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Pyrite and siderite oxidation in swamp sediments 

DIEKE POSTMA 
Institute of General Geology, Oster Voldgade 10, DK-1350 Copenhagen K,  Denmark 

Summary 

Differences in the processes of pyrite and siderite oxidation, in reclaimed swamp 
sediments of the Skjemii delta (Denmark), are described from sediment chemistry, 
mineralogy and pore water chemistry. 

Pyrite oxidation leads to extreme soil acidification, with pH dropping to about 2, 
the release of large amounts ofweathering products to the pore water, and the precipi- 
tation ofiron oxides, jarosite and gypsum. 

Siderite oxidation results only in moderate soil acidification where the pH does 
not drop below 3.5, while part of the acidification is due to the oxidation of small 
amounts of sulphur compounds together with siderite. The release of weathering 
products to the pore water is limited and only iron oxide is precipitated. 

Calculations indicate that equilibrium with amorphous FeOOH, gypsum and 
amorphous AI(OH)3 sets an upper limit to the Fe3+, SO4 and A1 concentrations in 
the pore water. 

Introduction 

Oxidation of Fe(I1) compounds in soils, caused by reclamation and drainage of 
lowlands, is often a source of both agricultural and environmental problems. 
Agricultural problems include the acidification of soils and blocking of field drains by 
ochre (e.g. Bloomfield & Coulter, 1973; van Breemen, 1976). Environmental 
problems may arise when the drainwater is released into streams, due to low pH 
and/or ochre content, which have been documented especially for acid mine drainage 
(e.g. Sykora et al., 1975; Tomkiewicz & Dunson, 1977). 

Most of these problems are traditionally related to the oxidation of iron sulphides, 
in particular of pyrite. However, pyrite is not the only Fe(I1) compound that may 
accumulate in anaerobic sediments, although it is certainly the most important. 
Under suitable conditions, siderite (FeCO3) instead of pyrite may form in 
quantitatively significant amounts in anaerobic sediments (Postma, 1977, 1982). 
Since the effects of siderite oxidation are very different from pyrite oxidation, it is 
important for proper soil treatment to know whether pyrite or siderite is the 
dominant iron mineral. 

In the swamp sediments of the Skjernl delta, Denmark, both pyrite and siderite 
are found in large amounts and spatially well separated. The distribution and con- 
ditions of formation for the two minerals have been discussed in a previous paper 
(Postma, 1982). 

It was found that siderite occurs associated with fresh-water sediments in the 
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eastern parts of the delta, while pyrite was found in the brackish water sediments of 
the western parts of the delta. 

Reclamation of the area in the late sixties has resulted in a lowering of the water 
table which has accelerated oxidation processes in the upper layers of the deposit. 
The present report will focus on these oxidation processes with particular reference 
to the oxidation of pyrite and siderite. 

Methods 

The methods used for sampling and chemical analysis have for the major part been 
described by Postma ( 1  98 1, 1982) and are summarized only briefly here. 

In short, two types of borings have been made. The first type has the purpose of 
obtaining information on the distribution of iron and sulphur containing minerals in 
the deposit, both spatially throughout the delta and vertically in oxidized and 
reduced parts of the sediments. The boundary layer between oxidized and reduced 
sediments, here called the redoxcline, was determined by measuring pH and Eh 
profiles in the field. pH/Eh measurements were carried out with a portable pH-meter, 
inserting the electrodes directly into the sediment immediately after core recovery. 
The sediment samples were frozen in the field, in order to prevent oxidation, and 
transported in this state to the laboratory. The samples were subsequently freeze- 
dried and used for chemical analysis and X-ray diffraction. Total S and C were deter- 
mined using a LECO induction furnace, while total Fe and other metals were 
analysed, as aqua regiu soluble material, by flame AAS. SO4-S was determined 
gravimetrically as Bas04 in sediment extracts obtained by boiling in 20% HCI (v : v). 
For further details, see Postma (1982). 

