this would increase the effective weight of the soil, 

and hence decrease the real weight of soil taken in a 0.5 g sub-

sample. 

iii. All results have been based on air dry weights. Air drying is 

considered necessary in order to reduce possible losses of Se due 

to volatilisation, and air dryness can vary due to changes in the 

temperature and humidity in which the material was dried and then stored. 

iv. Loss of Se from the soil is possible during drying despite 

attempts to minimise this by air drying. 

v . Losses of solid material during both centrifugation and the 

recovery and grinding of the air dry samples is inevitable. Although 
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. * 
Extraction step Se content (ug g air dry soil) Extraction step. — j 24T9 

Total Se. 0.78 0.59 

After
 X

2
S 0

4
 0.62 0.40 

After NH.OH 0.62 0.36 
4 

After HC1 0.56 0.28 

* All results are means of duplicate Se determinations 

on duplicate extractions. 

Table 7.6. Results of sequential extraction of soil Se, based on 

the analysis of Se in residual soil. 
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the former of these would lead to the loss of only small amounts of 

material, this would be predominatly of small particle size and would 

therefore constitute a proportionately larger loss of Se from tbe soil. 

These losses would be most critical after the first extraction. 

Errors due to ii, iv and v would tend to result in tbe underestimation 

of the amount of Se remaining in tbe soil, whilst the errors due to 

i and iii could be positive or negative. The errors in ii, iii, iv 

and v might be eliminated or reduced by conducting the whole proc-

eedure in a single tube, i.e. tbe shaking, centrifugation and acid 

attack on the solid residue, which should contain sufficient soil for 

the digestion proceedure; in this case drying of the soil would not 

be necessary. However, still inherent in the technique would be the 

problems of the precision and accuracy of the available method for 

Se determination in soils, which are large compared to tbe small 

differences in concentration which are to be assessed. 

At this point no further development of tbe technique was attempted. 

It was considered that further progress along these lines would first 

require improvements to tbe accuracy and precision of tbe ana lytical 

method for the determination of Se in soils, such that smaller 

differences in concentration of soil Se, after successive extractants, 

could be measured with some certainty. These aspects were beyond tbe 

scope of this project in tbe available time. It is, however, consid-

ered that, by using some of the above mentioned improvements to the 

technique, it could be successfully used for the fractionation of 

"native" soil Se in low Se soils. 
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CHAPTER 8. CONCLUSIONS. 

8.1. Selenium disribution in soil profiles. £ ; 

The principal purpose of the work described in this thesis has been 

to determine the patterns of distribution of Se in some soils from 

England and Wales, and to elucidate the factors which influence 

and determine such patterns. Initially this took the form of a 

study of the vertical distribution of Se in soil profiles. This 

was first investigated in the podzols of the Lower Greensand, in 

which there is extensive redistribution of both organic matter, and 

the sesquioxides of Fe and Al, which are the soil constituents with 

which the distribution of Se was subsequently shown to be closely 

related. In these humo-ferric podzols Se is concentrated in the 

illuvial Bs and Bh horizons, and thought to be associated with Fe and 

Al, and also possibly with the illuvated forms of organic matter. In 

common with most soil constituents Se is relatively depleted in the 

eluvial E horizon. There is also evidence of Se association with the 

organic matter in the organic topsoils. 

Patterns of Se distribution are essentially the same in the podzolic 

soils of the Hiraethog map unit in the Llansannan area, which includes 

a range of soil types from ironpan stagnopodzols through to better 

drained ferric podzols. The contrast between the Se content of the 

illuvial and eluvial horizons of these soils increases as the profiles 

become more poorly drained and the stagnopodzol features begin to 

predominate, and is most marked in the ironpan stagnopodzols where Se 

is also concentrated in the Bf horizon, in association with Fe. 

This sequence of profile development can be linked to the greater 

surface accumulation of organic matter, with which there is also 

an increased accumulation of Se. 

Accumulation of Se in organic topsoils of the Ynys series and in the 

peats of the Caron series from the Llansannan area is also evident, 

although it is felt that the association of some Se with secondary 

precipitation of Fe masks any clear relationships between organic mat-

ter and Se accumulation in these soils. Caution must, however, be 

exercised in the interpretation of these results for peaty soils. 

All concentrations of Se in this study are expressed on a weight to 

weight basis, which in the case of mineral horizons allows for 
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relatively straightforward . comparisons of results, as their bulk 

densities vary over only a narrow range. In contrast the bulk 

density of organic soils can be appreciably lower and therefore any 

given weight of soil will occupy a larger volume in the profile. 

Therefore, concentrations expressed on a weight to volume basis might 

not demonstrate the same relative enrichment of organic compared to 

mineral soils. Unfortunately no bulk density measurements were taken 

in this study and therefore actual comparisons of this nature are 

not possible. Higher Se:Fe ratios in organic soils, however, do prov-

ide evidence of associations between Se and organic matter, suggesting 

that alternatives to Fe - Se associations do exist. 

It is believed that in well drained acid podzolic B horizons, Se 

occurs predominantly as selenite adsorbed on ferric and possibly 

aluminium oxides. The mechanism of Se mobilisation from the horizon 

above is not, however, clear. It has been suggested that as ferric 

iron is reduced to tbe ferrous form and mobilised by organic complexes, 

the selenite with which it was associated is released and leached 

downwards to be re-adsorbed on precipitated sesquioxides in the B 

horizon. The Eh/pH information of Geering et al. (1968) and Howard 

(1977) does suggest that at pH's of less than about 6, ferrous iron may 

be formed whilst Se remains in the selenite form. As selenite is 

soluble in aqueous solution it may then be leached. Alternatively, 

or even in addition to tbe above mechanism, Se may be mobilised in 

the form of an organic - Fe - Se complex as suggested by Levesque 

(1974a and b). The process of podzolisation can therefore act to 

remove Se from tbe rooting zone, by the depletion oftbe Se content 

of tbe eluvial horizon. 

Although podzols are atypical of most soils in England and Wales, 

these same associations could be implicated in influencing tbe 

distribution of Se in other soil types in the Llansannan area, 

such that in a linear regression model some 67% of the variation in tbe 

Se content of horizons of these soils is explained by the content of 

organic matter (represented by percentage loss of weight on ignition) 

and pyrophosphate extractable Fe. In typical brown earths, where 

there is little redistribution of sesquioxides, Se concentrations are 

relatively uniform down the profile. In stagnogleyic brown earths, 

and presumably in stagnogleys also, the concentration of Se decreased 
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with depth, following a.decrease in both organic matter and pyrophos-

phate extractable Fe. The effect of gleying is to reduce the quantity 

of sesquioxides which are capable of retaining Se in the soil. These 

results also suggest that there is little or no Se present in reduced 

forms, since these would obviously not be associated with the ferric 

oxides. 

The poorly drained soils of the Mixon and Butterton Moor transect and 

the Bent Farm transect in Staffordshire and Derbyshire, exhibit a 

different mode of Se distribution, in that the vertical distribution of 

Se is more closely related to the total Fe content of the soil, rather 

than that extracted by pyrophosphate. This difference is not easy 

to explain by the data presented in this work. The most probable 

explanation is perhaps due to the type of the parent material and the 

mode of its weathering. In the Llansannan area of Clwyd, soil Se 

concentrations have been shown to be significantly higher than those 

in the solid rocks from which they are originally derived. In the 

case of the soils in Staffordshire and Derbyshire it appears that the 

local shales might contain more Se than the soils (section 5.4.). 

It is possible that the mode of weathering in the Llansannan area results 

in Se being principally retained in the soil; whilst in the Derbyshire 

soils some Se is lost from the solum, this being most pronounced in the 

most weathered surface horizons. Similar relationships between soil 

Se content and degree of weathering were noted by Watkinson (1962) 

for some New Zealand soils . An alternative explanation is that 

conditions in the gleyed horizons of the Sannan series soils from the 

Llansannan area may not be sufficiently reducing to cause the reduction 

of Se to the elemental or selenide forms, so that all the Se present 

occurs as selenite which is necessarily associated with ferric species. 

In contrast the association between total iron and Se in the gleyed soils 

in Derbyshire suggests that much of the Se is present as selenide 

(which may take the form of ferrous selenide) or be in selenide phases 

in unweathered fractions. In the soils of the Llansannan area and 

noteably in the groundwater gley (profile S8) on the Mixon and Buttertnn 

transect where the Se distribution was also related to that of Fe , the 
P 

Se will occur primarily in the selenite form. 

Problems in the interpretation of these observations derive from a gen-

eral lack of information on the chemistry of Se in reducing conditions 
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in waterlogged soils where Se is thought to exist in elemental or 

selenide forms. The behaviour of oxyanionic species of Se, selenate 

and selenite, have been better characterised since they are both soluble 

in aqueous solution and therefore available to plants. 

8.2. A view on the chemistry and distribution of selenium in soils. 

Evidence, both in this work and elsewhere, shows that Se in the soil 

is associated with organic matter and iron species, and in addition that 

Se as selenite may be associated with aluminium oxides. Tbe results 

of this work do not provide conclusive evidence for the latter 

relationship since the patterns of distribution of Fe and Al sesquiox-

ides are often similar. However, it is postulated that adsorption of 

Se on ferric oxides in the soils of tbe Llansannan area is the more 

important relationship. It is considered that in neutral to acid well 

drained soils most Se exists as selenite in association with a selenite 

- ferric oxide adsorption complex. Conditions favouring the formation 

of the soluble selenate anion are unlikely to occur in the majority of 

soils in England and Wales and therefore tbe resultant high plant 

concentrations of Se, and hence livestock toxicity problems are 

unlikely to be encountered. 

Conditions which favour the reduction of ferric to ferxcuS iron may 

therefore release selenite into solution, and as such Se may be leached 

either vertically or laterally in tbe soil. Lateral movement of soil 

water is thought to account for the accumulation of Se in tbe soils at 

the base of a catenary sequence at Bent Farm in Derbyshire. As 

reducing conditions in the soil become more intense, selenite may 

itself be reduced to elemental Se, and then further to selenide-rSe, 

in which form the element may again be associated with Fe, as a 

ferrous selenide. Both elemental and selenide forms of Se are thought 

to be insoluble and therefore largely immobile in the soil. The lack 

of success of the fractionation proce dure examined in Chapter 7 means 

that it is not possible in this work to quantify the amounts of each 

Se species in tbe soil. More information is needed on this subject, 

and also more specifically on rates of conversion between tbe different 

forms in the soil. The effects of variations in redox conditions, during 

seasonal fluctuations of soil water status, may be important in 
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releasing Se and affecting plant availability. Berrow and Mitchell 

(1980) have shown that the availability of several other trace elements 

is greater in gleyed compared to well drained soils, and work of a 

similar nature would be valuable in the case of Se, but would first 

require the establishment of a criteria by which to assess plant avail-

ability of Se. 

Associations between organic matter, Se and pyrophosphate extractable 

Fe (representing Fe in, or recently precipitated from, organic combin-

ation) provide evidence for the involvement of Se in the organic cycle 

in soils. It can be envisaged that Se as selenite is absorbed by 

plants in the rooting zone and assimilated in the herbage and roots. 

As the plant material decays and humus accumulates at the surface, so 

will some Se. Eventually as the organic matter becomes mineralised, Se 

will be released to be either retained on ferric oxides, or transported 

down the profile. As previously stated this could be either as selenite 

in aqueous solution, or in combination with organic matter via chelated 

Fe or Al. Incidental^ the latter form of association has been post-

ulated for phosphate anions which behave similarly (Mott, 1981), but 

it is not clear as to how mobile such complexes are. 

Further work on Se chemistry in the soil is necessary in order to 

elucidate the availability of Se to herbage under different condit-

ions of drainage, pH and organic matter status in surface soils. 

Variations in soil type, under conditions of uniform parent material 

as in the Llansannan area, actually impart only small differences in 

the total concentration of Se in the topsoil; however, such contrasting 

effects on the actual availability of Se to plants are not clear. 

Variations in the ability of different sward compositions to assim-

ilate Se may also be important; differences between sward Se content 

on the mineral and organic topsoils of the Llansannan area, provide 

some evidence of this possibility. 

8.3. The effect of parent material on the selenium content of the soil. 

Examination of the soils developed on the four similar, predominantly 

sandstone, beds of the Lower Greensand formation in Surrey and Sussex 

which contain low levels of Se (mean = 0.14 ug g *), has demonstrated 



225 

that there are differences in the Se content of soils developed on 

the various beds. This difference is only significant in the case of 

the more ferruginous soils on the Sandgate beds, which contain the 

highest concentrations of Se. No conclusive evidence could be provided 

to suggest that the Se and Fe content of the soils is linked to a 

common source in the parent rocks, since soils on all four beds in 

the north of the area, irrespective of the bed on which they were 

located, contained higher concentrations of Fe than soils in the south 

and the west of the area. All the soils are predominantly brown earths, 

belonging to the Bearsted, Barming and Stone Street series, and are 

relatively uniform in nature. Therefore differences between the nature 

of the parent material were perhaps more clearly manifested in the 

topsoil than would be the case if the soils were more varied in morph-

ology. 

In the Staffordshire and Derbyshire area the influence of parent 

material type on the Se content of the soil is very clear, especially 

in the soils on the Mixon and Butterton Moor transect. Seleniferous 

shales of the Gun Hill Siltstone formation give rise to a soil (profile 

S10) containing 22 jig g * Se in the lower horizons. This transect also 

demonstrates that the Se content of the soil can vary considerably 

over relatively small distances, dependant upon the nature of the parent 

material; but also that the presence of locally derived drift may act 

to "smooth" these effects, especially in the topsoil. This is exem-

plified by the topsoil of profile S10, thought to be formed from a thin 

drift derived from the adjacent less seleniferous Onecote Sandstone 

formation, which contains only 2.75 ĵig g ^ Se. It is pertinent to 

note here possible deficiencies in the use of geological drift maps for 

reconnaissance survey of soil Se concentrations, in that such shallow 

drift inclusions are not recorded. In this respect the examination of 

soil survey information will be important, as this will normally 

differentiate soils where vertical variations in profile morphology 

are due to lithological rather than purely pedological differences. 

For example in the Mixon area soils based on the Gun Hill Siltstone 

formation, but including surface horizons derived from head from the 

Onecote Sandstone formation, are mapped separately as the Ipstones 

series (Hollis, 1975). 

Although uniformity of the parent material was assumed, and to some 
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extent demonstrated for soils of the Llansannan area, it has been 

considered that residual variation (amounting to 32%) in the Se 

content of soil horizons, which was not explained by variation in 

L.O.I, and
 F e

p
5 could in part be explained by differences in the 

geochemistry of the parent rock. 

It is possible that the nature of Se associations in the parent rock 

could influence the retention, or otherwise, of Se in the soils on 

weathering of tbe parent material. This may be tbe reason for tbe 

apparent overall enrichment of Se in Llansannan area soils compared to 

possible losses in those of the Bent Farm transect. Information 

on the actual forms of Se in these rocks is limited, however. Close 

relationships between parent material and soil Se contents are to be 

expected in the relatively young soils of the British Isles, which 

are in the most part formed since the last major glaciation. Such 

associations may be much less apparent in highly weathered and leached 

soils in the tropics. In England and Wales, and elsewhere, such as 

Canada (Levesque, 1974a) and New Zealand (Wells, 1967), there is an 

overall trend for higher Se concentrations in soils compared to their 

parent materials. This is very clear in tbe soils of tbe Llansannan 

area, where enrichment may be as much as 10 times. This enrichment has 

been related to the close association between Se and ferric species, 

which acts to retain Se against the processes of weathering. 

8.4. The regional distribution of selenium in soils in England and Wales. 

By using both the information presented in this work, and that of other 

workers, including Anderson et al. (1979) and Thornton et al. (in press) 

it is possible to develop a generalised picture of the overall distrib-

ution of Se in soils in England and Wales. The following discussion 

relies on the assumption that biological Se status of sheep, as 

reported by Anderson et al. (1979), is broadly related to the Se content 

of both the soil and herbage which they graze. Similar relationships 

have been demonstrated in New Zealand (Hartley, 1961) and Scotland 

(Sharman, 1960). 

