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I N T R O D U C T I O N  

The International Symposium on Acid Sulphate Soils was held at Wageningen, The 

Netherlands, from August 13th to 20th 1972. Its aim was to summarize all available 

information and to present recent advances in research on,  and management of, acid 

sulphate soils. 

The initiative for the Symposium was taken in 1970 by Mr.J.K.Coulter, Rothamsted 

Agricultural Experiment Station, United Kingdom, when he was visiting the Depart- 

ment of Regional Soil Science of the University of Agriculture, Wageningen. The 

idea was worked out by an Organizing Committee of the following composition: 

CHAIRMAN L.J.Pons, Department of Regional S o i l  Science 
University of Agriculture, Wageningen 

Harpenden, United Kingdom 

University of Agriculture, Wageningen 
(until April 1st 1971). Since that date: 

H.Dost, International Institute for Land Reclamation and Improvement 
Wageningen 

and 

VICE-CHAIRMAN J.K.Coulter, Rothamsted Agricultural Experiment Station 

SECRETARY N.van Breemen, Department of Regional Soil Science 

REPRESENTATIVES OF 

University of Agriculture, Wageningen 

Department of Irrigation 
Department of Land Improvement and Reclamation 
Department of Microbiology 
Department of Soil Fertility, Soil Physics and Chemistry 

Soil Survey Institute (Stiboka), Wageningen 

University of Amsterdam 

Physical, Geographical and Pedological Laboratory 

The Organizing Committee obtained the indispensable support of various organiza- 

tions: the International Society of Soil Science sponsored the Symposium; 

the University of Agriculture, Wageningen, gave financial support; the Interna- 

tional Agricultural Centre, Wageningen, acted as executive agency; the Soil 

Survey Institute, Wageningen, the IJsselmeer Development Authority, Kampen, and 

the International Institute for Aerial Survey and Earth Science, Enschede, con- 

tributed to the organization of excursions; the International Soil Museum, Utrecht, ' 

lent an acid sulphate soil monolith from Thailand for display during the sympo- 

sium; FAO, Rome, had a world map of acid sulphate soils prepared and presented; 
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the International Institute for Land Reclamation and Improvement, Wageningen, 

took upon itself the task of editing and publishing the Proceedings. The Orga- 

nizing Committee thanks these organizations for their generous co-operation. 

The program of the Symposium included two general and eight ad hoc sessions and 

two day-long excursions. One excursion was to the typical acid sulphate soils of 

the coastal lowland and the other to an interesting odd case of a fossil acid 

sulphate soil in an upland setting. The Symposium was opened by Dr P.Buringh, 

Chairman of the Board of the University of Agriculture, Wageningen. During the 

opening session Dr L.J.Pons, Chairman of the Organizing Committee, outlined the 

subject. The closing session centred upon the formulation of recommendations. The 

eight ad hoc sessions dealt with the following topics: 

I .  

2 .  

3 .  

4 .  

5. 

6. 

7 .  

8. 

Formation and accumulation of sulphides 

The genesis of Acid Sulphate Soils 

The influence of acidity on ion exchange characteristics and the develop- 
ment of structure stability 

The identification of potential Acid Sulphate Soils 

Physiography, classification, and mapping 

The effect of extreme soil acidity on the nutrient uptake and physiology 
of plants and microorganisms 

The management of Acid Sulphate Soils and Pseudo-acid Sulphate Soils 
for agricultural and other uses 

Reclamation and improvement of developed and potential Acid Sulphate Soils. 

Taking part in the sessions and excursions were 87 participants from 25 countries. 

Their names are listed on page X I I I .  During the sessions the topics were introduced 

by lectures, supplemented by concise reviews of the relevant research papers pre- 

sented for the Symposium'). Roughly half of the available time was reserved for 

discussions. The documentation available to the participants consisted of preprints 

of seven introductory papers and twenty-six research papers, an excursion guide, 

the FAO map showing the world distribution of acid sulphate soils, together with 

literature references, a draft for normalized nomenclature and various circulars 

pertaining to details of the program. During the sessions all speeches, lectures, 

summaries, comments and discussions were recorded on tape. Together the documen- 

tary material has outgrown by far the proportions of the space and means available 

for its editing and publishing. The present Proceedings therefore had to be limi- 

ted to the content of the papers and the essentials of discussions and organiza- 

tional data. 

+)  Reviews were presented by Mr.J.van Schuylenborgh (August 14th and 1 5 t h ) ,  Mr.C 
Bloomfield (August 15th), Mr.J.Vieillefon (August 17th), Mr.F.R.Moormann and 
Mr.F.N.Ponnamperuma (August 19th). 
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The Proceedings are being published in two volumes. The first contains the intro- 

ductory papers, the world map, a bibliography and information pertaining to the 

follow up of the Symposium - i.e. the text of the recommendations and the names 
and addresses of the members of the Working Party for Nomenclature and Yethods, 

which was established during the final session. The second volume contains the 

research papers. Discussions are added in so far as they have been recorded in 

writing by the participants during the sessions. 

The Bibliography in Volume I originates from the literature study on which A.Ka- 

walec, FAO, based his map of the world distribution of Acid Sulphate Soils. The 

literature study itself was far too voluminous for complete publication in these 
Proceedings. Its literature references have been incorporated, in an adapted form, 

in the Bibliography and in the Geographical References that accompany the Map. 

Since the establishment of the Working Party for Nomenclature and Yethods, it has 

heen augmented by three more members, representing Thailand and North and South 

America. The Working Party will devote itself to the selection and definition of 

generally acceptable criteria, methods and nomenclature for the study of Acid 

Sulphate Soils. At the same time it will function as a sequel to the present 

Organizing Committee, and the complete archives of the Symposium will remain 

in its care. 

On completion of my editing job I should like to thank the Organizing Committee 
Of the Symposium and the directorate and staff of the International Institute 

for Land Reclamation and Improvement for giving me the opportunity of doing this 

very instructive work. Special thanks I offer to N.van Rreemen, my predecessor as 

Secretary of the Organizing Committee, for his continuing interest and support. 

+) 

H.Dost 
Editor and Secretary 
of t h e  Organizing Committee 

+ )  The address Of the secretariat of the Working Party on Nomenclature and Methods 
is: Department Of Kegional Soil Science, University of Agriculture, Duivendaal 
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R E S O L U T I O N S  A N D  R E C O M M E N D A T I O N S  

The participants of the International Symposium on Acid Sulphate Soils, convening 

at Wageningen, The Netherlands, August 13-20 1972, and considering the contents 

of the papers presented and the tenor of the discussions, recognize that Acid 

Sulphate Soils are problem soils which normally require expensive inputs for im- 

provement, and that only in special circumstances should these soils be given a 

high priority in reclamation. 

Nevertheless, they emphasize that where these special circumstances do occur, e.g. 

in areas where population pressure is demanding the cultivation of  Acid Sulphate 

Soils or where such soils are already being cultivated, reclamation and improve- 

ment have to be considered. 

Considering further that although certain clearly recognized principles are invol- 

ved in the reclamation, management, and improvement of Acid Sulphate Soils, the 

application of these principles to suit the divers local conditions, in many 

instances requires further applied research. 

In the context of the above considerations and recognitions, the participants re- 

commend that during the coming years special attention be given to the following 

subjects and problems: 

I. The relationship between pyrite formation and specific combinations of 

vegetation, flooding patterns, and types of deposits. 

This subject is considered of special importance for both the use of remote sensing 

techniques in soil surveying and for soil and water management practices. It im- 

plies the study of what is often called the primary and secondary pyrite formation. 

2. The relationship between the characteristics of sulphidic soil material 

and the dynamics of acid sulphate soils during development, in the field and after 

handling in the laboratory. 

Sulphidic soil material is very sensitive to air oxidation and characteristics 

may change within days after sampling. Also for the comparison of laboratory 

experiments with field conditions, it is considered of importance that these 

experiments simulate field conditions more closely and that the results obtained 

with the laboratory models be correlated with those of controlled field experiments. 

Important factors that need consideration are: kinetics of pyrite oxidation,closed 

versus open systems, spatial differentiation of soil acidity on a microscale. 

3. The dynamics of water soluble Fe and Al and of N, S, and pH in seasonally 

waterlogged acid sulphate soils, bearing in mind the wide differences in behaviour 
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of such soils in terms of pH changes, ferrous iron contents, etc. An effort should 

be made to relate these dynamics to soil properties measurable in the dry state. 

This subject is of special importance in tropical areas where populations depend 

for their subsistence on rice growing on Acid Sulphate Soils. 

4 .  Investigations of the behaviour of Al in respect to the structural stabi- 

lity of Acid Sulphate Soils and its interaction with such amendments as lime. 

Such research is expected to be of particular benefit to agricultural production 

on drained Acid Sulphate Soils and also to contribute to a better understanding 

of the productivity of Para- or Pseudo-Acid Sulphate Soils. 

5. Quantitative field methods for the identification of Potential Acid 
Sulphate Soils and for the evaluation of their potential acidity. 

Improvement of these methods is required to enable more precise and accurate 

soil survey and land classification. 

6. The development and use of well defined and generally acceptable diagno- 

stic criteria, descriptive and analytical methods, and nomenclature in research 

and in reporting. 

This is urgently needed for world wide correlation of data and exchange of informa- 

tion. The convention agreed to the establishment of a working party to select 

and define such generally acceptable criteria, methods, and nomenclature. It 

Was suggested that this working party present its results to the International 

Society of Soil Science in 1974. 

7. The performance of vegetations, plant species and varieties important 

for reclamation and agriculture, with respect to the presence of major toxic 

of Acid Sulphate Soils, i.e. Al, Fe, and S compounds. 

Detailed study in this field is considered very important for widening the agri- 

cultural Possibilities of these soils. 

8 .  Long term, well monitored field experiments with various combinations 

of reclamation methods and soil-water-crop management systems. 

These experiments should be conducted in at least two key areas i.e. in tropical 

rainy and in wet and dry tropical environments. The convention hopes through 

this recommendation to interrupt the long standing vicious circle of insufficient 

information and abortive trials. 
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9. The exchange of relevant data among field and research workers. 

The convention recommends that the working party for methods and nomenclature, 

mentioned sub 6 ,  promote this exchange for the time being and that in due course 

another International Symposium on Acid Sulphate Soils be organized, preferably 

in one of the tropical areas concerned. 

Having recommended the above topics, the convention wishes to stress that these 

topics represent those aspects of Acid Sulphate Soil Research that merit special 

attention in studies and schemes in the majority of the world's large Acid Sulphate 

Soil Areas. At the same time it does not deny that, locally, other problems might 

well deserve higher priority. The present recommendations express a careful ba- 

lancing of specificity against generality and as such they provide a frame of 

thought which may serve t o  guide soil scientists, agronomists and other persons 

involved in deciding on priorities in the specific areas under their consideration. 
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A N D  B I B L I O G R A P H Y  



OUTLINE OF THE GENESIS, CHARACTERISTICS, CLASSIFICATION AND IMPROVEMENT 
OF ACID SULPHATE SOILS 

L .  J .  Pons 
Department of Soil Science and Geology 
Un iver s i t y  of Agriculturse, Wageningen 

Soil science and its various branches are rapidly extending. No wonder that for 

the last ten years we are witness to an increasing number of international sympo- 
sia devoted to specific soil phenomena or categories of soils. The present Sympo- 

sium on Acid Sulphate Soils illustrates this development. Also for these soils the 

fundamental research is progressing rapidly whereas 

causing practical problems all over the world. 

this Symposium in such large number in order to exchange and to discuss experien- 

ces and to co-ordinate possible future efforts. 

In the following outline of our subject I will try to sketch the development of 

research against the historical background of practical experience$. This sketch 

will he followed by discussions on the present state of problems and by specula- 

tions about possible solutions in the context of the specific topics listed in 

our program. But first some definitions. 

Some definitions 

For the subject of our symposium we choose the name "Acid Sulphate Soils" used 

in the widest sense of the expression. As such this expression pertains to all 

materials and soils in which as a result of processes of soil formation, sulfuric 

acids either will be produced, are being produced or have heen produced in amounts 

that have a lasting effect on main soil characteristics. Traditionally the ex- 

Pression "Acid Sulphate Soils" is often used in a narrower sense for soils with 

cat clay phenomena. "Cat clay phenomena" are a combination of conspicuous straw- 

yellow jarositic mottles and a very low pH causing Severe problems in agriculture. 

These phenomena come into existence after drainage and aeration of originally 

waterlogged and reduced parent material containing excessive amounts of sulphides , 

at the same time they keep 

I am very glad that you have joined 

Pyrites. The oxidation of the sulphides readily produces acid sulphates, 

which are Partly neutralized by readily neutralizing components and possibly 
Partly leached; the remaining acid attacks the clay minerals, thereby causing the 

liberation of Aluminum ions in amounts toxic for plant roots and microorganisms. 

In the following we will precise the soils in which these processes actually are 

taking place by calling them "actual" or "developed acid sulphate soils" and the 

as yet totally reduced parent material will be indicated as "potential acid sul- 

phate soils" or "sulphidic mud". Possible other precisions will he defined when 

they are introduced. 
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World wide distribution 

Acid sulphate soils in the broad sense are occurring in all climatic zones of the 

earth. The map presented for this symposium by Kawalec, gives a good idea of 

their world wide distribution. This map also demonstrates that the majority of 

acid sulphate soils occurs in coastal areas and is developing in recent or sub- 

recent marine sediments. Yet sulphidic materials, suitable to produce acid sul- 

phate on oxidation are by no means restricted to recent marine sediments. They 

occur in many sedimentary rocks that may even date from Pre-Cambrian times. The 

rare incidence of actual acid sulphate soils in continental environments can be 

explained by the close relation of acid sulphate soil phenomena with initial soil 

formation. In the history of older landsurfaces these soils are only transient phe- 

nomena. In fact the rare reports on inland acid sulphate soils pertain mainly to 

isolated phenomena, e.g. actual acid sulphate soils on sulphidic materials that 

obtained their sulphides from pyritic "rocks", or fossil acid sulphate s o i l s  deve- 

loped on outcrops of the same kind of rocks. However, where, e.g. near lignite 

quarries or coal mines, pyritic material is brought to the surface actual sulfu- 

ric acidification may become a serious problem for restauring vegetation on spoil 

areas, or it may cause pollution of rivers with sulfuric acids. These are real ca- 

ses of acid sulphate soil formation and belong to our sphere of interest. For the 

present outline however, I would like to restrict myself to the prevalent acid 
sulphate soils of coastal areas, and I would like to start with those of The 

Low Countries. 

Historical notes on nomenclature 

In The Netherlands acid sulphate soils have been known for ages and since the 

18th century they have drawn scientific interest. According to Poelman, who is 

well acquainted with the older literature as may also appear from his contribution 

to this Symposium, the famous Linnaeus was the first to describe our acid sulphate 

soils. This was in 1735 when Linnaeus was working on a classification of rocks, 

minerals and soils of our country. He used the expressions argilla vitriolacea, 

meaning clay with sulfuric acid, and argilla mixta fusca, vitriolico salsa: 

mixed clay, brown, with the taste of sulfuric acid salts. 

In 1 7 7 1  Le Franc van Berkhey published a natural history of Holland in which he 

distinguishes two kinds of cat clay: "black peaty cat clay" and "blue cat clay". 

At this time "cat" was used in Dutch vernacular as a prefix connotative of harm- 

ful, mysterious influences or qualities. People dredging peat for fuel and far- 

mers using mud for fertilizing soils used the term "cat-clay'' for sulphidic 
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mud, but also for various other kinds of infertile, waterlogged or markedly 

mottled soils, including actual acid sulphate soils. The exclusive use of the 

Dutch "kattekleigronden" or "cat clay soils" in English, for acid sulphate soils 

dates only from the time when the first regional soil investigations were carried 

out (Hissink, 1923) and especially when the soil survey started in The Nether- 

lands (Edelman, 1 9 4 8 ) .  

Mystery and evil is at the origin also of the vernacular names used in Northern 

Germany. Benzler (this Symposium) reports the name "Maibolt" for clay with jarosi- 

tic mottles, "Mai" stending for "Maifelder" or hay fields and "bolt" for "Kobolt" 

a kind of evil ghost. No doubt similar expressions of unfavourable opinions on 

acid sulphate soils must exist in many other languages, because it is a curious 

fact that all over the world these unfavourable soils with their striking mor- 

phological features did attract farmers and subsequently deceived these farmers in 

their expectations. In this respect the early occupational history is very much 

the same for many coastal alluvial plains and deltas. 

Occupational history of coastal low lands 

Actual and potential acid sulphate soils are occurring in areas that are flat, 

badly drained and suffering from saline, brackish or fresh water floods. They 

consist largely of swamps and marshes. Vast depressions may be filled in with 

Peat, their mineral soils being permanently waterlogged, reduced and unripe. 

River levees or beach ridges are often the only culminations. Early occupation 

concentrates frequently on such culminations that adjoin vast tracts of even 

herbaceous fresh water marshes. 

game, and relatively fertile naturally drained soils. In the marshes there is 

room for extensive rice cultivation or cattle raising. Often the rivers 

Initially these sites provide ample fish, fowl and 

provide also plenty fresh irrigation water whereas tidal amplitudes enable some 

drainage by simple devices. The farmers start with using these natural advantages of 

the estuaries and coastal marshes. At that time the possible presence of poten- 

tial acid sulphate soil in the marshes is not apparent and does not bother the 
farmers as they do not drain intensively. Actual acid sulphate soils are avoided 

Or in caSe Of inadvertent development, abandoned for new land. Then, as new land 

becomes scarce, the farmers gradually learn to live with possible acid sulphate 

soil problems, often at the cost of enormous sacrifices, which rarely are assessed. 

Various contributions to this Symposium describe very interesting instances of 

traditional adaptation of agricultural systems to acid sulphate soil conditions. 
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Better known were until now the instances that large scale reclamation or impro- 

vement of coastal marsh land with the aid of modern techniques of water control 

and drainage, resulted unexpectedly in actual acid sulphate soil phenomena and 

inproductive soils. Unexpectedly, because the waterlogged and reduced sediments 

to be reclaimed, to the responsable engineers seemed to be very homogeneous 

and similar to sediments reclaimed successfully earlier. By now we know the causes 

of this problem and in some cases its remedy, and we claim that acid sulphate soil 

conditions can be predicted. This knowledge, however, is relatively novel, and 

in many cases the only safe advice we are able to give is: leave it alone. To the 

venerable acid sulphate soil problem such advice is at best only half an answer. 

The history of the polders in Holland offers some instructive examples in this 

respect. 

The reclamation of lake-bottoms in The Netherlands 

In the lower parts of Holland modern drainage techniques were introduced in the 

17th century. At that time it became possible to reclaim marshes and lakes with 

the aid of windmills. Some of the polders reclaimed from lakes were reported a 

complete success because, as we know now, the lake bottoms contained highly calca- 

reous sediments. However, in the majority of the reclaimed lakes areas of actual 

acid sulphate soils appeared shortly after drainage, causing grave disappointments 

and important losses of investments both for the reclaiming companies and for the 

individual settlers. The farmers tried to minimize losses by maintaining very 

high groundwater tables, thus preventing further oxidation of sulphidic muds. They 

had to concentrate on grassland and dairy farming but with the prevailing high 

watertables productivity remained low. 

In spite of the difficulties with the majority of lake bottom reclamations the re- 

clamation went on until 1852 when the largest of the lakes became the Haarlemmer- 

meerpolder (Polder Lake Haarlem). Large parts also of this lake bottom consisted 

of sulphidic muds and during the first ten years after reclamation high groundwater 

tables were maintained. All the same the grass suffered both from acidity and water- 

logging and for the first generation of settlers disaster seemed unavoidable. 

In 1856 a soil scientist, named Van Kerckhoff, was called in. He concluded, after 
chemical investigations that the infertility was caused by the presence in the 

soil of ferric vitriol originating from the weathering of ferrous sulphide. In 

fertile soils ferric vitriol was found absent but these contained calcium carbo- 

nate and therefore Van Kerckhoff recommended lime as  an amendment for the cat clay 
soils. Then some farmers discovered that ploughing only to 30 cm depth brought up 
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so much lime that the acids could be completely neutralized. Apparently relatively 

shallow sulphidic layers were underlain by highly calcareous sediments. From then 

on it became a regular practice in the Haarlemmermeerpolder to bring up calcareous 

subsoil layers and this, together with improved drainage, turned this polder into 

one of the most productive agricultural districts of Holland. 

Van Kerckhoff's positive contribution to the solution of the acid sulphate soil 

problem in the Haarlemmermeerpolder promoted further scientific investigations. 

In 1886 Van Bemmelen completed a report in which he explains the reduction-oxida- 

tion cycle by which marine sulphates are accumulated under reduced conditions as 

sulphides and the sulphidic sediments turn into acid sulphates on aeration. Other 

studies followed, but it was not until the 1 9 3 0 ' s  that with the reclamation of the 

first of the Zuiderzee Polders, Lake Wieringen, sulphidic muds were drained inten- 

tionally and improved according to plan. To this reclamation we owe 

studies of Zuur (1936)  including the first detailed soil maps 

country. The present situation in the Wieringermeerpolder is reported on by 

Verhoeven in his paper for this symposium. It shows that the reclamation and im- 

provement of the "cat clays" was a complete and lasting success. In fact the 

resulting soils are, 40 years after first drainage, for the farmers equal to ad- 

jacent originally calcareous soils. In Holland the mystery of the "cat clays" 

has been reduced to a technical problem due to a fruitful combination of farmers' 

common sense and a scientific approach and, thanks to the specific sedimentary 

conditions that provided a common occurrence of calcareous deposits close to the 

sulphidic muds. 

the detailed 

ever made in our 

Improvement of acid sulphate soils in The Netherlands and elsewhere 

As YOU will see on the excursions and as is reported in various papers, in Holland 
of acid sulphate soils involves a lot of earth moving. Calcareous 

Soil material may be dumped by ship on lake bottoms even before empolderment, it 

is also spread by trucks or brought up from the subsoil by deep ploughing or spa- 

ding. This is expensive and for economic application in principle the bulk of the 

acid formed after drainage should be leached down and out, whereas the calcareous 

soil material serves to build up a new top soil on top of the least acid surface 

layers. 

I f  no calcareom soil material is available neutral soil may be brought on the 

surface in larger amounts and limed subsequently. T h i s  is even more expensive, 

b u t  in the economic setting of The Netherlands i t  may be feasible. You can see 

dn interesting sample of this latter case on the excursion to the eastern part of 
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The Netherlands. Here weathering of exposed Tertiary Sulphidic clays, releases 

sulphates which via seepage water move towards marshy valley bottoms, where they 

give rise to sandy and peaty sulphidic soils, which latter at present are being 

reclaimed with the aid of drainage, and dressings of pure sand and lime. Several 

of the symposium's papers pertain to this sequence of inland.Acid Sulphate Soils 

i.e. Buurman c.s., Poelman, Westerveld C.S. 

I mentioned the above case to demonstrate that calcareous soil material is not the 

o n l y  natural asset to be applied in improving drained acid sulphate soils. Its 
presence surely simplifies the solution of the problem but other solutions do exist. 

This is also intimated by various papers reporting on successfull, traditionally 

developed agricultural practices using seasonal sea water flushing as in West- 

Africa, or building ridges as in Malaysia. In the resulting soils acids have been 

leached, neutralized or otherwise inactivated to the extent that microbiological 

activity and root development are not hampered any more. Similar situations may 

occur in natural conditions as 1 myself have observed in the Guyanas and in Thai- 

land. I suggested the name "Pseudo- or Para Acid Sulphate Soils" for these soils. 

Only in some of the cases calcium carbonate was active in eliminating acids. With 

many of the improved acid sulphate soils in Holland these tropical soils have in 

common that they still show jarositic mottles and high soluble sulphate contents 

and that they have a high percentage saturation of Aluminum hut no toxic amounts 

of free Aluminum. Later on I will come hack on these Para Acid Sulphate Soils. 

What is interesting us here is that the development of actual acid sulphate soils 

is not determined only by the pyrite/lime proportion of the parent material, hut 

that there is quite some room for modifications due to variations in environmental 

conditions, including various systems of reclamation and soil management. In 
this respect the case histories of the Dutch, inland polders are interesting, not 

just because they demonstrate calcareous soil material t o  be an effective amend- 

ment, but much more because they show that mastery of the local acid sulphate soil 

problem evolved from the more passive prevention of acid sulphate soil formation 

towards actively modifying it by modification of the environmental conditions. 

This was o n l y  possible through a thorough understanding of the whole chain of 

dynamic phenomena from sedimentation to s o i l  formation and to the reactions of 

plant roots, always in relation with prevailing environmental conditions. 

The same chain of processes we have tried to cover with the topics of our Sym- 
posium. I would like now t o  review shortly which are the characteristic questions 

and problems for each of these t o p i c s  and try to evaluate t o  which extent we know 

already some answers. 
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The main topics of the present symposium 

The topics of our symposium seem to revolve around two basic questions: 

- what is the natural history of acid sulphate soils? 
- what could their function he in the human environment? 

The first question falls apart into: 

- from which kind of parent materials are acid sulphate soils developing? 
- what kind of acid sulphate soils exist and what are their characteristics, 

- how proceeds their pedogenesis? 

The second into: 

- what are the assets, what the deficiences of the various acid sulphate 
soils? 

- where do they occur and how can they be recognized, 
- how can their possible agronomic assets he realized, 
- in which conditions should this be done. 

All the above questions are intimately interrelated and in principle none of them 
can he considered to have a definite priority. The sequence of the topics listed 

in our program is reflecting merely an arrangement from more fundamental towards 
more practical subjects, or  if one wishes: from genesis, through characteristics 

and classification to application or improvement. 

Pyrite accumulation 

Topic 1 :  formation and accumulation of sulphides pertains to the component that 

embodies the potential acidity in the parent material of acid sulphate soils. We 

know that the formation of sulphides by microbiological sulphate reduction is a 

cmn"m event wherever sulphates and organic matter occur in reduced natural 

environments. During this process the organic matter is partly oxidized by which 

Oxidation bi-carbonates are produced. The peculiarity of microbiological sulphate 

reduction in marine sediments, is that the sulphides precipitate and may accumu- 

late in considerable amounts as pyrite, whereas the bi-carbonates form no insolu- 

ble Products with the cations of the sea water and together they are removed. The 

amount Of Pyrites fixed in wet marine sediments is generally directly Proportional 

with organic matter content. In reduced tidal deposits very large amounts Of PYri- 

tes can be concentrated in the organic matter produced by a telmatophytic vege- 

tation. Most sulphidic muds, in the Sense of parent material for acid sulphate 

soils, originated that way. 
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The distribution, concentration, size and shape of pyrite cristals in such sulphi- 

dic muds show large irregular variations on a small scale as well as on a large 
scale. These variations may influence strongly the subsequent soil formation. 

The variability is an obstacle to sampling, classifying and mapping sulphidic 

muds and to predicting their possible soil formation. Therefore we would like 

dearly to recognize and understand its patterns particularly in relation to 

external environmental features e.g. type of telmatophytic vegetation, hydrologi- 

cal regime etc. and in relation to subsequent processes of soil formation. 

In this context it is important to distinguish between primary and secondary pyri- 

te accumulation. Primary accumulation of pyrite takes place in the seawater/ 

sediment interface without the influence of vegetation in contrast to secondary 

accumulation which occurs in the vegetated tidal mud flats and is sustained by 

the organic matter produced by the vegetation. The patterns of primary pyrite 

accumulation are relatively simple as to distributional variations, and we might 

well start with studying the fundamentals of primary pyrite accumulation in order 

to come to a better understanding of the intricacies of secondary pyrite accumu- 

lation. We are therefore happy to have among us an outstanding specialist in this 

field: Dr Rickard, who will give us an introductory lecture on sedimentary pyrite 

formation. 

The content in primary or syn-sedimentary pyrite of marine muds shows important 

zonal differences. It is much higher in temperate than in tropical climates. This 

difference is related to the lower amounts of syn-sedimentary organic matter in 

the tropical deposits. The potential acid sulphidic Littorina deposits around the 

Bothnic Gulf in Scandinavia for instance, contain only primary pyrite. For the 

largest part of the globe, and particularly for the tropics, it takes secondary 

pyrite accumulation to produce the surplus in pyrites that characterizes potential 

acid sulphate soil material. The zonality in the world distribution of acid sulpha- 

te soils, apparent from a definite concentration within the 20 OC isotherms (as 

shown on the map presented by Kawalec), therefore, is not related to the zonality 

in primary pyrite content. On the contrary, it is the expression of the overruling 

influence of secondary pyrite accumulation produced by the tropical mangroves, 

the distribution of which is limited by the 20 OC isotherm. 

Syn-sedimentary buffering minerals 

The emphasis on pyrites as an essential component of the sulphidic muds should not 

distract us from the other components which may influence the pathways and the ul- 

timate results of the subsequent soil formation. We already mentioned calcium car- 



bonate and bi-carbonate as important neutralizers of acids. Less conspicuous, 

because they react relatively slow, but nevertheless very important neutralizing 

or buffering components are the clay minerals and various magnesium- and magnesium- 

iron-silicates e.g. glauconites, chamosites, etc. 

A s  primary pyrite, these neutralizing components are syn-sedimentary minerals and 

as such their occurrence and proportions are characteiistic for specific sedimen- 

tary 

elucidated by sedimentologists and geochemists. Most important determinants for 

the presence of these minerals in specific sediments are the geology and weathe- 

ring conditions in nearby continents and the load of the rivers and ocean currents 

that contribute to the coastal deposits. 

In this respect it is interesting to note that in the humid tropical regions most 
rivers supply very small amounts of calcium carbonate and montmorillonite, the 

exceptions creating favourable conditions for the deposition of muds with a rela- 

tively high acid-buffering capacity. 

Rut for the most important of the buffering minerals, for calcium carbonate, 

the primary content is subject to secondary modifications, mainly decalcification. 
Decalcification is particularly rapid in marshes. 

multaneously with, although independantly from secondary pyrite accumulation. 

Both these secondary processes are conducive to increasing the total potential 

acidity of the muds, and to overruling the primary homogeneity of the sedimentary 

unit in respect to the very properties which we wished to relate to that sedimen- 

tary unit. This implies that in deducing soil patterns from primary sedimentolo- 

gical Patterns we have to be very careful particularly if it comes to distinguish- 

ing acid Sulphate soils from other alluvial soils. The complexity of the relation- 

ships involved forces us to link sediments and acid sulphate soils through at least 
two steps. 

One step is to establish the regular relationships between primary and secondary 

units. To a certain extent the laws governing their distribution have been 

In marine muds it may proceed si- 

content of the muds, and the other step concerns relating the muddy parent 

to the subsequent modifications due to soil formation per se. It is parti- 

cularly for the first mentioned step that we need the help of sedimentology, geo- 

chemistry, microbiology and plant ecology and we are greatly appreciating that 

these disciplines are represented at our symposium. A s  for the other step, here 

we touch on the second topic of our program: the genesis of acid sulphate soils. 
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The genesis of acid sulphate soils. Ripening 

Soil formation in fresh marine muds starts when tidal floods make place for drai- 

nage and atmospheric exposure of the mud. Initial soil formation is characterized 

by ripening. Early ripening and the last phases of deposition may overlap, but 

once deposition has terminated, ripening in normal muds proceeds consequently from 

the surface downward, first quickly, then slowing down to reach a limit when an 

equilibrium has been reached with the new environmental conditions. Meanwhile in 

the ripened soil material soil horizons are coming into existence in a characte- 

ristic sequence. 

The influence of excess pyrites in the fresh mud starts to show during the ripe- 

ning process. Ripening of mud is marked by increase of consistency, shrinking, 

cracking, structuration, oxidation, weathering and biotic activity, primarily as 

a result of the irreversible drying of the wet sediment. The loss of water due to 

surface evaporation and gravity drainage is initially proceeding superficially 

and slow, until it is greatly intensified by evapotranspiration through the 

suction of penetrating plantroots. In normal muds the roots of pioneer vegetations 

are able to penetrate and to remove excess water to depths far beyond those rea- 

ched by gravity drainage and surface evaporation alone. In sulphidic muds however, 

the physiological functions of the plantroots are inhibited as soon as oxigen 

penetrates the superficial mud layers, oxidizes pyrites and produced acids in 

intensities beyond the instantaneous buffering possibilities. Because pyrite oxi- 

dation is progressively accelerated at pH's below 4 ,  the bulk of the pyrite in 

sulphidic muds will oxidize within a period of a few weeks once moisture content 

comes near field capacity for the first time. The resulting acids will attack the 

clayminerals and Al kations will be liberated in amounts toxic to the very plant- 

roots that promoted the oxidation by their physiological drainage of the mud. 

If the acids and the soluble A l  ions are not leached out or eliminated quickly, 

e.g. by tidal floods or by riverfloods containing calcium carbonate then the 

roots die off and depending on external conditions, the ripening process is either 

interrupted all together or slowed down to the rate that moisture can be removed 

from the soil merely by gravity drainage and surface evaporation. 

With this obstruction of the ripening process the genesis of acid sulphate soils 

breaks away from the regular soil development in marine muds. With other soils, 

as ripening continues, the vegetation remains instrumental in draining excess wa- 

ter and, by opening up the massive mud by root penetration and cracks, in leaching 

excess salts. The soil is developing gradually properties suitable for a wider 
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variety of plants, which latter in the ripened soil regulate further drainage and 

leaching by recycling moisture and minerals and by building up and maintaining 

structures for the storage of these soil components. Thus with normal soil, an 

equilibrium between biotic and physico-chemical processes, between soil profile and 

environment is gradually reached. 

With acid sulphate soil on the contrary, ripening remains shallow and soil develop- 

ment tends to proceed spasmodically towards a soil profile in which the upper part 

soon becomes strongly weathered and acid, whereas at small depth the subsoil remains 

unripened. Small changes in environmental conditions are likely to cause both in 

the acid ripened topsoil as in the unripened subsoil, large fluctuations in chemi- 

cal properties, often beyond the tolerance limits of natural vegetation or possible 

crops. 

Soil profile development 

The overruling role of the chemical aspects in the genesis of acid sulphate soils 

in comparison to the role of vegetation, is reflected in the major morphometric 

characteristics of the well developed profiles which are pretty much the same a l l  

over the world. The rate of development is however, strongly determined by the 

degree to which external conditions favour drainage and leaching. In humid clima- 

tes profile development is in many cases arrested when on accretion of the shore- 

line, the shallowly ripened muds come into the position of backswamps. There they 

may be covered by peat and be conserved for centuries, the major changes being 

re-reduction, some compaction, desalinization, renewed root penetration by telmato- 

phytes and possibly decalcification. After natural drainage the soil development 

proceeds spasmodically in the earlier described general direction. In dryer 

climates ripening and profile development proceed faster and deeper as the dry 

season becomes more important. 

The main features that accompany initial ripening, oxidation and acidification 

are a strong segregation of brown iron oxides followed by the appearance of pale 

yellow jarosite mottles, in and around cracks, rootchannels and other apertures 

in the partly aerated coarsely prismatic sulphidic mud, which itself changes in 

colour from bluish or brownish black to grey. At the same time the pH drops and 

Electric Conductivity rises, and possibly gypsum cristal may appear in the already 

ripened parts. 

Initially the downward moving oxidation and acidification frontier is irregularly 

shaped. When it reaches depths of 40-60 cm, it tends to take a more regular hori- 

zontal shape. At this time, normally enough acids have been leached or eliminated 

13 



from the surface layer, at least during wet periods, to allow the seasonal esta- 

blishment of a shallow rooting herbaceous vegetation, contributing to the formation 

of a granular or subangular blocky, often umbric epipedon. During dry seasons, 

on the bare surface a powdery or crusty salt concentration may accumulate. Below 

the epipedon the upper part of the prismatic jarositic zone turns into a blocky 

or fine prismatic cambic horizon with brown or red mottles, while the lower part 

continues to follow the oxidation and acidification frontier which now marks the 

lowest groundwater levels. 

Depending on climate and groundwater relations this horizon sequence may be 

reached after a few years or a few decennia. 

A permanent vegetation cannot establish itself as long as seasonally fluctuating 

acidity and soluble A l  in the upper 40-60 cm keep transgressing the tolerance 

limits of most plants. Normally in natural acid sulphate soils, this unfavourable 

condition is only ending, either when the soils become permanently flooded again, 

or when all potential acidity and excess actual acidity in at least the upper 

100 cm has been eliminated. Without external mineral supply the elimination of 

acidity can be achieved in the long run only through leaching and by neutralisation 

at the expense of plantnutrients, clayminerals and other weatherable silicates. 

The resulting soils are extremely poor in plantnutrients and generally not ripened 

beyond about 75-200 cm depth. Only if external conditions continue to favour drai- 

nage and leaching for very long periods, e . g .  on pleistocene marine terraces with 

eustatic sea level changes, deeper soils may develop, which by their solum cannot 

be distinguished any more from other thoroughly weathered and leached soils. 

Development of transitional soils 

This generalized sketch of acid sulphate soil formation pertains to natural 

developments in massive homogeneously sulphidic material without interference of 

mineral supply from floods or shallow non-sulphidic subsoils. I n  these latter 

situations or with very heterogeneous pyrite occurrence the acid sulphate soil 

phenomena may occur only locally or temporary and the resulting soils may acquire 

properties transitional to other soil types. Such transitions are of great practi- 

cal interest because they often have favourable agricultural properties in contrast 

to typical acid sulphate soils and in some respect also in contrast to many non- 
acid-sulphate marine soils. In the present context the transitional soils are of 

particular interest because they affirm the notion that acid sulphate soil-forma- 

tion deviates from normal soil genetical processes by a marked antagonism between 

geochemical and biotic processes. With acid sulphate soil-formation the pioneer 
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vegetation is first instrumental in building up a high acidity potential. Then by 

boosting the ripening process, the vegetation is instrumental in releasing the 

acidity and toxic reaction products to intensities beyond its own tolerance. Thus 

the chemical reactions are inhibiting the regulating activities of the vegetation 

that with normal soil formation, would lead to a relative stable dynamic equili- 

brium between vegetation and soil. In acid sulphate soils this equilibrium is only 

reached after these soils have lost their excess acidity and as a result, their 

strong dynamism, which implies that they have acquired characteristics of other 

soil types. 

Research methods 

This anomalic chemical dynamism is at the root of all the difficulties that acid 

sulphate soils present to agriculture, reclamation, and land classification. On 

the other hand it is this anomaly that allows us to witness the formation of com- 

plete soil profiles within a few years. This means that the genesis of acid sul- 

phate soils is within the scope of controlled field experiments, which might 

greatly facilitate the verification by inductive analytical methods of hypotheti- 

cal relations deduced from assumed genetical field sequences. 

Various papers demonstrate, that for the time being also without controlled field 

experiments important contributions can be made to better understanding of funda- 

mental genetical processes. 

This takes however very careful selection of unequivocal chrono-, hydro- or litho- 

sequences, detailed morphometric descriptions, sustained by micro-morphological 

and microscopical observations, and specially adapted sampling techniques, analy- 

tical procedures and correlative methods. Of particular interest in this respect 

are normative mineralogical calculations of chemical composition and analyses 

of interstitial water. But I will not elaborate on these aspects as Van Breemen 

in his lecture on the genesis of acid sulphate soils will give us a thorough and 

up-to-date review of the geochemical background as it has developed during the last 

years in close cooperation of laboratory- and fieldworkers. 

There remain of course many phenomena observed in the field which as yet we 

cannot fully satisfactorily place in our genetical and dynamic theories, and rever- 

sily, many of the fundamental processes that have been recognized cannot as yet 

be applied satisfactorily to concrete situations. 

Among these remaining problems figure the effects of alternative drying and wet- 

ting by rains and flooding in various frequencies and intensities, the effects 
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nf various kinds of organic matter, the effects of physical properties such as 

ize and distribution patterns of mineral and organic particles, or structural 

stability. 

We might well mention all phenomena that are liable to influence the mobility 

of oxigen and oxidation products and the intensity of acidification, and 

which thereby might possibly modify the pathways of the soil formation. These and 

other problems affect directly the predictability of soil formation in specific 

environmental conditions, the design of reclamation and of course the plant soil 

relationship as we will see further on. 

A l  chemistry and structural stability 

At this point I would like to give some more attention to the problem of 
structural stability more particularly in relation to Aluminium. It has been ob- 

served frequently that well developed acid sulphate soils have a remarkably stable 

structure. This is partly due to iron coatings on the surfaces of peds and root 

channel walls. For an important part it is also caused by the potentially high 

structural stability of the clay, which latter in acid sulphate soils is charac- 

terized by a high concentration of absorbed A l .  Al-clays prepared in the labora- 

tory show the same structural stability, and moreover they resist relatively 

strongly to replacement of the Al-ions by mono-valent ions. As we know, in acid 

sulphate soils the Al-clay is the result of the acids attacking the clay minerals 

and thereby liberating Al-kations in such concentrations that they not only repla- 

ce originally absorbed kations but also remain in the soil solution in amounts 

toxic for most plants. On subsequent leaching for instance with sea water, the 

soluble A l  may be removed whereas absorbed Al-kations resist a proportional repla- 

cement. In the leached soil the Al-toxicity has disappeared but the structural 

stability remained. 

Such soils do actually occur and they may have excellent agricultural properties 

as for instance the para-acid sulphate soils on which I will come back later in 

an other context. Here I wish to stress that A l  plays an ambiguous role in acid 

sulphate soils. Until now the emphasis of soil studies has been too much concen- 

trated on only its negative chemical aspect: toxicity, its positive influence 

on structural stability - i.e.its physical aspects, deserves at least as much 

attention. This is all the more so as this positive aspect of A l  is not affecting 

only acid sulphate soils but other acid soils as well. 

I am thinking here particularly of heavy textured soils developing in humid tro- 

pical regions on non-calcareous recent marine muds without excess pyrites. These 
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soils show weak internal structure stability because of their low primary organic 

matter content and further because of swelling and shrinking clay minerals with 

a high rate of adsorbed bases, dominated by Mg and may be by Na, this latter 

Possibly in many cases now completely leached. A s  a result of these disadvantages, 

these soils show soon after reclamation structural decline causing serious draina- 

ge problems. Preliminary trials in Surinam, some of which are reported in the pa- 

per by Scheltema and Boons, have shown that in principle the structural stability 

of these soils can be improved by artificial acidification, without harming 

essentially their chemical fertility. These trials were paramount to forcing soil 

properties to resemble more closely those of acid sulphate soils and in fact, are 

contrasting alternatives for trials aimed at improving soil stability with lime. 

The role of A l  in acid sulphate soils thus suggests that these much despised soils 

have some properties that present alternatives for liming and other conventional 

methods aimed at improving soil structure. 
vely then it might well change the attitude of the agricultural sciences and 

Practices towards acid soils in general. This is one of the reasons why the Orga- 

nizing Committee put the influence of acidity on ion exchange characteristics 

and the development of structure stability as a separate topic in the program next 

to soil genesis. 

We are glad that we could persuade the well known specialist in this field, 

Dr Frink, to present an introductory lecture. We hope that it will stimulate many 

Of the participants to give the above expressed suggestions considerations in their 

future working programs. 

If this idea could be worked out positi- 

Identification and prediction of acid sulphate soil conditions 

An other subject closely related to the genesis of acid sulphate soils is the 

identification of potential acid sulphate soil-material, topic number 4 on our 
pro gr am. 

Mr-Brinkman will present a critical review of the various methods that have been 

developed to recognize sulphidic material with a view to predicting actual soil 

development following drainage. I will restrict myself here to relating this 
subject to the other topics of our program. 

It is obvious that the identification of sulphidic muds in relation to their 
future development is directly dependent on the knowledge of the fundamental Soil 

genetical processes and their modifications under the specific enVirOnmenta1 

conditions under consideration. Existing identification methods therefore reflect 

uur genetical knowledge including its deficiences. The ideal in this respect is 

17 



that we can indicate explicitly that parent material in a certain site following 

specific environmental changes will yield particular kinds of soil. 

In The Netherlands we have come quite close to this ideal as the papers of Van 

Wallenburg, Westerveld and others will demonstrate. For most other parts of the 

world we must content ourselves with such statements as: in a specific 

environment or in muds with an equivalent excess of pyrites over calcium carbonate, 

intensive drainage will yield acid sulphate soils sometimes, frequently, nearly 

always, hardly ever or never. 

The relative precision and accuracy of the Dutch technique is due to the fact that 

it is based not only on general genetical principles hut also on a long experience 

with reclamations and above all on detailed surveys of soils in the context of 

their historical physiographic setting, including the reconstruction of mineralo- 

gical, sedimentary, hydrological and land-use history. For concrete situations el- 

sewhere the Dutch identification methods therefore cannot he applied formally, 

with the same chance of success. 

If we wish to achieve more than merely giving a conservative warning for possible 

disasters then we should take into account for each physiographic area, the 

characteristic modifying factors. This implies regional investigations that 

combine analytical methods, experiments and soil surveys. These latter should not 

he merely aimed at registration of soil profiles hut, in fact should be by them- 

selves cartographic correlative studies of soils and physiographic history. 

The complicated character of physiographic history in deltaic regions should not 

he underestimated and I would like to warn against relating soils explicitly to 

external phototypic physiographic features. Particularly vegetation types are likely 

to be misleading in this respect. I am thinking of swamp vegetations that often 

are merely indicative of flooded conditions and in combination with peat may dis- 

guise all underlying topography. Also  the phototypic aspects of ephemerous herba- 

ceous vegetations may be very alike for acid or non-acid saline soils. Moreover 

for shallowly ripened acid sulphate soils the rootchannel systems of past vege- 

tations may he more significant for further development than the actual vegetation. 

Given the complexity of many coastal lowlands it is probably advisable to select 

for detailed integral studies, primarily relatively simple physiographic situations 

with unequivocal, genetically significant soil sequences. If traditional agricul- 

tural systems are present, these might be included as historical experiments. Final- 

ly controlled field experiments could be combined with reconnaissance soil surveys. 
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This i s  often preferable to extensive detailed surveys. But here I have entered 

already far into the field of our fifth topic: physiography, classification and 

mapping. 

Physiography, classification and mapping 

On this vast subject we will have an introductory lecture by Van der Kevie and 

the many other papers in this category will be reviewed by Vieillefon. Special 

mention goes also to Kawalec of FAO for his preparation of a map showing the 

world wide distribution of acid sulphate soils. 

The combined contributions present an impressive amount of new facts. They also 

confront us with a large variety of descriptive methods and nomenclature. Under 

these circumstances it is reassuring that the majority of the authors correlate 

their soil descriptions with the soil classification system of FAO and/or with 

the American Soil Taxonomy. In both these international systems the acid sulphate 

Soils have been recognized on high categorical levels, as will be explained in 

detail by Van der Kevie. In my opinion Soil Taxonomy in particular provides an 
excellent extensible frzme for world-wide classification and a sound basis for 

normalization of methods and terminology in soil profile description. 

The problem of normalization has become urgent, and this convention seems to be 

the right occasion to tackle it in respect to our specific subject. The Organizing 

Committee therefore has formulated some suggestions for normalized nomenclature 

and reserved time in our program for a discussion. 

We might extend this discussion to include the central concepts and the distin- 

guishing criteria for taxonomic and possibly mapping units. With the present body 

of knowledge in respect to processes and morphometric characteristics it probably 

Will not be difficult to reach agreement for the well developed acid sulphate soils 

If it comes to relating soil units and agricultural potential I am afraid however, 

that we will be confronted again with the deficiencies in our knowledge that I 

mentioned before in my remarks on the topic of identification and prediction. 

Survey can contribute to closing this gap in our knowledge by selecting soil 

in which the typical course of acid sulphate soil formation is inter- 

rupted or changed to the effect that the resulting conditions for plantgrowth 

are superior to those that normally develop. Integrated detailed correlative 

studies of these sequences and controlled field experiments might teach us to which 

extent and by which efforts we might reach the same effects. The soil sequences 

have to be looked for primarily in areas with traditional agricultural practices 

and with transitions towards non-acid sulphate soils. 
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Para acid sulphate soils 

In this context I would like to ask once more your attention for the para acid 
sulphate soils which I referred to earlier in relation to Al chemistry and struc- 

tural stability. These soils were first described in Surinam where they occur 

together with typical acid sulphate soils and normal acid soils (Umbric tropa- 

quepts) apparently all developed from the same sedimentary unit, a non-calcareous 

heavy textured marine clay. 

These para acid sulphate soils are ripened to depths of 100-200 cm. The profile 

has a stably granular umbric epipedon, a prismatic cambic horizon with brown 

and jarositic mottles in a grey matrix and with many distinct iron-coated open 

rootchannels, the latter extending into the subsoil and giving the profile a high 

vertical permeability. The soil is acid, pH 4 - 5 ,  has a Al-dominated adsorption 

complex, but no toxic amounts of soluble Al in the soil solution. 

The soil properties, soil sequence and the physiographic setting indicate that 

the solum developed from muds which were at least partly sulphidic, went through 

intensive acidification in an early phase of ripening and subsequently were leached 

by seawater. Laboratory experiments sustain this interpretation. Apparently the 

acidification did not last to be able to interrupt the ripening as is the case 

in comparable typical acid sulphate soils. This might have been due to a rela- 

tively small or locally concentrated excesses of pyrites in the sulphidic mud 

combined with external conditions that favour drainage and leaching. 

In Surinam these para acid sulphate soils are not just odd transitional soils, 

they ara recognized for being very productive for a variety of  crops. This pro- 

ductivity they owe directly to their excellent physical properties and indirectly 

to the transient phase of acid sulphate development, the toxic chemical effects 

of which were subsequently moderated by leaching. This means that, provided the 

leaching of soluble A l  can be realized, moderate acid sulphate soil phenomena are 

not only acceptable but might even be considered a positive asset in reclamation 

of non-calcareous and sulphidic muds, particularly in situations were no lime 

is available for the formation of Ca-clays and complete neutralization of acids. 

Para acid sulphate soils therefore could stand model for reclamation and improve- 

ment of the majority of tropical acid sulphate soils. 

In my opinion para acid sulphate soils are naturally occurring in many coastal 

plains, particularly developed from transitional sulphidic muds, that is, in 

marine muds with moderate excess of pyrites over readily neutralizing components. 

Incorporating these soils in detailed studies is of great practical interest as 
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these studies can provide the keys for reclamation and management practices that 

are not merely aimed at eliminating the unfavourable effects of acid sulphate 

soil phenomena but also try to make the best possible use of the positive effects 

in respect to the physical soil properties. 

Plant response to acid sulphate soil conditions 

The potential for favourable physical properties in acid sulphate soils should 

of course not distract our attention from the harsh fact that this potential 

cannot be realized satisfactorily without living plants, and that in typical acid 

sulphate soils the chemical disadvantages that inhibit root development remain 

the immediate crucial problem. This is also expressed in the large number of papers 

that treat the toxicity problem as a given fact. 

The contributions that specifically deal with toxicity as a problem to be solved 

are however relatively few in number. We have the paper of Ponnamperuma on the 

chemical dynamics of acid sulphate soils that affect rice production, and the 

Paper of Jacq on interrelation between roots, microbes and sulphur compounds. 

Further, 

tion, the lecture of Cotilter, and other papers touch toxicity problems of specific 

crops. It is obvious that most work in this field is done by agronomists and soil 

fertility specialists without considering that soil-genetical processes and the 

dynamics of soil-plant systems are related. A s  we have seen earlier, with acid 

sulphate soils in particular, the two can hardly be separated because of close 

interrelationships. The Organizing Committee has therefore also introduced the 

topic of plant response to soil acidity in the program of our symposium. 

We Will have an expert lecture by Dr Rorison on the physiological aspects of this 

subject- We hope that this lecture will lead to a closer co-operation with 

physiologists in our future research. I may well add here that in my opinion the 

Same is necessary in relation to microbiologists. 

At this 

myse1f to mentioning some other aspects of plant soil relationships which i.n my 

in relation with the topics of improvement, soil management and reclama- 

I will not elaborate this subject systematically and restrict 

'pinion need further consideration. 

Some further remarks on plants and acid sulphate s o i l s  

Earlier I expressed some doubt about the explicit indicative Value of phototypic 

Vegetations for interpretative mapping of acid sulphate soils particularly as 

such methods might distract the attention from the historical aspects of vegeta- 

tion-soil relationships. The present situation should be seen against the back- 



ground of this historical aspect. In many cases this takes an expertise beyond 

the know-how of usual soil survey teams. I would recommend therefore the coopera- 

tion with plant ecologists and sedimentologists. I might well add once more, that 
studying the root channel systems of both past and present vegetations in reduced 

muds is very useful for historical reconstructions as well as for judging the 

internal drainability of the mud. 

Directly related to this latter remark is the open question whether we might faci- 

litate future drainage and leaching o f  sulphidic muds, which at present are in 

swamp condition, by controlling the swamp vegetation, €or instance by furthering 

the growth of species with coarse, but dense, deep reaching rootsystems. In the 
same line of thought one might consider to keep the pyrite content of sulphidic 

muds low by reducing telmatophytic vegetations and thereby pyrite accumulation 

during the last phase of sedimentation. 

The last aspect of soil-plant relationships that I had liked to recommend for 

further consideration is the selection of crop varieties for their acidity tole- 

rance. Here I am thinking of pH values of 4-5, within which range stability of A l -  

clays can be combined with a reasonable chemical fertility potential in improved 

acid sulphate soils. 

Reclamation, improvement and management of acid sulphate soils 

Herewith we have come to the practical topics of our symposium: reclamation, 

improvement and management of acid sulphate soils. We will have lectures and 

summaries on these subjects by Coulter, Ponnamperuma and Moormann. They will pro- 

vide us with quite a number of factual data and cases, mainly pertaining to the 

unfavourable aspects of acid sulphate soils and to the various efforts to correct 

them to create rooting conditions that are favourable for specific crops. 

I will only add some general remarks on the nature of the problems involved. 

The negative assets generally ascribed to acid sulphate soils partly pertain to 

the physiographic setting partly to the inherent dynamica1 instability of these 

soils. The environmental problems are either poor external drainability and per- 

manent flooding or large seasonal fluctuations in groundwater levels. Correction 

of these envirmmental conditions by drainage and/or irrigation causes radical 

changes in the soil. Drainage evokes catastrophic acidification and toxic 

concentrations of A l  , Fe and often of Mn , poor microbiological activity 
and deficiencies in macro- and micro-nutrients. Subsequent flooding reverses only 

partly the acidification and its side effects but, on the other hand brings risks 

of Fe and H E S  toxicity and salinity. The salts originate either from the local 
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groundwater, from adjacent soils or from the sea. 

In older well developed acid sulphate soils the dynamic reactions and the toxi- 

cities become weaker due to thorough leaching but these soils are acid and have 

a poor potential and actual fertility. After flooding reduction in these well 

developed soils proceeds very slowly due to low organic matter content and retarded 

microbiological activity. 

leaching, nutrient deficiencies have become a permanent feature. 

These negative assets are obviously enormous handicaps for agriculture. In many 

instances to overcome them it will take great efforts aimed at detailed studies, 

experiments, design, construction and organization. The problems of reclamation, 

improvement and management of acid sulphate soils, therefore might be considered 

mainly of theoretical interest if it were not for the fact that large populations 

in developing countries, under demographic and economic pressures have become 

dependent for their very subsistence of a more intensive use of these soils. 

Confronted with this "fait accompli" our main problem is not any mbre how to 

Prevent the inadvertent reclamation of acid sulphate soils but very definitely 

how to make the best of it once they are occupied. This social-economical 

context gives urgency to our technical problem: how to apply theories to concrete 

situations. 

By the time that toxicities have been eliminated by 

Agricultural situations with acid sulphate soil problems 

Let me shortly review the main categories of situations involved. There are four 

O f  them. The first of these pertains to shallowly developed acid sulphate soils 

in nearly permanent flooded conditions. The farmers maintain the wet conditions, 

often with primitive means, in order to safeguard their rice crops or marshy grass- 

land against the toxicities that accompany alternative aeration and flooding of 

these soils. This situation is occurring in all regions were climate and hydrolo- 

gical conditions support also 

The second category is that of acid sulphate soils developed unexpectedly fol- 

lowing drainage of swamps. The reclamation was often aimed at drainage of over- 

lying Peatsoils and of associated non-sulphidic or transitional muds, with a view 

to dry crop production. The developed acid sulphate soils suffer from stagnating 

ripening processes, extreme acidity in the topsoil and various toxicities in near- 

surface layers due to uncontrollable groundwater fluctuations. This 

occurs in moderate humid and in alternatively wet and dry tropical climates. 

natural swampconditions. 

situation 
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The third type of situation in which acid sulphate soils are occupied for farming 

are the irrigable, naturally developed acid sulphate soils of regions with an out- 

spoken dry season. On these soil irrigated rice cultivation is practised. In 
these soils Al toxicity is not readily reduced after flooding, the retardation 

being due to low organic matter content and poor microbiological activity. Rice 

transplantation therefore has to be postponed and, before the rice plants have 

grown sufficiently, other toxicities are likely to appear. 

In the fourth and last category fall the shallowly or deeply developed acid sul- 

phate soils which have already been improved with naturally available amendments, 

or for which such an improvement could be realized easily. I am primarily thin- 

king of a situation as in The Netherlands where sulphidic deposits alternate with 

layers containing calcium carbonate. Then here are the areas within reach of irriga 

tion water rich in calcium carbonate as in parts of the Thailand coastal plain. 

Another case are the acid sulphate soils in tidal regions where a combination of 

outspoken dry and very wet seasons allow first shallow ripening, then leaching 

with seawater and subsequently desalinization and irrigation with rain water. 

These situations occur among other places in Sierra Leone and Guinea in West 

Africa. The elimination of excess acids, aluminium, iron, sulphates, etc. in the 

soils of this category is not always equally successful, much depends on the ex- 

ternal drainability and the effectiveness of water management. Moreover nutrient 

status remains a problem. 

Soil-genetical considerations applied to concrete situations 

Overlooking the range of technical problems that the various acid sulphate soils 

present to agriculture one recognizes that they are an accumulation of the general 

problems of coastal lowlands and the acid sulphate soil formation. Limiting oneself 

to these latter, one realizes that as in natural conditions, also in agriculture 

root development in these soils is liable to being inhibited as long as the mineral 
composition of the soil material is conducive to extreme chemical changes following 

small changes in groundwaterlevel or moisture content. This situation will only 

terminate when the mineral composition has changed in the sense that potential 

acidity and excess sulphates, aluminium, iron, etc. have been eliminated to 

levels tolerable to plantroots. This change can, according to our genetical 

theories, only be effected by combined drainage, leaching, buffering and possibly 

fixation. The less drainage and leaching can contribute the more has to be left to 

suitable buffering minerals. If these minerals are not supplied from external 

sources, then the buffering will proceed by acid hydrolysis at the expense of 
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the minerals present in the soil, including clayminerals and by precipitation 

at the expense of reserves of plant nutrients. Drainage without adequate leaching 

and external mineral supply therefore not only increases acutely excess acidity 

and related toxicity but moreover results in lasting nutrient deficiences. 

It is obvious that most traditional farmer communities lack the resources for 

realizing drainage, leaching, liming and fertilizing in the required proportions 

if natural conditions are not providing particularly favourable conditions. On the 

basis of soil genetical considerations it is therefore perfectly understandable 

why farmers often prefer shallowly developed acid sulphate soils and also why 

modern drainage methods, that are suitable for other lowland soils, when applied 

to acid sulphate soils are adding more new problems than they are solving. 

A l s o  the traditional solutions can be understood in soil-genetical terms. For 

instance the agricultural systems aimed at keeping groundwater levels high with 

minimal fluctuations are paramount to containment of the unstable dynamic equi- 

librium inherent to the early phases of acid sulphate soil development. At the 

same tinie they try to arrest this soil development or at least to prevent it to 

proceed catastrophically towards irreversible acidification and mineral depletion. 

Very instructive in this context is the application of ridges for growing dry 

crops in some humid areas were drainage of acid sulphate soils cannot be effected 

adequately. These ridges are being built to create topsoils out of reach of ground- 

water fluctuations. The material used is often prepared from sulphidic mud that 

has been exposed to aeration and rain and subsequently fertilized with ashes and 

organic mulch. Results are normally mediocre but favourable results are reported 

by Kanapathy for Malaysia where similar methods are combined with light applica- 

tions of lime and moderate improvements of water management. This system shows 

that enforced and consequent leaching can replace lime to a large extent for the 

timely elimination of acids following drainage. The paper of Verhoeven demonstrates 

the same complementary relation between leaching and liming for a Dutch polder. 

For situations where external supply of buffering minerals, particularly of lime 

is difficult the crucial problem therefore is how to control the movement of 

water in the soil. This holds as well for leaching after drainage as for preven- 

tion of groundwater fluctuations. This problem cannot be solved by mere impro- 

vement of water control in ditches but requires high permeability of the soil ma- 

terial itself, particularly of the sulphidic mud. For sulphidic mud a high intrin- 

sic Permeability can be expected to be produced naturally only by open root 

channels from former swamp vegetations, permeable layers of peat or sand, or 
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a particular potential of the sulphidic mud to form irreversible cracks. In consi- 

dering improvement these physical aspects of the sulphidic muds are extremely 

important. They should be investigated carefully in relation to the mineralogical 

composition of the mud and to the external conditions that determine drainability, 

availability of water and buffering minerals. 

The above stipulations stress once more the necessity for preparing reclamation 

and improvement projects by careful local and regional investigations. For acid 

sulphate soils there are no simple solutions or generally applicable formulas. 

At the very best we may conclude that the various concrete situations and expe- 

riences as well as the theoretical considerations lead to the conclusion that 

sites with acid sulphate soils can be used profitably for agriculture o n l y  if the 

natural processes of acid sulphate soil formation either can be arrested in an 

early phase of development, or if they can be deviated to result in the formation 

of transitional or totally different kinds of soil. 

Technically this can be achieved by forcefully overruling or replacing soils and 

environmental conditions. Agriculture, however, is based on making an optimal 

use of naturally occurring processes and resources. From this latter point of 

view reclamation, improvement and management of acid sulphate soils is basically 

a problem of better understanding the genetical relations of concrete acid 

sulphate soils in relation to their specific physiographic setting. The solution of 

this problem requires, I repeat it, specific information provided by integral 

regional studies, focussing on a l l  the aspects represented in the program of our 

symposium. 

Ladies and gentlemen, 

I realize that my remarks on the practical topics must sound like an anti-climax. 

They reflect the fact that acid sulphate soils remain to be problem soils. I want 

to stress however, that they are at the same time scientifically extremely interest 

ing soils, that by the very dynamic character of their processes of formation come 

within reach of human controls much more than other soils. Acid sulphate soils 

thereby help us understanding general soil genesis. 

I hope that this interesting aspect of acid sulphate soil will encourage us in 
finding the solutions for the urgent concrete problems these soils present to 

millions of people in the tropical coastal low-lands. Thank you. 
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Summary 

This  lecture ou t l ines  the  nature and scope of acid sulphate s o i l  phenomena and the  
problems they presen t  t o  agricul ture.  I t  s t a r t s  w i th  a sketch o f  t he  development 

of research against  t he  h i s t o r i c a l  background o f  agricultural ezperiences and 

Proceeds w i t h  reviewing t he  present s t a t e  of fundamental and applied research in 
t he  context  o f  the Symposium's program. Special emphasis is laid on the re la t ion  

of acid sulphate soiZ phenomena t o  other  soils developing i n  recent  marine deoo- 

s i t s .  Some methodological approaches are c r i t i c i z e d  and possible  a l t e r n a t i v e s  

are discussed. 

Résumé - 
Cet t e  conférence donne un aperGu du caractdre e t  d e  l ' d t endu  des  phénomènes de  
sol sulfate'  acide e t  des problèmes agronomiques connexes. BZle dépe in t  d'abord 

l e  développement h i s tor ique  

s a t i o n  des t e r r e s  basses e t  pu i s ,  l ' é t a t  ac tue l  des connaissances théoriques e t  

aPplique'es dans l e  cadre du programme du Symposium. Le rapport entre  les  phéno- 

mdnes de sol su lJa té  acide e t  des au t res  types  de sol forme's dans les  dép6ts 
marins recents ,  a &té accentue'. Quelques po in t s  de vue méthodologiques sont 

critique's e t  des méthodes a l t e r n a t i v e s  sont d i scu tées .  

