""’1\.?‘ ] 9mmr~qmm
[ § o low e
3 £t §

| NN31545. 1739 W .z»;wnn-mmuh ”’ﬁuw

'iE

ICW nota 1739

October 19886

(POTENTIAL) ACID SULFATE SOILS

&
THE DEVELOPMENT AND BEHAVIOUR OF ‘ |
- a literature review - |

|

drs. C.J. Ritsema s

Nota's (Notes) of the Institute are a means of internal commu-
nication and not a publication. As such their contents vary
strongly, from a simple presentation of data to a discussion
of preliminary research results with tentative conclusioms.
Some notes are confidential and not available to third parties
if indicated as such

— mmmmwmmlmuumnummm 1S 154 bot

1946314 .

1;_..3
]

)
-,

N
< NOLa o
epene iNStituLt VOOY cultuurtechniek en waterhuishouding, wageningen s
£3




T e e




K

S -

Chapter

Chapter

Chapter

Chapter

Chapter

CONTENTS

INTRODUCTION

. GEOGRAFHICAL OCCURRENCE AND EXTENT OF ACID

SULFATE SOILS

. PYRITE FORMATICN

. ACID-NEUTRALIZING CAPACITY

. PYRITE OXIDATION

. KINETIC ASPECTS OF PYRITE OXIDATION

5.1. Pyrite oxidation by ferric iron
5.2. Pyrite oxidation by dissolved oxygen

LITERATURE

GEOGRAPHICAL REFERENCES

page

10

11

15

15

17

19

22







T ——

Figure 1.

Figure 2.

Figure 3.

Figure 4.

LIST OF PIGURES

Diagramatic representation of the overall process of sedi-

mentary pyrite fermation (after BERNER, 1972).

Piots of weight percent organic carbon versus weight per-
cent reduced sulfur for modern fresh water lake sediments
and normal marine sediments (after BERNER and RAISWELL,
1983).

The overall sequence of mineral reactions for pyrite oxida-
tion showing the relationships between oxidizing agents,
catalysts, and mineral products {after NORDSTROM, 1882).

Model of pyrite oxidation in an acid sulfate soil (after
VAN BREEMEN, 1976).

a) During the dry season, oxygen diffuses into the soil
from pores and fissures. Fe2* ions in solution are oxidized
to Fe3* ions or oxides. At low PH, some Fe3* remains in
solution, diffuses to the pyrite surface where it is
reduced to Fe2*, liberating acidity. Fel* diffuses back
towards the oxidation front where it is oxidized, liber-
ating more acidity.

b) Some oxidation of pyrite can continue under acid,
waterlogged conditions, using the reserve of iron IIl
oxides. In this case, Fe2* ions migrate out of the soil

into drainage or floodwaters before being oxidlzed.







LIST OF TABLES

Table 1. World distribution of some problem soils (million ha)
{after BEEK et al., 1980).

: Table 2. World distribution of acid sulfate soils (million ha)
! (after BEEK et al., 1980}

Table 3. Rate laws for oxidation of pyrite by ferric iron in low

temperature (30°C) acidic solutions.

Table 4. Rate laws for oxidation of pyrite by dissolved oxygen in

low temperature (30°C) acidic solutions.

i




'y




INTRODUCTION

The world-wide extent of acid sulfate soils is about 13 million
hectares: about one percent of the world's cultivated land. When the
extent of the acid sulfate soils is compared with the extent of some
of the world's other problem soils (table 1), it is clear that peat
soils or saline and sodic soils, for example, are far more extensive
and, incidentally, more persistent. Acid sulfate conditions constitute
a problem that persists for a limited number of years, and that bede-
vils a small part of the earth's crust; a small part even of the total
area of problem scils that the world is faced with. Several of the
cther kinds of problem soils, however, mainly lie in areas far away
from great concentration of people. The acid sulfate soils tend to
occur under favourable climates for food production (table 2), often
near densely populated coastal areas or river plains, and their deve-

lopment would thus be of immediate interest {after BRINKMAN, 1582).
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Table 1. World distribution of some problem seils {(million ha)
{after BEEK et al., 1980).
Type of soils