Anderson et al. (1979) noted distinct regional patterns in the distrib-

ution of the sheep flocks which fell into their two lowest categories 
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of biological Se status; these and other regional groupings have been 

outlined in Figure 8.1. 

The sampling in Scotland was not as extensive as that in England and 

Wales but two such low areas are clearly defined. One is in the 

northern Grampians and a second in the vicinity of Thurso on the north-

ernmost part of the mainland. These low Se areas coincide with the 

outcrop of metamorphic complexes and Old Red Sandstone respectively. 

This is in accord with the findings of Sharman (1960) that the lowest 

soil Se concentrations in Scotland occur on the light textured soils 

derived from the arenaceous Old Red Sandstone and some granites. 

The areas of low Se status flocks in England and Wales have also been 

outlined, for comparison, on a geological map (Figure 8.2.). As was the 

case in Scotland, these areas can be related to the incidence of 

specific geological formations. In Wales and the Welsh borders the 

low Se area coincides with the outcrop of Lower Palaeozoic, Silurian 

and Ordovician rocks, and also extends to the area of Devonian, 

Old Red Sandstone in S.E. Wales and the border counties. This latter 

association may be consistent with similar relationships on the Old 

Red Sandstone in Scotland. 

The soils of the Llansannan area which are developed from Silurian 

rocks are typical of those of much of Wales where Silurian and Ordo-

vician shales, slates and sandstones occur (Avery et al. 1974). Alth-

ough the soils of the Llansannan area contain moderate concentrations 

of Se in the mineral topsoils (0.46 jig g *) and higher concentrations 

in organic soils (on a weight to weight basis) their general acidity 

is considered to render the Se largely unavailable for plant uptake. 

This information is consistent with the low levels of Se (mean = 

0.035 jig g *) found in mixed swards developed on mineral topsoils of 

the area. This therefore provides some evidence that the charac-

teristics of the Se distribution and status of the Llansannan area soils 

are typical also of the soils developed from most of the outcrop of 

Lower Palaeozoic rocks in Wales. In this respect it is probable 

that low availability of Se will be prevalent on the more acid and 

leached soils of the uplands which primarily coincide with the western 

and northern areas of England and Wales. A less well defined low Se 

area does also occur in the Scottish border counties and the Southern 
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Figure 8.2. Regions of lower biological selenium status of sheep flocks in relation to the 

geology of England and Wales. 
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Uplands, which does partly coincide with a large outcrop of Lower 

Palaeozoic rocks. 

A further area of low Se status is located in southern and south 

eastern England. This coincides less clearly with specific geological 

formations, but broadly corresponds to an area characterised by the 

Cretaceous chalk and associated Upper and Lower Greensands, and the 

Hastings beds. This conforms with the recorded low Se concentrations 

in soils developed from calcareous lithologies (Thornton et al, in 

press) of which the chalk represents a particularly pure member. A 

portion of the Lower Greensand has also been shown to give rise to 

soils low in total Se (Chapter 4), and low Se concentrations in 

soils developed from the coarse arenaceous Hastings beds are quite 

probable. The existence of similar relationships on the chalk in more 

northerly locations may be masked by the influence of extraneous drift 

deposits, which are not extensive in S.E. England. 

The final low Se area in England centres on the Cotswolds and the 

north easterly extension of the middle Jurassic Oolites, which again 

are calcareous and could be expected to give rise to soils low in 

total Se (Thornton et al., in press). 

Extensive areas of northern England, which relate to the outcrop of 

predominantly Carboniferous formations, and of the midland and eastern 

counties, underlain by Jurassic and Triassic rocks but largely covered 

by glacial drift, appear to be less prone to Se deficiency problems. 

From the above information, therefore, three broad groupings of parent 

materials which may give rise to soils low in available Se in England 

and Wales have been recognised: 

i. Coarse arenaceous formations on which light textured soils, 

characteristically brown earths, are developed. Most noteable are 

the Old Red Sandstone and the Cretaceous sands and sandstones of S.E. 

England. 

ii. Ordovician and Silurian shales, slates and sandstones, occurring 

in upland regions and characterised by an association of brown earths, 

stagnogley soils and brown podzolic soils, and with predominantly 
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stagnopodzols and stagnohumic soils on the higher ground. 

iii. Chalk and Jurassic limestones giving rise to rendzinas and 

associated brown calcareous earths. 

On top of this relationship there may be a trend that when such out-

crops occur in upland western and northern regions, where higher 

rainfall produces more acid leached soils, Se availability to plants 

will be further impaired. These are also traditionally the areas 

of livestock rearing, especially of sheep. 

It has to be noted that these are only tentative conclusions and more 

careful geographical characterisation of soils, their parent materials 

and the incidence of Se responsive diseases is necessary before such 

information could be of practical value. However, the concept of 

using soil parent material and soil survey information for the ident-

ification of problem areas is clearly viable. 

8.5. Recommendations for further work. 

Having established clear differences in the distribution of Se in 

soils of various groups, this work could be extended to cover all the 

principal soil groups in England and Wales. However, more important 

is the need to establish the effects of these differences on the 

availability of Se to the plant. Information of this nature is 

particularly lacking in the case of waterlogged soils where reducing 

conditions are prevalent for some or all of the year. Having more 

clearly characterised the soil - plant relationships, soil and soil 

parent material surveys could provide a useful basis for character-

ising potential areas of Se deficiency in England and Wales. Given 

that the above relationships are understood, soil, rather than herbage, 

measurements of Se status of pastures will provide a better long term 

assesment of the Se status of the land in that they are not affected 

by possible seasonal variations and species differences as in the case 

of herbage. 

The possible contribution of Se contained in ingested soil, to the 

animals dietary Se intake should also be investigated, as it may 
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provide an important portion of the total intake of Se, especially 

in marginal upland areas where "sward production is low and hence the 

levels of ingested soil are higher, noteably in winter months. 

Characterisation of the forms of Se in the soil may also be impor-

tant in this respect. 
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Appendix 1. Soil profile.arid site descriptions 

I.I. Soils developed oil the Lower Greerisarid of the west Weald, 

PI: Unriamed - humo-ferric podzol. 

Location: 

Grid reference: 

Slope and aspct: 

Elevation: 

Land use: 

Frensham Common, Surrey. 

SU 843 404. 

2-3° SE. 

c. 70 m. 

Lowland heath. Main vegetation Calluna, gorse and 

some deciduous trees. 

Depth (cms) Horizon and description. 

0-11 

11-40 

40-50 

50-55 

55-60 

60-64 

64-69 

69-73 

73-76 

76-

Ah/Ea 

Bhl 

Bs 1 

Bh2 

Bs2 

Bh3 

Bs3 

Bh4 

Bs4/C? 

Black (7.5YR2/1) loamy sand, structureless 

single grain, contains some bleached sand 

grains, becomes darker towards the base, 

sharp wavy boundary. 

Greyish brown (10YR5/2) coarse sandy bleached 

horizon, becoming paler to depth to pale 

brown (10YR6/3). Contains occasional darker 

humic patches. Abrupt wavy boundary. 

Black (10YR2/1) sandy with rusty tinges 

towards the top of the horizon, structure-

less becoming massive and compact towards the 

base. Abrupt broken boundary. 

Dark reddish brown (5YR2/3) sand, structure-

less becoming less massive and darker with 

depth. Clear broken boundary. 

Very dark brown (7.5YR2/1) structureless 

sand. Clear broken boundary. 

Discontinuous horizon similar to the Bsl. 

Clear broken boundary. 

Similar to Bh2. Clear broken boundary. 

Dark reddish brown (5YR2/2) sand. 

Similar to Bh2. Clear wavy boundary. 

Brownish yellow (10YR6/6) to dark brown 

(10YR3/3) locally structureless sand. 
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P2: Unnamed - Humo-ferric podzol. 

Location: 

Grid reference: 

Slope arid aspect: 

Elevation: 

Land use: 

Bexleyhill Common, West Sussex. 

SU 906 247. 

4-5° SSE. 

153 m . 

Coniferous plantation, Piniis. sylvestris and 

locally Pteridium aquilinum. 

Depth (cms) Horizon and description. 

0-2.5 

2.5-10 

10-15 

15-25 

0 

Ea 

Bh 

Bs 

25-

Black organic, abrupt smooth boundary. 

Dark reddich brown (5YR3/2) loamy sand 

bleached horizon, few roots, clear wavy 

boundary. 

Black (5YR2/1) loamy sand, few small soft 

stones, abundant roots. Occasionally 

discontinuous. 

Dark reddish brown (5YR2/3) loamy sand, 

very few roots, few small soft stones, 

occasional darker humic patches. 

Red (2.5YR4/6) structureless, common small 

to medium soft stones. 

P3: Unnamed - Humo-ferric podzol. 

Location: 

Grid reference: 

Slope arid aspect: 

Elevation: 

Land use: 

Ludshott Common, Hampshire. 

SU 846 358. 

Level site. 

145 m. 

Lowland heath, mainly coniferous plantings with 

Beech locally. 

Depth (cms) Horizon arid description. 

0-10 O/Ah Black humified organic material containing 

bleached sand grains, becoming dark brown 
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(7.5YR4/1) towards the base. Abrupt and 

wavy boundary. 

10—(90) Ea Weak red (2.5YR5/2) structureless sand bleached 

horizon becoming darker to depth. Few small 

stones. 

P4: Unnamed - humo-ferric podzol. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Frensham Common, Surrey. 

SU 843 404. 

1° SW. 

70 m. 

Lowland heath, vegetation mainly Calluna, gorse 

and some deciduous trees. 

Depth (cms) Horizon and description. 

0-5 

5-8 

8-30 

30-40 

40-

01 

02 

Ah/Ea 

Bh 

Bs 

Fibrous black organic material. Gradual 

boundary. 

Black humified organic material containing 

bleached sand grains. Abrupt smooth boundary 

Dark reddish brown (5YR4/2) sand, single 

grain bleached becoming paler with depth. 

Abrupt wavy boundary. 

Black (10YR2/1) sand, single grain containing 

few small stones. Gradual boundary. 

Dark reddish brown (5YR2/2) sand, single 

grain with common small to medium stones, 

becoming redder to depth. 

P5: Unriamed - Humus ironpan stagnopodzol. 

Location: 

Grid reference: 

Tilforti, Surrey. 

SU 873 441. 
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Slope and aspect: 4-6° NE. 

Elevation: 64 m . 

Land use: Coniferous plantation. 

Depth (cms) Horizon and description, 

0-5 

5-7 

7-16 

16-20 

20-33 

at 33 

33-45 

45-

01 Fibrous organic material, mainly pine 

needles and moss. 

02 Black humified organic material. Sharp 

smooth boundary. 

Ea Dark grey (2.5YR4/1 to 5YR4/1) loamy sand, 

bleached single grain. Abrupt wavy boundary, 

Bhl Black (5YR2/1) single grain loamy sand, few 

small soft stones. Gradual boundary. 

Bh2 Reddish brown to dark brown (5YR4/4 to 

5YR3/1) loamy sand becoming massive with 

depth. Sharp wavy boundary. 

Bf Thin iron pan continuous over the extent 

of the profile pit. Approximately 0.5 cms 

thick. Dark reddich brown (5YR2/2) on top 

and strong brown (7.5YR5/6) below. 

Bs Dark reddish brown (5YR2/2) single grain and 

massive, becoming less massive with depth. 

Gradual boundary. 

C Strong brown (7.5YR5/6) to brown (5YR4/4) 

single grain, containing darker patches of 

dark reddish brown. 
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1.2. Soils developed from Carboniferous formations iii N.E. Stafford-

shire and S.WJ Derbyshire. 

1.2.1. Mixon arid Butterton Moor transect. 

S6: Dale series -pelo-stagnogley soil. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Mixon Mines Farm, Onecote, 

SK 046 570. 

c. 5° E. 

343 m. 

Permanent pasture, rough. 

Depth (cms) Horizon and description. 

0-15 

15-30 

30-75 

Ahg Dark grey brown with few rusty mottles 

along the root channels. Silty clay. 

Bg Grey with ochreous mottling. 

Bg Grey with less frequent ochreous mottling 

becoming heavier with depth. 

S7: Dale series - pelo-stagnogley soil. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Mixon Mines Farm, Onecote, 

SK 048 570. 

c. 15° E. 

323 m. 

Permanent pasture, rough. 

Depth (cms) Horizon and description. 

0-15 

15-30 

30-45 

45-60 

Ahg Grey brown with few rusty mottles. Silty 

clay loam. 

Bg Grey with ochreous mottles common on ped 

faces. 

Bg Grey with many ochreous mottles. Silty clay, 

BCg Dark grey with only few ochreous mottles 

Silty clay. 
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S8: Unnamed - alluvial gley soil. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use 

Mixon Mines Farm, Onecote, 

SK 049 570. 

Level at stream side. 

320 m. 

Permanent pasture. 

Depth (cms) Horizon and description. 

0-15 

15-30 

30-45 

45-60 

Ah Humic dark red brown silty loam. 

Bg Grey brown silty loam with few rusty 

mottles along root channels. 

Bg Grey with common ochreous mottles. 

Bg Grey with many ochreous mottles. 

S10: Onecote series - cambic stagnohumic gley soil. 

Location: 

Grid reference: 

Slope arid aspect: 

Elevation: 

Land use: 

Fairview Farm, Butterton, 

SK 055 564. 

c. 1-2° NW. 

350 m . 

Permanent pasture. 

Depth (cms) Horizon and description, 

0-15 

15-60 

60-75 

75-85 

Ahg Dark brown humose sitly clay with mottling 

around root channels. Narrow boundary at 10, 

Bg Grey with common ochreous mottles. 

Bg Dark grey with common ochreous mottling, 

becoming more abundant with depth. 

BCg Dark grey brown with few mottles, occasional 

fragments of dark shale. 

BCg Dark grey brown with frequent dark shale 

fragments. 
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SI 1: Wilcocks'series - cambic stagnohumic gley soil. 

Location: Fairview Farm, Butterton. 

Grid reference: SK 058 564. 

Slope and aspect: c. 1-2° NW. 

Elevation; 329 m. 

Land use: Permanent pasture. 

Depth (cms) Horizon arid description. 

0-10 Ahg Dark brown humose silty loam with few rusty 

mottles along root channels, narrow boundary 

10-20 Eg? Light grey brown silty loam with common 

ochreous mottles. 

20-30 Bg Light grey brown silty loam with common 

ochreous mottles, contains occasional stone 

fragments. 

30-60 Bg Light grey silty clay loam with many mottles 

and frequent stone fragments. 

SI 2: Wilcocks series - cambic stagnohumic gley soil. 

Location: Butterton Moor House, Butterton. 

Grid reference: SK 058 562. 

Slope and aspect: c. 1-2 NW. 

Elevation: 350 m . 

Land use: Permanent pasture. 

Depth (cms) Horizon and description. 

0-15 Ahg Dark brown silty clay loam with few mottles 

along root channels. 

15-30 Eg/Bg Grey silty clay loam with many ochreous mott-

les. 

30-45 Bg Grey clay loam with common ochreous mottles. 

45-60 BCg Grey clay loam with some coarser patches 

and some stone fragments. 

60-75 BCg Grey clay loam with very little mottling and 

frequent stone fragments. 
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,S13: Wilcocks series - cambic stagnobumic gley soil. 

Location: Butterton Moor Farm, Butterton. 

Grid reference: SK 059 562. 

Slope and aspect: c. 3° SW. 

Elevation: 350 m. 

Land use: Permanent pasture. 

Depth (cms) Horizon arid description. 

0-15 Ahg Ddrk brown humose clay loam with few rusty 

mottles, along root channels and frequent 

orange brown stone fragments. 

15-30 Ahg/ Top 5 cms as above, narrow boundary to 

Bg light grey clay loam with common ochreous 

mottles. 

