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Abstract: The acidification effect from excavated sulphide soil is an environmental problem. 
In a project financed by the Swedish Road and Railway Administrations, a handbook was 
written on the best practice for managing sulphide soil masses to avoid this problem. A 
classification system for the acidification properties of sulphide soils, based on results from a 
leaching method developed by MRM Konsult AB, are proposed in the handbook. Results from 
over 100 leaching tests have been evaluated where the influence of different parameters has 
been studied.   
 
 
1 INTRODUCTION 
 
Sulphide soils are sediments deposited in the Baltic Sea during the Litorina period (7 000 -     
4 000 years ago) and contain FeS formed and accumulated under reducing conditions. Due to 
isostatic land uplift, these soils are now found in Sweden along the coastal area of Norrland 
and on the western coastal plains of Finland. Deposition of sulphide sediments continues to 
occur in the Baltic Sea. When uplifted above sea level, the soil is exposed to air (oxygen) and 
oxidise, leading to a lowering of pH in the soil above the groundwater level. These are natural 
processes that have occurred and will continue to occur for centuries. Drainage water from 
areas with oxidised sulphide soils typically has a low pH value (< 4), resulting in the leaching 
of metals (e.g. aluminium) into streams. In severe cases, this has led to the sudden mortality 
of fish [1]. Excavating sulphide soil, or lowering of the ground water table through artificial 
drainage, thus exposing more soil to air, can exacerbate environmental problems associated 
with acidification. Along the coast of northern Sweden large infrastructure projects are 
currently underway with more planned for the near future (e.g. Bothniabanan and 
Norrbottniabanan). Because of this, the Swedish Road and Railway Administrations have a 
need of guidelines on how to manage sulphide soil masses in order to minimise environmental 
problems related to acidification effects. The need for guidelines has resulted in a project to 
write a handbook on the subject. The handbook was published in 2007 [2].  
 
The aim of the handbook is to act as an aid for developers and consultants to:  
• perform appropriate investigations and analyses for the purposes of assessing the 

acidification properties of sulphide soil 
• classify sulphide soil according to its acidification properties 
• show on possible management techniques for this type of soil.  
 
In the handbook sulphide soils are described as well as the environmental problems they may 
cause. The content in the handbook includes: what field- and laboratory investigations should 
be made, a proposed classification system for the assessment of the acidification properties, 
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different management techniques and principles to select a management technique, control 
programmes and contacts with environmental authorities in different steps of a project. 
 
A goal of the project was to identify and quantify the soil properties governing the 
acidification of sulphide soils and develop a user friendly classification system. This paper 
reports on a novel leaching method developed by MRM Konsult AB that allows the 
acidifying properties of a soil sample to be established and an appropriate classification to be 
made. Once classified, management techniques can be applied accordingly as soils with 
moderate acidifying potential pose less risk for the environment than those with very high 
acidifying potential.  
 
How to determine and classify a sulphide soil according to its geotechnical properties can be 
found in a recently published report [3]. 
 
 
2 LEACHING TEST METHODOLOGY 
 
Standard leaching tests, such as batch or column tests, are not suitable to use when 
investigating acidification processes in sulphide soil, as the processes depend on contact with 
both oxygen and water. When investigating acidification properties, it is of interest to assess 
both the rate by which pH decreases and to what value. A leaching test method and a 
corresponding classification system for sulphide soils have been developed at LTU [4]. 
Another method has been developed by MRM Konsult AB. This method has been used for 
about three years with some minor modifications [5]. Results obtained from MRM leaching 
tests have been used to further develop and modify the classification system proposed by 
LTU. The system is described in this paper. 
 
The MRM leaching test consists of both an anaerobic analysis and a separate aerobic analysis 
comprising of several leaching steps. The anaerobic analysis consists of mixing a field moist 
soil sample with water to make a slurry with a liquid to solid ratio (L/S) of 5. The slurry is 
allowed to settle for 1-1.5 hours, and pH, redox potential and electrical conductivity are all 
measured in the water phase. This allows for the assessment of soil chemical properties prior 
to exposure to oxygen. The aerobic analysis consists of a series of leaching steps whereby 
water is leached through a soil sample. An air dried soil sample is first crushed into smaller 
particles and placed on a folded filter paper overlying a beaker. Water is poured onto the 
sample, collected in the beaker below, and measured for pH, redox potential and electrical 
conductivity. The filter paper with the sample is dried in an oven (105ºC) for twenty-four 
hours prior to the next leaching step. The results are plotted in a diagram showing the change 
of pH, redox potential and electrical conductivity after each leaching step, as shown in Figure 
1. At least 10 aerobic leaching steps are conducted to ensure that the leachate pH has reached 
equilibrium. The results can be used to assess the rate of acidification and the final pH value. 
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Figure 1. Example of results from a leaching test performed according to MRM’s 

methodology. L/S = 0 refers to the first anaerobic leaching analysis. 
 