Region Acid sulfate Peat Planosols Saline‘ and

soils soils sodic soils
Asia and Far East 6.7 23.5 2.7 19.5
Africa 3.7 12.2 15.9 69.5
Latin America 2.1 7.4 67.2 59.4
North America 0.1 117.8 12.3 16.0
Near and Middle East 0.0 0.0 0.0 53.1
Australia 0.0 4.1 49.3 84.7
Euraope 0.0 75.0 4.0 20.7
World total 12.6 240.0 151.4 322.9

Table 2. World distribution of acid sulfate solls {million ha)
(after BEEK et al., 1980)
Lenght of growing periods (days)

Region < 90 20-180 180-300 > 300 Total
Asia and Far East 0.0 0.2 5.1 1.4 6.7
Africa 0.4 0.7 1.5 1. 3.7
Latin America 0.0 0.1 0.8 1. 2.1
North America 0.0 0.0 0.0 0.0 0.1
Other regions - - - - 0.0
World total 0.4 1. 7.4 3.7 12.6
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1. GEOGRAPHICAL OCCURRENCE AND EXTENT OF ACID SULFATE SOILS

The Dutch were the earliest to recognise soils containing large
amounts of snlfides or sulfates as being detrimental to agriculture,
and called them ‘cat-clays', a name associated with cat's excreta.
Subsequently CHENERY (1954), proposed the name "acid sulfate soils”
and this has been more favourably adopted.

An acid sulfate soil js defined as a soil containing sulfates of
iron and alueinium, ﬁith a pH in water of below 3.5 and having charac-
teristic pale yellow mottles. According to the USDA (1970) Soil
Conservation Service a 'sulphuric' horizon is one in which the pH is
below 3.5, and vellow jarosite mottles of hue 2.5Y or more yellow, and
chroma 6 or more (MUNSELL, 1954) are present.

A potential acid sulfate soil is a so0il that is undrained and
unoxidized, with reserves of sulfides mainly occurring as pyrite. The
USDA (1970) Soil Conservation Service defines 'sulfidic' material as
being a water-logged soil containing more than 0.75% total sulfur {(on
dry weight), mostly in the form of sulfides, and calcium carbonate
equivalent to less than 3 times the sulfur content; these soils
have a potential of becoming very acid when drained or allowed to oxi-
dize.

The presence of acid sulfate soils and potential acid sulfate
soils in the world has been estimated by various workers.

Considerable areas were reported in:

Africa Beye et al., 1975

Black Sea Leventhal, 1983

Brasil Roquero de Labura and Garcia-Casal, 1973
Brunei Williams, 1980

China Kung and Chou, 1964

Denmark Postma, 1982

England Fisher, 1986

Fiji Richmond et al., 1975

Finland Kivinen, 1950




Gambia
Guinea-Bissau
Guyana
Hong-Kong
India

Indonesia

Japan
Liberia
Malagasy
Netherlands
New Zealand
Niger
Pakistan
Peninsular Malaysia
Philippines
Rhodesia
Sénégal
Sierra Leone
Sri Lanka
Surinam
Sweden
Thailand
United States
Venezuela

Vietnam

Thomas et al., 1979

Oosterbaan, 1982

Evan, 1966

Grant, 1973

Raychauhuri and Ananthraman, 1960

Breemen, van, 1977; Collier, 1979; Didi Ardi
et al., 1986; Diemont and van Reuler, 1984;

‘Driessen and Ismangun, 1972a; Driessen and

Ismangun, 1972b; Driessen and Scepraptohardjo,
1974; Eelaart, van den, 1982; Eelaart, van den
and Bolissevain, 1986; Ismangun and Driessen,
1986; Noorsvamsi and Hidayat, 1974: Roelse et
al., 1986; Soepraptohardjo and Driessen, 1976;
Soepraptohardje and Suhardjo, 1977; Steenwinkel,
1982; Sudjadi, 1984 ; Tan, 1968; Westerhout,
1982; Wiersinga and Sudibjo, 1882; Wijk, van, 1951;
Kawasakil and Mekaru, 1978

Virmani, 1978

Continet and Durand, 1966

Oenema, 1986

Metson et al., 1977

Marsh, 1966

Quadir, 1851

Bloomfield and Powlson, 1977

Breemen, van, 1978

Thompson, 1972

Vieillefon, 1977

Jordan, 1964

Breemen, van, 1978

Pons, 1965

Wiklander et al., 1950

Breemen, van, 1976

Edelman and van Staveren, 1958

Siecli, 1964

Mocrman, 1961
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Dther literature can be found in the 'Bibliography on Acid Sulfate
Soils 1863-1973' compiled from literature reference lists assembled by
KAWALEC, SOMBATPANIT and VAN BREEMEN (in the Proc. of the Int. Symp.
on Acid Sulfate Soils, p. 275-291). Besides this alphabetical litera-
ture list an pgeographical ordered literature list is presented
(p.293-295).