3Q-75 Bg Grey clay loam with many ochreous mottles 

which become less frequent with depth. 

SI4: Wilcocks series - cambic stagnohumic gley soil. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation; 

Land use: 

Grindon Moor, Butterton. 

SK 059 559. 

Level site. 

350 m. 

Poor permanent pasture adjacent to heather moor 

Depth (cms) Horizon and description. 

0-15 

15-30 

30-45 

45-75 

Ah Black humose sandy silt loam. 

Eg/Bgl Grey brown sandy loam with few rusty mottles 

along root channels, evidence of bleached 

sand grains. 

Bgl Grey brown sandy loam with common ochreous 

mottles. 

Bg2 Grey sandy loam with many ochreous mottles. 
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1.2.2. Berit Farm transect. 

All the soils were located at Bent Farm, Tissington, Derbyshire. 

Pi: Dale series - pelo-stagnogley soil 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

SK 186 528. 

c. 1-2° NW. 

215 m. 

Permanent pasture, 

Depth (cms) Horizon and description. 

0-15 

15-30 

30-45 

45-60 

Ahg Dark brown clay loam with common rusty 

mottles along root channels 

Bg Grey brown clay loam with common ochreous 

mottles and small black concretions 

Bg Grey clay loam with many ochreous mottles 

Bg Grey clay loam with very many ochreous 

mottles. 

P2: Dale/Alton series iritergrade - pelo stagnogley soil 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

SK 186 529. 

c. 10°NW. 

210 m. 

Permanent pasture, 

Depth (cms) Horizon and description. 

0-15 Ah Grey brown silty loam. 

15-30 Bwg Grey brown silty loam with few ochreous 

mottles. 

30-60 Bwg Light brown silty clay, loam with common 

ochreous mottles and few very small angular 

shale fragments. 

60-75 Bg Darker grey brown silty clay loam with many 

small to very small shale fragments and 

few ochreous mottles. 
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S3: Alton series (steep phase) - typical non calcareous pelosol 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

SK 187 530. 

c. 15° NW. 

200 m . 

Permanent pasture, 

Depth (cms) Horizon and description, 

0-15 

15-30 

30-45 

45-60 

Ah 

Bwg 

Bwg 

Cr 

Dark brown silty loam with few fine mottles. 

Brown silty loam with darker patches, possibly 

of weatherd shale fragments, and with few 

fine mottles. 

Brown silty clay loam with many small to 

very small angular shale fragments. 

Very dark brown silty clay loam with 

abundant small to very small angular shale 

fragments. 

S4: Onecote series - cambic stagnohumic gley soil. 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

SK 185 530 

c. 3° NW. 

180 m. 

Permanent pasture, 

Depth (cms) 

0-15 

15-30 

30-45 

Horizon and description. 

Ahg Dark grey brown humic silty clay loam with 

common mottles mainly along the root channels 

Bg Grey clay loam with many ochreous mottles. 

Bg Grey clay loam with many to very many ochr-

eous mottles. 
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S5: Unnamed - typical humic-alluvial gley soil. 

Grid reference: SK 189 531. 

Slope and aspect: Level site adjacent to stream. 

Elevation: 

Land use: 

170 m . 

Marshy land with water lying on the surface at 

the time of sampling. Predominantly poor grasses 

with rushes (Juncus spp.) locally. 

Depth (cms) Horizon and description. 

0-15 L? Wet organic, mainly undecomposed root and 

plant material. 

15-30 0 Black organic silty loam. 

30-45 Bgl Very dark grey silty loam containing very 

little recognisable plant material. 

45-60 *Bgl Dark grey silty clay loam with many ochreous 

mottles. 

60-75 Bg2 Olive grey silty clay loam. 

75- Bg2 Olive grey silty clay loam. 

(There was a noticeable odour of sulphur from the lower horizons when 

they were being sampled.) 
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1.3. Soils from the Llansannan area of Clwyd. 

D3: Denbigh series - typical brown earth. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Pencraigfawr, Llansannan. 

SH 937 654. 

3-5° N.W. 

160 m. 
Permanent pasture. 

Depth (cms) Horizon and description. 

0-20 

20-32 

32-43 

43-

A Very dark brown (10YR3/2) silt loam with 

common small and medium angular shale 

stones. Many fine to medium roots, abundant 

in top 5 cms. Crumb structure, friable. 

Clear smooth boundary. 

AB Dark brown (7.5YR4/2) silt loam with common 

small and medium shale stones and many fine 

roots. Abrupt boundary. 

B Yellowish brown (10YR5/6) silt loam with 

many small to medium shale stones and common 

fine roots. Weak crumb structure. Clear 

wavy boundary. 

BC As for B but paler with more stones 

D5: Denbigh series - typical brown earth 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Plasnewydd Farm, Llansannan. 

SH 947 660. 

3-5° N.W. 

215 m. 

Arable rotation of one year cereal followed by 

two years ley. Under grass when samples. 
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Depth (cms). Horizon and description. 

0-8 A Dark brown (10YR4/3) silt loam with common 

small to medium angular tabular shale stones 
f

 and many fine fibrous roots. Clear wavy 

boundary. 

8-35 AB As above but with common fine roots and 

common medium stones. Abrupt smooth 

boundary. 

35-60 B Yellowish brown (10YR5/8) silt loam with 

many small to medium stones. Clear wavy 

boundary. 

60- BC Pale olive (5YR6/3) silt loam with abundant 

shale stones, many small and very small but 

some medium. Few roots and few strong 

brown mottles. 

D6: Denbigh series - typical brown earth. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Plasnewydd Farm, Llansannan. 

SH 947 664. 

1-2° N.W., near level site adjacent to river. 

150 m. 

Arable ley as for D5. 

Depth (cms) Horizon and description. 

0 - 1 0 

10-30 

30-50 

50-

A Brown silt loam (10YR4/2) with few common 

ochreous mottles along root channels. Common 

angular shale stones and many fine roots. 

Clear smooth boundary. 

AB Greyish brown (2.5YR5/4) silt loam with many 

fine and medium roots and stones as in A. 

Clear wavy boundary. 

B Brown (10YR5/3) silty clay loam with many 

medium and large stones and few fine roots. 

-Clear wavy boundary. 

BC Olive grey (5Y5/2) gritty loam, structureless 
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D9: Denbigh series - typical brown earth. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Plasnewydd Farm, Llansannan. 

SH 948 663. 

10° W. 

160 m . 

Permanent pasture. 

Depth (cms) 

0-15 

15-35 

35-55 

55-

Horizon and description. 

A Greyish brown (2.5YR5/2) silt loam with 

common angular shale stones and abundant 

fine roots. Crumb structure, friable. 

Clear boundary. 

AB Dark greyish brown (10YR4/2) silt loam 

becoming greyish brown (10YR5/2) with many 

fine roots, otherwise as in A. Abrupt 

smooth boundary 

B Dark brown (10YR4/3) loam with many small 

to medium stones and many fine roots. 

Gradual smooth boundary. 

BC Dark yellowish brown (10YR4/4) loam with 

many medium and large stones and common rooots 

D12: Denbigh series - typical brown earth. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Plasnewydd Farm, Llansannan. 

SH 943 667. 

c. 30° S.E. 

205 m. 

Rough grazing with braken, probably reclaimed 

from woodland. 

Depth (cms) Horizon and description. 

10-28 Greyish brown (10YR5/2) silt loam with com-

mon small and medium stones. Abundant roots 

to 5 cms then many fine grass roots and 

coarse fibrous braken roots. Clear boundary, 
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13- 28 AB Dark brown (10YR4/2) silt loam similar to 

A but many fine roots and many small and 

medium stones. Abrupt wavy boundary. 

28-40 B Dark yellowish brown (10YR4/4) silt clay 

loam with many fine roots and few braken 

roots. Many medium and large angular stones 

Clear wavy boundary. 

40- BC Abundant angular large shale stones in a 

yellow brown matrix, few fine roots. 

D29: Denbigh series - typical brown earth. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Nant Melai. 

SH 903 662. 

10° W.N.W. 

210 m . 

Permanent pasture, 

Depth (cms) Horizon and description 

0-25 

25-40 

40-53 

53-

A Dark greyish brown (10YR4/2) silt loam 

with common small to medium stones, mainly 

angular shale but some rounded. Root mat 

to 5cms then many fine and medium roots. 

Well developed crumb structure. Gradual 

wavy boundary. 

AB Brown (10YR4/3) as above but with many small 

to medium stones. Abrupt wavy boundary. 

B Yellowish brown (10YR5/6) silty clay loam 

with many small to medium stones and common 

mainly fine roots. Weak crumb structure. 

Gradual wavy boundary. 

BC Yellow (10YR7/6) silty clay loam with 

abundant medium and large angular shale 

stones. Few roots. 
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D31: Denbigh series - typical brown earth. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Bryn-y-clochydd Farm, Gwytherin. 

SH 974 610. 

5° N.W. 

270 m . 

Recently reseeded permanent pasture. 

Depth (cms) Horizon and description. 

0-15 A Dark grey brown (10YR4/2) silt loam with few 

small and medium mainly angular shale stones. 

Many fine and medium roots, moderate crumb 

structure. Clear boundary. 

15-30 AB Greyish brown (10YR5/2) as A b u t common 

small and medium stones. Abrupt smooth 

boundary. 

30-45 B Yellowish brown (10YR5/4) silty clay loam 

with common medium stones and common fine 

roots. Clear wavy boundary. 

45- BC Paler yellowish brown (10YR5/6) silty clay 

loam with many medium and large angular 

shale stones and common fine roots. 

Dll: Powys series - brown ranker. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Plasnewydd Farm, Llansannan. 

SH 941 671. 

Level portion of complex slope. 

250 m. 

Permanent pasture. 

Depth (cms) Horizon and description 

0 - 1 6 Very dark greyish brown (10YR3/2) silt 

loam with common small to medium stones. 

Abundant fine roots in top 5 cms then many. 

Friable crumb structure, abrupt smooth boun-

dary. 
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16-25 B Brown (10YR4/3) silt loam with many 

small to medium angular tabular stones and 

common roots. Clear smooth boundary. 

25- C Abundant small to large angular tabular 

stones with paler material in the fissures. 

D28: Powys series - brown ranker. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Nant Melai Farm, Llansannan. 

SH 897 664. 

Level site in hummocky terrain. 

245 m. 

Permanent pasture. 

Depth (cms) Horizon and description. 

0 - 1 0 

10-30 

30-

Brown (10YR4/3) silt loam with common small 

to medium stones. Abundant roots in the top 

4 cms then many. Abrupt smooth boundary. 

Brown (7.5YR5/4) silt loam becoming yellowish 

brown (10YR5/6) towards the base. Many 

small to medium stones and many fine roots. 

Clear wavy boundary. 

Abundant medium to large angular tabular 

stones with yellowish brown material in the 

fissures. 

D32: Powys series - brown ranker. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Ynys Rhys, Llangernyw. 

SH 857 685. 

Near level site on complex slope, 

235 m . 

Permanent pasture. 
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Depth (cms) Horizon and description. 

0-20 A Dark brown (10YR3/3) silt loam with many small 

to medium stones and many roots. Crumb structure 

becoming greyish brown (10YR4/2) towards the 

base of the horizon. Abrupt wavy boundary. 

20-30 B Brownish yellow (10YR6/6) silt loam with many 

medium to large stones, many roots. Clear 

wavy boundary. 

30- C Abundant andgular tabular stones with brown-

ish yellow material in the fissures, few 

fine roots. 

D35: Powys series - brown ranker 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Foel Greon, Bylchau, 

SH 978 638. 

c. 8° N.N.E. 

350 m . 

Permanent pasture. 

Depth (cms) Horizon and description. 

0-16 

16-23 

23-

Dark brown (10YR4/3) silt loam with many small 

stones and many fine and medium roots. Crumb 

structure, friable. Abrupt wavy boundary. 

Dark yellowish brown (10YR4/4) silt loam with 

many small to medium stones and many fine 

roots. Clear wavy boundary. 

Abundant medium to large stones with pale 

olive (5Y6/3) loam in the fissures, few fine 

roots. 

D37: Powys series - brown ranker. 

Location: Melai Farm, Moel Unben. 

Grid reference: SH 910 677. 
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Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-15 

15-25 

25-

12 - 15 S.S.W. 

335 m. 

Permanent pasture. 

Horizon and description. 

A Dense root mat in the top 5 cms with little 

mineral material. Subsequent 10 cms comprise 

dark brown (10YR3/4) humose silt loam, becoming 

dark brown (10YR4/4) towards the base of the 

horizon. Common small angular stones with 

many fine roots. Crumb structure, moist and 

friable, abrupt smooth boundary. 

B Strong brown (7.5YR5/6) loam with many small to 

medium stones, common fine roots, abrupt smooth 

boundary. 

C Abundant small to large angular tabular shale 

stones with interstitial yellowish brown 

(10YR5/6) loam. 

D4: Aled series -

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-12 

12-25 

25-70 

70-

typical brown alluvial soil. 

Llansannan, adjacent to Afon Aled. 

SH 935 660. 

Level. 

157 m. 

Permanent pasture. 

Horizon and description. 

A Dark greyish brown (10YR4/2)silt loam with few 

very small stones and abundant fine to medium 

roots. Abrupt smooth boundary. 

B Brown (10YR4/3) silt loam with many small to 

medium stones and abundant fine roots. Clear 

smooth boundary, some mottling along root 

channels. 

BC Greyish brown (10YR5/3) silt loam with abundant 

very small to medium stones (rounded). Gradual 

boundary, some mottling along root channels. 

C Very little fine material, consists mainly of 

very small to medium rounded shale pebbles, with 

Fe staining on surfaces. 
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DIP: Aled series (?) - stagnogleyic brown alluvial soil. 

Location: Plasnewydd, Llansannan. 

Grid reference: SH 947 666. 

Slope and aspect: Level site adjacent to river. 

Elevation: 150 m . 

Land use: Arable rotation of one year cereals followed by two 

years of grass. Under grass when sampled. 

Depth (cms) Horizon and description. 

0-8 Al Greyish brown (2.5YR5/2) silt loam with few 

small to medium rounded shale pebbles. Abundant 

fine to medium roots with common strong brown 

mottles along root channels. Moderate crumb 

structure, moist. Clear smooth boundary. 

8-18 A2 Greyish brown (2.5YR5/2) silt loam with few 

small to medium rounded shale pebbles. Many 

fine roots with few strong brown mottles along 

root channels. Abrupt smooth boundary. 

18-38 Bg Yellowish brown (10YR5/4) silt loam with few 

small to medium pebbles. Few fine roots, 

common distinct strong brown mottles. Becomes 

greyish brown (10YR5/2) lower in the horizon. 

Gradual wavy boundary. 

38-60 BCg Light grey (10YR6/1 to 5Y6/1) silt loam with 

many strong brown mottles and occasional Fe 

concretions. Very few roots. Few small to 

medium shale pebbles. Moderate prismatic 

structure. Clear wavy boundary. 

60- C Abundant medium to large rounded stones, mainly 

of shale within a matrix of very small pebbles. 

Many of the larger pebbles are Fe stained. 

D8: Manod series - typical brown podzolic soil. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Nant-y-gareg Farm, Moel Grugoer. 

SH 966 618. 

2-3° E.S.E. 

360 m . 

Land use: Permanent pasture. 
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Depth (cms) Horizon and description. 

0-20 A Dark brown (10YR3/3) silt loam becoming dark 

greyish brown (10YR4/2) at depth. Few small 

subangular stones and abundant fine to med-

ium roots. Clear smooth boundary. 

20-27 AB Brown (10YR4/2) silt loam asrabove except has 

common small to medium stones and few faint 

strong brown mottles along root channels. 

Abrupt wavy boundary. 

27-42 Bs Strong brown (7.5YR6/5) silt loam with common 

mainly medium stones and common fine roots. 

Clear wavy boundary. 