The second type of boring was aimed at supplying information on the pore water 
chemistry of the deposit. The pore water was extracted with a Reeburgh (1  967)-type 
sediment squeezer through 0.45 pm membrane filters. In order to prevent oxidation 
and degassing of the pore water samples, both pore water extraction and analysis for 
components sensitive to oxidation were carried out in the field in a nitrogen-filled 
glove box immediately after core recovery. Within the glove box, pH was measured, 
alkalinity was titrated and reagents added for colorimetric analysis of H2S, Fe2+ and 
PO4-P. In the laboratory, total dissolved Fe, Ca, Mn, Mg and A1 were determined by 
flame AAS (flameless AAS for low Al concentrations) and Na and K by flame 
emission. High SO4 concentrations were determined gravimetrically, while low SO4 
concentrations and CI were analysed colorimetrically. For further details see Postma 
(1981). 

Tritium contents in the pore water of one of the borings were determined by the 
Danish Isotope Centre (Copenhagen). 

Supplementary information on pore water chemistry was obtained from per- 
manently installed filters in the sediment, from which pore water samples were with- 
drawn periodically by suction. These samples will be referred to as filter samples. 
The equipment used is described by Nielsen & Postma (1980). All handling and 
analysis of samples sensitive to oxidation was again done in a nitrogen-filled glove 
box by similar procedures as for pore water samples. The filter samples were filtered 
through 0.1 pm membrane filters. 

The activities of the ionic species and the saturation state of the pore water for 
different minerals, were calculated with a modified version of the computer program 
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WATEQF (Plummer et al., 1976), the FORTRAN IV version of the original 
WATEQ program of Truesdell & Jones (1974). 

One of the most important modifications of WATEQF was the treatment of redox 
reactions. For handling redox reactions, the input of WATEQF may either be 
measured Eh or a calculation of Eh from dissolved oxygen or SOdH2S ratios. The 
input for iron is total Fe and the distribution between dissolved Fe(I1) and Fe(II1) 
species is calculated from Eh data. In particular, where significant amounts of 
dissolved Fe(II1) are found, as here, it appears to be more realistic to use 
analytical data for Fe(1I) and Fe(II1) as the input for WATEQF. Fe(II1) is here defined 
as the difference between total dissolved Fe (less than 0.45 or 0.1 Fm) and Fe(I1). 
WATEQF was therefore modified in order to allow input of Fe(I1) and Fe(II1) as a 
separate option. This was accomplished by setting up mass balance and mass action 
equations, separately for Fe(I1) and Fe(II1) species, in the same way as WATEQF 
treats other ionic species. 

Other modifications of the original WATEQF program include the incorporation 
of new complexes, such as Fe(S04)2- and FeH3Si04*+, and of new minerals like 
jarosite, natrojarosite, hydronium-jarosite and several others. 

Activities were calculated from molar concentrations with the Davies equation 
(Stumm & Morgan, 1970). Temperatures of pore water samples ranged from 6 to 
17°C but are for convenience set to 10°C in all calculations. 

Dissociation constants for ion pairs, employed in WATEQF, were for hydroxy 
species taken from the compilation by Baes & Mesmer (1976). All sulphate com- 
plexes have been adopted from Nordstrom (1977). The dissociation constant of the 
FeH3Si042f-complex is from Reardon ( 1  979). Other constants of interest for this 
study, are similar to the Truesdell & Jones ( 1  974) compilation. Dissociation 
constants for minerals will be referred to when encountered. 

Results 

Sediment composition 

In the reduced parts of the Skjernl delta swamp sediments, pyrite and siderite are 
found in well-separated layers. Only in a very few samples were both minerals 
identified. In the near surface sediments, the occurrence of pyrite and siderite can be 
delineated as two provinces (Fig. 1) corresponding respectively to fresh and brackish 
water sediments (Postma, 1982). 

Pyrite is found in the western parts of the peat basin and is present in large 
amounts. This is reflected by the chemical composition of the sediments (Fig. 2a), 
where below the redoxcline high concentrations of both aqua-regia-soluble-iron and 
total sulphur are found. It was shown (Postma, 1982) that, in general, sulphur and 
iron contents in the reduced zone of the western parts of the peat basin corresponded 
to the theoretical ratio in pyrite, and are therefore assumed to be largely present as 
pyrite. Pyrite has also been identified by X-ray diffraction. Sulphur concentrations 
range in the reduced zone mostly between 2 and 12% S dry wt, although values as 
high as 19% S dry wt have been measured. 