Potential acid sulfate soils can, according to PONS and VAN
BREEMEN (1882), be formed in:
- saline and brackish tidal flats and tidal swamps;
- poorly drained inland valleys;
- bottoms of saline and bracklsh lagoons, seas and lakes.
The in these regions formed sediments are defined as respectively:
- normal (non-euxinic) terrigeneous marine sediments;
- non-marine freshwater sediments;

- marine euxinic sediments.

2. PYRITE FORMATION

The major factors controlling how much pyrite can form In a sedi-
ment are the amounts of orgahic matter and reactive iron minerals
deposited in a sediment, and the availability of dissolved sulfate.

Organic matter appears to be the major control on pyrite formation
in normal (non-euxinic) terrigeneous marine sedimehts where dissolved
sulfate and iron minerals are abundant. By contrast, pyrite formation
in non-marine, freshwater sediments is severely limited by low con-
centrations of sulfate. Under marine euxinic conditions sufficient HyS
is produced that the dominant control on pyrite formation is the
availability of reactive iron minerals (after BERNER, 1984)}.

The first step in the overall process of sedimentary pyrite for-
mation is the bacterial reduction of sulfate (fig. 1). This process
occurs only in the absence of oxygen, under anaerobic conditions. Such
conditions are realized in the majority of subaquecus sediments
because sufficient organic matter is deposited to act as an oxygen-

consuning barrier.
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Dissolved oxygen migrates into the sediment from the overlying water
via molecular diffusion, wave and current stirring, or bioturbational
irrigation (ALLER, 1980; BERNER, 1980: FISHER. 1986). However, the
oxygen is consumed by aerobic bacteria living near the sediment-water
interface, which use the oxygen to convert organic matter to CO,.
Rapid consumption of all 0; near the sediment-water interface prevents
it from penetrating far into the sediment. As a result, anaerobic
conditions, necessary for bacterial sulfate reduction appear below a
depth normally of a few centimeters. Thus, bacterjally decomposable
organic matter is needed not only as a reductant for sulfate (fig. 1),

but also as an agent for bringing about anaerobic conditions.

SO%‘ Org. matter

Bacteria

Bacteria

FeS,
Pyrite

Figure 1. Diagramatic representation of the overall process of sedi-

mentary pyrite formation (after BERNER, 1972).
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Bacterial sulfate reduction is a caomplex process and proceeds via
a variety of individuval steps involving processes such as the break-
down of biopolymeric organic matter to simple organic molecules by
fermentative micro-organisms, the utilization of the simple molecules
by sulfate reducing bacteria themselves, and the further oxidation of
organic reaction products (JORGENSEN, 1982). However, the overall pro-
cess can be shown to be adequately represented by the simple reaction
(WESTRICH., 1983).

2 CH0 + 50,27 -> HpS + 2HCO4~

where sedimentary organic matter is represented by the idealized for-
mula CH50.

As the above reaction shows, two factors which should affect the
rate of bacterial suifate reduction are the avaialability of dissolved
sulfate and of organic matter.

According to WESTRICH (1983) the rate-contrel by sulfate is not
important at concentrations above about 5 mM. Since most pyrite forms
at depths where sulfate concentrations are much higher (KAPLAN et
al., 1963}, the effect of sulfate on sulfate reduction and pvrite for-
mation in most marine sediments, is relatively unimportant.

The major factor controlling the rate of hacterial sulfate reduc-
tion in normal marine sediments is the amount and especially the reac-
tivity of organic matter deposited in the sediment. Experimental data
of WESTRICH (1983) shows that the reactivity of organic matter
decreases as the more reactive compounds are consumed first.

The less reactive compound that survive (or are formed during aging)
bring about lower rates of sulfate reduction.

