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PROPOSITIONS 

1. Further land and water development in the Mekong delta should give priority to better 
infrastructure! provisions at farm level, not to an extension of the main infrastructure. 

NEDECO 1993 Master Plan for the Mekong delta In Vietnam, a perspective for sustainable development of land and water resources. 
NEDECO consultants, Arnhem, the Netherlands 

2. In order to make computer models of the chemical and physical processes in acid sulphate 
soils research more applicable, priority should be given to the detailed modelling of a limited 
number of dominating processes rather than to aim at one model encompassing all 
processes. 

This thesis 

Bouma, J., M.E.F. van Mensvoort and L. V. Khoa 1993. Ways and means of modelling acid sulphate soils. In: D.L. Dent and 
M.E.F. van Mensvoort (editors) Selected papers of the Ho Chi Minh City symposium on acid sulphate soils. ILRI Publication 53, 
ILRI, Wageningen, the Netherlands p 331-340 

Bronswijk J.J.B. and J.E. Groenenberg 1993. A simulation model for acid sulphate soils I: basic principles, p. 341-357. In: D.L. 
Dent and M.E.F. van Mensvoort (editors) Selected papers of the Ho Chi Minh City symposium on acid sulphate soils. Pub. 53, 
Int. Inst. Land Reclamation and Improvement, Wageningen 

Wijk, A.L.M. van, I. Putu-Gedjer Widjaja-Adhi, C.J. Ritsema and C.J.M. Konsten 1993. A simulation model for acid sulphate 
soils II: validation and application for water management strategies, p 357-368 In: D.L. Dent and M.E.F. van Mensvoort 
(editors) Selected papers of the Ho Chi Minh City symposium on acid sulphate soils. Pub. 53, Int. Inst. Land Reclamation and 
Improvement, Wageningen 

3. The future of the acid sulphate land in the Mekong delta is since 1987 back in the hands it 
can be best entrusted to: the hands of the Vietnamese farming women and men. 

This thesis 

4. In the Vietnamese language the word 'nuoc' means both land and water. The reason why 
becomes clear after having travelled in the acid sulphate soil areas of the Mekong delta 
during the rainy season. 

The plans for construction of bridges over the Tien Giang and Hau Giang branches of the 
Mekong are now in an advanced stage. Before engaging in construction, however, 
investments should take place into small scale industries creating sufficient job opportunities 
in the Mekong delta. If not, the bridges will mainly enhance urbanisation towards Ho Chi 
Minh City. 

The fast growing stream of international tourists to Ho Chi Minh City and Hanoi should be a 
reason for the French government to support generously the maintenance of the French 
colonial architecture in Vietnam, since this cannot be requested from the Vietnamese. 

7. By creating Education Institutes with the main aim to organise cheaper education for larger 
groups of BSc students, WAU endangers its international MSc programmes. 

8. The PhD sandwich programme of WAU should change name. It only consists of two slices 
of bread. 



For reasons of sensible land evaluation and conservation of typical Dutch nature reserves, 
the Knot Arnhem/Nijmegen (KAN) should seek its extension either north of Arnhem or South 
of Nijmegen, but not in between. 

10. The increasing replacement by Vietnamese farmers and farming women of the traditional 
conical hat made of palm leaves by baseball caps and floppy plastic hats is regrettable for 
economic, esthetic and practical reasons. 

M.E.F. van Mensvoort 
Soil knowledge for farmers, farmer knowledge for soil scientists. The case of acid sulphate soils 
in the Mekong delta, Viet Nam. 
Wageningen, 18 June 1996 
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Chapter 1 : 

GENERAL INTRODUCTION 



Upon drainage, acid sulphate soils produce sulphuric acid that brings down the soil pH 
below 4, leaks into surface water, corrodes steel and concrete and attacks clay, liberating 
aluminium which is toxic to plant growth. Half of the Mekong Delta, Vietnam, is to some 
degree affected by the problem of acid sulphate soils, covering an area of about 2 million 
hectares or half the size of the Netherlands. This is one of the largest occurrences of acid 
sulphate soils in the world. Until the early sixties this land was virtually unused. Population 
pressure was low. The Southern Vietnamese population could easily be fed by produce 
from the excellent land elsewhere in the delta. Vietnam was a rice exporting country at that 
time. 

During the Vietnam war the acid sulphate land served as a hideout for the resistance 
forces and was heavily shelled and sprayed with defoliants. The few agricultural activities 
going on there came virtually to a standstill. After the war, in the late seventies, Vietnam 
experienced serious food shortages. This was caused by unfavourable weather conditions 
and international boycotts resulting in lack of funds for fertilisation and crop protection. 
However, also the resistance of the Southern Vietnamese farming community to the new 
centralised agricultural policy played a role. 

The government gave high priority to development of the unused parts of the Mekong 
delta. The land seemed ideal for agricultural development: warm climate, high rainfall, flat 
land, reasonably easy access and close to the most densely populated part of the country. 
Besides, the population of the area had earned the support of the central government by its 
role during the war. The empty parts of the delta also needed to be settled because of 
threatening claims to the Mekong delta by the Pol Pot regime, at that time in charge in 
neighbouring Cambodia. Because it was so thinly populated, the land was ideal for the 
establishment of large scale state farms. Some 60 farms were established, varying in size 
between 1000 and 10,000 hectares each. Lack of experience in management of these 
extremely difficult soils, shortage of staff and funds, and harsh living conditions made most 
of these state farms a catastrophic failure. 

Due to increased population pressure, land hunger and a dramatic economic 
liberalisation in the second half of the eighties known as the "doi moi" policy (which meant 
the end of the state farm policy) tens of thousands of hectares of acid sulphate land have 
been reclaimed and taken into cultivation by small farmers. 

In the late seventies the Vietnamese authorities solicited assistance on how to manage 
the acid sulphate soils in the Netherlands. Knowledge on acid sulphate soils was present at 
Wageningen University, particularly at the Department of Soil Science and Geology. Staff 
from that Department had investigated these soils in several countries in the tropics 
(Thailand, Indonesia, Guyana, Surinam). Their knowledge, however, was focused on 
fundamental aspects of genesis, spatial distribution, and chemical processes of pyrite 
formation and acidification after drainage. Vietnamese priorities were to find simple field 
methods to distinguish and improve the acid sulphate soils, and make them more 
productive. 

Assistance from the Netherlands was granted in the form of a project of co-operation 
between the University of Can Tho (CTU), central city in the Mekong Vietnam, and the 
Wageninge Agricultural University (WAU). The project, coded VH 10 (project number 10 in 
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a series of co-operation projects between Dutch and Vietnamese Universities) was also of 
interest to the Dutch: their fundamental knowledge could be used in the context of more 
practical, applied project on improvement and management of acid sulphate soils. 
Furthermore, the approach to solving the problems would have to be multidisciplinary, with 
contributions not only by soil science, but also by water management, agronomy and civil 
engineering. Until the start of the project in 1980, existing knowledge was mainly restricted 
to soil scientists. The goals of the project were threefold: train staff of CTU, supply CTU 
with the necessary facilities and carry out research for the management of acid sulphate 
soils. 