 
3 RESULTS AND DISCUSSION 
 
3.1 Soil properties based on leaching tests 
 
The authors evaluated the results of 102 leaching tests performed using MRM’s methodology. 
The properties of the soil samples and the results of the leaching tests are summarised in 
Table 1. All samples were taken from the coastal area of Norrland and most of the samples 
were classified as sulphide soils with soil textures ranging from clay to silty sand. Leaching 
tests were conducted on the samples because they were anticipated to be acidifying. A few 
samples were taken from the dry crust on the top of soil profiles known to be sulphide soils, 
while the rest were taken below the ground water level. In the samples taken at shallow depth 
a low pH value was found to occur in the initial anaerobic leaching analysis, with a lowest 
value of 4.2. This suggests that the samples were already oxidised. The sulphur content of all 
samples varied from 135 to 33 100 mg/kg DS (dry substance) with a median value of 6 161 
mg/kg DS. The sulphur content is regarded as the acidification potential since it is the 
oxidising of sulphur that results in a low leachate pH. The minimum pH value obtained in the 
aerobic leaching steps ranged from 2.6 to 6.3, with a median value of 3.7. The minimum pH 
value is defined here as the acidification effect. A soil with a pH value of less than 4 is 
classified as an acid sulphate soil. One way of measuring the rate of the acidification process 
is to record the number of aerobic leaching steps required for the pH value to reach a value 
below 4. It was found that 37% of the tested soils never reached a pH value lower than 4 
during the leaching test. 
 
The investigated soils have different compositions and the leaching test can be used to obtain 
information about the soils’ acidification properties. There was great variance between the 
different soils tested (Table 1). 
 



Table 1.  Properties of tested soils and the results of the MRM leaching test. 
 
 

Amount of 
sample, %

Min. 
value 

10th  
perc 

Median 90th 
perc. 

Max. 
value 

Soil Properties 
Fe, mg/kg DS 

 
100 

 
4 900 

 
20 660

 
35 900 

 
43 100 

 
55 300 

S, mg/kg DS 100 135 839 6 161 16 670 33 100 
Fe/S 100 1.44 2.2 5.3 34.8 236.3 
Water content, % 94 23 39 65 115 192 
Loss on ignition, % 
 

74 1.6 2.7 4.5 9.0 14.6 

Leaching Test Results       
pH, anaerobic  94 4.2 6.0 7.0 8.7 9.4 
pH, aerobic, minimum value 100 2.6 3.0 3.7 5.1 6.3 
Redox, mV, anaerobic 85 -114 -86 44 180 251 
Redo, mV, aerobic, maximum value 91 235 286 346 464 483 
Number of aerobic leaching steps 100 7 9 11 15 19 
Aerobic leaching steps until pH < 4 63 2 3 5 10 13 

 
 
3.2 Elements of a classification system 
 
A fundamental question is which parameters determine the acidification properties of a soil? 
In Figure 2, pH from the anaerobic leaching step and the minimum pH value from the aerobic 
steps are plotted as a function of the sulphur content and Fe/S ratio. Soils with a sulphur 
content between 600 and 25 000 mg/kg DS can all result in a minimum pH value in the range 
of 3 - 4. It is only when the sulphur content is less than 600 mg/kg DS that the minimum pH 
value always stays above 4. However, the minimum pH value can also be in the range of 5 - 6 
even if the sulphur content is as high as in the range of 10 000 - 15 000 mg/kg DS. This 
indicates that sulphur content alone does not predict the acidification effect of an oxidising 
sulphide soil. 
 
The Fe/S ratio has been used to classify sulphide soils acidification properties [4]. The lower 
the Fe/S ratio is, the more acidifying the soil is assumed to be. A soil with a Fe/S ratio below 
3 is classified as having a very high acidifying effect. The diagram in Figure 2 shows that 
there is a large group of results where the Fe/S ratios are about 3, which gives a minimum pH 
value of approximately 3 or less. This is in agreement with the above assumption. However, 
there are also soils with a Fe/S ratio around 3 that gives a minimum pH value between 5 and 
6. Moreover, even up to Fe/S ratios of 40, minimum pH values between 3 and 4 have been 
recorded.  
 
This shows, that neither the sulphur content nor the Fe/S ratio alone predict the acidification 
effect from an oxidising sulphide soil. 
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Figure 2.   pH of leached soil samples as a function of sulphur content and Fe/S ratio. 

 
 
Since soils with low Fe/S ratios were not expected to produce high minimum pH values, 
further research was carried out. Some of the samples were classified as gyttja and contained 
a high loss on ignition (LOI). It is possible that the high organic content can have a buffering 
effect [6] and could be one explanation for the high minimum pH values. 
 
Of the 32 samples (31%) that had a Fe/S ratio less than 3: 
• 9 (28%) had a minimum pH value greater than 4: 8 of these had a loss on ignition greater 

than 8%; LOI was not determined on the remaining sample. 
• 23 (72%) had a minimum pH value less than 4: 16 of these had a loss on ignition < 8%, 2 

> 8% and for 5 samples LOI was not determined. 
 
The results indicate that high organic content can have a buffering effect. Another factor that 
give a buffering effect is embedded shells that are occasionally found in sulphide soils. 