These results can be used to explain why bacterial sulfate reduc-
tion and pyrite formation are more extensive in certain areas of the
present-day ocean than in others. Except for rare euxinic environ-
ments practically all bottom water contain dissolved oxygen. Conse-
quently, pyrite formation must take place below the sediment-water

interface. In many regions sedimentation rates are very low and




organic compounds, representing the remains of marine organisms, are

exposed to oxic destruction near the sediment-water interface (and fin

the overlying water column) for long periods, up to thousands of years.

As a result, only small amounts of very resistant organic compounds
support very little sulfate reduction and little pyrite forms. By
contrast, in areas of high sedimentation, especially in nutrient rich
waters which bring about a high rate of organic matter production and
sedimentation, rapid burial enables relatively reactive compunds and
more organic matter in general tc become available for bacterial
sulfate reduction at depth. Consequently, high levels of H,S are
attained and much pyrite forms. These considerations help to explain
why there is a crude correlation between sedimentation rate on the one

hand, and organic matter and pyrite contents on the other.

What has been said above concerning young marine sediments does
not apply to voung freshwater sediments. The reason is that dissolved
sulfate concentrations in freshwater are much less, on the average
several hundred fold less, than that found in seawater. As a result
sulfate is rapidly and totally consumed via sulfate reduction at sedi-
ment depths of only a few centimeters, leaving behind little pyrite
and much organic matter. Thus (in contrast to marine sediments)
sulfate is the principal factor controlling pyrite formation in fresh-
water sediments. This results in a relative lack of correlation of
pyvrite sulfur with opganic carbon, and high carbon to sulfur (C/S)
ratios in such sediments (see figure 2). The large difference in C/S
ratlos of organic-rich young marine and freshwater sediments suggests
that this ratio might serve as a useful paleosalinity indicator.
According to BERNER (1984) the C/S ratio is indeed a useful parameter
for distinguishing original deposition under freshwater vs. marine
conditions.
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Figure 2. Plots of weight percent organic carbon versus weight per-
cent reduced sulfur for moderr fresh water lake sediments
and normal marine sediments {after BERNER and RAISWELL,
1983).

In the above discussion it has been implied that greater produc-
tion of HpS, via bacterial sulfate reduction, simply means more pyrite
formation, and this seems to be the case in many normal marine
sediments. However, pyrite formation is also limited by the amount and
reactivity of detrital iron minerals added to the sediment.

Apparently, in terrigeneous marine sediments deposited under nor-
mal aerobic conditions, the iron minerals are sufficiently abundant
and reactive that they don't pose a serious problem. However, this is
not the case for highly calcareous sediments. In localities far
removed from sources of terrigeneous clays or silts and where the
sediments instead consists almost entirely of calcium carbonate
derived from the skeletal debris of marine organisms, there is insuf-
fucient iron to bring about appreciable pyrite formation. Even in the
presence of high organic matter concentrations and abundant H,S, if

the sediment is dominated by CaC0g, the pyrite concentration is low.
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The amount and reactivity of iron minerals also plays a major role
in pyrite formation under euxinic conditions. The word euxinic
(derived from the Black Sea whose ancient Latin name was Pontus
Euxinus) refers to sediments deposited in bottom waters which are
anaerobic and contain HZS instead of 0p. The anaerobic bottom water
result from strong density stratification from contact with the
atmosphere. Under such conditions relatively fresh planktonically-
derived organic material becomes available for bacterial sulfate
reduction. As a result organic accumulations are high, bacterial
suifate reduction is extensive, and HpS builds up in the bottom water
as well as in the underlving sediments. Under euxinic conditions the
reaction of Hy8 with iron-minerals can occur both before and after
burial, evén during sedimentation itself. Thus, the amount of pyrite
formed depends more on the amount and reactivity of detrital iron
minerals, and less on the amount of locally deposited organic matter.
However, regardless of the environment of deposition the amount of
pyrite formed in a sediment, except in highly calcareous ones, is
almost never limited by the amount of total iron deposited. Instead,
pyrite content is centrolled by the reactivity of detrital iron
minerals. The most reactive fraction is wade up of fine-grained
hydrous ferric oxides, formed via continental weathering, which nor-
mally occur as rust coloured coatings on other mineral grains. Other
less reactive sources of iron include that contained within clay
minerals and that present in unweathered primarv minerals such as

biotite, pyroxenes, amphiboles, magnetite, and ilmenite,

3. ACID-NEUTRALIZING CAPACITY

A soil containing pyrite is only a potential acid sulfate soil if
the potential acidity represented by the pyrite is greater than the
acid-neutralazing capacity of the soil. The neutralizing capacity of
the soil is provided by:

- carbonates
- exchangeable bases

- easily-weatherable silicates




Calcium carbonate stands out in both its rate of reaction and neutra-

lizing capacity at pH values close to neutrality. Its neutfalizing
capacity is 20 moles acid kg~1. If one mole of pyrite is equivalent to
four moles HY the acidity from the oxidation of 1 per cent by mass of
pyrite sulfur is balanced by 3 per cent of CaCOg (after DENT, 1986).