The position of the redoxcline in the sediment sequence is reflected by an sharp 
increase of Eh and a corresponding drop of pH (Fig. 2a). In the oxidized zone, field 
observations indicated the presence of jarosite and iron oxide. X-ray diffraction con- 
firmed the presence of jarosite and showed that gypsum is also present. Jarosite 
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Fig. 2. Sulphur and iron contents related to pH/Eh in (a) pyritic sediments (boring 30) and (b) 
sideritic sediments (boring 25). Concentrations are expressed as Yo dry weight. Iron contents 
refer to aqua regia soluble Fe. For location see Fig. 1 .  

(KFe3 (SO& (OH)6) may occur in an almost complete range of solid solution with 
natrojarosite and hydronium-jarosite, where Na+ and H3O+ are replacing K+,  
although a strong preference for K +  is found (van Breemen, 1976). 

The extent of substitution of Na+  and H30+ for K +  in the jarosite of Skjernh 
delta sediments is not known. It cannot be determined from X-ray diffraction data 
alone, and due to small grain sizes it is not possible to isolate the jarosite in pure form 
from the sediment for chemical analysis. 

At the transition from the reduced to the oxidized zone (Fig. 2a), a significant fall 
in total sulphur concentration is observed, while iron remains roughly constant. In 
all borings of the pyritic area, a big increase of the Fe/S ratio was observed above the 
redoxcline. Sulphur in the oxidized sediments is mostly present as sulphate (Fig. 2a), 
probably mainly as gypsum and jarosite. It appears that the dominant part ofthe iron 
released by pyrite oxidation remains in situ as iron oxides and jarosite, while the 
major part of pyrite sulphur after oxidation is transported away as dissolved sulphate 
leaving only minor amounts as gypsum and jarosite. 

Siderite is found in the reduced sediments ofthe eastern part ofthe peat basin, and 
often occurs together with small amounts of vivianite. Both minerals have been 
identified by X-ray diffraction. The iron content ofthe sideritic sediments is also very 
high (Fig. 2b). Although there is a tendency towards higher iron contents in the 
sideritic sediments than in the pyritic sediments, the large difference in iron content 
displayed in Figs 2(a) and 2(b) is accidental. Iron contents of up to 30% Fe dry wt 
have been measured in sideritic sediments, against 19% Fe dry wt in the pyritic 
sediments. 

Chemical analysis (Postma, 1982) has shown that the major part ofthe iron in the 
reduced zone of sideritic sediments is present as siderite and vivianite. The low total 
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sulphur contents (Fig. 2b) demonstrate that the pyrite content of the sideritic 
sediments must be very low. 

The position of the redoxcline is again indicated by a sharp increase of Eh and a 
corresponding decrease of pH. The iron content of the sediment varies considerably 
with depth (Fig. 2b). Generally, there is no significant difference between the iron 
content of the oxidized and the reduced zone. Iron is mainly present as iron oxide in 
the oxidized zone. It appears that most iron released by siderite oxidation remains in 
situ as iron oxide. Attempts to identify specific iron oxide minerals by X-ray 
diffraction failed, probably due to the poor crystallinity ofthe material. Minerals like 
gypsum and jarosite, which were observed in pyritic sediments, were never found in 
sideritic sediments. 

p H  and Eh distribution 

The thermodynamic significance of Eh measurements in natural environments is 
usually highly questionable (e.g. Doyle, 1968; Stumm & Morgan, 1970). although 
there is little doubt that oxidized sediments yield high Eh and reduced sediments low 
Eh values. It was therefore decided not to interpret the measured Eh values in an 
absolute sense, but rather to use the shape of the Eh profiles for determination of the 
position of the redoxcline in the sediments. Fig. 2 shows that the transition between 
high Eh values in the oxidized zone and lower values in the reduced zone is very 
distinct, and allows an accurate location of the redoxcline. Generally, the position of 
the redoxcline is between 50 and 100 cm below the surface. 

pH measurements in the reduced zone show no significant differences between 
pyritic and sideritic sediments. There is also very little pH variation with depth and 
the major part ofthe pH measurements fall within the range 6-7. 