42- BC Abundant small to medium/large angular tabular 

stones with yellowish brown material between. 

D22: Manod series - typical brown podzolic soil 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-30 

30-50 

50-

Llyn Saint, near Gwytherin. 

SH 871 604. 

5° E. 

330 m. 

Permanent pasture. 

Horizon and description. 

A Dark brown (10YR4/3) silt loam with well devel-

oped root mat in the top 5 cms and many fine 

roots below. Common small to medium stones 

becoming more frequent with depth. Gradual 

smooth boundary. 

Bs Strong brown (7.5YR5/8) siltloam with few small 

grey mottles. Many fine roots to 35 cms becom-

ing less common below. Many small to large 

stones, clear wavy boundary. 

BC Yellowish brown (10YR5/6) silty clay loam with 

abundant mainly large stones and few roots. 

D26: Manod series - typical brown podzolic soil 

Location: Gorswen Fawr, near Llanrwst. 

Grid reference: SH 839 622. 
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Slope and aspect: 

Elevation : 

Land use: 

Depth (cms) 

0-25 

25-50 

50-

5-7 N.W. 

330 m. 

Permanent pasture. 

Horizon and description. 

A Dark greyish brown (10YR4/2) becoming greyish 

brown (10YR5/2) silt loam. Few faint strong 

brown mottles along root channels. Abundant 

fine roots, common small stones. Abrupt 

smooth boundary. 

B Yellow (2.5YR7/6) silt loam with common fine 

roots and common small stones to c. 40 cms 

then becomes brownish yellow (10YR6/6) with 

many medium and large stones. Clear smooth 

boundary. 

BC Abundant medium and large stones (angular 

shale) with yellowish brown material between. 

D36: Mnaod series - typical brown podzolic soil 

Pen-y-Mwdwl, near Llansannan. Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-18 

18-32 

53-

SH 920 665. 

c. 5° S.S.W. 

335 m. 

Permanent pasture. 

Horizon and description. 

A Dark brown (10YR4/3) becoming dark greyish 

brown (10YR4/2) silt loam with common small to 

medium angular shale stones and many fine 

roots. Abrupt smooth boundary. 

Bs Yellowish brown (10YR5/6) loam with many small 

to medium angular tabular shale stones and many 

fine roots. Clear wavy boundary. 

BC Abundant mainly large angular shale stones with 

silty yellowish brown (10YR5/6) material betweeen 

and few fine roots. 
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D23: Sannan series - stagnogleyic brown earth. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0 - 2 0 

20-30 

30-50 

50-

Llwyn Saint Farm, near Gwytherin. 

SH 867 602. 

c. 2° S.W. 

375 m . 

Permanent pasture. 

Horizon and description. 

Ah(g) Dark greyish brown (10YR4/2), becoming greyish 

brown (10YR5/2) silt loam with abundant mainly 

fine rusty mottles along root channels. Strong 

crumb structure, few small stones some soft. 

Clear smooth boundary. 

B(g) Grey (10YR5/1) silt loam with common rusty 

mottles around root channels. Common fine 

roots and few small stones. Clear smooth 

boundary. 

Bg Grey (10YR5/1) silty clay loam with very many 

yellowish brown (10YR5/6) mottles. Common 

small and medium angular stones to 40 cms 

then becoming many. Clear wavy boundary. 

Cg Abundant small to medium stones, many soft 

in a matrix of light olive grey (5Y6/2) silty 

clay loam. 

D25: Sanhan series - stagnogleyic brown earth. 

Gorswen Farm. Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0 - 1 8 

18-35 

SH 837 622. 

c. 1° N.N.W. 

315 m. 

Recently reseeded permanent pasture. 

Horizon and description. 

Ah(g) Dark greyish brown (10YR4/2) silty clay loam 

with few distinct rusty mottles along root 

channels. Many fine and medium roots. Clear 

wavy boundary. 

B(g) Dark greyish brown (10YR4/2) silty clay loam 
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with many distinct rusty mottles, mainly along 

root channels. Many fine and medium roots. 

Occasional strong brown Fe concretion. Clear 

wavy boundary. 

35-55 BCg Grey (10YR5/1) gritty clay loam with some darker 

patches (10YR3/3) becomes olive grey to depth 

(5Y5/2). Few roots and many small to medium 

stones. 

D27: Sannan series - stagnogleyic brown earth. 

Pandy Tudur. Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-25 

25-45 

45-60 

6 0 -

SH 852 642. 

c. 3° N.N.W. 

230 m . 

Permanent pasture. 

Horizon and description. 

Ah(g) Olive grey (5Y5/2) becoming grey (10YR5/1) 

silt loam, compact root mat in the top 7 cms, 

many fine and medium roots below. Common 

strong brown mottles along root channels, few 

small stones, abrupt smooth boundary. 

B(g) Light olive grey (5Y6/2) silt loam with common 

small to medium subangular stones, some 

soft. Common roots and clear smooth boundary. 

Bg Greyish brown (2.5YR5/2) silty clay loam with 

common strong brown mottles and many small 

to medium stones. Gradual wavy boundary. 

Cg Abundant small to medium stones in a matrix of 

light grey (10YR6/1) gritty clay loam with 

common yellowish red mottles (5YR5/8). 

D30: Sannan series - stagnogleyic brown earth 

Location: Nant Melai. 

Grid reference: SH 903 662. 

Slope and aspect: Level adjacent to stream. 

Elevation: 207 m. 

Land use: Permanent pasture. 
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Depth (cms) Horizon and description. 

0-15 Ah(g) Greyish brown (2.5YR5/2) silt loam with few fine 

strong brown (10YR5/8) mottles and abundant 

roots to 7 cms, then many fine roots. Few 

small stones. Abrupt smooth boundary. 

15-25 B(g)1 Light brownish grey (2.5YR6/2) silty clay loam 

with many strong brown (7.5YR5/6) mottles and 

few small stones. Many fine roots, clear 

wavy boundary. 

25-50 B(g)2 Light brownish grey (2.5YR6/2) silty clay loam 

with common strong brown (7.5YR5/6) mottles 

and common small to medium stones. Few fine 

roots, clear wavy boundary. 

50-65 Bg Light brownish grey (2.5YR6/2) gritty silty 

clay loam with common small to medium stones. 

Few strong brown mottles (7.5YR5/6). Clear 

wavy boundary. 

65- Cg Light olive grey (5Y6/2) gritty silty clay 

loam with many small to medium angular shale 

stones and very few mottles as above. 

D33: Sannan series - stagnogleyic brown earth. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-20 

20-35 

Nant Melai Fawr, near Llansannan. 

SH 910 627. 

Level. 

300 m. 

Permanent pasture. 

Horizon and description. 

Ah(g) Dark greyish brown (10YR4/2) silt loam with 

abundant mainly fine roots becoming grey 

(10YR5/1) with many fine and medium roots 

towards the base of the horizon. Very few 

rusty mottles along the root channels. Few 

small angular stones and abrupt smooth boundary. 

B(g) Light olive grey (5Y6/2) with some brown 

(7.5YR5/2) material on the ped faces, silt loam. 

Many fine roots and common rusty mottles along 

root channels. Common small to medium angular 
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stories. Abrupt smooth boundary. 

35-50 Bg Light grey (5Y6/1) silty clay loam with very 

few rusty mottles and few roots below 40 cms. 

Common small to medium stones. Gradual wavy 

boundary. 

50- Cg Light grey (5Y6/1) gritty clay loam with common 

small to medium angular stones and common strong 

brown mottles. 

D1: Hiraethog map unit - ferric stagnopodzol (Hafren s eries) 

Aled Isaf reservoir. Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

5-0 

0-9 

9-15 

15-22 

22-36 

SH 912 604. 

c. 10° S.E. 

390 m. 

Rough moorland grazing, mainly Nardus stricta. 

Horizon and description. 

L Remains of mainly N. stricta 

0 

Eag 

Bsl 

Bs2 

Very dark grey (10YR3/1) mainly fibrous peat, 

clear wavy boundary. 

Dark greyish brown (10YR4/2) bleached horizon 

with darker humic funnels and common bleached 

small to large tabular angular shale stones. 

Common fine to medium roots and abrupt smooth 

boundary. 

Yellowish brown (10YR5/6) silt loam with common 

unbleached stones as above. Dry with weak 

crumb structure and clear smooth boundary. 

Yellowish brown (10YR5/8) with few stones as 

above and common roots to 36 cms. Merges with 

paler yellowish brown C horizon containing many 

stones. 

D2: Hiraethog map unit - ironpan stagnopodzol (Hiraethog series) 

Location: Aled Isaf reservior. 

Grid reference: SH 912 604. 

Slope and aspect: 5° S.E. 
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Elevation: 390 m. 

Land use: Rough moorland grazing of mainly N. stricta with 

some Vaccinium myrtilis and mosses. 

Depth (cms) Horizon and description 

0-14 0 Black mainly hunified organic horizon with 

clear boundary. 

14-16 Ah Black humose silt loam mainly amorphous carbon 

material from above. Abrupt smooth boundary. 

16-25 Eag Very dark greyish brown (10YR3/2) silt loam 

containing pale bleached stones mainly small. 

Few faint rusty mottles. At the base of the 

horizon is a thin discontinuous ironpan (Bf) 

of c. 0.5 cms thickness. 

25- Bs Brown (7.5YR4/4) clay to clay loam, dry and 

porous with very few faint rusty mottles. 

Very few roots and common small to large stones, 

D16: Hiraethog map unit - ferric stagnopodzol (Hafren series) 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

2 - 0 

0 - 1 0 

10-18 

18-29 

70-

Glan-y-gors, near Aled Isaf reservoir. 

SH 912 606. 

c. 3° W.N.W. 

410 m. 

Rough moorland grazing, mainly N. stricta with some 

Calluna vulgaris and mosses. 

Horizon and description. 

L Decomposing litter and root mat. 

0 Mainly well humified black peat with few 

recognisable plant remains. Clear wavy boundary. 

Eag Dark brown humose silty clay loam in the top 

3 cms, becoming grey brown (2.5YR5/2) silty 

clay loam with common small bleached stones and 

common fine roots. Abrupt wavy boundary. 

Bs strong brown (7.5YR5/6) clay loam with common 

diffuse grey mottles, very few roots below 

20 cms. Common small to medium angular shale 

stones. Abrupt wavy boundary. 

C Shattered shale with reddish yellow material 

in the fissures. 



275 

D17: Hiraethog map unit - ironpan stagnopodzol (Hiraethog series) 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-5 

5-35 

35-48 

48-48.5 

48.5-65 

65-75 

75-

Llyn Aled. 

SH 921 576. 

3° N.N.W. 

385 m. 

Rough moorland grazing predominantly of N. stricta 

with other subordinate grass species. 

Horizon and description 

Eag 

Bf 

Bs 

BC 

Decomposing plant remains and root mat. 

Predominantly humified black peat with very 

few/recognisable plant remains after 10 cms. 

Abrupt wavy boundary. 

Brown (10YR4/3) silty clay loam with bleached 

material and few small bleached shale stones. 

Common strong brown mottles mainly along root 

channels, many fine to medium roots. Becoming 

light brownish grey (10YR6/2) below. At 47-

48 cms there is a compact mat of root material. 

Thin ironpan which is dark brown above and 

strong brown below, continuous and wavy. 

Sharp boundary. 

Yellowish brown (10YR5/8) clay loam with few 

faint rusty mottles, no roots, porous. Gradual 

wavy boundary. 

Abundant medium and large shale stones with 

yellowish brown (10YR5/8) gritty clay loam bet-

ween, gradual boundary. 

Very abundant shattered shale with very little 

interstitial material. 

D21: Hiraethog map unit - ferric podzol (Hafren - Powys intergrade?) 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 442 m. 

Land use: Rough moorland heath. Mainly C. vulgaris with some 

V. myrtilis and mosses 

Near Llyn Bran. 

SH 960 600 

3° N. 
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Depth (cms) Horizon and description. 

0-5 

5-10 

10-15 

15-20 

20-30 

Ah 

Ea 

Bs 

Compact root.mat. 

Black humified peat, few plant remains and many 

fine to medium roots. Abrupt smooth boundary. 

Very dark brown (10YR2/2) humose silt loam with 

common small stones and many fine and medium 

roots. Clear wavy boundary. 

Dark grey (5YR4/1) silt loam with many small 

bleached stones and many fine roots. Clear 

wavy boundary. 

Brown (7.5YR4/4) silty clay loam with abundant 

small to medium angular shale stones. Porous 

and well drained with common mainly fine roots. 

D7: Ithel series - humic brown podzolic soil. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-20 

20-30 

30-40 

Moel Grugoer, near Bylchau. 

SH 963 615. 

3-5° S.W. 

360 m. 

Rough grazing. 

Horizon and description. 

Aph Dark grey (10YR4/1) in top becoming very dark 

grey brown (10YR3/2) humose horizon containing 

few small stones (some are possibly portions 

of a former ironpan). Many fine and medium 

roots, abrupt wavy boundary. 

Bs Brown (7.5YR4/4) silt loam with common small to 

large stones which become more abundant to depth, 

Common roots, abrupt wavy boundary. 

C Abundant stones of grey shale with yellowish 

brown (10YR5/6) material between. Some stones 

had coatings of Fe on the surface. 

D34: Ithel series - Humic brown podzolic soil 

Location: Sportsmans Arms, neat Llyn Bran. 

Grid reference: SH 952 591. 

Slope and aspect: c. 2° S.E. 
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Elevation: 457 m. 

Land use: Reclaimed permanent pasture. 

Depth (cms) Horizon and description. 

0-20 Aph Dark greyish brown (10YR4/2) becoming dark 

grey (10YR4/1) humose silt loam with few fine 

mottles and few bleached stones. Many fine 

and medium roots. Gradual wavy boundary. 

20-28 Ap/Bs Mixed pockets of Ap type (brown 10YR4/3) and 

Bs type (yellowish brown 10YR5/6) material 

not all of which are connected to their 

respective horizons. Many fine and medium roots, 

gradual wavy boundary. 

28-36 Bs Yellowish brown (10YR5/6) silty clay loam with 

common fine roots and common small to medium 

stones. Clear wavy boundary. 

36-40 BC Yellowish brown (10YR5/4) paler than the Bs, 

silty clay loam with many small to large stones 

and few roots. Gradual wavy boundary. 

40- C Shattered angular shale fragments with some 

yellowish brown material in the fissures. 

D13: Ynys series - cambic stagnohumic gley soil 

Ochry Cefn, near Llansannan. Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-5 

5-10 

10-28 

SH 918 623. 

c. 2° N.W. 

360 m. 

Rough grazing, mainly C. vulgaris and N. stricta. 

Horizon and description. 

0 Black (10YR2/1) predominantly fibrous peat. 

Eg/ Dark greyish brown (10YR4/2) silty clay loam 

Ahg with some darker funnels at the top of the 

horizon. Many fine and medium roots. Abrupt 

smooth boundary. 

Bg Greyish brown (2.5YR5/6) silt loam with strong 

brown mottles (7.5YR5/6) and darker organic 

material on the ped faces. Becomes light olive 

grey (5Y6/2) towards the base with fewer mottles. 
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Few medium soft stones. Clear wavy boundary. 

28- CG Light olive grey (5Y6/2) with few strong brown 

mottles. Gritty clay loam including many small 

to medium stones. 

D14: Ynys series - cambic stagnohumic gley soil. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-7 

7-10 

10-15 

15-21 

21-24 

24-32 

32-50 

53-

Glan-y-gors, near Aled Isaf reservoir. 

SH 910 608. 

2° E.S.E. 

400 m . 

Rough moorland grazing mainly N. stricta. 

Horizon and description. 

01 Very dark brown peat. 

02 Black amorphous peat, abrupt!boundary. 

03 Dark brown amorphous peat with some mineral 

material. Abrupt wavy boundary. 

Eg Dark greyish brown (10YR4/2) silty clay loam 

& brownish yellow mottles (10YR6/8) along root 

channels. Many fine to medium toots and few 

small stones, abrupt smooth boundary. 