This thesis is a reflection of the way in which the project developed and operated. Not 
only does it address part of the new knowledge generated in Vietnam, it particularly 
emphasises the nature of the co-operation, and its core activity: the strong interaction 
between the various land user groups: farmers, local experts such as district officers in 
charge of agricultural extension or land use planning and staff of Vietnamese research 
institutions, and the specialists, in our case scientists of CTU and WAU. 

The political landslide of the late eighties also had implications for the VH 10 project. 
The recommendations from research, generally of a small scale nature due to the high 
short range variability in the soil properties of acid sulphate soils, which were unacceptable 
for large scale state farms, became of direct interest to the small settlers and thus much 
more applicable. The economic liberalisation caused a strong increase in agricultural 
production in the entire Mekong delta, from 5.3 million tons of paddy in 1980, 7.3 million ton 
in 1985, 10.9 million ton in 1992 to 12 million ton in 1995 (Anonymous 1993 and Vo-tong 
Xuan, pers. comm.). Vietnam became a rice exporting country again since 1989 with 1.67 
million ton. In 1995, export was 2.2 million ton, making Vietnam the fourth largest rice 
exporter after Thailand, India and the USA. 

The aims of this thesis are: 
1. to supply a review of recent developments in acid sulphate soils research with emphasis on 

methodological developments for survey, chemical analysis, modelling, management and 
land evaluation; 

2. to screen the literature for practical applicability; 
3. to describe the research development over time and the special organisational aspects of 

the VH 10 project; 

4. to give examples of studies integrating the knowledge of all groups involved with acid 
sulphate soils: farmers, local experts and specialists. 

This is not the only thesis on acid sulphate soils in the Mekong delta being completed at 
this time, the middle of 1996. The work of Le Quang Tri (1996) and Le Quang Minh (1996) 
also develops and applies the research approach used in VH 10. 

Tri carried out a comprehensive study of the land use systems in four districts with acid 
sulphate soils. The districts differ in severity of soil acidity, but also in hydrological regimes 
(deep or shallow floods in the wet season, salt water intrusion in the dry season) which 
make different land use systems possible. He not only describes the surprisingly wide 
variety of land use systems applied by Vietnamese farmers at this moment, but also 
4 



explains the land use history and the measures farmers took when land use changed from 
extensive to more intensive. An example: land use may have changed from exploitation of 
Melaleuca forest, to growing acid tolerant upland crops such as yams or cassava, to double 
rice cultivation now. Tri used the information on farmers' activities and land use history to 
evaluate the land and present decision trees for land users and land use planners. 
Research for management optimisation was also carried out covering irrigation supply, 
fertilisation and soil management for upland crops such as yams and pineapples. 

Minh (1996) concentrated on soil physical and water management aspects of land use 
on acid sulphate soils. He investigated measures to curtail accumulation of acid salts at the 
soil surface during the dry season and recommended early ploughing, mulching and also 
irrigation in the early rainy season. He thoroughly investigated the construction of raised 
beds, a farmers technique to stimulate leaching of toxic solutes and prevent water logging, 
widely used in the Mekong delta. In rice fields he studied the effectiveness of harrowing, 
puddling, ploughing and flushing techniques. The study was not limited to maximisation of 
economic return, but also included environmental side effects of farmers' activities by 
investigating the chemical composition of drainage water and proposed measured for 
reduction of surface water pollution. 

The sequence of chapters of this thesis follows its aims. 
Chapter II supplies a review of recent literature on acid sulphate soils with emphasis on 

methodological developments for survey and identification, for chemical support in field and 
laboratory, for simulation and mathematical modelling of the soil processes, for 
management and land use and for evaluation of acid sulphate land. 

Chapter III screens recent literature, particularly information supplied by the world's 
leading specialists in acid sulphate soils as presented in three proceedings of scientific 
conferences. Screening was focused on evaluating the practical applicability of research for 
other groups involved with acid sulphate soils such as farmers and local experts. 

Chapter IV describes the way the project VH 10 carried out research for improved 
management of acid sulphate soils and shows how emphasis in research shifted from a 
technology-driven, top-down approach to a methodology with a much more prominent role 
for local farmers' knowledge. The project moved to a balanced exchange of knowledge 
between the three groups of people involved with acid sulphate soils: farmers, local experts 
and specialists. The chapter also describes the way the VH 10 project operated in view of 
its strong commitment to outreach activities towards farming communities and its special 
ways of operation. 

Chapter V gives two examples of studies in which the expertise of farmers, local 
experts and specialists is integrated to evaluate acid sulphate land in the Mekong delta. 
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REVIEW OF RECENT DEVELOPMENTS IN ACID SULPHATE SOILS RESEARCH 
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R. Lai, (editor), Advances in Soil Science 

1 Department of Soil Science and Geology, Wageningen Agricultural University 
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I. INTRODUCTION 

Acid sulphate soils generate sulphuric acid that brings their pH below 4, sometimes below 
3, leaks into drainage and floodwaters, corrodes steel and concrete, and attacks clay, 
liberating soluble aluminium. Dissolved aluminium kills vegetation and aquatic life or, in 
sub-lethal doses, stunts growth and breaks down resistance to diseases. The weathering of 
sulphidic mine spoil and overburden presents the same problems as acid sulphate soils. In 
addition, mine drainage may be enriched in heavy metals. The off-site environmental 
implications command greater public attention even than the severe soil degradation that 
follows drainage or excavation. 

The hazards presented by acid sulphate soils are magnified by their location, 
predominantly in coastal wetlands where land hunger and commercial development 
pressures are greatest. In 1975 Kawalec reported 7.5 million ha in the tropics; in 1986 Dent 
estimated 12 million ha world wide but mostly in the tropics, with perhaps twice this area of 
sulphidic sediments at shallow depth beneath peat and non-sulphidic alluvium. Soil survey 
data are still sketchy but aggregation of the most recent estimates suggests a total of about 
24 million ha where acid sulphate soils and potential acid sulphate soils are a dominant 
feature of the landscape. 

The source of acid sulphate problems is pyrite, FeS2, less commonly other iron and 
organic sulphides, originally accumulating in waterlogged saline or brackish environments, 
especially in tidal swamps. Formation of pyrite is following: 

Fe203 + 4 S04
2" + 8 CH20 +1/2 0 2 - > 2 FeS2 + 8 HCO3" + 4 H20 (1 ) 

The requirements for pyrite formation are: a source of iron (from sediment), a source of 
sulphur (from sea water), reducing bacteria (present in all coastal systems), an energy 
source (organic matter from mangroves), tidal movement (to take away the basic 
component, which is bicarbonates, resulting from turning a neutral system into a potentially 
acid and a basic part; tides also provide a brief period of aerobic conditions at neap tide for 
oxidation of FeS to FeS2, inter alia Berner 1984, van Breemen 1976). These requirement 
are optimally met in tidal swamps with mangroves, but pyrite may also be formed elsewhere 
(see page 10: Land forms). 