After dissolution of any carbonates present, further acid displa-
ces exchangeable bases. In marine clays with a large proportion of
smectite, as much as 0.5 per cent by mass of pyrite S may be neutral-
ized. Clays that are predominantly kandite and soils of low clay con-
tent have very much lower neutralizing capacities.

At pH values below about 4, there is a significant dissolution of
silicate clays (VAN BREEMEN, 1978; 1976). The rate of reaction is
relatively slow and in most cases appears unlikely to prevent the
development of acid sulfate conditions, although the severity of aci-
dity is certainly reduced.

4. PYRITE CXIDATION

Potential acid sulfate soils become acid as a result of drainage.
Pyrite is stable only under anaerobic conditions. Drainage allows oxy-
gen to enter the soil and pyrite is then oxidized, generating
sulphuric acid (see figure 3).

The reaction of pyrite with oxyvgen is a slow process that can be
represented by the equation (DENT, 1986):

FeSp + 15/4 05 + T/2 Hy0 -> Fe(OR)g + 2 S04%™ + aH*

Most of the ferric hydroxide crystallises as the reddish brown oxide
goethite in mottles, coatings, and nodules wihtin the soil. Some Fe2*
may be lost from the soil in drainage waters, and will precipitate
under more oxidizing conditions in drains and ditches - which can

even be blocked by gelatinous deposits of hydrated Fe3* oxides.
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Figure 3. The overall sequence of mineral reactions for pyrite oxida-
tion showing the relationships between oxidizing agents,

catalysts, and mineral products (after NORDSTROM, 1982).

Once the pH of the oxidizing system is brought below 4, Fe 3+
becomes appreciably soluble and brings about rapid oxidation of pyrite

FeS, + 14 Fe3* + 8 H,0 -> 15 Fe?* + 2 50,2~ + 16 W*

-ih

s
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In the presence of oxygen, the Fe 2+ produced by these reactions
is oxidized to Fe3*. at pH values lower than 3.5, chemical oxidation
is a slow process with a half time of the order of 1000 days (SINGER
and STUMM, 1970). However, autotrophic bacteria, which seem to be
ubiquitous in sulphidic and acid sulphate soils, overcome the kinetic
barriers that exist in purely chemical systems. At low pH,
Thiobacillus ferrooxidans oxidizes reduced sulphur species and also
Fez+, thereby returning Fe3* to the system {ARKESTEIJN, 1980).

, Thiobacillus ferrooxidans FeS* + X H,0

B4

Fe?* + % 0, + H

The rapid catalytic oxidation of pyrite by Fe 3+ jons 1s limited
by the pH, because Fed* is appreciably scluble only at pH values less
than 4, and because Thiobacillus ferrooxidans does not grow at a
higher pH. In calcareous soils, the oxidation of pyrite is probably
slow. Fe3* oxides and pyrite may be in intimate contact, but the rate
of oxidation will be constrained by the insolubility of Fe3*.

The different stages of oxidation do not necessarily occur at
exactly the same localisations in soil. Fielid and micromorphological
examination of acid sulphate soils shows distinct seperation of
pyrite and its oxidation products: jarosite, iron oxides, and gypsum.
In horizons where there is a reserve of pyrite to be oxidized, this is
confined to the cores of peds, whereas jarosite and iron oxides and
gypsum are closely associated with pores and ped faces. VAN BREEMEN
(1976) suggests that oxygen reacts with dissclved Fe2* pefore it can

reach the pyrite and that Fe3* 1s the immediate oxidant (see figure 4).