Xes umen 

Ests conferencia rcsena Za indole y la extencidn de los fenómenos de suelo 

áeido s u l f b t i c o  y de  20s problemas agrícolas conciernientes. Se bosqueja a 

w a n d e s  rasgos en p r i m e r  lugar e l  desarrolzo h i s t ó r i c o  de las investignciones en 

relación con e l  uso de las  t i e r r a s  bajas y pués, e l  estado actual  d e l  conoseimien- 

to teore'tico y apl icado a l  respecto de lo s  temas en e l  programa d e l  simposio.  Se 

hace hincapié en l a  re lac ión  en t re  fenómenos de  suelo dcido s u l f á t i c o  y l a  for- 

maci6n de o t ros  t i p o s  & suelo en arciZlas marinas rec i en te s .  Se nota unos puntos 

de P m t i d a  metodolbgicos y métodos a l t e rna t i vos  son e q u e s t o s .  

Zusammenfassung 

des recherches s c i e n t i f i c "  en r a p o r t  avec l ' u t i l i -  

\ 

Mit dem Vortrag wird ein Abriss der  Natur und des  Umfangs der  Phdnomene i n  s u l f a t -  
Sauren Böden und der d m i t  verbundenen Agrarprobleme gegeben. Zuerst wird die h i s -  

torische E n h i c k l u n g  wissenschaftl icheu. Untersuchungen i m  Bezug auf  d i e  Bodenver- 
wendung erbr ter t .  D m n  f o l g t  e ine Ubersicht der heutigen Lage der theore%ischen 

prakt ischen Kenntnisse i m  Rahmen des Symposiumsprogrm.5. Besonders heruorgeho- 

ben werden d i e  Verhdl tnisse  zwischen su l fa t sauren  BÖden und anderen Bodentypen, d i e  

s i ch  i m  jungen Meereston gebi l d e t  haben. ES werden e in ige  methodologische Gesichts- 
Punkte und a l t e r n a t i v e  Methoden d i s k u t i e r t .  
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SEDIMENTARY IRON SULPHIDE FORMATION 

David T. Ricknrd 
Kesearch Fellow, Swedish Natura2 Science Research CounciZ 
GeoZogicaZ I n s t i t u t e ,  Stockholm Wniversity,  Stockholm, Sweden 

Sulphur is removed from the oceans by two processes: evaporite formation and fi- 

xation in sediments as iron sulphide minerals. It has been suggested (14) that 
sedimentary iron sulphide formation is the more important quantitatively at 

present. In the past, evaporite formation has been periodically widespread, 

and there is about twice as much sulphur bound up in ancient evaporites as in 

other sediments ( 3 4 ) .  

However, there is evidence that iron sulphides have been formed in sediments 

since earliest Precambrian times. Most ancient organic sediments contain authi- 

genic iron sulphide minerals, usually pyrite, and it has been identified from 

some of the oldest known rocks. 

Sulphur is present in seawater mainly as sulphate. The fixation of marine sul- 

phate as iron sulphides in sediments therefore involves a reduction process. 

Seawater sulphate is virtually inert towards inorganic reduction under present 

environmental conditions, and the reaction is carried out through the activities 

of biologic mediators. 

It is possible that in the past sulphide was occasionally fixed in sediments 

as non-ferrous metal sulphides. However, only extremely limited amounts of authi- 

genic non-ferrous sulphide minerals have been observed in recent sediments. 

The two major factors in sedimentary sulphide fixation are thus the sources and 

forms of iron and sulphur. These are discussed in this paper, together with de- 

tails of the chemistry and environmental limitations of sedimentary iron sulphide 

formation. 

The sources of iron 

The relative stability of various common dissolved and solid iron species in low 

temperature aqueous environments has been widely illustrated in terms of redox 

potential and pH (57, 27, 58). These diagrams, of which Fig. 1 is an example, de- 

monstrate that under the oxidized, neutral to alkaline conditions of the marine 

environment ct Fe203, hematite, is the equilibrium iron phase. 

These diagrams, apart from only reflecting the situation at equilibrium, are 

only valid for the species considered. 
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Iron species not considered include Fe(OH); (aqueous) ,  (Y - FeOOH (goethite), and 

iron silicates. 

The relationship between goethite, aFeOOH, and hematite has been studied (69, 65, 

26, IO, 4 3 ) .  Although earlier studies had indicated that goethite was stable with 

respect to hematite at temperatures l e s s  than 130°C in the presence of an aqueous 

phase, these results had not demonstrated the reversibility of the reaction. Yore 

recently, Berner (10) and Langmuir ( 4 3 )  have independently shown that hematite 

is essentially stable with respect to goethite under all geochemical conditions. 

Berner obtained a value of -0.66 kcal.mole-' f o r  the standard free energy change 

(AFo) at 2 5 O C  for the reaction 

2 FeOOH + F e 2 0 3  / + 1 H 2 0  

goethite hematite liquid 

in the presence of small 

very small AFo value for this reaction would intuitively indicate that goethite 
might persist metastably in the natural environment. In fact it does seem that 

the rate of conversion of goethite to hematite is slow at low temperatures, 

Possibly because of the relative insolubility of the iron oxides (26). 

(several hundred angströms) goethite crystals. The 

Stumm and Morgan (73) give the rate expression for the reaction of dissolved 

Oxygen and ferrous iron as 

Or, more conveniently, 

The constant k = 3 x ]0-12min-1ek.mole-11iter - 1  at 2OoC. The rate expression 
U 

shows that the rate increases I00 times for unit pH increase. Although the sys- 
tem 

the rate constant suggests that significant quantities of dissolved ferrous 

iron would only persist i n  solutions with a pH less than 6. 

Considered is artificial compared with real conditions, the magnitude of 
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Catalysts, such as Cuz+ and Co2+ in trace quantities as well as Fe3+-complex- 

ing anions, such as H P O t -  and a variety of organic compounds, increase the 

reaction rate considerably. Stum and Morgan (73) point out that these orga- 

nic substances, such as cysteine, phenols, polyphenols, gallic acid and tan- 

nic acid, also reduce Fe3+ synthetically in a matter of hours. They suggest 

that reactions sequences occur such as 

Fe2+ + 1/4 02 + org -f Fe3+-org complex 

Fe3+ -org complex +Fe2+ + oxidized org 

Fe2+ + 1/4 O2 + org -f Fe3+-org complex 

Thus relatively high steady state concentrations of dissolved Fe2+ may occur 

in environments where the rate of oxygenation of Fe2+ is slow compared with the 

Fe3+ reduction rate by organic matter. The organic matter then retards the over- 

all 

The oxidation of ferrous iron is followed by hydrolysis to insoluble ferric hy- 

droxides, oxides and oxyhydroxides. At least at lower pH values, the hydrolysis 

of Fe3+ is much faster than the oxidation of FeZ+ (73). Ferric hydroxo complex- 

es have a pronounced tendency to polymerise. The process involves the formation 

of dimers which are hydrolysed to form additional hydroxides, which can ultima- 

tely form bridges and finally metastable colloidal iron hydroxo polymers (72). 
Ultimately, insoluble ferric oxyhydroxide precipitates are formed. At pH values 

lower than the zero point of charge of the oxyhydroxide precipitate, positively 

charged metal hydroxo polymers prevail; at more alkaline pH values anionic hy- 

droxo polymers and negatively charged colloids exist. These ferric ion hydrolysis 

species are strongly adsorbed at solid-solution interfaces. Stumm and Morgan (73) 

note that adsorption of polyhydroxo metal complexes can occur against electro- 

static repulsion forces. The transportation of iron in natural waters as adsor- 

bed ferric oxyhydroxide on clays (17), living diatoms and plankton and organic 

debris (31) has been widely reported. Adsorbed ferric oxyhydroxides and oxides 

also give the yellow to red coloration of sand grains ( 1 3 ) .  

The extremely small size of ferric oxyhydroxide particles in natural solutions 

makes it difficult to distinguish between dissolved and particulate Fe3+ species 

even by membrane filtration. Hutchinson (35) also notes that the addition of co- 
lorimetric reagents, such as dipyridyl, to solutions containing suspended ferric 

oxyhydroxides, disturbs the Fe3+/Fe2+ equilibrium and leads to spurious Fe2+ va- 
+ .  

lues. For this reason, it is probable that the reports of dissolved FeZ 

from analyses of surface seawater are exaggerated. In the absence of other 
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ligands than OH-, the solubility of Fe'.'.' cannot exceed about 10-'M within the 

pH range 6-9. Stumm and Morgan ( 7 3 )  suggest that statements claiming that decay- 

ing vegetable matter, such as humic acids which carry carboxyl and hydroxyl func- 

tional groups, forms soluble chelates in natural waters must be taken with 

reservation. Although such substances can unquestionably chelate and bind ferric 

iron, prohibitive concentrations are required to prevent precipitation at pH 

values from 6-9 (58). It is more probable that the ferric iron-organic comple- 

xes are present as highly dispersed colloids. 

In contrast, organisms possess compounds capable of strongly chelating ferric 

iron. Of particular note are the ferrichromes which are apparently the strong- 

est Fe3+ complex forms presently known ( 7 3 ) .  The ferric iron remains in solu- 
tion even at great dilutions and high pH. Although these ferrichromes are wi- 

dely distributed in microorganisms, their significance in the geochemical mo- 

bilisation of iron i n  the natural aqueous environment is unknown. 

Ferric iron has a strong tendency to interact with phosphate. The solubility 

of pure FepOs is minimal at pH = 5.5 but increases rapidly with increasing pH. 

Hutchinson (35) reported that an oxidized mud surface does not merely hold 

Phosphate but prevents diffusion of phosphate and Fe2+ from deeper layers be- 

cause the Fe2 

Phosphate. The extent of complex formation Of Fe3+ with HPOf- or PO:- depends 

on the  po$-) / (OH-) or (PO$-) / (OH-) 
te substitutes more readily than (OH-) on the surface of the Fe3+ iron. Rosen- 

quist (63) reported vivianite, Fe3(POt,)2.8H~o, from holocene clay sediments 

Of lacustrine origin, Associated marine and lagoonal sediments did not contain 

vivianite. Rosenquist showed that vivianite tended to form under extreme redu- 

cing conditions, with low pH values ( 7 . 4 )  where the stoichiometric solubi- 
mole litre-'. Higher pH va- lity of hydroxyl apatite was greater than 

lues, Ca/Fe ratios of more than 10, and higher CO2 partial pressures explain 

+ .  1s always in excess and, when oxidized, precipitates all the 

ratios. Thus with decreasing pH, phospha- 

l o-4.  5 

vivianite is not abundant in modern marine sediments. 

Thermodynamic data are not available for natural iron silicates such as glauco- 

nite. BostrÖm (15) presented hypothetical stability diagrams for ion species 

which included iron silicates. He argued that these silicates, which had appa- 
rent stability fields in reduced environments, would limit the upper pH stabi- 
lity of other iron species. Garrels and Christ ( 2 7 )  showed that pure iron meta- 

Silicate, FeSi03,would usurp the magnetite stability field in the presence of 

aqueous solutions saturated with amorphous silica. It is probable that natural 
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iron silicates, which commonly contain high Fe3+/Fe2+ ratios, would be stable 

under a wider range of conditions, especially in these more oxidized environments 

normally occupied by hematite or goethite. Cloud (20) showed that glauconite 

tends to form today in the presence of both organic matter and dissolved oxygen 

and at the sediment-water interface, probably in zones of fluctuating redox 

potential. H4SiO4 interacts with ferric iron in a similar way to phosphate. So- 

luble Fe3+-silicate complexes have similar stabilities to soluble Fe3+-phosphate 

complexes, and considerable amounts of silica can be removed by ferric oxide pre- 

cipitation at pH 5-7 in the laboratory (73). 

It is noteworthy on Fig.] that siderite, FeC03, has only a very limited stability 

field, under stringent reducing conditions and with the virtual absence of sul- 

phide. Berner ( 1 1 )  demonstrated a further limitation to siderite formation, name- 

ly thaL siderite cannot form in calcium-rich solutions. For siderite to be stable 

relative to calcite in the reaction 

FeCO, + Ca2+ f -f CaCO 3 + Fe2+ 

siderite aqueous calcite aqueous 

the iron concentration must be at least 5% of the calcium concentration. In sea- 
water and marine sediments it is normally less than O . ] % ,  and thus siderite is 

thermodynamically unstable. 

The source of iron available for pyritisation is further limited by the low reac- 

tivity of sulphide with many detrital iron minerals under the low temperatures 

and pressures of the marine environment. Very fine-grained detrital iron mine- 

rals are the most reactive. Magnetite and ferromagnesian silicates are particu- 

larly resistant to sulphide attack in these environments, although Menon ( 4 6 )  

has reported diagenetic pyrite being formed through the sulfidation of biotite 

iron. 

Summarizing, the source of iron for sulphidation is mainly the ierric oxides, 

oxyhydroxides and oxides. These compounds are commonly supplied to the pyriti- 

sation environment adsorbed on organic and inorganic particulate matter and 

living organisms. Subsequent reactions with organic matter in the sediment may 

release dissolved ferrous iron. Dissolved organic complexes of ferric iron seem 

of less importance, although the significance of organisms in the mobilisation 

of iron, in ferrichrome complexes for example, may not be fully appreciated. Iron 

silicates, and possibly phosphates and carbonates, may be of local importance. 
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The source of sulphur 

Sedimentary sulphide production occurs almost entirely as a result of dissimila- 

tory sulphate-reduction by bacteria. From Fig.2 it would seem possible for 

inorganic sulphate-reduction to take place in many natural environments. However, 

the low temperature reduction of sulphate is kinetically slow. For example, the 

addition of Zn metal to sulphuric acid solutions results in the evolution of hy- 

drogen, and yet the remnant solution still contains sulphate. No inorganic sulphi- 

de source is known in any modern non-volcanic environment, and sulphate may he re- 

garded as inorganically inert with respect to reduction at low temperatures. 

The biologic and abiologic decomposition of natural organic sulphur compounds may 
also result in the release of sulphide. Fish protein contains about 2% dry weight 

Sulphur and thus the decomposition of some 2600 g of this material could produce 

up to 32g sulphide. In contrast, dissimilatory sulphate-reducing bacteria may 

produce the same amount of sulphide from 96 g of aqueous sulphate at the expense 

O f  only 180 g lactate. 

Skopintsev (68) has shown experimentally that the bacterial decomposition of bio- 

genic organic matter in seawater results in dissolved sulphide concentrations 

quantitatively equivalent to the disappearance of dissolved sulphate, with no 

Significant contribution from the organic sulphur compounds. Berner (12) has 

further noted that marine sediments Often contain amounts of pyrite sulphur in ex- 

cess of that which could theoretically be provided by 100% organic matter. 

The most conclusive evidence as to the importance of sulphate-reducing bacteria 

comes from the studies of Japanese near-shore waters. In particular, the micro- 

bial flora of Karogara Bay contain some 37.3% sulphate-reducers, making up by far 

the largest proportion of microorganisms (66). Furthermore, studies in Hiroshima 

Bay demonstrated that the weight of sulphide per gram mud was directly proportio- 

nal to the number of sulphate-reducing bacteria ( 3 9 ) .  

The bacteria responsible for dissimilatory sulphate-reduction belong to the gene- 

ra Desulfovibrio and Desulfotomaculum. An electronmicrograph of a typical Desulfo- - vibrio species is shown in Fig.3 and the major characteristics of these organisms 

are summarised in Table I .  

SulPhate-reducing bacteria are normally heterotrophic. They facilitate overall 

reactions of the type 

2 CH,O + SO: +HCO; + HS- + CO2 + H 2 0  

Using a known metabolizable substrate such as lactate, the reaction would he writ- 

ten 

2 CH3.CHOH.COOH + SO:- t2 CH,.COOH + HCO, + C O P  + EIS- + E120 
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The bacteria perform the reduction through a series of reactions involving ATP 

(adenosine triphosphate), APS (adenosine-5-phosphosulphate), at least two enzy- 

mes (ATP-sulfurylase and APS-reductase), and an electron donor (38). A cytochro- 

me (cg - in Desulfovibrio) is involved in electron transfer during these opera- 

tions (54). The reduction is accompanied by an enrichment in the faster-reacting, 

lighter 3 2 S  isotope over 3 4 S .  This is an ecologically and geochemically impor- 

tant phenomenon which itself has been the subject of a symposium ( 3 7 ) .  

The bacteria are obligate anaerobes but otherwise they tolerate a wide range of 

conditions. Species may be found that will withstand pH = 5 - 9.5, 
Eh = +80 - 4 0 0  mv, O - 7 0  OC and O - 12% N a C l  concentrations. The author has 

worked with one strain (Canet 41, N . C . I . B .  8393) which could grow in NaCl-free 

solutions as well as in solutions containing 12% NaCl. Zobell (81) isolated a 

strain from a deep-sea environment which was able to reduce sulphate at 1 0 0 0  atm. 

pressure and 104 OC. 

These wide physico-chemical tolerances are reflected in the ubiquity of their 

presence in the anaerobic parts of almost all natural aqueous environments. The 

presence of an anaerobic sulphide-containing zone beneath the oxidized surface 

is the normal situation i n  marine, brackish and fresh water sediments, as well 

as in many soils. 

The limits of the sulphate-reducing environment are controlled by the tolerances 

of the sulphate-reducing bacteria. Baas Becking et al. (3) assembled the results 

of 477 pH and Eh measurements from regions where sulphate-reduction occurs. The 

results are shown in Fig.4. The lower limit of sulphate-reduction occurs at about 

pH 5, although there is one measurement (from 1934) of apparent sulphate-reduction 
at pH 4 . 2  from a peat bog. The upper pH limit is just above pH 9 ,  although one 
measurement from the alkaline Searles Lake, California, gave pH 9.9. The measured 

Eh limits of the sulphate-reducing environment are less meaningful, and probably 

at best represent mixed potentials. Morris and Stumr (49) note that significant 

reduction of SO;- to HzS at pH 7 requires pE < -3, and that the biological enzy- 

mes that mediate this reduction with organic matter oxidation must operate at or 

below this value. Sulphate-reduction occurs within the cell and it is possible 

for the bacteria to develop with a significantly higher p~ value in the growth 

medium. Even $0 it is customary to add cysteine, Na2S or thioglycollic acid 

to at least p~ = -3 in batch culture media. A standard method for counting sul- 

phate-reducing bacteria involves the insertion of an iron needle for the same 

purpose. 
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The uppermost Eh noted by Baas Becking et al. 

lowermost limits were on the boundary given by the equilibrium 

( 3 )  was over +I00 mV, whilst the 

2 u20 + 2~ = nzo + 2 OH- 

liquid gas aqueous 

at 25 'C and where P 
Zobel (80) noted an Eh of -580 mV in one sediment, and hydrogen producing orga- 
nisms are known from sediments. No temperatures are given by Baas Becking et al. 

( 3 ) ,  and thus no correction can be made for variations in temperature. 

Apart from the prevalence of mixed potentials, the sulphate-reducing environment 

within a sediment may be extremely small. The organisms involved are minute and 

a cubic centimetre of water can contain more than I O 9  of them. The insertion of 

electrodes into such an environment not only involves the risk of introducing 

oxygen, but also means that the electrode is often recording the average poten- 

tial of a number of such oxidized and reduced microenvironments. 

Furthermore, since the reproductive cycle Of these microorganisms is extremely 

short, a reducing microenvironment may be established for very short time peri- 

ods. Stippel et al. ( 6 4 )  have estimated natural doubling times for these orga- 

nisms in Baltic near-shore muds to be about 84 hours. Hallberg (29) has calcu- 

lated a doubling time of only 8 hours in laboratory continuous cultures at 25 O C .  

Thus in a sediment, a period of days is sufficient to produce a meaningful 

amount of hydrogen sulphide which may be Per"ent1y fixed as metal sulphide. 

In summary, the p~ and Eh redox tolerances O f  sulphate-reducing bacteria are not 

sharply delineated. ~t is probable that the bacteria are active between approxi- 

mately pH 5-9, and that observations much different from this range result from 
other factors. In particular the sporulating Desulfotomaculum species can exist 

in their vegetative stage under extreme pH conditions. Redox tolerances are less 

definable. No lower limit has yet been discovered, and the bacteria can grow in 

a hydrogen atmosphere. The upper limit is probably ultimately dependent on the 

oxygen concentration. However, symbiosis between aerobes and anaerobes, result- 

ing in the removal of oxygen as fast as it is introduced, can mean that oxygen 
may exist together with sulphate-reducers in certain ecosystems. Hallberg (28) 

claimed to have recorded oxygen at all depths in a reduced Dutch tidal sediment. 

The sulphate-reducing bacteria are normally heterotrophic, and thus their deve- 
lopment depends on a s~pply of utilizable organic matter. Kimata et al.(39) de- 
monstrated that the number of sulphate reducers was directly proportional to the 

weight of organic matter per gram mud in Hiroshima Ray. 

= I atm. All these measurements are rather meaningless, 
-H z 
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The supply of utilizable organic matter to sulphate-reducing bacteria depends 

on the relative,rate of total organic matter supply to its rate of oxidation 

by aerobic microorganisms. 

According to Hargrave (30) the major factor controlling aerobic development in 

bottom communities is temperature, the mechanical properties of the sediment 

being less important. As long as decomposable organic matter is supplied to the 

sediment surface faster than aerobic microorganisms can oxidize it, oxygen will 

be used up faster than it can be supplied. High rates of organic matter supply 

are only indirectly dependent on the primary production, since a major part of 

the destruction of the primary production occurs in the uppermost water layers. 

The supply is optimum where the waters are not disturbed and where the remnant 

organic detritus can settle most efficiently. Since fine silts and clays are 

deposited under these conditions, this explains the common relationship between 

anaerobic conditions and fine-grained sediments. 

Berner (13) showed that this relationship between the total sulphate-reducing 

bacterial activity and organic matter supply means that the rate of sulphate- 

reduction can be treated mathematically to a good approximation. Berner (13) 

assumed a first order rate law for the reduction, which is in good agreement with 

the observations of Kimata et al. (39). 

_ -  - -LkG dt 

where dc/dt is the rate of charge of sulphate concentration with time, L is the 

stoichiometric coefficient relating sulphate reduced to carbon oxidized. k is 
the bacterial rate constant and G is the concentration of available organic 

carbon. If diffusion is the only factor affecting sulphate concentration then 

where D is the whole sediment diffusion coefficient for sulphate, x is the depth 

and (I) is the sedimentation rate. Solving for steady state conditions produces a 

concave downward curve for c versus x which approaches an asymptotic value. The 

application of this model to muds of Southern California gave reasonable values 

of dc/dt (-1.8 x moles S . C ~ - ~  .sec-’ at x = O) and D (0.3 x 10-5cm.sec-’). 
The model is however very approximate, and observed depth distributions of sul- 

phate from the Gulf of California gave only one concave down curve. The other 

four distributions were concave up, indicating a decrease in sulphate reduction 
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on the relative rate of total organic matter supply to its rate of oxidation 

by aerobic microorganisms. 

According to Hargrave (30) the major factor controlling aerobic development in 

bottom communities is temperature, the mechanical properties of the sediment 

being less important. A s  long as decomposable organic matter is supplied to the 

sediment surface faster than aerobic microorganisms can oxidize it, oxygen will 

be used up faster than it can be supplied. High rates of organic matter supply 

are only indirectly dependent on the primary production, since a major part of 

the destruction of the primary production occurs in the uppermost water layers. 

The supply is optimum where the waters are not disturbed and where the remnant 

organic detritus can settle most efficiently. Since fine silts and clays are 

deposited under these conditions, this explains the common relationship between 

anaerobic conditions and fine-grained sediments. 

Berner (13) showed that this relationship between the total sulphate-reducing 

bacterial activity and organic matter supply means that the rate of sulphate- 

reduction can be treated mathematically to a good approximation. Berner (13) 

assumed a first order rate law for the reduction, which is in good agreement with 

the observations of  Kimata et al. ( 3 9 ) .  

_ -  dc - -LkG dt 

where dc/dt is the rate of charge of sulphate concentration with time, L is the 

Stoichiometric coefficient relating sulphate reduced to carbon oxidized, k is 

the bacterial rate constant and G is the concentration of available organic 
carbon. If diffusion is the only factor affecting sulphate concentration then 

where D is the whole sediment diffusion coefficient for sulphate, x is the depth 

and w is the sedimentstion rate. Solving for steady state conditions produces a 

concave downward curve for c versus x which approaches an asymptotic value. The 

application of this model to muds of Southern California gave reasonable values 
- 1  - 1  

of dc/dt (-1.8 x moles S . C ~ - ~  .sec at x = O) and D (0.3 x 10-5cm.sec ) .  

The model is however very approximate, and observed depth distributions of sul- 

phate from the G u l f  of California gave only one concave down curve. The other 

four distributions were concave up, indicating a decrease in sulphate reduction 
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rate with time at the sediment-water interface and non-steady state conditions 

(13). 

Organic matter supply is normally the factor limiting sulphate-reduction. Sul- 

phate, which is essential to most species of sulphate-reducing bacteria, is ge- 

nerally in excess. Exceptions include waters containing little or no sulphate, 

such as lakes and the high moor bog waters of Tasmania ( 3 ) ,  and environments 

with excessive organic matter, such as may result from pollution (13). In these 

latter cases, the rate of diffusion of sulphate becomes the limiting factor. 

The effect is noticeable geologically where the iron sulphide content of such or- 

ganic-rich ancient sediments as oil shales and coals, is proportionally lower than 

would be expected. 

The role of minor elements in the development of sulphate-reducers has been wi- 

dely discussed hut much conflicting evidence is available (33,32,40,54). It is 

probable that trace element requirements are interdependent through the ability 

of one element to substitute for another, and may differ for individual strains. 

It has heen established that there is a minimum iron requirement for optimum 

growth for D. desulfuricans, but this is far below the minimum iron concentra- 

tions of the natural environment. 

Base metal toxicity has heen discussed, hut, as has heen shown in the case of 

copper by Temple and Leroux (75 ) ,  these elements are not normally sufficiently 

concentrated in a mobile toxic form in natural waters. Hydrogen sulphide toxi- 

city has heen determined by Miller ( 4 8 )  and Rickard (59) and has heen shown to be 
effective only at hydrogen sulphide concentrations in excess of 3 g.1-’. 

Iron sulphide formation chemistry 

Since the classic work of Allen et al. ( Z ) ,  there have heen several studies of 

iron sulphide formation chemistry in l o w  temperature aqueous solutions. Berner 

( 8 ) ,  Korolev and Kozorenko (41), Rickard (60) and Roberts et al. (62) have des- 
cribed inorganic experiments on iron sulphide formation. Rickard ( 5 9 ) ,  Freke and 

Tate (25) and Hallherg (29) investigated the mineral products from cultures of 
sulphate-reducing bacteria. 

Prior to these studies only three iron sulphide minerals were known, and sub- 

sequent discoveries have so complicated this group that earlier investigations 

are of limited usefulness and have not been quoted. 

The major iron sulphide forms are listed in Table 2. :?arcasite, mackinawite, grie- 

gite and cubic Fes have apparently no thermodynamic stability at any temperature 
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with respect to pyrite and pyrrhotite. Smythite may be stable below 7 5 O C .  Apart 

from the forms listed, a number of other iron sulphides have been synthesised 

or found naturally, but have not been well defined. Of particular note are the 

hexagonal FeS described by Hallberg ( 2 9 )  from continuous cultures of sulphate- 

reducing bacteria, and the apparently monoclinic highly unstable Fens3 synthe- 

sised by Rickard (58) from aqueous solutions at 25OC. 

A l l  these various iron sulphides may be involved to a greater or lesser extent 

in sedimentary pyrite formation. Our knowledge about many of the processes in- 

volved is still incomplete but the broad lines have been established. 

The overall reaction for sedimentary pyrite formation may be written 

< Fes > + < s > + pyrite 

where < Fes > 

represents a sulphur species. 

The relative importance of the various metastable iron sulphides in < Fes > 
is uncertain. However, mackinawite and griegite are commonly the first minerals 

identified in wet low temperature reactions involving ferrous or ferric iron and 

aqueous sulphide, except under special conditions. The cubic FeS of Takeno et 

al. ( 7 4 )  has been reported to transform to mackinawite after about a month, in a 

reaction that has not been reversed. The mackinawite-griegite transformation is 

apparently reversible ( 6 0 , 7 9 ) .  Hallberg's hexagonal Fes was apparently one of 

the first phases formed from continuous culture of sulphate-reducing bacteria, and 

Rickard's monoclinic Fe,S3 spontaneously decomposed to black ferrous sulphide 

(identified as partially mackinawite) and sulphur. 

On the pyrite formation scheme shown in Fig.5, 

there are no data that any phase other than mackinawite and griegite occurs in 

black sedimentary iron sulphide (8, 36, 52, 7 7 ) .  The primary black iron sulphide 
received from laboratory synthesis is virtually x-ray amorphous, but usually gi- 

ves one or two broad bands approximately coincident with the mackinawite stron- 

gest lines. It i s  non-magnetic (60) and has an Fe/S ratio of about 1 independent 
O f  PH in the range 5-9 ( 6 0 ,  6 ) .  These observations would indicate that it is not 

finely crystalline griegite. 

A s  shown by Rickard (60) griegite tends to form more rapidly at more acid pH 

values. Berner's (9) thermodynamic data imply that mackinawite is only stable 
with respect to griegite at extremely low PE values at pH less than 7. Since the 

transformation of mackinawite to griegite is an oxidation, and since this is 

represents one or more metastable iron sulphides and < S > 

"black Fes" i s  queried. A s  yet 
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easily performed in the absence of dissolved oxygen and primary ferric iron, 

Rickard (60) proposed that the mechanism was an autooxidation involving water, 
in a similar way to the transformation of Fe(OH)L to Fe304. 

The reaction 
3 Fes + S L  - = Fe3Sb + 2~ 

mackinawite aqueous griegi te 

is plotted in terms of PE, pH and pS on Fig.6. A high total dissolved sulphur 

activity (pS = 1 )  is included, in order to demonstrate the extent of the elemen- 

tal sulphur stability field. This field retracts into high p ~ ,  low pH values at 

higher pS values. Note that even at pS = I ,  the reaction 

3 FeS + S O  = Fe3S4 

mackinawite elemental griegite 

is improbable, even though theoretically possible (AFo = -2.5 kcal.mole-'), 

because of the limited So stability field. The SO:- stability field is plotted 

on the diagram as a dashed line since it is effectively irreversible in the 

natural aqueous environment in the absence of biological mediators. The inorg- 

anic oxidation of aqueous sulphide by oxygen results mainly in the formation of 

sulphate, and is very fast (50 ,  19). Furthermore, both mackinawite and griegite 

are very susceptible to air oxidation, and griegite may undergo a pyrophoric 

reaction. Thus the SO:- stability field limit may indicate the upper stability 

limit for mackinawite and griegite in the presence of oxygen. 

The reaction 

FeS > + < S > + pyrite 

has been studied by Berner ( 8 ) ,  Rickard (60) and Roberts et al. (62). The solid 

state mechanisms are thermodynamically possible 

(i ) < FeS > 

(ii) griegite + pyrite + mackinawite 

+ < S o  > + pyrite 

In reaction ( i ) ,  FeS > can be either mackinawite or griegite. The reaction 

has AFo = -16.0 kcal.mole-' for mackinawite and AFo = -45.5 kcal.mole-' for 

griegite (9). Both reactions have been observed at temperatures around 100°C 

and above (58, 69). At lower temperatures, down to 60°C, the reaction i s  slower, 

and results in greater percentages of marcasite, the dimorph of pyrite. Reaction 

(ii) has not been observed although griegite has been observed to dissociate 

into pyrite + pyrrhotite at higher temperatures ( 4 2 ) .  In general, it would be 
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expected that solid-solid reactions involving iron sulphides would be geologi- 

cally slow at low temperatures and pressures. They may have some greater impor- 

tance in late diagenesis, but observations demonstrate that pyrite is formed 

rapidly i n  the upper layers of the sediment. 

Roberts et al. (62) and Berner (12) failed to detect pyrite in the reaction be- 

tween ferrous salts and pure aqueous polysulphide solutions. However, Rickard 

( 6 0 )  added aqueous ferrous sulphate to an impure polysulphide solution which 

also contained sulphur and sulphide, and obtained pyrite and ferrous sulphide, 

possibly mackinawite. 

Experiments on the kinetics and mechanisms of pyrite formation are i n  progress 

(Rickard, unpublished work). The preliminary results indicate a half order depen- 

dence of the rate of pyrite formation on sulphide concentration, in the reaction 

between < Fes >,  sulphur and aqueous sulphide at 40'C. The < FeS > is the typical 
fine black iron sulphide received on the sulphidation of a ferrous salt. It is 

non-magnetic, and thus probably not griegite. It shows a few broad mackinawite 

peaks on x-ray analysis, but is otherwise x-ray amorphous. 

This rate dependence on sulphide concentration would be expected if one of the 

rate controlling reactions in pyrite formation involved a dissolved sulphur spe-  

cies. Optical observations of the precipitate show no close spatial relation- 

ship between the fine pyrite grains and the sulphur. The sulphur used was commer- 

cial. "flowers 

identified as rhombic sulphur during the present investigation and is easily 

identifiable optically since the individual crystallites are flocculated in uni- 

form spheres, of the order of 101-1 in diameter. Pyrite seems to be associated 
with the black i Fes >, which indicates that some transport process is involved. 

The half order dependence would be in agreement with a dissolution process of 

the sulphur spherules. 

These observations indicate that it is highly probable that aqueous polysulphides 

are involved in pyrite formation. sulphur is known to dissolve quite rapidly 

in alkaline sulphide solutions to give polysulphides, and pyrite itself is an 
iron polysulphide. 

The probable reaction for pyrite formation in aqueous solution is thus of the 

form 

sulphur" which is formed by a sublimation process. It has been 

< FeS > + S:- + pyrite 

with the immediate oxidants being polysulphide anions. Various stoichiometrics 
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for this reaction can be calculated based on the relationship 

s:- + (n-2)s2- = (n-1)~;- 

where n = 2-5. However, in the absence of more detailed evidence such calcula- 

tions are meaningless. 

This mechanism was proposed by Rickard (58, 60) and Roberts et al. ( 6 2 ) .  Rickard 

also discussed the relationship of marcasite and pyrite formation, which has 

been usually overlooked by other investigators, since marcasite tends to form 

from the same reaction mixture as pyrite, that is < FeS > + S o  + S2-, but at 

acid pH values. At acid pH values polysulphide anions are highly unstable and 

instantaneously dissociate into sulphide + sulphur. Thus Rickard proposed that 

marcasite formed through the reaction between < Fes > and sulphur, whilst polysul- 

phide anions are involved in pyrite formation. It is further interesting to note 

that at acid pH values, < FeS > is more soluble, and thus the reaction may not be 

a solid state reaction entirely. The presence of sulphur is thus an integral 

factor in pyrite and marcasite formation, even though it may not react directly 

with ferrous sulphide to form pyrite. Several processes may form elemental sulp- 

hur in the natural environment. The sulphidation of ferric oxyhydroxides is 

particularly important in this context because the elemental sulphur is produced 

spatially near the ferrous sulphide. Both abiologic and biologic sulphide oxi- 

dation may also result in sulphur formation. 

Pyrite formation chemistry in low temperature aqueous solutions is summarised in 

Fig.5. Basically a black < Fes > precipitate is formed, which may contain other 

phases than mackinawite and griegite. Subsequently this reacts with sulphur, 

through polysulphide intermediaries, to form pyrite. Solid state reactions, 

which are slow at low temperatures, may become more important during the later 

stages of diagenesis. 

The environment of iron sulphide formation 

The factors limiting the environment of iron sulphide formation are the produc- 

tion of sulphide and the distribution of reactive iron minerals. 

Since sulphide production is almost entirely a result of the activities of 

sulphate-reducing bacteria,the tolerances of these microorganisms are coincident 

with the limitations to sulphide producing environments. These tolerances have 

been discussed above. 
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It has been pointed out, however, that the sulphate-reducing environment within 

a sediment may be extremely small, since I O 9  bacteria may be contained within a 

single cubic centimetre of water. The doubling time for these bacteria is measured 

in days rather than weeks, and thus a relatively short time is required to produce 

Sufficient hydrogen sulphide for permanent fixation as a metal sulphide. Thus the 

presence of dispersed sulphide grains within an ancient sediment does not neces- 
sarily mean that the sediment was a sapropel or even that bacteriological sul- 

phate-reduction was widespread, since the individual reduced microenvironments 

which produced the sulphides could have been both chronologically and spatially 

infinitesimal from a geologic viewpoint. 

The microenvironment may support the growth of anaerobic sulphate-reducers with- 

out being entirely anoxic, since small fluxes of oxygen could be removed by aero- 

bic microorganisms developing symbiotically with the sulphate-reducers. Sulphide- 

oxidizing microorganisms in particular develop readily in the presence of both 

sulphide and oxygen. 

The occurrence of sedimentary metal sulphide grains reflects the conditions of 

Preservation of the sediment as much as the conditions of formation. The author 

has observed black sedimentary iron sulphides in both sandy sediments and modern 

muds. However, it is those sulphides in the muds which are more likely to be pre- 

served geologically, since the relative impermeability of fine-grained sediments 

makes them Iess susceptible to subsequent penetration by oxygenated groundwaters. 

The relative stability of the metastable iron sulphides, with respect towards 
dissolution and oxidation, further limits the environment Of iron sulphide 

formation. ~ i ~ .  6 is a three dimensional diagram showing the relative stability 
of mackinawite and griegite in terms of PE, PH and PS, at a total dissolved iron 
activity of The Pc limiting factors are the lower stability limit of water 
and the oxidation of sulphide to sulphate. Both these boundaries are, of  course, 

The presence of elemental sulphur ( S o )  further limits the upper p~ 

Stability of griegite, since it dissociates to Fe2+ + So at a lower pE value than 

to Fe2+ + H ~ S  . The solubility of these phases is highly pS dependent. At a total 
sulphide activity of  1 o - I  (ps = I ) ,  griegite and mackinawite dissolve 

at PH Iess than about 5.5, producing ~ e 2 +  = IO-’ in solution. The griegite stabi- 
lity field is limited to p s  values greater than 4 ,  and is particularly well deve- 
loped between pH 6-7. As ps increases, the solubility of mackinawite increases for 

given pH. At pt{ 7, F e L +  = i s  in equilibrium with mackinawite at about 

ps = 3.7, and at higher pS values, this boundary moves into alkaline pH range, 

until it reaches pF1 9 at pS = 5.7. 
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The reducing zone normally occurs at some depth within the sediment. Dissolved 

oxygen at the sediment-water interface is removed by aerobic microorganisms. The 

intensity of their activity depends on the flux of utilizable organic matter and 

the temperature. If the organic matter flux is low, as for example in turbulent 

waters where sands are deposited, then the oxygen has a chance to diffuse to 

some depth within the sediment. The depth of diffusion depends on the rate of 

diffusion, and this is increased in coarser sediments with high porosity and low 

tortuosity factors. Oxygen in excess of that removed by aerobic organisms reacts 

with reduced substances such as sulphide diffusing up to the sediment surface 

and is removed. The top of the reduced zone in many sediments is thus marked 

with a more macroscopically sharp boundary by the disappearance of black-staining 

ferrous sulphides. 

The thickness of the sediment's oxidized zone is very small, usually l e s s  than a 

millimetre. In the coarse sands of the Wash in England, bands of ferrous sulphide 

occur at depths of over 10 cm. Although a good indicator for the presence of sul- 

phate-reduction, the absence of black staining in a sediment does not necessarily 

indicate the absence of sulphate-reducing bacteria. The reduced microenvironment 

may take the form of the decomposing interior of a foraminifera, for example, 

with the sulphide being rapidly oxidized at the shell surface. A sandy sediment 

was recently collected from the Skagerrak as a core of macroscopically homogene- 

ous yellow sand in a perspex tube. The tube was sealed for storage. After three 

months, small (c. 2 cm diameter) circular spots of black iron sulphides were ob- 

served dispersed throughout the sand. The sealing of the tube had limited oxygen 

ingress into the sediment, and sulphide, produced by sulphate-reducers apparently 

within certain localised organic matter concentrations, was able to diffuse into 

the surrounding iron-stained sand without being oxidized. 

The author is at present involved in attempting to calculate mass balances for 

bacteriogenic sulphide and metal fluxes at the boundary of the oxidized and 

reduced zones within a sediment. Observed sulphide fluxes may be very high. Ber- 

ner (7) computed a value of about 10 g S.cm .sec from observations of mo- 
-2 - 1  dern sediments, and Sorokin (70)  has noted values as high as 10-I' g S.cm .sec 

in lakes. Sorokin's values apparently include midwater as well as sedimentary 

sulphate-reduction. This seems to be exceptional since normally relatively little 

sulphide production occurs i n  the free water. 

In normal sediments the flux of reactive iron is very low and is controlled by 

the sedimentation rate. Since sulphate-reducers develop to a greater extent in 

fine-grained sediments, where the sedimentation rate is low, sulphide is normally 

-12 -2 - 1  
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in excess of available iron. 

The kinetics and mechanism of the sulphidation of goethite in low temperature 

aqueous solutions have been studied (58). The goethite used was a uniform product, 
prepared by the addition of dilute NaOH to FeC13.6 HzO at pH = 9, followed by 

autoclaving at 12O0c for 72 hours. The sIirface area of the goethite used was 

estimated to be 7.5 x I O  cm .g , and was thought to approximate the aged goe- 
thite sulphidized in the natural environment. The rate of sulphidation was 

followed electrometrically and was shown to be first order with respect to 

the surface area of goethite. The increase in rate is therefore directly propor- 

tional to the increase in surface area. In other words, the more goethite a s e -  

diment contains the faster will be the fixation of sulphide. 

Therefore, although the presence or absence of significant sulphide in a sediment 

iS ultimately dependent on biological factors such as organic matter supply, 

sulphate diffusion, and oxygen concentration, the concentration of metal sulphide 

received may be directly dependent on the concentration of available reactant iron 
minerals. The relative infrequency of often catastrophic sulphide escapes 

from sediment interstitial waters is due to the rate of oxidation of sulphide 
in the uppermost sediment layer, rather than sulphide fixation as iron sulphides. 

The bacterial production of sulphide after sediment burial is of interest to 

geologists. Ancient limestones, for example, commonly produce a fetid smell o f  

hydrogen sulphide after being struck with a hammer. This post-depositional sul- 

phide production further causes problems in the oil and natural gas industries, 

since hydrogen sulphide is commonly produced by bacteria using the oil or gas 

as nutrient and reducing sulphate concentrated in the associated waters. The 

hydrogen sulphide concentrations may reach commercial quantities. Like natural 

gas or oil, this hydrogen sulphide is a highly mobile constituent in the upper 

Parts o f  the earth's crust, and metal sulphide concentrations may occur in any 
Permeable metal-bearing rock through which the sulphide passes. The importance 

O f  this process in the formation o f  metal sulphides in ancient sediments in par- 

ticular, and in ore genesis in general, is at present unknown. It seems 

probable that this process is of some importance with regard to permeable, oxi- 

dized rocks such as sandstones and limestones, rather t h a  shales. 

Sedimentary pyrite formation, through bacterial sulphate-reduction, Occurs 

throughout the geologic record. Sulphur isotope analyses of pyrite from the 

5 2 -1 

Precambrian sediments demonstrate considerable concentrations Of the 

lighter 3 2 S  isotope (18). Furthermore, there is considerable indirect evidence 

that sulphate-reducing bacteria were among the earliest organisms to appear, 
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perhaps 3 billion years ago ( 4 5 ) .  Present theories about the nature of the early 

superficial environment of the earth, particularly the probable presence of an 

anoxic atmosphere, indicate that sulphate-reducing bacteria could have heen 

wide-spread. Indeed, it has been proposed that sulphate-reducing bacteria were 

members of the earliest stable ecosystem (55). 

Summarising, the tolerances of sulphate-reducing bacteria provide only limited 

boundary conditions to the iron sulphide producing environment because of the 

possibility of their development in chronologically and spatially limited 

microenvironments. In contrast, the primary metastable iron sulphides are sensi- 

tive to oxidation and dissolution and thus will only form and he preserved in re- 

duced, neutral to alkaline systems at moderate dissolved sulphide concentrations. 

Iron sulphide formation thus normally occurs at some depth within the sediment, 

up to a few centimetres depending on the efficacity of the removal of oxygen by 

aerobic microorganisms. The concentration of iron sulphides is normally ultima- 

tely limited by the concentration of reactive iron minerals in the sediments. 

Permeable oxidized deposits may become sulphidized after diagenesis by the move- 

ment of post-depositional hydrogen sulphide. 

Discussion 

The reaction of Fes with sulphur has been widely accepted as the mechanism of Se-- 

dimentary pyrite formation (51, 77, 13, 5 8 ) .  There is little or no evidence of 

pyrite formation from low temperature aqueous solutions at neutral pH values in 

the absence of sulphur or sulphur-forming conditions. 

The pyrite formed in sediments, however, commonly demonstrates a striking textu- 

re, called famboidal, consisting of spherical aggregates of pyrite microcrystal- 

lites (Fig.7). This pyrite texture is also often found in sediments intimately 

associated with certain stratiform sulphide ore deposits, and thus its genesis 

has been the subject of much discussion ( 4 4 ,  61). The pyrite formed in the la- 

boratory commonly consists of small microcrysts, but they are usually not as 

aggregated as natural framboids. Framboid-like aggregates of microcrystalline 

pyrite have been synthetised (13, 2 4 ) ,  and the writer has often observed cru- 

dely spherical loose aggregates of pyrite microcrystallites from synthetic 

experiments. However, a significant percentage of the natural framboids show a 

marked ordering of the constituent microcrysts (Fig.8), which has certainly not 

been reproduced as yet in the laboratory. Various theories have heen proposed 

for the origin of framboids, but to date none has been entirely satisfactory. 
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In some sediments black ferrous sulphide is not converted to pyrite with depth. 

Griegite, for example, was first isolated from a Tertiary lacustrine sequence 

( 6 7 ) .  The older buried sediments of the Black Sea include interbedded ferrous 

Sulphide-rich clays with grey pyrite clays with no ferrous sulphide (23, 7 7 ) .  

Berner (13) has shown that the black clays are much lower in both total reduced 

Sulphur and pyrite sulphur than the grey Pyritic clays. This indicates that the 

black clays, which contain similar total reactive iron contents to the grey 

clays, represent an arrested stage of diagenesis ( 7 7 ) .  

Most of the pyrite formed in sediments is normally produced in the uppermost few 

centimetres of the sediment. It has been shown that as the pyrite content in- 

creases the concentration of ferrous sulphide decreases, though not in stoichio- 

metric proportions because of re-solution and re-precipitation of the ferrous 

sulphide ( 7 ) .  

Pyrite formation thus seems to be fast compared with the sedimentation rate. The 

reluctance of pyrite to nucleate at all temperatures and pressures is well known 

to laboratory workers. This is particularly noticeable at low temperatures. 
However, recent unpublished kinetic work by the writer shows a logarithmic depen- 

dence on time for pyrite formation in the reaction between < Fes >, sulphur and 

dissolved sulphide at pH = 7 and 4OoC. Over 50% pyrite may be formed within the 
first hour of reaction at high sulphide concentrations and large sulphur areas. 

The fast formation rate is believed to be caused by the maintenance of a high 

rate of agitation throughout the experiments as Well as the higher (4OoC) tem- 
peratures. It is further possible that the rate Of pyrite nucleation is affected 

the state of the sulphur. 

Berner (12) shows pyrite distributions with depth for 

Sediments. I n  these sediments over 80% of the pyrite is formed in the uppermost 

Connecticut tidal flat 

cm of the sediment, assuming that the pyrite concentration determined at depth 
100% pyrite. The maximum pyrite concentration coincides 

depth) with a ferrous sulphide concentration of Only 10% Of the initial value. 

Assuming a high sedimentation rate of 10 

O f  the available iron was converted to pyrite in about 10 years. At a steady sta- 

te sedimentation rate, it then takes several tens of years to pyritise the remai- 

ning 20% of  the available iron. Assuming 9 0 %  porosity, the rate Of pyrite forma- 

tion in these sediments would average about 0.6 mg FeS  -Fe.cm 

has attempted to estimate the annual l o s s  of sulphate from the oceans to form 
Pyrite. He arrived at the figure of about 7 x IO6 tons. S.yr , considering only 
hemipelagic sediments and euxinic basins. This is probably a considerable under- 

4 7  

(at 7-9 cm 

-8 - 1  
cm.sec , this means that about 80% 

-2 - 1  
.yr . Berner (12) 
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estimate, since sulphur fixation as pyrite does not only occur in hemipelagic 

sediments, which make up a maximum 15% of the total ocean bottom area. Berner 

gives an estimate of the amount of sulphur delivered by rivers as 

123 x 10 tons.yr . This is almost exactly twice the estimate provided by 
6 Holser and Kaplan (19) of about 60 x I O  tons.yr-l for sulphur from both river 

and volcanic sources. They also provide figures which suggest that about twice 

as much sulphur (5 x l o l 5  tons) is contained in ancient evaporites as in sedi- 

ments (2.7 x l o l 5  tons). Thus although Berner (12) concluded that there is a 

considerable inbalance in the oceanic sulphur economy, other estimates suggest 

that the inbalance may not be as large as the suggested. At present no meaning- 

ful conclusion may he given because of the lack of adequate quantitative data. 

6 - 1  

Conclusions 

Pyrite formation in sediments occurs through the sulphur oxidation of metastable 

ferrous sulphides, mainly mackinawite and griegite. The mechanism apparently in- 

volves dissolution of sulphur in sulphide solutions to produce polysulphide anions, 

which are the immediate oxidants at neutral to alkaline pH values. At more acid 
pH values the solubility of the metastable ferrous sulphides increases, sulphur 

becomes stable with respect to sulphide, and marcasite tends to form. 

The metastable ferrous sulphides are produced through the reaction between de- 

trital iron minerals, particularly ferric oxyhydroxides, and bacteriogenic sul- 

phide. The iron sulphide-precipitating environment is limited by the physio-che- 

mical tolerances of the bacteria and the stability of the iron sulphides towards 

dissolution and oxidation. Although dissimilatory sulphate-reducing bacteria of 

the genera Desulfovibrio and Desulfotomaculum are sensitive to oxygen, extremes 

of pH and temperature, their size and reproduction rate mean that they may exist 

in reduced microenvironments with different physico-chemical characters to the 

sediment as a whole. The stability limits of the metastable iron sulphides to- 

wards dissolution and oxidation coincide to a large extent with pH and p~ tole- 

rances of the bacteria. It is however necessary to have total dissolved sulphide 

activities of  more than I O  , in order to precipitate these metastable ferrous 
sulphides from solutions containing a total dissolved ferrous iron activity of 

-6 . 

or less at p~ 9 .  

Generally, utilizable organic matter, dissolved sulphate and reactive iron are 

normally available in microenvironments within most sediments, and thus there 

seems to he few sedimentary environments where iron sulphide precipitation would 

be completely absent. This is further demonstrated by the apparent ubiquity of 
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Sulphide formation in modern sediments. 

The concentration of pyrite is limited by the availability of utilizable organic 

matter, sulphate, iron, and oxygen. In areas with high rates of organic matter 

sedimentation, aerobic microorganisms rapidly remove the bulk of the dissolved 

oxygen, at or near the sediment-water interface. The rate of biologic oxygen 

Uptake in sediments is also temperature dependent. The most reducing environments 

are therefore those containing fine-grained, organic-rich sediments associated 

with warmer waters. Sulphate-reducing bacteria are heterotrophic and the amount 

of sulphate-reduction is approximately quantitatively proportional to the con- 
centration of organic matter. Organic-rich sediments therefore not only remove 

Oxygen most rapidly, but a l s o  produce the greatest quantities of sulphide. 

The relationship between organic matter and sulphide is not linear over the whole 
range of organic matter concentrations. The rate of bacterial metabolism decreases 

Proportionally at extremely low organic nutrient concentrations, and sulphate 
becomes limiting in sediments containing very high organic matter concentrations. 

The rate of sulphate diffusion into the sediment from the effectively infinite 

marine and brackish water reservoirs is normally greater than the rate of sul- 

phate-reduction.  iss solved sulphate is usually obtained at depth within the se- 

diment, well below the major pyrite formation depths. In such organic-rich sedi- 

ments as oil shales and coals, and in some modern polluted sediments, sulphate 

becomes limiting because of its slow diffusion rate into these exceptionally 

fine-grained materials. 

monly less than would be quantitatively expected. 

The sulphidation rate has been shown to he directly dependent on the surface area 

of fine-grained goethite. The present methods Of analyzing total reactive iron 
in sediments are not accurate, since not a l l  HC1-soluble iron is highly reactive 

towards dissolved sulphide. The first order Surface area dependence for goethite 

demonstrates that it is the grain size of the available iron which determines its 

‘eactivity towards sulphidation. Thus only rarely is more than 50% of the HC1- 
Soluble iron pyritised. The surface area of the detrital iron minerals iS a limi- 

ting factor for high pyrite concentrations. This is probably ultimately proporti- 
Onal to the total iron concentration, but more directly dependent on the sedi- 

ment grain size. Fine-grained sediments should contain proportionally greater 

reactive iron surface areas than coarse grained sediments. 

pyrite formation may be fast in the laboratory at low temperatures with vigorous 
agitation. I n  sediments it is virtually instantaneous compared to the sedimenta- 

The pyrite content Of oil shales and coals is thus com- 
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tion rate, and most pyrite is formed in the upper centimetre or two of the re- 

duced zone. It has also been established that at least 7 x IO6  tons of sulphur 

are fixed annually as pyrite in modern sediments. 
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TABLE 2. híajor characteristics of the iron sulphides 
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Composition FeSi  

Structure Cubic 
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+ so 
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200 O C  < 75 @c 

- + + + 7 + 
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- + pyrrhotite 

In "b 1 ack  
Fes"  of 
sediments 
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A pyrite+ 
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usually as- rally. Synthesi- 
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with wet sulphidation 
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Fig.]. Relationships in the Fe-H20-02-C02 
system as a function of pH and PE at a 
total dissolved iron activity of and 
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The boundaries at log CFe = -7 are shown. 
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activity of IO l .  
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Fig.3. Electromicrograph of  Desulfovibrio vulgaris, a ty- 
pical sulphate-reducing bacterium. Courtesy N.P.L. 
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10 microns 

Fig.7. Photomicrograph of 
lished section of a pyrite 
from a Portuguese soil 

a po- 
f rambo id 

Fig.8. Photomicrographs of polished 
sections of ordered pyrite framboids 
from the Tynagh (Ireland) limestone 
residuum: A) R a d i a l ,  B )  Y-shaped, 
C) X-shaped, D )  hexagonal ( ? ) ,  E) 
concentric, F) brachiate arrange- 
ments. Courtesy A.P.Mi1lman 
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Summary 

A f t e r  a review of t he  sources of sulphur and iron i n  the  sedimentary environment, 

sedimentary iron sulphide formatiox L.F described as  a sequence o f :  1 .  b io log ica l  

sulphate reduction, 2 .  t he  formation o f  metastable ferrous sulphides  (mainly macki- 

n m i t e  and g r i e g i t e i  and, 3. the  formation of i ron  polysuzphides ( m a i n l y  p u r i t e ) .  

The chemistry and t h e  environmental l im i ta t ions  o f  each of these processes are 

discussed. Some remarks are made on the  or ig in  of framboidal aggregates o f  p y r i t e  

microcrysts and on the suZphur balance o f  t he  idorld's oceans. 

Résumé 

Un uperp.  des oriigines du soufre  e t  du f e r  dans Z'ambiance sédimentaire e s t  suivi 
p a r  une descr ip t ion  de la formation des su l fu res  de f e r  c o m e  une s u i t e  de: ( 7 1  l a  

réduct ion biologique des sulfates, (2) l a  formation des su l fu res  f e r reuses  méta- 

s t a b i l e s  ( sur tou t  mackinawite e t  g r i e g i t e i ,  e t  1 3 )  l a  formation des polysulfures 
de f e r  ( sur tou t  p y r i t e ) .  La chimie e t  l e s  l im i ta t ions  ambientales de chacun de 

ces processus sont  d iscu tés .  Enfin que lques remarques sont f a i t  sur Z ' o r ig ine  des 

agrdgats de micro -cr i s ta l l i n s  de p y r i t e  en forme de framhoise, e t  sur l a  balance 

du soufre dans l e s  océans. 

Resumen 

Despuis de una reseiia de lo s  or ig ines  del  a zu f re  y de2 hierro en e l  ambiente sedi-  

mentario, se da una descripción de l a  formación de l  su l furo  de h i e r ro  como una 

serie  consecutiva de: ( 1 )  l a  reduccidn b io log ica  del  s u l f a t o ,  (2) l a  fomnacidn 

d e l  sulfuro ferroso meta-estable (sobre todo mack inmi ta  y g r i e g i t a i ,  ,u (31 l a  

formación de lo s  poli-sulfuros de h i e r ro  (sobre todo  p i r i t a i .  Se d i scu te  l a  qui- 
mica e t  l a s  l imitaciones ambientales de cada uno de esos wocesos .  A l  f i n  se  hace 

unas observaciones sobre e l  origen de los cristalos coinpeetos de p i r i t a  en forma 

de f r m b u e s a  y sobre l a  balance del  a zu f re  en los océanos mundiales. 

Zusmmenfassung 

Zuerst 1i ird der llrsprung des Schwefels und des Eisens in den Ablagerungen beswo- 

chen. nementsprechend e r f o l g t  d i e  BiZdung der Fisensul f iden i n  dre i  Stufen:  ( 1 )  

biologische Su l fa t reduk t ion ,  (2) Bildung meta-stabi ler  Cisensul f i d e n  (meistens 
Vack inmi t  und G r i e g i t ) ,  und ( 3 )  Bildung der FisenpoIysuZfiden (meistens P u r i t ) .  

F i i r  deden d?'eser ProzesSe werden Chemie und iJ~,)e;it,sbedingungen hehandelt .  Sch l i e s s -  
Zich werden e in ige  Bemerkungen gemacht iiber d i e  Herkunft framboider Aggregaten 

uon P , ~ r i t m i k r o k r i s t a l l e n  und Ùber d i e  Schwefelbi l a m  der Meltmeere. 
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D I S C U S S I O N  

H A R D A N :  To w h a t  level of organic matter does the d i r e c t  re la t ionship between 

RICKARD: Berner (Am.J.Sci .268:1-23)  has observed an approximate d i r e c t  re la -  
organic matter content and sulphide production hold? 

t ion  u p  t o  6% C i n  modern Connecticut sediments. 

V A N  V E E N :  Are the f ibrous FeS compounds on the Desulfovibrio ce l l  of which 
a micrograph was shown, re la ted t o  excretions of proteins or enzymes by the 
bacter ia?  

RICKARD: The compound produced i s  n o t  f ib rous ,  i t  h a s  a sheet s t ruc ture .  I t s  
possible re la t ion  with proteins  i s  n o t  known.  I t  has not been produced inorganical- 
l y  or abiological ly .  

VIEILLEFON: To which extent  i s  the iron content of sediments a l imit ing fac- 
tor  in  sedimentary pyr i te  formation? 

R I C K A R D :  Only p a r t  of the iron present reac ts  t o  form pyr i te .  The r a t e  of 
sulphidation o f  the  iron compounds depends on the source and nature of t h e i r  
o r ig in .  Under high organic matter conditions react ive iron may become l imi t ing .  

PONNAMPERUMA: After flooding s o i l s  undergo reduction roughly according t o  a 
thermodynamic sequence. Subsequently a re  disappearing: oxigen, n i t r a t e ,  manganese 
oxides, iron oxides and  sulphates. In flooded s o i l s  appreciable sulphate reduction 
only occurs when pE i s  down t o  -2.  How t h e n  could FeS be formed by the action of 
S'- on goethi te?  

the non-sulphide producing s tages  are  extremely compressed and v i r t u a l l y  absent. 
The sulphide bearing reduced zone within the sediment has a sharp contact with 
the upper oxidized zone and  thus goethi te  may be d i r e c t l y  sulphidized. 

R I C K A R D :  A s imilar  sequence i s  observed in sedimentary environments. However 

PONS: How varies  the r a t e  of metabolizable organic mat t ter  in the t o t a l  o f  

RICKARD: Comparison of organic matter contents in  sediments a t  depth e . g .  
sedimentary organic matter? 

50 or 100 cm and a t  the  surface suggests t h a t  30-70% of the or iginal  organic matter 
i s  normally l o s t  during diagenesis. 

PONS: What happens when ol igotrophic  peats (e.g.Sphagnum spec . )  are  inundated 

R I C K A R D :  A t  pH values below a b o u t  5 ,  sulphate-reducing bacter ia  wil l  n o t  ope- 
with seawater? 

r a t e .  Sulphides produced in  those conditions wil l  be formed from decomposition 
o f  organic matter. 
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B L O O M F I E L D :  When s o i l s  are  incubated anaerobically w i t h  p lant  mat ter ,  consi- 
derable amounts of Fe2+ are  dissolved, the lower the pH the grea te r  the amount. 
When SO<+-reduction i s  imposed on the same system, the Fes : H2S r a t i o  i s  grea ter  
a t  lower pH's t h a n  a t  higher - i . e .  more Fes i s  formed under conditions in which 
more Fe2+ would be expected i f  H2S were n o t  being formed. Also f o r  s o i l s  of about 
equal t o t a l  Fez03 content ,  the Fes : H,S r a t i o  i s  g rea te r  with poorly drained t h a n  
with well drained s o i l s  - i . e .  with s o i l s  containing the grea te r  amount  of more 
readi ly  mobilized (as  Fe") ions. 

RICKARD: The r a t e  of reaction between dissolved sulphide a n d  dissolved Fe2+ 
i s  much f a s t e r  than between dissolved sulphide and a-FeOOH. Therefore with expe- 
riments of short  duration the percentage Fes - S formed wil l  indeed be dependent 
on the i n i t i a l  content o f  dissolved Fe in  the so i l  samples. However, the r a t e  of 
sulphidation of a-FeOOH i s  f a s t e r  t h a n  i t s  reduction by organic compounds. Thus 
in a steady s t a t e  diagenet ic  system, in the presence of SO:- - reduct ion,  the 
percentage Fes - S formed should be the same in samples containing equal q u a n t ì -  
t i e s  of t o t a l  react ive Fe and t o t a l  avai lable  sulphide. Dr Bloomfield's obser- 
vations give r i s e  t o  an in te res t ing  implication f o r  the formation of acid sulphate 
s o i l s .  The formation of pyr i te  requires  the presence of sulphur. The subsequent 
sulphidation o f  organic-rich-non-sulphide-bearing s o i l  l ayers ,  with high Fe2+/Fe3' 
r a t i o s ,  should r e s u l t  in the formation of  the  metastable and  d i f f i c u l t l y  preser- 
vable <Fes> rather t h a n  pyr i te .  

VAN BREEMEN: According t o  Van Bemmelen (Natuurk.Verk.der Koninkl .Akademie, 
Deel X X V  B p.90. Amsterdam 1887) the mechanism of p y r i t e  formation involving 
dissolved polysulphide was postulated already in  1847 by Bunsen (Ann.Ch.u.Pharm. 
B, 61, p.265. 1847). 

65 



S O I L  FORMING PROCESSES I N  ACID SULPHATE SOILS 

N. van Breemen 
Department of Soi l  Science and Geology, AgricuZturaZ University 
Wageningen 

Introduction 

Sulphuric acid, which is responsible for the peculiar characteristics of acid 

sulphate soils, is produced mainly by the oxidation of reduced sulphur compounds 

(esp. pyrite) present in reduced soils. In some cases acidity is caused by SO2 

or SO3 originating from volcanic emanations or from industrial pollution, but 

sedimentary iron sulphides are by far the most important sources. 