In the oxidized zone, there is a marked difference in pH between pyritic and 
sideritic sediments. In the pyritic sediments, pH values as low as 1.8 have been 
measured and values between 2 and 3 are common (Figs 2a and 4). In the sideritic 
sediments, pH values do not reach such low values, and are 3.5 and above (Figs 2b 
and 9). The association of lower pH values in the pyritic sediments, compared to 
sideritic sediments, is also illustrated in Fig. 1. Here, average pH values from the 
oxidized parts of the borings are shown superimposed on a distribution map of pyrite 
and siderite in the near surface layers of the sediments. It is obvious from Fig. 1 that 
the pH measured in the oxidized zone is closely related to the presence of pyrite and 
siderite in the underlying sediments. 

Hydrology 

Variations of the groundwater table were measured over a period of 13 months at 
three localities (near borings 36,40 and 25 in Fig. I). For all three localities there was 
a high water table, close to the sediment surface, from November to March, and 
during summer months a lower water table, generally between 0.5 and 1 .O m below 
the sediment surface. 

For evaluation of the vertical water transport, the pore water from boring 36 was 
dated by its tritium content. [3H]tritium was released to the atmosphere in con- 
siderable amounts by nuclear weapon testing during the late fifties and the start of the 
sixties. Prenuclear tritium contents in rain-water were of the order of a few T.U. 
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Fig. 3. Tritium contents in the pore waters of boring 36. 1 T.U. corresponds to 1 tritium atom 
per 10l8 hydrogen atoms. The redoxcline is located at the sharp decrease of pH. 

(1  T.U. = I tritium atom per lo'* hydrogen atoms), and a sharp maximum of 
tritium input is found around 1963 (e.g. Imboden et al., 1977). 

Results for tritium contents in the pore water of boring 36 are shown in Fig. 3, 
together with the pH profile for comparison. The sharp increase of pH at about 1 m 
depth corresponds to the redoxcline. Fig. 3 shows that while relatively high tritium 
contents are found in the oxidized zone, tritium contents decrease very rapidly in the 
reduced zone and approach zero at a depth of only 2 m. Since the tritium-free water 
dates pre-1960, it must be concluded that replacement of water in the reduced zone is 
of minor importance in the water balance. 
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Pore water chemistry 

An example of the pore water chemistry of the pyritic area is shown in Fig. 4. In the 
oxidized zone, pH is very low with values down to about 2. 

The high concentrations of iron and sulphate in the pore water indicate active 
pyrite oxidation. Note that the iron and sulphate concentrations here roughly 
correspond to the molar Fe/S ratio in pyrite. In other borings, however, large deficits 
of iron relative to sulphate have been observed. In the oxidized zone Fe(I1) constitutes 
only a minor part of total dissolved iron ( <0.45 pm) (Fig. 5) .  The proportion of 
Fe(I1) to total dissolved iron is, however, highly variable. 

Sulphate released by pyrite oxidation is transported down along the concentration 
gradient into the underlying sediments to a maximum depth of about 4 m (Fig. 6) .  
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Fig. 4. Pore water composition of pyritic sediments in boring 41. Iron concentrations are total 
dissolved Fe ( < 0.45 pm). 
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Fig. 5. Total dissolved Fe ( ~ 0 . 4 5  pm) and Fe(I1) in pore waters of pyritic sediments (boring 36). 
-The redoxcline is located at I m depth. 

Below the redoxcline, sulphate is reduced again, as shown by the appearance of H2S 
in the pore waters ofsome borings (Postma, 1982). 

Sulphate reduction also causes an increase of alkalinity (e.g. Berner et al., 1970; 
Sholkovitz, 1973). This is illustrated in Fig. 7, where sulphate is plotted against 
alkalinity, using part of the data from borings 36 and 37. The contribution of 
bacterial ammonia production to the alkalinity (Berner et al., 1970), which amounts 
to one equivalent of HC03- for each mole of NH4+ produced, has been subtracted 
from the plotted alkalinity values. 

The low pH in the oxidized zone causes the disintegration of silicates, as demon- 
strated 'by the high concentrations of aluminia and silica found in the oxidized zone 
(Fig. 8). Also, magnesium and calcium are strongly enriched in the oxidized zone. 