Under a climate with pronounced wet and dry seasons, oxidation of
pyrite may continue after flooding, using the oxidative capacity that
was stored as Fe3' oxide during the dry season. Ever so, the supply of
oxygen appears to be the rate-limiting factor in the oxidation of
pyrite under acid conditions in the field. Excavated pyritic material
is oxidized very much faster, and suffers a much lower pH than the
game material in situ. As long as there is a reserve of pyrite to be
oxidized, deepening of drainage or an unusually dry season invariably

leads to increased production of acidity.
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channel matrix
a) B ?" &
dry season :
b)
wet season
_________ . RREEE i?g
ironll pyrite- pyritic
oxide free zZone

deposition zone

Figure 4. Model of pyrite oxidation in an acid sulfate soil (after
VAN BREEMEN, 1976).
a} During the dry season, oxygen diffuses into the soil
from pores and fissures. Fe2* ions in sclution are oxidized
to Fe3* ions or oxides. At low pH, some Fe3* remains in
solution, diffuses to the pyrite surface where it is
reduced to Fe2*, liberating acidity. Fe?* diffuses back
towards the oxidation front where it jis oxidized, liber-
ating more acidity.
b) Some oxidation of pyrite can continue under acid,
waterlogged conditions, using the reserve of jron III
oxides. In this case, Fe?* jons migrate out of the soil
into drainage or floodwaters before being oxidized.

Conversely acid production is stopped by raising the watertable. The
overall sequence of reactants, products, and catalysts for pyrite oxi-
dation i1s shown in the schematic illustration of figure 3 (after
NORDSTROM, 1982). The picture attempts to tie together the roles
played by:
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- the oxidizing agents ferric iron and oxygen
- the catalyzing agent Thiobacillus ferrooxidans which utilizes oxy-
gen for respiration, and

- the mineral products

4]

. KINETIC ASPECTS OF PYRITE OXIDATION

Pyrite oxidation is a time dependent process. Factors that
influence the rate of pyrite oxidation are the supply of oxygen and
ferric iron, the temperature and the total surface area of pyrite per
unit of soil,.

Several authors tried to define rate laws in order to calculate
and predict the decrease in pyrite (and the consequently increase in
sulfuric acid) as a result of the oxidation of pyrite by dissolved

oxygen or by ferric iron in soils.

5.1. Pyrite oxidation by ferric iron

WIERSMA en RIMSTIDT (1984) measured rates of reduction of ferric
iron by pyrite and marcasite in chloride solutions. Preparation of
grain surfaces to avoid anomalous rapid initial rates was not
reported. The pyvrite was suspended in solution by stirring, so any
rate effects due to abrasion of colliding grains are unknown in their
experiments. Wiersma and Rimstidt assumed a first-order rate law {see
table 3), and determined rate constants by integrating the rate over
time according to the assumed law. However, they noted that the
derived rate constants decreased with decreasing initial ferric iron
concentration.

In nearly identical series of experiments., SINGER AND STUMM (1969)
noted the same behaviour when they calculated rate constants from an
assumed first-order rate law. They consequently rejected a first-order
rate law as invalid. For these reasons it is not acceptable to assume
a first-order rate law and rate constants caculated from such a law as
valid.
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Table 3. Rate laws for oxidation of pyrite by ferric iron in low
temperature (30°C) acidic solutions.

Study pH range T range Rate law

McKibben &

Barnes (1986) 1-2 25-30°C  (Fe3+)0.58(y+)-0.50

Wiersma &

Rimstidt (1984) 2 25-50°C *(Fe3*)

Mathews &

Robins (1972) 0-1.5 30-70°C  *{Fe3*)(Fe3* + Felt)~1.0(y+)-0.44
Garrels &

Thompson (1960) 0 -2 30°C "(Fe3+){Fe3+ + Fez"‘)'l-0

*Rate dependence on ferric jon assumed rather than derived

MATHEWS and ROBINS (1972) studied the oxidation of pyrite-marcasite
mixtures by ferric sulfate solutions. They also assumed a first order
dependence on ferric iron to derive their rate constant. They
concluded that the rate was proporticnal te the ratio of ferric to
total iron, but gave no supporting data. According to their rate law,
oxidation in solutions containing no ferrous iron should be indepen-
dent of ferric iron concentration. Such behaviour does not agree with
the data given by McKIBBEN and BARNES {1986). MATHEWS and ROBINS
{1972) rate dependence on pH is nearly identical te that determined in
the study of McKIBBEN and BARNES (1886), although the ionic strenght
may also have been varied with pH in the experiments carried out by
MATHEWS and ROBINS {1972}.