When aerobic conditions are introduced by drainage or excavation, pyrite is oxidised to 
sulphuric acid. A sequence of reactions is involved: 

FeS2(s) + 7/2 02(aq,g) + H20 -» Fe2+(aq, + 2S04
2"(aq) + 2H+

(aq) (2) 

Fe 2+
(aq) + 1/4 02(aq,g) + H+

(aq) - > Fe3+
(aq) + 1/2H20 (3) 

FeS2(S) + 14Fe3+
(aq) + 8 H 2 0 -> 15 Fe2+

(aq) + 16H+
(aq) + 2S04

2" (aq ) (4) 

Fe2+
(aq) + 1/402(aq,g) + 3 /2H 2 0 -> FeO.OH ( s ) + 2H + (5) 



The latter equation can be split into two equations: 

Fe2+ + 2/3 S04
2" + 1/3 K+ + 1/4 02 + 3/2 H20 -> 1/3 KFe3(S04)2(OH)6 + H+ (6) 

leading to the formation of jarosite, a mineral typical for acid sulphate soils, which is hydrolysed 
with time according to: 

1/3 KFe3(S04)2(OH)6 + H20 -> 1/3 K* + Fe(OH)3 + 2/3 S04
2" + H+ (7) 

Initial oxidation of pyrite by oxygen is slow (equation 2). Fe3+ is the preferred oxidant 
(Singer and Stumm 1970, Moses et al. 1987, 1991) and oxidation of pyrite by Fe3+ 

(equation 4) is not only much faster but, also, much faster than the oxidation if Fe2+ to Fe3+ 

(equation 3). This potentially rate-limiting step is mediated by iron oxidising bacteria, in 
particular Thiobacillus ferrooxidans (Temple and Colmer 1951, Wakao et al. 1982, 1983, 
1984) so that the optimum conditions for pyrite oxidation are the same as the optimum 
conditions for iron oxidation by Thiobacillus ferrooxidans: oxygen concentration > 0.01 Mole 
fraction (1%), temperature 5-55 °C, optimally 30 °C, and pH 1.5-5.0, optimally 3.2 (Jaynes 
etal. 1984). 

Environmental problems for organisms other than Thiobacilli arise when the rate of 
acid generation is greater than the rate of neutralisation. To anticipate and avoid or 
manage these problems, we need to know exactly where acid and potentially acid sulphate 
soils are, their total actual and potential acidity, the rate and duration of acid generation, the 
pathway of the acid through the environment, and the sensitivity of the environment to the 
influx. Usually, a cruder approach has been adopted, and mining engineers have worked 
mostly independently of soil scientists. Different approaches and methods of analysis are 
dealt with in the subsequent text under the heading of diagnosing the problem, soil survey 
and field laboratory support, acid : base accounting, simulation and modelling, 
management and land use systems and methods for evaluating acid sulphate land. 

II. DIAGNOSING THE PROBLEM 

Usually, the first indications of the problem can be seen in the wider environment. 

A. Land forms 

Coastal wetlands. Acid sulphate soils are most common in tidal swamp and marsh, 
former tidal areas now built up into deltas or flood plains, and the beds of brackish lakes 
and lagoons. Pyrite contents are very much higher in sediments that have accreted slowly 
and under lush vegetation than in those that accumulate quickly. Within any particular 
wetland, backswamps are more sulphidic than levees and clays more sulphidic than sands. 
Pyrite does not accumulate in fresh water, which contains little sulphate, but peat - mostly a 
freshwater deposit - can become very sulphidic if it is subsequently flooded by brackish 
water. Dent (1986) gives several examples of soil patterns in coastal wetlands. 
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Inland marsh and swamp. Significant concentrations of pyrite occur only locally 
where the land is flushed by sulphate-rich water (Chenery 1954, Fitzpatrick et al. 1996). 
Formation of pyrite in former fresh water swamps has also been reported, and is due to 
increased sulphate influx from atmospheric deposition (Marnette 1993). 

Excavations and mines. On dry land sites, acid sulphate conditions develop in 
sulphidic overburden and spoil from coal and lignite workings, from sulphide ores, and in 
cuttings in sulphide sediments. 

B. Vegetation 

In wetlands, relief is subdued and it can be difficult to see the land form elements that 
determine the hydrology and the soil pattern. But this variation is subtly picked out by the 
mosaic of plant communities or, where there are few species, by difference in growth. 
These vegetation patterns can be seen on air photos. However, vegetation indicators must 
be used with caution because vegetation responds to the present conditions of flooding, 
salinity and sedimentation, whereas the soils may have accumulated over hundreds or 
thousands of years during which the conditions may have changed significantly (Diemont et 
al. 1993). For example, freshwater paper bark (Melaleuca spp.) or reed swamps may 
appear on strongly sulphidic soil that accumulated under a previous mangrove swamp. 
Mangrove vegetation in its infinite variety indicates tidewater but in different regions we 
have to look to different species to indicate different stages of sedimentation and, by 
association, differences in soil texture, ripeness and pyrite concentration. 

Once drainage has taken place and extreme acidity has developed, then the 
vegetation, or lack of it, picks out the scalded areas in great detail. 

In Viet Nam Acanthus ebracteatus and Acrosticaceae are seen as indicators for 
potential acid sulphate soils. In acidified conditions farmers recognise the presence of 
Eleocharis dulcis or Eleocharis equisetia as a sure indicator of acid sulphate conditions. 
Other indicators of acidity, in declining frequency, are: Phragmites karka (reed,), Lepironia 
mucronata or Lepironia articulata (reed mace), Selena poaeformis and Saccharum 
spontaneum. 

C. Drainage 

If the natural hydrology of the wetland remains undisturbed, sulphidic materials remain 
reduced. Only during exceptional droughts may there be significant lowering of the water 
tables in areas that are remote from tidal influence. This phenomenon may have happened 
in the Sahelian zone during the great drought of the seventies (Sadio and van Mensvoort, 
1993). But when the land is drained or sulphidic material is excavated, then potential acid 
sulphate soils become actual acid sulphate soils. Obviously, knowledge of local disturbance 
can help to pinpoint the source of acidity. The water table may also be affected by the land 
use and management in the wider catchment which can lead to lower water flows in the dry 
season (Dent and Pons 1995). 

Drainage may occur naturally through a gradual diminution of tidal influence as the 
shoreline progrades, leading to a lowering of the water table in the dry season, and through 
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isostatic or tectonic uplift of the land. Deeper drainage of these soils which still have 
sulphidic subsoils can restart the cycle of acidification. 

Most actual acid sulphate soils in the world, however, are man-made. Drainage 
schemes in coastal areas have initiated the acidification, mostly without realising the 
consequences. 