The pore water chemistry of the sideritic area is illustrated in Fig. 9.  The effects of 
oxidation are here less dramatic than in the pyritic area. pH is lowest in the oxidized 
zone, but remains above 3.5. 

There are again enrichments of iron and sulphate in the oxidized zone, but 
concentrations are less than in the pyritic area (note the difference in scale between 
Figs 4 and 9). The moderate sulphate concentrations indicate that apart from siderite 
oxidation, oxidation of small amounts of iron sulphide or organic sulphur com- 
pounds also occurs. This is in agreement with the presence of small amounts of 
sulphur in the sideritic sediments. Dissolved iron is here found to penetrate much 
deeper into the reduced sediments, compared with the pyritic sediments where most 
of the dissolved iron is precipitated as iron sulphide. In the oxidized zone iron con- 
tents are generally low, with very little Fe(II1) in solution due to a higher pH. The 



172 D I E K E  POSTMA 

SO4 mM 

7 
O'O- 

164 

Alk meq/l 

Fig. 6. Sulphate and alkalinity in pore waters of pyritic sediments of boring 36. The redoxcline 
is at 1 m depth. 

higher pH in the oxidized zone of the sideritic sediments causes only limited 
weathering of silicates. Slight enrichments of aluminium and silica are found, but are 
quite insignificant compared with the pyritic sediments. 

Discussion 

Pyrite oxidation 

The overall stoichiometry for complete pyrite oxidation is: 

15 5 
4 2  FeSzf -02+-H20-+Fe00H+2S042- +4H + 
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J 

Fig. 7. Sulphate decrease versus alkalinity increase, in pore waters of pyritic sediments. 
Alkalinity values are corrected for alkalinity resulting from NH4 formation. Data shown for 
boring 36 is from the depth interval 1 15-375 cm below the surface. Also included are data from 
boring 37,  depth interval 85-195 cm below the surface. 

Mechanisms of pyrite oxidation have been reviewed in several papers (Bloomfield 
& Coulter, 1973; van Breemen, 1 9 7 3 ~ ;  Dent & Raiswell, 1982) and will not be 
repeated in detail here. Generally, fast pyrite oxidation proceeds through oxidation 
of FeSz by Fe3+ (Garrels & Thompson, 1960; Smith et a/., 1968; Singer & 
Stumm, 1970) and requires a low pH since Fe(II1) is otherwise insoluble. Oxygen 
enters the process by oxidizing Fe(1I) to Fe(II1). At low pH the oxidation rate of Fe(I1) 
is inorganically very slow, but under field conditions the process is strongly catalysed 
by bacteria like Thiobucillus firrooxiduns (e.g. Schnaitman et al., 1969; Stumm- 
Zollinger, 1972). 

Intensive pyrite oxidation in the sediments of the Skjernd delta is reflected by a 
low pH, the high concentrations of iron and sulphate in the pore waters, and the 
presence of oxidation products like jarosite and gypsum. Field pH measurements in 
the oxidized zone of the Skjernd delta sediments are often between 2 and 3, while 
van Breemen ( 1  976) only reported field measurements higher than 3. The lower pH 
values found here suggests very high pyrite oxidation rates, but could partly be due 
to poor buffering properties of the Skjernl delta sediments. 

It has been found from experimental work that the oxidation of Fe(I1) by oxygen is 
rate limiting in the total process of pyrite oxidation when abundant 0 2  is present 
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Fig. 8. Products of silicate weathering in pore waters of pyritic sediments of boring 36. The 
redoxcline is at 1 m depth. 

(Singer & Stumm, 1970; Stumm-Zollinger, 1972). It is, however, questionable 
whether this also is true under field conditions. Most authors (Rasmussen, 196 1 ; van 
Breemen, 1976; Dent & Raiswell, 1982) agree that under field conditions, diffusion 
of oxygen into the soil is rate limiting in the total process of pyrite oxidation. In 
consequence, very little Fe(II1) should be present in the pore water. 