GARRELS and THOMPSON (1960) studied the reduction of ferric iron
by pvrite in ferric sulfate sclutions. They reported that pH did not
affect rates. On the basis of a qualitative analyses of Eh versus time
plots, they concluded that the rate was dependent on the ratio of
ferric to total iron concentration, due to competitive adsorption be-

tween ferric and ferrous ions.
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According to McKIBBEN and BARNES (1986), it is difficult, given the
discrepancies above, toc come to a consensus on the rate law and mecha-
nism of oxidation of pyrite by ferric iron. The data of WIERSMA and
RIMSTIDT (1984); RIMSTIDT et al. (1986) and SINGER and STUMM (1963)
clearly do not support a first-order dependence on ferric ion. Rate

laws expressing the rate as a function of ferric to total iron are

likewise dubious, because they are derived on the basis of an assumed

first-order dependence on ferric lon. They also viclate the recent
data given by McKIBBEN and BARNES (1986), which yield a square-root
rate law for the effect of ferric ion and a negligible dependence on
ferrous ion concentration. Square-root rate laws generally imply
dissociation of a species on the mineral surface, but this is
obviously unlikely in the case of ferric ion. Using theoretical argu-
ments, LASAGA (1981) has demonstrated how non-integer rate laws for
non-dissociating species may be the result of rate-liﬁiting desorp-
tion of products on heterogeneous mineral surfaces. It is likely that
studies of adsorbed complexes on oxidized pyrite surfaces using high-
resolution spectroscopic techniques will provide the most useful
insight into oxidation mechanisms. Techniques such as Fourier trans-
form infrared, Auger electron and X-ray photo-electron spectroscopy
may be particularly promising {(PERRY et al., 1883; TAYLOR, 1984}.

5.2. Pyrite oxidation by dissolved oxygen

In table 4.different rate laws describing the oxidation of pyrite
by dissolved oxygen are shown.

MATHEWS AND ROBINS (1974) studied the oxidation of mixtures of
pyrite and marcasite by dissolved oxygen, using the same techniques as
in their previous study of oxidation by ferric ion. They measured
total, ferric and ferrous iron concentrations with time. They found no
pH-effect, but conducted their study over a very limited, acidic
range. Their experiments ylelded a 0.81-order dependence on dissolved
oxygen concentration.

SMITH and SHUMATE (1970) did not specifically determine a rate
law, but presented enough data for McKibben and Barnes to derive the

one shown in table 4.
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Table 4. Rate laws for oxidation of pyrite by dissclved oxygen in

low temperature (30°C) acidic solutions.

Study pH range T range Rate law

McKibben &

Barnes {1986) 2 - 4 20-40°C (02)0.49

Mathews & .

Robins (1974) -0.1 - 1.2 30-70°C (02)0.81

Smith &

Schumate (1870) 2 - 10 20-35°C ‘(02)0'70{H+)‘°-1°

*Rate law calculated from their data for P02 < 1 atm.

To determine rates of oxidation, they measured oxygen consumption
rates and assumed that the stochiometry of this reaction can be
applied at all pH values. Recently MOSES (1982) and GOLDHABER (1983)
show this assumption to be invalid, because of the persistence of
metastable sulfur oxyanions at pH values above about 4. Consequently,
some of the rate data of SMITH and SHUMATE (1970) are subject to |
question. McKIBBEN and BARNES (1986) suggest that a complete rein-
vestigation of the rate of pyrite oxidation by oxygen is warranted
above pH 4. The fact that elemental sulfur or metastable sulfur oxya-
nions are not observed as products of pyrite oxidation beleow pH 4
suggests that the sequential electron transfer reactions forming
sulfate from pyrite sulfide are rapid at low pHE. However, acccording
to McKIBBEN and BARNES (1986), elucidation of the exact pyrite oxida-
tion mechanisms will probably require high-resolution spectroscopic
studies of adsorbed complexes formed on pyrite surfaces. Nevertheless,
experimental determined relations describing the rate of pyrite oxida-
tion as a function of dissolved oxygen, ferric iron and/or H' con-
centrations can be a useful tcol in modelling the chemical processes
taking place in (potential) acid sulfate soils. So far no integrated
hydro-chemical model exists describing all the processes taking place
in acid sulfate soils accurately.

-
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