D. Water Quality 

Surface waters usually give the first warning of acid sulphate conditions, especially 
following a dry spell when the water table may be lowered, leading to generation of acid 
that is flushed out of the soil by the next rains. Drain water pH values as low as 1.5 have 
been recorded. Red rainwater, scummy or gelatinous ochre deposits and an oily-looking 
film on the water surface all indicate very high concentrations of iron having precipitated in 
more oxidising and, usually, less acid conditions (equation 5) but oxidation of pyrite 
(equation 2) is not the only possible source of acidity in the water. More telling is crystal-
clear or blue-green water where it should normally be muddy, a phenomenon caused in 
extremely acid conditions by flocculation of suspended material loaded with aluminium. 
Vietnamese farmers call these two kinds of water 'warm' (iron) and 'cold' (aluminium), 
expressing a clear preference for the former. 

Slugs of acid, aluminium-rich water, though they may persist for only a few hours or 
days, cause fish kills and red spot disease in fish (Callinan et al. 1993, Sammut er al. 
1995). Frequent acid episodes reduce the diversity of aquatic life, although species of rush 
(Juncus spp., Eleocharis spp, Lepironia mucronata) and water lily (Nymphéa spp.) are 
remarkably resistant and may become dominant in these habitats. 

Acid sulphate drainage waters corrode concrete and galvanised metal fencing, sluices, 
culverts and pumps. They are generally avoided by livestock, taste bitter and make eyes 
sting. 

Chemical tests can be performed in the field with indicator papers. Acid sulphate 
conditions are flagged by a pH value <4 with >0.5 mol Fe2+ m"3 or 0.05 mol Al3+ m"3 (>0.1 
mg I'1). Standard water quality analyses invariably record the concentrations of chloride and 
sulphate. A chloride : sulphate ratio less than that of sea water (7.2 :1) indicates enrichment 
with sulphates, possibly from pyrite oxidation (equation 2). 

E. Soil and Spoil 

1. Morphology 

Examination of the seat of the problem in soil or excavated sediment is usually definitive, at 
least where acidity has already been formed. Then the soil matrix is grey or sometimes, in 
the initial stage of severe acidification and high organic matter content, the pinkish colour of 
chestnut puree (beurre marron). Usually, there are yellow mottles and coatings of jarosite: 
very pale in colour, almost cream, when fresh but ageing to yellow and often associated 
with crusty ochre. Except for the latter, these feature develop quickly, within a few weeks, in 
spoil dumped on the surface and indicate a raw acid sulphate soil in which active acid 
generation is taking place. Field pH is typically around 3.8 but may be lower than 3.0. 
Occasionally, organic-rich soils that remain wet do not develop jarosite mottles although 
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they become very severely acid, as was found in the Mekong delta, Viet Nam and in 
Kalimantan, Indonesia (van Mensvoort and Tri 1988, Andriesse 1993). The phenomenon is 
attributed to complexation of iron to organic matter, thereby making jarosite precipitation 
impossible. In this raw stage, toxicity inhibits rooting so clay and peat soils remain unripe, 
with the soft consistency of camembert cheese. 

Once the pyrite is spent and the free acid is leached, rooting takes place and 
extraction of water by the vegetation brings about physical ripening. Jarosite slowly 
hydrolyses to iron (hydr)oxides so that ripe acid sulphate soils are characterised by strong 
brown goethite or dark red hematite mottles. Usually, pyrite is no longer found in brown- or 
red-mottled soils, mottling indicating oxidising conditions under which pyrite would oxidise 
or not accumulate in the first place. But ripening and oxidation are not always necessarily 
connected. A physically ripened substratum, full of pyrite, directly underlying the red 
mottled zone, was found in Surinam (Pons 1963). 

Identification of sulphidic (potential acid sulphate) soils is more problematic. They are 
still waterlogged and not acid. They are dark grey or dark greenish grey in colour but so are 
other strongly reduced soils. They are usually unripe, and they stink of H2S but so do other 
recent alluvial materials that do not contain a dangerously high concentration of pyrite. But 
dark grey or dark greenish grey, stinking unripe mud that contains abundant rotted organic 
matter and which blackens on exposure to the air is always strongly sulphidic. In nearly 
every case, it is the combination of characteristics that leads to the diagnosis. 

2. Field tests 

a. Hydrogen peroxide 

A simple field test for sulphidic material is to apply 30 per cent hydrogen peroxide to the 
fresh sample. Within a couple of minutes it will froth and its pH falls from near neutral to <4. 
Take care! 30 per cent hydrogen peroxide is a hazardous reagent and should be kept leak 
proof. When using it, protect your skin and eyes and wash off any splashes immediately. 

b. Azide-soap test 

Another sensitive field test for sulphide can be prepared in a test tube by mixing 1 cm3 soap 
solution and 0.5 cm3 of sodium azide (1.27 g iodine, 2.4 g Kl in 100 cm3 distilled water, add 
3 g NaN3, dissolve, and keep in a dark bottle). In the field, add 0.5 cm3 sample and stir 
gently to avoid making bubbles. Nitrogen gas is formed by catalytic action of sulphides. The 
amount of froth indicates the amount of sulphide present, for example 20 mm high '= 1.4% 
sulphide-S; 3 mm high and covering the whole surface of the liquid = 0.8 %S; 3 mm high 
only at the margin = 0.4 %S (Edelman 1971). The calibration must be carried out for each 
locality. Again, caution: sodium azide is poisonous. 

c. Red lead paint 

Stakes painted with red lead provide a very simple test for sulphide. The paint blackens 
within an hour in presence of H2S, one of the products of sulphate reduction. This indicates 
the depth and thickness of soils that might be accumulating pyrite, but gives no indication 
of pyrite content. 
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d. Calcium carbonate 

Calcium carbonate and exchangeable bases are quick-acting neutralising agents that will 
counteract acidity generated by oxidation of sulphides. A field estimation of carbonate 
content may be made by dropping 10 per cent hydrochloric acid onto the fresh soil sample 
and noting the effervescence: 

%CaC03 Audible effect (hold close to ear) Visible effect 

0.1 None None 

0.5 Faintly audible None 

1.0 Audible Slight effervescence, confined to individual grains 

2.0 Distinctly audible away from the ear Effervescence visible on close inspection 

5.0 Easily audible Moderate effervescence, bubbles to 3 mm diameter 

10.0 Easily audible Strong effervescence, bubbles to 7 mm diameter 

e. Moist incubation 

If time is available, the best simple test is to leave a moist sample to incubate for some 
weeks in a thin-walled polythene bag. Oxidation and neutralisation take place within the 
sample at a near-field rate which allows for the neutralising activity of coarse carbonate 
fragments and more slowly weatherable minerals. A fall of pH to <4 on incubation is usually 
diagnostic and, if acid sulphate conditions do develop, yellow mottling is visible in the 
sample. 