In the SkjernA delta sediments, however, significant amounts of Fe(II1) were 
measured in the pore waters ofthe oxidized zone (Fig. 5) .  These measurements reflect 
mainly periods with a high watertable, because the porewater of the oxidized zone 
could not be sampled during periods with a low watertable. If oxygen diffusion is rate 
limiting, the high Fe(II1) concentrations in the pore water cannot be a direct result of 
pyrite oxidation. More likely, the high Fe(II1) concentrations are due to dissolution of 
oxidation products like jarosite and iron oxyhydroxides which have accumulated 
during the previous dry period. 
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Fig. 9. Pore water composition of sideritic sediments in boring 38. Total dissolved Fe 
( <0.45 pm) are the same as Fe(I1) concentrations in this boring. Note the difference of scale 
with Fig. 4. 

The very low pH in the oxidized zone allows the solution of considerable 
amounts of Fe(II1). A secondary effect of this process is that the released Fe(II1) 
becomes available for continued oxidation of pyrite during periods with a high water- 
table (van Breemen, 1976). 

Siderite oxidation 

For oxidation ofsiderite we may write an overall reaction as: 

2 FeCO3 + 0.502 + 3 H20+2 FeOOH + 2H2C03 (2 ) 
The production ofcarbonic acid by this reaction should decrease pH. If reaction (2) is 
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the only one that takes place, the resulting pH can be estimated from the relation (van 
Breemen, 1975): 

pH =0.5(p&02 +pKl)-O.5 log Pco2 (3) 

Here, fL-o2 and KI refer to Henry’s law and the first dissociation constant for 
carbonic acid. For 10°C the expression is: 

For a realistic range of Pco2 from 10-1 to l o p 3  atm, the resulting pH should vary 
between 4.4 and 5.4. Since Fe(II1) in this pH range is still very insoluble 
( a ~ ~ 3 +  - M), the oxidation of siderite should not bring significant amounts of 
Fe(II1) in solution. The low iron concentrations in the pore water ofoxidized sideritic 
sediments (Fig. 9) confirm this. 

Measured pH values in the oxidized zone of sideritic sediments range from 3.5 to 
5.5 with an average around 4.5 and are thus slightly lower than theoretically 
estimated. The deviation may be due to oxidation of some iron sulphide or organic 
sulphur compounds which contributes to acid production. Acid production from 
sulphide oxidation is much larger than that of siderite oxidation. 

Field observations as well as theoretical arguments therefore support the con- 
clusion that siderite oxidation causes only a moderate acidification of the soil, while 
most of the iron remains in situ as iron oxides and only very little iron is released to 
the pore water. 

Oxidation products and pore water chemistry 

The concentrations of oxidation products from pyrite and siderite in the pore waters 
depend not only on the release from the original minerals, but also on the precipi- 
tation of new minerals, weathering of silicates and lateral transport. Controls on the 
pore water chemistry by precipitation of oxidation products might to some extent be 
evaluated by comparing the activity products in the pore water with the solubility 
constants for the minerals involved. 

Common to both siderite and pyrite oxidation is the formation of iron 
oxyhydroxides and these should be expected to control the Fe(II1)-concentrations in 
the pore water. 

The iron oxyhydroxides cover a wide range of stability, from freshly precipitated 
amorphous material, here described as Fe(OH)3, to coarsely crystalline goethite, 
corresponding respectively to solubilities from -37.1 to -44.2 (at 25°C for log 
K = log a ~ ~ 3 +  + 31og aOH-) Langmuir & Whittemore, 1971; Whittemore & 
Langmuir, 1975). 

The solubility of the least and most soluble iron oxyhydroxide are given as the 
solid lines in Fig. 10, together with the calculated values for aFE3+ and wH- of the 
pore water from the oxidized zone. Most of the pore water data in Fig. 10 i’s from 
pyritic sediments, since in sideritic sediments the difference between analytical 
concentrations of Fetotal and Fe(I1) with few exceptions is insignificant. 