Bgl Very dark greyish brown (10YR3/1) silty clay 

loam with many fine to medium roots, then as 

above. Abrupt smooth boundary. 

Bg2 Very dark greyish brown (2.5YR3/2) silty clay 

loam with many fine to medium roots. Towards 

the base of the horizon between 29 and 32 cms 

there was a band of dark brown (7.5YR3/2) 

concretions. Sharp wavy boundary. 

BCg Light grey (10YR6/1) clay loam with common 

dark brown mottles (7.5YR4/4). Abrupt smooth 

boundary. 

CG Abundant medium to large stones many of which 

are Fe stained on the outside. The material 

in the fissures was similar to that of the BCg. 
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D19: Ynys series - cambic stagnohumic gley soil 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0 - 6 

6-15 

15-23 

23-29 

29-37 

37-50 

50-

Llyn Aled. 

SH 944 583. 

2° W. 

455 m . 

Rough moorland grazing, mainly N.stricta with 

Juncus spp. 

Horizon and description. 

L Litter layer of decomposing N. stricta. 

01 Dark reddish brown (5Y3/2) fibrous peat. 

02 Black humified peat with many fine roots. 

Abrupt smooth boundary. 

Eg/ Dark greyish brown (10YR4/2) silty clay loam 

Ahg with many mainly fine roots. Abrupt smooth 

boundary. 

Bg Light olive grey (5Y6/2) clay loam with common 

fine roots. Clear smooth boundary. 

BCg Light grey (5Y6/1) with common brownish yellow 

(10YR6/6) mottles and few small to medium soft 

stones. 

CG Light grey (as above gritty clay loam with many 

small to medium stones. 

D2Q: Ynys series - cambic stagnohumic gley soil. 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0 - 6 

6-26 

Off the A543 near to the Sportsmans Arms. 

SH 944 583. 

2° w. 
455 m . 

Rough moorland grazing, mainly C. vulgaris with some 

N. stricta and occasional Juncus spp. 

Horizon and description. 

F Thick root mat. 

0 Peaty horizon consisting of four bands: 

01 6-8 cms, Black fibrous peat. 

02 8-13 cms, Reddish brown fibrous peat. 

03 13-20 cms, Dark brown to black semi-

fibrous peat. 
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04 20-26 cms, Dark reddish brown humic peat 

Clear smooth boundary. 

26-35 Bg Light brownish grey (2.5YR6/2) silty clay loam 

with many fine roots and darker material on 

the ped faces. Few small stones and very few 

fine rusty mottles. Gradual wavy boundary. 

35- BCg Olive grey (5Y5/2) gritty clay loam with many 

medium stones, including some rounded pebbles. 

D24 Ynys series - cambic stagnohumic gley soil 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-5 

5-50 

50-55 

55-70 

70-

Llwyn Saint Farm, near Gwytherin. 

SH 866 601-

Level. 

381 m . 

Rough moorland grazing, mainly of N. stricta but 

with Juncus spp: and C. vulgaris locally. 

Horizon and description. 

Root mat. 

0 Black semi-fibrous peat with few recognisable 

plant remains. Abrupt smooth boundary. 

Ahg Dark greyish brown (10YR4/2) apparently humose 

material from the above horizon. Abrupt smooth 

boundary. 

Bg Greyish brown (2.5YR5/2) silty clay loam with 

many mainly fine roots and few yellow brown 

mottles. Clear smooth boundary. 

BCg Greyish brown (2.5YR5/2) gritty clay loam with 

common small to medium stones. 

D15: Caron series - raw peat soil 

Location: 

Grid reference: 

Glan-y-gors, near Aled Isaf reservoir. 

SH 909 609. 

Slope and aspect: Level basin site. 

Elevation: 

Land use: 

400 m. 

Moorland, mainly N. stricta, Juncus spp., sphagnum 

moss and Carex spp. 
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Depth (cms) Horizon and description 

0-5 Root mat and fresh litter. 

5-75 0 Mainly semi-fibrous black peat with some 

banding of dark reddish brown. 

75-90 Bg Grey (10YR5/1) clay loam with few small stones. 

90- CG Olive grey gritty clay loam with many small 

angular tabular stones. 

D18: Caron series - raw peat soil 

Location: 

Grid reference: 

Slope and aspect: 

Elevation: 

Land use: 

Depth (cms) 

0-7 

7-45 

45-55 

55-77 

77-

Llyn Aled. 

SH 921 576. 

Near level basin site. 

380 m. 

Rough moorland, Juncus spp. some N. stricta and moss-

Horizon and description. 

Root mat and fresh litter. 

0 Mainly fibrous peat - dark brown to 30 cms 

then becoming black with few recognisable 

plant remains. Clear wavy boundary. 

Ahg Dark greyish brown (10YR4/2) humose silty loam 

with few small angular often soft stones. 

Many fine roots. Clear boundary 

Bg Greyish brown (2.5YR5/2) gritty clay loam with 

common soft stones and common roots. Clear 

boundary. 

CG Greyish brown (2.5YR5/2) gritty clay loam 

with many medium and large stones and some 

rounded pebbles. 
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2.1. Soils developed on the Lower Greensand of the west Weald. 

2.1.1. Topsoils, Area 1. ro 
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0035 1 49 3 4 1 2 2 c c . 9 J j \ 0 . 1 2 0 . 0 3 0 . 0 1 36 0 0 . 5 2 0 . 2 5 0 . 2 4 0 . 0 2 8 3 . 8 4 
0036 3 4 9 2 6 12 0 6 . 0

 c 

C." 0 V 0 . 2 0 0 . 1 5 0 . 0 4 4 1 6 1 . 3 0 0 , 4 6 0 . 1 2 0 . 0 4 3 3 . 3 9 
0037 3 4 9 2 512 05 f » r. 0 6 * 30 0 . 17 0 , 1 3 Ci .02 30 8 2 . 2 6 0 . 3 2 0 . 1 8 0 . 0 3 2 4 . 2 6 
0038 3 4 9 1 C 1 2 0 o i, "7 . ; , 6<"i 0 , i 4 0 . 1 6 0 . C 4 3 6 6- 2 . 1 0 0 . 3 3 0 . 0 8 0 . 0 3 2 3.12 
0 0 3 9 4 4 8 9 0 1 2 0 3 c! i u 6 • 5 0 0 . 1 7 0 . 1 9 0 . 0 5 52 0 . 4 5 0 . 1 5 0 . 2 4 0 . 0 1 8 7 . 3 5 
0040 - ) 

—' 4 6 6 1 1 2 1 9 t. 9 r. , c
 !

: f . 19 0 . 1 2 0. r. 1 114 0 . 9 2 0 . 2 5 0 . 2 4 0 . 0 2 4 3 . 44 
0041 4 4 6 7 x 1 2 0 4 5 , 4 6 A , M i , . 1 3 0 . 1 5 0 . 0 3 44 0 . 3 3 0 . 1 0 0 . 1 5 0 . 0 1 6 5 . 9 1 
0043 4 4 9 0 9 H 8 8 0 f 6 C '[) . 7 C 0 , 1 1 0 . 0 6 0 . 0 1 5 2 0 . 8 0 0 . 0 6 1 . 10 0 . 0 1 6 6 . 3 1 
0044 4 4 9 3 5 1 1 3 2 7 «

 0 r

" ('; 0, 20 0 . 11 0 . 0 ? 1 0 0 0 . 49 0 . 1 4 0 . 6 4 0 . 0 1 2 6 . 6 4 
0045 4 4 94 4 119Q c . 2 (; > * 6 0 0 , 1 6 0 . 1 6 0 . 0 4 44 0 . 5 4 0 , 1 3 0 . 1 7 0 . 0 1 2 • 4 . 7 9 

* Code to beds, 1. Hythe, 2. Bargate , 3 . Sandgate, 4 . F o l k e s t o n e . 

2.1.1. Topsoils, Area 2. 

N) 
00 
-P-



Samp- ^ 

le No Bed 

Grid 

reference 
PH PH 

Ca 
Se Fe Al Mn Fe Al Ca Mg L.O.I 

2030 1 49 7 714 V • i J • . 5 0 ' > 1 1 

a J j 
0 a 0 ' 

2031 1 4 V 6 o 1 4 5 7 :•1' O a 4 0 • 1 
N't X J. 

t * • 

0' • 1. 2032 1 4 9 5 714 5 9 2 4) 8 , 6 0 0 , 0 8 0 . 0 8 
2033 1 0 O 6 14 6 4 >• , ' 1 ' , • , 1; , 0 9 O a 1 1 
2034 1 5 0 0 6 1 4 7 8 f.'' a 5 0 0.0 0 O . ii 0 a I 1 
2035 2 4 9 3 8 14 5 4 7. 6 a ' • 5 0.13 0. 0 4 
2036 3 4 9 2 4 1 4 4 3 ( . -t ; t a t 0 O . i 6 0 . 0 7 
2037 3 493214 4 7 6 r 8 0 ^ , 9 0 0 . 2 5 0.14 
2038 495 314 53 5 . 4 0 4 a 70 C a 0 9 0 . 0 6 
2039 2 4 9 3 414 6 5 7. 10 •J . 7 0 ( . 13 0 . 0 9 
2040 3 4 9 3 1 1 4 7 6 7, L ̂  c-,85 0 . 2 6 0 . 1 4 
2040 3 4 9 0214 4 8 7 a H a 3 0 1,14 0 . 0 6 
2042 4 4867143-6 O a 8 0 6.35 0 .16 0.14 
2043 4 4 8 3 3 1 4 6 4 4 « •'• 9 4 a 1 0 0,11 0.12 
2044 4 4 8 8 614 7 r. 0. 7 a i 0 0.14 0 . 
2045 4 4904 14 76 _ a o J 4 a 7 0 0 . Co 0.12 
2046 2 4 9 5 4 14 3 7 tr, 

J t 8 0 
U a ? 0 0 , 2 0 c . 1 r 

2047 p 494 114 28 '-• 1 7 0 5,00 0.20 U. 12 
2048 3 4 9 1 8 1 4 8 9 6 • 9 0 0 t 7 0 0,17 0 ,0 5 
2049 4 489214 79 7, ( • u 7.25 0 . 2 0 0.03 

0 . 0 I 
1 j , N O 
0 , 0 ? 
0 . 0 2 
0 . 0 3 
0 , 0 1 
0 , 0 1 
0 . 0 3 
0 . 0 1 
0 , 0 1 
0 , 0 1 
0 • 0 1 
0 . 0 3 
0 , 0 3 
O.Oi 
0 . 0 1 
o . n 2 
0 . 0 2 
0 . 0 2 
0 . 0 1 

3 12 
5 12 
1 0 4 
60 0 
5 1 6 
2 SO 
7 20 
5 3 C 
69 2 
3 4 4 
5 {} 0 
3 s 
172 
19 2 

6 0 
1 0 1 2 

6t»4 
428 
78 8 

2 . 0 6 
1. 30 
1 . 54 
1 . 1 o 
1.49 
1 . 8 6 
2.83 
2.56 
1. 40 
1 . 6 2 
1.48 
2.55 
0.92 
1.76 
1. 67 
1.47 
1.90 
2.56 
4.20 
1.14 

o. 
0 . 
0 . 
0 . 
0 . 
0 . 
0 . 

3 0 
22 
2 2 
16 
26 
?Q 
32 
34 

C. 2 1 
0.26 
0 . 
0 . 

29 
0 L 

0.3 4 
0 . 2 0 
0 . 2 0 
0.09 
0,34 
0 . 2 8 
0.4 2 
0 . 50 

3 6 
36 
14 
11 
19 
4 8 
13 
20 
10 
02 

0.40 
0.09 

2 0 
0 4 
6, 6 

1 1 
13 
i l 

0.16 
0 . 9 2 

0 . 0 5 2 
0 . 0 3 2 
0 . 0 2 8 
0 . 0 2 0 
0 . 0 3 6 
0 . 0 4 8 
0 . 0 2 3 
0 . 0 4 8 
0 . 0 3 2 
0 . 0 4 8 
0 . 0 5 2 
0 . 0 2 0 
0 . 0 4 4 
0 . 0 2 4 
0 . 0 2 8 
0 . 0 1 2 
0 . 0 4 0 
0 . 0 2 0 
0 . 0 3 6 
0 . 1 2 4 

4.11 
4 .25 
3.00 
2.40 
3.29 
2.87 
3.2C 
3 . 53 
? . 8 ? 
4.22 
6.01 
2 .90 
2.67 
4 .60 
3.62 
4 .60 
3 . 0 8 
3 .32 
3.59 
6.75 

* Code to beds, 1. Hythe, 2. Bargate, 3. Sandgate, 4. Folkestone. 

2.1.1. Topsoils, Area 3. 



Profile Sam- Depth 
No pie (cms) 

No. 

PH w PH 
Ca 

Se Fe Al Mn Fe Al Ca Mg L.O.I. 

P I 

P2 

2 0 1 4 0 - 6 , 0 2 . (> 0 v U 7 0 . 0 4 0 . 0 2 B D 6 , 0 3 
2 0 1 3 0 - 1 1 2 . 70 I: 0 O 0 . 0 5 0 . C 2 II 0 , 0 9 
2 0 1 2 1 1 - 7 5 t. 5 . . . i O I - 0 . 0 3 B D I I 0 . 0 9 
2 0 1 0 2 1 - 2 7 . 1 ;; •J «_ 0 . 0 3 II I I I). 1 7 
2 0 0 8 2 7 - 4 0 u E 1 5 3 . 7 0 i; 0 3 BP II H 0 . 1 4 
2 0 0 7 4 0 - 4 7 N D N!> 0 i 9 0 , 5 2 0 . 1 9 I I 0 . 5 2 
2 0 0 3 4 7 - 5 1 . 6 5 3. oo 0 17 0 . 2 9 0 . 1 7 II 0 . 3 1 
2 0 0 4 5 1 - 5 5 4 . + 6 3« 0 5 0 0 4 0 . 1 ? 0 . 0 4 8 0 . 2 7 
2 0 0 5 5 7 - 6 3 4 , 3 0 4 , 0 U O Or, 0 . 2 0 0 . 0 9 3 6 0 . 4 2 
2 0 0 6 0 7 - 7 3 , 6 0 + . 1 8 0 O 0 0 . 1 3 0 . 0 8 BP 0 . 3 4 
2 0 0 1 7 c - 80 w . 7 4. 7 0 o 0 4 o .05 0 . 0 3 II 0 . 2 0 

2 0 5 0 
2 0 5 1 
2 0 5 2 
20 53 
20 54 

0 - 2 . 5 
2 . 5 - 1 0 
1 0 - 1 5 
1 5 - 2 5 
2 5 - 3 0 

5 5 ?0 
7 0 

c * i 
3 . 1 0 
3 . 3 0 

(•. 03 
0 . 03 
0. 01 
0.01 
0 . 02 
0.20 
0. 18 
0 . 0 4 
0 . 0 9 
0 . 13 
0 . 0 6 

0 . 0 0 2 
0 . 0 0 8 

BD 
a 

U . 0 0 4 
0. 00 + 

BP 

0 , 0 0 2 
0 . 1 ) 0 1 
0 . 0 0 1 
0 , 0 0 1 
0 . 0 0 3 
C . c 0 3 
0 . C 0 2 
0 . 0 0 2 
0 . 004 
0 . 0 0 4 
0 . 0 0 2 

3 'V 
1 i 
14 
I 9 
II 

n , l (\ 
0, 12 
0 . 1 8 
0 . 2 8 
0 . 1 o 

0 . 0 3 
0 . 0 2 
0 . 0 5 
0.06 
0.06 

]. 1. 6 
BD 
u 

2 8 
BD 

0.4 8 
0 . 3 0 
0 . 6 0 
0 . 92 
0 . 8 3 

0 . 2 c 
0 . 1 8 
0.21 
0 . 2 3 
0 , 40 

0 . 1 4 3 
0 . 0 1 6 
0 . 0 0 8 

BO 

0 . 04 3 
0 . 0 3 5 
0 . 0 0 3 
0 , 0 3 9 
0 . 0 5 5 

9 . 2 3 
7 . 9 8 
1 . +4 
1 . 2 3 
4 . 4 0 
4 . + 0 
3 . 4 8 
0 . 4 6 
1 . 0 2 
0 . 6 8 
0 . 3 3 

34 . 4 4 
4.56 
5.9 1 
3 . 1 6 
1 . 2 8 

P 3 2u5 5 
20 56 
20 5 7 
20 58 

6 - 1 0 
i 0—1 5 
1 5 - 2 5 

1 n 8 . I 5 
3. + o 

1 3 
0? 
O] 

V . 9 3 
0.04 
0 .02 
n „ p 

5 D B O .) . J 0 
0 . 1 4 
0 . 0 9 
0 , 07 

0 . 0 6 
0 . 0 3 
0.01 
0 . 0 1 

0 . 0 2 0 
0 . 0 0 4 

BO 
0 . 0 0 4 

0 . 0 0 3 
0. 00 2 
0 . 0 0 1 
0 . 0 0 1 

1 6 . 7 3 
6 . 7 2 
0 . 9 5 
0 . 34 

P4 20 5 9 
2 06 0 
2 0 6 1 
20 62 
2 0 6 3 
20o4 
2 0 6 5 

0 - 5 
5-6 
8 - 2 0 
2 0 - 3 0 
3 0 - 3 5 
3 5 - 4 0 
4 0 - + 0 

4 O 
i 
x »' 
O 0 
7 u 
6 0 

2 . 
5 . 