The problem here is to choose an appropriate period of incubation. Sometime, 
acidification is delayed for up to 60 days in samples rich in organic matter and relatively 
undecomposed roots, even though the total S-content is very high (Ahmed and Dent 1996). 
Dent (1986) recommends incubation of 500 g samples for 3 months; Keys to Soil 
Taxonomy (1994) specify incubation of a 1 cm thick layer under moist, aerobic conditions 
for 8 weeks; Burch and Fanning (in press) propose shaking a 50 g sample with an equal 
amount of water in a bottle at 45 °C to accelerate the oxidation of pyrite. 

III. SOIL SURVEY 

A. Field relationships 

Having established that there is an acid sulphate soil problem, the next step is to determine 
its extent, distribution, severity and time span in enough detail to avoid or manage the 
problem. Significant variation in the distribution of pyrite and of potentially-neutralising 
minerals is characteristic of acid sulphate soils. Most commonly, pyrite accumulates within 
rotting roots as tight clusters of spherical nodules, each < 0.02 mm in diameter but 
composed of hundreds of individual cubic crystals (Figure 2.1). The intervening matrix may 
be quite free of pyrite. In other cases, a different mode of sulphide precipitation or 
reworking of the sediment may produce a more uniform distribution of nodules or individual 
crystals of pyrite. At a broader scale, there may be order of magnitude variations in pyrite 
concentration between pédologie horizons and sedimentary fades related to the 
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environment of accumulation and time available (Brinkman et al. 1993). The same applies 
to the distribution of potentially neutralising minerals, especially to calcium carbonate as 
shell. 

Soil survey is needed to establish the pattern of variation, to provide a framework for 
sampling for any costly and time-consuming analyses that may be required, and a basis for 
modelling and management of any problems. For potential acid sulphate soils, the key 
variables are depth to the sulphidic material, the thickness of the sulphidic layer and its 
pyrite content. For actual acid sulphate soils, the keys are the depth to severe acidity, the 
thickness of the acid layer and its total acidity. If reclamation is contemplated, it is also 
necessary to know bearing strength and hydraulic conductivity of the different soil horizons 
and the hydrology of the site. 

The trouble with acid sulphate soils is that: 
1. The land is inaccessible because of tidal or seasonal flooding, the maze of creeks and 

river channels, impenetrable vegetation, and the attention of mosquitoes and snakes! 

2. Conventional soil mapping units have proved unsatisfactory. Pyrite is unevenly 
distributed at the smallest scale between pore fillings and the soil matrix, vertically 
between different soil horizons, and laterally between different facets of the landscape. 
It has proved difficult to match field characteristics with chemical data so a large number 
of samples is needed to make a reliable map; 

3. Conventional laboratory techniques are time-consuming and require specialist 
laboratories. This is costly and may involve delay between sampling and analysis during 
which period significant changes can occur in the samples; 

4. The dynamic nature of these soils (changing with tides, with wet and dry seasons, and 
following drainage) defies simple, straightforward characterisation. 

Broad scale soil survey depends on surface expressions of soils in land forms and 
vegetation which are visible on air photos and satellite imagery. Certainly, areas at risk from 
acid sulphate soils can be distinguished easily from areas not at risk, since acid sulphate 
soils are confined to wetlands. But within the dynamic environments of flood plains and 
tidal wetlands, important patterns of soil texture, ripeness and, above all, acidity or potential 
acidity are not always clearly expressed by surface patterns. Repeated sedimentation and 
erosion, here overlaying older materials, here erasing them; and changes in flood regime 
and salinity, that are followed by a succession of natural vegetation and land use, leave 
only a palimpsest of earlier conditions that may have determined the key features of the 
soils. 

Even so, given the difficulties of access, géomorphologie interpretation of air photos or 
satellite imagery remains the only feasible method of broad-scale soil mapping. Individual 
land forms such as levees, back swamps and beach ridges, or aggregations of these into 
flood plains, erosional platforms, chenier plains, are useful first order mapping units at 
scales of 1:20,000 and 1:100,000 respectively (Dent 1986, Andriesse 1993). A recent 
example of this approach is the set of acid sulphate hazard maps of New South Wales 
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which present a qualitative assessment of the likelihood of acid sulphate hazard and the 
likely depth below the surface at which the hazard will occur (CALM 1995). 
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Figure 2.1: Spherical nodules of pyrite associated with organic matter remnants 
(right) and showing individual cubic crystals (left) Photos: E. Mamette 

Inspection and sampling within mapping units has to be intensive enough to establish 
the relationships between land form and soil profile morphology, and between morphology 
and the key physical and chemical characteristics, so that the acid sulphate hazard can be 
specified in enough detail for the job at hand. Because each locality has a unique history, 
this calibration has to be undertaken independently in each locality. For Northland, New 
Zealand, Dent (1980) presents the key physical and chemical characteristics of 8 diagnostic 
soil horizons based on some 1200 profile inspections and analytical data from 250 
samples. These horizons are generalised in Table 2.1. Under natural hydrology and 
vegetation, there is a bottom up sequence of accumulation of horizons in the sequence Grp 
Grs Gro Go. Within the sulphidic (Grs) horizons, total S content increased from 1.5 ± 0.7% 
at latitude 36°40'S to 3.5 ± 1.3% at latitude 35°S in response to increasing temperature and 
the luxuriance of mangroves. Expressed in terms of potential acidity, this is an increase 
from 500 ± 200 mol acidity m"3to 1100 ± 400 mol acidity m"3. 
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Table 2.1 : Standard horizons of acid sulphate soils (Dent 1980, Diemont et al. 1993) 

Horizons of unripe saline soils under natural conditions 
G unripe surface layer 
Grp permanently reduced, containing primary pyrite (<1% pyrite S = < 320 mol H+ m"3); unripe or 

half ripe; uniform grey or dark grey colour 
Grs permanently reduced, accumulating secondary pyrite (>1% pyrite S = > 320 mol H+ m"3); 

unripe or half ripe; dark grey, greenish grey, brownish grey, blackening on exposure to air; 
abundant rotting organic matter; stinks of H2S 

Gro partly oxidised, little or no pyrite; half ripe; grey or greenish grey with pipes & coatings of iron 
oxide 

Go oxidised, no pyrite; nearly ripe; mottles, nodules, pipes and coatings of iron oxides 

Horizons developing after drainage 
Gj Severely acid with a reserve of pyrite; unripe to half ripe; black, dark grey or pinkish brown, 

usually with pale yellow jarosite mottles 
Gbj Severely acid; nearly ripe; grey with pale yellow jarosite mottles 
Bj Severely acid; ripe; strongly mottled grey with reddish iron oxide and yellow jarosite 
Hj Severely acid peat or muck with a reserve of pyrite; usually without jarosite 

Most marine sediments contain some pyrite, which may be called primary pyrite (Pons 
1973). Pyrite formed in situ, associated particularly with root remnants may be called 
'secondary pyrite'. Its accumulation leads to sulphidic horizons, dubbed Grs in table 2.1. 
There is an obvious difficulty in distinguishing between Grp and Grs horizons and their field 
relationships have to be established for each survey area. Janssen ef al. (1992) working in 
Kalimantan defined sulphuric horizons by a total actual acidity of > 26 mmol (+) per 100 g 
soil, and sulphidic material by total potential acidity of > 32 mmol (+). Table 2.2 summarises 
the field relationships of acid sulphate soils in Pulau Petak, South Kalimantan, based on 
the scrutiny of 2500 inspection sites. The pyrite content of sandy Gr horizons is always 
much lower than that of associated muddy sediments and sands often contain shell or coral 
fragments that will neutralise any acid produced. However, in the absence of calcium 
carbonate, sulphidic sands develop extreme but short-lived acidity if they are drained or 
dumped on the surface. 