Fig. 10 shows that the pore water from the oxidized zone is greatly supersaturated 
with respect to goethite and is closer to equilibrium with Fe(OH)3. This suggests that 
equilibrium with Fe(OH)3 controls the maximum a ~ ~ 3 +  in the pore water, rather 
than more stable forms of iron oxyhydroxides. 
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Fig. 10. The saturation state of the pore water for iron oxyhydroxides. Fe(OH)3 refers to freshly 
precipitated material (pK=37.8 at 10°C) and goethite to coarsely crystalline goethite 
(pK=45.2 at 10°C) (Whittemore & Langmuir, 1975). Open circles refer to pore water 
samples (squeezed and filtered through 0.45 pm) and closed circles to filter samples (taken by 
suction and filtered through 0.1 pm). 

There is in Fig. 10 a tendency towards supersaturation in the higher pH range. It 
is not clear whether this might be due to an analytical underestimation of Fe(I1) 
resulting in too high Fe(II1) concentrations. In this pH range the oxidation of Fe2 + is 
very fast (Stumm & Morgan, 1970), but drastic precautions to prevent oxidation 
were taken and no precipitation of iron oxides was observed during sample handling 
in the glove box. 

One possibility is that total dissolved iron includes particulate material. Pore 
water and filter samples, were filtered through 0.45 and 0.1 km filters respectively 
and these two sets of data do not show any consistent difference in saturation state 
(Fig. 10). Thus, if particulate iron contributes significantly to the total dissolved iron 
concentration, it should have a grain size of less than 0.1 pm. 

It should also be emphasized that for calculating the a ~ ~ 3 + .  the effect of ion 
pairing is extremely important. 'Free' Fe3+ concentrations are about 10% of 
total dissolved Fe(II1) in the lower pH range of Fig. 10, but in the higher pH range 
their contribution may drop below 0.01%. Since activities are roughly a 
magnitude lower than molar concentrations, the displayed a ~ ~ 3 +  is only a very small 
fraction of the analytical Fe(II1) concentration. 
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An alternative constraint on the dissolved Fe(1II) concentration could, at least in 
pyritic sediments, be the precipitation ofjarosite. Jarosite was found in the most acid 
(pH 1.8-3.0) pyritic sediments, in good agreement with the instability ofjarosite with 
respect to iron oxyhydroxides towards higher pH (van Breemen, 1976) although 
jarosite may persist metastably at higher pH (Dent, 1980). Several authors (van 
Breemen, 1976; Nordstrom et al., 1979) have reported extremely high degrees of 
supersaturation in acid sulphate waters for pure jarosite (up to eight orders of 
magnitude!). Also in this study very high degrees of supersaturation are found for 
both jarosite and natrojarosite, while for hydronium-jarosite undersaturation pre- 
vails. Naturally occurring jarosite is, however, a solid solution of jarosite, natro- 
jarosite and hydronium-jarosite with unknown composition and solubility. Calcu- 
lated saturation states for pure end members provide therefore little information 
on the actual saturation state of the pore water for the jarosite found in the sediment. 

An alternative constraint on the sulphate concentrations in the pore waters could 
be the precipitation of gypsum. Gypsum has frequently been found in the oxidized 
zone of the pyritic sediments. The saturation state of the pore water for gypsum is, for 
two borings of the pyritic area, shown in Fig. 11. The dissociation constant for 
gypsum has a value of log K =  -4.60 at 25°C or -4.62 at 10°C (Wigley, 1973). It 
might be seen that the pore water in the oxidized zone is very close to saturation in 
the upper parts and weakly supersaturated in the lower parts, where pyrite oxidation 
is most intensive. In the reduced zone, the pore water becomes undersaturated as 
expected. The near equilibrium of the pore water from the oxidized zone, together 
with the actual occurrence of gypsum here, are good arguments for an equilibrium 
control of both aca2+ and a~042-. Also van Breemen (1976) and Nordstrom (1977) 
have observed that equilibrium with gypsum gives an  upper limit for Ca2+ and 
S 0 4 2 -  activities. In the oxidized zone of sideritic sediments the pore water is always 
strongly undersaturated for gypsum, in good agreement with the absence of gypsum 
here. 

The acid production, caused by pyrite oxidation, gives rise to silicate weathering 
as reflected by the high Si02 and Al concentrations in the pore waters of the oxidized 
zone (Fig. 8). 

The most probable mechanism by which aluminium could be removed from 
solution is precipitation of gibbsite or amorphous AI(OH)3 (Frink, 1973). The 
mineral gibbsite could not be identified in the sediments by standard X-ray 
diffraction methods, but may be present in small amounts or as X-ray-amorphous 
material. 