This review deals with the sulphur compounds present in soils and with the oxi- 

dation of sulphides. Also discussed are the formation of various iron- and 

sulphur compounds in acid sulphate soils, interactions of sulphuric acid with 

soil minerals, and the accompanying acid buffering of the soils. The last chap- 

ter deals with horizon differentiation in acid sulphate soils. 

I .  Sulphur compounds in potential and developed acid sulphate soils 

Potentially acid muds may contain up to 5% pyrite-S, but values between I and 4% 

are most common (15,122). Generally ferrous monosulphide comprises less than 
0.01% S (16)  and rarely exceeds 0 . 6 % ,  even in highly blackened reduced muds (14). 
No monosulphide could be detected in 15 potentially acid subsoils from Thailand 

(20). Under special conditions elemental S can be produced in large quantities by 

chemical and microbiological oxidation of H2S (77, 102). In reduced marine muds 

elemental S generally occurs in small (usually less than 2% of total S) quanti- 

ties (13, 66 ,  1 1 2 ) .  Elemental S may be produced during oxidation of FeS and FeS2, 

but it is generally kept at low concentrations (15). 

Organic S is generally the most abundant form of S in "normal" soils, but it is 

quantitatively insignificant in pyritic sediments and in acid sulphate soils 

(cf.14, 6 6 ) .  

Published data on the sulphur fractions present in reduced or partly oxidized 

soils should be examined critically, because some fractions are very susceptibie 

to oxidation during and after sampling. Moreover there is no generally satisfac- 

tory available method for the analysis of monosulphide (89). Elemental sulphur 

may be amorphous, in which case it is insoluble in various organic solvents used 

for elemental S extraction. 
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It is abundantly clear that pyrite is by far the most important sulphide mineral 
in potential acid sulphate soils. This conforms with its predicted thermodynamic 

stability over other Fe-sulphides in most reduced sediments (95). FeS seems to 
be responsible for acid production in some Gyttya soils in Sweden and Finland 

(90, 1 3 0 ,  131), but here total S contents are considerably lower than in typical 
FeSz-rich potentially acid soils. 

A large number of sulphate minerals can be found in association with oxidizing 

pyritic material (6, 83), but most of these compounds are very soluble and are 

formed only in the absence of leaching. During dry periods, gyttya soils someti- 

mes have crusts of watersoluble sulfates of Al, Fe , Ca, Mg, K, and Na (1, 7 1 ,  

130). Chemical and X-ray analyses have shown the presence of Na- alum (NaAl(S04)z. 

12 H z 0 )  and tamarugite (NaAl(S0+)2. 6 Hz0) together with gypsum and halite (NaCl) 
in efflorescences on the surface of young, saline acid sulphate soils in Thai- 

land (20). Pickeringite (MgAlz(SO4)+.22H20) is reported from efflorescences in 

acid materials associated with the oxidation of sulphur compounds of volcanic 

origin ( 3 7 ,  7 7 ) .  This mineral was found together with rozenite (FeSO4.4Hz0) in 

efflorescences on pyritic subsoil material exposed to the atmosphere (20). 

I11 

Even in dry periods these efflorescences of easily soluble salts are rare in acid 
sulphate soils. Under non-arid conditions, most of the S O < -  from the oxidation of 

pyrite in low pH environments at normal temperatures is tied up in the minerals 

of the alunite-jarosite group which are only slightly soluble ( 7 4 ,  87). Van Bem- 

melen ( 1 1 )  analysed the FenO3- and SOS contents of the yellow mottles from acid 

sulphate soils. He found a molar S03/Fe203 ratio of about 1.30 and postulated the 

presence of carphosiderite, F~~(SOI,)Z(OH)~.~H~O (S03/FeL03 = 1.33), which is now 
considered identical to hydronium jarosite, (H30)Fe3(SO,,)z(OH)C ( 1 1 4 ) .  Van Bem- 

melen did not analyse the alkali content and undoubtedly the yellow material con- 

tained appreciable amounts of K20 and perhaps NanO. Numerous X-ray diffraction 

studies on the yellow mottles typical for acid sulphate soils invariably+) yielded 

+) Fleming and Alexander (38) report the very soluble coquimbite (Fez ( S o b )  3 . 9 H z 0 )  
together with jarosite in yellow efflorescences scraped from peds in South 
Carolina acid sulphate soils. The simultaneous occurrence of these two minerals 
is very unlikely on theoretic grounds. The identification of coquimbite was 
probably based on an ASTM pattern belonging to a mineral of the jarosite 
family erroneously labelled as coquimbite (cf.128). 
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patterns very similar to those of jarosite (KFe3(SOb)’(OH)6 and natrojarosite 

(NaFe3(S04)z(OH)b) (3, 4 ,  15, 20, 30, 32, 38,  60, 99) .  

The presence of alunite (KA13(SOb)z(OH)6) in acid sulphate has been postulated 

(57,  85 ) ,  but chemical and mineralogical evidence is lacking. Apart from the 

jarosite minerals, the only sulphate commonly reported in acid sulphate soils is 

gypsum ( 1 1 ,  20, 38, 68, 85). Moreover soil solution studies indicated the proba- 

ble existence of an (amorphous?) basic aluminium sulphate with the stochiometric 

formula AlOHSOb in acid sulphate soils in Thailand and Sarawak (19 ) .  

Under acid conditions the oxidation products of pyrite can be incorporated into 

jarosite, but if the pH does not drop below 3 or 4, hydrated ferric oxides or 

poorly crystallized (”limonitic”) goethite, lepidocrocite or hematite are formed 

along with (dissolved) sulphate (27,  46, 73, 74, 103) .  

Because of the relatively large number of possible oxidation states of sulphur, 

many dissolved sulphur species may exist, but only sulphide and sulphate are 

present in appreciable quantities at equilibrium (118 ) .  Dissolved compounds of 

intermediate oxidation state, such as thiosulphate (63,  90, 127) ,  polythionates 

(46,  63, 90, 127) and sulphite (go), occur under natural conditions (127) or 

during laboratory experiments on the oxidation of sulphides or elemental S (46,  

63, go ) ,  but their concentrations relative to SO$- are low and diminish with time. 

The stability relationships among the most important Fe- and S compounds discus- 

sed so far can be described conveniently by means of a pe (or EH)-pH diagram 

(Fig.]). 

The standard free energy of formation (AGO) for limonitic ferric oxide was taken 

as -169.2 kcal/mole Fe,Os, which is typical for limonitic FezOs in jarosite-rich 

horizons in acid sulphate soils in Thailand. AG; jarosite 

-788.5 kcal/F.M. (calculated from data on a jarosite dissolution experiment pro- 

vided by Brown (26)  using a computer programme as described by van Breemen (19) ;  

thermodynamic data for the other compounds were taken from Robie and Waldbaum 

(96). The diagram is valid for dissolved sulphur (HzS, HS-, HSO; or S o t - )  and K+ 

activities of 5 x and 5 x respectively. The solid-solution contours are 

for activities of (uncomplexed) Fe2+ or Fe3+ equal to I O - ’  and IO-’. The symbols 

refer to measured Eh-pH data and will be discussed later. 

f 

(26)  was taken as 

The diagram indicates that (a) pyrite is dominant under reduced conditions over 

a wide pH range (b) at low pH, elemental S can coexist with pyrite in a narrow 

pe-pH zone (c) jarosite is stable only under acid, oxidized conditions whereas 
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(d) ferric oxide occurs at higher pH and over a much wider pe- range. Other pha- 

ses such as szomolnokite and melanterite (hydrous ferrous sulphates), butlerite, 

and other ferric sulphates with a lower Fe/OH ratio than jarosite, for which 

AGo data are available (see Table 1 )  have no stability fields under the conditi- 

ons specified for Fig.1. 
f 

TABLE 1 .  

CHEMICAL FORMULA MINERAL AG;(kcal/F . W .  ) REFERENCES 

AG: VALUES FOR SEVERAL Fe- AND A l  SULPHATES ( 2 5  O C ,  1 atm) 

szomolnokite 

melanterite 
- 

-257 .5  (2) 
-599.4 (2) 
-535 .8  estimated+) 

LI (basic Fe sulphate) 
- 

butlerite? 
- 

hydronium jarosite 

j aros i te 
K-alum 

alunite 

basaluminite 

amorphous? 

-435 .8  

-1033.3 

-725 .4  

-1105.14 

-773 

-788.5 

- I  2 2 7 . 8  

- 1  112.95 

-1104 .13  

-355 .06  

+) calculated from enthalpy (7) and estimated entropy (cf. 7 5 )  
++) calculated from the solubility product, using AGo data by Robie and Waldbaum f 

( 9 6 )  
x, estimated from data by Posnjak and Merwin ( 8 6 )  on the composition of a solu- 

tion in equilibrium with goethite "Fe~(SO4)~(OH)~.2Hz0" 

The predicted relationships of the diagram are in good agreement with the natural 

occurrences of the Fe-S minerals in acid sulphate soils. The boundaries of the 

stability fields are valid only for equilibrium conditions. Because mineral trans- 

formations take place under non-equilibrium conditions and because metastable 

intermediates may be formed, the diagram gives no explicit information on the mi- 

neral sequences and physic0 chemical conditions characteristics of the mineral 

transformations that occur in nature. 

Details on the oxidation of sulphur compounds and on the formation of sulphate 

minerals are discussed in the following chapters. 
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2. Oxidation of sulphides and elemental S 

The oxidation of sulphur compounds, and especially of pyrite, has been studied 

extensively in relation to acid sulphate soil formation (15, 16,  50, 51, 52, 53,  

81, 90, 92, 120, 131)  and the evolution of acid mine water (31, 33, 76, 98, 106, 

116). Many references to earlier physic0 chemical studies are given by Sat0 (98). 

Lorenz (78) gives a comprehensive list of the publications on the role of micro- 

organisms in the formation of acid mine water. Fletcher (39) has reviewed vari- 

ous aspects of these organisms in relation to metal winning from low grade ores. 

Silverman and Ehrlich (102) surveyed the literature on interactions between mi- 

croorganisms and minerals, and paid particular attention to the microbiological 

aspects of sulphur oxidation. 

Some oxidation reactions involving sulphur compounds (notably the oxidation of 

HTS to elemental S) occur rapidly in vitro at normal temperature and pressure. 

But the reduction of SO:- and the oxidation of more reduced compoynds proceed 

only if they are mediated by certain microorganisms. Most of these microorganisms 

belong to the Thiobacilli, a group of chemoautotrophic organisms, capable of 

utilizing the energy obtained from the oxidation of HLS, S o ,  S 2 0 : - ,  S402-  and 

SO$- to SO:- for the assimilation of CO2 (cf. 110). In general they are aerobic, 

but Thiobacillus denitrificans and perhaps T. thioparus can grow anaerobically if 

nitrate is present as an electron acceptor. T .  thiooxidans and T. ferooxidans are 

remarkable for their tolerance to extreme metal ion concentrations and very acid 

conditions. 

T. ferrooxidans and Ferrobacillus ferrooxidans are able to mediate oxidation of 

FeL+ to Fe3+. Members of the Beggiatoaceae, photoautotrophic bacteria of the 

Rhodobacteriaceae, and Sphaerotilus can also catalize the oxidation of sulphur 

compounds, but Thiobacilli are by far the most important group. 

a) Oxidation of FeS 

The oxidation of amorphous or tetragonal FeS (=mackinawite) by atmospheric O 2  

proceeds quickly over a wide pH range. The products of oxidation in vitro are 

elemental S and ferric oxide (12, 120). From near neutral to slightly alkaline 

pH (5-9.5) lepidocrocite (yFeOOH) is formed (12, 77), at still higher pH goethite 

and hematite are produced (77). 

Bloomfield (15) observed rapid formation of SO;- during aeration of a suspension 

of Fes-containing soil, but found that most of the FeS was recovered as elemental 

S upon quick air-drying. Because elemental S is oxidized almost exclusively 
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through microbial action, these results indicate that the initial (purely che- 

mical) oxidation of FeS yields ferric oxide and elemental S .  The latter appears to 

be oxidized rapidly to SO:- if conditions for microbial growth are favourable. 
This sequence of reactions can be written as follows: 

2FeS + 3/22O + n H20 Fe203.nH20 + 2 S o  . . . . . . .  1 

2s' + 312 0 2  + H20 2H+ + SO:- . . . . . . . . . .  2 
2FeS + 3 0 2  + (n+l)HLO FeZO3.nH20 + 2HC + SO:- . . . .  3 

b) Pyrite oxidation 

Based on the measurements of pyrite electrode potentials in aqueous ferrous s u l -  

phate solutions of different pH, Sato (98) concluded tentatively that the initial 
processes accompanying pyrite oxidation can be represented by: 

Fesz = Fe2+ + S: + 2e . . . . . . . . . . . . . . . . . . .  4 
in agreement with potentials according to: 

EH = 0.751 + 0.0295 log [Fe'? +) (at pH <2) . . . . . . . .  4a 
and by: 

FeSz + 3H20 = Fe(OH)3 + S: + 3H+ + 3e . . . . . . . . . . . .  5 

EH = 0.857 - 0.059 pH 

in agreement with: 

(at pH >3) . . . . . . . . . . . . . . .  5a 

The standard potentials of 0.751 and 0.857 V were calculated from free energy 

data for Fe2+, amorphous ferric hydroxide, pyrite, liquid water and solid diato- 

mic molecular sulphur, assumed to be present in equilibrium with gaseous S': at 

P 

from equations 4a and 5a over the whole pH trajectory (pH 0-12) considered. 

Attempts by the present author to reproduce Sato's findings gave similar results. 

The potential of pyrite was constant from pH 0.7 to 2.7, and decreased 60 mV per 
1 unit pH increase at lower acidities. However, at pH values below 2.7 EH (pyrite) 

did not change with increasing concentration of dissolved Fe2+ in the range of 

= I atm. Observed EH values agreed within 10 to 100 mv with those calculated 
S Z  

to 2 x IO-'#, whereas according to Equation 4a it should have increased by 

+) Square brackets denote activities 
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about 70 mV. 

Potentiometric titration curves of ferrous sulphate with KMnO4 were identical 

over much of the titration range, whether recorded by an inert (Pt-) electrode 

or by a pyrite electrode (see Fig.?). Only after all Fe2+ was oxidized, did 

not increase with further addition of KMnOt,, but levelled off at EH (pyrite) 
950 f_ 3 mV. The results indicate that the pyrite electrode is inert at EH values 

lower than about 900 mV. A similar inert character of pyrite is pointed out by 

others ( 4 4 ,  88, 106). 

So the data by Sato (98) cannot be explained by specific electrode reactions. 

is determined by the Fe3+/FeZ+ activity ratio at low pH, and 

is equal to the so called "irreversible oxygen potential" +) at higher pH, simi- 

lar to the EH as measured by a Pt-electrode. 

Although the experiments with pyrite electrodes do not give information on the 

mechanism of pyrite oxidation, they illustrate that pyrite is very inert (at 

least on the time scale of the experiments) over a considerable EH range, and 

that the mineral can be oxidized at a measurable rate only in an environment 

characterized by much higher EH values than indicated by upper limits of the Fes2 

field shown in Fig.1. 

Barnes et al. (8) postulated that pyrite is oxidized by H2O in the absence of  

free 0 2 ,  with coal acting as a Hz-sink: 

EH (pyri te) 

. . . . . . . . . . .  6 
( g )  

Fes2 + 8H20 = Fezf + 2 SO:- + 2H+ + 7H2 

This is extremely unlikely, because reaction 6 could take place only just above 

the stability field of pyrite. Only two oxidants need to be considered for the 

weathering of pyrite under natural conditions at the surface of the earth: dis- 
solved Fe3+ and 02. 

With either oxidant, elemental sulphur seems to be the initial product (52, 91, 

101, I l l ) ,  although the results by various authors indicate that during pyrite 

oxidation by Fe3+ at low pH ( < 2 )  SO:- is released essentially instantaneously, 

whereas elemental S is produced at higher pH (15, 4 4 ,  101)++). Elemental S con- 

+' The upper limits of EH values measured in aerated aqueous media, characterized 
by EH = 0.85 - 0.06 

Silverman (101)  reprted that the+recovery of Fe2+ and Fe3+ was in complete 
agreement with 2Fe + 2 S o ,  but that CC14-extractable sulphur 
was negligable. This may indicate that most of the elemental S was amorphous 
(u)S which is practically insoluble in CCl,,. 

pH (cf. 5, 80, 97). 

+ Fes2 +3Fe2 

++) . 
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centrations generally remain low because the sulphur is further oxidized to 

SO:-, either chemically by Fe3+ or microbiologically by Thiobacilli. 

If O2 and Fe3+ are the oxidants, and So is the initial oxidation product, the fol- 

lowing reactions characterize the processes accompanying pyrite oxidation: 

Fes2 + 1 /202  + 2H+ + Fe2+ + 2 S o  + H20 . . . . . . . . . .  7 

Fes2 + 2Fe3+ + 3Fe2+ + 2S0 . . . . . . . . . . .  . I O  
2s' + 12Fe3+ + 8H20 * 12Fe2+ + 2S0 : -  + 16H' . . . . . . . .  1 1  

2 S o  + 302  + 2H20 + 2 S O Z -  + 4H+ . . . . . . . . . . . .  12 

Fe2+ + IJ402 + H+ + Fe3+ + 1 / 2 H L 0  . . . . . . . . . . .  8 
Fe3+ + 3Hz0 + Fe(OH)3 + 3H+ . . . . . . . . . . .  9 

Reaction 7 represents the purely chemical oxidation of pyrite by 02. This is a 

slow process as follows from the behaviour of FeSn electrodes and from the slug- 

gishness of pyrite decomposition in moist, aerated (sterile) media where Fe3+ is 

absent (81, 106, 116). 

If the pH is below 3.5, the chemical oxidation of Fe2+ to Fe3+ (reaction 8) is 

very slow. The rate is independent of the pH: 

-d(Fe2+) = k (Fe2+)(02) . . . . . . . . . . . . . . . . . . .  13 
dt 

with k = 1.0 x IO-' atm-' min-' (106) 

At atmospheric 0 2 ,  only 5% of the ferrous iron i a solution originally containing 
9 x I O - 4  M Fe2+ 
oxidizing microorganisms (probably T .  ferrooxidans or Ferrobacillus ferrooxidans) 

accelerated the reaction by a factor larger than I O 6  (106). 

Fe3+ can remain in solution in appreciable amounts only at pH values below 3 to 

3.5. At higher pH almost all Fe3+ hydrolyses and precipitates a s  ferric hydroxide 

(reaction 9) a process that proceeds at much higher rates than the (chemical) 

oxidation of Fe2+- 

So if the pH is low, dissolved ferric iron can oxidize pyrite or elemental sul- 

phur according to the reactions 10 and 1 1 .  

The combined process of reactions 10 + 1 1 :  

/ I  was oxidized in 150 days, but under the same conditions iron 

Fes2 + 14Fe + + 8 H 2 0  = 15Fe2+ + 250:- + l6H' . . . . . . . .  14 

takes place rapidly at room temperature (44, 53, 106). The rates are pH-indepen- 
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dent at pH between O and 2 but they may differ considerably ( 4  to 8 fold) for 

pure pyrite samples from different localities ( 4 4 ) .  

It was postulated that the instantaneous rate is controlled by differential ab- 

sorption of Fe3+ and Fe2+ ions on the pyrite surface, and is proportional to the 

fraction of the pyrite surface occupied with Fe3+. The general equation that fits 

the observed rates is: 

. . . . . . . . . . . . . . . . . . . .  15 -d(Fe3+) = (Fe3+) 

dt (Fe3+)' 

where (Fe3+)' is the initial Fe3+ concentration ( 4 4 ) .  

The data given by Hart (53) for soil pyrite can be interpreted in the same way. 

As pointed out before, the oxidation of elemental S by atmospheric O 2  (reaction 

12) is a very s l o w  process, unless it is catalized by microorganisms. A review 

on various aspects of elemental S oxidation is reported by Freney ( 4 0 ) .  

The information presented above can be summarized by a model useful for discus- 

sing a number of relevant factors of pyrite oxidation (Fig.3). The essential fea- 

tures of the model are similar to that suggested by Temple and Delchamps (116)  

and Stumm and Morgan ( 1  13). 

The pathways involving elemental sulphur and jarosite were not considered in the 

earlier model. According to the present model (Fig.3), the first step (reaction 

a) in the decomposition of pyrite is the release of Fe2+ and the oxidation of 

pyrite-sulphur to elemental S. Microbial oxidation of the S o  produces Sof-  and 

H+ (reaction b). 

If the pH drops sufficiently, considerable amounts of ferric iron may appear in 

solution as a result of oxidation of Fe2+ by iron oxidizing Thiobacilli (reaction 

c). In the presence of pyrite and of (amorphous?) elemental S, Fe3+ is reduced 

rapidly to Fe2+, thereby oxidizing pyrite and/or elemental S. The newly formed 

Fe2+ can be utilized again by the Thiobacilli. Once the cycle involving formation 

and reduction of Fe3+ ( c + (d+e) -Y c -f (d+e) etc.) is well established, pyrite 

can be oxidized quickly with dissolved iron acting as a catalyst. 

If sufficient buffering substances are available to prevent a quick decrease in 

pH below about 4 ,  the Fe2+ produced will oxidize relatively fast and precipitate 

as Fe(OH)3 (h). At lower pH jarosite may become the dominant solid Fe phase. 

Upon further acidification these compounds may dissolve partly or wholly, and 

thus act as a source of Fe3+ for pyrite oxidation (j, k, 9 ) .  A number of factors 

of particular importance for pyrite oxidation will be discussed at length below. 

111 
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Microbiological activity 

Numerous investigations (cf. the review by Lorentz ( 7 8 ) )  show that pyrite oxida- 

tion proceeds much faster in the presence of Thiobacilli than in their absence. 

If the pH remains high, their effect lies mainly in the oxidation of elemental S 

(reaction b). The acid produced by this reaction may ultimately lead to the low 

pH values favourable for the growth of T. and Ferrobacillus ferrooxidans (cf. 

15, 1 0 2 )  and necessary for the presence of dissolved Fe3+. In contrast to T .  

ferrooxidans, T. thiooxidans has little effect on the oxidation of pure, well 

crystallized pyrite, whereas it increases the acid formation from marcasite and 

"sulphurballs" (porous pyritic concentrations from coal deposits) (15, 116) .  

Quispel et al. (91) found that the addition of elemental S significantly enhan- 
ced pyrite oxidation, presumably as a result of acid formation (leading to con- 

ditions favourable for T. ferrooxidans) from elemental S by non-acidophilic orga- 

nisms, and later by T. thiooxidans. 

The acid tolerant Thiobacillus species seem to be ubiquitous in habitats where 

metal sulphides and 0 2  occur under acid conditions. In addition to mine waters 

(cf. 78) ,  they have been found repeatedly in acid sulphate soils (15, 52, 91). 
T. thioparus and T.  thiooxidans were even isolated from reduced pyritic seabottom 

muds off Ivory coast (35). Their widespread occurrence is somewhat surprising, 

considering their seemingly obligate autotrophic character. Provided the con- 

ditions are favourable, microbial activity does not appear to be a limiting fac- 

tor in pyrite oxidation in natural environments. 

Environmental conditions for microbial growth 

Microbial oxidation is strongly inhibited at temperatures below 10 OC.  Optimum 

growth occurs between 20 and 40  OC ( 4 0 ,  1 0 2 ) .  

For moist aerated soil with 5% pyrite-S, incubated at different temperatures, 

Rasmussen ( 9 2 )  found that oxidation rates at 3 O C  and at 13 OC were about 20% 
and 60% of the rate at 23 O C .  

Several authors point out that sufficient moisture is extremely important (15,' 4 0 ,  

81, 92 ) .  Optimum conditions seem to be present at or just below field capacity; 

in air-dry soils pyrite oxidation essentially ceases. The moisture effect pro- 

bably reflects both the requirements for microbial growth and the fact that 

water is a reactant in the process. 

The iron oxidizing Thiobacilli are very resistant to high concentrations of metal 

ions (concentrations up to 15 000  ppm Cu and 40  O00 ppm Fe and Zn can be tolera- 

75 

L 



ted (102). However, relatively low concentrations ( 2 . 3  x 10-3M) of chloride are 
slightly inhibitory while 5 x 10-3M is completely inhibitory (101) .  

This effect probably explains the observation (20) that in pyritic soils treated 

with seawater, the (Fe3+)/(FeZf) ratio in the soil solution did not exceed 0.25 
(at pH 2) even after 6 months of aeration, whereas the ratio became much higher 

(between 1 and 2) if the same soils were treated with distilled water before 

aeration. Pyrite oxidation, as indicated by direct pyrite analyses was only 

slightly inhibited. 

pH and dissolved Fe3+ 

Numerous experiments show that pyrite oxidation is promoted strongly by acid 

(pH 1-4)  conditions (15, 51, 73, 81, 92, 116). The oxidation rate decreases if 
the pH is brought down below 1 by addition of H2S04. probably because the Thio- 

bacilli are affected by such extreme acidity (92). 

In order to explain the sometimes rapid pyrite oxidation upon aeration of near- 

neutral mangrove muds, Hart (32) postulated that the oxidation of FeS was neces- 

sary as a first step to make the soil acid enough for pyrite oxidation. Elemental 

S (cf. 91) might also be important in this respect. However, as pointed out by 

Bloomfield (16) the amounts of FeS and So normally present in potentially acid 

soil are far too small to have much effect on the pH. The presence of a certain 

fraction of very small, probably poorly crystallized Fes2 that is relatively sus- 

ceptible to oxidation by 0 2 ,  may explain the initial pH drop. The effects of 

particle size and crystallinity will be discussed in more detail under a separate 

heading. 

Probably the single most important reason that pH affects the oxidation rate is 

the role of Fe3+ as an oxidant under acid conditions. 

Fe” concentration is regulated by jarosite, the pH dependence of (Fe3+) can be 

expressed as follows: 

If the upper limit of the 

KFe3(SO+)z(OH)6 + 6Hf = K+ + 3Fe3+ + 2SO:- + 6 H 2 O  . . . . . . . . 16 

for which the equilibrium conditien reads (for 25 OC and 1 atm): 

logK = -12.5 = log p] + 3 log [Fe3+] + 2 log [SO:-] + 6pH . . 16a 

At SO(- and Kf activities as used in Fig.1, the activity of F e 3 +  is simply a 

a function of the pH: 

l o g  [Fe3+] = - 1.53 - 2pH . . . . . . . . . . . . . . . . . . . 16b 
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If, in addition to free Fe3+, the complexes FeSO: and Fe(SO4); are considered, 

and if the ionic strength is known, the total Fe''' concentration 

can be calculated. Using values for the dissociation constants for the complexes 

summarized by Sill& and Martell (1001, and individual ion activity coefficients 

according to the Davies equation (cf.29) at an ionic strength of 0.1 gives: 

I11 log (FeT ) = 0.52 - 2pH . . . . . . . . . . . . . . . . . . .  16c 
At pH > 3.7 "limonitic" Fez03 replaces jarosite, and the relationship becomes: 

log (FeT ) = 4.2 - 3 pH . . . . . . . . . . . . . . . . . . .  17 111 

Fig. 4 depicts the pH-(Fe;") relationships given by the Equations 16c and 17 

(broken line). The amount of pyrite oxidized in one hour by ferric iron at an 

initial concentration of (Fe;"), is shown by the solid line. The oxidation rate 

was calculated from Equation 15 (assuming (Fe3+) = (Fe''') ) using a rate con- 

stant of IO-' mole.h-', computed from data by Hart (53) for the oxidation of 

partly weathered soil pyrite by FeC13 at pH 1.2 .  

With increasing acidity, the rate increases rapidly until (FeT 

ther increase in the ferric iron concentration has little effect, because, in ac- 

cordance with the theory of Garrels and Thompson (44), the pyrite surface is sa- 

turated with adsorbed ferric iron. 

According to Fig.4, complete oxidation of a given quantity of pyrite will take 

I O 3 ,  I O ' ,  and IO' hours at pH 2 ,  3 ,  and 4 respectively. Theoretically the rate 
is independent of the amount of pyrite present. However, at high pyrite contents 

the microbial oxidation of Fe2+ to Fe3+ may lag behind the reduction of Fe3+ by 

pyrite. This would result in lower rates. The rate of precipitation or dissoluti- 

on of jarosite and ferric oxide perhaps influences the actual value of (Fe 

and may thus affect the rate of pyrite oxidation. Values for (average) oxidation 

rates observed in different laboratory experiments on pyrite oxidation under well 

aerated conditions are indicated by symbols. In spite of considerable differences 

in materials and techniques applied by the various investigators, all observed 

values but one are roughly in the order of magnitude as predicted by the rate 

curve. In a neutral to slightly acid environment, direct oxidation by 0 2  (path 

a in Fig.3), followed by microbial oxidation of So may be more important than 

oxidation by Fe3+. At high pH the formation of a protective coating of ferric 

T 

I11 
) = A fur- 

111) 
T 
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oxide may also help to slow down oxidation. The strongly depressing effect of 

high levels of dissolved phosphate on the decomposition of pyrite at pH values 

above 4 (50, 81, 9 1 )  has been ascribed to a decrease in the solubility of Fe3+ 

by the formation of ferric phosphate. 

Particle size and crystallinity 

Several investigators demonstrated the strong positive influence of small partic- 

le size on the oxidation rate (52, 9 1 ,  116) .  To a large extent, this effect must 

be ascribed to the increase in surface area with decreasing particle size. 

For typical porous sulphur ball material the specific surface area is I O 5  cm’/g 

at an average particle size of 30 pm, and about l o 3  cm2/g for particles of 1000 

um ( 3 1 ) .  

Hart (53) explained the observed decrease in oxidation rate of pyrite in mangrove 

mud with time on the basis of the expected decrease of the total exposed surface 

area, accompanying the weathering of the pyrite. 

The susceptibility to oxidation of very small pyrite particles need not he the 

result of a larger specific surface area per S é ,  but may also reflect the increa- 

se in standard free energy (=equivalent to a decrease in stability) accompanying 

an increase in specific surface (113) .  Lattice defects could have a similar ef- 

fect. Both phenomena can be important for sedimentary pyrite which generally con- 

sists of aggregates of minute particles with diameters in the 0.1 to 1 Um range 

( 9 2 ) .  
The rapid oxidation of a small (about 5%) fraction of soil pyrite observed by 

Hart (53) can be explained in this way. 

Some non-acid soils that had been well drained for many decades were found to 

contain appreciable quantities of  pyrite (50, 65). Harmsen et a1.(50) postulated 

the existence of different polysulphide fractions to explain the presence of 

seemingly very stable pyrite. Chemical and mineralogical evidence to support 

their postulation is completely lacking. Preservation of the pyrite in question 

is probably the result of a relatively large particle size (Kanno et al. (65) 

found well-crystalline particles between 10 and 100 pm in diameter) combined 

with a relatively high pH. 

02 partial pressure 

In typical reduced pyritic soils, ferric oxide is usually absent, so all dissolved 

ferric iron for pyrite oxidation must come from ferrous iron, which in turn comes 
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mainly from the pyrite itself, by oxidation with 02. Thus the ultimate oxidant 

for pyrite is atmospheric oxygen. During an experiment on pyrite oxidation at 

fixed O2 partial pressures in closed containers, the average oxidation rate was 

found to depend on the 0 2  concentration according to: 

b d(SO?,-) 

_ _ _ _  dt - a x ( 0 2 )  . . . . . . . . . . . . . . . . . . . . . . 18 

For a particular experimental set-up (pH about I ,  presumably under sterile con- 

ditions) a and b were 0.023 and 2/3, respectively, for (02) expressed in mg/l and 

the rate expressed in terms of SO:- production (mg. I-’.h-’.(g pyrite)-’) (31). 

Under conditions favourable for pyrite oxidation (ready access to 02, low pH, 

and intensive microbial activity), the O2 consumption during pyrite oxidation is 

in the order of 3 x ( g  pyrite)-’ for moist, aerated, pyritic man- 

grove soil (52) to 7 x 

after inocculation by Ferrobacillus ferrooxidans (101) .  

O2 fluxes from the atmosphere (20% 0 2 )  into reduced soil are generally in the 

order of 2 to 7 x 

oxidized layer on top of reduced soil (61 ) .  

For pyrite oxidation in a 2 mm thick layer of soil that has a bulk density of 

0.7 g.cmW3 and that contains 5% pyrite, the 02-flux necessary to maintain the 

optimum O2 consumptions cited above is between 2 and 5 x IO-’ g 0 2 .  cm2.h-’. 

Assuming that the observed fluxes are also valid for pyritic soil, it appears that 

about I/lOth of the O2 necessary for optimal pyrite oxidation is actually availa- 

ble. 

g 0Z.h-l. 

g 02. h-‘. (g pyrite)-’ for finely ground coal pyrite 

g 02.cm-’.h-’. Such fluxes may maintain thin (0.5 to 2 m) 

Moreover, the 0 2  concentrations near to the reduced soil horizon will generally 

be much lower than 20%. This will further decrease the availability of 0 2 .  Oxy- 

gen fluxes at the reduced soil-water interface are approximately proportional 

to the square root of the O2 concentration (61) .  These calculations indicate that 

O2 diffusion is probably a rate limiting factor in pyrite oxidation under field 

conditions as suggested by Rasmussen (92). Further evidence for the low rates of 

pyrite oxidation under field conditions compared to those for the well-aerated 

laboratory conditions, will be discussed later. 

3. The formation of solid sulphates 

A s  discussed in Chapter 1 ,  the basic iron sulphates of the jarosite group and 
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gypsum may be present in acid sulphate soils. The Al-analog of jarosite, alunite, 

has not been identified in acid sulphate soils, but there is strong evidence that 

another basic aluminum sulphate, AlOHSOk, occurs. 

Typically, jarosite occurs as conspicuous, pale yellow, earthy material as fil- 

lings of biopores or as efflorescences on ped faces and pore walls. Individual 

particles are often smaller than 1 pm and their diameter rarely exceeds 5 vm 

( 4 ,  30, 128). 

The most important members of the jarosite group are jarosite (KFe3(S04)2(OH)6), 

natrojarosite (NaFe3(S0,)2(OH),) and hydronium jarosite ( (H30)Fe3(S0~)2(OH)6 ) .  

A continuous solid solution exists as a result of K-Na-H30 substitution but there 

is a strong preference for K' over Na+ and H30' in the structure (25, 7 4 ) .  

Fig. 5 shows how jarosite formation (indicated by the increase in the apparent 

to values around -788.5 kcal/F.W.) affects the concentrations of 

dissolved K and Na' during oxidation and acidification o f  pyritic soil material. 

The appearance of jarosite coincides with an abrupt decrease in the K' concentra- 

tion whereas a significant decrease in dissolved Na+ occurs only after the K+ 

concentration has reached very low levels. Uptake of appreciable amounts of Na' 

starts after the activity ratio of dissolved K+ and Na' ( v] / [Na'] ) has 

dropped below about (20). If no acidification takes place (sample Mc) the 

concentrations of K' and Na+ remain essentially constant. 

The factors governing the degree of substitution among the three monovalent ions 

can be evaluated as follows: 

jarosit? 

For the reaction 

jarosite + H30f = hydronium jarosite + K+ . . . . . . . . . .  19 

the equilibrium constant can be calculated (cf.42) from the free energy data of 

Table 1 and AG&+ and (= AGo +) as given by Robie and Waldbaum (96): fHsO 

log K = log [K'] + pH = -3.45 . . . . . . . . . . . . . . . . .  19a 
Data on the standard free energy of formation of natrojarosite is not available 

but if the K+ - Na+ activity ratio mentioned before can be considered valid for 

equilibrium between jarosite and natrojarosite, we can write: 

jarosite + Na+ = natrojarosite + K+ . . . . . . . . . . . . . . .  20 
and 

log K = l o g  v] - log [Na'] = -3.8 . . . . . . . . . . . . . . .  20a 
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Assuming ideal solid solution among the three minerals, the relationships between 

the molefractions of jarosite, natrojarosite and hydronium jarosite (written as 

and X ) can be expressed as follows (cf. 113) :  'K' 'Na' H 

21 
Fl 1 E'] . . . . . . . . . . . . . . . . . . .  
[Na'] 1 [H+] 

and 

- _  'K - 1 0 3 . 5  v] / [Hj . . . . . . . . . . . . . . . . . . .  22 
xH 

Moreover, if the molefractions are expressed as percent: 

XK + XNa + XH = 1 0 0 . .  . . . . . . . . . . . . . . . . .  23 
+ +  

For given values of K , Na 
from the equations 21, 22 and 2 3 .  

Fig.6 gives the result of  such calculations by means of contours showing solution 

compositions in terms of log [K"] + pH and log 

jarosite minerals of a certain composition. The plotted activity data') on actual 

water compositions show that, according to the graph, in acid sulphate soils in 

Thailand and Sarawak, even at Na concentrations higher than in seawater ( 0 . 4 8  M 

Na'), some 99% of the univalent positions in the jarosite structure is filled by 

K'. Only after depletion of essentially all available K' (realised by allowing 

jarosite to form in pyritic mud in pots in the laboratory) considerable amounts 

of Na' are built into the mineral. The pH values obtained in the laboratory ex- 

periments (as low as pH 1 . 8 )  could, according to the graph, result in H30+ 

occupying 10% of the monovalent ion positions. 

The uptake of appreciable quantities of Na in jarosite during the experiment in 

question was confirmed qualitatively by X-ray diffraction of jarositic soil 

samples taken before and after depletion of dissolved K + .  The pattern for the 

second sample showed a larger separation of the strong O21 and 113 reflections 

than the one for the first sample. 

The respective d-values are reported as 3.11 and 3.08 2 for jarosite and 3.12 
and 3.06 8 for natrojarosite (Index to the Powder Diffraction File 1970, No. 
10-443 and No. 11-302 ( 6 4 )  ) .  

and H+ (or pH) ,  the molefractions can be calculated 

Na+ + pH in equilibrium with 

+) Activities of dissolved species referred to here and in the following were 
calculated by means of a computer programme (19 ) .  
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Table 2 gives the results of chemical analyses+) of jarosite samples from acid 

sulphate soils in Thailand, typical for each of the three salinity classes distin- 

guished in Fig. 6. 

TABLE 2 .  VALUES FOR XK, XNa AND XH OF THREE DIFFERENT JAROSITE SAMPLES FROM 

ACID SULPHATE SOILS AS FOUND BY CHEMICAL ANALYSES AND AS CALCULATED 

FROM THE CORRESPONDING SOIL SOLUTION DATA (20) 

K 'Na xH X 

[Na+1 found calc. found. calc. found. calc. SAMPLE DEPTH pH [K'] 

Ra-1-43 125 3.5 4.5~10-~ 2 ~ 1 0 - ~  88 99.3 1 2  0.7 0.0 0.0 

BP-5-34 15 4.0 3.8~10-~ 2 .3~10- '  62 99.0 8 1.0 3OX) 0.0 

Ca- 1-8 60 3.25 7.4~10-~ 5 . 6 ~ 1 0 ~ ~  90 98.5 10 1.5 0.0 0.0 

The hydronium content of Bp-5-34 is surprisingly high, especially when it is rea- 

lised that the corresponding pH is the highest in the series. The soil in questi- 

on was reclaimed from a mangrove swamp a few years before, and the jarosite is of 

recent date compared to the other two samples. Perhaps high hydronium jarosite 

can be formed as a metastable product upon rapid pyrite oxidation even in the 

presence of much alkali (cf. 25). 

The hydronium contents of the two other jarosite samples are essentially zero 

as predicted. The Na contents are roughly ten times higher than the calculated 

figures. No clear relationship is found between the K-Na activity ratio in so- 

lution and the degree of Na substitution, but in al1 samples K+ is predominant in 

qualitative agreement with Fig. 6. 

The X-ray patterns of jarosite and natrojarosite are only slightly different and 

minerals synthetized or formed at various temperatures may show slightly diver- 

gent patterns that may obscure correlations between lattice parameters and che- 

+) After repeated washing with distilled water, the earthy yellow material was dis- 
solved in hot 4 N HC1 and the residue (50-60%) discarded. The H C 1  extracts 
were analysed for A l ,  Fe, Na, K, and S O c .  Except for BP-5-34 which was alkali- 
deficient, the sum of Na and K was I O  to 20% higher than expected from the 
amount of dissolved sulphate and the theoretical alkali/S03 ratio for jarosite, 
possibly due to the contribution of other minerals. The Xg and XNa values re- 
ported are proportional to the molar K- and Na concentrations found in the 
extract. 

x, Calculated from 100-X -X for a 1 :2 monovalent ion-sulphate ratio, assuming K Na' that all extracted SO4 came from jarosite. 
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mica1 composition such as reported by Brophy and Sheridan (25) (cf. 26). In view 

of the strong preference for K+, reported occurrences of natrojarosite or Na- 

rich jarosite based on X-ray data are questionable unless accompanied by chemi- 

cal analyses (cf. Clark et al. (32)  ) .  

Jarosite can be prepared at room temperature within a few weeks or months, by 

bubbling air or oxygen through solutions of ferrous (or ferric-) sulphate and 

potassium sulphate. The characteristic efflorescence-like occurrences of jaro- 

site both in soil profiles and on pyritic mud after a few weeks exposure to the 

atmosphere indicate that in nature it can also be formed from solutions contai- 

ning ferrous sulphate by oxidation and precipitation. 

However, oxidizing pyrite muds often develop a reddish brown surface coating be- 

fore the typical yellow jarosite efflorescences appear. Thus ferric hydroxide 

may form initially, possibly as an intermediate in jarosite formation. It is 

unlikely that less basic ferric sulphates are formed as intermediate compounds 

(cf.109) because such compounds are generally too soluble, except possibly 

in the most arid soils. Direct alteration of pyrite to jarosite has frequently 

been reported ( 4 1 ) .  The potassium in jarosite may come from the soil solution, 

from K+ adsorbed on the soil exchange complex and from K-bearing minerals (main- 

ly mica's, feldspars, and locally glauconite (23, 30)). Data on the bulk density, 

the jarosite contents and the levels of dissolved and adsorbed K+ in typical 

mangrove soils and acid sulphate soils in Thailand (20, 108, 125) indicate that 

for a representative acid sulphate soil (containing 23 g jarosite-K in a 100 cm2 

x 140 cm vertical column) 65% of the jarosite-K can be accounted for by the ob- 

served drop in exchangeable K since the mangrove stage and 15% by the decrease 

in dissolved K. Thus about 20% of the K+ must have come from minerals. The 

actual contribution of K-bearing minerals is probably higher because (a) jarosite 

is continuously being destroyed in one part of the profile while being formed in 

another part and the present amount of jarosite constitutes a fraction (+ 50%) 

of all jarosite ever produced (20) and (b) there is probably a net outward flux 

of K" from the profile, brought about by diffusion into the flood water during 
the wet season and, to a lesser extent, by leaching. 

Jarosite is stable only under relatively oxidized and acid conditions. The occur- 

rence of jarosite in acid sulphate soils in Thailand is in good agreement with 

the theoretically predicted E -pH conditions (see Fig. I ) .  

Both a decrease in pe or E and an increase in pH may lead to the disappearance 

of jarosite by solution-reduction (yielding Fe2+, SO:-, and K') and by hydrolysis 

H 

H 
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(yielding ferric oxide, K+ and SO:-) respectively. The presence of jarosite in 

environments with pH values well above 4 could be explained by arid conditions 

and/or by the sluggishness of the hydrolysis to ferric oxide ( 2 7 ) .  The latter 

factor is illustrated convincingly by the occurrence of yellow mottles in "fossil" 

acid sulphate soils in a Dutch polder even 40  years after reclamation and regular 

liming to maintain pH values between 5 and 7 (119). 

It should be emphasized that the limonitic Fe203 used in Fig.] is unstable with 

respect to goethite or hematite. If either of these more stable Fe203 minerals 

were considered in the diagram, the jarosite-Fe203 boundary would move to a pH 

of about 0.6. Thus jarosite cannot exist if overall equilibrium (characterized 

by the presence of the most stable polymorph of Fe203) prevails under acid sul- 

phate soil conditions, and, given enough time it is hound to hydrolyse even 

under strongly acid conditions. Aluminum can substitute for Fe*'' in the jaro- 

site structure, and a complete jarosite-alunite solid solution exists ( 2 4 ) .  Van 

Bemmelen ( 1 1 )  found Al-contents in yellow mottles from acid sulphate soils in 

Holland equivalent to between 1.4 and 8% of the trivalent ion positions in ja- 

rosite. The jarosite samples from Thailand, referred to in Table 2 ,  show 5 to 
12% A l  substitution for Fe''' if it is assumed that all A l  dissolved by the hot 

4 N H C l  came from jarosite. However, these figures represent maximum values 

because no correction was made for A l  dissolved from other minerals. 

The reaction 

2 jarosite + 3 kaolinite = 2 alunite + 3 limonitic Fe203 + 6 Siop 
( amorph) 

+ 6 H 2 0  . . . . . . . . . . . . . . . . . . . . . . . . . . .  24 

which involves, apart from alunite, compounds typical for acid sulphate soils, 

has a positive standard free energy change (viz. + 4.7 kcal). This implies that 

the assemblage jarosite + kaolinite is stable over alunite + limonitic Fe203 + 

amorphous silica, in accordance with field and laboratory observations. 

Experiment on the formation of alunite-jarosite in sulphuric acid solutions 

either containing dissolved K, Fe'" and/or A l  ( 2 4 )  or in contact with ground 

K-, Al- and Fe-bearing minerals and rocks (58) at high temperatures (80 to 180 OC) 

showed a strong preference for uptake of Fe. This preference decreases with in- 

creasing temperature and with decreasing acidity. The experimental results are 

in agreement with the frequent concurrence of alunite as hydrothermal alteration 

product of alkali rich rocks in the presence of sulphuric acid from volcanic ema- 

nations ( 2 4 ,  5 4 ,  93) and its rarity in low temperature, oxidized environments, 
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associated with pyritic material. 

For 37 watersamples from an oxidation experiment on pyritic mud (19, 20) with 

pH values between 4 and 1.8, Al concentrations between 0.1 and 58 mmoles/l, 
SO4 concentrations between 12 and 260 mmoles/l and ionic strengths between 

0.03 and 1.0, the values of log [Al3+] + 3 pH and log [SO:-] - 2 pH showed a 
nearly perfect linear relationship. Regression analysis yielded a slope of -1.002 
and a correlation coefficient of 0.994 (see open rhombs and circles in Fig.7). 

Assuming a slope of - 1 ,  the data correspond to log [Al"] 

-3.23 + 0.16 (mean and standard deviation resp.). This relationship can he ex- 

plained by equilibrium between the solution and a basic aluminum sulphate with 

the stochiometric formula AlOHS04: 

+ log [SO:-] + pH = 

- 

AlOHSOk + H+ = Al3+ + EzO . . . . . . . . . . . . . . . . . . .  25  

with 

For 46 groundwater samples from acid sulphate soils in Thailand, with pH values 

between 2.8 and 5.5 and Al concentrations between 2.12 and 0.023 moles/], 

log K (eq. 25a) was obeyed within 0.2, and the data on the 120 watersamples 

in the same pH range considered in this study (20) indicate that precipitation 
of this compound dictates the upper limit of dissolved Al in the waters in ques- 

tion (Fig.7). 

The same ís true for acid sulphate waters draining from a strip mining area in 

Kentucky, U . S . ,  as follows from the data by Musser and Whetstone (82). The only 

sulphate of such stoichiometry is mentioned in Dana's system of mineralogy ( 8 3 ) ,  

is A12(0H)2. (S04)L.9H~0 (lapparentite), which, however, is very soluble and 

easily hydrolyses to more basic sulphates. 

So far no systematic attempts were made to separate and identify or to synthe- 

size the sulphate in question. No Patterns attributable to unknown minerals were 

detected during X-ray diffraction studies on soil material presumably containing, 

A ~ O H S O ~ .  The material may be amorphous and/or occur in small quantities. The 

last possibility is suggested by the relatively small amounts of A l  (compared 

to Fe''' from jarosite) extracted by HC1 from acid sulphate soil material. 

The presence of clay minerals is perhaps important in the formation of A10HS04 

through sulphate absorption (cf. 45) as an intermediate step. Oxidation experi- 

ments with pyritic muds in the laboratory have shown that this compound can be 

formed within a few weeks. During the experiments equilibration with the soil 
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solution (approached from undersaturation, viz. by adding distilled water to 

the soil) took place within three days. 

Fig. 8 displays the range of observed ionic activities in relation to the solu- 

bility curves for various Al minerals in typical acid sulphate soil water. It 

appears that alunite can control dissolved Al at the lowest levels. The actual 
levels are much higher so the soil solution is in fact oversaturated with aluni- 

te and AlOHSOh is metastable under the specified conditions. log [Al3'] + 3 pH 

values occur most frequently near to the solubility curve o f  kaolinite, indica- 

ting that this mineral plays a role in the ultimate control of the aluminum 

hydroxide potential. 

Gibbsite, nor basaluminite (= A14(0H),oS0,,), which can be prepared by partial 

neutralization of a suspension of  Al-saturated montmorillonite in a A12(S01+)3 

solution by a saturated solution o f  Ca(0H)Z (cf.Singh and Brydon ( 1 0 4 ) ) ,  appear 

to influence dissolve Al. Theoretically, these minerals cannot persist in acid 

sulphate soils at logkO$-]- 2 pH values above - 1 1 .  

This corresponds roughly to pH values below 4 . 5 ;  because of the fairly constant 

SO:- activity in the order o f  5 x for most waters in question, approximate 

pH values can be indicated on the log [SO(-]- 2 pH axis of Fig.8. 

Gypsum precipitates rapidly from saturated solutions, and the formation of gyp- 

sum crystals of several cms in length was found to take place within a few 

months in Tertiary pyritic clays in the Netherlands (P .  Buurman, perS.com.). 

As shown by Fig.9 the Ca2+ and SO:-  activities in groundwater from gypsic soils 

correspond well to those predicted theoretically. Fig.7 discloses also that 

gypsum occurs over a wide pH range. At pH values between 6.5 and 8 gypsum is 
often associated with calcite, at a pH below 4 with jarosite. 

Theoretically, jarosite replaces gypsum at low pH, low 

ding to: 

ka2']or high [K'] accor- 

4 gypsum + 3 limonitic Fe203 + 2K' + 6H+ = 2 jarosite + 4 CaZ+ + 5 HzO . .26 
with 

log K = 2 log [Ca"] - log [K+] + 3 pH = 9.85 

However, partly due to very low [K'] values, jarosite and gypsum were found to 

occur simultaneously at pH values as low as 2 in pyritic s o i l s  oxidized in the 

laboratory (20). 

. . . . . . . . . . . . .26a 
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The Ca2+ in gypsum comes either from Ca-carbonate or other Ca-bearing minerals 

(silicates such as plagioclaze feldspars) or from dissolved and adsorbed Ca2+. 

CaC03 as a Ca2+-source for gypsum, formed upon pyrite oxidation, is well-known 

from Dutch polder soils. In the soils used for the laboratory experiment men- 

tioned before, CaC03 was absent, and Ca" for the formation of gypsum came mainly 

from the exchange complex. The gypsum in the acid sulphate soils in the western 

part of the Central Plain of Thailand, which may contain up to 18% (by weight) 

of CaS04.2H20 in some horizon (ZO), is the result of high concentrations of 

dissolved Ca2+ in the annual floodwater (68). 

Due to its comparatively high solubility, gypsum can only persist in soils under 

relatively dry climatic conditions or in the absence of appreciable leaching. In 

most soils under humid conditions, its existence is temporary and often seasonal. 

4 .  Acid production, mineral weathering, and the pH of acid sulphate soils 

The acid production accompanying pyrite oxidation depends on the fate of the iron. 

If all iron is oxidized and remains in solution as Fe3+, every "mole" of pyrite 

produces one equivalent of H . + 

Fes, + 151402 + 112 Hz0 + Fe3+ + 2 SO:- + H+ . . . . . . . . . . . 27 

When dissolved Fe2+ is formed instead, the H+ yield is twice as high: 

FesL + 712 0 2  + Hz0 + FeL+ + 2 SO:- + 2 H+ . . . . . . . . . . . . 2 8  

Maximum acid production takes place when all iron is oxidized and hydrolysed to 

solid ferric oxide: 

Fesn + 1514 02 + 712 H z 0  + Fe(OH)3 + 2 SO$- + 4 H+ . . . . . . . . 29 

Formation of jarosite in fact represents an incomplete hydrolysis of ferric iron, 

and less H+ is generated: 

Fes2 + 1514 O2 + 512 H 2 0  + I f 3  K+ + 113 jarosite + 413 SO$- + 3 H+ 30 

The strong tendency of ferric iron to hydrolyse and precipitate strongly favours 

the last two processes and makes pyrite oxidation one of the most acidic of all 

weathering reactions ( 1 1 3 ) .  

The stoichiometry of these reactions is incorporated graphically in Fig.10, which 

shows the quantitative relationships between pyrite oxidation, acid production, 

and amounts of CaC03 necessary for complete neutralization. 

Normally negligible amounts of dissolved iron escape precipitation as jarosite or 
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ferric oxide, so Curves a and b have little practical significance. In most acid 

sulphate soils a large fraction of the iron is incorporated in jarosite (Curve c). 

With time, jarosite is hydrolysed to ferric oxide and an additional amount of 

acid (equivalent to d-c) is released. This difference is rather small and H+ 

and SO$- are produced in nearly equivalent quantities. 

The pH depends both on the amount of sulphuric acid produced and on the pH buffe- 

ring characteristics of the soil material. The frequency distribution of pH va- 

lues for groundwater samples from the coastal plain in Thailand (Fig.11) shows 

several prevalent pH ranges. For mangrove soils, reduced subsoils, and non-acid 

marine soils the pH is generally between 6.5 and 7 .  In acid sulphate soils (in- 

cluding partly oxidized pyritic subsoils) the pH is between 2 . 9  and 6, with dis- 

tinct peaks at pH 3 . 3  to 4 (jarositic horizons) and 4.2 to 4.5 (top soils). 

Much lower values (pH 1.8 to 2.5) are obtained when the parent materials of the 

acid sulphate soils in question are subjected to aeration under moist conditions 

in the laboratory. On the other hand a similar treatment of pyritic soil with 

excess of CaCO3 for neutralization yields distinctly higher pH values (7.2 to 

7 . 8 )  than the corresponding soils in the field. 

The samples referred to in Fig.11 were not taken at random so the frequencies 

given have little significance, but the predominant pH ranges are representative. 

pH values between 1 . 3  and 2.5 in pyritic soil upon aeration under moist conditi- 
ons in the laboratory or upon slow air-drying are frequently reported (36, 92, 

1 3 2 ) .  Simple air-drying of potentially acid soil generally produces a slightly 

higher pH, viz. between 1.5 and 4 ( 3 ,  4 7 ,  60, 115, 1211, probably because oxi- 

dation is hampered under dry conditions. 

The ready acidification of potentially acid pyritic mud, even when stored for a 

few weeks in thin polythene bags (16) ,  illustrates that "fresh" pH values repor- 

ted for potentially acid pyritic subsoils are questionable, unless pH readings 

were taken within a few days after sampling. The pH values of hundreds of partly 

oxidized pyritic soil samples from Thailand, Sarawak, The Netherlands, and Ger- 

many, measured within 2 days after sampling by simple electrode insertion, were 

generally well above 3 and only rarely as low as 2 . 8  to 3 . 0  ( 2 0 ) .  

A pH between 3 and 4 is typical for samples of acid sulphate soil horizons from 

which the pyrite has been removed by oxidation under field conditions (cf. 4 ,  1 7 ,  

21, 3 2 ,  3 8 ,  7 9 ) .  Thus it appears that the pH values for the acid sulphate soils 

shown in Fig.11 are fairly representative. This indicates that the pH is buffered 
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- i , ,  certain ranges, which are different for samples oxidized in the field (pH 2.8 
to 4 )  and oxidized in the laboratory (pH 1.3 to 2.5) . 
The effect of these buffering processes can be appreciated by considering the 

changes in the composition of the soil solution accompanying pyrite oxidation. 

During a particular experiment (20, 22) involving a non-calcareous (BP) and a 

calcareous (Mc) pyritic mud (Tab.3) the increase in dissolved SO:- as a result 

of oxidation of a part of the pyrite is balanced for 98% (BP) and for 92% in 
(Mc) by an equivalent increase in the concentrations of cations. 

A decrease in carbonate alkalinity (HC03-) accounts for the remaining 2% (BP) 
and 8% (Mc). In the acid soil (BP) only 0.3% of the increase in cations can be 

attributed to H+, so 99.7% of the sulphuric acid is inactivated by buffering 

processes. 

Three questions arise: (a) where do the cations come from, (b) what mechanisms 

are responsible for the specific pH ranges encountered, and (c) why are these 

pH ranges different for oxidation in the field and in the laboratory? 

Two sources are available for the cations released into solution: the exchange 

complex and the soil minerals. 

Data on the exchangeable cations of the soil samples corresponding to the water 

samples in Table 3 are given in Table 4 (determined by Vlek ( 1 2 6 ) ) .  Except for 

exchangeable CaZ+ in Mc, the exchangeable bases decrease dramatically upon aera- 

tion. The decrease is adsorbed Na’, Mg’+, and Ca2+ (in BP only) is roughly pro- 
portional to the corresponding increase in the ionic concentrations in the inter- 

stitial water. In Mc, both adsorbed and dissolved Ca2+ have increased by dissolu- 

tion of CaC03 and partial replacement of adsorbed Na+ and Mg2+ by Ca2+. In BP 

the decrease in adsorbed bases is balanced in part by an increase in exchangeable 

A l 3 + ,  and partly by a decrease in the effective CEC (=the CEC measured at soil 

pH).  The appearance of adsorbed and dissolved A l  and the increase in dissolved 

silica indicate that part of the sulphuric acid has been inactivated by silicate 

minerals (the soils in question contain no free A l  oxides). 

More refined calculations ( 2 2 )  have shown that in BP after 47 days of aeration 

+) Many soil characteristics related to or influenced by pH (CEC data, watersolu- 
ble salts (notably Fe and A l ) ,  titration curves etc.) are also affected by 
air-drying. Consequently a tremendous amount of published data on acid sulphate 
soils has limited value, because it is not representative for actual or future 
field conditions. Freeze-drying immediately after sampling (123) is advanta- 
geous over conventional drying techniques, to prevent or  minimize such unwanted 
effects . 

+) 
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TABLE 3 .  COMPOSITION OF THE INTERSTITIAL SOLUTION (me/l) OF TWO PYRITIC SOILS 

UNDER REDUCED CONDITIONS (a) AND AFTER AERATION UNDER MOIST CONDITI- 

ONS IN THE LABORATORY FOR 47 DAYS (b). IN ORDER TO FACILITATE COM- 

PARISON, THE C1- CONCENTRATIONS WERE SET AT 100 AND THE CONCENTRATIONS 

OF THE OTHER CONSTITUENTS WERE CHANGED PROPORTIONALLY ( 2 0 ) .  

NON-CALCAREOUS PYRITIC SOIL (BP) CALCAREOUS PYRITIC SOIL (Mc) 

a b b-a b-a b-a a b b-a b-a b-a 
% of SO4 % of C % Of so4 % Of 
increase cations increase cations 

pH 6 . 9 0  3 .34  7.57 7.47 

c1- 100 1 O0 O O I O0 I 0 0  O 0 

HCO; 2 . 0  o - 2 . 0  - 2 . 2  8 . 3  3 . 4  - 4 . 9  - 8 . 3  

SO:- 15.1 104.0 8 8 . 9  100.0 5 0 . 4  109.8 5 9 . 4  100.0 

C an- 
ions 117.1 204.0 86.9 9 7 . 8  158.7 213 .2  54 .5  91.7 

K+ 

Na+ 

Ca2+ 

Mg*+ 

Fe2+ 

A I  

Mn2+ 

H+ 

2 .7  2.7 o O 0  3.7 

8 8 . 8  103.0 14.2 16.0 16.5 112 .0  

4 .  I 14.9 10.8 12.2 12.5  9 . 8  

2 1 . 4  6 4 . 6  43 .2  48 .6  50 .1  32.8 

0 . 0  10.1 10.1 11.4 11.7 0 . 0  

0 . 0 + )  4.7 4 .7  5 . 3  5 . 5  o.o+)  
o. 1 3 . 0  2 . 9  3 . 3  3.4 0 . 0  

0.0 0 . 3  0 . 3  0 . 3  0 . 3  0 . 0  

5 .  I 

124.0 

25.6 

5 8 . 2  

0.0 

o .  o+) 
0 . 2  

0 . 0  

1.4 2 . 4  2 .6  

12.0 20 .2  21 .9  

15.8 25.6 28 .8  

2 5 . 4  42 .7  4 6 . 3  

0 . 0  0 . 0  0.0 

0 .0  0 .0  0.0 

0 . 2  0 . 3  0 . 4  

0 . 0  0 . 0  . o . o  

C cat- 
ions 1 1  7 . 1  203.3 8 6 . 2  9 7 . 2  100.0 158.3 213.1 5 4 . 8  92.1 100.0 

H b S i O t  0 . 4 2  2.74 2.3 

cl-++) 191 185 

moistx) 190 190 

0.57 0 . 2 8  -0 .29  

7 4 . 1  7 0 . 9  

179 179 

+) not determined 

++) analysed C 1 -  concentrations 
’) The soils were brought to this moisture content by addition of distilled 

water, 3 days before collecting the s o l u t i o n s  by means of centrifuging. 
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TABLE 4.  EXCHANGE CHARACTERISTICS (me/100 g soil) OF THE BP AND Mc SOILS (cf 

TABLE 3 ) ,  AS DETERMINED BY THE BASCOMB ( 9 )  METHOD SLIGHTLY MODIFIED 

BY VLEK (126)  

NON-CALCAREOUS PYRITIC SOIL (BP) CALCAREOUS PYRITIC SOIL (Mc) 

a b b-a b-a as Z of a b b-a b-a as % of 
C(b-a) bases E(b-a) bases 

K+ 2 . 7  0.8 - 1.9 10 .5  2 .1  2 .1  O O 
+ 

Na 4.1 1 . 6  - 2 . 5  13.9 2 . 5  2 .1  - 0 . 4  - 50 
Ca2+ 4 . 7  1.2 - 3 . 5  19 .4  13.5’) 15 .8+)  + 2 . 3  +260 

Mg2+ 16.1 6 . 0  -10.1 55 .1  11.3 10 .3  - 1.0 -110 

~ 1 3 +  0 . 0  7.2 7 . 2  0 .0  0 . 0  

C cat- 
ions 27.6  16.8 -10.8 2 9 . 4  3 0 . 3  0.9 

C bases 27.6 9 .6  -18.0 1 O0 29.4  30 .3  0 . 9  100 

effecti- 
ve CEC 25.2  18.6 23.2 25.0 

CEC at 
pH 8 . 2  28.6 2 9 . 3  n. d. ++) n. d .++) 

+)  adsorbed Ca2+ is overestimated due to dissolution of CaC03 during the extrac- 

tion of adsorbed cations (compare C cations and effective CEC) 

++)not determined 

TABLE 5 .  pH IN EQUILIBRIUM WITH AMORPHOUS SILICA, KAOLINITE, AND DIFFERENT 

MONTMORILLONITES AT [Ca”] = [Mg‘+] = I O - ’ ,  25 @C AND 1 atm TOTAL 

PRESSURE, CALCULATED FROM PUBLISHED STABILITY CONSTANTS OR STANDARD 

FREE ENERGY DATA 

NAME FORMULA REFERENCE EQUILIBRIUM 

”Mg-montm” Mgo. 167A12.3 3Si3.6701 o (OH) I (55)  3.90 

Colony Wyom. Mgo. 229A11.71Si3. a 1 0 1  o (OH12 ( 1  29)  4.46 

Belle Fourche Mgo. nsFeo. 225A11.5aSi3.9 3501 o (OH): 5- 

PH- 

(69)  4 .14+)  

Aberdeen Mgo. 445Feo. 3 3 5A11.4 6 Si3.8201 o (OH) “I5- (70)  3 . 4 5 + )  

I11 

111 

Cheto M g o . 4 ~ C a o . l s A 1 , . 7 1 S i 3 . 9 3 0 1 0 ( O H ) ~  ( 9 4 )  6 . 3 0  

+) Dissolved FeT1’ assumed to be in equilibrium with hematite 
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about 65% of the increase in dissolved Mg" and the total increase in dissolved 

Ca2+ and Na+ come from the exchange complex. The remaining 35% of dissolved 

Mg" must come from Mg-bearing minerals. 