The difficult question of short range variation in soil characteristics was addressed by 
Burrough et al. (1988) who applied a nested sampling scheme in order to perform an 
analysis of semi-variance on a large number of properties in 192 soil profile inspections in 
two districts of the Mekong delta. The only useful criteria for soil mapping proved to be the 
presence/absence of jarosite, depth to the jarosite, depth to pyrite and the position of the 
groundwater table. pH and EC turned out to be useless criteria. To avoid the confusion of 
background short-range variation, they suggested using average values from multiple, 
closely-spaced samples to characterise each site. 
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Table 11.2: Relationships between field characteristics and chemical parameters of 
acid sulphate soils in Pulau Petak, Kalimantan (Janssen et al. 1992) 

Field characteristic Total actual Total sulphidic Description 

(layer) acidity (TAA) acidity (TSA) 

Matrix colour: 

- stability 

-hue 

Mottles colour 

Iron coatings 

Reaction with peroxide: 

- time lapse 

- intensity 

- pH of foam 

- colour of foam 

pH (paper: field) 

If matrix colours are stable (greyish) brown (hues 7.5YR and 10YR, 

chroma>1):TSA<32 mmol; for all grey colours (hues 10YR/chroma 1, 

and hues 2.5Y, 5GY and N) and for unstable (greyish brown colours: 

TSA > 32 mmol. 

If dominant hue or sub-dominant hue 5GY: TAA < 26 mmol. 

If hue 5YR: TSA < 32 mmol; if hue 5GY or N: TSA > mmol; jarosite 

mottles indicate horizons with most active oxidation of pyrite; TAA 

relatively high 

If reddish brown coatings occur on ped faces: TSA < 32 mmol 

If time lapse till reaction < 15 seconds: TSA > 32 mmol 

If time lapse till reaction > 99 seconds: TSA < 32 mmol 

If no reaction: TSA < 32 mmol; if strong reaction: TSA >32 mmol 

If pH of foam > 4: TSA < 32 mmol 

For specified colours of foam: TSA > 32 mmol 

If field pH < 3.6: TAA > 26 mmol 

Field 'characteristics 

(profile/site) 

Depth to the 

sulphidic layer 

Description 

Altitude 

Land form 

Vegetation 

Flooding 

Thickness of brown layer 

Depth to grey layer 

Altitude is a very rough indicator only 

In levees and coastal ridges: DSL > 50 cm: in alluvio-marine plains and on old river 

beds: DSL may be < 50 cm 

In Nipa-Piai complex (Nipa fruticans, Achrosticum aureum): 

DSL<50 cm and TAA< 26 mmol; 

in Alang alang (Imperata cylindrica): DSL > 50 cm 

If no flooding: DSL > 50 cm 

Sulphidic layer generally starts below or at the base of the brown layer (hues 7.5 YR 

and 10YR; chroma > 1) 

Sulphidic layer generally starts above or at the top of the grey layer (hue 10YR; 

chroma 1 and hues 2.5Y, 5Y, N and 5GY) 

+ indicates some relationship 
- indicates no relationship 

Pons era/. (1986) developed a refined version of Soil Taxonomy to create a legend for the 
soil map at 1 : 250,000 of the Trans Bassac, the western half of the Mekong delta. Besides 
the well-established criteria for Sulfaquents (potential acid sulphate soils with sulphidic 
material within 50 cm depth), Sulfaquepts (acid sulphate soils with a sulphuric horizon 
within 50 cm depth), and sulfic Tropaquepts (acid sulphate soils with a sulphuric horizon 
below 50 cm depth), they also distinguished soils with and without a strongly organic 
surface soil, and also recognised pale sulfic Tropaquepts, i.e. soils with a sulphuric horizon 
below 80 cm. 

B. Spatial statistics 

Detailed quantification of pyrite distribution can be achieved by combining classical 
survey technique with spatial statistics. Spatial statistics depend on the relationship 
between the similarity of a soil property at any two points and the distance between the 
points so that, knowing the value of the property at the sampled point, the values at any 
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Figure 2.2: Semi-variogram of %-S over the Gamiba floodplain (Ahmed and Dent, in 
press) 
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Figure 2.3: Map of %-S produced by kriging of the Gambia flood plain (Ahmed and 
Dent, in press) 
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unsampled point can be predicted (Webster and Oliver 1990). This so-called distance-
decay relationship may be calculated from the semi-variance of the property in question 
over a range of distance separation. Figure 2.2 shows semi-variance of %S in the 50-75 cm 
layer plotted against the distance separation of sample points for the tidal flood plain of the 
Gambia. Three features are of interest: the 'nugget variance' at the closest distance 
separation that cannot be mapped; the 'sill' at 1350 m separation that indicates that 
sampling at a greater distance than this will not reveal the soil pattern; and a distinct wave 
pattern (the grain or repetition size) with a wavelength of 250 to 400 m indicating a cyclical 
soil pattern which, in this area, is directly related to the close and regular spacing of tidal 
creeks. Similar grains have been identified in Viet Nam, where for the south-western part 
the Mekong delta the grain amounts from 500 to several km (Burrough et al. 1988), while in 
the adjacent Saigon river delta the pattern may be some 5 to 10 times smaller (Brinkman, 
pers. comm.), similar to the examples from the Gambia and Pulau Petak, Kalimantan, 
where sedimentation is also fine grained (see below). 

The detailed map of %S (Figure 2.3) was produced by kriging between a grid of 
sample points using the unique distance-decay relationship between the nugget variance 
and the sill, computed for each individual soil landscape unit. 
Spatial statistics used in conjunction with a geographic information system (GIS) offers a 
way of handling the sheer mass of data from a large soil survey and can reveal previously 
unsuspected field relationships. In the Gambian example, manual analysis of the 5000 data 
points revealed only a general decrease in total S content upstream and the sharp 
distinction between the terraces and tidal flood plain. Kriging using the GIS highlighted 
more complex patterns within each landscape unit that are significant in terms of 
management. But spatial statistics produces spurious patterns if applied over large tracts 
without first dividing the area into landscape units that have their own soil patterns (Ahmed 
and Dent, in press). 