5 r 
•v o 

8 . 2 6 
2 . / 0 
3 . 9 0 
^. •: o 

3 6 
0 9 
01 
01 
0 9 
17 
It 

0 . 0 7 
0. 07 
0 . 0 5 
0 . 0 3 
0 . 3 2 
0, 9 6 
0 . 8 r 

0 . 0 3 
0 . 0 2 
0 , 0 2 

BD 
0 . 0 7 
0 . 1 5 
O . 15 

16 
BD 

12 
BD 

2.8 -> 1 
L. X 
3 0 
23 
62 
06 
02 

0 . 0 6 
0 , 0 3 
0.02 
0 . 0 2 
0 . 09 
0 . 1 8 
0 . 1 6 

0 . 064 
0.008 

BD 

0 . 0 1 0 
0 . 0 0 2 
0 . 0 0 1 
C. 001 
0 . 0 0 3 
0 . 0 0 5 
0 . 0 ? 4 

2 3 . 4 0 
7 . 0 8 
1 . 3 0 
0.46 
2 . 6 3 
3 . 1 4 
2 . 2 3 

P5 2 0 6 7 
2 0 68 
20 6 9 
2 0 7 0 
2 0 7 1 
2 0 7 2 
20 73 
2 0 7 4 

5 - 7 
7 - 1 2 
1 2 - 1 6 
1 6 - 7 0 
2 0 - 3 3 
3 3 
3 3 - 4 5 
6 6 - 5 0 

6 _/ 
'' 0 
I () 
9 0 
f'O 
1 0 
1 6 

I. • 
7 . 

I.) 

0 
3. OU 
2.93 
3 . 4 5 
3, i .() 
S . 7 6 
4.10 

0 6 
0 6 
10 
0 7 
11 
1 + 
10 

0 . o 9 
0.11 
0 . 2 3 
0 . 2 5 
0 . 6 0 
0 . 9 6 
0.87 
0 . 2 9 

0.O3 
BD 
Ii 

O . 0 4 
0 . 0 2 
0 . 1 1 
::. 3 4 
0 . 1 6 

20 
BD 

16 
BP 
28 
36 

0 . 3 9 
0 . o4 
0 . 5 4 
0 . 3 4 
1 . 5 2 
2.10 
2 . 0 2 
1 . 5 2 

0 . 0 6 
0. 02 
0 .02 
0 . 0 4 
0 . 05 
0 . 1 4 
0 . 2 4 
0 . 3 1 

0 . 0 0 + 
BD 
ii 

0 . 004 
BD 
ii 

O . 0 0 8 
BD 

C . 0 0 3 
0 . 0 0 3 
0 . 0 0 2 
0 . 001 
0 . 0 0 3 
0 . 0 0 4 
0 , (. 0 6 
0 . 0 2 4 

? 1 . ? 7 
2 , 3 3 
2.11 
5 . 7 5 
1 . 9 3 
2 . 0 8 
6 , 6 8 
5 . 88 

2.1.2. Podzol profiles. B b - Below detection limits. 

ND - Not determined. 



P r o -
f i l e 
No 

Soil 
series 

Samp 
No 

Depth 
(cms) pH 

w 
PH Ca Se Fe A l Mn Fe A l Ca Mg L . O . I . 

D3 Denbigh. 

D5 Denbigh. 

D6 Denbigh. 

D9 Denbigh. 

D12 Denbigh. 

D27 Denbigh. 

D31 Denbigh. 

2188 
2 1 8 9 
2190 
2 1 9 1 

2172 
2171 
2 1 7 0 
2169 
2168 

2 1 7 6 
2175 
2174 
2173 

2200 
2197 
2199 
2198 
2196 

2 2 1 3 
2212 
2211 
2 2 1 0 

2297 
2296 
2295 
2294 
2 2 9 3 

2308 
2 3 0 7 
2 3 0 6 
2 3 0 5 

0 - 1 0 5 . 4 6 » 0 0 0 . 1 
1 0 - 2 0 5 . 4 0 4 . 1 0 . 30 
2 0 - 3 0 5 , 2 .1 w 4 5 6 O . 3 4 
?(>-<« J 5 . i j 4 , fi 0 J . 6 0 

0 - 6 o . 3 0 ? • 9 0 0 . ' 8 
8 - 2 0 5 . 6 5 4 . 9 0 0 . .3 8 

2 0 - 3 5 5 . 9;) i - « 10 0 . 4 A 
4 0 - 5 0 6 . 0 0 6» <)•- 0 . 43 
6 0 - 6 - 5 . 9 3 i. 20 0 . 23 

O - 1 0 5 . j 0 6 , 00 0 . 2 9 
1 0 - 3 0 5 . 4 0 4 • 60 0 , -

4 0 - 5 0 5 . ':> ;> . 9 5 0 . 2 8 
5 0 - 5 5 O. 00 5 . 0 5 0 . 16 

0 - 'j L>. 3 r< (-< • C 0 0 . 33 
1 7 - 2 ? 5 , -< 0 6 , U 5 0 » 3 0 
3 0 - 3 5 r> * -j j . 3 0 0 . 2 9 
4 5 - 5 0 6 . 1 U 5 . 3 0 0 . 2 8 
6 7 - 5 \ 6 , 1.0 » 3 0 0 . 31 

0 - 8 5 . 31 > 4 * 6 0 0 . 3 0 
.14-2 0 5 . 4 0' 4 . 9 5 0 . 4 3 
2 * - 3 3 6 . 1 0 6 , 3 5 0 . 4 o 
4 0 - 4 5 6 . 3 0 6 . 50 c . 4 2 

O - 1 o 5 . 3 0 4 . 70 u . 43 
1 0 - 2 0 5 . 6 6 5 , 10 0 . 39 
2 5 - 3 5 5 , 9 0 c-

J f 15 0 • 4 1 
4 0 - 5 0 5 . 8 6 p - ' , 00 0 , 47 
5 0 - 6 0 F, » 1 0 0 . 2 9 

0 - 1 0 5 , 6 0 6 . 0 0 0 . 37 
1 5 - 2 5 6 . 70 v . 0 0 0 . ' 8 
3 5 - 4 5 6 . 9 0 5 . 10 0 . 4 7 
5 0 - 6 0 5 , 90 6 . 16 0 . 3 9 

v . <7o 
•j . 77 

80 

0 . 4 S 
0 , 4 9 
0 . 6 4 
0 . 3 7 
0 . 2 2 

0 . 3 6 
<5.32 
0 . 3 2 
0 , 2 1 

0 . 3 4 
C . 3 5 
0 , 34 
0 . 4 3 
0 , 7 0 

o . 5 6 
n , 5 0 
0 . 5 2 
0 . 53 

0 . 70 
0 . 7 1 
0 . 9 0 
1 . 04 
0 , 6 4 

0 . 73 
0 . 77 
1 . 2 1 
n . t j L. 

0 . 28 116 0 J . 5 5 i. • 76 
0 . 3 * 10 4 4 3 . 47 1 . 68 
0 . 4 3 1 n 6 4 3 . 9 0 X . 94 1 _ » 07 1 1 0 0 4 . 92 ? . 52 

0 . 2 4 a i 6 3 . 3 0 1 . 8 0 
0 . 26 7 4 0 3 . 24 1 . 7 6 
0 . 3? 7 3 ? 3 • 34 1 . 8 0 
0 . 6 1 53? 3 . o t "> . 3 2 
0 . (. c 5 0 4 3 . 6 1 2 . 3 2 

0 . 17 7 6 0 3 . 0 1 1 . 8 4 
0 . I f ' 81? 3 . 0 6 1 , 8 4 
0 . 16 748 3 . 37 7 . 0 4 
0 . 0 6 2 7 6 3 . 1 1 2 . 0 8 

0 , 1 9 6 8 0 > 
L. • 94 ~> . 00 

0 . 2 0 6 6 4 3 . 28 7 . 0 0 
0 . 2 0 7 6 0 3 . 44 2 . 0 4 
0 . 22 7 1 h 3 . 4 9 . 00 
0 . 3 r 5 4 8 3 . 84 I , 8 4 

0 . 30 1 3 6 0 3 . 36 1 . 8 8 
0 . ? 8 13 6 0 3 . 62 1 , 9 2 
0 . 2 8 14 00 3 . 83 1 . 9 2 
0 . c. .> 1 0 0 0 3 . 8 8 2 . 12 
0 . 37 8 1 2 3 . 29 1 . 8 6 
0 . 3 8 8 5 2 3 . 69 1 . 9 6 
0 . 5 0 7 7 0 3 . 56 1 . 9 0 
0 . 6 8 5 6 4 3 , 54 1 . 9 8 
0 . 5 5 4 3 ? 3 . 5 8 o . 3 2 

0 . 3 6 1 0 9 2 3 . 69 2 . 00 
0 . 4 3 8 8 0 3 . 52 1 . 8 0 
0 . 60 9 1 6 4 . 16 2 . 0 4 
0 . 6 5 644 4 , 1 1 2 , 4 0 

0 . 33 0 
0 . 2 3 2 
0 . 1 2 0 
0 . 07 6 

0 . 4 4 0 
0 . 18 4 
0 . 172 
0 . 0 0 4 
0 . 0 4 0 

0 . 2 3 2 
0 . 1 6 4 
0 . 1 4 0 
0 . 064 

0 • 03 6 
0 . 1 4 4 
0 . 1 2 1 
0 . 1 0 0 
0 . 0 9 ? 

196 
2 31 
222 
1 7 7 

0 . 2 3 2 
0 . 1 9 4 
0 . 1 3 7 
0 . 0 8 9 
0. 06? 
0 . 2 3 0 
0 . 1 2 8 
0 . l i d 
0 , 0 0 5 

) . 4 4 8 
0 . 4 4 0 
0 . 4 6 4 
0 . 5 s 2 

0 . 5 2 0 
0 . 4 8 0 
0 . 4 9 6 
0 . 7 2 8 
0 . 9 2 0 

0 , 6 0 0 
0 . 5 7 0 
C . 6 7 0 
0 . 9 60 

0. 700 
0 . 6 7 2 
0 . 6 6 -
0 . 7 2 0 
0 . 5 ? 0 

0 . 5 4 0 
0 . 5 3 5 
0 . 5 3 7 
0 . 6 3 2 

0 . 5 7 6 
0 . 6 0 0 
0 . 5 9 6 
0 . 5 9 2 
0 . 79 2 

0 . 7 1 2 
0 , 6 8 0 
0. 660 
0 . 7 4 0 

1 4 , 8 
1 1 . 7 3 

6 , 7 9 
8 . 2 9 

1 1 . 4 5 
. 23 

o . C 8 
4 . 9 9 
2 . 7 j 

1 0 . 9 1 
7 . 7 ? 
4 . 6 1 
2 . 1 9 

9 . 9 9 
5 . 8 5 
5 . 4 ? 
3 . 1 6 
4 . 3 2 

1 1 . 5 0 
3 . 3 6 
6 . 0 4 
3 . 9 3 

1 3 . 0 4 
9 . 94 
o . 3 6 
5 . 6 1 
4 . 3 3 

1 0 . 2 9 
6 . 7 6 
6,11 
4 . 4 5 

N3 
" 0 0 

2 . 2 . Soil profiles from the Llansannan area of Clwyd. 



Pro-
file 
No 

Soil 
series 

Dll Powys. 

D28 Powys. 

D32 Powys. 

D35 Powys. 

D37 Powys. 

D8 Manod 

D22 Manod. 

Samp 
No 

Depth 
(cms) pll 

w PH Ca Se Fe Al, Mn Fe Al Ca Mg. 

2209 
2208 
2 2 0 7 

2292 
2291 
2290 

2311 
2310 
2 309 

2325 
2324 
2 3 2 3 
2322 

2 3 3 3 
2332 
2331 
2 3 3 0 

2186 
2185 
2 1 8 4 
2 1 8 3 
2182 
2 1 8 7 

2264 
2263 
2262 
2261 
2260 

0 — 
1 2 - 1 0 
2 0 - 2 0 

3 - 1 0 
L 0 - 2 0 
2 0 - 3 0 

0 - 1 0 
1 0 - 2 0 
8 5 - 3 J 

i. - f< 

8 - 1 5 
1 3 - 2 "j 
2 3 - 2 r 

8—10 
1 <>-?(> 
2 3 - 3 0 
3 0 - 4 0 

( ) - ] o 7 , 1 6 . 5 6 0 a 5 7 0 . 86 0 . 1 9 6 3 >7 
1 J - ? 8 . • i > 5 , u 0 4 'J rt . r> 1 0 . 6 5 6 
2 0 - 2 ? i.) a 1 ' - 5 a 5 0 0 a ':> o 0 . 7 5 0 . 3 6 5 7 6 
2 o - ' ' 5 r • a 3 0 5 . 6 0 0 a 7 0 x . 90 1 . 0 1 4 2 0 
4 8 - 4 7 '"> a 3 0 5 • ou 0 . 47 0 , 9 2 0 . rtrt 576 
AT 1 J 6 A a 5 . 5 0 0 a 2 1 0 a x3 <:•. 17 13 9 6 

0 - 1 0 rt . 6 0 6 a 3 0 0 a i i 
X J U . 33 o . 3 0 7 2 0 

1 7 - 8 2 "> . o 5 5 . 1 0 0 . 0 0 . 90 0 . 37 6 8 0 
3 0 - 3 6 5 a 6 2 4 . 0 0 0 a 4) 4 6 . 9 5 o . 3 4 4 80 
4 0 - 4 2 4 . 'rt 4 4 . 1 5 0 . 89 1 . 32 0 . 60 9 6 0 
5 0 - 6 0 4 . 7 5 4 . H 0 , 6 0 j. , 37 0 . Hp 62 0 

3 • 16 
o . : 8 
3 . 3 6 
4 . 23 
3 . 4 7 
3 , c: 9 

3 . 4 5 
3 . 6 2 
3 . 6 3 
3 . 5 7 
4 . 7 1 

1 . 34 
1 a JO 
1 . 4 8 
2 . 2 0 
1 . 6 0 
2 . 1 ? 

1 .60 
1 . 76 
1. 60 
1 . 5 2 
2 . 1 6 

0 . 7 7 2 
U . H 3 ? 
0 . 3 2 0 
0 . 2 3 2 
0 . 3 2 8 
v . v 3 c 

0 . 3 2 2 
0. 160 
0 . 0 6 7 
0. 028 
0 . 0 1 5 

0 , 8 7 y 
0 . 8 7 0 
0 . 3 1 o 
0 . 6 4 ? 
0 . 3 5 2 
0 . 9 1 0 

0 . 34 0 
0 • 4 o 6 
0 . 4 2 4 
0 . 1 4 6 
0 . 6 3 1 

L.O.I. 