The gibbsite equilibrium is described by the reaction: 

The solubility constant for gibbsite, according to reaction (3, was taken from a recent 
critical evaluazion by Hemingway et al. (1978) where log K =  -33.91 at 25°C or 
- 34.58 at 10°C. Reported values for cryptocrystalline or amorphous AI(OH)3 at 
25"C, also for reaction ( 5 ) ,  are -32.65 (Hem & Roberson, 1967) and -32.77 
(Helgeson, 1969). Using Hem and Roberson's value for K and the heat of reaction 
from Helgeson, log K =  -33.27 at l0.F. 

The activities of A13+ and OH -, for pore water samples from the oxidized zone 
and the top of the reduced zone, were plotted in a stability diagram for gibbsite and 
amorphous AI(OH)3 (Fig. 12). The samples with the highest a~13+ and the lowest 
pH, are undersaturated for both forms of AI(OH)3. With increasing pH the pore 
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Fig. 1 I .  The saturation state (log IAP = log U C ~  + + log a& + log a H 2 0 )  of pore waters from 
pyritic sediments for gypsum. Squares, boreing 36; circles, boring 4 I .  

water becomes supersaturated for gibbsite and equilibrium with amorphous Al(OH)3 
is approached. 

Of the two data sets, the filter samples are closest to equilibrium with amorphous 
Al(OH)3, while pore water samples show a tendency towards supersaturation. The 
major difference between these two sets of data, is that pore water samples have been 
filtrated through 0.45 ym and filter samples through 0.1 ym membrane filters. 
Kennedy et al. (1974) and Busenberg & Clemency (1976) showed that 0.45pm 
filters, in contrast to 0.1 ym filters, may yield A1 results which are too high. This may 
explain the difference between the two data sets in Fig. 12. Kennedy et al. noted the 
same effect for Fe, but this is not apparent from Fig. 10. 

The data presented in Fig. 12 suggest that equilibrium with amorphous AL(OH)3 
controls the maximum a~13+ in solution. Experimental work has shown that the 
formation of crystalline gibbsite from aqueous solution is a very slow process 
requiring equilibration times as long as 400-600 days (Hemingway et al., 1978). With 
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Fig. 12. The saturation state of pore waters from the oxidized zone of pyritic sediments for 
gibbsite. AI(OH)3) represents amorphous material or cryptocrystalline gibbsite. Pore water 
samples are displayed as open circles and filter samples as filled circles (for explanation see Fig. 
10). 

a continuous release of A1 from silicate weathering, it is unlikely that equilibrium 
with crystalline gibbsite can be attained. 

van Breemen (19736, 1976) proposed that the aA13+ in the pore waters of acid 
sulphate soils is controlled by a hypothetical compound of stoichiometric com- 
position AIOHS04, because a near constant value of - 17.35 for the activity product 
log a~13 + +log UOH - +log aso4.2 - was found in the pore waters. 

The present data is especially below saturation for gibbsite in reasonable agree- 
ment with this hypothetical AIOHS04 as values for the activity product range from 
- 16.74 to - 18.69. The approach, however, of assigning an empirical ion activity 
product to an unknown hypothetical mineral, appears to be somewhat questionable. 
Experimental verification is clearly needed here. 

Although gibbsite or amorphous AI(OH)3 could not be identified either in the 
Skjerni delta sediments, the precipitation of AI(OH)3 during silicate weathering is a 
better documented process, Experimental dissolution of feldspars (Busenberg & 
Clemency, 1976; Busenberg, 1978) as well as muscovite (Lin & Clemency, 1981), 
have shown that equilibrium with amorphous AI(OH)3 controls the a ~ l 3  + in 
solution. In addition, Busenberg (1978) identified a precipitate of X-ray amorphous 
AI(OH)3 as a product of feldspar dissolution. 

Experimental work supports therefore the field evidence which indicates that 
equilibrium with amorphous Al(OH)3 or cryptocrystalline gibbsite imposes an upper 
limit to dissolved aluminium concentrations in the pore waters of the oxidized zone. 
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