Three different fractions capable of inactivating sulphuric acid have been iden- 

tified: (a) (carbonate) alkalinity in solution, (b) exchangeable bases, and 

(c) weatherable minerals. 

a) Alkalinity 

The alkalinity of interstitial waters in non-alkaline soils rarely exceeds 

I O  me/l. So, at moisture contents up to loo%,  dissolved alkalinity can contri- 

bute to the neutralization of 1 me of acid per 100 g of soil at the most. Sea- 

water has an even lower alkalinity (2 to 2.5 me/l) than most near-neutral ground 

waters, and cannot be considered an effective buffering agent, even if copious 

leaching is applied. 

However, in the eastern part of the Central Plain of Thailand, centuries of 

seasonal flooding with moderately alkaline water (2 to 5 me HC0;/1 (20) ) have 

probably increased the pH of the upper horizons of acid sulphate soils to near- 

neutrality. 

b) Exchangeable bases 

Except perhaps at extremely low pH, with time, essentially all H+ adsorbed by 

the clay complex is taken up by the clay minerals and replaced by Al3+. Exchan- 

geable Al3+ appears in appreciable amounts only if the pH (in 0.01 N CaCl2) drops 

below 5 or 4 (3,34) but a considerable amount of non-exchangeable acidity+) is 
formed already at higher pH. The pH-dependent CEC is influenced by the nature and 

the quantities of clay and organic matter present in the soil. For 15 surface 

soils with widely different clay- and organic C contents the contribution of the 

organic C and the clay to the pH-dependent CEC of the soil (taken as CEC at pH 

8.2 minus CEC at pH 3) was 370 105x) and 15.6 3.hX) me per 100 g of the res- 

pective materials (87). In the soils in question between 70 to 80% of the decrea- 

se in CEC with decreasing pH took place in the pH range 8.2 to 5.0. Thus, espe- 

cially for soils high in organic matter and/or clay, the uptake of H+ associated 

with the formation of non-exchangeable acidity can contribute significantly to the 

neutralisation of strong acid under neutral to slightly acid conditions. Between 

+) For the following discussion, the nature of the "non-exchangeable acidity" 
or the "pH-dependent CEC" is irrelevant. 

x, mean and standard deviation 
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5 and 10 me of acid per 100 g of soil is taken up by the exchange complex of ty- 

pical acid sulphate soils in Thailand when the pH drops from 7.5 or 7 to about 
5 (see Fig.12). 

At a lower pH more H+ can be consumed because exchangeable Al3+ enters the com- 

plex. The total amount of acid taken up by the exchange complex of an acid soil 

is approximately equivalent to the difference between the CEC at pH 7 and the 
amount of exchangeable bases at soil pH. Data by Sombatpanit (108) for acid sul- 

phate soils (pH 3.5 to 4 )  from Thailand indicate that this amounts to 10 to 30 

me/100 g of soil. 

c) Weatherable minerals 

The spontaneous transformation of H-clays to Al-clays illustrates that there is 

no sharp boundary between ion exchange reactions and mineral transformations. 

Whereas the study of ion exchange equilibria is rather complicated, the equili- 

bria between one or more solid phases at unit activity and the dissolved consti- 

tuents can be tackled in a relatively simple and straightforward manner. Incon- 

gruent or congruent dissolution of minerals by acid involve ion exchange proces- 

ses, but the actual pathways and mechanisms need not be known for thermodynamic 

equilibrium studies, and hence the ion exchange reactions can be ignored for our 

purpose. 

The dissolution of divalent metal carbonates by strong acid can be represented by: 

MC03 + 2H+ + M2+ + CO2 + HLO . . . . . . . . . . . . . . . . . . 31 

The complete (congruent) dissolution of a metal-aluminum silicate can be written 

schematically as follows: 

M-Al-silicate + (3+a) H+ + b HzO +Ma+ + A l ”  + c HQSiO: . . . . 32 

Incongruent dissolution can be represented by: 

M-Al-silicate + aH+ + b Hz0 *Ma+ + c HhSiOt + Al(si1icate) residue . . . 33 

CaC03 (calcite or aragonite) is the most common carbonate in soils. Essentially 

all metal aluminum silicates are attacked by acid, releasing metal ions and mo- 

nomeric silica into solution. Generally the silicate minerals are concentrated in 

the clay fraction and because of their large specific surface area, clay minerals 

can be important H+ consumers. The best choice for the Al-silicate residue (Eq.33) 

is kaolinite. It is the end product of most weathering processes under acid condi- 

tions, and occurs widely in acid sulphate soils. 
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For equilibrium between calcite and solution: 

C ~ C O ~  + ZH+ = Ca2+ + co2 + H ~ O  . . . . . . . . . . . . . . .  34 
(g) 

we can write (square brackets denote activities; equilibrium constants (for 

25 OC and 1 atm pressure) according to Stumm and Morgan (1 13) : 

log [Ca2+]+ log Pco2 + 2pH = 9 .78  . . . . . . . . . . . . . . .  34a 

If C equivalents of a strong acid (HzSO,,) are added to 1 liter of pure water 

brought in contact with calcite, the only ions important quantitatively at near 

neutral pH are Ca2+, HCO; 

denote molar concentrations): 

A 

and SO:- .  Thus electroneutrality requires (brackets 

cA + (HCO;) = 2 (Ca’+) . . . . . . . . . . . . . . . . . . . . .  35 

Moreover, P and the activities of HCO; and H+ are related by (113): 
co2 

[HCO;] [€I+] = 1 . 4 8  x IO- ’  x P . . . . . . . . . . . . .  36 

Neglecting activity corrections, substituting a representative value for  

P (IO-’ atm), and combining Equations 34a, 35, and 36 gives: 
co2 

1 . 2  x 10’’ [H+I3 - CA [H’] - 1 . 4 8  x 10-l’ = O . . . . . . .  37 

Equation 37 enables us to calculate the pH of the system CaC03 -Hz0 at 

P = IO-’ atm as a function of the amount H2SOs added. CO2 

Fig.7 (Curve 2 )  shows that the pH remains close to 7 even after the addition of 

considerable amounts of strong acid. 

As an example of the incongruent dissolution of a silicate mineral, the trans- 

formation of Mg-montmorillonite (M~~.l67A1,.33Si3.670~o(OH)~) to kaolinite 

(A12Si20, (0H)s) is considered: 

6 Mg-mont. + 2H+ + 23 H20 = MgZ+ + 7 kaolinite + 8 HqSiOt . . .  38 
At equilibrium, the following relationship holds (log K from data by Helgeson 

(55) ) :  

l o g  K = log bgz+] + 2pH + 8 log [H*SiOf] = - 1 6 . 8  . . . . . . .  38a 
The addition of one equivalent of strong acid ( H z S 0 4 )  releases 4 moles of silica, 
s o :  

(HqSiOf) = 4 CA . . . . . . . . . . . . . . . . . . . . . . . .  39 
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Electroneutrality of the solution requires: 

2(Mg2+) + (H+) = CA . . . . . . . . . . . . . . . . . . . . . .  40 

If activity corrections are neglected, Equations 38a, 39, and 40 can be combined 
to give 

lo(-21 .3-8 log C ) A x [H']' + [H+] - CA = O . . . . . . . . . .  41 
The pH of the system montmorillonite-kaolinite-HZO as a function of the amount of 

strong acid added can be calculated from Equation 41 (Curve 3 in Fig.13). Once, 

the concentration of HsSiOf will become high enough to permit precipitation of 

amorphous SiOz. Amorphous silica will then hold the activity of dissolved HaSiof 

at a constant level of I O  

is fixed at 4.8 and Equation 41 reduces to: 

- 2 . 7  . Now, according to Equation 38a, log [Vg27+ 2pH 

I O 5 "  [H+I2 +[H+] - CA = 0 . . . . . . . . . . . . . . . . . .  42 
which is represented by Curve 3a in Fig. 13. 

Similar curves are given for the congruent dissolution of kaolinite before and 

after precipitation of amorphous SiO, (Curves 4 and 4a), and for the incongruent 

dissolution of Mg-chlorite (M~~A~ZS~.+O~O(OH),) to yield kaolinite (Curve 1 ) .  All 

necessary equilibrium constants were calculated from data by Helgeson (55). 

The buffer intensity (=the amount of strong acid necessary to cause a drop in pH 

of one unit, or -dCA/pH, cf. (113 )  ) is very high for calcite (Curve 2)modera- 

tely high for Mg-chlorite (Curve 11, for montmorillonite + amorphous Siop (Curve 

3a) and for kaolinite + amorphous Sion (Curve 4a) and very low for Mg-montmorill- 

lonite in the absence of amorphous silica (Curve 3). Buffering takes place at 

high pH levels in the presence of calcite or Mg-chlorite, and under acid condi- 

tions (pH 2.5 to 4) if montmorillonite or kaolinite and amorphous silica are 

present. 

Whether the pH is actually kept at the levels predicted by Fig.13 depends on the 

rates of the weathering processes. Data on acid sulphate soils rich in Xg-chlori- 

te (79) indicate that this mineral is not very effective in maintaining high pH 

values. Calcite dissolves rapidly under acid and slightly acid conditions and 

near-equilibrium with CaC03 in partly oxidized pyritic soil has been demonstra- 

ted ( 1 9 ) .  

Relatively low C O n  pressures in samples exposed to the atmosphere are responsible 

for high pH values in air-dried calcareous soil compared with the same material 

oxidized in the field (see Fig.11). 
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Buffering according to Curves 3a and 4a can take place only if dissolved silica 

is regulated by amorphous silica. Fig. 14  shows a stability diagram of Mg-mont- 

morillonite, Mg-chlorite, kaolinite, and gibbsite together with data on some 

360 samples of surface-and ground waters from the coastal plain in Thailand. It 

appears that amorphous silica saturation does provide an upper limit of [H4SiO3. 

Many acid sulphate waters with log [HqSiO?]close to - 2.7 have a composition in 
the vicinity of the Mg-montmorillonite - kaolinite boundary. This suggests that 
the relevant soil solution parameters are indeed governed by reaction 3a in Fig. 

13. 

Fig.15 shows a part of the same diagram with data on water samples from two dif- 

ferent acid sulphate soils. The water samples were taken from the field and in 

the laboratory upon oxidation of the corresponding pyritic muds by aeration after 

treatment with distilled water and with seawater, both in a "closed" system and 

after repeated washing with fresh distilled water and seawater. In the laborato- 

ry, the pH drops to around 2 and log [Mg"] + 2pH reaches extremely low figures 

compared with field conditions. The waters become supersaturated with amorphous 

silica but their composition remains close to the Mg-montmorillonite-kaolinite 

boundary. This suggests that equilibrium between the two minerals is established 

rapidly, while precipitation of amorphous silica lags behind the release of 
HhSiOt from silicate minerals. 

Fig.13 illustrates that the failure of amorphous silica to maintain log [H4SiOt] 

at - 2.7 gives rise to very low pH values according to the broken extension of 
Curve 3. The presence of H4SiOt) in equilibrium with amorphous silica (Curve 3a) 

would have kept the pH at about 3.6, a value typical for field conditions. 

Considerable variation in the composition and stability of montmorillonites occurs. 

However, as shown by Table 5 the pH at equilibrium between different montmoril- 

lonites, kaolinite, and amorphous silica is generally close to the values obser- 

ved in typical acid sulphate soils. 

The different levels of log [Mg"] + 2pH for the RP samples and the Ra samples 

(Fig.15) are well within the range typical for the montmorillonites given in 

Table 5. 

The effectiveness of the congruent dissolution of kaolinite as a buffering process 

(Curves 4 and 4a in Fig.13) can be checked by considering the value of  

log [Al3'] + 3pH + log [~t+~i~&J.~his is 3.815 at equilibrium at 25 OC and 1 atm O' 

(55). 
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In two representative acid sulphate soils from Thailand, 8 water samples taken 

from the field at depths between 50 and 140 cm had lowest values for log [Al3+] 
+ 3pH + l o g  [HbSiOf]at two months after the start of flooding in the rainy 

season, viz 3.0 + 0.15 (mean and standard deviation for 8 samples). 

The values increased steadily with time and reached 3.81 0.16 four months la- 

ter. Apparently near-equilibrium with kaolinite had been established. However, 

during the oxidation experiment referred to in Fig 15, log [Al3+] + 3pH + log 

- 

[HbSiOy]reached values as low as 0 to 0.3 suggesting that the dissolution of kao- 

linite did not keep up with the decrease in pH. The same was true for congruent 

dissolution of montmorillonite. 

The high frequency of pH values between 1.5 and 2.5 in artificially aerated 

pyritic muds can be attributed mainly to the buffering by water: the amount of 

acid necessary to decrease the PH from 2 to 1 is roughly 9 times the amount requi- 

red to decrease the pH from neutrality to 2. Moreover, under acid conditions H+ 

ions can be consumed by SO$- : 

SO:- + H+ = HSO; . . . . . . . . . . . . . . . . . . . . 43 

log K = log [Hso;] -log [SOZ-] + pH = 1 . 9 9  . . . . . . . . . . . 43a 

Owing to the large amount of dissolved sulphate generally present (0 .1 to 0.3 M 

SO:-) 

cantly to the stabilisation of the pH at about 2. 

Summarizing, it appears that the incongruent dissolution of montmorillonite takes 
place rapidly. This process is capable of maintaining an equilibrium solution 

even at high rates of acid formation. If sufficient time is available for dis- 

solved silica to polymerize and precipitate as amorphous silica (which appears 

to be the case under field conditions) the montmorillonite-kaolinite equilibrium 

can buffer the pH between 3.5 and 4 . 5 .  

A much lower equilibrium pH is established if dissolved silica increases beyond 

the solubility of amorphous SiOz. This happens upon rapid oxidation associated 

with high rates of silica release. 

In the course of months, equilibrium between kaolinite (as well as montmorilloni- 

te) and its dissolved constituents is established and can help to maintain pH va- 

lues between 3.5 and 4 under field conditions. 

at such low pH values, the formation of bisulphate can contribute signifi- 

It should be pointed out that other processes may be involved in maintaining the 
typical field pH values of 3 to 4. The assemblage jarosite-limonitic goethite 
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will tend to keep the pH at about 3.7 (see Fig.1). The same holds for kaolinite 

+ AlOHSOb + amorphous silica: 

kaolinite + 4H+ + 2%):- = 2AlOHSO4 + 2Si02(amorph.) + 3H2O . . . . . 44 
with 

log K = Z ~ H  - log [sot-] = 9.75 

which gives pH = 3.73 at log [Sot-]= -2.3. 

The dark shaded area near to the intersection of the solubility curves of kaoli- 

nite and AlOHSO+ in Fig.8 shows that this relationship is obeyed reasonably well 

in many acid sulphate soils. 

Of course numerous other weathering processes may contribute to acid consumption 

and pH buffering. Mica's and feldspars are particularly important because they 

probably provide much of the K+ in jarosite. 

So far the emphasis has been on the regulation of the pH, which is an intensity 

factor. A very important capacity factor is the amount of acid that can be inac- 

tivated by a given quantity of soil. If ion exchange processes and incongruent 

dissolution of silicates (with Al conserved in the solid phase) take place only, 

the acid neutralizing capacity of the soil is equal to the total amoun of bases 

(MgO+CaO+Na20+K20, expressed in equivalents) present in the soil. Most non-cal- 

careous marine clay soils contain 75 to 200 me bases/IOO g of soil. Each percent 
of CaCO3 present increases these figures by 20 me/100 g soil. The carbonate-Ca2+ 

is readily available for exchange with H', but the release of cations by silicate 

minerals is often slow. 

. . . . . . . . . . . . . . . . . . 44a 

Soils consisting mainly of kaolinite are poor in bases, but here acid can be in- 

activated by congruent dissolution, whereby H in fact displaces Al3+. This pro- 

cess takes place at low pH only and cannot prevent serious acidification. No 

buffering can be provided by free silica minerals as quartz. 

The extent of mineral weathering in actual acid sulphate soils can best be evalu- 

ated by studying the mineralogy. Unfortunately little research has been done on 

the (clay-) mineralogy of acid sulphate soils. 

Kaolinite was found as the dominant clay mineral in acid sulphate soils from 

Guinea (59), Senegal (124), Vietnam (57), and Malaysia ( 3 ) .  This reflects mainly 

the kaolinitic nature of many sediments in tropical areas, but formation of kao- 

linite at the expense of 2 :1  clay minerals in acid sulphate soils is frequently 

evident ( 3 ,  30, 67, 107). On the other hand no changes in clay mineralogy could 

+ .  
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be observed in acid sulphate soils in Sarawak ( 4 ) .  In California, acid sulphate 

soil formation was accompanied by a distinct decrease in chlorite content and an 

accompanying increase in montmorillonite (79). This was attributed to selective 

removal of the "brucite layer" of Mg-chlorite under acid conditions. 

Both in Malaysian and Californian acid sulphate soils a decrease in the amount 

of crystalline material was observed ( 3 ,  79). Amorphous silica ("opal") was re- 

ported from acid sulphate soils in Australia and Senegal (115, 1 2 4 ) .  

The formation of montmorillonite from chlorite and the formation of kaolinite 

from 2 : l  clay minerals in acid sulphate soils is in accordance with the theoreti- 

cal stability relationships depicted in Fig.14. 

Dissolution of quartz and subsequent silification of low-silica clays as postu- 

lated for acid sulphate soils in Senegal ( 1 2 4 )  is very unlikely on theoretical 

grounds. 

A subject of great practical importance is the problem of increasing the pH of 

acid sulphate soils to near neutral values by applying soil amendmends. The pH 

is kept low by "H+-dissociating groups" including ( I )  the exchangeable and non- 

exchangeable acidity, (2) basic sulphates such as jarosite and AlOHS04, and ( 3 )  

dissolved acidity, including H+ ions and hydrolysable ions (mainly Al- and Fe 

species). Theoretically the weathering of silicates is reversible. "Reverse 

weathering" (cf. 4 3 ) ,  e.g. the formation of montmorillonite from kaolinite, would 

contribute to the amount of base that must be added to obtain a certain increase 

in pH above pH 3.5 to 4. Fortunately kaolinite is very inert in this respect, 
and "reverse weathering" takes place to a significant extent only under near- 

neutral to alkaline conditions (10). 

Dissolved acidity is quantitatively unimportant in acid sulphate soils in the 

field, because normally the pH does not drop below 3 and because much of the 

dissolved acidity is removed (or can be removed easily) by leaching and diffusion. 

However, dissolved acidity can be responsible for more than 75% of the base- 
neutralizing capacity of pyritic material oxidized in laboratory experiments or 

by air-drying (cf.data by Rasmussen (92) and by Sombatpanit (108) ) .  

In practice the base neutralizing CapaCity (in me/100 g soil), or the amount of 

base (e.g. CaC03) necessary to obtain near-neutral pH values, is equal to the CEC 

at pH 7 minus the sum of the exchangeable bases at soil pH plus the amount of 

SO$- in basic sulphates, expressed in me/100 g soil. The best way to determine 

the base neutralizing capacity is to prepare a "slow" titration curve of the soil 

in question (28). 

I11 
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It is interesting to realize that sulphate reduction (and hence pyrite formation) 

involves a production of alkalinity that is equivalent to the acidity released 

during pyrite oxidation. 

The decrease in the concentration of SO;-  in the interstitial water during sul- 

phate reduction and formation of iron sulphides is balanced by an equivalent 

increase in dissolved HCO3 ( 4 ,  1 4 ) .  The overall process can be schematized as 

follows (CH20 represents organic matter): 

- 

3 SO$- + 6 CH20 

3 H z S  + Fe203 + FeS2 + Fes + 3 H 2 0  

-t 6 HCO; + 3 H z S  

3 SO$- + 6 CHzO + Fe203 -t Fes2 + FeS + 6 HCO; + 3 H20 . . . . . . 45 

The (carbonate) alkalinity formed by this process is either removed by diffusion 

and/or leaching or retained by precipitation as CaC03 (cf. 4 9 ) .  The interstitial 

water of marine muds associated with sulphate reduction is often highly supersa- 

turated with calcite, possibly because dissolved organic compounds inhibit crys- 

tallization ( 1 4 ) .  The alkalinity is carried away, leading to a separation between 

a potentially acid material (pyritic mud) and actual alkalinity (HCO-,), which is 

mainly absorbed by the vast mass of the oceans. This process is the crucial step 

that is ultimately responsible for the formation of acid sulphate soils. 

- 

5. Profile development of acid sulphate s o i l s  

Hitherto the emphasis was placed on properties and processes in relation t o  soil 

material. Soils, however, are characterized by a vertical sequence of horizons 

with different properties. Knowledge of the nature of the horizon differentiation 

is important for understanding and evaluating the acid sulphate soil problem. 

Due to the character of their parent material and as a result of their physio- 

graphic position, acid sulphate soils generally have a permanently water-satura- 

ted, reduced horizon at some depth. Depending on the drainage condition, the upper 

part of the soil is aerated and oxidized permanently, or, in case of seasonally 

flooded soils, during a part of the year. 

Fig. 16 shows diagrams of the pH (fresh and after aeration in the laboratory), 

and of the contents of jarosite-S and pyrite-S as a function of depth for ten 

acid sulphate soils and one non-acid marine soil from Thailand and from The Nether- 

lands (20). 
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The profiles BP-5, KD-I, Ca-], Ra-2, Ra-I, and Na-2 can be regarded as a chrono- 

sequence, with BP-5 as the youngest soil, and Na-2 as the oldest. In BP-5, the 

distribution of pyrite with depth still reflects the situation in the original 

mangrove mud, where the pyrite content generally increases with depth in the up- 

per 100 to 150 cm (3, 4 ,  21). 

Reclamation and shallow drainage has resulted in acidification of the surface 

soil, but as yet no jarosite is present in the BP-5 samples (the soil profile 

showed a few yellow mottles locally between 20 and 30 cm). In the next stage 

(KD-I) the pyritic horizon starts at greater depth and a distinct jarositic 

horizon appears. A s  the soils become older and better drained, the jarositic and 

pyritic horizons are found at progressively greater depths. These two horizons 

are distinctly separated, in accordance with the difference in stability areas 

(in terms of EH and pH) of jarosite and pyrite (see Fig.]). Where the horizons 

overlap (KD-I and Mij-]), jarosite occurs in pyrite-free, vertical zones along 

cracks and root channels, which penetrate locally into the reduced subsoil. 

With time, the jarositic horizon moves downwards as a result of hydrolysis to 

ferric oxide in the upper part (leaving a distinct accumulation of ferric oxide 

above the jarositic horizon) and formation of new jarosite in the lower part (20) 

The diagrams indicate clearly that only a part of the pyrite-S is conserved after 

oxidation; most of the sulphate is removed by leaching and/or diffusion (water 

soluble sulphate-S is generally negligible compared with pyrite-S and jarosite-S; 

only Na-2 shows a (distinct) accumulation of gypsum between 50 and 80 cm below 

the surface). 

The occurrence of jarosite can be explained on the basis of the physico-chemical 

conditions in the horizons in question (see Fig.]), but the amount present seems 

to depend in part on the volume available for precipitation (root channels and 

cracks) ( I  2 5 ) .  

Below the predominantly oxidized layer the pyrite content increases abruptly 

with depth, suggesting that pyrite oxidation takes place mainly in a very narrow 

zone. The non-acid soil T-I is situated nearer to the coast than Ra-I and Ra-2 

and is undoubtedly younger than these acid sulphate soils, but yet the pyritic 

subsoil occurs at a greater depth. T-1 also shows a higher degree of physical 

ripening (as evidenced by bulk density figures and N-values) than the acid sul- 

phate soils ( 1 2 5 ) .  Before reclamation (all three soils are presently under low- 

land rice) the non-acid soil was probably subjected to a relatively high level of 

evapotranspiration compared with the acid sulphate soils, where adverse soil con- 
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ditions prevented the development of a luxuriant vegetation. This probably ex- 

plains the greater depth of the reduced pyritic subsoil in the non-acid soil. 

The pH increases distinctly with depth in the upper part of the pyritic subsoil, 

especially in the younger acid sulphate soils from Thailand (BP-5, KD-I, and 

Ca-I) and in the Dutch soils (former lake bottoms (marine sediments) reclaimed 

between 90 and 125 years ago). However, in some soils (BP-5, Ra-I, and Ra-2) 

pH values between 3.5 to 4 occur in the pyritic horizon. This probably reflects, 

at least in part, downward diffusion of acid from the oxidizing zone. 

The relatively high pH-values in the surface soils of the older acid sulphate 

soils appear to result from a combination of factors: ( 1 )  the disappearance of 

jarosite, (2) the slow "back titration" of the soil acidity by weatherable mi- 

nerals still present, (3)(in the acid sulphate soils in Thailand) the effect of 

fresh sediment and of dissolved alkalinity (especially in Na-2) in the flooding 

water, and ( 4 )  (in the Dutch soils) the application of lime as a soil amendment. 

On the other hand, during the dry season in Thailand, the capillary rise of an 

acid soil solution (pH 3.5 to 4 )  has an opposite effect. 

The various equilibria between soil minerals and the interstitial water reported 

in the previous chapters, may be valid for certain zones only (in this respect 

information is available only for soils from Thailand). The relationship expres- 

sed by Equation 25a, which suggests the presence of AlOHSOt,, was found to hold 

regardless of age of the soil or of depth. In the Ra-soils equilibrium between 

kaolinite and the soil solution was observed only between 50 and 140 cm at some 
time of the year, whereas above and below this zone supersaturation with kaoli- 

nite was observed always. Saturation with amorphous silica is typical for all 
acid sulphate soils, but only at intermediate depths. Surface soils and pyritic 

subsoils are generally undersaturated with amorphous Sion. 

Except in the (near-neutral) top soil of Na-2, soil reduction upon flooding is 

strongly impeded in the older acid sulphate soils. This is especially true for 

the jarositic horizons and, to a lesser extent, for the surface soils. 

Low contents of easily decomposable organic matter in combination with a low pH 

(which hampers microbial growth) and the presence of relatively stable ferric 

compounds (especially jarosite can be expected to counteract a decrease in E ) 8 
are probably responsible. 

Organic matter is generally higher in younger acid sulphate soils and in pyritic 

subsoils. This is probably the main reason for the relatively rapid development 
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of reduced conditions when flooding young acid sulphate soils. Very high con- 

centrations of dissolved iron and a relatively rapid rise in pH are typical for 

these soils upon submergence. Such relationships are probably important in under- 

standing the differences in chemical and electrochemical kinetics exhibited by 

various acid sulphate soils used for lowland rice cultivation (cf. 8 4 ) .  

Conclusions 

Sulphate reduction and pyrite formation in tidal swamps and seabottom sediments 

are invariably associated with the production of alkalinity (dissolved HCO;) . 
The carbonate alkalinity is generally not conserved in the sediment (e.g. by 

precipitation as CaCO3), but carried away to the sea. This separation between 

potential acidity (pyrite) and actual alkalinity is the crucial step in the 

formation of acid sulphate soils. 

Potential acid sulphate soils usually contain between 1 and 5% pyrite-sulphur. 
After drainage and aeration, Pyrite oxidizes and yields sulphuric acid. 

The rate of pyrite oxidation is low at near-neutral pH but increases strongly 

with decreasing pH. At pH 1 to 4 certain microorganisms oxidize FeZ+ to Fe3+, 

which is a far more efficient oxidant for pyrite than free oxygen. In the ab- 

sence of these microorganisms, ferrous iron oxidation is very slow at low pH. 

The acidophilic character of the microorganisms and the fact that ferric iron 

is appreciably soluble only at low PH are the main reasons for the strong influ- 

ence of pH on the oxidation of pyrite. Sufficient moisture and a favourable tem- 

perature are important for microbial activity and hence promote pyrite oxidation. 

The diffusion of 0 2  (necessary for oxidation of Fe2+)seems to be a rate-limiting 

step in pyrite oxidation in field soils. 

Under acid ( p H  < 4 ) ,  oxidized conditions, jarosite (KFe3(SO4)2(OH)6) is the most 

important product of pyrite oxidation. Sodium and hydronium can substitute for 

K+in the jarosite structure but the preference for potassium (derived from the 

soil exchange complex, from the soil solution and from K-bearing minerals) is 

very high. 

Another basic sulphate, A10HS04, appears to be important in controlling the level 

of dissolved aluminium in acid sulphate soils. Gypsum is commonly associated 

with pyrite oxidation both in acid sulphate soils and in non-acid marine soils, 

if sufficient Ca2+ is available and strong leaching is absent. 

In most acid sulphate soils more than 99% of the sulphuric acid is inactivated 
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by dissolved (carbonate) alkalinity, by ion-exchange processes and by mineral 

weathering. In the absence of CaC03, the montmorillonite-kaolinite equilibrium 

in the presence of amorphous silica may play an important role in buffering the 

pH between 3 and 4 ,  a range typical for acid sulphate soils. Other equilibria 

that contribute to maintaining such pH values involve kaolinite + AlOHSO,,,, and 

jarosite + limonitic ferric oxide. At the high rates of pyrite oxidation obser- 

ved under well-aerated conditions encountered during air-drying and oxidation 

experiments in the laboratory, these buffering reactions lag behind the release 

of sulphuric acid, and the pH drops to much lower values (1.5 to 2.5). 

The buffer capacity of the soil during acidification is determined mainly by 

the pH-dependent CEC (especially important in the pH range 7 to 4 )  and by the 

exchangeable bases and the bases contained in easily weatherable minerals. The 

exchangeable and non-exchangeable acidity and the basic sulphates determine the 

amount of base (e.g. CaC03) necessary for increasing the pH of acid sulphate 

soil material. 

Well developed acid sulphate soils are characterized by a jarositic horizon over- 

lying the pyritic subsoil. With time, the jarositic horizon and the upper boun- 

dary of the pyritic subsoil move downward. In the upper part of the jarositic 

horizon jarosite hydrolyses, leaving a residue of ferric oxide. 

The chemical characteristics of acid sulphate soil material differ depending 

on depth below the surface and stage of soil development. 
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Fig.6: Composltlonal varlatton tn laroste resuitlng from K+- Na+- H ~ O +  substftotlon as a function of  

pH and the activi t les of K +  and Na+ In the equtllbrtum Solution at 25 OC and l a t m .  total pressure. 

The symbols tndlcate the composltion of the soil solirtlon of acld sulphate soils In Thailand and 
Sarawak (own symbols)wtth pH 3 to 5 ,  and Of Pyritic samples oxidized in the laboratory wl th  
pH values between 1.8 and 3 ( s o l ~ d  symbols)  
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Swmnary 

The f i r s t  three chapters deal w i t h  the  oxidat ion o f  p y r i t e ,  t he  formations of  

acid sulphate minerals and the  neu t ra l i za t ion  of sulphuric  acid by s i l i c a t e  mine- 
r a l s .  The emphasis is on thermodynamic equi l ibrium models. Where poss ib l e ,  t he  
theore t i ca l  models are compared w i th  condi t ions in actual  acid sulphate soils, 
and k i n e t i c  and b io log ica l  f a c t o r s  are taken i n t o  account. Chapter 4 shows how 

the  various processes discussed earlier, i n f luence  soil horizon development and 
p r o f i l e  morphology. 

Résumé 

Les chapi tres  1,2 e t  3 t r a i e e n t  Z'oxidation de l a  p y r i t e ,  l a  formation des miné- 
ram sul fate 's  acides e t  l a  neu t ra l i sa t ion  de l ' a c i d e  su l fu r ique  par Zes minéraux 
s i l i ca t e ' s .  L'accent a é t é  m i s  sur l e s  modèles d ' équ i l ib res  thermodynamiques. Si 
possib l e  l e s  modè les  théorét iques on t  é t é  compare's avec l e s  condi t ions actue 2 les 
dans cer ta ins  sols  s u l f a t é s  acides,  compte tenu des fac t eurs  biologiques e t  

c iné t iques .  Le chapi tre  4 mmere l ' i n f l u e n c e  des processus p r é c i t é s  sur l e  déve- 

loppement des horizons de sol e t  sur l a  morphologie des p r o f i l s .  

Resumen 

Los cap i tu los  I, 2 y 3 t ra tan  l a  oxidación de Za p i r i t a ,  l a  formación de los mi- 
nerales  ácidos s u l f á t i c o s  y la neu t ra l i sac ión  de l  ácido sulfuric0 por lo s  s i l i ca-  
t o s .  Se hace hincapié en los modelos de equilibrios termodinámicos. En cuanto 
sea posible  se equipara 10s modelos t eoré t i cos  y Zas condiciones en suelos ácidos 

s u l f á t i c o s  concretos,  tomando en m e n t a  los f ac tores  biológicos y cinéticos. EZ 

cap i tu lo  4 muestra l a  i n f l u e n c i a  de los procesos susodichos sobre e l  desarrollo 
de c q a s  de suelo y l a  morfozogia de p e r f i l e s .  

Zusamen f as sung 

Die e r s t e n  dre i  Abschni t te  behandeln d i e  Pyri toxidat ion,  d i e  Formation su l fa t saurer  

Mineralien und d i e  NeutraZisation der Schwefelsiiure durch S i l i ka tminera l i en .  Be- 

sonders werden thermodynamische GZeichgeuichts-Modelle heruorgehoben. Wo möglich, 

werden auch d i e  theoret ischen Mode Zle m i t  den Verhäl tnissen in konkreten suZfat-  
sauren Böden vergZichen m i t  Riicksicht au f  d i e  biologischen und dynamischen 
Faktoren. Abschni t t  4 z e i g t  d i e  Wirkung der emähnten Prozesse auf Horizontbil-  
dung und Profilmorphologie des Bodens. 
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D I S C U S S I O N  

RICKARD:  How do you measure s o i l  pH? We f i n d  t h a t  i n  s i t e  measurements may 

d i f f e r  f rom measurements on samples. 
VAN BREEMEN: S o i l  pH I measure by p ress ing  a s t u r d y  g lass  e l e c t r o d e  i n  t h e  

wet s o i l  ( i f  necessary wet ted  w i t h  d i s t i l l e d  water  t o  a cons is tence a l l o w i n g  

e l e c t r o d e  i n s e r t i o n )  and p l a c i n g  the  re fe rence  e l e c t r o d e  a t  t h e  su r face  (separa- 
t e d  f rom the  s o i l  by a p iece  o f  f i l t e r  paper soaked i n  d i s t i l l e d  wa te r ) .  

R ICKARD:  The r a t e  o f  CaC03 d i s s o l u t i o n  i s  h i g h l y  dependent on such f a c t o r s  

as o rgan ic  ma t te r  assoc ia t i ons  and d i sso l ved  Mgzt concen t ra t i on .  These f a c t o r s  
tend t o  s t a b i l i z e  CaC03 i n  undersa tura ted  waters f o r  hundreds o f  years .  I s  t h i s  

obse rva t i on  p e r t i n e n t  t o  i n i t i a l  development o f  a c i d  su lphate  s o i l s ?  

o x i d a t i o n  i n  a c i d  su lpha te  s o i l s  I doubt t h a t  CaC03 d i s s o l u t i o n  i s  i n h i b i t e d .  I 
observed near e q u i l i b r i u m  between c a l c i t e  and s o l u t i o n  a t  pH 7 t o  7,'5 i n  s o i l  

m a t e r i a l  where p y r i t e  o x i d a t i o n  took  p lace .  

VAN BREEMEN: A t  t he  s t r o n g  degree o f  CaC03 undersa tu ra t i on  induced by p y r i t e  

FRINK: I f  SOS- a c t i v i t y  i n  s o i l s  i s  cons tan t  then F ig .7  i s  demonst ra t ing  

mere ly  the  pH dependency o f  t h e  s o l u b i l i t y  o f  A1(OH)3. 

VAN BREEMEN: The SO:- a c t i v i t y  i s  o n l y  approx imate ly  cons tan t .  A p l o t  o f  
l o g  (Al")  + 3 pH vs. l o g  ( S O { - )  - 2 pH g i ves  a b e t t e r  s lope (nearer  t o  1 , O )  and a 
b e t t e r  c o r r e l a t i o n  c o e f f i c i e n t  than a p l o t  o f  l o g  (A l " )  + 3 pH V S .  - 2 pH. 

PONNAMPERUMA: How d i d  you determine t h e  a c t i v i t y  c o e f f i c i e n t  o f  A l 3 '  ì n  so lu -  

VAN BREEMEN: A l - a c t i v i t y  c o e f f i c i e n t s  a re  c a l c u l a t e d  from exper imen ta l l y  
t i o n s  o f  such h i g h  i o n i c  s t r e n g t h ?  

determined a c t i v i t y  c o e f f i c i e n t s  o f  A1C13, us ing  the  "mean s a l t "  method. P l o t s  

o f  A l  a c t i v i t y  c o e f f i c i e n t s  vs. i o n i c  s t r e n g t h  (up t o  1,2 mo la r )  were c u r v e f i t t e d  

and inco rpo ra ted  i n  a computer program (see reference 19) .  

PONNAMPERUMA: How do you know whether hydroxy-complexes o f  A l  were i nc luded  

VAN BREEMEN: Two hydroxycomplexes (A10H2+ and A12(0H); ) were taken i n t o  
i n  you r  assay o f  AI'+? 

account i n  the  computer program, as were Also: and A1(SOu);. Po lynuc lear  species 

were probab ly  n o t  p resent  because the  pH was always low. 

t 
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ALUMINUM CHEMISTRY IN ACID SULFATE SOILS 

C. R.  Frink 
Chief So i l  Chemist, The Connecticut Agricultural Experiment Station, 
New Haven, Connecticut, USA 

Aluminum is the most abundant metallic element in the earth's crust. Moreover, 

hydrolysis of the aluminum ion produces a moderately strong acidic environment 

so that it is not surprising that many of the properties of acid soils are con- 

trolled by the chemistry of aluminum. Indeed, aluminum bonding has been descri- 

bed as a unifying principle in soil science (Jackson 1963). In acid sulfate 

soils additional acidity is produced by the oxidation of sulfides to sulfuric 

acid, which may also react with many aluminum compounds in soil. The venerable 

topic of soil acidity has been examined recently in an excellent review by Cole- 

man and Thomas (1967). Thus, the present analysis will take a somewhat different 

path. First, we will consider the reactions of aluminum in aqueous solutions and 

then examine how these reactions may be modified in clay suspensions; then, the 

chemistry of aluminum in soils will be examined; and finally, we will consider the 

effects o f  aluminum on the physical properties of clays and soils. 

ALUMINUM CHEMISTRY IN AQUEOUS SOLUTIONS 

Hydrolysis 

Chemically, the hydrolysis of aluminum in aqueous solutions has been assumed to 

proceed via the first-stage hydrolysis reaction: 

( 1 )  
+ +  

~ 1 3 +  + H,O = A ~ O H ~  + H 

where water of hydration is omitted for convenience. Expressing ion activities 

as negative logarithms, the thermodynamic equilibrium constant for this reaction 

is given by: 

pK = pAlOH + pH - PA1 (2) 

where the valences of the ions are omitted for convenience. There have been nu- 

merous determinations of this hydrolysis constant (Sillen and Martell, 1964,1971) 

with most investigators agreeing that pK is approximately 5.0. However, many 

feel that this reaction does not exist or that other hydrolytic species must also 

be considered. 

A partial explanation for these different viewpoints is provided by work of 

Frink and Peech (1963), who showed that aqueous aluminum solutions become super- 
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saturated with respect to Al(OH)3 on dilution or addition of base. Hence, at low 

basicities, the first-stage hydrolysis reaction appears to be satisfactory (Frink 

and Peech, 1963a; Holmes et al. 1968; Raupach, 1963; Schofield and Taylor, 1954; 

Srinivasan and Rechnitz, 1968). At higher basicities numerous polynuclear species 
have been reported (Brosset et al. 1954; Fripiat et al. 1965; Matijevif et al. 

1961, 1964; Rausch and Bale 1964; Ruff and Tyree, 1958). These conflicting inter- 

pretations appear throughout the study of aluminum chemistry in solutions, clay 
suspensions, and in soils, and will become familiar topics as we proceed. 

Recently, the effect of basicity on the apparent mechanism of hydrolysis has 

been re-examined by analysis of potentiometric titration curves of dilute alumi- 
num salt solutions. Frink and Sawhney (1967) pointed out that these titration 

curves present two apparent anomalies. First, although the monomeric hydrolysis 

mechanism satisfactorily describes the changes in pH on dilution of aluminum 
salt solutions, no inflection point corresponding to the completion of first- 

stage hydrolysis is observed in titration curves. Second, the pH of an aluminum 

solution at 50% neutralization is not a constant, as is the case with other weak 

acids, but instead is a function of initial aluminum concentration. They proposed 

that the neutralization of an aluminum salt solution could be considered to proceed 
by stoichiometric precipitation of Al(OH)3 by added base, and that the pH was 

controlled by first-stage hydrolysis of the aluminum remaining in solution. Dis- 

crepancies between calculated and observed pH near the equivalence point were 
attributed to anion penetration of the solid phase Al(OH)3. 

Turner (1968a, 196%) has examined this proposal in considerable detail. His re- 
sults indicate that, while the conclusions reached by Frink and Sawhney (1967) 

were essentially correct for rapid titrations, other reaction products including 

polynuclear cations were formed during slow titrations. Turner and Ross (1969) 
examined the solid phase formed during the neutralization of AlCl3 solutions and 

found that its composition changed during the course of the titration and could 

not be represented by A1(OH)3. They concluded that the initial product formed 

during the neutralization of AlC13 solutions is a solid phase of variable compo- 

sition and that polynuclear hydroxyaluminum cations form slowly at the expense 

of the solid phase. 

Other evidence for the occurrence of monomeric hydrolysis has been provided recent- 

ly by measurements of dissociation field effect relaxation times in dilute 

aqueous aluminum chloride solutions by Holmes et al. (1968). Their observations 

agreed with earlier findings of Frink and Peech (1963a) that monomeric rather 
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than polymeric mechanisms best described these solutions. Srinivasan and Rech- 

nitz (1968) m6asured rates of formation of aluminum fluoride complexes and con- 

cluded that the simple monomeric mechanism provided the best fit to their expe- 

rimental data. Sullivan and Singley (1968) analyzed titration curves of  dilute 

aluminum perchlorate solutions and concluded that the major species present in 

10-3M and 10-4M solutions were Al3+, AlOH”, and Al(OH)3. 

Hem (1968) has examined the reaction products formed during serial titrations of 

aluminum salt solutions by a variety of techniques. He found crystalline gibbsite 

in solutions with OH/Al ratios between 2 and 3 after aging for as little as 10 
days. Particle diameters were of the order of 0.1 micron and Hem (1968) feels 

that these crystalline products may have been overlooked by earlier investigators. 

He further examined various proposed polymers by considering OH- to exist either 

in non-structural positions as in the monomer AlOHZ+ or in structural bridges in 

polymers. As a result of analyses of rates of reaction of these two kinds of hy- 

droxyls with acid, he concluded that at equilibrium all non-structural OH- is 

present as the monomer Al(OH)’+ and that all structural OH- is present as a poly- 

mer with formula Al(OH)3. Hence, he agreed with the proposals of Frink and Sawhney 

(1967) that polynuclear hydroxyalyminum cations could be ignored. However, 

Hem (1968) does caution that equilibrium is only slowly attained and metastable 

complex species may exist for some time so that the concept may have limited 

practical usefulness. 

Solid Phase and Polynuclear Species 

Although considerable progress has been made in understanding the neutralization 

of aluminum salt solutions, neither the composition of the solid phase nor the 

nature of the various metastable polynuclear hydroxyaluminum species that have 

been proposed is known with certainty. The solubility product of gibbsite, the 

thermodynamically stable phase of Al(OH)3, has been measured and found to corres- 

pond to pK = 33.5 (Frink and Peech, 1962). However, equilibrium is established 

very slowly, particularly in undersaturated solutions. Kittrick (1966) found 

pKsp = 34.0 for solutions aged for four years and concluded that his sample of 

gibbsite might be more crystalline than that of Frink and Peech (1962). Supersa- 

turated solutions had an ion product for Al(OH), corresponding to an apparent 

pKsp of 31.8 (Frink and Sawhney 1967) and seeding with gibbsite had little effect. 

Other precipitates of varying crystallinity and basicity have been reported by a 

number of workers (Hsu and Bates 1964). In their recent studies, Turner and Ross 

SP 
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(1969) found that the A1(OH)3 precipitated during neutralization contained varia- - 
ble amounts of C 1 -  depending on the C1 

of neutralization. Singh (1969) and Singh and Brydon (1969) have identified a 
crystalline basic aluminum sulfate, basaluminite, with formula A14(OH)loSO+. 
5H20 and pK = 117.3,  as a metastable phase formed during the neutralization of 

aluminum sulfate solutions. Ross and Turner (1971) have postulated that the 

rate of Al(OH)3 crystallization is inversely proportional to the tendency for 

anions to penetrate the solid phase. In their studies, the tendency for gibbsite 
to precipitate was greatest in the presence of C104 , less in the presence of 
NO3-, and least in the presence of Cl-. Although the exact mechanism for the 
crystallization of gibbsite is not resolved, these studies do suggest the role 

that various anions may play in the precipitation process. 

The nature of the various polynuclear hydroxyaluminum cations that have been pro- 

posed is even more uncertain than the composition of the solid phase. It is evi- 

dent that potentiometric methods alone are not always adequate to distinguish 

amongst the various species, since Brosset et al. (1954) showed that either a 

single species Al&(OH)?: or an infinite series of complexes would fit their 

neutralization data equally well. MatijeviE, et al. (1961, 1964) studied the 
coagulation of aqueous sols of silver halides and proposed the species A18(OH);:. 

However, as Hahn and Stum (1969) point out, specific sorption on colloid surfaces 

may alter the distribution of species to the point where they feel it is impos- 

sible to draw conclusions regarding the nature of a specific polynuclear species 

in solution. From ultracentrifugation and acidity measurements, Aveston (1965) 

found that two species, Alz(OH);+ and A113(OH):: , provided the best fit to his 
experimental data. Light scatterihg measurements by Ruff and Tyree (1958), how- 

ever, showed that the average size of the aggregates decreased on dilution or 

with decreasing basicity. Fripiat et al. (1965) from infrared absorption spectra 
found evidence for the existence nf  a series of polymers of the form 

Al k O H ) 8 A 1 3 ] i 4 .  Their assignment of frequencies to various forms of OH- bonded 
to aluminum seems rather speculative, however. Rausch and Bale (1964) used small- 

angle X-ray scattering in 1M Al(N03)~ solutions to measure the size of clusters 

from the radius-of-gyration parameter. They reported their measurements were con- 

sistent with the presence of [A11304(OH)21r(H20)1~]+~, a species also said to be 

present in some solid phase basic salts. Turner (1968b) and Turner and Ross (1969) 

used the 8-hydroxyquinoline method developed by Okura er al. (1962) to measure 
monomeric aluminum ions in solution and concluded that the OH/Al ratio of the po- 

lynuclear ions was near 2.5.  This basicity is close to that reported by many pre- 

concentration in solution and the degree 

SP 
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vious workers and probably is a reasonable approximation of the apparent basicity 

of many polynuclear hydroxyaluminum species. However, it is evident that the exact 

size and charge of these species is not constant but is a function of experimen- 

tal conditions. Hence, considerable caution should be exercised in extrapolating 

from the results of one investigation to describe the aluminum species existing 

under different conditions in other investigations. Indeed, in view of the tran- 

sitory nature of these various hydroxyaluminum species, it is questionable whe- 

ther further efforts to identify particular ions are worthwhile. 

Summary 

It appears that the simple monomeric hydrolysis mechanism can be used to calcu- 

late the pH and aluminum ion activities of dilute solutions at low basicities. 

When base is added to these dilute solutions, a solid phase consisting of Al(OH)3 

with various degrees of anion substitution is formed, and at high,basicities 

significant amounts of metastable polynuclear hydroxyaluminum cations may be pre- 

sent in solution in addition to simpler monomeric species. In more concentrated 

aluminum salt solutions, which by virtue of their acidity are considerably under- 

saturated with respect to Al(OH),, relatively large amounts of base can be added 

before precipitation occurs. Under these conditions, higher concentrations of a 

variety of polynuclear hydroxyaiuminum species can be present in solution. 

ALLJMINUM CHEMISTRY I N  CLAY SUSPENSIONS 

Inasmuch as the chemistry of aluminum in aqueous solutions is not completely un- 

derstood, it is not surprising that the reactions of aluminum in clay suspensions 

are the subject of some confusion and controversy. Before pursuing this subject 

we should consider briefly the preparation of H- and Al-saturated clays since 
much early work was done with mixed clays and hence misinterpreted. Coleman and 

Thomas (1967)  have reviewed the history of the discovery that H-clays rapidly 

decompose to form partially Al-saturated clays. Barshad and Foscolos (1970)  stu- 

died this "interchange" reaction and found that the rate of replacement of H+ ,by 

Al3+ or Mg'+ in montmorillonite. vermiculite, and illite is directly proportional 

to surface charge density and MgO content. Riley and Arnold (1969)  examined kao- 

linite, montmorillonite, and seven soils, and showed that the amount of exchange- 

able Al3+ produced was controlled by the amount of exchangeable H+ present. In 

acid sulfate soils, decomposition of H-clays and their subsequent conversion to 

Al-clays would presumably be quite rapid. 
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Many methods for preparing pure H-clays have been proposed; the most recent uti- 

lizes extraction with a chelating agent followed by successive reactions with 

H-, OH- and H-resins (Barshad 1969). Less attention has been given to the prepa- 
ration of Al-clays. Most investigators have obtained satisfactory results by 

treating the clay with a concentrated aluminum salt solution and removing the 

excess electrolyte by washing with some solvent. There are indications, however, 

that considerable hydrolysis occurs during prolonged washing. This question will 

be examined in greater detail in subsequent sections. 

Hydrolysis 

Considering now the effect of clay on the simple monomeric hydrolysis reaction, 

Ragland and Coleman (1960) reported that aluminum salt solutions undergo increa- 

sed hydrolysis in clay suspensions when compared with aqueous solutions of the 

same pH. Frink and Peech (1963b) have disagreed with this choice of a reference 

solution, and concluded that hydrolysis is suppressed in clay suspensions when 

compared with a solution of the same total aluminum concentration. This disagree- 

ment may be largely semantic (Coleman and Thomas 1967); however, both studies show 

that the adsorption of hydrolytic species of aluminum on a clay surface does not 
alter the numerical value of the hydrolysis constant pK as shown in equation (2). 

Moreover, these two studies show that addition of base to an Al-clay has the same 

effect as addition of base to an aqueous aluminum salt solution: some form of 

Al(OH)3 is precipitated. 

Although theoretical considerations suggest that simple electrostatic adsorption 

of aluminum on a negatively charged surface 

of hydrolysis, adsorption by many clays appears to involve specific sorption 

reactions. Jackson (1963a,b) has proposed several mechanisms to describe the 

effectiveness of clays in promoting or enhancing the hydrolysis of aluminum. 

Kaddah and Coleman (1967 a,b) have recently examined the reactions of Al-satura- 

ted vermiculites in some detail. They showed that freshly prepared or aged Al- 

vermiculites contair. predominantly trivalent aluminum as anticipated. However, 

extractions with various salt solutions induce variable amounts of hydrolysis, 

depending on the nature of the replacing cation and its concentration. At high 

salt concentrations interplate diffusion is unrestricted and hydrolysis is little 

enhanced so that primarily trivalent aluminum is exchanged. At low salt concen- 

trations or in the presence of ions causing lattice closure, in-situ hydrolysis 

of surface adsorbed aluminum is greatly enhanced. According to Kaddah and Coleman 

has no effect on the mechanism 
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(1967 a,b) the hydrolysis product retained by the clay has a composition corres- 
ponding to A10H2+. Although it is not clear why this species should be specifi- 

cally sorbed, consideration of equation ( 1 )  indicates that indeed such sorption 
would result in enhanced hydrolysis. Recent work by Kissel, et al. (1971) and 

by Rich (1970) indicates a similar salt-induced hydrolysis may occur in mont- 
morillonite. Hence, prolonged washing of Al-saturated clays to remove excess 

electrolyte may well alter their prqperties significantly. Moreover, it is evi- 

dent that we need to know more about the energy status of various adsorbed hy- 

drolytic aluminum species. 

Exchange 

Measurements of the exchange of aluminum are complicated by hydrolysis, and, if 

base is added, by the precipitation of a solid phase. In this section, we will 

consider only the simple exchange reactions of Al3+ 

tation reactions for later discussion. Early studies of the exchange of H+ and 
Al3+ 
Gilbert and Laudelout (1965) found the affinity for exchange of hydrogen by 

montmorillonite was as follows: 

and H+, reserving precipi- 

ions were confounded by the difficulties of preparation of homoionic clays. 

Li+ < Na+ < H+ < K+ < NH+ < Rb+ < Cs+ 

although they considered the Position of H+ to be approximate owing to the ten- 

dency of the clay to decompose. Recently, Foscolos and Barshad (1969) have used 

new techniques in the Preparation of H-montmorillonite and report that the affi- 
nity for H+ exchange is below that for Na+, although the differences in affinity 

are not great. Thus, these studies indicate that hydrogen occupies its usual 

place in the selectivity sequence demonstrated for common strong-acid cation ex- 

changers (Helfferich 1962). However, since clays rapidly decompose when hydrogen- 
saturated, these findings are perhaps of limited practical importance. 

Foscolos (1968) has demonstrated that the position of Al3+ 

sequence of Wyoming bentonite (with CEC = 90 me/100 g) is: 

in the selectivity 

H+ < Na+ < Mg2+ < Ca'+ < 

For Otay montmorillonite with a higher charge density (CEC = 125 me/lOO g) the 

sequence is: 

K+ < ~ 1 3 +  . 

H+ < Na+ < Mg2+ < Ca'+ < ~ 1 3 +  < K+ . 

In Jeffersite vermiculite (CEC = 175 me/lOO g) the sequence is: 
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Foscolos (1968)  did not include K+ in the study of vermiculite to avoid the com- 

plications of lattice collapse; however, he states that K+ would be preferred 
over Al3+ by vermiculite. On the basis of these results, he concluded that as 

the surface charge density increases, univalent cations are preferentially ad- 

sorbed over ions of higher valence. 

In studies of Ca:Al exchange equilibria, Coulter and Talibudeen (1968)  found 

that Al3+ 

preference for Al3+ relative to Ca2+ was in the order: 

was preferred to Ca2+ by all soils and clays studied. Moreover, the 

vermiculite >> illite > montmorillonite. 

This increase in the preference for trivalent over divalent cations was attribu- 

ted to increasing charge density in the series montmorillonite-illite-vermiculite, 

in agreement with considerations of electrical double layer theory, while fin- 

dings by Foscolos (1968)  seem in contradiction. Subsequently, Coulter (1969)  

found that for montmorillonite, Al3+ was strongly preferred over K+. In vermicu- 

lite and illite, not all K+ could be easily exchanged by Al, but, even if correc- 
tions were made for this "difficultly exchangeable K", these minerals showed pre- 

ference for K+ over Al . The relative preference of minerals for K+ versus Al3+ 
was in the order: 

3+ 

vermiculite, illite >> montmorillonite. 

These findings indicate that the exchange of aluminum with other ions is not yet 

well understood. Miller and Brown (1969)  measured activation energies of mixtures 

of NaCl and AlC13 and of clays and resins containing various amounts of Na+ and 

Al3+ . They concluded that competition between the two ions for developing sepa- 
rate and incompatible order in the water surrounding them may lead to antagonis- 

tic effects between these ions. Similar competition between hydroxyaluminum and 

Ca +' for exchange sites is suggested by work of Kozak and Huang (1971) .  These 

complications could likely affect measurements of exchange constants in clay 

systems. Corrections for hydrolysis may well be the largest uncertainty, since 

extraction with salt solutions enhances hydrolysis under some circumstances. 

Coulter (1969)  and Coulter and Talibudeen (1968)  assumed the presence of Al(0H): 

in order to interpret their results. Foscolos (1968)  reports that his values for 

exchange constants were corrected for the fact that adsorbed trivalent aluminum 

only exists below pH 3.0. The manner i n  which this correction was made, or its 

necessity, is not clear. These studies all suggest, however, that A l 3 +  is not 

as strongly sorbed as its valence would otherwise predict. 
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Titration Curves 

As with aqueous aluminum solutions, considerable useful information has been ob- 
tained from titration curves of aluminum- and hydrogen-saturated clays. A s  Jenny 

(1961) points out, however, interpretation of the data seems to lag behind its 

collection. Early studies were of course confounded by the difficulties of pre- 

paring homoionic clays. Subsequent studies indicated that H-clays titrated as 

strong acids, Al-clays as weak acids, and that mixtures showed two buffer ranges 

corresponding to the neutralization of H+ ions followed by Al3+ ions. 

A third buffer range in the potentiometric titration of acid clays was reported 

by Schwertmann and Jackson (1963, 1964), which they attributed to the formation 

of basic aluminum compounds. Coleman and Thomas (1967) conclude that this work 

as well as that of Coleman and Thomas (1964) and Coleman et al. (1964) suggests 

that hydroxyaluminum compounds existing as coatings or interlayers are responsi- 

ble for this third buffer range. 

Independently, Mitra et al. (1963) reported the presence of a third buffer range 

in the titration of acid montmorillonite and suggested that this third range may 

be due to broken bond hydroxyl groups, structural hydroxyl groups, or Lewis acid 

sites. Sawhney and ï-rink (1966) examined titration curves of acid montmorillonite 

and also found three buffer ranges. Since the third buffer range was increased 

by increasing severity of acid treatment, they suggested that the weak acid tit- 

rated in this range was a complex alumino-silicate resulting from the decomposi- 

tion of lattice edges. Recently, Mitra and Kapoor (1969) have reported four buffer 

ranges in the titration curves of acid montmorillonites. These are attributed to 
H+ ions, A13+ions, basic aluminum ions, and weak acid groups assumed to be hy- 

droxyl groups associated with aluminum at lattice edges. 

A somewhat different approach has been kaken by Turner et al. (1963) who assumed 

that two reactions occur when Ca(OH)2 is added to Al-saturated clays: 

2 Al-clay + 3 Ca2+ = 3 Ca-clay + 2 Al3+ 

Al3+ + 3 OH- = A1(OH)3 (4) 

( 3 )  

combining the Ca:Al ion exchange constant and the solubility product of 

Al(OH)3, they derived an equation to describe the relationship between the lime 

potential, pH-lpCa, and the percent base saturation. One difficulty with this ap- 

proach is that the ion product of A1(OH)3 does not appear to remain constant 

throughout the titration; hence allowance must be made for this variability if the 

prediction is to be precise (Turner and Clark 1965). Other variables, including 
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time of reaction, accompanying anions, and temperature, are also important 

(Singh 1967, 1972; Turner and Brydon 1965,1967). None of these workers have ob- 

served the variety of inflection points reported by others. 

Shainberg and Dawson (1967) examined a variety of titrants for acid montmorillo- 

nite, including NaOH and the sodium salts of boric, acetic, formic and nitrous 

acids. They demonstrated that Na2B407 is a strong enough base to titrate both 

exchangeable Hf and Al3+ , while NaOAc will titrate only exchangeable H+ since 
the equivalence point with Al3+ cannot be detected. Titration with NaOH neutrali- 

zes exchangeable Hf and Al3+ , as well as some protons attached to clay hydroxyl 
groups. Depending on the choice of the end point, a possible titer due to alumi- 

nate formation was also reported in the NaOH titration. Interestingly, they 

attribute about 14 me/100 g to hydroxyl groups in Wyoming bentonite, a value sur- 

prisingly close to the figure of 15-16 me/100 g found by Mitra and Kapoor (1969) 

for the fourth buffer range and attributed by them to Al-OH groups at lattice 

edges. 

Rich (1970) titrated various exchangers with NaOH, Ba(OH)2 and NazB407. He found 

that titration to pH 8.0 gave better estimates of acidity than did inflection 

points because of adsorption by the exchanger of partially neutralized hydroxy- 

aluminum species. He also observed, in agreement with Shainberg and Dawson (1967), 

that aluminate could be formed during titration with strong bases, leading to er- 

roneously high results. 

Thus, the soil acidity merry-go-round continues. Although it is not possible to 

reconcile all these conflicting observations, a tentative explanation will be 

attempted. Two groups of investigators (Schwertmann and Jackson 1963, 1964; 

Sawhney and Frink 1967) observed that the total potentiometric titratable acidity 

of acid clays in 1N NaCl decreased markedly on aging. They both observed three 
inflection points but disagreed on the interpretation of the third buffer range. 

Conductometric titrations (Mitra et al. 1963; Mitra and Kapoor 1969; Shainberg 

and Dawson 1967) do not show any decrease in titratable acidity on aging and sug- 

gest that the last buffer range in titration curves is due to lattice hydroxyls. 

Hence, it is proposed that the third buffer range reported by Schwertmann and 

Jackson (1963, 1964) and later studied by Frink and Sawhney (1967) is in fact 

due to lattice hydroxyls as suggested by Mitra et al. (1963), Mitra and Kapoor 

(1969), and by Shainberg and Dawson (1967). The decrease in titratable acidity 

observed in potentiometric titrations of aged clays may then be attributed to 

the effect of salt on the titration of aluminum in the intermediate buffer ranges. 



Sufficient evidence exists to indicate that salt may restrict the exchange of 

aluminum in both vermiculite (Kaddah and Coleman 1967 a,b) and montmorillonite 

(Rich 1970; Kissel et al. 1971). Restriction of exchange by salt apparently de- 

pends on various factors, such as time of equilibration, since it was not obser- 

ved by Mitra and Kapoor (1969) when salt was added in their relatively slow poten- 

tiometric titration of aged acid clays. Neither was this restricted exchange ob- 

served in titration of fresh or aged Al-saturated montmorillonite by Frink and 

Sawhney ( 1  967). 

Recent studies by Schwertmann (1969) of the physical and chemical properties of 

various acid clays suggest that aging of concentrated suspensions at elevated 

temperatures leads to significant aggregation, accompanied by a decrease in ex- 

changeable Hf and A l 3 +  and an increase in non-exchangeable polynuclear hydroxy- 

aluminum cations. Banin and Shaked (1969) aged dilute suspensions of H-montmorillo- 

nite at high temperatures and found them to remain well dispersed, with tactoids 

containing only one to two plates. They attribute this behavior to formation of 

some surface coating which prevents adherence o f  clay plates, while Schwertmann 

(1969) proposed that hydroxyaluminum polymers are responsible for the aggregation 

he observed. Both studies, however, indicated that Al-montmorillonites are well 

aggregated, with tactoids containing ten or more plates (Banin and Shaked 1969). 

The disparate effects of suspension concentration on the characteristics of aged 

clays suggests that the various effects of aging reported in potentiometric stu- 

dies can be attributed in part to differing methods of sample preparation and 

hence aggregation. 

Solid Phase and Polynuclear Species 

A s  with aqueous aluminum salt solutions, a variety o f  solid phase aluminum com- 

pounds and partially neutralized hydroxyaluminum species have been reported in 

clay suspensions. The presence of clay offers an additional complication, how- 

ever, since both polynuclear species and solid phase compounds may be retained 

by expanding layer silicates, Qiving rise to hydroxyaluminum interlayers or 

"chloritized" clays. Moreover, as Turner (1967) has pointed out, the reaction pro- 

ducts obtained from neutralization of an Al-saturated clay are frequently diffe- 

rent from those obtained if the aluminum salt solution is partially neutralized 

before it is added to the clay. Investigations of the various solid phases and 

polynuclear species found in clay suspensions have proceeded along two lines. In 

one, the aim has been to prepare synthetic hydroxyaluminum interlayered clays 

with properties similar to those found in soils. The second aim has been to study 
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the neutralization of Al-saturated clays as an aid in understanding the reactions 

assumed to occur during the liming of acid soils. 