X • 9 5 5 . 40 0 . / .j •a x * 97 0 . 5 6 8 40 3 . 20 1 . 6 4 0 . 0 O 9 0 . 2 4 7 1 2 , 61 X 1 > a 2 9 , 4 5 0 . 4 7 0 . 6 0 1 04 0 3 . 4 M 1 . 6 4 0 . 4 0 3 o . 3 83 1 8 , • • N 
* 1 5 . rt X 5 . 18 0 a _»4 2 « 4 0 0 a 4 4 6 4 0 3 . 6 1 1 . 8 8 0 . 0 rt G 0 . rt 8 8 i : . 8 4 

•/ . 1 8 4 . 70 vx a 1 a v> P, 0 . 74 5 7 6 X a 47 1 a G 4 0 a 1 9 9 0 a 128 17 . 1 1 
4 , 4 , • > 0 . 7 1 i. < 12 1 . 12 3 1 2 4 , 0 0 C , 24 0 . 05 0 0 . 9 . 5 7 '+ a 4 . 45 6; a 6 1 t 1 . 0 3 ^ A A 4 . 2 6 • 16 0 . 0 3 7 o . 5 52 8 a 3 5 
r a 4 0 5 , 7 0 0 a rt rt i a 13 0 . 6 0 1 4 7 0 3 . 9 G i 

X . 76 G. 4 3 ? o . 3 2 0 1 X X x a 9 f 
7 0 t-

' a 
4 0 0 . 7 2 a 2 4 p. 6 6 "1 1 Q ? 3 . • «4 L . 7 6 0 . 29 0 0 a x 7 1 3 . 5 5 a n i) 4 , '-/ X 1 . 07 L. « 8 O 1 . 0 4 1 1 4 4 7 » 4 1 -> 

» 6 4 V * 135 J . 4 9 6 1 0 . 7 rt 
a 8 J 4 , 7v rt 6 a 9 4 i; , 4 5 712 3 a 3 rt 1 a 5 p A 

X » 1 40 0 a 8 36 1 2 a rt 8 
6 a J 4 . 60 0 a •1 8 0 a 9 .4 U . 4 7 8 3 ? 3 . 6 3 1 . rt. 4 0 . 164 0 . 5 c 0 1 0 a Art 
x a 4 0 4 , i l> o . 8 1 1, . 4 0 0 . 5 4 74 0 3a 6 6 1 . 9 ? 0 . 104 0 . O rt 0 7 . 3 * a i rt 4 , P 5 0 a 2 o 1 t a 2 o 0 a 2 .1 310 3 a 1 0 L • c.> P rt . 02 7 0 , 7 p 0 ) 4 
4 • •1 , o 0 rt a 4 5 « 4 4 •0. 7 6 rt 8 n *J 

a 4 0 1 a O Q 0 a 022 0 . 1 PP 1 3 . 4 1 
1 • a -t . > rt a 0 (; 0 a o 2 I— • 69 1 . 1 0 6 0 0 4 * 58 1 . 8 rt 0 . 0 1 7 0 a 2 bO 1 4 . rt 7 
4 a 7S' 4 . 20 0 . 9 t. a 39 0 . 8 rt 4 7 6 4 , 3 0 2 2 0 . 0 1 3 0 , 5 6 0 5 . 9 6 4 . 3 5 i \ 

v' a 37 1 a 3 9 0 . 7 7 70 4 4 • 1 7 a 3 6 0 a 0 1 0 0 a 7 2 0 1 . 
L -

1 1 . 4 3 
1 2 . 3 4 
1 0 a ") 2 

7 . 3 7 
7 . 3 7 
1 . 7 4 

1 0 . <5 
7 . 91 
5 . 5 4 
6 . 2 i 
5, 51 N5 

-CO 
CO 



P r o -
f i l e 

No 

S o i l 
s e r i e s 

Samp 
No 

Depth 
(cms) PH w pHCa Se 

t 
Fe 

P 
A l 

P 
Mn 

t 
Fe 

t 

22 6 4 o - l c 5 . 4 . ) 4 , Of5 0 . 4 c; X . GO 0 . 4 6 10 2 3 4 . 10 
2 2 3 3 1 b - 7 < 1 5 . 7: 4 , 9 i •. '"3 f . 4 9 0 . 4 4 4 44 4 . 1 2 
2 2 8 2 2 8 - 3 4 4 . 7 5 0 . 4 9 T 

X . 5 t 0 . 8 8 G i b 4 . 4 8 
2 2 8 1 3 6 - 4 5 D . 6 -9 4 , 7 0 0 . 39 ]. . 49 1 . o? 3 9 4 . 40 

A l Ca Mg L . O . I . 

D26 Manod 

D36 Manod 

D23 

D25 

D27 

D30 

Sannan 

Sannan 

Sannan 

Sannan 

2 3 2 9 o - i ' ) . » -t 
2 3 2 8 1 <0 - 2 • i s) > • X, M ' "• . J . J V 
2 3 2 7 2 0 - 3 0 I'M 5 . GO 
2 3 2 b J 0 - 3 7 83 : , 2 o 
2 2 7 0 1 , 4 , L 0 2 2 6 9 1 0 - i 5 5 • 6 4 . 8 0 
22 6 8 2 0 - 2 6 ^ . 3 3 -T , 0 0 
2 2 6 7 3 0 - 3 5 :> • •VO 5 . o 0 
2 2 6 5 ? 0 - 5 5 5 * 8 5 5 . 0 0 

22 80 0 - 1 0 5 . 3 5 4 . 7 (.) 
2 2 7 9 
22 78 
2 2 7 7 
22 76 

1 0 - ? i) 
2 0 - 2 i 0 - 4 0 

o .,•'•> 
. • 1 j 

5 . 5 o 

4 . 2 0 
4 , 4 0 
4 . 5 0 

0 . 4 
0 . 3 
1. 1 
1 , 0 

6 . 5 
0 
0 , 9 1 
0 . 3 6 

0 , 5 3 
0 . 5 G 
0 r 3 i 
0 , 2 9 
0 , ;) -

1 . 2 
9 

'0 
U. 19 
1 . o 9 
0 . 0 , , 
0 . 6 5 

. 40 
o , 4o 
0 . 1 6 

• oG 
, 76 
. 2 U 

1 3 
07 

2 2 6 9 0 - i i • H . o •; 4 . 1 -X l) . 33 •2. 4 0 
2 2 8 8 L 5 - 2 •; . I v 4 . 3 5 ly . 2 4 o . 2 8 
2 2 8 7 2 o - 3 J 5 . 0 0 4 . 2 5 0 . 05 0 . o? 
2 2 8 6 4 0- '> •.) 4 . 0 0 • 0 0 0 . i ) t 0 , 02 
2 2 8 5 }t)~ 7 i) u. 4 0 4 . 4 5 0 . 04 >0 . 0 5 

2 3 0 4 • — 1 1 t. - 1 j i o . •-» b 6 . 4 6 
2 3 0 2 1 0 - 1 5 o . O ' 8 . 5 3 G . 5 I .' 0 . 5 7 
2 3 0 1 1 5 - 2 6 5 . 5 8 4 . 70 0 . 8 4 0 , 20 
2 3 0 0 4 0—4 0 3 , 1 b » r\ ' « 0 , 04 
2 2 9 9 5 0 - b 0 J * 

X f \ 
M > ' 

4 . 3 5 U . J 1 U . 05 
2 2 9 8 6 8 - 7 5 j . 2. 5 4 . 4 0 . 17 ' , o 1 

0 . 5 8 
0 . 6 1 
1 . 3 2 
0 . 0 5 
' • 7 7 
0 2 2 
0 . 1 0 
0 . 2 R 
0 . 3 6 

0 . 3 2 
0 . 37 
0 . 3 0 
0 . 3 1 
0 . 1 R 

0. 1 5 
0 . 1 0 
0 . 04 
0 . 0 4 
0 . 0 4 

0 . 1 7 
0. 2 0 
0 . 10 
0 . 0 0 
0 , 2 0 
0 . 1 8 

8 4 0 
6 2 q 

1 6 4 6 
1 0 4 4 

2^8 
2 4 4 
3 4 4 
2 3 4 
16 8 

2 40 
212 

96 
2 66 
344 

5 80 
512 

108 0 
1160 

600 

1 7 e 
11? 

96 
6 4 

108 
13 2 

2 . 1 6 
2 . 0 0 
2 . 9 b 
2 . 5 2 

0 . 2 3 1 
0 . 1 7 5 
0 . 0 7 2 
0 . 0 5 2 

0 . 6 4 0 
0 . 6 0 3 
0 . 7 1 2 
0 . 600 

1 0 . 0 3 
7 . 3 7 
7 . 0 2 
5 . 17 

4 . 6 4 1 . 6 6 0 . 76 3 0 . 2 8 0 1 6 . 14 
3 . 3 4 1 , 32 0 . 3 7 1 0 . 2 * 0 1 3 . 3 8 
4 . 24 2 . 3 ? 0 . 2 5 8 0 . 3 8 8 1 2 . 0 7 
3 . 6 5 7 . 4 0 0 . 1 6 5 . 5 2 0 1 ? . 2 7 
X • 1 4 I . 2 4 0 . 2 5 ' i 0 . 1 4 9 1 7. 7 5 
2 . 75 1 . 2 4 0 . 2 7 6 6 . 1 * 7 1 2 . 18 
4 . 7 1 1 0 . 2 1 9 0 . 1 * 6 3 . 3 5 
4 • 7 3 « 2 0 0 . 124 o . 7 5 3 5 » ? 7 L. . 76 . 1 2 0 . 0 5 4 6 . 6 4 8 3 . 15 
1 . 42 1 . 2 9 0 . 323 0 . 1 8 0 1 8 . 15 
1 . 27 1 . 3 6 0 . 2 5 6 0 . 1 7 ? 1 6 . 5 3 
1 . 0 1 1 . 24 0 . 1 0 6 0 . 1 7 3 5 . 7^ 
2 . 57 -> . 0 4 0 . 0 9 3 0 . 6 24 6 . 9 0 
3 . 34 ? i n 

» a. C. 0 7 1 9 . 7 97 4 , ? 5 

3 . 4 1 1 . 76 0 . 0 8 5 0 . o 5 6 8 . 4 8 
3 . 74 . 16 0 . 1 0 b 0 . 7 C 0 9 , 5 8 
4 . 60 2 . 2 8 0 . 0 3 9 0 . 8 50 2 . 4 8 
4 . 56 . 28 0 . 0 3 5 ) . e 7 0 ? . 17 
4 • 14 '5 . 1 6 0 . 0 5 5 o . 5 c 0 1 . 6 o 

2 . 82 I . 7 6 0 . 3 79 0 . 4 18 1 3 , 54 
3 . 6 1 2 . 2 4 0 . 3 1 9 0 . 4 3 2 1 1 , 2 i 
3 . 3 3 1 . 8 0 0 . 1 7 3 0 . 4 2 4 6 . 34 
1 . 49 i 

X , 70 0 . 1 4 2 0 . 2 4 8 5 . 42 
1 . 34 1 . 7 2 0 . 0 9 1 0 . 5 2 4 4 . 1 7 
2 . 0 3 1 . 64 0 . 0 6 d 0 . 6 24 3 . 77 N3 

-00 vO 



P r o -
f i l e 

No 

S o i l 
s e r i e s 

D10 Aled 

D33 Aled 

D4 Aled 

D7 I t h e l 

D34 I t h e l 

D1 H i rae thog 

Samp Depth 
No (cms) pH pH w Ca Se Fe A l Mn Fe A l Ca 

2 2 0 5 0 — 
2 2 0 4 1 A _ , 
2 2 0 6 J v- — J > 11 
2 2 0 3 3 0 - 3 - ; , 

2 2 0 2 J - i. 
2 2 0 1 _)';-<•> O 

2 3 1 6 i , — , , 
2 3 1 5 1 2 - J 
2 3 1 4 • - , -

2 3 1 3 4 0 - - •) rt 
2 3 1 2 - rt _ , ; 

2 1 9 2 0 ~ 1 X •-1 
2 1 9 3 1 2 - 2 x -

2 1 9 4 4 0 - A 6 f> 
2 1 9 5 7 J — 7 • 

2 1 8 0 0 — i v 5 
2 1 7 9 i >' — 6 
2 1 7 8 1 0 - 3 4 
2 1 7 7 5 i - — i* ) 

2 3 2 1 0-i ) •a 
2 3 2 0 i 0 — 2 '' -a 
231V 2 0 - 3 rt 5 
2 3 1 8 3 0 - 2 R 5 
2 3 1 7 3 + - '' x 1 

2 1 6 0 C,- f "J. 
2 1 6 1 9 - : . t 
2 1 6 2 19—7 -a 
2 1 6 3 .7 - j 

C • X v.-
» . 'rt 

' r ' N 
: 1 
. • ; 

. 7 0 

" i r x 

4 » A l. 
A. 7 5 

- . 1 0 
, 2.0 

4 . 2 J 
4 . I j 
4 . 3 0 
4 , 4 0 

0 a i A w » 33 Vx • i>9 
'' > a 13 rt a ' i, M a 07 
0 a 1 2 9 , 2 t 0 . OR 
0 a 1 1 0 a \ -> 0 . 04 
rt, , ii 7 0 . 1 rt X 0 . 0 4 
1 • 1 I 0 1 , X (., 0 . 0 4 

" ' . 7 • 
o » O t 
0 . 1 7 
0 . i 

rt- » 2 o 
rt , 2 3 
0 . 1 0 
0 . 0 4 

w , 4'-
: , 5 4 
1 . 3 7 
0 . 7 7 

; j , J 7 
(J. 7 3 
0 . 6 4 
0 . 3 3 
0 . 1 / 

G . 0 4 
0 * 6 4 
0 . 6 4 
0 . 0 4 
0 . 0 3 

0 . 3 K 
rt. 32 
0 . 1 4 
0 . 10 
•x. 
rt . >H 
2 , 9 0 
1 . .Mi 

1 . 'JO 
I . 09 
x » 4 9 
1 . 0 1 7 ? 

0 . 5 3 
0 . 5 6 
0 . 3 9 
0 . 1 4 
0 . 1 ° 

0 . 1 4 
0 . 1 4 
0 , 0 f 
0 . 0 3 

0 . 2 7 
0 . ? 9 
1 . 1 4 
l . O P 

0 a 4 0 

0 . 5 0 
0 . 6 3 
0 . 4 6 
0 . ?0 

1 0 0 I 4 h-
5 68 
54 0 
6 2 0 
5 0 4 

1 04 0 

a , o 
3 . 9 

3 . 1 
3 , 3 ' : 
3 . 8 4 
4 . 17 
3 , 91 

2 a 3 V) 
'' . 4 6 

1 . 0 rt' 
1 . 5 7 
1 . 9 6 
1 . 9 6 
1 a 0 2 

0 . 0 7 2 
0. )2H 
0 . 0 6 5 
0 . 0 7 0 
0 . 0 5 8 
0 . 0 2 6 
0 . 0 2 2 

Mg 

1 2 4 r 3 a L 2 1 
1 • *7 

1 I. 0 . 3 2 3 x a 7 9 1 
1 2 2 0 3 . rt rt 1 a. » A. rt 0 . 1 7 3 0 . 
1 5 ? o 3 « 1 5 1 . 5 6 0 . 0 " 1 0 a 7 
1 2 8 0 3 a 6:7 1 

X a 6 0 0 . 0 8 9 0 . 6 4 0 j 6 0 0 3 . 71, X • t. 0 4 0 Q rt 0 a 4 -'a '1 " 0 0 4 . 1 1 rt . . * 
1 a--i. 0 2 2 6 " ) . 3 9 7 

5 3 6 "> 

rt a cO 1 . 9 ; 0 . 1 5 3 0 . 4 1 rt) 
5 7 6 rt a 7 4 rt 

- . 1 Z 0 . 1 4 0 3 a 4 5 6 
8 OR 2 . .>9 2 . 2 R 0 . 0 6 5 f\ •j • 5 6 0 
2 9 6 3 a 3 2 2 . 6 4 0 . 0 5 2 0 . 9 6 0 
2 9 ? 3 . JR rt • J rt, ; a n 5 P 0 . 9 ? 0 

1 1 2 6 3 . 4 3 1 . 8 6 0 . 1 4 2 0 . 7 4 4 
1 1 4 4 3 . 6-2 ]. . 9 t 0 . 1 0 4 0 . 8 4 0 

9 0 6 3 . 9 1 1 . 6 6 0 . 0 4 6 0 . 9 9 rt' 
R 2 4 n, ' a 5 2 rt • 0 4 0 . 0 5 ?. 1 . 1 c. <-< XX 'X 

1 3 i. • 6 9 J • 6 n .' a 5 7 6 0 a 1 2 0 
1 1 6 1 a 6 1 0 , 4 0 0 . 