Sylla (1994) applied a multi-scale approach in a study of West-African mangrove 
ecosystems which was based on the pre-conditions of acid sulphate soil formation and 
showed that climate and coastal morphology can be used for classification at catchment 
scale; hydrology, physiography and vegetation complexes are best used for unit distinction 
at the scale of one catchment, and topography, vegetation species, tidal flooding and 
sedimentation rate are best used at micro scale. 

Some perhaps surprising conclusions emerged from an intensive survey based on a 
grid of 820 observation points by Bregt era/. 1993 in Pulau Petak, Kalimantan, Indonesia. 

For the property "depth to pyritic layer': 
1. Variation is so great and the pattern so complex that there is no advantage to be gained 

by increasing the sample density from 22 per km2 to 200 per km2. This is equivalent to a 
difference in survey scale from 1:30,000 to 1:10,000 and a 5-fold increase in the cost of 
survey. 

2. The accuracy of prediction of the conceptually difficult kriging procedure was no better 
than with the simple procedures of local mean and inverse distance. 
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Figure 2.4: Comparison between depth to sulphidic material (cm) predicted by kriging 
(left) and by calculation of the probability (in %) that the depth to the sulphidic 
material exceeds 50 cm. Data for the Belawang area, Pulau Petak, Kalimantan (Bregt 
etal. 1993). 

Since depth to pyrite, pyrite concentrations (potential acidity) and total actual acidity show 
such high spatial variation, conventional soil boundaries depicting these properties are not 
very reliable. A more robust procedure is to map their conditional probability calculated by 
spatial statistics (Figure 2.4). Such maps enable planners to build in safety margins. 

Experience with spatial statistics has been mixed. It is clear that no less insight is 
needed in applying this approach than with classical survey methods and that the high 
sampling density and still rare skills needed to apply spatial statistics have to be justified 
case by case. 

C. Field laboratory support 

Quantitative data on acidity and potential acidity can only be obtained by laboratory 
determinations. Because of the local variability of these key soil characteristics and the 
uncertainty of matching them with soil morphology, it is necessary to test many samples. 
Because sulphidic materials oxidise and acidify rapidly, delay between sampling and 
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analysis should be kept to a minimum. Therefore, a field laboratory can provide valuable 
support, to both soil survey and ongoing management, particularly if the area is remote. 

Field laboratory methods have to be straightforward, requiring only simple equipment 
and readily-available chemicals. The most widely adopted method elaborated by Konsten 
ef ai (1988) estimate total actual acidity (TAA) by quick titration to pH 5.5 with standard 
alkali, the sample being suspended in a 1 M NaCI solution. Subsequently NaF can be 
added to the suspension, precipitating all AI, and titrated back with HCl to get an estimate 
of the soluble plus exchangeable aluminium in the sample. Total potential acidity (TPA) is 
estimated by first oxidising all sulphides with 30% hydrogen peroxide, followed by quick 
titration to pH 5.5 as for TAA. In the case of TAA, the pH of the suspension continues to fall 
for some time after titration. A correction factor is applied to convert the value obtained by 
quick titration to a more stable value obtained after 24 or 48 hours but this correction factor 
depends on the speed of titration and the kind of soil, and has therefore to be established 
for each operator and soil type. Janssen et al. (1992) found factors between 1.4 and 2.3 for 
the same operator. Correction factors for TPA have proved even more problematic, 
depending on the efficiency of oxidation by hydrogen peroxide. Dent and Bowman (1996) 
found that, by adding a further aliquot of hydrogen peroxide to the suspension immediately 
when pH 5.5 was reached, and then completing the titration, no correction factor is 
necessary. Their modified procedure is as follows: 

1. Total Actual Acidity, TAA 

• Sample: 10 cm3 field sample, packed air tight and analysed as soon as possible after 
sampling. A sawn-off syringe of a large diameter is an ideal sampler. 

• Equipment: balance accurate to 0.1 g for preparation of standard solutions; pH meter 
and buffer solutions; plastic bottles and beakers; a burette; a shaker/stirrer. 

• Reagents: Distilled water (if not available, any water will do, but its acidity should be 
determined); NaCI solution 1 mol I"1 (dissolve 59.6 g NaCI in a litre water or dilute 
saturated NaCI 6 times); Standard NaOH solution 0.1 M (dissolve 4.0 g NaOH in a litre 
water or prepare from and ampoule of analytical concentrate). 

• Procedure: Make up 10 cm3 sample to 100 cm3 suspension with 1M NaCI (or add 5.9 g 
solid NaCI and make up with water). Shake for 2 hours. Measure the pH of the 
suspension. If pH is less than 5.5, titrate to 5.5 with standard NaOH. Depending on the 
equipment available, this may be done automatically, manually with continuous stirring, 
or stepwise with fixed aliquots of alkali. After each addition of alkali, stir the suspension 
and allow the pH to stabilise for one minute. The pH of the suspension will drop slowly 
after completion of the quick titration. A correction factor may be determined by 
resuming the titration after 24 hours for a representative range of samples, and for 
different operators since it also depends on the speed of titration. 

2. Aluminium acidity 

The TAA extract can also be used to estimate soluble plus exchangeable AI in the 
suspension, an important characteristic since AI is the most important toxin of actual acid 
sulphate soils (Begheijn 1980). 
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• Reagents: as for TAA plus: solid NaF; 0.1 M HCl as for residual quick neutralising 
capacity 

• Equipment: as for TAA 
• Procedure: add a few grams (excess) of solid NaF to the suspension after titration for 

TAA. AI will be precipitated as AIF3, raising the pH of the suspension. Titrate back to pH 
5.5 with 0.1 M HCl. 

AI in mol m"3 = volume of titrant (cm3 0.1 M HCl) x 10/3 

3. Total Potential Acidity, TP A 

• Sample: 10 cm3 field samples. In contrast to the determination of TAA, oxidation of the 
sample does not affect the result. 

• Equipment: As for TAA plus: protective gloves and spectacles; pyrex beakers 1 litre, 
water bath. 

• Reagents: as for TAA plus: hydrogen peroxide solution 30 per cent, technical grade. 
• Procedure: Make up 10 cm3 sample to 50 cm3 suspension with 1M NaCI (or add 5.9 g 

solid NaCI and make up with water). Stir until the suspension is homogenised, transfer 
to a pyrex beaker and make up to 100 cm3 with NaCI solution. Mark the height of the 
suspension on the outside of the beaker. Put on gloves and spectacles. Carefully add 
10 cm3 H202 then transfer the beaker to the water bath or stand in sunlight till the 
sample begins to bubble. Remove from heat. Samples rich in organic matter or pyrite 
will froth strongly. When the peroxide is spent, add further aliquots of H202 till oxidation 
is complete, which may take a few hours or days. Up to 100 cm3 H202 may be needed 
for peaty samples. Oxidation is complete when addition of H202 produced no further 
reaction, the mineral soil has become grey to light brown, and the supernatant solution 
is clear and transparent - not murky. Boil down the mixture to its original volume and 
wash the side of the beaker. Stir. Measure and record pH of the suspension. If it is 
below 5.5, titrate with 0.1 M NaOH solution to pH 5.5 as for TAA. Add a further aliquot 
of H202. If the pH falls, resume titration back to pH 5.5. Do a blank titration with each 
batch of samples to correct for acidity of reagents. 