Rich (1968) has prepared an excellent review of the occurrence,formation, and 
properties of hydroxyl interlayers in layer silicates; consequently the present 

analysis will be limited to a brief summary and review of recent work. Aluminum 
interlayers may be formed in both vermiculites and montmorillonites by treating 

them with partially neutralized Al-salt solutions. The resulting clays have great- 

ly reduced cation exchange capacities, generally attributed to the blocking of 

exchange sites by sorption of hydroxyaluminum species or by precipitation of con- 
tinuous solid phases in interlayer positions. The adsorption of considerable 
amounts of Al(0H) by illite and kaolinite (Turner and Brydon 1967) indicates 

that sorption on external surfaces can also be quite pronounced. Indeed, Twene- 

boah et al. (1967) suggested that minerals in acid soils may be coated with alu- 

minum "outerlayers". In vermiculites, a structure with a 148 basal spacing is 

created, which resists collapse to 102 on K-saturation or heating. In montmoril - 

lonites, a similar structure is developed which resists expansion on Mg-satura- 

tion and glycerol solvation, as well as resisting collapse to 102 on K-saturati- 

on or heating. After aging in the laboratory, gibbsite and other forms of A1(OH)3 

are frequently found as separate phases, depleting some aluminum from interlayer 

positions. This process is apparently more rapid in montmorillonite than in ver- 
miculite suspensions (Brydon and Turner 1972). 

Many investigators have attempted to determine the O H / A 1  ratio of interlayer ma- 

terial by relating the observed changes in exchange capacity to aluminum absor- 

bed in or extracted from interlayer positions. According t o  Rich (1968), the 

outcome of these analyses indicates that the OH/Al ratio of even one interlayer 

may be variable since the degree of blocking of exchange sites varies with the 
amount of interlayer material. Sawhney (1968) found that the apparent O H / A 1  

ratio of interlayer aluminum in vermiculite was close to the OH/Al ratio of the 

particular aluminum salt solutions used in preparation of the interlayered ma- 

terial, but concluded that the choice of a specific polynuclear species based on 

charge alone was uncertain. Weismiller et al. (1967) suggested that gibbsite-like 

rings of structure [Al(OH)2(H202] 6 6 f  as proposed by Hsu and Bates (1964) would 
satisfy their observations of infrared adsorption spectra of montmorillonite con- 

taining interlayer material with OH/Al = 1.5. Little other direct evidence of the 

structure of interlayer material is available. 

Recent studies by Colombera et a1.(1971) show that the adsorption of hydroxyalu- 

minum species by illite can be described by Langmuir adsorption isotherms at 
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constant OH/A1 ratio. This behavior, as  well as other aspects of the adsorption 

reactions, indicated that the process is not one of exchange, but rather involves 

the formation of hydrogen bonds between the surface of illite and the hydroxy- 

aluminum species similar to those formed by the sorption of hydroxy cations on 

silica (Stumm and O’Melia 1968). In contrast to reports by Hsu (1968) that the 

surface of montmorillonite is non-homogenous in its affinity for hydroxyaluminum 

species, Colombera et al. (1971) believe the surface of illite to be homogeneous 

with respect to adsorption of hydroxyaluminum species. Hence, it appears that ear- 

lier theories of the constancy of charge or of OH/A1 ratio of interlayer material 

are probably in error. Moreover, the conclusions of Hahn and Stumm (1968) that 

the nature of solute species cannot be deduced from knowledge of sorbed species 

should certainly be kept in mind. 

Considering briefly the solid phases and polynuclear species formed during neu - 
tralization of Al-saturated clays, we find less attention is given to the forma- 

tion of interlayer material and more to the possible forms of A1(OH)3 precipita- 

ted as a separate phase. This is certainly due in part to observations that few 

interlayers are formed during neutralization of dilute Al-clay suspensions (Frink 

and Peech 1963b; Ragland and Coleman 1960; Turner 1967). Most other studies of the 

solubility and identification of aluminum hydroxide have been conducted with soils 

and will be described subsequently. 

Summary 

Although theoretical considerations suggest that electrostatic adsorption by 

clays of the hydrolysis products of aluminum should not alter the simple monome- 

ric mechanism, considerable evidence indicates that the presence of an indiffer- 

ent electrolyte such as NaCl may well alter the reaction. Under conditions where 

interplate diffusion is restricted, in-situ hydrolysis is enhanced and various 

hydrolytic species may be specifically sorbed by clays. 

When precautions are taken to prepare pure H-clays, H+ is found to occupy its 

usual place in the so-called lyotropic series. The exchange of Al” 

understood and is apparently influenced by differing charge densities of minerals, 

the nature of the counter ion and uncertainties in corrections for the hydrolysis 

of Al3+ itself. In general, Al3+ does not appear to be as strongly preferred in 

exchange reactions as its valence would suggest. 

Titration curves of H- and Al-saturated clays have been studied for many years, 

but interpretation of the data has lagged behind its collection. It was formerly 

assumed that H-clays titrate as strong acids, Al-clays as weak acids, and mixtures 

is less well 
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of the two exhibit two buffer ranges corresponding to the neutralization of H+ 

ions followed by Al3+ ions. Recent reports of three and four buffer ranges have 

shown that the reactions occurring during titration are considerably more com- 

plex. A l l  four buffer ranges are seldom resolved in a particular titration curve, 

so that interpretations are difficult. It is proposed that aluminum may give rise 

to two intermediate buffer ranges, while the fourth buffer range, recently repor- 

ted, may he due to lattice hydroxyl groups. 

Both solid phase and polynuclear aluminum species are adsorbed by expanding layer 

silicates and may produce hydroxyaluminum interlayers or artificially "chloriti- 

zed" clays. Cation-exchange capacity is reduced and lattice expansion or collapse 

is considerably restricted. While early investigators attempted to assign speci- 

fic structures and OH/A1 ratios to interlayer material, recent work suggests that 

its composition is continuously variable from simple monomeric aluminum through 

various polynuclear species culminating in the precipitation of Al(OH)3. 

ALUMINUM CHEMISTRY IN SOILS 

Having examined in some detail the reactions of aluminum in aqueous solutions 

and clay suspensions, we now inquire how these reactions relate to the chemical 

properties of acid soils in the field. In particular, we will examine factors 

controlling aluminum solubility in soil solutions, the reactions involved in 

neutralization of acid soils and the role of aluminum interlayers. 

Aluminum in Soil Solutions 

Lindsay et al. (1959) measured the solubility of aluminum in CaCl2 extracts 

of three samples of an acid soil, one amended with sulfur, one with lime, and 

an untreated check, and found the ion product pH-l/3pAl to remain nearly con- 

stant for any one sample as the concentration of CaCl2 varied from 0.001 to 0.1 ?. 
This constancy can he predicted from considerations of double layer theory, pro- 

vided the concentrations of Al3+ and H+ on the clay surface remain constant, 

and does not necessarily imply the presence in soil of solid phase Al(OH)3. In 
the three soils examined, pH-l/3pAl was 2.52 in the soil at pH 4.2, 2.66 in the 

soil at pH 4.8 and 2.86 in the soil at pH 5.3 Corresponding values of pH-l/3pAl 

for gibbsite vary from 2.67 (Kittrick 1966) to 2.83 (Frink and Peech 1962) depen- 

ding on the crystallinity of the product. Hence, these soils at pH 4 .8  and pR 5.3 

could he at equilibrium with gibbsite. Subsequent studies (Frink and Peech 1962) 

of the solubility of synthetic gibbsite in soil solutions showed that equilibrium 

was established very slowly, particularly in undersaturated solutions with values 

t 

144 



Of pH-l/3pAl less than 2.67-2.83. The highest value of pH-l/3pAl for soils super- 

saturated with respect to gibbsite was 3.59, which was reduced only to 3.30 

after equilibration with gibbsite for one month. Hence, it appears that forms of 

AI(OH)3 more soluble than gibbsite can persist in soils for considerable periods 

of time. 

Recently, Richburg and Adams (1970) have suggested that the apparent increase in 

the solubility of A1(OH)3 with increasing soil pH is due to the inappropriate 

choice of the monomeric hydrolysis reaction, equation ( I ) ,  for calculating the 

activity of trivalent aluminum. They report that use of the hydrolysis reaction: 

6A13+ + 15H20 = Al6(OH)15'+ + 15H' (5) 

proposed by Brosset et a1.(1954), considerably reduced the apparent dependency 

of the calculated ion product of A~(oH)~ on soil pH. It should be noted, however, 

that this cannot be the sole criteria for testing the appropriateness of a pro- 

posed hydrolysis constant. Using their approach, for example, one could assign 

arbitrary values to the monomeric hydrolysis constant until the dependence of the 

ion product for A1(OH)3 on pH is minimized. However, such a revised constant would 

then not predict the observed changes in pH on dilution of aluminum salt soluti- 

ons .  Since the proposed mechanism, equation (5), does not meet this criteria either 

(Frink and Peech 1963a), it is doubtful if it should be assumed to describe Al3+ 

activity in soil extracts. Although Richburg and Adams (1970) imply that 

A16 (OH) 1 5  3+ 

tivity of Al3+ 

hydrolysis reactions were assumed to proceed simultaneously. This seems consi- 

stent with the findings of Turner and colleagues (Turner et a1.1968a, 1968b; 

Turner and Ross 1969)in their studies of titration curves of aluminum salt solu- 

tions, namely that polynuclear species may be present in addition to monomeric 

species, particularly at high degrees of neutralization. Thus, it appears possible 

that soil solutions supersaturated with respect to gibbsite, as were all soils 

examined by Richburg and Adams (19701,  could be considered to contain polynuclear 

as well as monomeric aluminum ions. It also seems likely that the particular spe- 

cies will vary from one s o i l  to another depending on past history as has been 

shown with aqueous aluminum salt solutions. 

A number of partially neutralized or basic aluminum salts have been reported to 

precipitate from aqueous solutions and clay suspensions. Singh and Brydon (1967, 

1969, 1970) have identified a crystalline basic aluminum sulfate, basaluminite, 

with formula A1~(OH)IuSOb . 5H20 and pK = 117.3. Well-crystallized aluminum 

is the sole hydrolysis product, they report that the calculated ac- 

was not altered significantly if both the monomeric and polymeric 

SP 
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sulfates have been found in acid sulfate soils (van Beers 1962) and may perhaps 

be basaluminite. Richburg and Adams (1970) examined the solubility product of 

basaluminite in a number of soils and found it to decrease from pK = 117 in soil 

at pH 4 . 4  to pK = 112 in soil at pH 5.6. They attributed this inconstancy to use  

of the monomeric hydrolysis mechanism; using the polymeric mechanism, the calcu- 

lated pK was reasonably constant at approximately pK = 123. Since this compound 

is apparently much less soluble than that studied by Singh and Brydon, the 

question of the appropriate hydrolysis mechanism is again raised. 

Soils may contain other solid phase aluminum compounds, but their role in control- 

ling the solubility of aluminum in soil solution is not clear. Discrete amorphous 

aluminum compounds similar to boehmite have been reported in some soils (de 

Villiers 1969). Copious precipitates of white aluminum hydroxide have been found 

in acid sulfate soils (van Beers 1962). Allophane, an amorphous gel containing 

silica and alumina in mole ratios between 0.5 and 1.3, is formed in many soils 

derived from volcanic ash (Coleman and Thomas 1967). Amorphous material was re- 

ported by Yuan (1969) to constitute as much as 65% of the clay fraction in a va- 

riety of soils, yet little is known of its solubility. 

Although aluminum forms many soluble complexes with the hydroxyl ion, it forms 

few other stable complexes with ions likely present in soil solutions. However, 

fluoride complexes of aluminum are quite stable (Sillén and Martell 1964, 1971) 

and must be considered if fluoride is present in soil extracts. Hem (1968) has 

shown, for example, that fluoride complexes with aluminum will predominate in ma- 

ny natural waters below pH 6.6 in the presence of as little as fluoride. 

Complexes with sulfate may also be important (Turner and Brydon 1965; Richburg 

and Adams 1970) and should be given more consideration in analyses of soil ex- 

tracts. Calculations of Hem (1968) indicate that such complexes would be parti- 

cularly important in acid sulfate soils. Although knowledge of the formation of 

complexes of aluminum with phosphate is fragmentary (Sillén and Martell 1964, 

1971), recent evidence suggests they could easily be important in strongly acid 

soils (Bohn and Peech 1969). 

Aluminum may also form complexes or chelates with soil organic matter. Schnitzer 

(1969) reports some provisional studies indicating that fulvic acid complexes of 

aluminum are more stable than complexes of divalent cations. Aluminum was repor- 

ted to occur as A10H2+ in complexes with metal to fulvic acid ratios of l:l,but 

as Al(OH): 

precipitated, suggesting an explanation of the movement of aluminum in podzols 

in 3:l and 6:l complexes. As more aluminum was added, the complex 
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to the B horizon (Schnitzer 1969). Huang and Keller (1972) found the solubility 

of aluminum-bearing minerals to be enhanced by a number of organic acids. They 

also believe aluminum may be transported during weathering in organic complexes 

but subsequently precipitated by anions such as OH-, PO$- or SiO,'-. Complexes 

between aluminum and humic acid have also been reported (Khan 1969). According 

to Greenland (1971), aluminum will react with fulvic acid at pH 4.0 or below 
and be adsorbed in the interlayers of montmorillonite. These bonds, called "cat- 

ion bridges" are rather weak and are readily broken by salt leaching. Aluminum 

sorbed by organic matter is believed to play an important role in soil structure 

and in the pH-dependent cation-exchange capacity of soils as described subse- 

quent ly. 

Neutralization of Acid Soils 

The rationale for much of what has been discussed so far is the hope that it will 

aid in understanding the reactions of soil when amended with lime. Although con- 

troversy still exists over the nature of the beneficial effects of liming, we 

will proceed to examine the reactions of aluminum in limed soils. 

One approach to the problem of predicting pH and solubility of aluminum as a re- 
sult of adding lime has been taken by Turner et a1.(1963) and was described brief- 

ly in a previous section. Clark and Nichol (1966) have shown that the value of 

the corrected lime potential follows that derived from the titration of Al-bento- 

nite with Ca(0H)z for diverse acid and neutral mineral and organic soils. However 

Bache (1970) feels that correcting the solubility product of Al(OH)3 does not 
correct a more basic problem, namely that equilibrium is not established in such 

titrations. He found that both pH-lpCa and pH-l/3pAl varied with time and solid- 
to-solution ratio and concluded that exchange isotherms must be measured to allow 

extrapolation to a point where no exchange of Al3+ 

A different approach to the neutralization reactions of acid soils assumes that 

at least three reactions occur when lime is added, and that these reactions cor- 

respond roughly to the various inflection points observed in the titration of 

acid clays. First, exchangeable hydrogen, if present, is neutralized; most soils 

contain little or no exchangeable hydrogen, however, unless free acid is present 

as is likely in acid sulfate soils (Dewan and Rich 1970). Next, exchangeable and 
non-exchangeable aluminum is neutralized over a pronounced buffer range. Although 

it is often assumed that this buffer range is centered at pH = 5.0, equivalent 
to the value pK = 5.0 for the first-stage hydrolysis constant of aluminum, the 

buffer range undoubtedly varies since even in aluminum salt solutions the pH of  

or Ca2+ occurs. 
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maximum buffer capacity is a function of total aluminum concentration (Frink and 

Sawhney 1967). The final stage of neutralization involves edge sites of minerals 

and weak acid groups of soil organic matter. The neutralization of soils in these 

latter buffer ranges, above about pH 5.5-6.0, creates additional cation-exchange 

capacity, commonly referred to as pH-dependent CEC. Since this pH-dependent CEC 

can be detected in titration curves, but is not exchangeable with neutral salts, 

it is also included in measurements of titratable acidity (Coleman and Thomas 

1967). 

The presence of pH-dependent CEC in soils has at least two important consequen- 

ces: it causes large differences in apparent lime requirements depending on the 

method of measurement, and also affects the availability of other cations.Methods 

of measurement of lime requirement have been ably reviewed by Coleman and 

Thomas (1967). Controversy still exists, however, as to whether soils should be 

limed to neutralize exchangeable A l 3 +  (Kamprath 1970; Reeve and Sumner 1970) or 

to raise the pH to nearer neutrality'). The subject of the effect of liming on 

the availability of other cations, particularly potassium, is also one of some 

controversy. Recent evidence (Thomas and Coleman 1959; Bartlett and YcIntosh 1969) 

suggests, however, that liming decreases potassium availability by increasing the 

CEC, thereby lowering the degree of potassium saturation of the exchange sites 

and, hence, its availability. Coleman and Thomas (1967) suggest that liming can 

also reduce CEC in the intermediate pH range of approximately 5.5 by precipita- 

ting aluminum and blocking exchange sites. This phenomenon has not been widely 

observed, however, in field studies. 

Because of the importance of pH-dependent CEC in soils, considerable effort has 

been devoted to its description and measurement. Since clays containing synthe- 

tic aluminum interlayers exhibit pH-dependent CEC (de Villiers and Jackson 

1967b) the pH-dependent CEC of soils is often attributed in large part to alu- 

minum interlayers or sesquioxide coatings on clay surfaces (de Villiers and 

Jackson 1967a; Rich 1968). Soil organic matter also contributes to pH-dependent 

CEC (Coleman and Thomas 1967) and its contribution frequently may be large. In 

addition, an association of hydroxyaluminum with organic matter is often implied, 

which compounds the problem of separating the various components of pH-dependent 

CEC. 

+) Lime Requirement of Soils-Inactivate Toxic Substances or Favorable pH Range? 
E.O.McLean, E.J.Kamprath. Ltrs. to the Editor. Soil Sci.Soc.Amer.Proc. 
34: 363-364. 
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McLean and his colleagues have studied pH-dependent CEC in some detail; McLean 

and Owen (1969) found from multiple regression analysis that in a wide variety 

of soils, organic matter contributed about 20% of the CEC at pH 2.5, but more than 

45% at pH 8.0. They also reported that organic exchange sites unable to sorb K+ 

from K C 1  were inactivated by non-exchangeable aluminum. Liming appeared to reac- 

tivate these sites, presumably by deprotonation of hydroxyaluminum, in agreement 

with earlier results by Bhumbla and McLean (1965). Fiskell (1970) measured pH-de- 

pendent CEC in surface and subsurface horizons of varying organic matter and clay 

content and concluded that apparent pH-dependent CEC was mainly due to hydroxyy- 

aluminum in interlayers and to that associated with organic matter. 

Sawhney et al. (1970) proposed that contributions to pH-dependent CEC from orga- 

nic matter and aluminum interlayers could be distinguished by measuring the re- 

versibility of changes in CEC with pH. The increase in CEC from release of pro- 

tons of weakly-dissociated organic matter should be eliminated by simply decrea- 

sing the pH again. Since raising the pH presumably would irreversibly precipi- 

tate aluminum interlayers or sesquioxide coatings, the increase in pH-dependent 

CEC from this source would be permanent. Most of the pH-dependent CEC in a number 

of spodosols from the Northeast was reversible and hence was attributed to 

weakly acidic organic matter groups. Unfortunately, aluminum bound to organic 

sites might also react in similar fashion, so the contribution of aluminum-orga- 

nic matter complexes to PH-dependent CEC is not resolved by this technique. Saw- 
hney, et al. (1970) did find, however, in agreement with other earlier studies, 

that the pH-dependent CEC was reasonably well correlated with amounts of alumi- 

num extracted with NaOAc at PH 4.8. Subsequently, Sawhney and Norrish (1971) sho- 
wed that kaolinite, halloysite, imogolite and allophane can contribute signifi- 

cantly to reversible pH-dependent CEC when present in soils. Irreversible com- 
ponents of pH-dependent CEC were shown to be very small in soils of tropical re- 

gions. 

Pionke and Corey (1967) have defined "non-exchangeable acidic aluminum" as the 

difference between Al extracted by pH 4.8 E NHhOAc and that extracted by 1E K C 1 .  

This "non-exchangeable acidic aluminum" reached a maximum in soils at about pH 

5.0 and decreased in more acid or alkaline soils. Since this non-exchangeable 

acidic aluminum was correlated better with soil organic matter than with pH or 

clay content, they proposed it was complexed by soil organic matter according to 

the scheme: 
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where OM represents organic matter and X the clay component. Although the pro- 

posed reaction seems reasonable, the coincidence of the observed maximum in so-  

lubility with the pH of the extracting solution makes it possible that this is 

an artifact, i.e., the solubility of aluminum in soils more aci.d than the ex- 

tractant might be reduced while the solubility in less acid soils would be in- 

creased. 

Subsequently, Pionke et a1.(1968) compared the ability of various soil proper- 

ties to predict lime requirement, and ranked them in the order: pH-dependent 

sites on organic matter > non-exchangeable acidic aluminum > exchangeable Al3+ 

- > pH-dependent sites on clays. The regression relationship obtained accounted 

for nearly 90% of the observed variability in lime requirement as measured by 

neutralization with CaCO3 to pH 6.0 in 1N KC1. 

In oxisols, Reeve.and Sumner (1971) have found little relationship between pH 

and exchangeable A13+3, a finding contrary to much earlier work. They propose that 

the scheme presented by Pionke and Corey (1967) be modified as follows: 

4 t  
Exch Al+&k[(CEC - AEC) - Exch bases] 

where net CEC (the CEC l ess  anion exchange capacity, AEC) and exchangeable bases 

control exchangeable Al3+ in equilibrium with hydroxyaluminum species and com- 

plexes with organic matter. 

Thus, these various schemes suggest that exchangeable A l 3 +  exists in relatively 

small amounts in soils but is in equilibrium with a relatively large p o o l  of non- 

exchangeable aluminum. Early studies attributed much of this non-exchangeable 

aluminum to aluminum interlayers and oxide coatings. Present evidence, however, 

indicates that organic matter complexes are also important. Coleman and Thomas 

150 



(1967) suggested that "neutralization of organic matter in acid soils may be no 

more a titration of a weak acid than is neutralization of clay", and subsequent 

studies indicate they may well be correct. 

Aluminum Interlayers 

Aluminum interlayers are found in expanding layer silicates in a wide variety 

of soils and sediments, yet the optimum conditions favoring their formation, even 

under laboratory conditions, are not known completely. Moreover, aluminum inter- 

layers found in soils are in general more resistant to heat treatment and chemi- 

cal extractants than synthetic laboratory samples. Rich (1968) is of the opinion 

that formation of  aluminum interlayers in soils is favored by: active weathering 

to provide aluminum, moderate pH (4.6-5.8), low organic matter content and fre- 

quent wetting and drying. In tidal sediments in California, Lynn and whittig 

(1966) found that under reducing conditions chlorite containing ferrous iron 

apparently was formed. Other studies (Rich 1968) indicate that magnesium may be 

an important component of interlayers in marine sediments. 

According to Jackson (1963a) in acid soils aluminum interlayers form via the 

weathering sequence: 

mica+vermiculite#14A intergrade. 

The interlayer material may then degrade through the sequence: 

14A intergrademAl-chlorite-kaolinite. 

Considerable evidence exists that these reaction sequences are indeed reasonable 

(Rich 1968). Less is known, however, of the reversibility of weathering sequen- 

ces. Lynn and Whittig (1966) found undrained sediments contained montmorillonite, 

chlorite, mica and kaolinite. Sediments drained for six years developed typical 

cat-clay characteristics, yet the clay minerals were unaltered. After 60 years of 
drainage, however, all crystalline minerals showed deterioration and diffuse X-ray 

diffraction patterns. Chlorite had decreased the most and apparently had been 

converted to montmorillonite (or a high charge mica), hence reversing the weathe- 

ring process. Frink (1969) reported that chloritized vermiculite transported from 

a watershed of acid soils into a neutral lake environment was apparently stripped 

of aluminum interlayers and partially converted to illite. Efforts to demonstra- 

te dechloritization by comparison of paired wooded and cultivated soils were not 

successful. 

+) Frink C.R.  1968. Aluminum interlayers in wooded and cultivated soils. 

+) 

Agron. Abstr. p.151. 
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As with clays containing synthetic aluminum interlayers, the cation-exchange 

capacity of soils is reduced by aluminum interlayers. Although these interlayers 

are often thought to be to be the source of pH-dependent CEC, we have seen that 

organic matter in soils also plays an important role. Changes in exchange capa- 

city on extraction with reagents which remove aluminum have been used to measure 

the extent of interlayer formation (Frink 1965) ;  however, it is likely that some 

of the increase found is merely a manifestation of pH-dependent CEC. 

Aluminum interlayers also affect the fixation of K+, NHL, , Cs , and Rb' by layer 

silicates. The interlayer material tends to prop open layer silicates and reduce 

K+ fixation by preventing layer collapse in vermiculite and soil clays containing 

vermiculite (Rich 1968). Selectivity of minerals for K-size ions is also altered 

since they may enter partially opened mica layers without causing collapse (Rich 

1968) .  Although most mechanisms proposed to explain the selectivity for K+ in 

minerals (Sawhney 1972) suggest that aluminum interlayers should decrease selec- 

tivity for K+, Kozak and Huang (1971) report enhanced selectivity in interlayered 

vermiculite and K-depleted biotite. They propose that, in addition to the "prop- 

ping effect" on K+ fixation, aluminum interlayers increase the apparent K/Ca 

selectivity by interfering with calcium exchange. 

Summary 

The solubility of aluminum in some acid soils appears to be controlled by the so- 

lubility of gibbsite. However, soils at higher pH appear to be supersaturated 

with respect to gibbsite. Such soils may contain more soluble forms of Al(OH)3 

or, perhaps, soluble polynuclear species. Soluble complexes of aluminum with 

phosphate, sulfate, fluoride, and organic matter may also be present in soils. 

Other solid phase aluminum compounds are found in soils, but their role in con- 

trolling aluminum solubility is uncertain. 

The neutralization of acid soils is believed to involve at least three reactions: 

first, neutralization of exchangeable hydrogen, present only in very acid soils; 

second, neutralization of exchangeable and non-exchangeable aluminum; and third, 

neutralization of a rather vague collection of acids including edge sites of mi- 

nerals and organic matter. This latter range corresponds roughly to pH-dependent 

CEC which in turn influences lime requirement and the availability of other 

cations. Studies of pH-dependent CEC in soils suggest that relatively small 

amounts of exchangeable aluminum occur in equilibrium with a relatively large 

pool of non-exchangeable acidic aluminum. Earlier studies associated this latter 

category with interlayer aluminum; present evidence indicates that complexes 

with organic matter should also be considered. 
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Aluminum interlayers reduce soil CEC and reduce the ability of vermiculites to 

fix K+ and other ions of similar size and charge. Optimum conditions for their 

formation are moderate pH, low organic matter content, and frequent wetting and 

drying. Once formed, they may weather ultimately to kaolinite or, if environmental 

conditions change, as in draining of acid sulfate soils, they may revert to pre- 

cursors in the weathering sequence. 

ALUMINUM AND SOIL PHYSICAL PROPERTIES 

In view of the extensive studies of the chemistry of aluminum in soils, it is 

somewhat surprising that little is known of the effect of  aluminum on the physi- 

cal properties of soils. We will begin by examining some of the effects of alu- 

minum on physical properties of clays and then examine physical properties of 

acid soils in the field. 

Observations of Al-saturated montmorillonite by Banin and Shaked (1969) and 

Schwertmann (1969) indicate that such clays are well aggregated, with tactoids 

containing ten or more plates. Davey and Low (1971) observed that a mixed Na-Al 

montmorillonite became viscous and gelation commenced in 2% suspensions, while 

the same behavior was not noted in pure Na-saturated clays until the suspension 

concentration reached 4 % .  The tensile strength of montmorillonite was found to 

increase as the valence of the saturating cation increased; however, Dowdy and 

Larson (1971) felt Some of the tensile strength of Al-montmorillonite was due to 

the formation of hydrous oxides. Kidder and Reed (1972) found that macroscopic 

swelling of montmorillonite was greatly reduced by introduction of synthetic 

aluminum interlayers. Similarly, Tamura (1957) had reported that removal of alumi- 

num interlayers from a soil montmorillonite permitted it to swell on glycerol 

solvation. Quigley (1969) pointed out that adsorbed aluminum causes problems in 

soil mechanics research, since the usual chemical pretreatments to prepare "clean" 

clays may remove adsorbed aluminum, making engineering test data unreliable in 

the field. Quigley (1969) felt that adsorbed aluminum particularly affected the 

measurements of Attenberg plastics limits. Thus, all of these reports suggest 

that aluminum may act to hold clay particles together and presumably should have 

some effect on soil structure. 

Iron oxides have long been thought to be the primary agent cementing clay parti- 

cles together providing the various kinds of structure observed in field soils. 

However, recent evidence suggests that aluminum may be more important than iron 

in many soils. Flach et al. (1969) suggest t o o  much importance may have been 
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ascribed to iron, due to its obvious coloration and ease of extraction, and that 

aluminum cementing agents should be examined more thoroughly. Deshpande et al. 
(1968) have reviewed earlier work and have also conducted extensive studies of the 

relationship between changes in the physical structure of red soils and amounts 

of iron, aluminum, silica and organic matter removed by various extractants. They 

concluded that most of the free iron oxides in such soils exist as discrete par- 

ticles with little effect on soil physical properties, and that aluminum, along 

with minor amounts of iron and silica, plays the major role in cementation of 

soil particles into structural units. Saini et a1.(1966) examined aggregate 

stability in the B-horizon of spodosols and found a better correlation of stabi- 

lity with aluminum oxides than with iron oxides. Reeder et al. (1967) presented 

evidence suggesting that aluminum is involved in creating structural stability 

in solonetzic soils when the pH is lowered. 

Other studies have not shown aluminum to be involved in formation of some soil 

structures. Grossman and Carlisle (1969), for example, have reviewed available 

information on fragipan formation and concluded that aluminum is not the principle 

cementing agent in these pans. Aluminum interlayers might be expected to reduce 

measured clay contents of soils unless drastic dispersants are used prior to 

mechanical analysis. However, studies in this laboratory of the clay contents of 

interlayered soils described by Frink (1965) have failed to show any difference 

between clay content determined before or after extraction with sodium citrate. 
Similarly, Dixon et a1.(1968) compared particle sizes determined after the con- 

ventional sodium metaphosphate dispersion and those found following a more dras- 

tic treatment with c i t r a t e -d i th ion i t e -b i ca rbona te .  Even though some of the soils 

studied contained very stable aluminum interlayers, particle sizes by the two 

methods were nearly identical. Hence, aluminum is apparently not a universal ce- 

menting agent in all soils. These studies do emphasize, however, that continued 

attention should be given to the role of aluminum in soil aggregation as sugges- 

ted some time ago by Jackson (1963a, 1963 b). 

While it is quite likely that organic matter plays a most important role in the 

structure of clay soils (Boekel 1963), aluminum-organic combinations may also 

play some part. According to Edwards and Bremner (1967), microaggregate formation 

in soils involves the binding of organic matter by clay through linkage with po- 

lyvalent metals on exchange sites. Parfitt and Greenland (1970) found that soil 

polysaccharides were little adsorbed by Na- or Ca-montmorillonite but strongly 

adsorbed by Al-montmorillonite. However, Martin and Richards (1969) showed that 

iron and aluminum salts greatly reduced the influence of various polysaccharides 

t 

154 



on soil aggregation and hydraulic conductivity. This may be due in part to increa- 

sed bonding among individual polysaccharide molecules, since the effect was 

much less if the soil was treated first with the polysaccharide and then with 

the metal. Despite considerable accumulated information on the nature of soil 

polysaccharides (Swincer et al. 1969) and on the nature of clay-organic complex- 

es (Mortland 1970) ,  the role of aluminum in binding organic matter to soil is 

largely unknown. 

Since acid soils are generally amended with lime to improve fertility, we should 

consider the effect of liming on soil structure. Emerson and Dettmann (1960), 

from a review of earlier work and studies of their own, concluded that liming 

decreases attractive forces between clay particles, presumably by neutralizing 

trivalent aluminum, and hence tends to reduce the stability of soil crumbs. How- 

ever, liming and especially the presence of free CaC03 provides enough soluble 

Caz+ to maintain flocculation and help keep drainage waters clear. In acid sul- 

fate s o i l s ,  flocculation of silt in drainage water by soluble aluminum has a simi- 

lar effect; however, the tremendous accumulation of silt rapidly fills the canals, 

making frequent dredging necessary (Moormann 1963). Large amounts of Ca(0H)z (se- 

veral percent by weight) are sometimes added to soil to reduce swelling and shrin- 

king and improve its mechanical properties for roads and other structures. Most 

earlier studies ,of lime soil stabilization assumed that the reaction involved 

dissolution of existing clay minerals and the formation of new calcium silicate 

and calcium aluminum hydrates (Grim 1962). Recent work by Pettry and Rich (1971) 

shows that clay minerals are not completely dissolved, since an acid extraction 

restored the original X-ray diffraction patterns. Apparently, CaC03 is a major 

reaction product, along with some soil-Ca(0H)z reaction products found lining 

the interior walls of soil voids and as intergranular bridges. These reactions 

would not be expected, however, as a result of normal liming of agricultural 

soils. 

Summary 

Aluminum reacts with clays and causes increased aggregation, viscosity, and 

tensile strength and reduces macroscopic swelling. Although iron has long been 

thought to be the principal cementing agent in soils, present evidence indicates 

that aluminum is of major importance in creating structural stability in red 

soils and spodosols. The nature of the cementing agent in fragipans is not known, . 

but it does not appear to be aluminum. Although aluminum interlayers are common 

in many acid soils, they are not stable enough to prevent dispersion of soils 

for mechanical analyses. While clay-organic matter complexes may be responsible 
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for structural stability in many soils, the role of aluminum in binding organic 

matter to clay is not yet clear. Liming of acid soils has heen shown to reduce 

structural stability of soil crumbs, perhaps by neutralizing exchangeable alu- 

minum. 

SUMMARY AND CONCLUSIONS 

The simple monomeric hydrolysis mechanism provides a satisfactory description of 
the pH and aluminum ion activity of dilute aqueous aluminum salt solutions at 

low basicities. When base is added, a solid phase of Al(OH)3 is formed with vary- 

ing degrees of anion substitution. At high basicities, significant amounts of 

various metastable polynuclear hydroxyaluminum cations may be present in solution. 

Present evidence indicates that the monomeric hydrolysis mechanism is still ope- 
rative in such solutions, since there is no unequivocal proof of the superiority 

of any particular polymeric mechanism. 

Theoretical considerations and experimental data show that the monomeric hydro- 

lysis mechanism is not altered by simple electrostatic adsorption of hydrolysis 

products on clay surfaces. However, where diffusion is restricted by lattice col- 

lapse, in-situ hydrolysis is enhanced and various hydrolytic products may be 

specifically sorbed by clays. Studies of the exchange of aluminum are complicated 
by corrections for hydrolysis, but Al3+ does not seem to be as strongly preferred 

in exchange reactions as its valence might otherwise suggest. This behavior must 

also be attributed to specific sorption effects which are poorly understood. 

The neutralization of acid clays involves several reactions: first, neutraliza- 

tion of exchangeable hydrogen; second, neutralization of aluminum, which may 
include both exchangeable and non-exchangeable forms; and third, neutralization 

of lattice hydroxyl groups. Titration curves may reveal three or four buffer 
ranges depending on how well these various reactions are resolved. 

Both solid phase and soluble aluminum species may be adsorbed by expanding 
layer silicates, producing hydroxyaluminum interlayers. As a result, cation- 

exchange capacity is reduced and lattice expansion and collapse is considerably 

restricted. Interlayers also reduce the ability of vermiculite to fix K+ and 

other ions of  similar size and charge. While early investigators attempted to 

assign specific structures and OH/A1 ratios to interlayer material, recent work 

suggests that the composition is continuously variable from simple monomeric 

aluminum through various polynuclear species culminating in the precipitation 

of Al(OH),. In soils, optimum conditions for the formation of aluminum interlayers 
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are moderate pH, low organic matter content, and frequent wetting and drying. 

The solubility of aluminum in some acid soils appears to be controlled by 

the solubility of gibbsite. However, soils at higher pH appear to be supersatu- 

rated with respect to gibbsite. Such soils may contain more soluble forms of 

Al(OH)3, or polynuclear species of aluminum may be present. Soluble complexes 

of aluminum with phosphate, sulfate, fluoride, and organic matter may also be 

present in soils under some circumstances. 

The neutralization reactions of acid soils are similar to those of acid clays but 
also include reactions of soil organic matter. The third or final neutralization 

range in soils corresponds roughly to pH-dependent CEC which in turn influences 

lime requirement and the availability of other cations. Studies of the pH-depen- 

dent CEC of soils suggest that relatively small amounts of exchangeable aluminum 

occur in equilibrium with a relatively large pool  of non-exchangeable acidic alu- 

minum. Earlier studies associated this latter category largely with interlayer 

aluminum, but recent work indicates that complexes with organic matter must also 

be considered. 

Aluminum reacts with clays, causing increased aggregation, viscosity, and tensile 

strength but reduces macroscopic swelling. Although iron has long been thought 

to be the principal cementing agent in soils, it now appears that aluminum is of 

major importance in creating structural stability in red soils and spodosols. 

The nature of the cementing agent in Eragipans is not known, but it does not 
appear to be aluminum. Although aluminum interlayers are common in many acid soils, 

they are not stable enough to prevent dispersion of soils during mechanical ana- 

lyses. While clay-organic matter complexes are responsible for structural stabi- 

lity in many soils, the role of aluminum in binding organic matter to clay is not 

yet clear. Liming of acid s o i l s  reduces the structural stability of soil crumbs, 

perhaps by neutralizing exchangeable aluminum. 

Despite occasional pessimism that studies of aluminum chemistry in aqueous solu- 

tions can lead to an understanding of the reactions of acid soils in the field, 

the record indicates that considerable progress has been made. Promising areas 

for further research include studies of the hydration status of aluminum ions 

adsorbed on clay surfaces, investigations of the nature of soluble aluminum spe- 

cies in supersaturated solutions with the aim of simplifying the present be- 

wildering array of proposed polynuclear species, and an examination of the 

complexes of aluminum with inorganic and organic ligands present in soils. 
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Summary 

Th i s  introductory l ec ture  reviews and summarizes recent  achievements in aluminum 
chemistry in r e l a t i o n  t o  soil a c i d i t y .  Subsequently are considered the  aluminum 
react ions in aqueous solutions, i n  clay suspensions and i n  soils. The explanation 
of aluminum behaviour is d i f f i c u l t  because of uncer ta in t i e s  about both the  nature 
o f  t h e  solid phase and monomeric and polynuclear dissolved spec ie s .  Aluminwn 

in t e rac t ions  w i th  clay minerals,  organic matter and metaloid ions f u r t h e r  com- 
pZicate t h i s  p i c ture .  A Z 2  t he  same considerable progress has been made i n  d i s t i n -  

guishing various o f  t he  aluminum species  and i n  recognizing t h e i r  very important 

r o l e  in soil react ion,  ca t ion  exchange react ions and s t a b i l i z a t i o n  of s o i l  s t ruc -  

t u re ,  e spec ia l l y  i n  acid soils. 

Résumé 

Ce t t e  i n t roduc to i re  passe en revue e t  résume l e s  r é s u l t a t s  récents  de l a  chimie 

d'aluminwn par rapport 2 l ' a c i d i t é  du sol. Consécutiuement ont  été t r a i t é e s  Zes 

réact ions d ' a l w n i n m  dans l e s  so lu t ions  aqueuses, dans l es  suspensions argi leuses  
e t  das Zes sols mgmes. L ' i n t e ~ r é t a t i o n  de Za condui te de l ' a l w n i n m  e s t  difficile 
à cause des i n c e r t i t u d e s  autour du caractère de l a  phase solide e t  des espèces 
d i s so lues  moflomériques e t  po Lynucléaires. E n  p lus  7, ' i n t e r p r é t a t i o n  e s t  compliquée 

par l e s  i n t e rac t ions  d'aluminium avec l e s  minéraux d ' a r g i l e s ,  l a  matière organique 
e t  Zes ions métal loides .  Néanmoins on a réussi à déterminer p lus i eurs  d 'espèces  

d'aluminium e t  leurs  inf luence sur l a  r éac t ion  du sol, l'échange de cat ions e t  
La s t a b i l i s a t i o n  de la s t ruc ture ,  sur tou t  dans l e s  sols acides .  

Resumen 

Esta ponencia da una resem de las r e s u l t a s  rec i en te s  en l a  quimica de aluminio 
relacionado a l  acidez  de suelo.  Se ha tratado consecutivamente l a s  reacciones de 
aluminio en soluciones acuosas, en suspeneiones arcillosas y en sue los .  E s  m y  

d i f i c i l  e l  i n t e rpre tar  del  comportmiento d e l  alwninio debido a l a s  incertidumbres 
r e l a t i v o  a l  caracter de l a  fase sol-ida y de las  especies  d i s u e l t a s  monoméricas 

y pol inuclearias .  Cuego se complica eZ concept0 por las reaceiones de a 2 m i n i o  
antes  de minerales a r c i l l o s a s ,  materia organica y iones metaloides.  Sin embargo 

s e  ha uvarmado en medida progresiva en determinando especies  de aluminio y reco- 

nosciendo SU i n f l u e n c i a  en l a  reacción d e l  suelo, l o s  procesos de intercambio 

de cat iones y l a  s t a b i l i s a c i d n  de l a  e s t ruc tura ,  sobre todo  en los suelos 

ácidos.  
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Zusammen f assunyC 

Diese Einleitung i s t  eine Zusmenfassung der l e t z t e n  Entwicklungen i m  Gebiet 
der Aluminiwnchemie i n  Beziehung zur Bodensäure. Nacheinander werden behandelt 
d ie  Alwniniwnreaktionen in WasserZösungen, i n  Tonsuspensionen und i n  Böden. Die 
Erklärung des Alwniniwnbenehmens wird erschwert durch Unsicherheiten ì&er das 
Naturell der f e s t e n  Phase und der  aufgelösten monomerischen und polynukleären 
Aluminiwnarten. Weiterhin wird das Bild kompliziert durch d i e  Wechselwirkung 
zwischen AZminiwn und To&neraZien, organischen Substanzen und metalloiden 10- 
nen. Trotzdem hat man wichtige Fortschri t te  gemacht namentlich i n  der  Determina- 
t i on  uon versehiedenen Aluminiwnarten und i m  besseren Kenntnis derer  spezi f ischen 
Wirkungen auf die Bodensäure, Kationen-Austauschkapazität und S t a b i l i t ä t  der 

Bodens t ruk  tur .  
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RECOGNITION AND PREDICTION OF ACID SULPHATE SOIL CONDITIONS 

R. Brinkman and L .  J .  Pons 
Department of SoiZ Science m d  Geology 
University o f  Agriculture, Wageningen 

INTRODUCTION 

Time and change in acid sulphate soils 

A s  long as sediments or soils containing pyrite remain reduced, they are subject 

to little change apart from possible transformation of other sulphides to pyrite; 
recrystallization of pyrite, and l o s s  of water. Such soils varying little with 

time can be described in terms of  relatively few characteristics. 

Soils containing acid sulphates are transients, the acids present being neutrali- 

zed or leached out again within periods of  a few years to, at the outside, a 
hundred years or so .  From a geological viewpoint the formation and subsequent 

disappearance of acid sulphate soils is a virtually instantaneous process; it is 
also very rapid compared with most processes of soil formation. A s  in other 

sciences, analysis Of transients covers a broader spectrum than analysis of 
phenomena that are more constant with time. 

In the study of this transient phenomenon, the initial state, i.e. the nature 

of the supposedly potential acid soil, is only one of the aspects to be consi- 
dered. Other aspects are the rate of development: the speed of oxidation in one 

place and the downward speed of the oxidation front, for example, as well as 
the rate at which acids are leached. Since an acid sulphate soil is a soil in 

rapid flux, even the measurement of a similarly low pH at similar times in 

two succeeding years may not mean the same thing twice: the acid formed in 
the previous year may have leached out and a similar quantity formed with the 

second year's seasonal oxidation, decreasing the reserve of potential acid (pyrite). 

Of great practical importance in reclamation is not only the expected degree of 

acidity, but also the expected time span of its occurrence. Present methods of 
identifying and predicting acid sulphate soils take into account quantities only, 

and not time aspects. 

Economic and social interest 

The identification and prediction of acid sulphate soils is extremely important 

for economic reasons, but even more so for social reasons.Many times in the past 

as well as in the present - and in many parts of the world - much of the land in 
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a new polder has proved unsuitable for crops because of acid sulphate conditions. 

This has resulted in a low standard of living or even abandonment of certain areas. 

Similar problems have sometimes arisen in places where drainage was improved. 

The relatively short period of, say, 40 years between the development and disap- 
pearance of toxic conditions may economically and socially cripple two generations 

of farmers, and prevent repayment of the investments. 

Other factors remaining equal, the physical quality and suitability for agricul- 

ture of clayey soils tend to increase with increasing pyrite contents in the origi- 

nal reduced sediment, up to the point where toxicity begins to play a part. With 

still higher pyrite contents, there is an abrupt drop in suitability from very 

high to virtually useless, at least for dry-land crops. 

Sound identification is therefore necessary before one can decide whether recla- 

mation is justified; if s o ,  one can work out an appropriate economic management 

system for the expected soil conditions before embarking upon reclamation; if not, 

one can decide u?on alternative development elsewhere. 

This great economic and social interest, besides the obvious attraction of a rap- 

id, 
explain the long and, venerable list of investigators studying, predicting, and 

identifying acid sulphate soils throughout the last two centuries. 

relatively complicated, natural process occurring right under our eyes, may 

Practical problems 

The immediate causes of failure or of uneconomically low yields of upland crops 

on acid sulphate soils appear to be a combination of some or all of the following: 

a) inhibition of root growth due to aluminium toxicity (e.g. Rees and Sidrak 

1961, Cate and Sukhai 1964); 

b) in severe cases also ferric iron or manganese toxicity; 

c) probably also extreme acidity; 

d) in combination with these three, but also after their elimination by leach- 

ing and mineral dissolution, the - perhaps temporary - low fertility level; 
e) the generally very low permeability of the subsoil due to inhibited soil 

ripening, causing a low water storage capacity of the soil profile and hazards of 

temporary waterlogging and sometimes irreversible drying of peaty topsoils. 

The low fertility level, which is characteristic for acid sulphate soils but not 
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restricted to them, is due in some cases (Rhizophora muds) to the high C/N ratio 

of the organic matter, often occurring in high percentages; a low rate of N accu- 

mulation due to the very low microbiological activity; the very high exchange- 

able aluminium percentage; the precipitation of phosphate by soluble aluminium; 

the low contents of micro-nutrients like Cu, Mn; the generally low content of ra- 

pidly weatherable minerals; and, in severe cases, the low cation exchange capa- 

city due to preferential acid dissolution of smectites and illite. Aluminium tox- 

icity may also be induced or aggravated even in old leached acid sulphate soils 

without free (soluble) acids by cation exchange due to fertilizer applications 

without the addition of adequate amounts of lime. Excessive liming may induce other 

micro-nutrient deficiencies. 

The problems for wet rice cultivation are different in kind but similar in sever- 

ity. If an acid sulphate soil is reduced too long before rice is sown, the young 

seedlings may die due to H z S  or ferrous iron toxicity. Older plants, e.g. replan- 

ted rice, have more resistance, probably because of the oxygen flow through their 

roots. On the other hand, if rice is sown or transplanted on an acid sulphate soil 

too soon after water saturation, aluminium toxicity inhibits root growth and the 

seedlings may die. 

Although acid sulphate Soils are identified and predicted on the basis of free 

acids present or expected, clearly these acids are only part of the problems 

faced by users of acid sulphate soils. 

Terms and definitions 

Before embarking upon a discussion on identification and prediction of acid sul- 

phate soils, we should delimit the subject by defining some terms. 

An (actual) acid sulphate Soil is a soil with one or more horizons consisting of 

(actual) acid sulphate materials, i.e. materials containing soluble acid alumini- 

um and ferric sulphates in concentrations toxic to most common dry-land crops. 

Such materials have high proportions of exchangeable aluminium, pH (water) below 

4 ,  and many have characteristically Pale yellow mottles by acid sulphates of iron, 
potassium-iron or sodium-iron. Some have white mottles of aluminium sulphates. 

The U . S .  Soil Conservation Service (USDA 1 9 7 0 )  defines a "sulfuric" horizon as 

a mineral or organic horizon with a pH lower than 3.5 ( I : ]  

yellow jarosite mottles of hues 2.5Y or yellower and chroma 6 or more (Munsell 

1954 colour notation). 

in water) &with 

A potential acid sulphate soil or material is a soil or a reduced parent material 
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I .  

which is expected by the person identifying it to become an acid sulphate soil 

or material upon drainage and oxidation under certain defined future field con- 
ditions. Such soils or materials generally have one or more reduced horizons or 

are reduced, with pyrite contents considerably in excess of any neutralizing 
amounts of calcium carbonate present. In sandy or peaty materials with low cation 

exchange capacity, the excess pyrite may be small. Whether such a soil will in 

fact become an actual acid sulphate soil depends upon a number of factors besides 
the contents of S and neutralizing components, as will be discussed below. The 

Soil Conservation Service (USDA 1970) specifically defines "sulfidic" materials 

as waterlogged mineral or organic s o i l  materials that have 0.75 per cent (dry 
weight) or more total S, mostly in the form of sulphides, and less than 3 times 

as much carbonate (CaC03 equivalent) as sulphur (weight percentages). 

The Soil Map of the World (Dudal 

alluvial soils contain sufficient sulphur compounds to cause acidification of 

the soil upon oxidation to a pH (KC1) less than 3.5 within 100 cm of the surface. 

This includes both potential and actual acid sulphate soils, and the depth limit 

would seem somewhat deep for detailed maps, but the definition does allow the 

grouping of potential and actual acid sulphate soils as well as shallowly reclaimed 

former acid sulphate soils in one unit: a distinct advantage for soil maps 

at a scale of 1:5 million. 

If the time aspect were also taken into account in the definition and rating 
of acid sulphate soil, this would require specification of, for example, rainfall 

and its seasonal differences, expected actual evapotranspiration during develop- 

ment, expected soil permeability and leaching rate during and after oxidation, be- 

sides the estimations and measurements needed to predict development of acid 

sulphate soils as defined above. 

Besides actual and potential acid sulphate soils, we will need to define two 

kinds of soils without acid sulphate. 

A pseudo-acid sulphate soil contains one or  more horizons with the characteristic 

yellow mottling (basic iron sulphates) commonly associated with acid sulphate con- 

ditions, but does not have a pH below 4 and does not contain free acids or more 
than about 60 per cent exchangeable aluminium. Such soils may or may not have 

been actual acid sulphate soils at some time, depending, among other things, upon 

their original pyrite contents and their history of oxidation and leaching. 

1968) recognizes a "Thionic" unit where recent 

In this paper, we will refer to other soils without actual or potential acid 

sulphate as non-acid-sulphate soils, for want of a better concise term. "Non-acid" 
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cannot be used for them, since many have reactions between pH 4 and 5. 

Since the term "cat clay" probably would cover both actual and pseudo acid sul- 

phate clays with yellow mottles; may or may not include acid sulphate materials 

without such mottles; and generally excludes potential acid sulphate materials, 

we will not use the terms cat clay, cat peat or cat sand except in quotation. 

The term "mud clay" which is connotative of only a subsidiary property of some 

potential acid sulphate clays - a property also occurring in some soft, unripe- 
ned materials without or with very little pyrite - we will leave in favour of 
the more specifically descriptive, though longer, potential acid sulphate soil 

or material. 

FlELD IDENTIFICATION 

Sedimentary relationships and sulphur sources 

For many years, acid sulphate materials were identi ied and pre icted on the ba- 

sis of mainly sedimentary relationships and considerations of possible sulphur 

sources. 

Poelman (1973)  quotes 18th century writers who recognized acid sulphate soils 

and materials: L i m a a s  (1735)  reporting that "argilla vitriolacea" is "mixta 

fusca, vitriolico salsa" and found under swamps; and Le Franc van Berkhey (1771)  

describing two kinds of acid sulphate soils, black clay material found under 

black peat and dark blue to black clay under black well decomposed surface layers, 

or under other clay layers. Many 19th century authors are quoted by Poelman, 

among whom van Kerckhoff (1856) ,  reporting seven years after the establishment 

of the Haarlemmermeer polder that some soils there were improductive due to the 

presence of "sulphuric iron midule" and the absence of lime. 

Van Bemmelen (1886) ,  extensively quoted by van der Spek ( 1 9 3 4 ) ,  reported that 

under Dutch conditions acid sulphate materials appear to originate only from 

clays once covered by a dense reed vegetation, either where sea or brackish wa- 

ter could inundate the land, or where salts rise from the deeper subsoil. 

Edelman ( 1 9 4 6 ) ,  writing f o r  the practical farmer, identified acid sulphate soils 

by the yellow mottling and by the cover of poor, rather dense and firm, dark peat 

liable to dry out irreversibly. This vestigial peat covers many areas with acid 

sulphate material in the polders of the western part of The Netherlands. Edelman 

also specifically points to the relation between the presence of many Phragmites 

roots and potential acid sulphate soils. He suggested testing for lime content 
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by HCl in areas with acid sulphate soils wherever it is intended to bring up 
subsoil material, where a thin acid sulphate layer is to be removed, or where 

deeper drainage is planned or considered. To find out how severe are, o r  will be, 

the acidity problems, the farmer was referred to The Netherlands Soil Analysis 

Laboratory. 

Benzler (this symposium), too, points to the likelihood of potential acid s u l -  

phate conditions where noncalcareous, bluish black clay and peat occur mixed or 

in close contact in the coastal area of Lower Saxony (Germany). He recommends 
either laboratory sulphate determinations or a few days' observation during slow 

air drying of samples, wherever noncalcareous bluish black, reduced clay material 

occurring in association with peat is to be brought to the surface, e.g. by deep- 

ening drains. 

Landform 

Landform, too, has been used in prediction and delineation of potential and actu- 

al acid sulphate soil conditions. Acid sulphate soils occur in two main situati- 

ons: as large, homogeneous areas with pyrite deposited together with the marine 

sediment or accumulated by reduction of soluble sulphates during or after deposi- 

tion, and in small-scale, intricate patterns of tidal marshes alternating with 
generally slightly higher soils without acid sulphate. 

In Sweden and Finland, along the Botnic Gulf there are large areas of marine muds 

with high contents of primary pyrite (finely distributed and brought in together 

with the sediment). These potential acid sulphate materials filled valleys and 

basins in the submerged moraine landscape and now are partly covered by thin san- 

dy layers. A s  a result of drainage due to isostatic land rise, they have develo- 
ped into extensive areas of actual acid sulphate soils. 

Most other occurrences of acid sulphate soils are due to accumulation of seconda- 

ry pyrite during or after sedimentation, in tidal marshes or mangrove areas, par- 
ticularly in warmer temperate or tropical areas. 

Moormann (1960) reports that actual and potential acid sulphate soils in the tro- 
pics occur mainly in the tidal mangrove swamps and in the marshy back swamps of 

the seaward side of river deltas. They may also occur in old alluvial terrace 

deposits. The acid sulphate soil areas in the Mekong delta mapped by Moormann 

and others show very clearly on aerial photographs and even on aerial photo mo- 

saics, due to a very specific vegetation pattern. The potential acid sulphate 

soils of the Guyanas, too, occur largely in extensive, easily delineated back 
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swamp areas of marine and estuarine plains, bounded by low (late Pleistocene) 

terraces on the landward side and separated from younger non-acid sulphate mari- 

ne clays by a clear erosional coastline in most places (Brinkman and Pons 1968). 

Van der Kevie (1971) states that in the Bangkok plain, the dark grey (potential 

acid sulphate) brackish water deposits occur in a wedge-shaped sediment body, 

some 0.5 m in the south to Some 5 m thick in the north, over (sic) greenish grey 

marine sediments occurring to Some 15 m depth, which in turn overlie stiff, mot- 

tled, Pleistocene clays. This is in contrast to the situation in the Guyanas coas- 

tal plain, where potential acid sulphate material appears to overlie Pleisto- 

cene material and is bordered on the seaward side by an erosion coastline separa- 

ting it from sediment bodies without acid sulphate, with progressively greener 

reduced colours toward the sea. 

In West Africa, for example in Gambia (Giglioli and Thornton 1965) and in Sene- 

gal (Vieillefon 1969), yet different physiographic relationships òf acid sulphate 

and non-acid-sulphate materials prevail. 

The instances quoted above refer to large-scale occurrences of actual and poten- 

tial acid sulphate soils. These may also occur in intricate patterns, however, 

either associated with non-acid-sulphate soils or in an association of more and 

less severe conditions. An example of an association with non-acid soils is re- 

ported by Bennema (1953). Studying reduced subsoils in an area of old Holocene 

marine clay in the western Part of The Netherlands, Bennema found percentages of 

S, mainly as FeS2, generally between 1.5 and 3, and CaC03 percentages from O to 
18. The CaC03 Content is closely related to the physiography, relatively high- 
lying sandy broad tidal creek ridges having the highest percentages and low- 

lying, level, soft basin clays between ridges being generally noncalcareous. The 

differences are probably due to decalcification of the sediments during deposi- 

tion by higher CO2 pressures in the reduced environment of the basins, the 

Ca(HC03)z formed being removed mainly by the tidal flood water. Pyrite contents 

in the basins tend to be slightly higher than in the ridges, probably due mainly 

to the longer periods available for sulphate reduction and to the higher propo'r- 

tion of organic matter available. This has resulted in an intricate pattern of 
calcareous soils and acid sulphate soils, very well related to elevation and de- 

tailed landforms. 

Allbrook (this symposium) found slight depressions ín coastal areas of north-west 

Malaya useful indicators of possible acid sulphate soils; van Wijk (1951) and 

Driessen and Ismangun (this symposium) used landform as one of their indicators in 
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southern Kalimantan (Indonesia); and Grant (this symposium) reports that the 

acid sulphate soils in and near the Pearl River estuary (Hong Kong) occur below 

5 metres above sea level. 

Vlek ( 1 9 7 1 )  as well as van Breemen, Tandatemiya and Chanchareonsook (this sympo- 

sium) found a very close correlation between small differences in elevation and 

the occurrence of near-surface soil horizons with potential acid sulphate in the 

Bang Pakong land development area, Thailand coastal plain. A l l  subsoils were po- 

tential acid sulphate material in this area. 

Apart from potential and active acid sulphate soil formed naturally in Holocene, 

marine or estuarine landscapes, at the present surface or buried e.g. by Holocene 

peat, other occurrences merit mention. For example Palmer and Williams (this sym- 

posium) described man-made surface occurrences of acid sulphate material (collie- 

ry spoil). 

Hesse ( 1 9 6 0 ,  pers. comm.) investigated potential acid sulphate muds in papyrus 

swamps near Lake Victoria far above sea level. Chenery ( 1 9 5 4 )  describes acid 

sulphate soil material developed in papyrus swamps in Uganda, at some 2000 m ele- 
vation, the sulphur compounds being derived from Precambrian shales. This, besi- 

des demonstrating that acid sulphate soils do not necessarily occur at sea level, 

suggests that potential acid sulphate soil materials may have existed since Pre- 

cambrian times. 

Older landscapes (Pleistocene surface configuration, Pleistocene and Tertiary 

materials e.g.) have in fact been found containing subsurface layers rich in py- 

rite, that may develop into acid sulphate material upon exposure. In the neigh- 

bourhood of the bauxite excavations near Onoribo in the old (late Pleistocene) 

coastal plain of Surinam, a large area with a reduced potential acid sulphate 

layer at 3 to 4 m below surface was identified (Brinkman and Pons 1964 ,  unpubli- 

shed data; Veen 1 9 7 0 ) .  The now deacidified, young pleistocene soils, probably de- 

veloped from this potential acid sulphate material show now a normal natural ve- 

getation or an occasional cultivation, but in sterile ditch banks and especially 

clearly in the long profiles excavated in the bauxite mine acid sulphate pheno- 

mena occur. Yet older materials were investigated by Buurman and van Breemen (this 

symposium), who studied Tertiary marine acid sulphate materials occurring under a 

thin cover of non-acid sulphate material. 

Poelman (this symposium) quotes similar occurrences and besides these, describes 

"cat sand" - a term coined by Wind and Steeghs ( 1 9 6 4 )  - from various sandy val- 

leys in The Netherlands. He considers sulphate seepage from pyrite-rich Tertiary 



marine clays outcropping in the adjacent hills and immobilization by reduction 

in the waterlogged, peaty surface of the sands in the valleys to be the cause of 
pyrite accumulation in the potential "cat sand" occurring near Ootmarsum and else- 

where in the east of The Netherlands. 

Clearly, no general predictions about the occurrence of potential acid sulphate 

materials can be made on the basis of sedimentary or physiographic relationships 

alone. Within many specific sedimentation areas, however, very clear and specific 

relationships have been recognized, which can be used in the identification and 
prediction of acid sulphate conditions. Their nature is within the subject of 

another session of this symposium. 

Vegetation 

Vegetation, too, has been used extensively for identification and delineation of 

actual and potential acid sulphate soil areas, for example Rhizophora mangle (S. 

America) or racemosa (W. Africa) where the environment is brackish (Hart 1959; 

Thornton and Giglioli 1965, also quoting Hesse 1961, Tomlinson 1957, Rosevear 

1947, Doyne and Glanville 1933) or, in temperate climates, a dense reed vegetation 

in brackish swamps. 

In fresh-water areas, the combination of Blechnum serrulatum, Imperata bra- 
siliensis and certain Cyperaceae (Evans and Cate 1962) or Blechnum fern, Yontri- 
chardia arborescens, Scleria and Rhynchospora spp. (razor grass), and Tabebuia 

insignis V. monophylla (white cedar) (Applewhite 1965, Brinkman 1966) is charac- 

teristic in northern South America. I n  fresh-water swamps in Eastern Asia, poten- 

tial acid sulphate Soils are indicated by Melaleuca with different associates 

(van Wijk 19511, Melaleuca, sedges and rushes (Allbrook, this symposium) or Mela- 

leuca and Fimbristylis (Driessen and Ismangun, this symposium). Acid sulphate soils 

are even called "gelam" (=Melaleuca) soils locally. This tree has a very wide 

ecological amplitude, however, and al?o occurs on poorly drained, acid sandy soils 

rich in quartz as well as on brackish potential acid sulphate soils. 

Tidal brackish-water vegetations are causally related to the accumulation of pyri- 

te, through sulphate reduction and sulphide accumulation in the root mass produ- 
ced (this root mass in the soil might be a better indicator than the vegetation, 
incidentally). The fresh-water vegetation only shows a correlation with the occur- 

rence of acid sulphate soils. 

Soil characteristics 

Besides sedimentary relationships, landforms and vegetation, specific directly 

177 



observable soil characteristics have been used in identifying actual and poten- 

tial acid sulphate soils. The peculiar yellow colours of mottles (and soft tubu- 
lar aggregates) in actual acid sulphate materials which were already mentioned, 

are indicative in many cases, especially in combination with observed extreme 
acidity; dying of plants; and presence of soluble sulphate. The yellow mottles 

by itself are not a certain criterion, however. 

Van der Spek (1934, p.502) reports the occurrence of a yellow efflorescence in 
the tubular pores made by old reed vegetation, while the bluish-grey clay quite 

close to the pore reacted strongly with HC1. Van der Spek (1950) found examples 
of yellow-mottled "cat-clay'' material in the north of The Netherlands, which 

had a neutral reaction, presumably by leaching with water containing some calci- 

um bicarbonate. The yellow material had the composition 4Fe203.5S03.13 
Na or K were not determined. This yellow material isolated from the soil also had 

a neutral reaction. 