4 PROPOSED CLASSIFICATION SYSTEM 
 
The current classification system proposed in the handbook [2] is an evolution of the system 
previously used by LTU [4] and MRM [5] and takes into account the results of 102 separate 
leaching tests reported in this paper. The classification system is primarily derived from the 
number of leaching steps required to reach a minimum pH value, the sulphur content and Fe/S 
ratio, but also draws on loss on ignition, permeability and volume of soil. All these parameters 
are weighed together to complete the assessment on how a sulphide soil can be managed 
(Table 2). A simplified assessment is also provided in a diagrammatical form (Figure 3). The 
soil is classified in one of four groups from slightly acidifying to very highly acidifying 
depending on: 
• the acidification potential, defined as the sulphur content 
• minimum pH value measured in the leaching test, defined as the acidification effect 
• number of aerobic leaching steps until the pH value is lower than 4, defined as 

acidification velocity. 
 
Table 2.  Classification system for acidification properties of sulphide soils.  
S, mg/kg DS Acidification potential  Loss on ignition Buffering effect 
> 10 000 very high   0 - 3 No 
5 000 - 10 000 high  3 - 5 No 
600 - 5 000 moderate   5 - 8 Possible 
< 600 low   > 8 Probably 
Fe/S Acidification effect  Permeability, m/s Acidification velocity 
< 3 very high  > 10-7 (Si) quick 
3 - 60 ?  10-8 - 10-7 (leSi)  
> 60 low  10-9 - 10-8 (siLe)  
pH min Acidification effect  < 10-9 (Le) slow 
< 3 very high   Volume of soil, m3 Acidification potential 
3 - 4 high  > 5 000 very large 
4 – 5 moderate   500 - 5 000 large 
> 5 low   50 - 500 moderate 
Number of   < 50 small 
aerobic leaching  Acidification velocity    
steps until pH < 4     
< 5 quick    
5 – 10     
10 – 15     
> 15 slow    

 
 



0

5

10

15

20
23456

Acidification effect, pH min

A
ci

di
fic

at
io

n 
ve

lo
ci

ty
, n

um
be

r o
f a

er
ob

ic
 

le
ac

hi
ng

 s
te

ps
 u

nt
il 

pH
 <

 4

pH min.
Sulphur

never / ≥

10 000 ≥15 000

Acidification potential, Sulphur (mg/kg DS) 

5 0000

≤

600  

Very highly 
acidifying

Slightly 
acidifying

Moderately 
acidifying

Highly 
acidifying

≥

 
 
Figure 3. Diagram for simplified classification of sulphide soils acidification properties. In 

the figure an example is given. 
 
 
The results of a single leaching test are presented in Figure 1, while the classification of the 
tested soil is shown in Figure 3. The leaching test reveals that the leachate reached a pH of < 4 
after 5 aerobic leaching steps and resulted in a minimum pH of 2.9 (Figure 1). The sulphur 
content of the soil was 16 100 mg/kg DS. Using the classification diagram (Figure 3), the 
minimum pH value and the sulphur content is plotted on the line for 5 leaching steps. Since 
the sulphur content is higher than 15 000, it is plotted in the scale at ≥ 15 000. Both points end 
up in the area for “Very highly acidifying” which acts as the simplified classification of the 
soil. 
 
 
5 BEST PRACTICE FOR MANAGING SULPHIDE SOIL MASSES 
 
The best way to avoid problems with acidification from sulphide soil is to not expose it to air. 
It can be avoided by not excavating the soil and not lowering the groundwater table. If 
excavating can not be avoided, the best way to manage a sulphide soil is to place it under 
water or under the groundwater table. If this alternative is not available, the strategy is to 
minimise contact with air and keep the soil water saturated. This can be done by covering the 
sulphide soil with a soil that has low air permeability. Another aspect to consider is where the 
sulphide soil is placed. Preferably it should be placed in an area where the ground consists of 
sulphide soil and the environment is, therefore, already affected by acidification. Guidelines 
for how the soil layer can be designed depending on the type of sulphide soil, volume of soil 
and surrounding environment can be found in the handbook [2]. 
 



6 CONCLUSIONS 
 
Leaching tests with repeated aerobic leaching steps were found to be a simple and speedy 
method to investigate the acidification properties of sulphide soils. The proposed 
classification system for assessment of the acidification of sulphide soils works well. Neither 
the sulphur content nor the Fe/S ratio produced a reliable assessment of the acidification 
effect of a sulphide soil. It was found to depend also on the soil’s buffering capacity and 
leaching tests is a way to measure this. 
 
The evaluation of 102 leaching tests on sulphide soils showed a large variation in results, both 
in achieved minimum pH value and decreasing rate of pH for each leaching step. Soils with 
sulphur contents of less than 600 mg/kg DS or Fe/S ratios greater than 60, did not result in a 
minimum pH value less than 4 and are therefore not classified as potential acid sulphate soils. 
Sulphide soils with sulphur contents > 600 mg/kg DS or Fe/S ratios < 60 produced a 
minimum pH value in the interval 2.6 - 5.8.  
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