Total Potential Acidity (TPA) mol (+) m"3 = volume of titrant (cm3) x 10. 
TPA - TAA, mol (+) m3 represents the acidity that will be released on drainage of the 
material and can be attributed principally to oxidation of sulphides. 

4. Residual quick neutralising capacity 

• Reagents: as for TPA plus: standard 0.1 M HCl solution (commercially prepared 
standard or dilute from a 10M HCl solution). 

• Procedure: If the pH after peroxide treatment is greater than 5.5, titrate with 0.1 M HCl 
to pH 5.5. Measure the pH again after 3 hours and, if it has risen, resume titration to pH 
5.5. 

Residual quick neutralising capacity in mol (-) m"3 = volume of titrant (cm3 0.1 M) x 10. 
Coarse shell fragments may take some days to dissolve at pH 5.5, but in the field they 

would not contribute to quick neutralisation. If a measure of coarse shell is required, it may 
be separated by sieving and determined separately. 
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The TPA determination takes account of the in situ quick-neutralising capacity of the 
exchangeable bases and finely-divided carbonates, so TPA-TAA provides an estimate of 
the excess acid that might be released from the material as a result of complete oxidation 
of sulphides. By sampling of a known volume, TAA and TPA may be determined directly in 
mol m"3 of material, thus avoiding the need to dry large numbers of very wet samples, 
risking oxidation in the process and avoiding the need to weigh. 

Analytical data are conventionally expressed at an oven dry mass basis, but this is 
difficult to interpret because unripe soils may contain up to 90% water and may be highly 
organic. If values on a mass basis are wanted for further analysis, they must be dried 
quickly to minimise acidification. This means small samples, spread thinly or diced, in a 
forced-draught oven. Oxidation during storage and drying does not affect TPA. 

5. Peroxide-oxidisable sulphuric acidity 

An alternative to the direct estimation of TAA and TPA is to determine soluble sulphate 
before and after hydrogen peroxide treatment (Lin and Melville 1993), sulphates being 
determined turbidimetrically after filtration (Rhoades 1982). By difference, potential acidity 
from oxidation of pyrite is then estimated from the peroxide-oxidisable sulphuric acidity 
(POSA), assuming all S is pyrite and oxidation according to equation 8. POSA does not 
take account of any in situ neutralising capacity. 

IV: ACID: BASE ACCOUNTING 

A. Principles and limitations 

Acid : Base accounting is the most widely used assessment, certainly for acid mine spoil 
(e.g. Sobek et al. 1978), because it is simple, reproducible and relatively cheap. Acid-
producing potential is assessed by determination of pyrite or some surrogate such as total 
S or oxidisable S. Neutralising potential is identified by determination of carbonates. The 
difference between the two potentials indicates the absolute magnitude of excess acid 
production from oxidation of pyrite, assuming: 

FeS2 + 15/4 02 + 7/2 H20 -> Fe(OH)3 + 2S04
2' + 4H+ (8) 

1 mol pyrite yields 4 moles acidity 

CaC03 + 2H+ -> Ca2+ + C02 î + H2 (9) 
1 mol carbonate neutralises 2 moles acidity 

Crudely, one part by mass of pyrite S is neutralised by three parts by mass of calcium 
carbonate. Acid : Base accounting involves several assumptions: 

- All determined S is pyrite; 

- All "pyrite" is oxidised under the proposed conditions of management according to 
equation 8; 

- All determined carbonate is CaC03and this reacts completely with acidity in situ. 
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This budget does not take account of the differences in the rates of acid generation and 
neutralisation that depend critically on the surface area of pyrite accessible to oxidants, and 
the nature and surface area of weatherable minerals in contact with the acid produced. 
CaC03 and, also, exchangeable bases react quickly and completely, even close to 
neutrality, but there is usually a bigger reserve of neutralising capacity in silicate minerals 
that react more slowly by acid hydrolysis. Jarosite, the diagnostic mineral of acid sulphate 
soils ties up one mole acidity (see equation 6) which it will release upon hydrolysis 
(equation 7). 

Significantly for the release of acidity into drainage water, pyrite in recent marine 
sediments is usually concentrated as pore fillings where it is easily accessible to oxidants 
and from which much acid can be leached quickly by through flow before it can be 
neutralised by minerals in the matrix. As a resultant of these uncertainties, treatment of acid 
sulphate soil or spoil that relies on Acid : Base accounting should include a substantial 
safety error. 

B Methods of laboratory analysis. 

1. Storage and pre-treatment of samples 

Field-laboratory methods use samples directly taken from the field with simple precautions 
such as the use of thick-walled plastic bags to prevent rapid oxidation. For more detailed 
laboratory analysis samples may well have to be stored for longer periods. Freeze drying of 
the samples is a good way to avoid oxidation, especially when samples are stored under N2 

gas (Mamette 1993). Alternatively, samples may be collected in air-tight containers and 
bacterial oxidation inhibited by a drop of toluene, prior to rapid drying as described in on 
page 24. 

2.S-fractions in acid sulphate soils. 

Begheijn ef ai. (1978) developed a methodology yielding data on elemental-S, water 
soluble and exchangeable-S (present as S04

2'), jarosite-S, pyrite-S and Total-S in acid 
sulphate soils. Finely ground, freeze dried soil samples are subjected to a number of 
extractions. Extraction of a soil sample with acetone yields elemental-S. EDTA.3Na is used 
for the extraction of water soluble plus adsorbed sulphur. The remaining solid after 
centrifugation is extracted with 4M HCl for the determination of jarosite-S. Extraction by HF 
and concentrated sulphuric acid dissolves all free iron minerals except for pyrite. After 
centrifuging the HF/H2S04 extract, the solid is treated with HN03 to oxidise pyrite, and iron 
determination in the HN03 extract can be used to determine pyrite-S. Total-S is determined 
by partial fusion with a mixture of Na2C03 and KN03. Alternatively, total-S can also be 
determined by oxidation with an alkaline sodium hyperbromite solution, followed by 
reduction of the formed sulphate to H2S by hydriodic acid. The H2S is trapped in NaOH and 
colorimefrically determined using bismuth nitrate (Tabatabai and Bremner 1970). A third 
possibility is analysis of total-S by X-ray fluorescence spectrometry (Darmody et al. 1977). 
Subtracting the total of elemental, jarosite, pyrite and water soluble/exchangeable sulphur 
from the total S yields the remaining fraction, i.e. organic-S. Organic-S fractions such as 
ester sulphate-S (Kowalenko 1985), amino acid-S and carbon bonded-S (Freney 1970, 
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