Maschhaupt (1922, pers. comm. quoted in v.d.spek) and van Wallenburg (this sym- 

posium) found similar material in the west of The Netherlands. A l s o  Verhoeven's 

data (this symposium) clearly indicate the presence of jarosite ("cat clay") 

stains in horizons which are not now acid sulphate soil material, but most proba- 

bly were, 40 years ago. The characteristic yellow staining, therefore, may not 
be used by itself to determine the presence of acid sulphate material. Similar 

conclusions were reached in Suriname where Pons (1963) proposed the term "pseudo 
cat clays", and in (then British) Guyana, where the Soil Survey Project recogni- 

zed the same materials. Buurman and van Breemen (this symposium) also found ja- 
rosite persisting even in materials with a pH well above 5 and nearly base-satu- 

rated (Ca + Mg) at present. 

Pons and van der Kevie (1969) found in the coastal plain of Thailand that green- 
ish grey reduced soil colours, Munsell (1954) notation 5GY 4/1 and greener, which 

upon first oxidation develop mottles 5G 4/1, correlate with absence of potential 

acid sulphate conditions; and that grey colours N4, IOYR 3 and 4/1, 2.5Y and 5Y 4 
and 5/1 may be used to predict acid sulphate conditions. Colours 5Y and 5 / 1  may 

indicate borderline cases. Pons en van der Kevie consider that very easily wea- 

therable minerals, probably chlorites (glauconites or chamosites?) , cause the 
greenish hues, and that their decomposition buffers acids formed from pyrites, 

thus preventing development of acid sulphate materials. This is based upon their 

observation that soils with much free iron and much secondary silica but without 

acid sulphate developed from greenish materials rich in pyrite, while grey mate- 
rials with similar pyrite contents developed into acid sulphate soils. The ma- 
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terials were all noncalcareous. 

In the coastal plain of (then British) Guyana, Brinkman et al. (1963, unpublished 

data) found colours 5 BG 5 /1  and greener indicative of the absence of potential 

acid sulphate conditions, and colours 5 GY 5/1  and 4/1 and greyer indicative of 

potential acid sulphate soils. They considered the greenish colours to be correla- 

ted with low pyrite contents, but not necessarily indicative of high neutralizing 

capacity. 

Buurman and van Breemen (this symposium) found jarosite occurring i n  glauconite- 

rich Miocene clay in western Germany. Deeper horizons contain much pyrite in the 

ground mass, in aggrotubules or in glauconitic material. 

Matrix hues are mainly 2.5Y to 7.5Y. In the Senegal coastal plain, Vieille- 
fon (this symposium) found indications of formation of green minerals i n  reducing 

conditions in material, likely to become acid sulphate soil after oxidation. Clear- 

ly, the greenish colours may not be taken as a generally applicable "green light". 

The soft, "buttery" nearly liquid ("unripened") subsoil consistence of many po- 

tential acid sulphate materials has been used as an additional criterion 

(Applewhite 1955; Brinkman 1966; Pons 1956; Pons and van der Kevie 1969; van Wal- 

lenburg, this symposium); also used are characteristics like high organic matter 

content or grey subsoil colours with dark grey to black specks or mottles with 

partially decomposed organic remains (the same authors, also Allbrook, this sym- 

posium, and Driessen and Ismangun, this symposium); the characteristic fibrous 

material throughout soft clays consisting of the partly decomposed roots of a 

former Rhizophora vegetation (Giglioli and Thornton 1965);  the partly decomposed 

remnants of reed in soft clays (van Bemmelen 1886; Edelman 1946);  and the presen- 

ce of hydrophobic peaty or organic surface horizons (Edelman 1946; van Wallen- 

burg, this symposium; van Wijk 1951).  This last criterion is correlated with acid 
sulphate conditions, but is not necessarily a cause or an effect. 

The smell of H2S when the soil is disturbed has been found indicative (Fleming 

and Alexander 1961; Allbrook, this symposium); as well as the rapid and drastic 

drop in pH upon air drying (many authors, e.g. Fleming and Alexander 1961; Thorn- 

ton and Giglioli 1965; soil surveys by Applewhite 1965 and Brinkman 1966; Benzler 

this symposium; and van Breemen and Tandatemiya, this symposium). 

The HC1 field test to determine absence or low contents of carbonates has been 
used by many; the sodium azide or sodium azide-soap test for presence of sulphi- 

des by several (van Andel and Postma 1954; Pons and van der Kevie 1969; Edelman ' 

1971; van Wallenburg, this symposium); electrical conductivity and its increase 
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after air drying by a.o. Fleming and Alexander (1961) ;  and, on the borderline 

between field and laboratory, pH measurement after oxidation by H202 by van 

Beers (1962) ,  and a semiquantitative test for sulphates after and before H202 

oxidation by Poelman (this symposium). 

Westerveld and van Holst (this symposium) consider that actual acid sulphate peat 

and sand are difficult to recognize in the field by visual characteristics, 

since the characteristic straw-yellow mottles are absent. (It would seem possible, 

however, to recognize them by simple pH measurement or by a rapid field test for 

sulphates.) Potential acid sulphate sand may be expected (Westerveld and van 

Holst) where sandy soils in valleys and depressions have a very humous or peaty 

or peat topsoil and show black or blue-black specks or mottles associated with 

remnants of organic matter. They are recognized by the sodium azide test or the pH 

drop after oxidation by HzOz or by air drying. The latter two tests and the pre- 

sence of blue-black mottles or layers indicate potential acid sulphate peat. (For 

laboratory confirmation of the expected degree of acidification, Westerveld en 

van Holst use total sulphate and total Ca determined after oxidation with a 

HNO3-HC1, 3 : l  mixture.) 

In most places, in coastal plains as well as elsewhere, field identification rests 

upon a combination of the indications mentioned, each of which taken by itself 

might not be very certain, but which, in the aggregate, allow fairly accurate 

diagnosis. Most authors point out that visual observation of landscape, vegetation 

and soils alone can be very misleading. They use field tests or a combination of 

field tests and laboratory determinations for a greater degree of confidence 

in identification and prediction of acid sulphate materials. Within the boundaries 

of a given sedimentary, climatic and vegetation environment, however, fairly few 

and simple criteria can be used with confidence in most cases, after their relati- 

onships to acid sulphate occurrence have been established. 

METHODS OF ANALYSIS AND ESTIMATION 

General 

Where other factors are equal - for example the envisaged drainage system; clima- 
te; sedimentary history - contents of pyrite or sulphides and calcium carbonate 
may be used to estimate the expected relative severity of acid sulphate s o i l  

conditions after the envisaged drainage. This is of use  especially where data are 

available on earlier reclamation objects from similar materials. 

Out of the many methods available to determine total sulphur and its various frac- 

tions in the laboratory, those combining extreme simplicity and speed are of prime 
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importance for predicting acid sulphate soil conditions and for possible appli- 

cation in the field. If the methods automatically take into account the total 

acids formed upon oxidation as well as the possible neutralizing substances pre- 

sent, so much the better. A precision of better than 10 per cent or so would not 

be required in any case. In view of the characteristically irregular occurrence 
of pyrites in many potential acid sulphate soils, either the sampling error would 

be appreciable, or a large sample of perhaps a few kilos would have to be dried, 

ground and split, which would defeat the objects of simplicity and speed. 

Van der Spek ( 1 9 3 4 )  already cm"mnts upon the difficulty of obtaining average 

samples for analysis of potential acid sulphate soils, due to the inhomogeneous 

distribution of the pyrite aggregates. 

Pons (1963 and this symposium) calls attention to the fact that pyrite occurs in 

two main forms: "primary" Pyrite, which is formed (during or after sedimentation) 

through reduction by "primary" organic matter deposited together with the mineral 

fraction of the sediment; and the "secondary" (and tertiary, a distinction not 

relevant here) pyrite, formed through reduction by "secondary" organic matter 

which is added to the sediment by plant growth after deposition. The primary 

pyrite is evenly and finely distributed throughout the reduced sediment, while 

the secondary pyrite generally occurs irregularly concentrated in part-decayed 

remnants of roots or other pieces of vegetative matter. In most cases, at least in 

warm temperate or tropical climates, only the secondary pyrite may occur in pro- 

portions giving rise to acid sulphate materials. The irregular distribution then 

limits the precision attainable in estimating pyrite content from a small sample, 
as commonly used in field estimation as well as in laboratory analysis. 

The relation between contents of Primary pyrite (generally low, not dangerous) 

and organic matter is quite close, but where high proportions of secondary pyrite 

occur (in the majority Of Potential acid sulphate soils), the relationships tend 

to break down (e.g. Pons 1963, BrÜmmer 1968) .  

Two practical points should be considered in the analysis or estimation of poten- 

tial acid sulphate materials, which are often wet and contain a great deal of 

water. 

1 .  If the moisture from wet (reduced) soil samples is allowed to evaporate 

by air drying, considerable changes occur which may not be desired before ana- 

lysis. Rasmussen (1961)  found that (rapid) oven drying of samples in the presence 

of CaC03, H ~ S O , ,  and Fe*(S01,)3, or without additions, caused only small losses of 

pyrite, which would make it possible to analyze dried samples with little loss 
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of accuracy. Van Breemen (pers. com.) recommends rapid freeze drying and prefers 

this to oven drying. 

2. In the field, one might like to run some quick analyses along the lines 
of one of the methods mentioned. To obtain a known weight of soil one would have 

to first dry the material; or dry a separate sample to determine the water content 

of the analyzed material; or know the proportion of water by other means. The ap- 

proximate water content of such soil materials can be arrived at quickly by esti- 

mating the "ripening class" (Pons and Zonneveld 1965) described below, estimation 

of approximate clay and organic matter percentages, and use of the following formu- 
la: 

A = Z O - -  L + H + N ( L + 3 H )  5 

A = water percentage of dry soil 

N = 'IN value", a figure derived from ripening classes, tabulated below 

L = clay percentage 

H = organic matter percentage 

DESCRIPTION OP SOIL CHARACTERISTICS RIPENING N 
(squeeze test) CLASS VALUE 

Stiff wet, very hard dry very ripe 0.4 

Firm wet, hard dry; not possible to 
squeeze through fingers ripe 0.7 

Medium consistency. Squeezed between fin- 
gers with difficulty nearly ripe 0.7-1 .O 
Somewhat soft mud. Easily lost between 
fingers when squeezed half ripe 1 . O - ]  .4 
Soft mud, very easily lost between fin- 
gers when squeezed nearly ripe 1.4-2.0 

Very soft mud, more or less fluid, 
dripping through fingers without squeezing unripe 2.0 

Still higher water contents (of liquid muds) are less easily estimated, but these 

occur only rarely. For field estimations, the above formula and table would give 

adequate precision in many cases. 

Similar results can be obtained still more quickly by using the simpler formula 

(Smits et al. 1962): A = 20 + N (L + 3H). 

Rapid oxidation methods 

Beaton, Burns and Platou (1968) summarized more than 500 references on analysis of 
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sulphur compounds and total sulphur, out of which one method appears attractive 

for our present purpose: oxidation by H202 and subsequent alkalimetric titration 

(Murakami 1960, Yoneda 1961) .  Many authors have tried to simulate the development 

of acid sulphate soils by rapid oxidation. 

Van Beers (1962)  developed a simple and straightforward field method for the pre- 

diction of acid sulphate soil conditions after drying (after drainage). He treats 

about 5 ml soil with about 20 ml HzOz 3 0  per cent, heating if the mixture is not 

spontaneously heated sufficiently to complete the decomposition of H202. After 

complete decomposition of HzOz the pH is determined, electrometrically by prefe- 

rence, or with an indicator clearly distinguishing between pH 4 . 3  and 2 .  The 

slight acidity of the usual commercially available H202 did not noticeably influ- 

ence the results, mainly due to buffering by the soil. The method automatically 

takes into account the amount of rapidly acting neutralizing components that may 

be present, CaCO3 in the first place. 

Incomplete oxidation with Hzoz may give intermediate acid products from organic 

matter, but probably these are further oxidized to non-acid simple compounds if 

oxidation is allowed to go to completion. Concentrated, 30 per cent H202 would 
be indicated, therefore, as well as heating until most of the liquid has evapora- 

ted after the reaction appears complete. Only in soils with much manganese (mot- 

tles or iron-manganese nodules) it is difficult to ensure complete oxidation sin- 

ce in this case H202 is rapidly decomposed katalytically. A "boiling" effect was 

also observed in very Peaty Soils. In these two cases, the operator should make 

sure that the H ~ O Z  will not pop in his direction. 

Van Beers suggests a tentative limit of pH 2.5 after oxidation by HzOz for the 

dangerous potential acid sulphate Soils. At first sight this would seem somewhat 

low, since e.g. roots of germinating rice fail to develop at soluble A l  concentra- 

tions as low as about 16 PPm (Evans and Cate 1962) .  In equilibrium with amorphous 

A1(OH)3 this is the case already about PH 4 .  The pH limit suggested by van Beers 
may work well in practice, however, since part of the acids formed during the 

drying process after the installation of a drainage system are leached out, and 

since slower acting neutralizing compounds (possibly dolomite, clay minerals) also 

have an effect. The latest soil classification by the U.S. Soil Conservation 

Service (uSDA 1970) also suggests pH measurement before and after boiling with 

concentrated H202 as a field test for "sulphidic" materials, but does not spe- 

cify limits for either the drop in pH or the resultant pH. 

Cate and Sukhai (1963)  suggest laboratory identification of potential acid s u l -  
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phate soils first by Walkley-Black carbon figure (which includes ferrous sulphi- 

des), excluding from suspicion samples with less than 0.5 per cent Walkley-Black 
carbon. Their next criterion, for samples above this limit, is the increase in 

water-soluble sulphate after thorough oxidation with H202 or, more simply, the in- 

crease in conductivity after such oxidation. This increase would then have to be 

compared with the amount of rapidly neutralizing materials present, in the case of 

British Guyana coastal clays mainly comprising exchangeable bases. This proce- 

dure would only yield rough approximations. If more precision is required, Cate 

and Sukhai (1963) suggest H202 oxidation with subsequent washing to remove the 
bulk of the salts, followed by a determination of exchangeable cations. This they 

consider should approximate the end result of all of the complex ion exchange 

equilibria that can be involved in draining a coastal clay. 

Since acid sulphate sand is difficult to recognize visually, Poelman developed 

a field test to estimate sulphate content after and before oxidation by H L O Z ,  

which is described in an appendix to his paper in this symposium. 

In British Guyana, the Soil Survey Project in 1962 suggested two field test 

units, one with rapid oxidation, the other with HC1 and lead acetate test paper 

(unpublished data Brinkman). The procedure of the first one follows: Air-dry 

material, 1 day or longer. Shake about 1 g air-dry soil with I N KC1 solution 

(5 ml or more) and let stand. Decant clear supernatant into second bottle and add 
1 drop phenolphtalein and 1 drop 0.5 N NaOH solution. If the solution becomes 
pink and does not develop a coloured precipitate: very probably not acid sulphate 

soil material. The number of drops of NaOH solution needed to turn the decanted 

liquid pink is a very rough indication of the severity of acid or potential acid 

sulphate conditions. This method could be made semiquantitative by first boiling 

with concentrated H202 and evapojating to almost dry. 40 drops of NaOH required 

would be equivalent to roughly 100 me excess acid per 100 g soil material. 

Slow oxidation methods 

None of the rapid oxidation procedures, discussed so far may be expected to take 

into account the slow neutralization by soil components other than lime. 

The Soil Conservation Service (USDA 1970) states that a sample of sulfidic mate- 

rial, if dried in the shade for about two months with occasional remoistening, 

becomes extremely acid. Bloomfield (this symposium) proposes replacement of this 

procedure by storing moist soil material for some weeks in a thin polythene 

bag. Both procedures may be somewhat too rapid for neutralization by soil compo- 

nents other than lime to have its full effect. 
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Pons (1956) measured pH after 6 months of oxidation in a number of potential 

acid sulphate and non-acid sulphate materials from the Old (Holocene) Sea Clay 

landscape in The Netherlands. He found the approximate relation pH (water) = 

5.3 + (me Ca/100 g - me S / l o o  g)/60, with a standard deviation of roughly 0.5 pH 

unit. The data ranged from about 200 me excess S/100 g to about 100 me excess 

Ca/100 g. This suggests that almost all of the acid formed in excess of the lime 

content was neutralized, probably by clay minerals. 

Van Breemen (this symposium) found that with oxidation under laboratory conditi- 

ons extending over a period of months, the bulk of the acid formed in soil sys- 

tems does not remain in solution, but is in fact neutralized by dissolution of 

clay minerals. The field pH after drainage of acid sulphate soils appears to be 

invariably 1 to 2 units higher than pH after laboratory drying and rewetting of 

samples (van Breemen et al., this symposium). 

The pH differences between material drained and oxidized under field conditions 

and oxidized rapidly or slowly in the laboratory indicate that some 90 to 99 

per cent of the acid fc"d in the laboratory is not formed, eliminated or neutra- 

lized under field conditions, by one or a combination of: incomplete oxidation; 

leaching by rain or inundation water; and neutralization by dissolution of slow 

acting carbonates (dolomite?), by decomposition of silt or sand minerals (e.g. 

Ca feldspars, biotite?) or by decomposition of clay minerals (smectites, illite, 

chamosites). In view of these uncertainties, high precision in routine measure- 

ments for the prediction of acid sulphate soil conditions would not be meaningful 

until the degree of influence of these modifying conditions can be accurately pre- 

dicted or, better still, Controlled. 

For present practical purposes, however, a set of tentative pH limits can be 

suggested for identification of  Potential and actual acid sulphate soils on the 

basis of different oxidation tests, as tabulated below. 

tentative limit (pH water) 
Incomplete oxidation by rapid air drying, 1 day 

Rapid complete oxidation by H z O z  

Slow oxidation under moist conditions, a few 
weeks to six months 3.0-3.5 

Slow oxidation of soils in the field after drai- 
nage (including leaching effects where present), 
one to several years 

(uncertain and indicative only) 4 

2.5 

4.0 
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Chemical methods of sulphide estimation and pyrite extraction 

A simple field test for all active sulphides in soil material with HC1 and lead 

acetate paper was developed by Neckers and Walker (1952), as summarized below: 

Put 2-3 g of material in a 20 by 150 mm test tube, mix with 1 g of granular c.p. 

zinc (20-30 mesh). Insert a spiral of copper wire halfway down the tube to dis- 

perse bubbles. Add 2-3 ml (one eyedropperful) of 6 N H C 1 .  Wait 5 sec., then place 

a small circle of test paper impregnated with lead acetate over the mouth of the 

tube. Remove after 5 seconds. Slight tan coloration: very weak. Tan: weak. Brown 
with tan edge: moderate. Black with silvery cast: very strong. Relationships with 

total sulphur were: very weak about 0.06 per cent; weak 0.09 - 0.13 per cent: 
moderate about 0.2 per cent; and very strong more than 2 per cent. 

For possible use in identifying potential acid sulphate soil material it might 

be useful to decrease the standard amount of soil to 1 g, in order to bring the 

"moderate" reaction in the neighbourhood of 0.7 per cent total sulphur. 

Rashig (1915), quoted by Feigl (1931), first recorded to our knowledge the kata- 

lytic action of sulphides (and thiosulphates and rhodanides) on the liberation 

of nitrogen gas from a sodium azide-iodine solution. 

Van Andel and Postma (1954) used this method for rough semi-quantitative estima- 

tion of sulphides in sea bottom sediments, observing the degree of effervescence 

by a binocular microscope. Their highest intensity of reaction ("Strong") cor- 

responded with about 0.25 per cent total S .  

Edelman (1971) adapted the method to the range in pyrite contents of interest for 

the prediction of acid sulphate materials and eliminated use of the microscope. 

His procedure follows. 

In a test tube, add 1 ml concentrated soap solution (liquid detergent) and about 

0.5 ml Na azide solution (dissolvc 1.27 g sublimated iodine and 2.4 g KJ in 8 ml 

water, dilute to 100 ml, add 3 g NaN3 and dissolve; keep in brown bottle; prepare 

new solution frequently). Add sample material equivalent to 0.2 g dry soil, stir 
carefully, to avoid making bubbles, three times in 1 minute. The N2 gas, formed 

by katalytic action of any sulphides present, makes foam. The quantity of foam 

after 2 minutes is an indication of the sulphide surface area present. For a few 

samples from Thailand the following relation applied. 

foam 2 cm high 1.4 per cent sulphide S 

foam 0.3 cm high at margin and covering 
whole surface of liquid 0.8 

foam 0.3 cm at margin, not covering centre 
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of liquid surface 

no foam 

0.4 

0.0 

Since the reaction is katalytic, coarse pyrite crystals would have less effect 

than an equal content of finer pyrite crystals or aggregates. Other sulphides or 

organic sulphur compounds present might cause an exaggerated reaction: especially 

finely-divided Fes, or organic matter with a low C/N ratio and a relatively high 

S content. Within a specific sedimentary region, however, the size of pyrite crys- 

tals, 

constant. After standardization within specific areas, this method would seem to 

have promise as a very rapid and simple field estimate. 

A specific extraction method for pyrite was worked out by Petersen (1969), consis- 

ting of successive extraction of a soil sample in a Soxhlet apparatus, first 

15 hours with 20 per Cent HC1 and then 15 hours with 68 per cent HNO3. Iron con- 

tents were determined by titration after elimination of organic matter involving 

two evaporations and heating in an electric oven. The iron contents of the se- 

cond extract showed 99-103 per cent recovery of added pyrite; a standard devia- 

tion of 0.05 per cent Pyrite (single determination); and calculated pyrite figures 
of 0.09 and 0.17 per cent for pyrite-free samples. 

the kind of organic matter and other modifying factors might be relatively 

X-ray diffraction and fluorescence methods 

X-ray diffraction has also been used to determine pyrite or total S in the labo- 

ratory. 

Rasmussen (1951) measured Pyrite concentrations in soil materials by X-ray dif- 

fraction with MgO as an internal standard. For samples requiring less precision, 

MgO was omitted and a correction factor applied dependent upon the percentage 

loss on ignition: approximately constant (1.0) for ignition losses up to 40 

per cent, and then increasing roughly proportionately to 1.7 at ignition losses 

of 80 per cent (graph based on few observations). 

Petersen (1969) measured pyrite in soils by an X-ray diffractometer method with 

internal MgO standard and correction for quartz interference, by measuring inte- 

grated intensities over the strongest lines of quartz, pyrite and MgO. Good agree- 

ment was obtained with the chemical method (Soxhlet extraction), but with a 

standard deviation of 0.3 per cent pyrite (single determination). 

Total sulphur determinations in soils by X-ray fluorescence were compared with 

other methods and found satisfactory by Tabatabai and Bremner (1970), and deter- 

mination of total S (and total Ca) in soil samples presents no difficulties in, 
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for example, the X-ray fluorescence routine of the laboratory of the Dept. of 
Soils, Wageningen University. Besides sulphide S ,  total sulphur includes a gene- 

rally small amount of S in stable organic compounds, as well as acid sulphates 

and (neutral) calcium sulphate. Total Ca includes, besides Ca in carbonates, cal- 

cium sulphate, calcium in mainly sand and silt minerals (Ca feldspars, for exam- 
ple) and exchangeable Ca. In order to arrive at an indication of the maximum to- 

tal acidity to be expected after complete oxidation, one would need to know the 

oxidizable ferrous iron content in addition to total S and Ca. This would defeat 
the object of speed and simplicity. Even then, the presence of different S and 

Ca compounds, non-reactive or acting very slowly, make the results only approxi- 
mate. However, rapid X-ray fluorescence methods could produce the data needed 

to identify "sulphidic" materials according to the USDA (1970) definition if it is 
known that the materials are reduced (contain S mainly in sulphide form) and if 
the approximation of carbonates through total Ca is accepted (if gypsum is ab- 

sent). 

If X-ray fluorescence measurements include Mg besides S and Ca, this would provi- 
de a rough measure of the slower-acting neutralizing compounds. That might allow 

more accurate prediction of the soil development after drainage under field con- 
ditions than on the basis of S and Ca alone. 

Microscopic estimation of pyrite 

Microscopic methods for identification and estimation of pyrite in soil materials 

have been in use for a long time. 

Harting (1852), as quoted by Poelman (1972a) described pyrite from the soil below 

Amsterdam, recognizing mainly coherent groups of dark greenish black more or less 

rounded bodies, 30-100 microns diameter, occurring in layers with organic remains, 

and some larger crystal's of cubic or pentagon dodecahedral shape. 

Eswaran (1967) described and illustrated a gradual change from round pyrite bodies 
to angular crystals in the reduced zone of an acid sulphate soil in Malaysia. 

Love and Amstutz (1965) gave a detailed description of round pyrite aggregates 

("framboids") and Rickard (this symposium) summarized data on their formation. 

Van der Spek (1934) first mentioned, to our knowledge, the metallic lustre of 

the groups of round black pyrite aggregates occurring in partially decomposed 

plant remains and in diatom remnants, which is used as a determining characteris- 
tic by the Dept. of Soil Science and Geology, Wageningen Agricultural University. 



Van Bemmelen (1886) found a relation between the content of ferrous sulphides and 

microscopically observed pyrite. The pyrite occurred as black round aggregates, 

mostly in groups, and locally clearly cubic. 

This needed to be distinguished from brownish black or reddish brown round 

aggregates which were also present. These occurred mainly in materials with 

yellow ferric sulphate efflorescence; were dissolved in HC1, in contrast to the 

black, true pyrite, aggregates; and did not show a relation to the content of 

ferrous sulphides. 

Pons (1964) developed a method for microscopic semi-quantitative estimation of 

pyrites in soil materials, which was modified by Slager (1967). 

The original method showed good correlations for samples from Suriname and (Bri- 

tish) Guyana with oxidizable S determined by two chemical methods (SO,+ increase 

after oxidation by HzOz and strong acids respectively) in the range from 0.5 to 

2.5 per cent pyrite S .  Standard deviations of single estimations compared with 

chemical data were of the order of 0.3 and 0.2 per cent S respectively. Standard 

deviations of single estimations by the modified method were between IO and 20 
per cent of estimated Percentage (no chemical data were available). The method 

with slight further modifications is described below. 

A quantity of material containing about 1 g dry soil is suspended in 10 ml wa- 

ter by shaking in a small Plastic tube or bottle with some 5 steel balls, 4-5 mm 

diameter, added to speed dispersion. Immediately after shaking, a drop of suspen- 

sion (0.05 ml) is Placed on a microscope objectglass by a small pipette. Most of 

the water is evaporated by gentle heating and a drop of glycerine is added. A 

homogeneous suspension is made by stirring with a needle, and covered by a cover- 

glass of known surface area. In the Preparation, pyrite bodies are recognized as 

spheres, clusters of spheres or - more rarely - angular fragments, opaque in 
transmitted light, or very bright metallic green in incident mercury light (Sla- 

ger and co-workers, pers. CO”.). Pyrite bodies are counted in size classes diame- 

ters 2-6; 6-10; .... 58-62; ... microns. These would be equivalent to 1 ;  2; .... 
15; ... units of an ocular micrometer (10 mm in 100 divisions) with a 25x ob- 

jective magnification. Counting should cover all pyrite bodies the centre of 

which lies within strips of, for example, 400 microns wide and 10 mm long. Factors 

for calculation follow. 

mg Fes2 in pyrite sphere of D microns diameter equals: 

5.0 x  IT/^ x D 3  x IO-’ = 2.6 x IO-’ x D 3  



mg S in pyrite sphere of D microns diameter equals: 

64 /120  x 5 x "ir/6 x D 3  x lo-' = 1 .4  x IO-' x D 3  

Weight percentage of Fes2 or S equals: 

20 x B/A x (total milligrams Fes2 or S counted) 

B is surface of cover glass and A is total surface of strips counted, both 

in square nun. 

M O D I F Y I N G  CIRCUMSTANCES 

Pyrite oxidation 

There have been some statements in the literature that pyrite may persist in 

oxidized soils almost indefinitely. Their degree of relevance to the development 

of acid sulphate soils can be inferred from published findings and experiments, 

some of which are summarized below. 

Quispel, Harmsen and Otzen (1952)  found that oxidation of pyrites was significant- 

ly slowed but not stopped by high pH or high levels of phosphate in solution, 
presumably by their depressing effect on Fe solubility. Harmsen (1954)  found signi- 

ficant amounts of total sulphidic S (exceeding 0 .25  to 0 . 4  per cent) in some well 

aerated, old cultivated, strongly calcareous soils (14-16 per cent CaCo,). In less 

calcareous soils he did not find more than 0.21 per cent sulphidic S, and often 
much less. Hart (1962)  considers that the relatively slow oxidation of part of 

the pyrite is due to a relatively coarse particle size, not to an inherently grea- 

ter resistance to oxidation. He considers time periods of 1 to 2 months, not 

years. 

These are the three sources quoted by Starkey (1966)  for his statement that ap- 

preciable amounts of pyrite may still be found in dry land many years after it 

was reclaimed and cultivated. According to the data in Harmsen ( 1 9 5 4 ) ,  this only 

applies in soils with an appreciable excess of calcium carbonate over that needed 

for neutralization of potential acid. In other cases the amounts of pyrite remai- 

ning after 1 or 2 seasons of intensive oxidation are expected to be small. 

Liming potential acid sulphate material with sufficient CaC03 to neutralize most 

of the acid that could form by oxidation slowed sulphur oxidation to about 10-20 

per cent of the value without liming in an experiment (Hesse 1961)  where the pH 

remained above 7 throughout, while in a related experiment where the pH remained 

between 6 and 7, sulphate production was as high as in the unlimed samples with 

final pH values of 3.3 or higher. 
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Rasmussen (1961)  found rates of pyrite oxidation highest in moist materials with- 

out CaC03 or H~SOI, additions. Such additions decreased the rate by more than 90 
per cent, but did not stop oxidation. (Pyrite in dry material did not oxidize at 

a measurable rate.) 

Van der Spek (1934)  found a very small proportion (legs than 0.1 per cent) sulphi- 

de or free S after oxidation of acid sulphate soil materials under field conditi- 

ons (determined on material with yellow efflorescence from a ditch side). 

Pons (1960)  states that pyrite in sediments rich in calcium carbonate is oxidi- 

zed very slowly, disappearing over a period of centuries; but that in acid soils 

almost all of the pyrite is oxidized rapidly, with exception of a very small 

amount remaining almost indefinitely. 

Harmsen (1962)  discusses oxidation experiments on a mangrove soil material with 

about 4 per cent oxidizable sulphur and 0 . 5  per cent CaC03, indicating that py- 

rite will oxidize in a soil at widely different pH, but at widely differing rates, 

both pH dependent and time-dependent. The latter is explained by the presumed 

difference in size of Pyrite particles, only coarse ones remaining after a long 

period of oxidation. 

Studies by Wiklander, Hallgren and Johnsson (1950)  a.o. show that lime speeds 

up the oxidation from s to sulphate, whether the pH is above 7 or below. Only 
the pyrite oxidation seems to be slowed down by a soil reaction above neutrality, 

therefore. 

It seems clear from these studies that most of the pyrite found in soils with 

less than the equivalent amount of lime may be expected to be oxidized in the 

course of months or at the most a few years, if sufficient oxygen is present. 

The presence of oxygen in a potential acid sulphate soil after drainage is not 

necessarily assured, however. 

Bloomfield (this symposium) found that in a year of leaching an undisturbed 

potential acid sulphate soil core with a total of 1000 mm distilled water, about 

16 per cent of total S was removed. Oxygen could diffuse to the bottom of the 

soil column, but at what rate is not stated. Bloomfield also quotes earlier work 

showing that much residual pyrite remained in a Malayan acid sulphate s o i l  after 

5 years severe leaching. In both cases, possibly the moisture content during 

leaching remained too high for optimum pyrite oxidation. This would be suggested 

by the locally high pH near the bottom of the soil cores. Another part explana- 

tion may be that much of the pyrite oxidized and transformed into basic iron sul- 

phates occurred along pore walls in the s o i l  core, and that leaching water moved 
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preferentially through pores. This would also explain the very acid effluent com- 

pared with the less acid soil reaction. 

It would seem considerably easier to eliminate sulphates from a soil in a strong- 

ly seasonal (monsoon) climate than in a perennially wet one like in Malaya, which 

might hamper efficient oxidation. Climate, too, would need to be taken into ac- 

count, therefore, when attempting predictions of the severity of acid sulphate 

conditions after drainage. 

Even in climates where non-acid sulphate soils can be drained and will ripen ra- 

pidly, drained acid sulphate soils are often underlain at a characteristically 

shallow depth by soft, unripened or partly ripened, reduced pyrite-containing 

material. Drains only exert a very low suction on soil water, while ripening re- 

quires high suctions. 

the soil mass will eventually bring about ripening and oxidation; and a very PO- 

rous "sponge" structure of many root channels in the reduced material may speed 

up the  desiccation; but living roots with their high suction maintained by 

transpiration are most effective for rapid ripening. Where potential acid sulphate 

soils occur without sponge structure (without considerable tubular porosity), the 

oxidation front moves down slowly after drainage, since most plant roots cannot live 

when acid sulphate conditions develop in the upper horizons. Also ,  the soluble 

acids are leached out very slowly in this case. On the other hand, in potential 

acid sulphate soils with sponge structure, after drainage the root channels rapidly 

become coated with jarosite or iron hydroxides, their walls develop an extremely 

acid reaction (high proportions of exchangeable aluminium) and their stability is 

high (Pons 1963) .  Vlek (1971)  found a very good correlation between permeability 

and jarosite content. Detailed structure and permeability profiles of potential 

acid sulphate sulphate soils will need to be known, therefore, in order to predict 

the nature and speed of soil development after drainage. 

Besides these factors, the way in which the pyrite is distributed in the soil ma- 

terial has considerable influence on the effects of its oxidation. If pyrite 

is evenly distributed (primary pyrite or secondary pyrite associated with fine root 

remnants for example), much of the acid formed upon oxidation may attack soil com- 

ponents, while leaching may account for a relatively small proportion. If pyrite 

is distributed heterogeneously through the soil, mainly in large root remnants 

for example, a larger proportion of the acid formed upon oxidation is leached 

out through the root channels, which at the same time become stabilized, and the 

leaching is more rapid as well. Where the pyrite distribution is more heteroge- 

neous, the limit between the formation of acid sulphate soils and pseudo acid 

Slow evaporation from the surface with saturated flow through 
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sulphate soils may be expected at higher pyrite percentages, therefore; and if 

acid sulphate soils are formed, they may be expected to change into pseudo acid 

sulphate soils more rapidly than where the pyrite is more homogeneously distri- 

buted through the soil material. 

Neutralization of acids 

Besides the oxidation of pyrite, the neutralization of the acids formed in dif- 

ferent conditions will need to be considered in the prediction of  the severity 

of acid sulphate conditions. One neutralizing component is dealt with rather 

simply. Calcium carbonate neutralizes equivalent amounts of acids rapidly and at 

pH levels near neutral. 

After dissolution of calcium carbonate present, (and part of any dolomite) and 

probably concurrently with further dissolution of dolomite if present, further 

acids formed displace exchangeable basic cations while the pH drops from near neu- 

tral to about 4 .  Acids equivalent to somewhat more than half the cation exchange 

capacity can thus be adsorbed before there is a hazard of toxicity, since most 
reduced sediments containing appreciable pyrite are base saturated. 

When dissolution of carbonates and adsorption of acids have been taken into ac- 

count, further acids formed still do not depress the soil reaction to the levels 

one would expect if the remaining soil components would be inert. To obtain an 

indication which minerals might neutralize acids in different conditions we 

summarized some very approximate estimates in the following table. Van Breemen 

(this symposium) deals with acid dissolution of minerals in more detail. 

Calcium carbonate stands Out in neutralizing speed and, with dolomite, in neutra- 

lizing capacity. The cc"mn clay minerals either act very slowly or at a very 

low pH or both. Dissolution Of montmorillonite is suspected by van Breemen (pers. 

com.) to be responsible for much of the neutralization observed below pH 4 in 
Some acid sulphate soils in Thailand. Mg chlorite could play a part in keeping 

the pH above or about 4 where Pyrite oxidation is very slow. Field evidence from 

Thailand suggests that the same may be the case with chamosites and/or glauconi- 

tes ("green minerals"), but for these we have no pH or speed data. Their neutrali- 

zing capacity is less than that of Mg chlorite, but similar to that of e.g. mont- 

morillonite. 
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x 

NEUTRALIZING CAPACITY OF DIFFERENT SOIL MINERALS 

MINERAL APPROXIMATE NEUTRALIZING OR APPROXIMATE NEUTRA- 

LIZING NEAR BUFFERING pH BUFFERING SPEED4 OR ABOVE p~ 4 I ,  meI100g 

Ca carbonate 2000 8-7 very high 

do lomi t e 2500 7-6? moderate 

Mg chlorite < 1800' >7 low? 

chamosites 450-6003 ? ? 

glauconites I 25-2503 ? ? 

vermiculite < 1500' ? ? 

beidellite <4002 4 1 ow 

kaolinite O L  <3.5 

montmorillonite <3502 4-3 moderate 

illite <4502 >4 very low 

very low 

plagioclase 500' 8-6 very low 

disregarding contributions from ferrous iron and aluminium 

calculated from compositions quoted in Scheffer and Schachtschabel (1960)  

calculated from compositions quoted in Porrenga (1967)  

strongly dependent upon degree of crystallization ' 

Soluble salts and leaching of acids 

Salts (chlorides and sulphates) in the soil solution would not be expected to 

participate directly in neutralization, but they are beneficial in two other 

ways. Salts in the leaching water are a very efficient leaching agent for acids, 

since they displace acid cations from the exchange complex. Also, as long as the 

soils are still reduced, the salts aid in maintaining a degree of structure sta- 

bility and porosity, thus indirectly aiding the leaching of acids after oxidation. 

Besides neutralization, the degree of leaching before oxidation is an important 

factor in the prediction of acid sulphate conditions. 

Hesse (1961)  oxidized saline fibrous mud (marginal potential acid sulphate mate- 

rial) from Sierra Leone without leaching salts, and after leaching salts with 

fresh water, in one experiment starting from fresh (reduced) mud, in a second 

starting with previously air-dried material. No total S figures were quoted, but 

the material contained at least about 0 .7  per cent S and apparently no calcium 

carbonate. Leaching salts from fresh mud decreased the final sulphate content 

found after subsequent moist oxidation but lowered the pH by about 1.5 unit 
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(to pH 3.2)  compared with mud oxidized while saline (pH 4 . 6 ) .  Clearly, buffering 

by soluble salts kept the clay from becoming dangerously acid. Leaching salts 

from previously dried mud, in which about half of the sulphur had been oxidized 

to sulphate by that time, decreased the final sulphate S content after moist 

oxidation to some 0.1 per cent, and kept the pH as high as 4 .8  (well above the 

danger zone). These experiments suggest that, in fact, the degree of leaching, 

and the difference between leaching before or after part oxidation, have a do- 

minant influence on the severity of the eventual acid sulphate problems. 

Harmsen (1962)  in oxidation experiments on a mangrove soil material with about 

4 per cent oxidizable sulphur and 0 . 5  per cent CaC03, found that where the soil 

in the field was allowed to oxidize by drainage under conditions of periodic ti- 

dal inundation, the pH did not fall into the danger zone, while the topsoil 

drained without the benefit Of saline inundation water attained a pH as low as 2 . 3 .  

Pons (1963)  reports results of slow air drying of potential acid sulphate materials 

without and with prior desalinization by leaching. The final pH of the saline 

samples was abour 0 . 5  to 1.5 units higher than of the desalinized ones, in spite 

of the salt effect. The sea water must have caused some buffering, therefore. 

In addition, during subsequent leaching by drainage, the salt present would in- 

crease the proportion of acid leached out, by competition with the acid cations 

for exchange sites. ,These two factors could explain why noncalcareous sediments 

high in pyrite, both in Suriname and in Guyana, if drained and oxidized in 
saline conditions, hardly ever develop into true acid sulphate soils. They often 

show jarosite-yellow mottles and streaks along old root channels, presumably by 

strong very local acidification ("pseudo acid sulphate soils"), but this mere.ly 

increases their structure stability and permeability, and does not impair their 

productivity. 

CONCLUSION 

There is no single, commonly accepted method for the identification and predic- 

tion of acid sulphate soils, and different methods are appropriate in different 

conditions. 

It is clear that data on pyrite or total sulphur and calcium carbonate contents 

are not sufficient by themselves to predict the occurrence and severity of futu- 

re acid sulphate soil conditions after drainage. In addition, one would need esti- 

mates of the contents of exchangeable bases or c.e.c. and base saturation per- 

centage; of salts if any; and of 2 : l  clay minerals. Apart from this, one would 
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need to know whether acid waters from elsewhere would be liable to flood the area 

to be used; whether seepage, or very slow permeability of the reduced soil, would 

hinder or prevent efficient drainage and oxidation; whether seepage water would 

contain sulphur compounds; whether sea water would be available for short-term 

flooding; if irrigation water to be used contains calcium bicarbonate; and whe- 

ther the climate and envisaged drainage can ensure efficient oxidation by allow- 

ing the rapid development of a permeable, ripened, soil structure. 

Although they may cause tremendous problems at certain times and for certain pe- 

riods, acid sulphate conditions are not permanent soil characteristics. A number 

of variables that need to be taken into account in predicting the expected seve- 

rity of acid sulphate conditions can be modified by man to either minimize the 

severity of the acid sulphate conditions or to speed the soil through its acid 

sulphate stage to a productive situation. That, however, is the subject of another 

session of this Symposium. 
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Smmary 

The e x i s t i n g  methods f o r  i d e n t i f i c a t i o n  and predic t ion  of acid sulphate soil 
conditions are c r i t i c a l l y  reviewed. comments per ta in  t o  dependabili ty of r e s u l t s ,  
p r a c t i c a b i l i t y  of procedures and consiskency of concepts in the  l i g h t  of up t o  
date information on nature and behaviour of acid sulphate s o i l s .  Subsequently 
are discussed f i e l d  i d e n t i f i c a t i o n  and analy t ica l  methods. Some l i t t l e  known but 

expedient techniques are described in d&aiZ. Special emphasis i s  given t o  chemi- 

cal  t e s t s  on poten t ia l  acid sulphate s o i l  material  f o r  predic t ion  of conditions 
following drainage. The o f t e n  heterogeneous material  requires high sampling den- 
s i t y  which implies  quick and simple analy t ica l  techniques.  The usual methods 
reproduce or ind ica te  readi ly  occurring oxidation, a c i d i f i c a t i o n  and neutra l i z ing  

processes in the s o i l  sample wi th in  a closed system. For dependable in terpre ta t ion  

of the  t e s t  r e s u l t s ,  modifying f i e l d  conditions should be taken i n t o  account, i n  

par t icu lar  mass transportat ion i n  open systems and i n t e n s i t y  fac tors .  It i s  con- 

cluded t h a t  no s ingle  o f  the e x i s t i n g  methods has general a p p l i c a b i l i t y  f o r  the  ob- 
j e c t i v e  in consideration and it is recommended t h a t  d i f f e r e n t  combinations of geo- 

graphic, morphometric and analy t ic  methods be applied t o  s u i t  d i f f e r e n t  s i t u a t i o n s .  

Réswné 

Cet introduetoire  passe en revue crit iquement l e s  méthodes permettantes l ' i d e n t i -  

f i c a t i o n  e t  la prognose de l ' é t a t  s u l f a t é  acide du s o l .  Les méthodes ex is tantes  
ont é t é  jugées pour sûreté ,  p o s s i b i l i t é  pract icable  e t  logique de la conception 

vu l ' in formation ac tue l le  sur l e  caracte're e t  l a  dynamique des sols  sul fate 's  
acides.  Discussids sont successivement l ' i d e n t i f i c a t i o n  dans l e  t e r r a i n  e t  l e s  
méthodes analytiques.  Quelques techniques peu 
expliquées en d é t a i l .  A t ten t ion  spéciale  a é t é  donnée cì l 'analyse chimique des 

roches mère sul furiques dans l ' i n t e n t i o n  de pronostiquer l ' é t a t  du s o l  apre's 

drainage. I1 f u u t  une échantil lonnage in tens ive  Ct cause de l 'hétérogénéi té  des 

matériaux e t  par conséquent méthodes analytiques rélativement rapides e t  simples.  
Les méthodes usue l les  sont  ind ica tr ices  du cours des processus d 'oxidat ion,  ac id i -  

f i c a t i o n  e t  neutra l i sa t ion  c o m e  i l s  avancent c o u r m e n t  dans Z'échantilZon dans 

un système fermé. Pour une in terpré ta t ion  sûre des r é s u l t a t s  i 2  f a u t  l e s  corriger  

pour l e s  e f f e t s  modifiants des conditions a c t u e l l e s  dans l e  terra in ,  tenant compte 

surtout  du transport des matériaux dans l e s  systèmes ouverts e t  des d i f férences  
en i n t e n s i t é  des p r 0 c e s s u s . L ~  conclusion e s t  qu'on ne peut  pas a t t r ibuer  à aucune 
des méthodes ex is tantes  u t i l i t é  générale pour l ' o b j e t  en quest ion,  e t  q u ' i l  f a u t  
u t i l i s e r  dans chaque s i t u a t i o n  une combinaison assor t i ssante  de méthodes géogra- 
phiques, morphologiques e t  analytiques.  

202 

connues muis t r è s  pratiques ont é t é  

P 



Resumen 
Se da una resena c r i t i c a  de los métodos para l a  ident i f icac ión  y e l  pronóstico 
de ácidos su l fá t icos  en suelos.  La c r i t i c a  toea a l a  certeza de resu l tas ,  l a  
conveniencia del  procedimiento y la lógica del  concepto, dada l a  información 
recién sobre l a  naturaleza y e l  desarrollo de los suelos ácidos s u l f á t i c o s .  Conse- 
cutivamente son tratados l a  i d e n t i f i c a c i ó n  en e l  campo y los métodos anal i t icos .  
A Zgunos procedimientos poco conocidos pero muy convenientes han s ido  descri  t o s  
detallados. Se presta ateneidn especial a las  experieneias quimicas con muestros 

de suelo su l fur ico ,  a l  fin del  pronosticar e l  desarrollo despuès d e l  drenaje de 
ácidos su l fá t icos .  Porque normalmente la  materia es  m y  heterogénica, se necesi ta  
una grande cantidad de muestras y puds procedimientos anal i t icos  rápidos y sencil- 

los. Las experieneias usuales reprodueen o indican los corrientes  procesos de oxi-  
dación, acid i f icac ión  y neutral izacidn transcurriendo en muestras de suelo dentro 

sistema cerrado. Para e l  interpretar  de las  resu l tas  se necesi ta  cargar en cuenta 
las  modificaciones débidas a las condieiones concretas en e l  campo, sobre 

todo los e fec tos  de traslaeidn de materias en sistemas abiertos  y de di ferencias  

en intensidad de los procesos. Se concluye que ningun de los métodos e x i s t i e n t e s  
t i ene  conveniencia general para e l  objeto perseguido, y se  recomenda l a  aplica- 

ción para cada s i tuación,  de una propiada combinación de métodos geográficos, 
morfológicos, y anaZit icos .  

Zusmenfassung 
Die Methoden fiir die  Ident i f i z ierung und Vorherbestimmung sul fatsaurer  Bodenver- 

häZtnisse werden k r i t i s c h  bewertet. Zuuerlüssigkeit, praktische Anwendbarkeit und 
theoretische Ausgangspiinkte der Methoden werden gepriift und verglichen m i t  den 
neuesten Anschauungen iiber d ie  Natur und das Verhalten sul fatsaurer  Böden. So wird 

behandelt d ie  Ident i f i z ierung i m  Felde und d ie  analytischen Verfahren. Einige wenig 
bekannten, doch geeigneten Verfahren werden ausfiihrlich beschrieben. Besondere Auf- 
merksamkeit bekomen d ie  chemischen Versuche m i t  su Zfidhaltigem Ausgangsmaterial 
zur  Vorherbestimmung sul fatsaurer  Bodenverhältnisse i n f o l g e  kiinftiger Entwüsserung. 
Die Heterogenität dieser  Ausgangsmaterialen er forder t  meistens eine Kombination in- 
tens iver  Probenentnahmen m i t  einfachen Schnellanalysen. Die iiblichen Verfahren be- 
zeichnen den f e r t i g e n  Verlauf der Oxidation, Versauerung und Neutralisation i n  BO- 

denproben innerhalb eines  geschlossenen Systems. Fi i r  d i e  zuverZüssige Vorherbestim- 

mung so l len  die Ergebnisse der Versuche korr ig ier t  werden fiir zusätz l iche Wirkungen 
ree ler  Feldverhältnisse, besonders des Massentransports i m  of fenen System und der 

In tens i tä t sd i f ferenzen  
keine einzelne der  iiblichen Methoden allgemeine Anwendbarkeit hat fiir das beabsich- 

t i g t e  Zweck, und es w i r d  empfohlen fiir verschiedene Lagen entsprechende Kombinatio- 
nen von geographischen, morphologischen und analytischen Verfahren anzmenden. 

fiir zrerschiedene Prozesstufen. Die Konklusion i s t ,  dass 
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PHYSIOGRAPHY, CLASSIFICATION, AND M4PPING OF ACID SULPHATE SOILS 

W. van der Kevie 
Food and AgricuZture Organization o f  the United Nations 

Introduction 

Though acid sulphate soils may occur in inland areas (Chenery 1954) ,  they are 

usually restricted to areas relatively close to the sea, where they have formed 
on marine and estuarine deposits. They have been described in various parts of 

the world, from cold temperate climates to the humid tropics, but it seems that 

they have their largest extent in tropical deltas. 

For the classification and mapping of acid sulphate soils, it is necessary to 
know under which conditions they form and to understand the relation between 

their occurrence and landscape features such as vegetation and land forms. 

Sedimentation environment 

All acid sulphate soils have developed from sediments that have a high content 

of sulphides which have been fixed and accumulated by reduction of sulphates from 

the sea water. Such sediments occur mainly in narrow coastal zones of swampy land 

which are regularly flooded by sea water. At places where big rivers debouch into 
the sea and where deltas are formed, large areas of swamp land under the daily 

influence of brackish water may extend quite far inland. For instance Giglioli 

and Thornton (1965)  reported the penetration of brackish water in the Gambia ri- 

ver to be 115 miles upstream and a swamp area with brackish water deposits exten- 
ding to about 100 miles inland. 

In the tropics littoral swamps consist of almost flat land covered with regular 

belts of Avicennia and Rhizophora mangroves with mixed forest of low, salt-tole- 

rant trees or grasslands on the land side of the swamps. 

If the swamps extend farther inland, more complicated vegetation patterns may 

occur, with different species on the banks of the tidal channels and farther away 

from them. For instance in semi-humid tropical climates in West-Africa, the tidal 

streams are bordered by galleries of Rhizophora racemosa which are within the 

limits of daily flooding with brackish water. Farther away from the channels, on 
slightly higher land, Avicennia nitida is found (Giglioli and Thornton 1965) while 

the highest land between the tidal streams, which has been silted up so high that 

flooding only occurs at high tides during the rainy season, is barren or has very 
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scanty vegetation of Sesuvium. Similar vegetation patterns, but with different 

species of mangrove trees, occur in Southeast Asia. On the low mud flats along 

the coast, and along the lower courses of rivers and tidal channels, Avicennia 

marina is mainly found, while farther upstream on the banks of tidal channels 

there is a mixed forest of other Avicennia species (officionalis and alba), 

Sonneratia (alba and caseolaris) , Rhizophora (mucronata and apiculata) , Bruguiera 
(gymnorrhiza, parviflora, sexangula) and Nipa palms (Nipa fruticans). On the 

higher land, which is flooded at spring tides only, there are more trees, such as 

Xylocarpus (mekogensis and obovatus), Cereops, and Lumnizera, and many non-mangro- 

ve trees such as Heritiera, Combretum, and Thespesia. In monsoon climates like 
that of Central Thailand, barren flats partly covered with Sueda maritima are 

found on tidal land that is only flooded in the rainy season. Grasslands with 

sedges and rushes may occur on the land side of mangrove swamps. Brackish water 

marshes in temperate climates are normally not covered with forest, but carry a 

vegetation of grasses, reeds, and other low herbaceous vegetation. 

The deposition of sediments and the formation of soils is closely related to the 

vegetation pattern. Not only is there a relation between kind of vegetation on 

the one hand, and elevation, flooding conditions, and salt content of flood wa- 

ter and sediments on the other, but there is also a relation between the presence 
of  a high content.of su1p:lides in the sediments and other factors which are often 

related to the kind of vegetation: 

a) a permanent, highly reducing environment 

b) a sufficient supply of sulphur 

c) high content of organic matter 

The optimum environment for accumulation of sulphides is thus an area at some 

distance from moving water (a) - thus not near the sea shore or on the banks of 
rivers and tidal channels - which is regularly flooded by salt water or brackish 
water (b), and where the sediments are permanently saturated (a). In such an en- 

vironment Rhizophora-Bruguiera forest thrives (with or without Nipa palms, which 

grow in slightly brackish environment in Southeast Asia) and its dense fibrous 

root system provides a high content of  organic matter (c) that can be used by 

sulphate-reducing bacteria for their energy supply. 

Avicennia and Sonneratia species, which are more salt tolerant than Rhizophora- 

Bruguiera and Nipa, grow on the better drained and more saline parts of the swamp 

area - on the mud flats along the sea shore and on the banks of the tidal channels. 
Avicennia is also found on the higher very saline areas that are only flooded at 
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spring tides. The root systems of Avicennia and Sonneratia are not s o  dense as 
those of Rhizophora and Bruguiera and sulphide accumulation in soils under the 
former vegetation is consequently much less. In some of the higher areas under 

Avicennia forest however, high concentrations of sulphides may occur due to the 

fact that Avicennia is here a secondary forest following Rhizophora, which died 

because of high salinity and drought. 

In the formation of potentially acid sulphate soils, it is not only the concen- 

tration of sulphides that is important, it is also the content of neutralizing 
components that will prevent a strong acidification after oxidation of the su l -  

phides upon drainage. 

One of the main neutralizing components is calcium carbonate and its occurrence 
is largely determined by the quality of the river water that mixes with the sea 

water in the swamp area. However, even with a considerable supply of lime from ri- 
ver water, precipitation of CaC03 may be limited if the carbon dioxide tension is 

high, (formation of soluble Ca(HC03)Z). This is true in very poorly drained sedi- 

ments with a high organic matter content, where the conditions for production 
and preservation of CO2 are favourable. At the same time these are conditions 

that are also favourable for the fixation and accumulation of sulphides. It is 

therefore understandable that sediments that have very high contents of both 

sulphide and calcium carbonate will on ly  be found in those mangrove swamps that 

are flooded by river water with an extremely high calcium carbonate content, 

as may occur along coastal areas with limestone hills. 

Other important neutralizing components are easily weatherable iron silicate mi- 

nerals such as chlorite and chamosite, which can be formed on shallow sea bottoms. 

These minerals have a green colour and if the organic matter content in the se- 

diments is relatively low, these minerals may give the sediments a typical 

greenish-grey colour. Greenish-grey sediments are therefore often found in the 

better drained parts of the swamp area, thus along rivers and tidal channels and 

in the higher silted up areas carrying only sparse vegetation. There are, how- 

ever, many brackish swamp areas where these minerals do not occur in the sedi- 

ments. 

Coastal Swamps are usually dissected by rivers and tidal channels. The rivers may 

have low levees of sediments that are slightly lighter textured than the backswamp 
deposits. In areas where the rivers are draining hilly or mountainous land not 

far from the coast, the levees may be more pronounced. Very little sulphide will 

be accumulated in these levee sediments due to relatively good drainage. 
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Very inconspicuous levees occur along tidal channels that have no hinterland 
other than the swamp area itself. Yet drainage is also relatively good along 

these channels due to the daily tides, and very little sulphide is accumulated 
in the sediments bordering these channels. However, as the swamp areas extend 

into the sea by accretion, the tidal channels may eventually silt up and draina- 
ge of the former levees wil deteriorate. The original vegetation will change and 
a considerable quantity of sulphides could still accumulate in the levee deposits. 

Some of the mangrove swamp areas in the humid tropics are characterized by the 
presence of large mounds built UP by mud lobsters (Thallasima anomale) (Andries- 
se and Sim 1968, Pons and Van der Kevie 1969) .  These lobsters bring up reduced 

unripe soil material from the subsoil and build it into mounds that may be as 
high as one metre. Many of the mounds are 100 to 200 cm wide at the base and some 
overlap to form even bigger mounds. The soil material of these mounds is exposed 

to aeration and oxidation and if the material contains sulphides it will rapidly 
become extremely acid. The mounds occur in varying densities. In mangrove swamps 
in Sarawak for instance, it is normal to find 500 to 1500 mounds per ha but even 
more than 5,000 per ha may Occur (van der Kevie' 1969) .  These mounds will gradual 

ly erode and flatten and the activities of the lobsters thus cause the soil to 

mix thoroughly, resulting in surface soils that are very acid. 

In other swamps, such as in Central Thailand, where these lobsters do not live, 
perhaps because of higher salinity, no high mounds will be found, though crabs 
may build up low hills 10 to 20 cm high. In these swamp deposits it is normal 
that the surface soil is considerably less acid or potentially acid than the 

subsoil with its high content of organic matter caused by decomposition of fi- 

brous roots. 

Land forms 

After the sulphide-containing sediments of the brackish water swamps have been 

drained - either naturally by Coast accretion or sea level subsidence, or artifi- 
cially by reclamation - the Soils Will slowly ripen and acid sulphate soils will 
be formed. The environment Will change as other vegetation replaces the salt-to- 
lerant species and most of the tidal channels silt up.  Natural ripening may occur 
in a brackish environment, as often happens in semi-humid climates with a pro- 

l w. van der Kevie (FAO) .  Report on a visit to the proposed Sungai Sarawak Padi 
Scheme Area. 18-27 June 1969. 
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a .  Upstream of a r e a  wi th  a c i d  su lpha te  s o i l s  

b. I n  t h e  middle of a r e a  wi th  a c i d  su lpha te  s o i l s  

c .  Downstream of  a r e a  wi th  a c i d  su lpha te  s o i l s  

Driver loam and sand [ “ S J h r a c k i s h  water  c lay  

r i v e r  c l a y  m m a r i n e  c l a y  

Fig.  1 .  Three sch.ematic c ros s  s e c t i o n s  of t h e  Chao Phraya r i v e r  i n  

Thai land ,  s t reaming through an a r e a  wi th  a c i d  su lpha te  s o i l s  
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nounced dry season, or in a completely fresh water environment as happens in hu- 

mid tropical areas and perhaps also in temperate climates. 

The acid sulphate soils occur in almost flat plains, either as small inclusions 

in otherwise nonacid marine soils (van der Kevie and Yenmanas 1972) or as nearly 

homogeneous areas with only narrow strips of nonacid soils along rivers and some 

of the former tidal creeks. If not used for cultivation, these soils are normal- 

ly covered with grasses, rushes, and sedges (monsoon climate), or fresh water 

swamp forest and reeds (humid tropics and temperate climates). In humid climates 

organic matter may accumulate on the surface and the acid sulphate soils may be 

covered by peat (van Wijk 1951, FAO 1966) .  

In the inland part of areas containing acid sulphate soils, riverine sediments 

may be deposited on top of acid sulphate soils as the coast line progresses. 

Along large rivers with high silt loads, conspicuous natural levees will be for- 

med, and in the backswamp areas to0 riverine clays may cover acid sulphate soils. 

In very humid climates, this deposition of river sediments may occur before the 
brackish water sediments are ripened, resulting in river soils overlying soft, 

only slightly acid mud clays, containing Pyrites (van 't Woudt' 1969). After 

being drained these mud clays Will become extremely acid, while the overlying 

river sediments will also acidify because of acids rising to the surface. 

Figure 1 shows three schematic cross-sections of a river (here the Mae Nam Chao 

Phraya in Thailand) streaming through a delta. In the upstream areas, acid sulpha- 

te s o i l s  with unripened mud clay subsoils are covered by thick layers of riverine 

deposits. Along the rivers natural levees of fine loamy texture occur and these 

are several metres higher than the back swamps where 2-3 m thick layers of fine 

river clay are found on top Of acid sulphate soils. The unripened subsoils are 

dark grey and have a very high Pyrites content. At greater depth these pyrites 

clays are in turn underlain by greenish-grey marine deposits having relatively 

low contents of pyrites and organic matter. 

Somewhat more downstream, acid sulphate soils are exposed over large areas, but 

along the river low and narrow levees of fine loamy texture occur while a wide 

zone of backswamp area on both sides of the river consists of a thin layer of 

riverine clay Over acid sulphate soils. The riverine clays here may have red mot- 

tles and are rather acid because of acidification from below. As the river water 

contains calcium, fine gypsum crystals will be formed in these soils. 

' B.D. van 't Woudt: Report on swamp development in Southeast Kalimantan. FAO, 
October 1969. 
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In the downstream part of the area containing acid sulphate soils. where the 

river contains very little silt, the levees are inconspicuous and consist of ripe, 

nonacid, brownish mottled, grey soils formed on greenish-grey deposits. These 

are the sediments that were relatively well drained and covered with Avicennia- 

Sonneratia vegetation during deposition. Thus the areas with acid sulphate soils 

that still have some relief in the upstream parts are nearly flat in the down- 

stream areas. 

A very conspicuous landscape feature in the area with acid sulphate soils in 

Thailand is the presence of many so-called wallows, which are shallow rounded or 

sub-rounded depressions about 50 cm deep and with a diameter of 10 to 50 m. Some 

of them hold water throughout the year but most dry out for a few months in the 

hot season. Their origin is not well understood. They have been referred to as 

elephant wallows (Pendleton 1 9 4 7 ) .  It is more probable, however, that they have 

another origin. During sedimentation local concentration of vegetation may have 

caused a deficit of inorganic sediments in small areas, which resulted later in 

the formation of depressions after decomposition of the organic matter. The higher 

carbon content and dark colour of the soils in these wallows may be an indication 

of such an origin. However, these depressions have certainly been deepened 

considerably in recent times by water buffaloes using them as wallows during the 

dry season. Several kilograms of wet soil will be removed from a wallow as it 

sticks to the buffalo's skin each time he rolls in the mud. Afterwards, as the 

mud dries, it will crack and peel off somewhere else. 

One important aspect of acid sulphate soils is their age. There are very young 

soils that have formed on pyrites-containing sediment of recently reclaimed swamp 

areas; there are old holocene acid sulphate soils (Brinkman and Pons 1968; van 
der Kevie 1971)  formed on sediments that were deposited during a rising sea level; 

and there seem to be even pleistocene acid sulphate soils on low terraces sur- 

rounding the younger flood plain (Brinkman and Pons 1968). All these soils have a 

different appearance. The young soils are ripened to shallow depth and can be 

extremely acid with pH values of 2 to 3 .  The older soils are usually less acid 

and may be much deeper, particularly in climates with a pronounced dry season. 

They may have red and purple mottles, together with yellow mottles of jarosite. 

The pleistocene soils have a very firm consistence and no reduced mud clay is 

found in the subsoil. 
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Classification 

Many soil scientists regard as acid sulphate soils only those soils that contain 

cat clay (strongly acid clay with yellow jarosite mottles) at some depth in the 

profile. Others consider also nonacid mud clays with a high sulphide content, as 

these soils may acidify considerably after drying out and oxidation of the sul -  

phides to acid sulphates (Moormann 1963) .  

In Thailand the term "acid sulphate soil" is used for acid soils that are alrea- 

dy physically and chemically ripened and which have a high sulphate content and 

a cat clay horizon at some depth; the term does not cover the unripe "potentially 

acid sulphate" soils of the coastal swamps (van der Kevie 1971) .  