• x n ; • 3 . 0 * ', 
0 . 3 5 2 
2 a O 0 

0 . 6 0 0 
0 .451 
0 a 6 24 
0 . 7 8 0 
0 . 8 1 6 

2 . 7 0 / ) - . 4 i 0 . 2 6 0 . 2 0- 3.:> 0 . 4 6 0 . 6 0 0 . 0 7 4 9 
« x . rt , 4 4 1. , 1 

1 J 0 . 4 5 3 2 4 6 . 0 1 1 a I n 0 . 0 0 4 0 
3 a 70; 0 . X (- 1 . 3 5 0 . 4 3 4 4 0 2 . 9 0 1 . 4 4 0a 0 0 1 0 
2 a OJ 1 

X. . 1 4 4 a 0 0 1 . 4 7 7 0 4 3 • 7 6 2 . 7 6 0 . 0 0 8 0 

L . 0 . 1 . 

7 . 6 1 
4 . 8 ? 
3 . 1 3 
2 . 4 0 
2 . 0 ) 
1 . 8 7 

1 4 . 6 4 
1 3 . 1 ? 
i l . 

3 . 
7 . 

17 
6 3 

1 0 . 6 ? 
5 . 1 3 
1 . 7 ? 
1 . 3 5 

2 1 . 2 4 i -
X -< . J J 

1 3 . 5 5 
1 3 . 7 -

1 4 . 6 4 
1 7 . 7 ; 

6 . 6 ? 
5 . i 3 
3 . 3 9 

7 9,5 z 
1 0 . 4 7 

8 . 4 8 
1 3 . 7 6 

NJ VO 
o 



Pro-
file 
No 

Soil 
series 

Samp 
No 

Depth 
(cms) pH 

w Pt Ca Se 
t 

Fe 
P 

A l 
P 

Mn 
t 

Fe 
t 

A l 
t 

Ca 
t Mgt L .O . I . 

21 64 n - , <. 7 . 9 2, j. ' 4 4 V f A y • 3 8 . o 7 6 0 . 0 4 4 2 0 . 8 
2 1 6 8 i -:t - •. * . ' • " ) 1

 > . r. x -A A 1 ' 0 7 1 0 . 5 0 0 . 03 2 0 , 0 1 f; 3 D , 8 ') 
2 1 6 6 i f ) - : . • 

; , ) \ o . 3 0 14 0 . 5 3 8 4 0 , 3 6 1 . 04 0 . 00 6 0 . 0 5 1 2 . 7 6 
2 1 6 7 ? — , f ' ' C) 1 . 9 • i 

• 
; f. A 

.1 • 
i — y ' ) » 4 0 . 0 1 2 9 , 2 t u ? 0 r J J 

22 33 o - 9 A . M - V. * 8 7 U • 8 4 0 . 3 5 1 A 
i r o . 0 8 0 . 6 3 9 0 . u t 7 6 6 . 7 0 

22 32 1 7 - 1 1 ' X " a , •> > A . <2 ' ; • 4 7 n 0 , 8 7 u : o 0 . 6U6 0 . 1 0 7 1 3 . 6 + 
2 2 3 1 i • —,'1 • J. ••) J « j 5 » •J I ' 1 . 10 ' 2 o 4 . 'A / 

(.. 1 
0 . 0 0 ' 0 . 4 7 1 1 1 . 3? 

2 2 3 9 ^ - 1 .i J • 5 1 9 0 1 . A I • 7 4 0 . 1 7 ) i ) . 2 4 J . 0 4 9 0 . 0 3 2 o 4 . ; 7 
22 38 3 r - i 3 3 . 3 3 70 1 . 6 6 (i • '•> A 0 . 6 - 14 0 . 2 c 0 . 6 ' 0 . 6 2 7 0 . 0 1 1 4 'V . 7 4 
2 2 3 7 5 ; - - • 3 . 4P i 0 . ^ l 1 

C- ( ' : « v >7 V • • 3 3 4 'J . 0 9 0 , 6 0 0 . 0 0 1 0 . 3 3 n 1 o . 8 -
22 36 •»0- + . 2 , i •' < - 0 « 4 0 • 0 i. 0 . c. O L. 0 . i t 0 . 0 5 3 . 0 0 1 0 . 3 5 4 0 . 4 ^ 
22 35 4 . () • i •i t 7 5 /> 

• / • 8 4 1 4 5 0 . 4 6 1 120 4 . oc 1 . 6 2 0 . 0 0 1 0 . 2 c 7 5 . 13 
22 34 6 - v H . 7 5 i •; 0 . 3 3 r. » 4 1 o . 1 o 560 3 . 7 1 2 . 0 9 0 . 06 3 0 . 7 3 6 2 . 37 
2 2 4 1 1 8 — 4 » + . I D 7 3 1 . 4 o 2 * 5 0 0 . 7 J 2 2 2 I 0 . L . 3 2 0 . 0 0 ? 0 . o 3 3 14 . 7 • 1 

22 59 •l - . 7 » M i . 6 4 • • • 4 7 1 8 J . 7 2 0 • 7 9 3 . 0 5 7 0 . 0 3 H 1 . 4 > 
22 58 J . - ! V. : • 7 ; 

•J , 1 9' c • 78 0 • A; 6 . 4 7 16 1 . r c 0 . 0 o 0 . 0 1 2 0 . 1 0 3 10 . 6 6 
2 2 5 7 L 5 - 2 ' »~ i i 4 ! ) 4 3 0 « 7 r 0 . 4 74 1 . 57 0 . 3 6 0 . 0 1 3 0 . 0 - 1 1 0 . 3 ) 
2 2 5 6 .1 3 —0 ' 4 » 5 0 70 ]. . 5 'J 4 « ' b 0 . O M 4 0 0 <.J * 17 2 . 4 0 : . o o 4 v' , 4 41 X J « 6 4 

22 30 
L

i — ! '- 3 . << :• 5 3 1 » 1 4 t, 8 0 • 4 P, 0 . 72 1 <•' 0 . 1 3 6 0 . 0 6 6 0 5 . 8 7 
2 2 2 9 3 0 - V . 3 . 1 5 X. t 6 0 0 . L1 ^ i • « 3 8 0 . 10 x • 0 . 4 6 b I 14 0 . 00 1 0 . 0 6 3 4 7 . 16 
2 2 2 H y C - ' . 9 > 3 0 .. » 6 0 * 

•> i 0 . 4 6 12 0 . 3 4 0 . 0 1 0 0 . 0 2 7 3 1 . 
2 2 2 7 •6 7 ••> 4 . 7 "> 0 , 5 0 0 0 6 0 . 27 1 . 74 0 , 0 0 1 0 . 5 6 6 0 . 4 7 

2 2 4 6 6 - 1 . 3 3 . 7 0 1 r. 
X .' A' « 7 0 1) « 8 8 0 . 5 0 6 9 1 . 13 0 . 5 0 0 . 178 0 . 0 4 Q 05 . J J 

2 2 4 3 2 0 - 2 > 3 . "J-.! J . o 0 0 . 3 < 0- * oG 0 . 0 7 48 0 . 73 0 . 1 1 0 . 0 4 3 0 . 04o Oo. 0 8 
2 2 4 4 3 3 — 4 i 3 r O 5 (.. • 

Q n A 
J « 

T j * 14 0 . 3 2 37 1 . O 9 
(.. 0 . 4 4 0 . 0 1 0 0 . 0 4 4 3 4 . 5 5 

2 2 4 3 4 5 - v ; . 3 . J5 J 4 <3 "» . 31 i i i 0 •> o . + 1 12 0 . 4 6 1 . 1 ? 0 , 0 0 3 0 . 0 4 8 64 . 51 
2 2 4 2 o 0 - 6 J 4 . 0 O 3 « 0 5 0 . 4 1 0 t 17 0 . 2 3 1 7 6 2 . 0 6 1 . 8 4 0 . 0 0 6 0 . 5 3 3 5 . 0 0 

D2 

D1 6 

D17 

Hiraethog 

Hiraethog 

Hiraethog 

D21 

D1 5 

D18 

Hiraethog 

Caron 

Caron 



Pro-

file 

No 

Soil 

series 

Samp 
No 

Depth 
(cms) PH w pHCa Se 

t 
Fe 

P 
A l 

P 
Mn 

t 
Fe 

t A 1 t 
Ca 

t Mgt L . 0 . I . 

2 2 1 4 l — 8 A . i . . o 0 t r 8 <-• X » V- 1 0 . 8 1 i . 7 6 0 . 9 6 c . 0 7 3 0 . 0 t. 9 6 1 . 3 8 
2 2 1 5 5 - 1 u 3 • 9 - 8 , 5;J 0 . 9 0 0 . 49 0 . 4 5 32 1 . 35 1 . 20 0 . 0 0 9 0 , 0 9 9 2 1 . 55 
2 2 1 6 I 2 - 1 7 -t . '3 8 0 1 . 4 7 1 , 4 9 0 . 7 0 1 5 2 5 . 0 4 2 . 2 0 0 . 0 0 4 0 . 4 7 9 1 1 . 1 8 
2 2 1 7 ,1 1 „. , 7 » r < 4 , 6 0 0 . 4 7 0 . 5 5 0 . 3 * 224 * . 0 6 2 . 3 ? 0 . 0 0 1 C 2 - 1 4 • ? 
2 2 1 3 2 6 - 3 8 X » -» , ] 5 0 , 2 o 0 . 39 0 . 2 4 2 26 3 . 7 1 2 . 1 b 0 . 0 1 1 0 . 9 7 0 3 . J 7 

2 2 2 6 l") — 1 • f 1 . 1 5 • ' n 

J. • i- • 
0 , 2 2 56 1 . 4 2 0 . 2 5 U, OIL) 0 , 0 8 6 9 5 . 3 ? 

2 2 2 5 15 4 » 0 1 8 4 5 ] , 5 2 2 . 9 4 0 . 9 4 11? 5 . 19 0 . 9 8 0 . 0 3 ? 0 . 0 3 4 6 4 . / -1 -r 1 
2 2 2 4 i " ~ ' t . 1 7 0 0 . 4 4 0 . 4 1 0 . 4 C 1 1 6 1 . 2 1 1 . 2 0 0 . 0 1 2 0 . 0 3 1 2 1 . + i 
2 2 2 3 2 i - : : • x , 8 •) 4 , oO 1 . 2 • 1 . 2 0 0 . 5 « 35 6 3 , 9 6 1 . ' • 4 0 . 0 2 4 0 . .) ? H 2 4 . 7 7 

2 2 2 1 ' i - 2 4 , ~> -x , 0 0 1 . 3 ? 4 . 2 0 0 . o o 1 1 6 0 8 . r t< 2 . 0 4 0 . 0 2 1 - . . ^ • t̂  4 9 
2 2 2 0 3 2 - I x 9 0 0 . ?u O , 6 : 0 . 1 * 4 00 1 . ^ 8 1 . c, 0 0 . 9 0 7 . 3 0 0 u , 7 7 
2 2 1 9 4 - ••<: 1 4 . 5 9 4 , 0 0 0 . 1 7 0 . o 7 0 . 1 7 8 4 • j 

x . 9 2 2 . 2 0 . 0 1 3 0 . 7 9 7 x x . 8 ? 
2 2 2 2 \ T ? ' . • i n r < 1 . . i i « .11 9 , 4 3 2 4 L i . i '/ ? ,0,4 o. 9"-! 2 . ) . 9 1 -: 1 * . J 6 

22 5 1 - 1 f 7M ] 1 = •0. 9 3 1 , 6 4 0 . 1 7 I f J . 10 0 , - 0 . 2 U .2 0 , 0 4 6 8 7 . ' 

2 2 50 1 2 ~ ' •j J X # — 4 . 2 4 0 , 4 0 1 3 4 . 29 0 . 6 4 : . 0 ? 2 0 . 3 i 3 3 4 . 3 2 
2 2 4 9 ~ '< — "> i, . 8 J 4 9 0 . 7 2 0 . 5 0 0 , 8 0 1 2 0 . 8 8 1 . 3 6 0 . 0 0 6 1 5 , 7 3 
22 4 8 J 2 - • » . 9 7 , 7 0 0 , 3 " 0 . J ! ; 0 , 1 A 1 7 0 •1 .» » 9 1 > > > \ 

— » 1 0 . 0 1 3 0 . 7 87 5 . 1 7 
2 2 4 7 — i • .J 4 . 4 ) i) o , : o 0 . i 3 0 . L 0 2 1. 6 4 . 8 6 x » x :'.. 3 . 0 • 14 J r 4 .! O 8 » 3 7 

2 2 5 5 j j, , x O 6 . 7 : 0 , 4 5 0 , 3 4 6 . 4 >', 0 . 7 ? 0 . 0 2 4 0 . 0 2 4 4 5 . 2 7 
2 2 5 4 2 2 - 2 7 i • 3 . 0 0 0 . !.' 1 u . ? 6 0 . 7 0 4 0 . 3 9 1 . 0 4 0 . 0 07 0 . 0 1 4 3 7 . 7 9 
2 2 5 3 4 (1 — 8 . r, M 8 0 0 . 4 8 o , 03 0 . 5 7 I f « 1 

X » 9 7 1 . 9 6 0 . 0 0 ? 0 . 3 5 6 1 2 . 5 9 
2 2 5 2 4 " - 4 ; 4 , 4 9 j ' ) 0 . 3 • 4 , 0 4 0 . 2 3 3 4 0 .1 » 9 I .... . — 0 . 00 5 0 . t 1 5 6 . 6 6 

22 75 6 - 1 \ 6 8 8 , 3 8 ' • , 6 5 o . 70 0 , ? 4 5? 0 . 7 2 0 . * 0 0 . 02 9 0 . 0 3 6 6 5 . 4 0 
2 2 7 4 « 7 ;; -5 . 3 0 ( . . 8 8 •8.1 9 0 . ? 4 1 O r • 1 1 

x C 0 . 6 4 0 . 0 0 4 0 . 0 1 9 4 2 . 7 1 
2 2 7 3 . 8 8 ] o 0 . 2 0 6 . 0 4 0 . 4 4 4 0 . 13 0 . 9 ? 0 . 0 0 3 0 . 0 27 1 1 . 3 4 
2 2 7 2 4 1 i' 4 '/ o . ?

 £
: 0 , 08 0 . 5 4 8.0 1 . 22 1 . 7 6 0 . 0 0 3 0 . 3 " 3 1 0 . 6 3 

2 2 7 1 « * 8 8
 # 7 •) 0 r 3 2 o . 15 0 , 5 3 1 5 6 X . 2 5 2 . 1 2 0 . 0 0 6 0 . 7 2 3 d» ••> i 1 i 

D13 Ynys 

D14 Ynys 

D19 Ynys 

D20 Ynys 

D24 Ynys 