In the FAO/UNESCO Soil legend for the Soil Yap of the World (FAO/UNESCO 1968) the 

name Thionic Gleysols was used, which was later changed to Thionic Fluvisols 

(FAO/UNESCO, 1970). The latter, according to its definition, includes soils that 

have a thionic horizon containing an amount of sulphides and/or elementary sulphur 

which is sufficiently high to cause acidification of the soil upon oxidation 

to a pH (KC1)  of less than 3.5 within 100 cm of the surface (FAO/UNESCO 1968) .  

Not until the last edition of the Comprehensive Soil Classification System of the 

USDA (1970)  were the acid sulphate soils classified in a separate great soil 

group. Before that they were included in various great groups of the Aquepts 

(and Aquents for the Potentially acid sulphate soils). However, the latest draft 

of the American classification introduced the great soil group of Sulfaquepts, 

which comprises very acid soils that have a sulfuric horizon with yellow jarosite 

mottles and a pH ( I  : I  water) below 3.5 in some layer of the upper 50 cm of the 

profile. In Thailand and other intertropical regions therefore most acid sulphate 

soils will be classified as Typic Sulfaquepts or Sulfic Tropaquepts, but other 

subgroups and intergrades such as Histic Sulfaquepts and Histic Sulfic Tropaquepts 

may occur in wet equatorial climates where acid sulphate soils are covered with 

a layer of peat or muck. Sulfohemists, having a sulfuric horizon within 50 cm 
of the surface (pH / 1 : 1  water/ is IeSS than 3 . 5 ) ,  are the acid sulphate soils that 

are mainly organic. They are permitted to have any fiber content because of the 

relative importance of the sulfuric horizon (thus no soils are classified as S u l -  

fofibrists or Sulfosaprists). These soils are rare and probably occur only in 

the wet tropics. They are all considered to be typic. In monsoon climates with 

a strongly pronounced dry season Vertic Sulfic Tropaquepts may occur, having 

cracks in the dry season that are more than 1 cm wide at a depth of 50 cm. OOut- 

side the tropics Sulfaquepts and sulfic subgroups Of  Haplaquepts and Humaquepts 

occur. 
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The potentially acid mud clays occurring in swamp areas would have to be classif- 
fied as Typic Sulfaquents if they have a pH ( 1 : l  water) of dried soil that is 

below 3.5 in the upper part of the profile (within 50 cm from the soil surface 

if the n-value is > 1 ,  and within 30 cm if the n-value is 0.7 or less). The ac- 
tual soil reaction in the field, however, is normally only slightly acid to mildly 

alkaline. 
The presence of a histic epipedon or a buried Histosol is not considered important 

compared with the acidifying effects of drainage and aeration and therefore 
no histic subgroup is distinguished. However, potentially acid sulphate soils 

that are dominantly organic are classified as Sulfihemists. They have sulfidic 
materials within 1 m of the surface. Sulfic Hydraquents include very soft swamp 

soils (saline or fresh) that contain sufficient sulphides to produce a pH ( I : ]  

water) below 4.5 in the upper 25 cm or more, or have larger (as yet undefined) 

amounts of sulphides between 50 cm and I m. Sulfic Tropaquents and Sulfic Fluva- 
quents are similar soils, respectively in and outside the tropics, that are more 

ripe - having lower n-values (< 0.7) - in the upper part of the profile. Sulfic 

Haplaquents are mentioned in the American classification though they are not 

known to occur in the U.S. and it is doubtful whether they exist anywhere else 

because of their low organic matter content. No provision is made in the Ameri- 
can classification at subgroup level for saline acid sulphate soils. Dost (Harza 

Eng. Co. Int. 1969) in his soil studies in Guinea proposes the use of "halic" 

subgroups. Various soils indeed have a salic horizon (containing at least 2 per 

cent salt if horizon is more than 30 cm thick) and "Halic" Sulfaquents or "Halic" 
Sulfic Hydraquents would be common soils in coastal swamps. Somewhat more inland 
in areas with a strongly pronounced dry season "Halic" Sulfaquents or "Halic" 

Sulfic Tropaquepts may occur but also Sulfic Halaquepts. 

In the FAO/UNESCO soil legend no separate units have been established for already 
physically and chemically ripened acid sulphate soils and most of them (both 

Sulfaquepts and sulfic subgroups of Tropaquepts, Haplaquepts and Humaquepts) 
should be placed in the Thionic Fluvisols, together with the potentially acid 

sulphate soils (Sulfaquents and part of the Sulfic Hydraquents, Tropaquents and 

Fluvaquents). Part of the less potentially acid soils should be placed in the 
Gleyic Solonchaks or Dystric Fluvisols, depending on salinity. 

Correlation between the American subgroups and units of the World Soil "lap is so- 

mewhat difficult as definitions for sulfidic (U.S.) and thionic (FAO/UNESCO) mate- 

rials do not have the same limits. In Tab. la/lb an effort has been made to place 

the various acid and potentially acid sulphate soils in the American classifica- 
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tion, and to correlate them with units of the World Soil Map. Though this list 

of soils does not claim to be complete and concedes that other subgroups may 
occur elsewhere to a small extent, it nevertheless includes the main ones. 

The American classification requires that sulfuric horizons have yellow jarosite 
mottles. Most acid sulphate soils do indeed contain jarosite mottles, but in some 

areas there are very acid soils, high in sulphur, that do not have these mottles. 
Such soils were identified in Sarawak (Andriessen and Sim 1968; van der Kevie' 
1969). Though jarosite may have been present originally, at least in the surface, 

it may have been hydrolyzed to ferric oxides (van Breemen' 1969) .  Therefore a 
definition that only includes requirements for acidity and sulphur content may be 
preferable. 

Of great importance in recent years are the efforts that have been made to clas- 

sify and subdivide the various kinds of acid sulphate soils, since the term 
"acid sulphate" unnecessarily frightens workers in agriculture. Though some of 

these soils are really extremely poor and entirely unsuitable for agricultural 

use without reclamation Or special practices of s o i l  improvement, others (such as 
most of the Sulfic Tropaquepts in Thailand) are producing reasonably good crops 
of paddy. 

Mapping 

Soil surveying in areas containing acid sulphate soils or potentially acid sul- 

phate soils is in Principle the same kind of work and uses similar methods as 

surveys in other areas. There are, however, some special problems in the identi- 

fication and mapping of these soils. 

First of all, it is the acidity in acid sulphate soils that is the main character- 
istic determining the place of the soil in the classification system at great 

group or subgroup level and this is not easily measurable in the field. It can be 

measured with a portable PH-meter or a pH test kit with a pH indicator. Many of 
the commonly used indicators, however, do not show a clear colour change at pH 

levels below 4.5 and it is desirable to develop an indicator that shows a colour 
change at the critical PH levels 4.0 and 3.5. Another problem is that classifi- 

W. van der Kevie (FAO): Report on a Visit to the proposed Sungai Sarawak Padi 
Scheme Area. 18-27 June 1969. 

Padi Scheme Area (preliminary report of a visit to the area, 14-20 December 1969),, 
Agricultural University, Wageningen. 

* N .  van Breemen: Some notes on soil conditions in the proposed Sungai Sarawak 
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cation is based on pH-values that are measured on dry soil. Therefore soils may 

have to be dried first before the pH is measured or a correlation has to be found 

between pH of fresh soil and dry soil, which may be done in acid sulphate soils 

if the moisture content of the soil is fairly constant during the period of 

survey. 

The occurrence of yellow jarosite mottles is of course an easily visible charac- 

teristic to help identify acid sulphate soils. However, there are soils with 

jarosite, having a pH of 4 .5  to 5.0, and it has been mentioned already that there 

are also s o i l s ,  though they are probably very rare, which are very acid but lack 

jarosite mottles. Yet even in these soils jarosite may be found in freshly dug 

ditches and in other places where relatively fresh soil has been excavated and 

exposed to aeration. 

Mapping potentially acid sulphate soils is even more difficult as it is based on 

characteristics that, though inherent, will only show clearly after drainage and 

ripening. There are various field and laboratory methods of  estimating potential 

acidity, such as drying of the soil before pH measurement and oxidation of sulphi- 

des with hydrogen peroxide (H202). The content of sulphides present as pyrites 

may also be determined chemically or microscopically (Pons 1970) .  A l l  these me- 

thods require extensive sampling and much work that cannot be done at the boring 

site. There are, however, other ways of recognizing the presence of potentially 

acid soil in the field, particularly in reconnaissance surveys. The kind of vege- 

tation is a very important feature in the recognition of both acid and potential- 

ly acid sulphate soils, as it is related to the sulfide content of the sediments 

or acidity of the soils. Van Wijk (1951)  based his soil survey in South Kaliman- 

tan on vegetation patterns and found very good relations between plant growth 

and soil type. For instance, many acid sulphate soils in the area are covered 

with a low forest of predominantly Melaleuca cajuputi (Gelam in Malay). The re- 

lation is so clear that these soils are sometimes called Gelam soils in Malaysia 

(Coulter 1952) .  Aerial photos are of course indispensable for the recognition and 

mapping of the various vegetation types. 

Another indication of potential acidity is the occurrence of dense fibrous orga- 

nic matter in the soil, which normally contains a high content of pyrites. Soil 

colour too is important. Dark grey soils with a high organic matter content are 

often potentially acid, and greenish grey soils are mostly not. Calcium carbonate 

content is important as a neutralizing compound and can be estimated by its reac- 

tion with hydrochloric acid (HC1). 

1 

214 



Another helpful feature in identifying potentially acid soils is the occurrence 

of yellow or olive-yellow mottles of jarosite on lobster mounds or in other pla- 

ces where subsurface soil has been exposed to aeration. 

Yet it is extremely difficult in swamp areas to map more or less homogeneous 

mapping units as there is much variation in potential acidity and soils not far 

from each other may have a pH of dried soil that differs by 2 or more pH units. 

In such areas soil associations have to be mapped. Even in detailed surveys it is 

difficult to make a distinction between, for instance, Typic Sulfaquents and 

Sulfic Hydraquents, and mapping units may contain both great groups in addition 

to smaller inclusions of Typic Hydraquents or other Aquents. 

Performing surveys in swamp areas is an arduous task because of poor accessibi- 

lity. Normally the only access is by boat but one has to reckon with the tides 

as small channels may run dry at low tides. Landings have to be made and the 

surveyors have to walk along traverses at right angles to the major hydrography 

as vegetation and soil conditions often change in this direction. This is very 

tiring work as the soils may be very soft, while in mangrove swamps the stilt 

and air roots of the trees make normal walking impossible. The many vicious mos- 

quitoes make work in these swamps even more unpleasant and surveyors are advised 

to wear gloves and netting over their heads. 

In areas with already ripened acid sulphate soils accessibility is often much 

better and in cultivated areas in monsoon climates, where the soils dry out 

deeply during the dry season, it is often possible to drive by car to any place 

where one wants to go. These areas are flat, and land forms and land use are very 

homogeneous. Air photo interpretation in such areas is of little help and borings 

have to be made at regular distances. In combination with other soil properties, 

the presence and depth of cat clays and the pH are major criteria for distingui- 

shing between soil units. Other important factors are kinds of mottles, presence 

of gypsum, ripening stage, colour and depth of A-horizon, and flooding conditions. 

As certainly not all areas containing soils known as acid sulphate soils consist 

of useless and unproductive land, soil surveys in such areas can be of great be? 

nefit as they will indicate soils that can be used for agriculture (mainly rice 

in the tropics). In already cultivated areas soils with different degrees of aci- 
dity can be mapped and such soil maps will be of value in further research on 

methods of improving these soils and in making recommendations for lime and fer- 

tilizer applications or other soil amendments. 

21 5 



N 

m 

Table la. Placement of potentially acid sulphate soils in the American classification, 
correlated with units of  the Soil Map of the World (FA@/UNESC@) 

Climatic zone USDA Main characteristics World Soil Map Wain characteristics 

pH (1 : 1 water) of dried soil 
< 3.5 within 50 cm if n > 1.0; Thionic Fluvisols 
within 30 cm if n < 0.7 

Typic Sulfaquents 
pH (KC1) Of dried 'Oi1 < 3 ' 5  
within 100 cm World-wide 

~ ~~ 

pH ( 1  : I  water) of dried soil 
< 4.5  in upper 25 cm, OK more 

n > 0.7 between 20 and 50 cm 
World-wide Sulfic Hydraquents acid between 50 and 100 cm 

Acidity requirements o f  Sul- 

between 20 and 50 cm 

Wet tropics and Sulfic' Tropaquents fic Hydraquents but n < 0.7 

Temperate Sulfic Fluvaquents Same as Sulfic Tropaquents 

Some that are less acid than 
Thionic Sulfaquents but sufficiently 

acid to be included in Sulfic 
Hydraquents; non-saline 

Salic horizon and saline at 
some time of the year; part that 

Gleyic Solonchaks meets acidity requirements for 
Sulfic Hydraquents but not for 
Thionic Fluvisols 

Not sufficiently acid for Thionic 
Fluvisols but meets requirements 
for Sulfic Hydraquents; non-saline 

Dystric Fluvisols 

Thionic Fluvisols 
Gleyic Solonchaks see above 
Dystric Fluvisols 

Thionic Fluvisols see above Typic Sulfihemists Sulfidic materials within 
100 cm; pH ( I  : I  water) of 
dried soil < 3.5 

World-wide 

Subgroups not recognized in American classification 



Table Ib. Placement of acid sulphate soils in the American classification, 
correlated with units of the Soil Yap of the World (FAO/UNESCO) 

Climatic zone USDA Main characteristics World Soil Ma0 Yain characteristics 

World-wide 

Wor Id-wide 

Wet tropics 
and monsoon 

Wet tropics 

Monsoon and 
semi-arid 

Humid 
temper at e 

Temperate 

?fonsoon and 
semi-arid 

Typic Sulfohemis t s 

Typic Sulfaquepts 

Sulfic Tropaquepts 

Histic Sulfic 
Tropaquepts 

Vertic Sulfic 
Tropaquepts 

Sulfic’ Humaquepts 

Sulfic Haplaquepts 

Sulfic’ Haplaquepts 

pH ( I : ]  water) < 3.5 
within 50 cm 

pH ( I : ]  water) < 3.5 
within 50 cm 

pH ( 1 : I  water) < 4 . 0  between 
50 and 150 cm and/or 
3 . 5  to 4.0 within 50 cm 

Acidity like Sulfic 
Tropaquepts 
Histic epipedon 

Acidity like Sulfic 
Tropaquepts; 
cracks ( I  cm) at 50 cm 
when dry 

Acidity like Sulfic 
Tropaquepts; 
Umbric or Histic epipedon 

Acidity like Sulfic 
Tropaquepts; 
Ochric epipedon 

Acidity like Sulfic 
Tropaquepts ; 
Sodium saturation > 15 in 
half or more of upper 50 cm; 
mostly saline in some part 
of the year 

Thionic Fluvisols 

Thionic Fluvisols 

Thionic Fluvisols 
Humic Gleysols 
Dystric Gleysols 

Thionic Fluvisols 

Humic Gleysols 

Thionic Fluvisols 
Humic Gleysols 
Dystric Gleysols 

Thionic Fluvisols 
Humic Gleysols 

Thionic Fluvisols 
Dystric Gleysols 

Thionic Fluvisols 

Gleyic Solonchaks 

pH (KC1) of dried soils < 3.5 
within 100 cm 

see above 

see above 
pH(KC1) > 3.5; umbric or O horizon 
pH(KC1) > 3.5; ochric A horizon 

see above 

pH(KC1) > 3.5; O horizon 

see  above 
pH(KC1) > 3.5; umbric or O horizon 
pH(KC1) > 3.5; ochric A horizon 

see above 
pH(KC1) > 3.5; umbric or O horizon 

see above 
pH(KC1) > 3.5; ochric A horizon 

see above 

pH(KC1) > 3.5; salic horizon and/or 
saline at some time of the year 

’ Subgroups not recognized in American classification 
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S m a r y  

A c i d  sulphate soils have t h e i r  largest  ex ten t  i n  tropical  de l tas .  A major part o f  

these soi2s  i s  going through highly  d y n d c  i n i t i a l  phases of soil formation. 
Their mapping and c l a s s i f i c a t i o n  therefore requires understanding o f  the actual 
soil properties in a genet ical  context. For the del tas  of southeastern Asia the 

morphometric propert ies  of acid sulphate soils are described and explained by 
in terac t ion  between sedimentary soil material and changing sedimentary environment, 

hydrological regime, succession of vegetation and surface configuration. The pla- 
cing of acid sulphate soils in the world wide c l a s s i f i c a t i o n  systems of FAO/UNESCO 

and USDA (United States  Department of Agricul ture)  i s  discussed and the r e l a t i v e  
taxonomic u n i t s  of both systems are correlated (Tables l a  and l b ) .  The methods 

of dist inguishing acid sulphate s o i l s  i n  the f i e l d  f o r  mapping purposes are 
short ly  reviewed. 

Résmé 

La majorité des sols s u l f a t é s  acides se  trouve dans l e s  es tuaires  tropieauz. Ces 
sols sont souvent dans une phase d'évo Zution i n i t i a z e  hautement dynmique. Alors, 

leur levé cartographique e t  leur c l a s s i f i c a t i o n  demandent l ' i n t e r p r é t a t i o n  géné- 
t ique des propriétés  ac tue l les .  Les propriétés  morphologiques des sols  s u l f a t é s  
acides d'Asie sud-ouest ont é t é  descr i tes  en l e s  expl icant  Ci travers  de l ' i n t e r -  

vention mutuelle de l 'mbiance  sédimentaire, l e s  régimes hydrologiques changeants, 
l e s  successions de l a  végétation e t  l a  configuration de l a  super f ic ie  a i n s i  que l a  
roche mère sédimentaire des sols.  La pos i t ion  des divers  sols sul fate 's  acides 
dans l e s  systèmes de c l a s s i f i c a t i o n  de l a  FAO/UNESCO e t  du USDA (Ministère d'Agri- 

cul ture des Etats  Unis) e s t  discutée.  La corrélat ion des unite's taxonomiques concer- 
nantes tous l e s  deux systèmes a é t é  pr6sentée dans l e s  Tableaux la e t  Ib. Enfin 
l e s  méthodes de levé cartographique e t  l e s  c r i t t è r e s  de d i s t i n c t i o n  dans l e  t erra in  

ont  été discutés  brèvement. 

Reswnen 

Los suelos de su l fa tos  ácidos encuentran en mayoria en los  deZtas tropieales .  

Sobre todo son suelos en un estado i n i c i a l  de desarrollo, caracterizado por un 

f u e r t e  dinarrismo. Por eso SU l evantmiento  cartográf ico y SU c las i f icac ión  re-  

quieren conocimiento de las propriedades de suelo en relación con los procesos de 
desarrollo. Se describe los suelos ácidos su l fá t icos  en los deZtas de Asia sudeste, 
explicando sus cualidades en fonción del m b i e n t e  f i s i o g r á f i c o  (cmbios hidrológi- 

cos, cadenas de vegetación, re l ieve  de los  aluviones) .  Pués se discute  colocación 

de varios t ipos  de suelos de su l fa tos  ácidos dentro los sistemas de c las i f icac ión  
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de  l a  FAO/UNESCO y del  USDA (Minis ter io  de Agricultara de los Estados Unidos).  
En las  Tables l a  y l b  se presenta la re lac ién  entre  la s  unidades tacconémicas 
respect ivas .  AZ fin se t r a t a  m o s  aspectos práct icos  de l  levantmiento  en e l  
terreno de los sueZos de s u l f a t o s  áeidos. 

Zusamen fassung 

Die sul fatsauren Böden s ind  hauptsächlich i n  den tropischen Delta- und Kiistenebenen 

v e r b r e i t e t .  Am meisten befinden s i c h  solehe Böden in den dynamischen Anfangstadien 
i h r e r  Entwicklung. Ihre Kart iermg und Klass i f ika t ion  er forder t  daher eine griind- 
Ziche Kenntnis der Bodeneigenschaften i n  genetischer Ninsicht .  Die Eigenschaften 
der schwe fe lsauren Böden in den Kiistenebenen Siidasiens verden vom genetischen 

Gesichtspunkt aus beschrieben. Die lokalen Variationen werden aufgeklärt  auf 
Grund der gegenseit igen Wirkung Von Anderungen i n  den Ablagerunsverhältnissen, 
Wasserhewegungen, nachfolgenden Vegetationen, Höhe der Aufschl&"g und Zusam- 

menstel lung des a l  luvialen Ausgangsmaterials. Die Unterbringung der schwefe Zsauren 
Böden innerhalb der Bodenklassi f ikat ion von FAO/UNESCO und der von USDA (Amerika- 
nische Klass i f ika t ion)  wird ausfi ihrlich behandelt .  Die diesbeziiglichen tmonomi- 
schen Einheiten beider Systeme werden vergl ichen i n  Ta fe ln  l a  und Ib.  Schl iess l ich  
werden einige praktische Fragen der Kartierungsmethodik besprochen. 
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D I S C U S S I O N  

COULTER:  Are remote sensing techniques, e .g .  sequential monitoring by s a t e l -  
l i t e ,  l i k e l y  t o  have any appl icat ion i n  mapping potent ia l  and developed acid 
sulphate soi 1 s ?  

are  re lated t o  the occurrence o f  acid sulphate s o i l s  a n d  can be detected by remote 
sensing techniques. 

VAN DER KEVIE: Probably in as  much as vegetation types and moisture conditions 

ZONNEVELD:  Are there  plants  t h a t  contr ibute  t o  acid sulphate so i l  formation n o t  

MOORMANN: Melaleuca leucodendron can accumulate S in  i t s  t i s s u e s ;  however, i t  
just  by producing large amounts of organic matter b u t  a l so  by accumulating sulphur? 

grows a l so  in  areas poor in  sulphur. I t  i s  n o t  an indicator  f o r  s o i l s  r ich in  
sulphur. 

to le ran t  t o  a c i d i t y ,  not t o  i t s  contr ibut ing t o  pyr i te  accumulation. 

b io logica l ly)  i s  more probable t h a n  preferent ia l  uptake of SOI, by higher p lan ts .  

VAN D E R  KEVIE: The indicator  value of Melaleuca depends on i t s  being very 

VAN B R E E M E N :  In reduced conditions sulphide accumulation (inorganic a n d  micro- 
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THE EFFECT OF EXTREME SOIL ACIDITY ON THE NUTRIENT UPTAKE AND 
PHYSIOLOGY OF PLANTS 

I .  H. Rorison 
Nature Conservancy Grassland Research Unit, 
Department of Botany, University of Shef f ie ld ,  United Kingdom 

INTRODUCTION 

Since the eighteenth century botanists have been aware that the chemical nature 

of soil affects plant growth and distribution. One of the earliest causal consi- 

derations was made by Unger (63) in his book "nber den Einfluss des Bodens auf 

die Verteilung der Gewächse, nachgewiesen in der Vegetation des NordÖstlichen 

Tirols". He described the different floras which occurred on calcareous (calci- 

cole) and on acidic soils (calcifuge) in the KitzbÜhl district of Austria. At 

that time, and for most of the C19, the main differences in the soils were consi- 

dered to be physical, calcareous soils being drier and warmer than acidic ones. 

It was noted that several species which are indifferent to soil type in Southern 

Europe tend to be limited to dry calcareous soils at the northern limits of their 

distribution (16). Even in the early C20 scientists in Britain were stressing 

physical aspects of the problem, such as water relations and root morphology (61). 

However, with the rapid development of experimental techniques at the beginning 

of the C 2 0 ,  interest turned towards the chemical properties of soils and in par- 

ticular to the influence of pH and of calcium ions. Paul ( 4 5 ) ,  in a classic experi- 

ment with Sphagnum species, showed that they were killed in a solution containing 

80-90 mg/l CaCO3 whereas a solution fifteen times stronger, of CaS04, could be 

tolerated without damage. 

There followed a spate of work on the failure of certain species to survive cal- 

careous soils (57). The most complete review of the subject up to that time was 

written by Mevius ( 4 2 ) .  Gradually characteristics of calcareous soils were ite- 

mized, dryness, high Ca level, and lack of available iron being the most promi- 

nent. The influence of high pH on the availability of NPK and the trace elements 

Mo, Bo, Cu, and Zn was reported later when micro-analytical techniques became 

widespread ( 1 6 ) .  

While botanists were concerned with calcareous soils, agronomists were tackling 

the problems concerned with the failure of crop plants in acidic soils. Liming 

and thereby raising pH was the simple corrective, but what were the underlying 

causes? Aluminium toxicity ( 2 4 )  and the depression of P uptake by Al in acid so- 
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lution (39)  were the factors most studied. 

Fe and Mn toxicities were other possibilities, as were deficiencies of almost 

all essential nutrients in the inevitably leached acidic soils. The major fact- 

tors were reviewed by Hewitt (25). 

Initially the problem was considered only in relation to well aerated soils, but 

later similar problems, with variations, were encountered in waterlogged soils, 

where Mn and, particularly, Fe2+ (35, 41) could be considered major factors. 

It wasn't until the 1950s that botanists began to concentrate on the cause of 

failure of calcicole species in acidic soil conditions (16)  and on the importan- 

ce of the role of Al (50). At this time too the value of comparative experiments 
utilizing a range of species of varying degrees of tolerance to acidic conditi- 

ons began to be realized. There were then also stirrings of the idea that tole- 

rance and susceptibility might be controlled by the same mechanisms developed to 

differing degrees in tolerant and susceptible species (50). 

More recently the effects of aluminium (12) and ferrous iron (27, 41)  have been 

elaborated and the relationship between mechanisms of response to both elements 

has been explored by Grime and Hodgson (22) and Hodgson (27). 

It may be concluded that the edaphic factors which affect the growth and distri- 

bution of plants are both chemical and physical. To understand the physiological 

mechanisms involved in the plant it is important to consider both plants which 

are tolerant of acidic conditions and those which are not. This consideration 

will now be made with respect to acid sulphate soils, whose range of conditions 

depending on time, depth in profile, amount of CaC03 added, amount of leaching 

etc., makes general knowledge of the calcicole-calcifuge problem applicable in 

many cases. 

FACTORS ASSOCIATED WITH ACID SULPHATE SOILS 

Hewitt (25) presented a list of factors, and those best documented in contribu- 
tions to this Conference are underlined: 

1 .  Direct effect - injury by hydrogen ions 
2. Direct effect due to low pH 

(a) Physiologically impaired absorption of Ca, Mg, and P 

(b) Increased solubility and toxicity of Al, Mn, Fe etc. 

(c) Reduced availability of P - Al x P interaction 
(d) Reduced availability of Mo 
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Low base status 

(a) Ca deficiency 

(b) Deficiencies of Mg, K and possibly Na 

Abnormal biotic factors 

(a) Impaired nitrogen cycle and fixation 

(b) Impaired mycorrhizal activity 

(c) Increased attack by soil pathogens, e.g. club root 

Accumulation of soil organic acids or other toxic compounds due to unfavou- 

rable oxidation reduction conditions 

The physical condition of the soil has a major influence on the way chemical 

factors influence the nutrition of plants. Drainage as it affects aeration and 

soil moisture content is a key factor. 

The drier the soil, the more sulphur is oxidized to sulphate, the lower the pH 

drops, the higher the concentration (in solution) of hydrogen, aluminium, and 

ferric iron ions (Fig.]). 

The levels to which any of these components rise or fall depends upon the chemi- 

cal nature of the parent material and upon the solubilities of the metals invol- 

ved. Sparling ( 5 9 )  produced a set of curves for the solubilities of cations like- 

ly to cause injury to plants, using data from Britton (8 )  (Fig.2). The relation- 

ship between solubility and pH is for single salts in solution, and therefore 
the position of the curves is likely to shift to the left if less soluble salts, 

e.g. phosphates, and different combinations of metals occur. 

It is of immediate interest that Fe3+, Al3+, and Fe2+ become insoluble at,, appro- 

ximately intervals of 2 pH units so that above pH 3.0 Fe3+ is unlikely to be to- 

xic, above 5.0 A l ,  above pH 7.0 Fe2+. This narrows the field of potential toxins, 

and the degree to which they operate in different acid sulphate soils may be jud- 

ged from the papers of Verhoeven (1-7)  and Ponnamperuma et al. (V-3). 

THE RESPONSE OF PLANTS 

Having established the range of chemical and physical conditions in the soil, it 

is next important to note that there is a wide range in the response of plant 

species to these conditions (Fig.3) and it is vital to design experiments which 

include (a) a wide enough range of levels of any variable ( 3 )  (Fig.4) and (b) 

a number of species which between them respond to the range of  the variables (53) 

(Fig.5). 
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By this means it should be possible to measure the extent to which plants respond, 

then ultimately to identify the physiological pathways by which tolerance and 

susceptibility come about. 

- PH 
Although the distribution of calcicoles and calcifuges is significantly related 
to soil pH, neither H+ nor OH- ions are generally considered to be toxic to 

plants between pH 4-8. The evidence for this rests largely on the oft-quoted 

work of Arnon and Johnson (5) and Olsen ( 4 4 ) ,  who used mainly crop plants grown 
in solution culture media. In their media and those of subsequent workers (26) 
nutrient levels were high and it may be that plants tolerate high H+ concentra- 
tions only so long as the concentration of other cations is high and potentially 

toxic polyvalent metals are i n  low concentration. pH drift has also been a pro- 

blem in investigations concerning culture media, especially where nitrate nitrogen 

i s  present. An upward drift in these becomes more difficult to arrest, the more 

rapid plant growth becomes. 

Definitive experiments employing constantly flowing solutions with monitored pH 

are required before an accurate assessment of the part played by the hydrogen 

ion in the rooting medium can be made. 

pH is influenced by the form of certain nutrients in the soil and in turn can 
affect the solubility of nutrients. Two nutrients whose form affects pH are ni- 

trogen and calcium. 

Nitrogen 

The many heterotrophic organisms which produce ammonium nitrogen from organic mat- 

ter operate over a wide range of pHs. The two autotrophic micro-organisms, Nitro- 

somonas and Nitrobacter, which are largely responsible f o r  the nitrification of 
ammonium to nitrite, and of nitrite to nitrate, both function poorly or not at 

all at low pH (28). 

A s  a result, NHs-N tends to build up in acidic soils and when plants take it up 

there is an efflux of hydrogen ions. In media of higher pH where N03-N predomina- 

tes, uptake by plants results in an efflux of bicarbonate ions. 

The innate buffering capacity of soils tends to minimize the resulting pH drift, 

but in culture solutions it can be considerable if unchecked. 

Several publications record the relative tolerance of plants to NH4-N and to 
N03-N and relate it to the nitrogen supply of the soils in which they are normally 

distributed (6, 17). 
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It has been shown that the strictly calcifuge species Deschampsia flexuosa 

grows very poorly with N03-N at pH 7,2 and that the calcicole Scabiosa columbaria 

fails completely at pH 4 , 2  when supplied with NH4-N (Table 1 ) .  There is no 
shortage of nitrogen in the tissues of  affected plants and the exact mechanism 
of growth inhibition is not known. An excess of NHb-N may be toxic directly. 

It is also associated with reduced uptake of essential mono- and divalent- 

cations (K in particular) in susceptible species. 

Differential uptake of nitrogen from a NH4-N03 mixture may lower or raise pH in 

the immediate vicinity of a plant root if the species is selective with respect 

to nitrogen supply. At critical pHs below 5.0 this could lead to increased solu- 

bility of Al, Mn, and even Fe3+, thus increasing the possibility of toxicity. 

Alternatively the possibility of toxicity could be reduced (20) .  

Calcium 

Apart from areas around gypsum deposits, calcium mainly occurs in the s o i l s  as 

CaC03 and thus its concentration influences pH. It has been possible to distin- 

guish between the effect of CaC03 and Ca ions on plants by the addition of salts 
to acidic soils, for example 

Acid soil 
treatments 

Effect on plant growth 
(other than calcifuges) 

+ CaSOs 

+ CaCl2 

+ NaOH 

+ CaC03 

Nil or deliterious 

Ni 1 
Beneficial chemically 
(not physically) 

Very beneficial 

These results show that for many species the benefit of CaC03 is additive due to 

both the Ca ion and the ensuing rise in pH. Too high a level of calcium can cause 
a depression in the uptake of both potassium and magnesium in some plants but this 

is not normally a problem in acidic soils. 

According to plant physiologists (9, 6 7 )  Ca is characterized by its relatively 
high content in the plant, coupled with a requirement for survival which is not 
much higher than that of a trace element. However, much depends upon the balance 

of ions, including trace elements, employed. 

It has been shown ( 2 9 )  that the calcifuge species 
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Juncus squarrosus, grown in culture solution at constant pH, had a low optimum 

requirement of C. 10 mg/l Ca and made less growth at higher concentrations. The 

calcicole Origanum vulgare had an optimum at c.400 mg/l Ca. It failed to grow 

below 20 mg/l and tolerated up to 500 mg/l (Fig.6). Even if a basic level of Ca 

is present in an acidic soil, its uptake and long-distance transport may be in- 

hibited by aluminium and other polyvalent cations (14), see p.237. 

Phosphorus 

Inorganic phosphorus occurs as sparingly soluble salts of aluminium, iron, man- 

ganese, and calcium and its availability to plants varies with pH. Organic phos- 

phorus occurs in several forms and may be more mobile than the inorganic form 

due to its movement in micro-organisms and fungal hyphae, which subsequently 

decay (23). 

Whereas a plant's tolerance of other major elements may extend to concentrations 

of one or two orders of magnitude, its response to phosphorus may be over as ma- 

ny as five, e.g. - lo-' M (52) (Fig.7). 

P supply may fall below the minimal requirement of plants grown in acidic soils 

for a variety of reasons which are discussed on p.229. 

Polyvalent ions 

In addition to deficiencies of major elements the presence of polyvalent cations 

in toxic ionic form is a major cause of failure of most plant species in soils 

of pH less than 5.0. 

Aluminium 

Aluminium is not only a major constituent of most mineral soils but also a major 

soil toxin in the pH range 3.5 to 4 . 5 ,  and we normally accept Schofield's edict 

(56) that however leached an acidic soil may be the predominant exchangeable 

cation is aluminium. 

The degree of tolerance or susceptibility of species, at least in the Sheffield 

region where it has been studied extensively, is closely related to the pH of the 

s o i l s  in which they are distributed (22). 

Tolerance was measured in the first instance by determining the aluminium con- 

centration required to cause 50% inhibition of root extension in young seedlings 

(68). Fig.8 shows a range of responses with the calcifuge grass Deschampsia 
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flexuosa as the most tolerant species at 0.48  mV Al and Bromus erectus, a cal- 

cicole, one of the least tolerant at 0 . 0 2  mM Al. 

Despite such a correlation it has not always been possible to relate absolute 

amounts of exchangeable aluminium in the soil with plant tolerance, mainly, I 

suspect, because it is the balance of ions rather than the absolute amounts which 

is critical and because other elements may be contributing to the response, e.g. 

NH4-N. The first symptom of aluminium toxicity is the stunting of the root sys- 

tems,whose laterals become peg-like or, in extreme cases, fail to penetrate the 

cortex of the primary roots. Purpling of cotyledons and older leaves, implying 

phosphorus deficiency, is another early symptom (50) .  

The problem has been to relate these symptoms to physiological processes. Alumi- 

nium can directly affect cell division ( 1 2 ) .  It can affect the uptake and absorp- 

tion of phosphorus ( 1 1 ,  51 ) ,  and of several essential cations, including Ca 

( 1 4 ,  4 3 )  and K ( 1 4 ) .  It can also disrupt the activities of proteinaceous enzymes 

located in the cell wall ( 7 1 )  even before it starts t o  affect sensitive internal 

sites at the mitochondria and the nucleus. 

The major direct effect of aluminium so far suggested relates to cell division 

and there is evidence (12) that it causes total or partial failure of cell divi- 

sion, probably by interference with DNA synthesis in the S period of the mitotic 

cycle. It is also feasible that cell elongation is inhibited by the development of 

cross linkages between Al and pectin in cell walls in regions of the root where 

division has just taken place ( 4 9 ) .  A more recent suggestion (71) is that enzymes 

concerned with the synthesis of wall material may be inhibited by specific metal 

attack and that structural modifications in the enzymes could confer differential 

metal ion sensitivity. 

Aluminium and phosphorus 

The inhibition of phosphorus uptake and absorption by aluminium also has a dra- 

stic effect on the growth of susceptible species. 

Some precipitation of aluminium phosphate may occur outside the root altogether, 

and more is possible in the intercellular spaces of the cortex. This may still 

leave enough P for the plant to survive ( 4 9 ) .  

Disturbances in P metabolism may be detected at two levels: the first at the 

surface of root cortical cells, where adsorbed Al appears to fix P; the second 
is within the cell, where the build-up of phosphorylated intermediates is altered 
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+) ( 1 2 ,  51) and respiratory metabolism depressed. 

Decisive progress in interpretation of these pathways still awaits a suitable 

isotope, or other analytical method, for determining aluminium. Some possible 

mechanisms of tolerance are examined on p.233. 

Iron 

In well aerated soils of pH less than 3 . 5 ,  ferric iron is likely to be toxic to 

plants; above pH 3.5 its solubility is very low and toxicity is unlikely. Ferrous 

iron is soluble to around pH 6.0 under reducing conditions and can reach toxic 

levels in marshland and waterlogged soils. Most workers report difficulties in 

keeping iron in the ferrous state in solution culture, but several comparative 

studies have been attempted. When a range of plants was grown in nutrient s o l u -  

tions containing Fe2+, calcifuges including Deschampsia flexuosa showed a high 

requirement and calcicoles including Scabiosa columbaria a low requirement for 

iron measured in terms of root extension (27). This was probably a reflection of 

their relative resistance to iron toxicity since calcifuges, marsh plants (27 ) ,  

and plants tolerant of waterlogged soils ( 4 1 )  so far tested are tolerant of con- 

centrations of up to, 1 mM Fe2+. 

At circum-neutral soil pHs, iron is barely available to plants (indeed in solu- 

tion culture pH > 6 , O  it is best supplied as an EDTA salt) and calcifuges exhibit 

chlorosis symptoms, which are assumed to be caused by iron deficiency. 

Laboratory experiments in which iron was supplied in chelated form have shown 

no adverse effect on calcifuge seedling growth of either pH or a wide range of 

calcium concentration (50). However, chlorosis symptoms are produced by lowering 
or removing inorganic iron supplies in culture solutions. The degree to which 

recovery occurs on the re-introduction of iron varies with the species. 

Some calcifuges take longer to recover than calcicoles. It may be (a) because 

calcifuges have a higher Fe requirement or (b) that calcifuges' ability to take 

up and utilize Fe is poorer. Certainly in root extension tests (22) Scabiosa 

columbaria had the lowest Fe2+ requirement for maximum elongation. 

- 

Gas/soil solution contents 

Apart from unbalanced nutrient supply, chlorosis is also associated with relative 

+) Norton and Harris, private communication 
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0 2  and CO /HCO$- 

HC0;- 

It has been shown (69) that root growth of Deschampsia flexuosa is adversely 

affected by high HC0;- 

term, 4-hour periods, HCOi- 

soils) brings about a partial inhibition of isotopic "Fe uptake into both root 

and shoot. Neither of these effects occurs in the calcicole grass species 

Koeleria cristata and Arrhenatherum elatius. 

Whether calcifuge and marsh species have a high iron requirement or are merely 

inefficient in taking it u p ,  it is relatively more available under acidic and 

under anaerobic conditions than at high pH. 

concentrations in the soil atmosphere and soil solution, 

concentration increasing with increasing pH. 

concentrations in solution and that, at least in short 

(at the sort of concentrations likely in calcareous 

Manganes e 

Manganese i s  soluble in one form or another over a wide pH range (28)  and in aci- 

dic culture solutions it can be more toxic than equivalent strengths of aluminium 

(54). However, unlike aluminium, its toxicity in acidic soil conditions can be 

ameliorated by the presence of several other elements which occur at relatively 

high levels in acid sulphate soils, including silica (46, 64), A l ,  Fe, and NH4 

(28). Manganese toxicity is also reduced in soils with adequate calcium (60). 
Therefore, only in localized areas of high concentrations are there authenticated 

cases of toxicity in acidic soils which are directly or solely due to manganese. 

Sulphate 

Although it is a major component of acid sulphate soils, an excess of sulphate 

ions is not normally thought to have any influence on plant growth and nutrition 

(26). It is the anion most used in culture solutions in which cation levels are 

to be varied, and Bollard (26) reports no effect on the response of a range of 

species in solutions in which the sulphate concentration ranged from 6 to 2 2 4  ppm. 

It may be taken up quite rapidly into plant roots, but much of it remains in the 

inorganic form and its absorption into sulphur-organic compounds is very slow (7). 

If it occurs at even higher concentrations and prevents the uptake of either 

nitrate or phosphate ions, it may well cause a reduction in plant growth, but I 
have found no experimental evidence of this. When it reaches molar concentrati- 

ons, its effect could be osmotic but is more likely to be due to the formation 

of dilute HISO,. 
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A I  O AI  1 A I  2 - A I  3 

P l a t e  1 .  Scabiosa colum- 
b a r i a  grown f o r  two weeks 
i n  n u t r i e n t  s o l u t i o n s  (pH 
4 . 2 )  conta in ing  n i t rogen  
i n  e i t h e r  t he  ammonium o r  
n i t r a t e  form and aluminium 
as  A l * ( S O t , ) B  18 Hz0 a t  O ,  
0 . 1 ,  0 .5  and 1.0 mM 



MECHANISMS OF TOLERANCE 

From the foregoing experimental evidence it can be seen that an excess of several 

elements individually can be lethal to some species and yet tolerated by others. 

The effect of these elements can be controlled external to the plant by altering 

the soil pH or, in the case of manganese, by altering the balance of cations in 

the soil solution. The major problem is to identify and isolate the individual 

factors operating in the field, where the complexity of the situation makes 

measurements very difficult. 

Almost as difficult is the execution of laboratory experiments designed to simu- 

late field conditions. The number of variables, including the range of response 

among species, make it necessary to operate a series of experiments in control- 

led environmental conditions ( 5 3 ) .  

Aluminium is usually considered to be the major toxin, but with some calcicole 

species, e.g. Scabiosa columbaria, it adds nothing to the toxic effect of NHb-N 

at pH 4 . 2  (Plate I ) .  

It is however, the toxic component of acid sulphate s o i l s  which has received the 

most attention, and it is this component for whose mechanism of operation in 

plants there is most experimental evidence. 

Some of this evidence will now be discussed, together with evidence from heavy 

metal studies (2, 4 7 ) .  

Aluminium, location and action 

Gross analysis of root and shoot of susceptible species shows a build up of A l  

in the root, and only above a certain Al concentration in the root is there a 

significant increase in Al concentration in the shoot (Rorison, unpublished). 

Early histochemical work ( 4 0 )  suggested that Al is concentrated in the cortical 

cells of the root and heavily localised in the protoplasm and nucleus. The un- 

certainty about these results is (a) whether any movement of A l  occurred within 

the tissues between cutting and staining, 

Al were stained by the haematoxylin reaction employed. 

The vital questions remain: where exactly is the Al located? Is it superficially 
adsorbed onto cell walls and/or incorporated into the protoplasm and/or dumped 

in the vacuole? A l s o ,  how does it affect the growth of the plant and what are the 

differences in reaction between susceptible (calcicole) and tolerant (calcifuge) 

plants? 

(b) whether polyvalent ions other than 

I 
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Electron probe analysis 

The use of electron probe x-ray microanalysis for the detection of elements in 

plant tissues promised rich rewards ( 3 6 ) .  As with other elaborate methods there 
have been initial technical problems, mainly concerning the preparation of sec- 

tions. 

Two attempts have been made to use the technique to identify the positions of ac- 

cumulation of aluminium in plant roots ( 4 8 ,  6 6 ) ,  and neither has added much to 
our basic knowledge of the problem. Rasmussen ( 4 8 )  allowed his tissues to thaw 

and air dry before the analysis, and contamination was therefore possible before 

the tissue was scanned. He confirmed the restriction of Al to the root cortex, 

but gave no evidence of exact location. Waisel et al. ( 6 6 ) ,  using plants grown 

in solutions of pH 9.5, produced results expected of aluminium in the anionic 
form, i.e. like nitrate it was concentrated in the protoplasm. Had susceptible 

species been raised under acidic conditions, the aluminium would probably have 

been found, like its fellow cation in the above experiment, calcium, adsorbed 

onto the cell walls. The critical experiments remain to be done. 

Isotopic substitutes 

The lack of a suitable isotopic form of aluminium has been a major restriction 

in the determination of its precise location and activity. 

However, recent work with scandium 46Sc has shown it to be similar in its action 

to aluminium ( 1 3 ) .  Autoradiographs of freeze-dried sections of onion (Allium 

cepa) roots showed that 46Sc and, by implication, aluminium, penetrate the 

meristematic cells rapidly and in advance of any observable effects on the acti- 

vity of the meristem. The rapid movement of scandium among dividing cells with 

primary walls, contrasts markedly wi h its slow migration across the differentia- 

ted cortex. Differentiation and secondary wall formation in the cortical cells 

appeared to increase the scandium binding capacity of the walls, thus restricting 

the progress of the ion through the free space. After development of the endo- 

dermis there is no sign of entry into the vascular tissues - thus supporting the 
view of movement only through the cortical free space and very slow transport to 
the shoots. 

So we now have the picture of aluminium (a) entering meristematic cells of the 
root tip and preventing cell division; (b) moving through the intercellular spaces 

of the cortex and being adsorbed onto cell wall surfaces. From this position it 

can affect the absorption of calcium ( 1 4 )  and phosphorus (10, 51, 7 1 ) .  

5 
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There are, however, two points to bear in mind: 

1. The inhibitory effect of a number of polyvalent ions on cell division in 

many species (10, 38) suggests an absence of cation specificity at this point, 

i.e. iron, aluminium, and possibly manganese could be involved at the nucleus. 

2 .  Contrarily, most workers ( 2 ,  4 7 ,  6 2 )  report strict specificity in tole- 

rance to polyvalent ions, e.g. in races of Agrostis tenuis. 

Specificity 

This implies that in a particular race or species the potentially toxic effect 

of one polyvalent ion is not realized. 

Metal ions could be prevented from reaching the nucleus by several means (Fig.9). 

They could be prevented from entering the cell by adsorption or chelation on the 

cell wall or in the intercellular spaces. 

This implies a specific binding mechanism involving either a specific chemical 

complex or a specific geometrical spacing of fixed charged sites ensuring goodness 

of fit. 

Adsorption 

Evidence supporting adsorption on the walls of expanding and mature cortical 

cells is strong. Negatively charged carboxyl chains of pectin molecules provide 

the sites ( 3 2 )  and they could be adequate t o  cope with the inflow of polyvalent 

ions if the root was growing quickly enough and the concentration of polyvalent 

ions in the external solution was below a critical level ( 2 7 ,  55). It is import- 

ant to remember that we are dealing with a dynamic system in which the rate of 

growth and development of tissues in a species could strongly affect its degree 

of tolerance. 

The relationship between tolerance and the cation exchange capacity ( C E C )  of 

roots has been invoked ( 6 5 )  but the arbitrariness of the method of its determi- 

nation, the overwhelming differences in CEC between the roots of dicotyledonous 

and monocotyledonous plants, and the absence of any proven relationship between 

CEC and salt absorption make it difficult to confirm. 

It may be that it is the spatial pattern of the carboxyl exchange sites rather 
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than their quantity that is critical (33)  and that other complexing agents play 
an even more vital role. The primary walls of meristematic cells may be too open 
and have insufficient exchange capacity to adsorb all the potentially toxic po- 

lyvalent ions (13) and therefore in tolerant species one must think of other ole- 
chanisms for rendering them harmless. Evidence is beginning to accumulate that 
binding complexes in the cell wall can contain both sugar and amino-acid compo- 

nents ( 3 1 ) .  

Complexing 

When aluminium is complexed with EDTA it is taken up from acidic solutions by 

susceptible species without toxicity symptoms developing (19, 4 9 ) .  We know 
that the affinity of individual polyvalent cations for the sites on any given 

ligand grouping depends on their concentration, charge, and crystal 
radius. Al3+ = 0.51 A, FeSC = 0 . 6 4  and Fe" = 0 .76  ( 1 )  are of sufficiently diffe- 

rent size t o  allow a spatial "net" to operate. For example, although A l  may have 
a large water shell, it could form tight co-ordination compounds with either the 

carboxyl side-chains or with hydroxyls of the cell wall and the resulting com- 
plexes may still be sufficiently positively charged to attract a large number of 
anions including phosphate ( 1 4 ) .  When ions are of approximately the same size, 

e.g. Fe2+ = 0 . 7 6 ,  Zn2+ = 0 .74  and Cu2+ = 0 . 7 2 ,  selection would depend on the avi- 

dity of the ions fcr the complexing agent and on its configuration. For example, 

Fe2+, Fe3+ and Al3+ form regular octahedral complexes and Zn2+ mainly tetrahe- 

drals, while Cu3+ forms only irregular planar complexes. 

There are many substances both in the protoplasm and in the intercellular fluids 

which could complex aluminium and indeed any polyvalent metal. 

Carboxylic acids such as malic, citric and oxalic are obvious candidates and the 

suggestion of Small (58) that calcifuges have organic acid buffer systems and 

calcicoles phosphate buffer systems had some attraction. However, the carboxylic 

acid content of plants varies in many ways and seems more related to the mainte- 

nance of ionic balance (15 ,  3 7 )  than to the complexing of polyvalent ions. 

Amino acids and proteins are other possible complexing agents and differences 

in their configuration could lead to specific complexing. Albert ( 1 )  reports that 

if the chelating groups are not close enough, or there is not the right steric 

configuration to allow the formation of strong complexes, small metallic cations 

cannot be gripped. This applies particularly to aluminium which has the smallest 

crystal radius of any common metal. 

Another feature of ligand-metal interaction is that the bound metal may conside- 
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rably change the reactivity of the organic ligand by inter alia increasing the 
liposolubility of the ligand and hence helping it to penetrate into a living 

cell. In this way aluminium in a non-reactive form might pass through the proto- 
plasm and even be dumped in the vacuoles of cortical cells. 

The complexing mechanism may be highly efficient in dealing with a specific heavy 
metal which is potentially toxic but also essential to the plant in trace amounts. 

It need not cause a deficiency because there will be some local competition in 
the root between systems requiring the element and the complexing agents. Some 

complexed metal may also move through the plant and be dissociated by enzymatic 

activity at sites where it is required (e.g. in the leaf). Synthesis of necessary 

proteinaceous complexes can be rapid. The raw materials are available in the cell 

wall and in the plasmalemma. Synthesis may be triggered off by an increased ex- 
ternal concentration of the element to be "filtered". The problem of identifying 
specific complexes and their mode of synthesis remains. 

Aluminium and phosphorus uptake 

Aluminium complexed either at sites on the cell wall or by extracellular compounds 

is prevented from interfering with phosphorus uptake in two ways. 

It is unlikely to inhibit the activity of phosphatic enzymes in the cell wall 

( 7 1 )  and it will not reach the mitochondria and interfere with phosphorylation. 

Interference with phosphorus uptake and absorption has been shown by several wor- 

kers (11 ,  51). In each case not only was the percentage of phosphorus esterifica- 
tion reduced but also the pattern of incorporation was altered (Table 2 )  imply- 
ing effects both inside and outside the cell. 

Aluminium and calcium 

There are many reports of decreased concentrations of calcium in the shoots of 

plants that are suffering from aluminium toxicity. Recently a precise investiga- 

tion of uptake and transport of calcium in barley seedlings was made by Clarkson 
and Sanderson ( 1 4 )  in an effort to reveal the nature of the inhibition. They 

used "Sr as a carrier free tracer added to solutions of CaClz to infer quanti- 

tative estimates of calcium absorption. 46Sc was used to infer the distribution 

of aluminium in the root. 

They found that aluminium, scandium and iron inhibited the uptake of calcium from 

culture solutions of pH 4 . 0 - 4 . 2 .  The non-exchangeable fraction of labelled cal- 

cium was unaffected by treatment, but each polyvalent ion reduced the amount of 

calcium held in the water free space and the Donnan free space of the r o o t ~ . ~ ~ S c  
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and, by inference, aluminium were concentrated on the epidermis and the outer 
rank of cortical cells and it was suggested that the peripheral location of poly- 

valent cations allowed them to control the entry of calcium into the free space - 
presumably by repulsion of like charges. If sufficient calcium chloride was added 

to the external medium this inhibition of calcium movement was overcome even though 
the toxic effect of the aluminium treatment on root growth was not. A l s o  this 

polyvalent ion effect was not restricted to calcium but was applicable to cations 

of lower valency, such as potassium. 

It is of interest that the non-exchangeable fraction of calcium was unchanged 

by any treatment, since Woolhouse (70) reports leakage of potassium from the root 
tips of susceptible species following exposure to high concentrations of alumi- 

nium. This implies disruption of the semi-permeability of the plasmalemma which 

could be expected to lead to freer movement of aluminium or other polyvalent 
ions into the protoplasm and of cations of lower valency outwards. However, it is 

not yet known if or how aluminium modifies the permeability of membranes to 

other ions and further research is needed. 

Mechanisms of tolerance to iron 

Little is known either of the mechanisms of toxicity or tolerance of iron in 

plants. According to Kliman ( 3 4 )  all iron enters the plants as Fe2+. This implies 
that in well aerated soils plants, or more likely their associated rhizosphere 

organisms, must have enzyme systems at the periphery of the root which are ca- 

pable of reducing Fe3+. 

Fe2+ and Fe3+ are probably inactivated in the plant, like aluminium, by adsorp- 

tion and complexing ( I R )  and even by precipitation with phosphorus (35) but no 

mechanisms have yet been identified. 

The situation is complicated because iron, unlike aluminium, is an essential 

element. The root extension of calcifuge and marsh plants is certainly stimula- 
ted by higher concentrations of iron than those of calcicoles ( 2 7 )  but is has 

yet to be confirmed that this can be equated with a higher requirement for iron 

in growing plants. 

In plants of waterlogged soils tolerance to Fe2+ has been related to two physio- 

logical factors: the evolution of oxygen from the roots of Menyanthes trifoliata 

causing a precipitate of ferric oxide at the epidermis ( 4 )  and the lowering of 
transpiration rate, which in Erica cinerea reduces the build-up of iron in root 

tissues (30). 
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CONCLUSION 

The nutrition and physiology of plants growing in very acidic soils are affected 

in two main ways. The soils are essentially leached of nutrients and the uptake 
of the remainder and their incorporation into physiological systems of the plant 

is inhibited, to a greater or lesser extent, by polyvalent cations. Polyvalent 
cations also operate directly at specific sites of metabolic acitivity. 

At pHs of less than 3.5, Fe3+ and H+ are likely to be highly inhibitory, then 

up to pH 5.0 aluminium and ammonium ions may be the major inhibitors. Above pH 

5.0,Fe2+ can be toxic and, locally over a wide pH range, high concentrations of 

other heavy metals may also be toxic. 

Plants differ in their response, from the very tolerant to the highly suscepti- 

ble, and the mechanism(s) of their tolerance of polyvalent metals have still to 

be identified experimentally. More is known of the minimal requirements for nu- 

trients, which, in plants adapted to extremely acidic soils, are often low. Fai- 

lure of growth is first manifest in the stunting of roots and this may be brought 

about in a number of ways. Inhibition of cell division can be achieved by any 

of a number of polyvalent metals, but before the nucleus can be reached, several 

sensitive sites of metabolism, at the cell wall, at the plasmalemma, and in the 

organelles of the protoplasm could be reached and affected. 

A l l  physiological and some genetical evidence (2) points to strict specificity 

in metal tolerance among races and species of plants and the "filtering" mecha- 

nism to ensure specificity is sought in the configuration and chemical nature 

of sites which can adsorb or in some way complex individual metal ions. These 

sites in and around the cell wall are largely in the younger tissues of the root 

since exclusion appears to follow secondary anatomical developments in older re- 

gions. 

Recent evidence suggests that the carbohydrates concerned with adsorption are 

of less importance than amino acids and proteinaceous materials in the development 

of tolerance mechanisms. It is possible to suggest complexes ( I )  which could ac- 

count for specific metal tolerance in plants. The main problem is to devise ways 

of extracting and identifying such metal complexes without denaturing them, so 

strongly are they bound in the plant ( 7 1 ) .  

It is important to remember that, although mechanisms may be specific, the evolu- 

tion of  new systems can be rapid (2). Ideally, a tolerant species may be consi- 

dered as a dynamic system in which the rate of production of complexes keeps pace 

with the i n p u t  of potential toxins. 
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Evidence of mechanisms is still fragmentary and advances in several areas will be 

made only if experimental techniques are improved. The response of plants varies 

not only between species but also among individuals of different age and deve- 
lopment. It is the experience of most investigators that the younger the seedling 

the more sensitive it is to adverse conditions. 

Further understanding of tolerance mechanisms may well come from new knowledge 
of ion transport, enzyme location and activity, and of cell wall and membrane 
composition and function. 

It seems most unlikely that higher plants will grow in unaltered soil materials 

of pH < 3.0 but micro-organisms may. Very little is known of their activities 
except in the case of chemosynthetic bacteria ( 2 ) .  The absence of nitrifying 
bacteria has been mentioned and although Ericaceous plants are known to have 

active mycorrhizal associations at pHs down to 3.0') there is little information 

about other groups of species. 

A l l  these considerations may appear academic since amelioration of the conditi- 
ons by controlled draining, liming and fertilizing are possible and economic in 

the case of many cat clays. But for the recolonisation of uneconomic areas such as 

waste heaps of high pyritic content, the selection of tolerant species or the 
introduction of organisms which would form a chain reaction of reclamation is of  

prime importance. Further research into mechanisms of tolerance in a wide range 
of organisms thus presents a very worthwile challenge. 
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Rumex acetosa Deschampsia flexuosa 

PH 4 .2  5 . 8  7 . 2  PH 4 . 2  5 . 8  7 . 2  

NH4 NH4 Fl 
NO 3 922  887 996 NO 3 

Scabiosa columbaria Zurich Scabiosa columbaria Lathkilldale 

PH 4 . 2  5 . 8  7 . 2  PH 4 .2  5 . 8  7 . 2  

NO 3 

Plant Dry wt. in %at six weeks 

Table I .  The dry weights in mg of plants grown for six weeks 
in nutrient solutions containing nitrogen in either 
the ammonium or nitrate form ( 2 1 )  

Pretreatment A l  o Alzo 

Fraction % 

Nucleotide 35 .7  0 . 9  12 .3  c_ 2 . 2  

Inorganic phosphate 50 .5  +_ 1.3 8 0 . 2  +_ 1.4 

Hexose phosphate 1 3 . 8  1: 0 . 5  7 . 5  +_ 3 .1  

Esterification 49 .5  1.3 19 .8  +_ 1 .4  

Extraction 8 7 . 0  3 . 6  91 .3  f 2 .3  

Table 2 .  Percentage of total readily soluble 32P incorporated 
after IO minutes by excised roots of sainfoin into 
different fractions,with and without pretreatment in 
aluminium sulphate solution 2 S.D. ( 5 1 )  
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D I R E C T  E F F E C T S  

I N D I R E C T  E F F E C T S  
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t 
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Fig.1. 
of acid sulphate soils which dry out 

Some effects on the chemical composition 

Solubility o$ percentoge 
of maximum 
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40 - 
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Fig.2. 
at various PH levels. See also  ref. (591 

Solubilities of some metallic cations 
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A B A S I C  M O D E L  B D I F F E R E N C E  I N  POSITION OF O P T I M U M  RESPONSE 

t 
Odaptation to o 
higher nutr ient  level 

NUTRIENT L E V E L  

c DIFFERENCE IN  R A N G E  O F  RESPONSE D DIFFERENCE I N  YIELD AT O P T I M U M  

adoptallon to  smal ler  over 011 yield lower Dut 
f 1 Y C t O t l O " S  I" nutrient response po t te rn  the 

some 1 -A- level 

i/\ 
NUTRIENT L E V E L  

& 
NUTRIENT L E V E L  

Fig.3. 
types of response curves. See a l s o  ref. 1-31 

The evolutionary significance of different 

RESPONSE OVER L I M I T E D  NUTRIENT RANGE 

RESPONSE OVER WHOLE NUTRIENT RANGE 

YIELD 

I 

E1E2 E 3  
NUTRIENT L E V E L  

E l  E Z  E 3  
NUTRIENT L E V E L  

Fig.4. Response curves over different ranges of 
nutrient levels. For explanation, see ref. ( 3 )  

%of Sites on which 
speclei O C C U T S  

531 

.I 3 4 5 6 7 8  

Rumex ocetosa k 3 4 5 6 7 8  So11 pH a t  depth Of 2 c m  

Fig.5. Histograms showing the frequency of occurrence 
of 4 species over a range of soil surface pH's. Data 
provided from 340 random m2 quadrats in established 
grassland from 41 sites in the Sheffield area. See (53) 

2 4 3  

P 



Plant d r y  Wt log, 
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- 

-05 s c  

- 1  O o i  o 

10-7 ioP m 5 104 lod 
Molmity of P !n soIUt10n 

Fig.?. Dry weight achieved in 6 
weeks by Rumex acetosa ( R . a . ) ,  Urti- 
ca dioica (U.d.), Scabiosa columba- 
ria (S.C.) and Deschampsia flexuosa 
(D.f.). Data transformed to natural 
logarithms and plotted against exter- 
nal phosphorus concentration. Seed 
weights are indicated on the Y axis. 
See r e f . ( 5 1 )  
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supplied as nitrate. See (29) 

Alluminium required for  50% 
Inhibltmn m root growth (mMI 

ncrchomprm , ~ C X " O ~ O  

. F.,,"CO *","O 
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Aqmstis I ~ W I  
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Br,la m d , ~  Planlago tonc.0,loto . HolcYr lOOOl"* 

-a -20 - 10 O 0  
Relative frequency an s o i I s ~ p H 4 5 ( i 0 ~ ~  I 1>45 

Fig.8. The relationship between rela- 
tive frequency of occurrence below pH 
4 . 5  and resistance of the seedling root 
to aluminium toxicity. See ref. ( 2 2 1  
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Inter cell. space WALL Plasmalemma PROTOPLASM Vacuole 

A I  susceptible 

Mitochondria 
k 

Fig.9. Possible sites of reaction in and around the 
cortical cells of roots of tolerant and non-tolerant 
plants 

Fig.10. Uptake of aluminium in ug, by sainfoin root tips 
shaken in 3.7 X M Alz(S04)3 18 H 2 0  at 25 OC ( s o l i d  Zinel .  
Aluminium leached during aqueous washing (broken Zinel .  

o 

x 

A Washing in b u f f e r  so lu t ion  (do t t ed  Zine) 

+ Solut ion changes. See a l so  r e f .  ( 5 1 )  

uptake determined, by d i f f e r e n c e ,  from so lu t ion  analysis  

Uptake determined by analysis  of roots 
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Swmnary 

The main adverse physiological e f f e c t  of acid s o i l  conditions on plant  growth i s  
the i n h i b i t i o n  by polyvalent cations of nu tr ien t  uptake and o f  c e l l  d iv i s ion  
espec ia / ly  i n  younger roots .  Best known are the inh ib i tory  e f f e c t s  of A Z 3 + ,  Fe3+, 

Fe2+ and Mn". Plants d i f f e r  i n  t h e i r  response t o  these toxins  f r o m  very to2erant 
t o  highly suscept ible .  The response varies between species ,  v a r i e t i e s  and also 
among stages of development of the same individual .  Some Ericaceous plants  ure 
known t o  grow a t  s o i l  pH's down t o  3.0. The tolerance t o  polyvalent cations i s  a 

func t ion  of the p l a n t ' s  inherent physiological mechanisms and also of the i n t e r -  
act ion between i t s  roots ,  possible  micro-organisms and the t o t a l i t y  of the s o i l  
components i n  the rhizosphere. These processes are thought t o  inac t iva te  the 

poten t ia l  tox ins  by se lec t ive  adsorbtion and complexing i n  the rhizosphere and a t  
non-vulnerable s i t e s  i n  and around the c e l l  walls o f  younger root t i s s u e s ,  before 

the toxins  can reach the c e l l  nucleus and bring about i n h i b i t i o n  of c e l l  d iv i s ion  
and general t o x i c i t y  symptoms. The m a x i m m  concentration of polyvalent cations i n  

an acid s o i l  tha t  can be tolerated by a s p e c i f i c  plant  i s  higher as more o f  those 
cations are inact ivated i n  the rhizosphere, e.g. by organic matter and microorga- 

nisms, and i n  the non-vitu2 younger root  t i s sues ,  e.g. by f a s t  growth of the root  
system. 

Résumé 

Dans l e s  sols  t r è s  acides l e s  plantes  sont gênées surtout  par %es cations poly- 
valents  A l 3 + ,  Fe3+, Fe2+ e t  &'+ que i n h i b i t e n t  1 'absorption des substances nutr i -  
t i v e s  a i n s i  que la  div is ion  ce l lu la ire  dans l e s  racines jeunes. La tolérance des 
plantes  à l ' a c i d i t é  du so l  varie énormement selon espe'ces, variétés  
de dévéloppement ind iv idue l .  I;! y a des Ericacés tolérant  des pH du sol jusqu'à 3.0 .  

La tolérance e s t  déterminée par l e  mécanisme physiologique inhérent des plantes  e t  
par l ' i n t e r a c t i o n  dans la rhizosphère entre  racines, micro-organismes e t  l es  com- 
ponents du s o l .  Ces procédés inac t ivent  sélectivement l e s  cations polyvaZents par 
moyen d'adsorption e t  de formation de complexes dans la  rhizosphère e t  dans l e s  
parois ce l  lu la ires  des t i s s u s  racinaires  avant que ces cations pénètrent dans Zes 

c e l l u l e s  même en endomageant les  noyaux e t  provocant l e s  symptzmes de t o x i c i t é .  
La concentration maximale des cations polyvalents dans un sol acide que peut to-  

lérer  une plante spéci f ique,  sera plus  haute à mésure que ces cations sont inac t i -  
vés en p lus  grande quant i té  dans la rhizosphère (en tre  autres par matière orga- 

nique, micro-organismes) e t  dans l e s  parois ce Zlulaires des t i s s u s  racinaires  

(en tre  autres par croissance rapide des rae ines) .  

e t  phases 
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Resumen 

En los  suelos m y  ácidos son sobre todo los cat iones pol iva l ien tes  de A l ,  Fe y Mn 

que perjudican a l  crecimiento de las plantas en provocando trastornos t r ó f i c o s  
en los  raíces  jóvenes y en molestando la absorpción de substancias al iment íc ios .  
La tolerancia de l a s  plantas f r e n t e  al acidez de suelo varia largamente según 

especie ,  variedad y fase de desarro1k individual. Hay plantas  de l a  familia de 

l a s  Ericáceas que aguantan suelos con pH bajo hasta 3 .0 .  La tolerancia es inheren- 
t e  a los mecanismos f i s i o l ó g i c o s  en l a  planta Y a l a  in ter ferene ia  en e l  es fera  

raigal  entre  ra ices ,  micro-organismes y componentes de l  suelo. Estos procesos 
immoviliscan los  cationes tóxicos a trave's d e l  adsorbarlos y d e l  ligarlos en com- 
p l e j o s  orgánicos sobre todo en los paredes celulares  de los t e j i d o s  raigales ,  de 
t a l  modo que los cationes tóxicos no logren perjudiear a los nucleos celulares ,  
La concentraeidn maximal en cationes tóxicos que aguanta una planta en SU ambi- 
ente  puede s e r  más alto según sea más larga l a  cantidad de es tos  cationes immovili- 
zada en e l  es fera  raigal  ( a  trave's de micro-organismos, materia o r g h i c a  e t c . )  

y en las  paredes celulares  de los raices  jóvenes ( t a l  coma por crecimiento rapido 
d e l  sistema r a i g a l ) .  

Zusammenfassung 

I n  eztrem sauren Böden sind es vor Allem die polyvalenten Katione A Z ,  Fe und Yn, 

die  durch i h r e  hemmende Wirkung auf die  ZelZteilung i n  den jungen Wurzeln und 
auf die Nährstoffaufnahme fiir die Pflanze sehr schädlich sind. Die Toleranz 

beziiglich Bodensäure i s t  s tark verschieden zwischen Pflanzenarten, Varietaten und 
indiv idue l len  EntwickZungsstufen. Unter den höheren P.flanzen g i b t  e s  e in ige  Erica- 

ceen, die  d i e  pH-Werte b i s  3.0 aushalten.  Die Toleranz w i r d  bestimmt dureh inha- 
renten physiologischen Mechanzbru.s der Pflanze und durch Wechselwirkung awischen 

Wurzeln, Mikroorganismen und Bodenbestandteilen in der Rhizosphäre. ES handelt  
sich dabei m Inaktivierung der p o t e n t i e l l  schädlichen Katione m i t t e l s  s e l e k t i v e r  

Adsorbtion und Komplexfomung i n  der  Rhizosphäre, sowie in den Zellwändern des 
jiingeren wurzelgewebes, bevor diese Katione d ie  Z e l l k e m e  erreiehen und beschädi- 

gen. Die Mazimalkonzentration der polyvalenten Katione, d ie  e ine bestimmte, in 
Sauerböden wachsende Pf lanze ver t rägt ,  ist grösser j e  nechdem mehr diese Katione 
i n a k t i v i e r t  werden i n  der Rhizosphäre ( z .  B. m i t t e l s  Mikroorganisme) und in den 
Zellwändern jiinger Wurzel ( Z . B .  m i t t e l s  schnel ler  Wurzelentuicklungl.  
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D I S C U S S I O N  
COULTER: A l  t o x i c i t y  i s  minimal a t  pH values l a r g e r  than 5,O and Mn t o x i c i t y  

RORISON: May be t o  be on t h e  sa fe  s ide .  C e r t a i n l y  many species which f a i l  
i s  seldom a problem; why i s  l i m i n g  t o  pH 6,5 so o f t e n  recommended? 

t o  grow i n  s o i l s  o f  pH 4,5 w i l l  do so i f  pH i s  r a i s e d  by l i m i n g  t o  c .  5,5. 

COULTER: V a r i e t i e s  o f  c e r t a i n  crops, e.g.  wheat, d i f f e r  cons ide rab ly  i n  t h e i r  
t o le rance  o f  A l - t o x i c i t y .  I s  t h e r e  a p o s s i b i l i t y  o f  us ing  t h i s  p r o p e r t y  i n  c rop-  
p i n g  systems f o r  a c i d  su lpha te  s o i l s ?  

RORISON: E v o l u t i o n  o f  t o l e r a n t  races can be r a p i d  and a breed ing  program 

should be poss ib le .  P r o d u c t i v i t y ,  even w i t h  f e r t i l i z e r  a d d i t i o n s ,  would need 

c a r e f u l  t e s t i n g  . 
MOBERG: I s  A l - t o x i c i t y  a l s o  dependent on A l - s a t u r a t i o n  percentage? 
R O R I S O N :  I have no q u a n t i t a t i v e  evidence. There a re  o t h e r  f a c t o r s  i nvo l ved  

than j u s t  concen t ra t i on ,  e.g.  a l om5  molar  A l  s o l u t i o n  may be t o x i c  o r  n o t  t o  

p l a n t  r o o t s  dependent on whether one uses a s t a t i c  s o l u t i o n  o r  a cons tan t  f l o w .  

DRIESSEN: I n  Southern Ka1 imantan (Borneo) t h e  Bandjarese farmers o b t a i n  a 
y i e l d  inc rease o f  up t o  50% by adding 70 kg/ha o f  NaCl t o  t h e i r  wet r i c e  f i e l d s  

An tagon is t i c  processes seem n o t  t o  be i n v o l v e d  as no n u t r i e n t  d e f i c i e n c i e s  were 

found. Trace elements a re  n o t  l i k e l y  t o  be i n v o l v e d  e i t h e r .  What cou ld  be t h e  

exp lana t ion  f o r  t h i s  y i e l d  inc rease? 

t h e  improvement o f  problem s o i l s  i n  B r i t i s h  Guiana. World Crops, November 1962, 

which desc r ibe  l each ing  t o x i c  ma te r i  1s f rom pegassay s o i l s  w i t h  sea water .  

RORISON: I o n l y  can r e f e r  you t o  Evans, H. and R.B.Cate Jr. - Stud ies  i n  

9 
VAN DIEST: I n  a ve ry  young stage r i c e  p l a n t s  a re  very  suscep t ib le  t o  A l  

t o x i c i t y .  AFter a few weeks they  b u i l d  up to le rance .  Do you have any p h y s i o l o g i c a l  
exp lana t ion?  

RORISON: I can o f f e r  no adequate p h y s i o l o g i c a l  exp lana t ion .  It i s  an f r e -  

q u e n t l y  repo r ted  occurrence. I f  seed l i ngs  s u r v i v e  the  i n i t i a l  " s e n s i t i v e "  p e r i o d  

they  may subsequent ly "grow away" f rom t o x i c i t y  (Ror ison  e t  a l . ,  1958). A lso ,  hea l -  

t h y  seed l ings  which a re  t ransp lan ted  i n t o  p o t e n t i a l l y  t o x i c  s o i l s  o f t e n  s u r v i v e  

where d i r e c t  seeding has f a i l e d .  

VAN DIEST: I n  exper iments w i t h  r i c e ,  we n o t i c e d  t h a t  t h i s  p l a n t  i s  more 

suscep t ib le  t o  A l  g i ven  i n  EDTA fo rm than t o  A l  a p p l i e d  as A1(N03)3 .  Th is  seems 

c o n t r a r y  t o  general  exper ience w i t h  heavy meta ls .  

RORISON:  I n  my exper ience Al-EDTA i s  n o t  t o x i c  t o  p l a n t s  suscep t ib le  t o  A l  
i n  t h e  i n o r g a n i c  form. I t cou ld  be t h a t  t he  EDTA i s  complexing some o t h e r  m ic ro -  
n u t r i e n t ,  e.g. Mn a t  h i g h  pH, thus  causing i n d i r e c t l y  a de f i c iency .  
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THE MANAGEMENT OF ACID SULPHATE AND PSEUDO-ACID SULPHATE SOILS 
FOR AGRICULTURE AND OTHER USES 

J .  K .  Coulter 
Rothamsted Esperimental S ta t ion ,  Harpenden, United Kingdom 

Introduction 

Conditions for the accumulation of sulphides in sediments and soils have been 

widely investigated and have been discussed in detail in other sessions of this 

symposium. The basic problems for agriculture are toxicities and/or deficiencies 

when such soils are used in the waterlogged state or  when drained; this paper 

discusses these problems and the attempts to solve them. 

On oxidation, sulphidic soils show pale yellow streaks or mottles along root 

channels and on ped faces. These have given rise to the name "cat clay" although 

the term "acid sulphate soil" is now more widely used. pH values in the range 

2.5 to 3.0 are frequent, though occasionally values as 10W as 1.3 have been no- 

ted (IO). The term "pseudo-acid sulphate soil" has been applied by Pons ( 4 1 )  to 

less acid soils formed by oxidation of sulphidic muds in the presence of sea-wa- 

ter salts. However, Pons and van der Kevie ( 4 2 )  state that in Thailand salinity 

does not prevent a sulphidic clay developing very high acidity on oxidation. 

The formation of acid sulphate soils results from the presence of sulphides, the 

introduction of aerobic conditions, and the absence of bases, usually calcium 

carbonate, to neutralize the acidity. Most anaerobic Soils contain some sulphides, 

a recent definition of a sulphidic material being a waterlogged soil having 0.75 
per cent or more S on a dry weight basis ( 4 4 ) .  There is evidence in literature 

that smaller amounts should be used to differentiate between soils with and with- 

out potentially serious acidity. 

Aerobic conditions are introduced when the soils are drained for agriculture but 

areas with seasonally aerobic conditions, due to natural changes in the drainage 

pattern, are described in the Gambia ( 2 2 ) ,  Senegal ( 4 8 )  and Surinam (3); these 

occur behind belts of Avicennia mangrove on land flooded only by occasional high 

tides. Evaporation leaves surface salts, giving the typical "fluffy" appearance of 

saline soils, devoid of vegetation, whilst the subsoils dry out sufficiently to 

give yellow mottles and streaks of jarosite. 

Sulphidic materials are exposed to oxidation by mining ( 3 3 )  and the high acidity 

prevents the growth of vegetation, desirable for both amenity and stabilization 

purposes. Fish ponds constructed in sulphidic soils give poor yields ( 4 9 )  and 
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sub-soil drains may be blocked by ferrous iron (7, 5 9 ) .  

Though many sediments contain much sulphide, the formation of acid sulphate soils 

is prevented by carbonates neutralizing the acidity. Van Beers (5) states that 

most marine sediments in Holland contain 10 to 20 per cent CaC03, whilst river 
sediments have 6 to 15 per cent. Edelman and van Staveren (16 )  contrast the 

marsh soils of the United States, which contain little or no CaC03, with those 

in The Netherlands, which nearly always do s o ,  or did when reclaimed. Most tro- 

pical marsh soils resemble those of the United States in having little or no re- 

serves of CaC03. This is due to the base-poor nature of their river catchments 

though there are certain rivers with catchments in base-rich areas carrying suf- 

ficient bases to neutralize some or all of the acids ( 4 2 )  thus giving soils with 

large quantities of gypsum crystals; beds of shells supply the CaC03 in some are- 

as. Other minerals in the soil can supply bases to neutralize the acidity and the 

development of high acidity involves not only the loss of exchangeable bases but 

some destruction of the clay lattice, producing aluminum as the major exchange- 

able ion ( 1  1 ) .  

Geographical distribution 

Van Beers (5)  records acid sulphate soils in all continents except Australia; 

West Africa, South and Southeast Asia, and Northeast South America have the lar- 

gest extent. Moormann (36) has reported about 2 million ha in South Vietnam, 
Watts ( 4 9 )  200,000 ha in Malaya, Pons and van der Kevie 1.5 million ha in Thai- 

land; Jordan (31)  notes that there are about 100,000 ha of mangrove in Sierra 

Leone which could be regarded as potential rice land; considerable areas have 

been reported in Finland, Sweden, Holland, and the United States. Though their 

serious agricultural problems have long been recognized, their irregular distri- 

bution and frequent occurrence within or adjacent to areas of good land carrying 

heavy population accounts for the many attempts to develop them. Broadly they 

are distributed in: 

I .  Coastal areas with marine or brackish water influence 

These are marsh areas, now or until very recently under halophytic vege- 

tation, of which mangrove (Rhizophora, Avicennia sp.) and nipa palm (Nipa fruc- 

tescens) are the most important. In West Africa (22, 29,  31,  4 8 )  Rhizophora 

racemosa grows on the silty soils along the major tidal creeks, and the landward 

extension is controlled by the daily limit of tidal flooding. In Sierra Leone 

and Guinea this tidal water is saline during the dry season but in the wet season, 

with about 2,500 mm of rain in 6-8 months, it is virtually salt-free. Many of 
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these areas have been cleared by hand for rice, relatively good yields of 2,000 
to 3,000 kg/ha being reported. The success of this system depends on the intru- 

sion of very large quantities of fresh water during the rainy season. Where this 

is insufficient, as in the smaller creeks with limited catchments ( 4 6 )  or along 

the coast, empoldering to prevent access of saline water and improve drainage has 

caused high acidity where the soils have grown Rhizophora mangrove. 

The large-scale rice industry in the tidal zone in West Africa is a comparative- 

ly recent development; perhaps rice cultivation in the deltaic areas of West Pa- 

kistan started under rather similar conditions, but there is relatively little 

rice cultivation in the tidal zones in Asia. Agriculture on the youngest marine 

clays has followed clearing of mangrove or nipa palm in Sarawak, but coconut 

rather than rice is the usual crop. 

2. Fresh water backswamps, formerly braskibh 
These represent much the largest areas used for agriculture. Under natuu- 

ral conditions they support a limited range of species of grasses, sedges, shrubs, 

and trees. Sedges (Phragmites vulgaris) and Cyperus SP. have been reported from 
Gambia and pure stands of Melaleuca leucadendrum from Malaya ( 1 4 ) .  Although the 

specialized vegetation can be indicative of sulphidic soils, it grows on non- 

sulphidic ones also, whilst non-specialized forest vegetation occurs in areas 

with buried horizons of sulphidic material. 

Vegetation influences not only the amount but also the way in which sulphides 

accumulate. Rhizophora mangrove flourishes just below mean sea level; thus sul- 

phates and strong reducing conditions are present due to the large amount of or- 

ganic matter from the root system and continuous water-logging. The fibrous muds, 

with 10-50 per cent organic matter, may contain 2 to 3 per cent sulphur (25) 
with pH levels as low as 2.0 on drying ( 4 6 ) .  Some of these muds may be at least 

100 cm deep ( 4 5 )  thus holding much sulphides. Pyrite formation takes place as 

the muds are depositing, and will continue as long as these fibrous materials 

are flooded with sea or brackish water. Thus an important feature is the sulphi- 

dic nature of the surface layers, so giving very acid conditions with even a 
slight lowering of the water table. 

Backswamps on tne other hand may have a layer of non-sulphidic soil overlying 

sulphidic material. This forms when Avicennia mangrove follows Rhizophora, and 

in the Gambia such soils have a 30 to 45 cm horizon overlying sulphidic material 

of Rhizophora origin ( 4 5 ) .  Muds can also build up under non-mangrove vegetation 

and so bury horizons of sulphidic soil. Peaty material will continue to accumula- 
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te under fresh water anaerobic conditions and, if periodically flooded with brack- 

ish water, sulphides will form. The so-called "pegassy" soils of Guyana are 

peaty soils with sulphides, whereas the peats of Malaysia are fresh-water depo- 

sits with no pyrite. The pyrite formed by salt-water flooding of peaty deposits 

has been termed "tertiary" pyrite by Pons ( 4 1 ) .  It appears that this can form 

quite rapidly, for neglect of the dykes in empoldered areas in Surinam and the 

United States has led to brackish-water flooding and formation of pyrite within 

a few years. Reclamation of backswamps may thus involve soils with exposed or 

buried sulphidic horizons. 

3. Fossil acid sulphate soils 

In Thailand ( 4 2 ) ,  Vietnam ( 3 6 )  and Guyana (Coulter & Robinson, unpubli- 

shed FAO report) soils with very intensive purple, red, and brownish blotches 

and mottles on a gray matrix are reported. Such soils are usually very acid, with 

the exchange complex dominated by Al and Mg, are very compact, and are thought 
to have formed in Pleistocene times. 

4 .  Inland peat swamps 

Chenery (10) describes papyrus swamps at 2,000 meters elevation in Ugan- 
da with sulphides from sodium sulphate in pre-Cambian schists and phyllites. 

When drained, these swamps develop sterile patches with pH values of 2.4 to 2.7 
at the surface and 1.3 in the air-dried sub-soils. Rost ( 4 3 )  describes peats in 

Minnesota which have a large amount of pyrite. 

Factors responsible for poor yields 

Sulphidic soils occur under a wide range of rainfall regimes and some may dry 

out only very infrequently under natural conditions. Dunn (15) reports an unusu- 

al drought in Southeast Malaya in which the swamps under natural forest dried out 

and large quantities of acid sulphates were then leached into the rivers, killing 

the fish and flocculating the suspended mud. Other areas have dry periods extend- 

ing over several months, e.g. Vietnam, Thailand, and soils there dry out quite 

deeply, giving an annual regeneration of sulphates. 

Agriculture on acid sulphate soils has consisted of keeping them waterlogged 

as long as possible and growing rice, or draining them for dryland crops; so the 

factors influencing yield are different. 

When waterlogged, sulphidic soils have pH levels of 6 to 8; H z S ,  Fe and Mn 

ions can be toxic under these conditions. Hart (23) treated mangrove soils with 

0.2M KC1 and extracted 500 ppm Fe at 65 per cent moisture and a pH of 6.5, and 
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900 ppm at 50 per cent moisture and a pH of 5 . 5 ;  at a moisture level below 40  

per cent, less than 100 ppm was extracted. The pH of flooded acid sulphate soils 

appears to vary, depending on the soil and whether measured in pots or in the 
field. In pot experiments with soils from Vietnam, the pH rose only from 3.6 to 

4 .7  in 16 weeks of flooding ( 3 5 )  whereas Tomlinson ( 4 7 )  reported a rise from 
2.7 to 6 . 2  when mangrove soils in Sierra Leone were flooded with rain water; he 

regarded this as due to the leaching Of sulphates. In the Vietnam soils Fe 

reached 800 ppm after 6 weeks' submergence, 500 ppm Fe being regarded as to- 

xic; treating the soils with 1 per Cent MnOz (equivalent to 20,000 kg/ha) kept 
the Fe below this limit. In COntinuOuslY flooded unlimed s o i l s ,  the plants 

died soon after transplanting. In Contrast to this Cate and Sukhai (8) found that 

early and continuous flooding improved rice growth in pots and they suggested 

that, when the soils are flooded well before transplanting, Fe will neutralize 

aluminum and allow good crops to be grown, provided the fertility has been impro- 

ved. 

HES is known to be toxic to rice at levels below 1 ppm ( 3 9 )  and Japanese workers 
have reported a disease (akiochi) arising from this. Sulphide production is 

strongly pH dependent, little forming outside the pH range of 6 .5  to 8 .5  ( 1 2 )  but 

forming very rapidly within this range on submergence ( 1 3 ) .  It is usually sugges- 

ted that H2S is inactivated by precipitation , so that toxity 
would occur only in the absence of adequate amounts of the latter. On the other 

hand measurements in Louisiana rice soils have shown that Fe concentration had 

no appreciable effect on H2S accumulation and that it was sorbed on the clay 

fraction ( 2 ) .  Other work on these soils has suggested that a flexibacterium ca- 

pable of detoxifying H2S exists in rice soils. 

Varying levels of aluminum have been reported as toxic to rice (8); Hart ( 2 9 ) ,  
using solution culture, found 270 PPm toxic and 27 ppm root inhibiting. Aluminum 

solubility is strongly PH dependent, being 76 .4  ppm at pH 3.11, 5 .8  ppm at 3 . 9 5 ,  

and 0 . 3  ppm at 4 . 5 0  ( 3 4 ) .  Hart ( 2 9 )  found that the extractable Al of soils rose 
steeply as soon as the PH fell below 4 . 0 0 .  However, it seems doubtful whether 
simple relationships between aluminum and plant growth exist in acid sulphate 

soils, for Hesse (26), using a fresh mud at pH 6 . 2  from the 0-10 cm horizon of a 

mangrove swamp, found that leaves of the stunted rice plants from unfertilized 
pots had 900 ppm Al, whereas those from pots with lime and fertilizer had about 
500  ppm. An important observation in Thailand ( 4 2 )  and Vietnam ( 3 6 )  is the damage 

to rice by the extremely acid flood water (pH 2.5 to 3 . 5 )  from zcid sulphate 
soils within the area or flowing from adjacent areas. 
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No clear picture of the factors affecting rice growth in acid sulphate soils 

emerges from the pot experiments, the results of which sometimes conflict with 

those from field experiments. Pham-Hui-Anh et al. (38) report greatly improved 

yields in field experiments with lime and NPK fertilizer, but Jeffery ( 2 8 )  found 

no response to I O  tons/ha dolomitic limestone and 600 kg/ha superphosphate on 

undrained mangrove mud soils in Sierra Leone; so water control obviously affects 

responses greatly. 

With dry land crops the upper part of the profile will be aerobic, so oxidation 

of sulphides continues as long as any remain. pH values may drop to about 2 . 5 ,  at 

which levels large amounts of Fe enter the soil solution. Nore commonly, values 

in top soils range between 3.0 and 4 . 0 ,  a modal value of 3 . 8  from O to 30 cm 

samples from 208 profiles in Malaya being reported (6). At these pH levels both 

hydrogen and aluminum ions are active. pH per se is not considered toxic to plant 

growth in acid soils, but work with nutrient solutions has shown depression of 

root growth of certain crops as pH dropped from 5.00 to 4 . 0 .  However, it is 

highly likely that, in soils, the detrimental effect of A l  or Mn in solution 

would far outweigh that of H ion concentration ( I ) .  Although acid sulphate soils 

lose exchangeable cations when the acids form, H clays break down rapidly to re- 

lease A l  and Mg from the lattice, and such s o i l s  have large amounts of exchange- 

able A l  whilst exchangeable Mg often exceeds exchangeable Ca. 

On oxidation, sulphidic horizons provide large quantities of soluble sulphates, 

mostly aluminum salts; when formed in the deep sub-soil, they rise with the 

water table after the rains start or, if the water table is shallow, they 

concentrate at the surface by evaporation. Auriol and Lam-van-Vang ( 4 )  found that 

a sample of the efflorescence contained 24.12 per cent so3, 9 .93  per cent A1203, 

and 10.36 per cent NanO. 

There are wide variations in the tolerance of various species and of varieties 

within species to aluminum toxicity. Foy and Brown ( 2 1 )  found that oats yielded 

75 per cent of the maximum yield with 6 ppm A l  in solution, whereas mustard yieldet 

only 7 per cent. No such comparative studies have been reported for tropical 

crops; observations suggest that rubber, o i l  palms, and coconuts can tolerate pH 

levels around 4 in the surface soil (6). Bananas and cassava are also tolerant 

of high acidity, and pineapples grow at pH values well below 4 .  Sugarcane is 
susceptible to Al toxicity and produces a coralloid root system unter these con- 

ditions, with a marked reduction in yields ( 1 8 ) .  

Deficiency of phosphate has been attributed to strong fixation by high levels of 
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aluminum in the soil solution. Yoormann (36) states that an application of 

800  kg/ha rock phosphate failed to give a residual response with rice in the 

second year in Vietnam. Fresh mangrove muds have been shown to retain large quan- 

tities of P ,  values of 3 , 0 0 0  lb P/acre being quoted ( 2 6 ,  4 9 ) ;  in Senegal, on the 

other hand, 1200 kg/ha phosphate still gave a residual response 5 years after ap- 

plication (27). Another example of P response in acid sulphate soils is recorded 

by Watts ( 4 9 ) ,  who found greatly improved production Of fi’sh by treating ponds 

with phosphate and lime. Field and pot experiments do not give a consistent pic- 

ture of phosphate responses on acid sulphate Soils, Probably due to the many dif- 

ferent soils to which the feririlizer has been applied, but in some places heavy 

dressings are obviously needed for good yields. 

Copper deficiency in pineapples has been reported by Moormann ( 3 6 1 ,  but this is 

probably associated with the high level of organic matter, for pineapples show 

copper deficiency on non-sulphidic peat soils in Malaya. Other deficiencies spe- 

cific to acid sulphate soils have not been confirmed; some sediments are low in 

Zn and Mn, and highly acid conditions give molybdenum deficiency. Nitrogen res- 

ponses would be expected where other limiting factors have been removed; lime 

is obviously needed for many crops, but the need for Ca per se has not been elu- 

cidated. Response to K and Mg have not been specifically noted. 

Development of improved agriculture 

Sulphidic and acid sulphate soils occur in many different climatic situations 

over a wide range of landscapes and in very different economic and social set- 

tings. The soils themselves may have greatly varying degrees Of sulphide or acid 

sulphate levels. Thus no single technique or agricultural System Will be appli- 

cable in all areas and it is possible to consider their reclamation only in terms 

of a few major concepts. 

In some areas farmers have cultivated these soils for some time and in other 

areas they probably tried to develop them but abandoned the attempt. They have 

been used for rice production in Sierra Leone, sugar cane and rice in Guyana, 

rubber, oil palm, coconuts, rice and fruit trees in Thailand, grass in The 

Netherlands, and fodder crops in Finland. Low yields have been reported of 700 
kg/ha rice in Vietnam ( 3 6 ) ,  6 , 0 0 0  kg/ha oil palm bunches and 150-400 kg/ha copra 

in Malaya (6), 2 , 0 0 0  kg/ha rice in sierra Leone but negligible yields where the 

soils have dried out and oxidized ( 2 4 ) ,  and 1,000 kg/ha fodder crops in Finland 

(32). Farmers themselves have attempted to improve the soils by drainage, by 

ridging, or by maintaining flooded conditions and growing rice ( 3 6 ) .  
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The depth at which pyrite occurs is important, Zuur ( 5 0 )  stating that, where the 

toxic horizon is buried to a depth of 40 cm, yields of crops like sugar 

not affected but fruit trees are. Bloomfield et al. (6) concluded that 75 cm of 
top soil free of pyrite or acid sulphate gave good growth of oil palms. Thus in 

soils with toxic layers at some depth shallow rooting crops can be grown if the 

water table is controlled to minimize oxidation of the sulphidic horizon. Table 

I records the results of water table control on oil palms in Malaya 

Where there is a layer rich in calcium carbonate within ploughing depth, it can 

be mixed into the acid sulphate horizon, Pons ( 4 0 )  suggesting a level of about 
8 per cent carbonate for the success of this technique. 

Oxidation of the sulphides and the removal of the soluble sulphates by leaching 

and drainage could eventually improve these soils and many laboratory measure- 

ments have been made on the rate of pyrite oxidation. Hart et al. ( 2 4 )  found 
that one quarter of the pyrite oxidized in 8 hours, one half in 36 hours, and 

all in about 1000 hours, and from this they estimated that drying during one 

field season would oxidize about half the pyrite. Unfortunately, no reports could 

be found in literature where the oxidation of sulphides and removal of sulphates 

have been followed under actual field conditions. Zuur (50) records 6 years for 
the sulphates in the soils of the Zuider Zee to fall below 0.7 g/liter. In the 

United States Fleming and Alexander (20) reported that the top 30 cm or so in an 

empoldered area had 0.34 to 0 .4  per cent S ,  whilst that outside the polder had 

2.0 to 3.0 per cent S; they suggested that this difference was due to oxidation 

and leaching over a 10 year period. Bloomfield et al. (6 )  in Malaya measured the 
sulphur levels at different depths in soils which had been drained for 5 years by 

1 meter deep drains placed at distances varying from 10 meters to 60 meters. At 

depths below 50 cm in the area with the 60 meter drains the S content was 2.0 

per cent whilst that in the intensely drained area was 0.36 per cent. Although 

these observations suggest that good drainage removes a large proportion of the 
sulphur in 5 to I O  years, the well known variability of pyrite levels in these 

soils makes such conclusions very tentative. 

However, even if an optimistic figure of 10 years is taken as the time for remo- 

val of most of the pyrite by efficient leaching and drainage, there is the problem 

of using these soils over that period, since intense acidity develops during 

leaching. Alternatives are leaving the soil uncropped, which means expensive in- 

vestments in drainage with a long delay on returns, growing crops which can tole- 

rate the high acidity thus limiting severely the agricultural choice, or liming 

beet are 
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at regular intervals'to keep the acidity within tolerable limits. Several expe- 

riments with liming have been reported in literature, but most lack information 

on long term residual effects and do not define the levels of sulphates, the 

amounts of pyrite, or the degree of drainage of the soils used. Calculations of 

the amounts required to neutralize the potential acidity show as much as 150 

tons/ha, which is completely uneconomic especially in countries without indige- 

nous supplies. 

Attempts to increase the rate of leaching have been made; in Sierra Leone, Hart 

et al. ( 2 4 )  flooded, drained and oxidized soils with saline water and reported 

improved growth of rice. Evans and Cate (19) leached sugarcane land in Guyana 
with brackish water pumped for several miles through the canals and reported en- 

hanced yields. Neither experiment records whether the yields were improved perma- 

nently or whether the leaching was done annually and, if SO, the long term con- 

sequences of treating the soils with large amounts of saline water. Various 

field trials are summarized in Table 11. 

Conclusions 

It is not yet possible to suggest generally applicable techniques for improved 
agriculture on acid sulphate soils. Experiments in pots and in the field record 

improved yields but these usually give the results of one or two years' experi- 

nents. Few of the experiments define adequately the characteristics of the soils 

being used and probably some experiments have shown no improvement in yield and 

have not been reported. Even more striking is the lack of reports on adoption by 

farmers of any of the proposed practices. 

It is suggested, therefore, that a more intensive research program is needed on 

( 1 )  the factors which are responsible for the low yields to such soil factors as 

pyrite leve1,m pH, and exchangeable A l  and (3) the investigation of techniques 

for improving yields which ar,e scientifically sound and yet practicable in the 

agricultural context of the countries involved. 

Such a research effort is justified, particularly in the tropics, because these 

soils cover large areas of flat land which are, or could be, supplied with irriga- 

tion. They are often adjacent to, or admixed with, good soils carrying dense po- 

pulations and the drainage waters from acid sulphate areas are detrimental 

to crops on the good soils. 
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TABLE 1 .  YIELD OF OIL PALM ON ACID SULPHATE SOILS I N  WEST MALAYSIA 1961-1971 

(1,000 kg/ha fresh fruit bunches) 
Water table controlled at shallow depth from 1966-1967 

FIELD 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970 1971 
No. 

SG 2 1 9 . 8  17 .6  1 3 . 3  16.6 11.8 13.8 1 9 . 3  21 .8  21 .8  19 .3  19 .8  

SG 4 18 .6  20.9 13.8 18.8 12.8 17.1 22.6 24.9 24.9 21 .8  24.1 

ROP 61 - - - - 5.0  8 . 3  9 . 8  1 6 . 3  16.8 20.9 2 2 . 3  

- - - - - - 8 . 3  19.6 24.6 25.1 23.9 ROP 64 

N 4  14.1 15.1 1 2 . 3  8 .8  6 . 0  8 . 3  9 . 0  1 3 . 8  1 9 . 3  17 .3  19 .3  

N j  1 7 . 6  1 9 . 1  16 .1  14 .3  10.8 13.1 lL .6  16.1 19 .3  18.8 20 .8  



TABLE 2 .  YIELDS FROM SOME FIELD EXPERIMENTS 

REF. COUNTRY CROP TREATMENTS YIELDS (kgfha) 

O 1150 

PK 1400 

NPK 1700 

NPK + 7 tons limefha 2600 

NPK +14 tons lime/ha 2700 

NPK +21 tons lime/ha 2700 

O O 

24 tons limefha 620 

5 tons limefha 1880 

74 tons limefha 1680 

2020 

0 lime leached with sea water 1980 

24 tons lime leached with sea water 2420 

5 tons lime leached with sea water 2480 

74 tons lime leached with sea water 2420 

10 tons lime leached with sea water 2500 

( 3 2 )  Finland Fodder' 

++ 
Rice 10 tons lime/ha ( 2 4 )  Sierra 

Leone 

+ 
Averaged over 10 year period 
Yields for one year 

++ 



REFERENCES 

ADAMS, F. and PEARSON, R.W. 1967. Crop responses to lime in the Southern 

United States and Puerto Rico. Soil Acidity and Liming. Amer. Soc.Agron. 
Monograph 12. ed. R.W.Pearson and F.Adams. 

ALLAM, ABDEL-WAHAB. 1971. Soluble sulphides in rice fields and their in 

vitro effects on rice seedlings. PhD thesis. Louisiana State University. 

AUGUSTINUS, P.G.E.F. and SLAGER, S .  1971. Soil formation in swamp soils of 

the coastal fringe of Surinam. Geoderma 6. 203-211. 

AURIOL, P.F. and LAM-VAN-VANG.1934.Etudes sur les terres et les eaux alunées. 

Bull. Econ. de 1'Indochina. Hanoi. 221-266. 

BEERS, W.F.J. van. 1962. Acid sulphate soils. Bull. Int. Inst. Land 

Reclamation and Improvement 3. pp.31. 

BLOOMFIELD, C. ,  COULTER, J.K. and KANARIS-SOTIRIOU, R. 1968. O i l  Palms 

on acid sulphate soils in Malaya. Trop. Agric. (Trin) 45. 289-300. 

BLOOMFIELD, C. 1972. The oxidation of iron sulphides in s o i l s  in relation 

to the formation of acid sulphate soils and of ochre deposits in field 

drains. J. Soil Sci. 23, 1-16. 

CATE, R.B. and SUKHAI, A.P. 1964. A study of aluminum in rice soils. 

Soil Sci. 98, 85-93. 

CHENERY, E.M. 1953. A digest of the chemistry of dead swamps in Kigezi 

district, S.W.Uganda. Government Printer, Uganda Protectorate. pp.6. 

( I O )  CHENERY, E.M. 1954. Acid sulphate soils in Central Africa. Trans. 5th 
Int. Cong. Soil Sci. 4 .  195-198. 

( 1 1 )  COLEMAN, N.T. and CRAIG, D. 1961. The spontaneous alteration of hydrogen 
clay. Soil Sci. 91, 14-18. 

(12) CONNELL, W.E. and PATRICK, W.H. 1968. Sulphate reduction in soil. Effects 

of redox potential and pH. Science 159, 86-87. 

(13) CONNELL, W.E. and PATRICK, W.H. 1969. Reduction of sulphate to sulphide in 

waterlogged soil. Soil Sci. Soc. Amer. Proc. 33, 711-715. 

( 1 4 )  COULTER, J . K .  1952. "Gelam" soils. A study of their sulphur content. 

Malay. Agric. J. 35, 22-35. 

266 



(15) DUNN, I.G. 1965. Notes on mass fish death following drought in South 

Malaya. Malay. Agric. J. 45, 204-211. 

(16) EDELMAN, C.H. and STAVEREN, J.M.van. 1958. Marsh soils in the United 

States and in The Netherlands. J .  Soil and Water Conserv. 13, 5-17. 

(17) EL BARADI, T.A. 1967. Acid sulphate soils in the tropics. Tropica 

Abstr. 22, 137-142. 

(18) EVANS, H. 1955. Studies in the mineral nutrition of sugar cane in 

Guiana. Trop. Agric. (Trin) 32, 124-133. 

British 

(19) EVANS, H. and CATE, R.B. 1962. Studies in the improvement of problem 
soils in British Guiana. World Crops 14, 370-373. 

(20) FLEMING, J.F. and ALEXANDER, L.T. 1961. Sulphur acidity in South Carolina 

tidal marsh soils. Soil Sci. Soc. Amer. 25, 94-95. 

(21) FOY, C.D. and BROWN, J.C. 1964. Toxic factors in acid soils. 11. Differen- 
tial aluminum tolerance of plant species. soil Sci. Soc. Amer. Proc. 

28, 27-32. 

(22) GIGLIOLI, M.E.C. and THORNTON, I .  1965. The mangrove swamps of Keneba, 

Lower Gambia river basin. I. Descriptive notes on the climate, the mangro- 
ve swamps and the physical composition of their soils. J. appl.Ecol.2, 

81-1 03. 

(23) HART, M.G.R. 1959. 

Leone. Plant and Soil 11, 215-236. 

Sulphur oxidation in tidal mangrove soils O f  Sierra 

(24) HART, M.G.R., CARPENTER, A . J .  and JEFFERY, j.w.0. 1963. Problems in re- 
claiming saline mangrove soils in Sierra Leone. Agron. Trop. 18, 800-802. 

(25) HESSE, P.R. 1969. Some differences between the soils of Rhizophora and 
Avicennia mangrove swamps in Sierra Leone. Plant and Soil 14, 335-346. 

(26) HESSE, P.R. 1963. Phosphorus relationships in a mangrove-swamp mud with 
particular reference to aluminum toxicity. Plant and Soil 19, 205-218. 

(27) IRAT. 1971. Rapport d'activités 1970. Service d'Agropédologie. Secteur 
IRAT/Casamance, Station de Djibélor. 

(28) JEFFERY, J . W . O .  1963. Fertilizer trials on Sierra Leone swamp rice soils 

Agron. Trop. 18, 806-810. 

(29) JORDAN, H.D. 1963. The vegetation of mangrove swamps in Sierra Leone. 

Agron. Trop. 18, 796-797. 

267 



(30) JORDAN, H.D. 1963. Development of mangrove swamp areas in Sierra Leone. 

Agron. Trop. 18, 798-799. 

(31) JORDAN, H.D. 1964. The relation of vegetation and soil to development of 

mangrove swamps for rice growing in Sierra Leone. J. appl. Ecol. 1, 209-212. 

(32) KWENEN, E. 1950. Sulphate soils and their management in Finland. 

Trans. 4th Int.Cong.Soi1 Sci.2, 259-262. 

(33) KOHNKE, H. 1950. The reclamation of coal mine spoils. Adv. Agron.2, 

318-349. 

(34) MAGISTAD, C.C. 1925. The Al content of the soil solution and its relation to 

soil reaction and plant growth. Soil Sci. 20, 181-225. 

(35) MAI-THI MY NHUNG and PONNAMPERUMA, F.N. 1966. Effects of calcium carbonate, 
manganese dioxide, ferric hydroxide and prolonged flooding on chemical and 

electrochemical changes and growth of rice in a flooded acid sulphate soil. 
Soil Sci. 102, 29-41. 

(36) MOORMANN, F.R. 1961. Acid sulphate soils (cat clays) of the tropics. 

- In Researches on acid sulphate soils and their amelioration by liming. 

Agronomic Library. Ministry of Rural Affairs, Saigon. 

(37) MOORMA", F.R. 1963. Acid sulphate soils (cat-clays) of the tropics. 

Soil Sci. 95, 271-275. 

(38) PHAM-HUU-ANH, MOORMANN, F.R. and GOLDEN, J.D. 1961. Liming experiments 

on acid sulphate s o i l s .  &Researches on acid sulphate soils and their 

amelioration by liming. Agronomic Library, Ministry of Rural Affairs, 

Saigon. 

(39) PITTS, R.G. 1971. Explorations in the chemistry and microbiology of 

Louisiana rice plant-soil relationship. PhD thesis. Louisiana State 

University. 

( 4 0 )  PONS, L.J. 1956. Some aspects of the improvement of pyrite containing o l d  

marine soils in The Netherlands. Trans. 6th Int. Cong. Soil Sci. B, 

727-734. 

(41) PONS, L. J. 1964. Pyrites as a factor controlling chemical "ripening" 
and formation of "cat clay" with special reference to the coastal plain 

of Surinam. Agric. Exp. Sta. Panamaribo Bull. 82, 141-161. 

( 4 2 )  PONS, L.J. and KEVIE, W. van der. 1969. Acid sulphate soils in Thailand. 

268 



i 

Studies on the morphology, genesis and agricultural potential of soils with 
cat clay. Soil Survey Division. SSR-81-1969. Land Development Department. 
Ministry of National Development. Bangkok. 

(43) ROST c.0. 1922. Occurrence of sulphides in Minnesota peat soils. soil sci. 

14, 167-176. 

(44) soil Taxonomy. 1970. soil Survey, Soil Conservation Service. u.s.Dep. 

Agric. Washington D.C. 

(45) THORNTON, I. and G I G L I O L I ,  M.E.C. 1965. The mangrove swamps of Keneba, 
Lower Gambia river basin. 11- Sulphur and PH in the profiles of swamp soils. 

J.app1. Ecol. 2, 257-269. 

(46) Tomlinson, T.E. 1957. Relationship between mangrove vegetation, soil 

texture and reaction of surface soil after empoldering saline swamps in 
Sierra Leone. Trop. Agric. (Trin.) 3 4 ,  41-50. 

(47) TOMLINSON, T.E. 1957. Seasonal variation of the surface p~ value of some 

rice soils of Sierra Leone. Trop. Agric. (Trin.)34,287-294. 

(48) VIEILLEFON, J. 1969. La pédogénzse dans les mangroves tropicales. Un example 
de chronosequence. Sci.du S01-2,115-148. 

(49) WATTS,J.C.D. 1969. Phosphate retention in acid sulphate pond muds from the 
Malacca area. Malay.Agric.J.47,187-202. 

(50) ZUUR,A.J. 1952. Drainage and reclamation of lakes and of the Zuiderzee. 

Soil Sci. 74, 75-89. 

t 

269 

i 



, 

Summary 

Acid sulphcrte s o i l s  are characterized by the presence i n  the p r o f i l e  o f  excessively  
acid horizons, resu l t ing  from aeration and oxidation of non-calcareous sulphidic  

muds, mainly of marine o r  fluvio-marine or ig in .  Both aerated acid sulphate and 

reduced sulphidic  s o i l  layers present serious t o x i c i t y  and def ic iency problems 
f o r  most agricul tural  crops. Nevertheless acid sulphate s o i l s  have o f t e n  been re- 

claimed, because of t h e i r  geographical association with f e r t i l e  non-acid s o i l s  i n  
densely populated coastal plains  and de l tas .  Such reclamations were t r i e d  i n  a 

wide range of climates and economic se t t ings ,  mainly on a trial-and-error bas is .  
Complete case h i s t o r i e s  are not available. The r e s u l t s  are mainly poor o r  were 

complete f a i l u r e s .  A common pract ice  i n  wet tropical  climates i s  trying t o  keep 
the s o i l  in f looded conditions, thus preventing possible super f ic ia l  sulphidic  
layers from oxidiz ing and acidi fy ing.  Crops are res t r ic ted  t o  r i c e  and y i e l d s  are 

generally poor due t o  inadequate water control and t o  physiological problems 
aris ing from s o i l  de f ic ienc ies  o r  t o x i c i t i e s .  Rather successful have been reclama- 
t ions  of acid sulphate s o i l s  wi th  buried acid horizons (deeper than 75 em), wi th  

subsoi ls  contuining lime, o r  u i t h  acid layers tha t  were par t ly  neutralized by per- 
colating sea water (pseudo-acid sulphate s o i l s ) .  In a l l  these cases poten t ia l  

ac id i ty  o r  s a l i n i t y  i n  the subsoi l  i s  kept under control by s t r i c t  water manage- 
ment. Depending on depths of the drained non-acid toplayer these s o i l s  are used 

f o r  pasture, cu l t iva ted  d r y  crops o r  t ree  crops. Systematic t r i a l s  wi th  

draining, oxidiz ing and leaching o f  sulphidic  s o i l s ,  combined with liming and f e r -  

t i l i z i n g  remain u n t i l  now res t r ic ted  t o  laboratory measurements over short periods: 
Field t r i a l s  on t h i s  subject  have never been completed. I t  i s  not y e t  possible  

t o  recommend generally applicable techniques f o r  improved agricul ture on acid 

sulphate s o i l s .  I t  i s  suggested tha t  t h i s  problem be studied more systematical ly  
and over longer periods especial ly  i n  the agricul tural  part  of the densely popula- 
ted tropical  coastal plains  and de l tas .  

Les so ls  sulfate's acides se dist inguent  par l a  présence dans leur p r o f i l s  des 

horizons extrèmement acides, provenant de l 'ae'ration e t  de l 'ox idat ion  des vases 

sulphidiques non-calcaires surtout  d 'origine marine. Ces horizons, dans l ' é t a t  
reducé a ins i  que oxide', pre'sentent des problèmes de t o x i c i t é  e t  de carence pour 

l a  plupart des plantes .  Tout de même les  so ls  sulfate's acides ont éte' re'cupére's 

souvent, d cause de leur associat ion géographique avec des sols f e r t i l s  e t  non- 
acides dans des plaines  c6t ières  e t  des de l tas  densement peuplés. On trouve de 
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suelos de su l fa tos  ácidos con capas ácidas más profundas que 75 em, o con sub- 

suelos calcáreos y también de és tos  con capas ácidas neutralisadas en parte por  

e l  percolar de aquas sal inas ldichos "pseudo acid sulphate soils"). En todos 
es tos  casos se t iene  que mantener un régimen de agua e s t r i c t o  para impedir e l  
ascender de los  ácidos y los sates  del  sub-suelo. Según las capas super f ic ia les  
nonácidas se extienden más profundo, e s t é  más amplio e l  escoger de cu l t ivos .  En- 

sayos sistemáticos con drenaje, oxidación y l i x i v i a r  los ácidos en suelos de 

su l fa tos  ácidos se han limitado hasta modeles de laboratorio. Ensayos en e l  campo 
quedaban de m y  corto plazo. Hasta ahora f a l t a  l a  base para e l  recomendar mdtodos 
de aplicación general para l a  agricultura mejorada en suelos de su l fa tos  ácidos. 
Por eso se sugiere e l  es tudio s is tembtico de e s t e  problema, de antemano en cone- 

xión con las  condiciones agricolas en las  Llanuras costaneras y los de l tas  densa- 
mente pobladas de las  regiones tropicales .  

Z u s m e n  f assung 

Die schwefelsauren Böden sind gekennzeichnet durch die  s tark sauren Prof i lhori-  
zonte, d ie  durch Oxidation kalkloser  Sulphidschliimme, meistens ozeanischer Her- 
kunf t ,  entstanden s ind.  Der reduzierte  SulphidschZamm sowie d i e  oxidierten schwe- 
fe lsauren Horizonte bringen f ü r  die  meisten Pflanzenwurzeln G i f t i g k e i t s -  und 
Nährstoffmangelprobleme m i t .  Trotzdem hat man versucht diese Böden urbar zu machen, 
vor Allem i m  Zusmenhang m i t  fruchtbaren Ablagerungen, in dicht  bevölkerten 

Kiistenebenen und Deltas. M i t  diesen Böden g i b t  es  a l so  praktische Erfahrungen b e i  
mannigfaltigen klimatologischen und iikonnmischen Verhältnissen. Diese Erfahrungen 

sind jedoch f a s t  niemals beschrieben worden. Es handelt s i c h  m Fülle m i t  un- 
giinstigem Verlauf und geringem ErfoZg. In den Feuchttropen hat man ö f t e r s  versucht 
un t ie fe  SuLphidhorizonte bleibend reduziert  zu halten m i t t e l s  Hochwasserstand. Un- 

t e r  diesen Umständen kann man nur Reis anbauen; d ie  E m t e  b l e i b t  niedrig in fo lge  
des mangelhaften Wasserhaushaltes und ungünstiger Bodenbedingungen. Beziehungs- 

weise mehr Erfolg hat d ie  Nutzbarmachung schwefelsaurer Böden, in denen entweder 
Sauerschichten t i e f e r  a l s  75 em, oder kalkhal t iger  Untergrund vorkommen, oder 
Böden, i n  denen d ie  schwefelsauren Horizonte b e r e i t s  durch perkolierendes Seewas- 
ser  te i lweise  n e u t r a l i s i e r t  sind (sogenannte "pseudo acid sulphate soils"). In 

a l l e n  diesen Fällen i s t  das Aufsteigen der Säuren und Salze aus dem Unterboden 
vorzubeugen m i t t e l s  zielbewusster Wasserbeherrschung. Wenn der nicht-saure Boden 

t i e f e r  re ich t ,  können diese Böden benutz t  werden als Wiesen, f ü r  Ackerbau oder 

Bawpflanzungen. Systematische Versuche m i t  Entwüsserung, Oxidation und Auswa- 
schung, kombiniert m i t  Bekalkung und Düngung hat es  nur noch i m  Bodenprüflabor 
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gegeben. Diesbezügliche Feldversuche sind entweder vorze i t ig  beendet oder mangeZ- 
h a f t  dokment ier t  worden. Bisher feh len  a lso  Grundlagen fiir Empfehlungen hinsicht-  
l i c h  einer Meliorationstechnik fur schwefelsaure Böden. E s  w i r d  daher e i n  systema- 
t i sches  lind Zangfristiges S t u d i m  dieser  Fmge be f i imor te t ,  vomehmlich i m  zusm- 

menhang m i t  der Agrarlage der dicht  bevölkerten tropischen Kiistenebenen und 
Deltas. 
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D I S C U S S I O N  

ZONNEVELD: Could l each ing  w i t h  sea water a l s o  cause new fo rma t ion  o f  p y r i t e s ?  
VAN BREEMEN: Sea water  con ta ins  28 m mole S O I ,  which i s  l e s s  than i n  most 

groundwater o f  a c i d  su lpha te  s o i l s .  Hence the  su lpha te  concen t ra t i on  i t s e l f  i s  
n o t  r a i s e d  by l each ing  w i t h  sea water .  Impor tan t  i s  t h a t  t h e  r i s e  o f  pH f a c i l i t a t e s  

m i c r o b i a l  su lphate  r e d u c t i o n  and p o s s i b l e  p y r l t e  format ion.  

PONNAMPERUMA: L e t  t he  sea water i n  j u s t  be fo re  t h e  r a i n s  come. 

GORA BEYE: Leaching w i t h  sea water w i l l  induce se r ious  a d d i t i o n a l  s a l i n i t y  p ro -  

blems i n  areas w i t h  i n s u f f i c i e n t  r a i n f a l l .  One should be c a r e f u l  i n  recommending i t .  

HEW: Can l i m i n g  cause antagonism and d i f f e r e n t i a l  n u t r i e n t  uptake i n  a c i d  

COULTER: There has n o t  been p a i d  much a t t e n t i o n  t o  p o s s i b l e  antagonism a f t e r  

PONNAMPERUMA: I n  r i c e  we are  c a r e f u l  w i t h  l i m i n g  ma in l y  because r a i s e d  pH indu -  

su lphate  s o i l s ,  e.g. potassium antagonism w i t h  o i l  palm? 

app ly ing  l i m e  as the  e l i m i n a t i o n  o f  t o x i c i t y  was the  o v e r r u l i n g  problem. 

ces acce le ra ted  su lphate  r e d u c t i o n  and, if n o t  enough i r o n  i s  a v a i l a b l e ,  hydrogen 

su l  ph i  de t o x i c i t y  may occur.  

(1-2 ton/ha, pH 4,2) on cassave and r i c e .  On inc reas ing  l i m i n g  y i e l d s  d rop  again 
and the re  are  i n d i c a t i o n s  o f  de f i c iences  o f  potassium. 

GORA BEYE: I n  Senegal exper iments w i t h  l i m i n g  o f  a c i d  su lphate  s o i l s  i n  r i c e  

gave o n l y  p o s i t i v e  r e s u l t s  where i r o n  t o x i c i t y  was invo lved .  
VAN DIEST:  I r o n  t o x i c i t y  would be expected t o  decrease w i t h  i nc reas ing  pH 

upon f l o o d i n g ,  p rov ided enough organ ic  ma t te r  i s  a v a i l a b l e  f o r  t h e  m i c r o b i a l  

i r o n  reduc t i on .  

s l i g h t  i nc rease  i n  s o l u b l e  i r o n  on f l o o d i n g .  

mat te r ,  b u t  t h e  m a t e r i a l  i s  ve ry  r i c h  i n  i r o n  due t o  f l o o d i n g  water coming Prom 
fe r rug inous  upland areas. 

KANAPATHY: I n  Malaysia we have good r e s u l t s  w i t h  l i m i t e d  l i m e  dress ings  

PONNAMPERUMA: S o i l s  t h a t  c o n t a i n  l e s s  than 1,5% organ ic  m a t t e r  show o n l y  

GORA BEYE: I n  Senegal i r o n  t o x i c i t y  occurs i n  f l ooded  s o i l s  w i t h  2-3% o rgan ic  
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WORLD DISTRIBUTION OF ACID SULPHATE SOILS. 
REFERENCES AND MAP 

Presented by 
A .  Kawalec 
FAO, Rome 

Note of t he  e d i t o r  

On behalf  of FAO, A.Kawalec presented the  World Map of Acid Sulphate S o i l s  prepa- 
red by himsel f  on the  bas i s  of an i n t e n s i v e  study of t h e  re l evan t  l i t e r a t u r e .  The 

study re su l t ed  moreover, i n  a t r e a t i s e  on acid sulphate soil phenomena roughly 
along the  l i n e  of t he  symposiwn's program, and was completed w i th  a l i s t  of 224 

references t o  the  l i t e r a t u r e  consulted.  

Due t o  i t s  v o l a " ,  t he  complete documentation t o  the  map cannot be incorporated 
i n  these proceedings. The map has been pr in t ed  on page 292. The bibliography was 
combined w i th  other  overlapping l i t e r a t u r e  compilations i n t o  t h e  "Bibliography on 
Acid Sulphate S o i l s  1863-1973", p p .  275-291 of t h i s  volume. For cross reference 

between t h i s  l a t t e r  mentioned bibliography and t h e  World M a p  of Acid Sulphate S o i l s  
t h e  following l i s t  was prepared a l so  largely  w i th  data from Kawalec's t r e a t i s e .  

GEOGRAPHICAL REFERENCES 
PERTAINING TO THE WORLD MAP OF ACID SULPHATE SOILS PREPARED FOR FAO BY A.KAWALEC 

The numbers e n t e r  parenthesis  behind author 's  names r e f e r  t o  the  Bibliography 
on page 275 .  

AFRIKA 

GAMBIA: Giglioli C.S. 1965 (80) ;  Thornton C.S. 1965 (190)  

GUINEA: Bonfils 1950 (30 ) ;  Dost C.S. 1969 (62 ) ;  Horn C.S. 1967, 1968 (101, 102 ) ;  

GUINEA BISSAU: Silva Teixeira 1959 (182)  

MADAGASCAR: Coutinet C . S .  1966 (54 ) ;  Durand 1967 (67 ) ;  Hervieu 1966 (93a); Lafond 

SENEGAL: Gaucher 1967 (77 ) ;  Gora Beye 1973 (81); Hadad 1969 (85 ) ;  Jacq 1973 (105 ) ;  

SIERRA LEONE: Anonyme 1954 (IO); Dent 1947 (57 ) ;  Dijkerman 1969 (60 ) ;  Doyne C . S .  

Jacques Félix C.S. 1960 (106, 107) 

1957 (129 ) ;  Roche C . S .  1959 (175)  

Vieillefon 1968, 1969, 1971, 1973 (197/201)  

1933, 1937 (63, 6 4 ) ;  Hart C.S. 1959, 1962, 1963, 1965 (89 /92 ) ;  
Hesse C.S. 1961, 1962, 1963 (94 /98 ) ;  Jeffery 1963 (108); Jordan 
1957, 1959, 1963, 1964 (109 /113) ;  Tomlinson 1957 (191 /193) ;  Watts 
1965 (210)  

UGANDA: Chenery 1954 (40)  
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ASIA 

BANGLADESH: Beers 1955 ( 1 6 ) ;  Quadir 1951 (169)  

BRUNEI: Blackburn C . S .  1958 (26)  

CHINA: Thorp 1935 (190a) 

__ 

HONG KONG: Grant 1973 (82)  

INDONESIA: Beers 1949 ( 1 5 ) ;  Driessen C.S. 1973 ( 6 5 ) ;  Reijnders 1961 ( 1 7 3 ) ;  Wijk 
1951 (217)  

JAPAN: Kobayashi C.S. 1939, 1952 (126 ,  1 2 7 ) ;  Murakami 1967/68 ( 1 4 8 ) ;  Tanaka C . S .  

MALAYSIA: Allbrook 1973 ( 7 ) ;  Andriesse C.S. 1973 ( 9 ) ;  Bloomfield C . S .  1968 ( 2 7 ) ;  

1966 (188a); Yoneda C.S. 1954,  1964,  1966 (223/225)  

Coulter 1952,  1968 (51 ,  5 2 ) ;  Dennet 1932, 1933 ( 5 6 ,  5 7 ) ;  Kanapathy 1966,  
1973 (114 ,  115); Law Wei Min 1971 ( 1 3 0 ) ;  Watts 1965,  1968 ( 2 1 1 / 2 1 5 ) ;  
Wilshaw 1940 (221)  

THAILAND: Breemen C . S .  1973 ( 3 6 ) ;  Dent 1968 ( 5 4 ) ;  Kawaguchi C.S. 1969 ( 1 1 6 ) ;  
v.d.Kevie 1973 (118, 1 1 9 ) ;  Pendleton 1947,  1949 (149 ,  1 5 0 ) ;  Pham Huu 
Anh C . S .  1961 ( 1 5 1 ) ;  Pons C.S. 1969 ( 1 6 2 ) ;  Sombatpanit 1970 ( 1 8 4 ) ;  
Vlek 1971 (204)  

U.S.S.R.: Orlovskij 1965 (148a) 

VIETNAM: Auriol 1934 ( 1 3 ) ;  Herbillon C.S. 1966 ( 9 3 ) ;  Moormann 1959,  1964 ( 1 4 0 / 1 4 6 ) ;  
Subramanyan 1952 (188)  

EUROPE 

DANMARK: Rasmussen 1961 (171)  

FINLAND: Aaltonen 1949 ( 1 ) ;  Aarnio 1938,  1939,  1944, 1949,  1950,  1960 (120/125)  

GERMANY: Benzler 1973 ( 2 3 ) ;  BrÜmmer C . S .  1968, 1971 ( 4 0 / 4 2 ) ;  Buurman C . S .  1973 
( 4 4 ) ;  Grunwaldt 1969 ( 8 4 ) ;  Schwertmann 1961 ( 1 7 9 ) ;  Schroedter 1930 (180) ;  
Segeberg 1937 (181); Virchow 1880, 1883 (202,  203) 

NETHERLANDS: van Bemmelen 1863,  1866,  1886 ( 1 8 / 2 0 )  ; Bennema 1953 ( 2 1 ,  22) ; 
Edelman 1948,  1950 ( 6 8 ,  6 9 ) ;  Harmsen C . S .  1938,  1954 (86 ,  8 7 ) ;  
Hissink 1935 ( 9 9 ) ;  Holst C . S .  1973 (100); Marillonet 1953 ( 1 3 4 ) ;  
Poelman 1973 ( 1 5 2 ) ;  Pons C.S. 1956,  1959,  1960 ( 1 5 5 / 1 5 7 ) ;  Quispel 
C . S .  1952 ( 1 7 0 ) ;  van der Spek 1934,  1950,  1952 ( 1 8 6 / 1 8 8 ) ;  Wallen- 
burg 1973 ( 2 0 9 ) ;  Westerveld C.S. 1973 ( 2 1 6 ) ;  Wind C . S .  1964 ( 2 2 2 ) ;  
Zonneveld 1961,  1963 (226,  2 2 7 ) ;  Zuur 1952,  1954,  1961 (228/230)  

SWEDEN: Hannerz 1932 ( 8 6 ) ;  Schlichting C.S. 1956 ( 1 7 7 ) ;  Torstensson C . S .  1938 ( 1 9 4 ) ;  
Wiklander C.S. 1949,  1950 (218/220)  

U.S.S.R.: Kovda 1965 (128a) 

AUSTRALIA 

AUSTRALIA: Stephens 1961 (187a); Teakle C.S. 1937 ( 1 8 9 ) ;  Walker 1960,  1961,  1963 

NEW ZEALAND: Gibbs C.S. (79)  

(206/208)  
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NORTH AMERICA 

CANADA: C l a r k  C.S.  1961 (50)  

U.S.A.: Edelman C . S .  1958 ( 7 0 ) ;  F l e m i n g  C . S .  1961 ( 7 4 ) ;  Ford  C . S .  1970 ( 7 5 ) ;  
Grass C . S .  1962 ( 8 3 )  

SOUTH AMERICA 

BRAZIL:  Mohr ( 1 3 8 ) ;  Roquero d e  Laburu C . S .  1973 (176)  

FRENCH GUIANA: Boyé 1962 ( 3 1 ) ;  Brinkman C.S.  

1 3 2 ) ;  Mar ius  1965 ( 1 3 5 ) ;  Pons 

SURINAM: Amson 1966 ( 8 ) ;  A u g u s t i n u s  C . S .  1971 
B r u g i è r e  C.S. 1963 ( 3 9 ) ;  E i j c k  1957 
C . S .  1965,  1966 (159/161)  

GUIANA: Ahmad 1960 ( 6 ) ;  Applewhi te  1964 ( 1 1 ) ;  Brinkman C.S.  1964,  1968 ( 3 6 ,  3 7 ) ;  
Cate C . S .  1964, 1965 (45 ,  4 6 ) ;  Evans C . S .  I962 ( 7 2 ) ;  Gasser 1961 ( 7 6 ) ;  
Pons 1966 ( 1 6 1 ) ;  Robinson  1963 (174)  

961 ,  1964 (131 ,  
1967 (195)  

47)  ; Pons 
1968 ( 3 7 ) ;  

968 ( 3 7 ) ;  Lévèque 
966 ( 1 6 1 ) ;  Turenne 

( 1 2 j ;  Brinkman c . s  
7 3 ) ;  M u l l e r  1950 ( 
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