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Abstract 
Acidity generated by the oxidation of sulfides, especially pyrite, during development of acid 

sulfate soils (ASS) has adverse impacts on soil quality and ecosystems.  Agricultural use of ASS in 
Thailand has resulted in widespread development of ASS and associated soil acidity.  It is 
necessary to understand the nature of acidity and change in other properties that occur during the 
several stages of ASS development.  In the present study, we determined the forms of acidity in 
potential (PASS), active (AASS) and post-active (PAASS) acid sulfate soils from the Lower 
Central Plain and the Southeast Coast regions of Thailand.  The complete suspension peroxide 
oxidation combined acidity and sulfur method (SPOCAS) was used to measure acidity fractions 
(actual acidity, sulfidic acidity and retained acidity), reduced-inorganic sulfur and acid-
neutralizing capacity (ANC).  These ASS do not contain ANC due to the absence of carbonate 
minerals.  pH buffering capacity is provided by the dissolution of phyllosilicate minerals, organic 
carbon and (hydr)oxide minerals.  The amounts of reduced sulfur in PASS and AASS are above 
the threshold criterion for ASS management planning (300 mg kg-1), but amounts are smaller for 
PAASS because of their longer history of management.  A positive relationship exists between 
reduced sulfur and sulfidic acidity and a large amount of this acidity is liberated when the soils 
become oxidized by natural or human-induced drainage.  The AASS contain larger amounts of 
actual acidity compared to PASS and PAASS.  Jarosite retains acidity where sulfide oxidation has 
occurred, especially in the partly oxidized layer of AASS.  This research concludes that the soil 
acidity has been ameliorated by the long term management of ASS which includes liming and 
periodic flooding. 
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Introduction 
 
Acid sulfate soils (ASS) in a broad sense are 

soils where sulfuric acid may be produced, is being 
produced or has been produced by oxidation in 
amounts which have affected soil characteristics 
(Pons, 1973).These soils develop under reducing 
conditions and contain sulfur and iron sulfides 
especially pyrite. Where these reduced materials are 
near the soil surface, the soils are considered to be 

potential acid sulfate soils (PASS). When the 
materials are exposed to oxidizing conditions by 
natural (e.g. land uplift, climate change, 
hydrological environmental change) or human-
induced drainage (commonly for farmland or 
building), oxidation causes sulfuric acid (H2SO4) to 
be produced which decreases the pH of the soil to 
below 4, creating active acid sulfate soils (AASS) 
(Fanning, 2012). Post-active acid sulfate soils 
(PAASS) no longer have sulfidic and sulfuric 
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materials in the solum and have pH values above 4 
(Fanning, 2012). 

Worldwide ASS occupy approximately 17 
million hectares (Andriesse and van Mensvoort, 
2006), and are located mostly around the coast 
under tropical (e.g. Thailand, Vietnam, Malaysia), 
mediterranean (e.g. Australia) and temperate (e.g. 
Finland, USA) climates. These soils have been 
extensively drained and utilized for agricultural 
purposes (Attanandana and Vacharotayan, 1986; 
Auxtero and Shamshuddin, 1991; Boman et al., 
2010; Gröger et al., 2011; Yvanes-Giuliani et al., 
2014). Drainage for agricultural uses has induced 
the oxidation of pyrite and sulfur and extreme soil 
acidification may occur. Consequently, potentially 
toxic elements including Al, As, Cd, Co, Mn, Ni 
and Zn dissolve and leach into groundwater thereby 
contaminating drinking water resources with 
consequent health hazards (Åström, 2001; 
Sohleniusand Öborn, 2004; Burton et al., 2008; 
Boman et al., 2010; Nystrand and Österholm, 2013; 
Yvanes-Giuliani et al., 2014). Acidification kills 
fish and other biota (McCarthy et al., 2006; 
Toivonen and Österholm, 2011), damages 
engineering infrastructures (Dent and Pons, 1995), 
reduces plant growth (Moore and Patrick 1991) and 
may adversely affect human health and well-being 
(Ljung et al., 2009). 

Acid sulfate soils in Thailand occupy 
approximately 8,800 km2 in the Lower Central 
Plain with small areas in the Southeast Coast and 
Peninsular regions (Land Development 
Department, 2006) (Figure 1). Extensive areas of 
Thai ASS have been developed over 140 years of 
agricultural management by drainage, liming, 
irrigated agriculture and paddy rice cultivation with 
periodic flooding. This management has caused the 
transformation of PASS into AASS and eventually 
into PAASS which may be considered as the 
mature equilibrium state of the developed ASS 
(Attanandana and Vacharotayan, 1986). The 
occurrence of associated PASS, AASS and PAASS 
in a landscape leads to complex spatial distributions 
of soil acidity.Soil acidity trends can be 
consideredwith respect to changes of total actual 
acidity, potential sulfidic acidity and retained 
acidity.  Total actual acidity is defined as the pool 
of available acidity (soluble + exchangeable H+) in 
ASS (Ahern et al., 2004; Vithana et al., 2013; 

Johnston et al., 2015), while potential sulfidic 
acidity represents the acidity that would be 
generated by the oxidation of inorganic sulfur and 
sulfides by natural or man-made drainage (Ahern et 
al., 2004; Vithana et al., 2013). Retained acidity is 
the acidity stored in poorly soluble secondary Fe and 
Al sulfate minerals such as schwertmannite 
(Fe8O8(OH)4.6(SO4)1.7), jarosite (KFe3(SO4)2(OH)6) 
and basaluminite (Al4(OH)10SO4.4H2O), this acidity 
is not considered to be readily available but is 
released slowly by hydrolysis of these minerals 
(Ahern et al., 2004; Vithana et al., 2013, 2015). 

Globally, the area occupied by PAASS is 
increasingand PAASS will probably become the 
dominant form of ASS in some regions. Therefore, 
it is necessary to better understand the forms of 
acidity present in PAASS and their ASS precursors. 
This publication identifies forms of soil acidity for 
the several stages of ASS development. The 
particular aim of this research is to determine the 
acidity fractions in potential, active and post-active 
acid sulfate soils in Thailand as an aid to land 
management. 

 
Materials and Methods 

 
Soil Sampling 

Soils on the Lower Central Plain and the 
Southeast Coast of Thailand under tropical savanna 
and tropical monsoon climates, respectively have 
formed on estuarine sediments deposited during the 
Holocene epoch (Sinsakul, 2000) (Figure 1).  Large 
areas adjacent to Chao Phraya River were drained 
for paddy rice cultivation between 1870 and 1889 
(Attanandana and Vacharotayan, 1986). Large 
amounts of lime (mostly dolomitic limestone) has 
been applied to these soils. 

Eighteen study sites representing PASS, AASS 
and PAASS, situated in these areas, were 
investigated (Figure 1). The PASS of this study 
were collected from the Southeast Coast because 
this type of soils in the Lower Central Plain has 
been replaced by fish and shrimp ponds as well as 
rice-based cropping on drained land. The partly 
oxidized AASS and PAASS study sites are mostly 
used for paddy rice cultivation which involves 
drainage and several periods of flooding each year, 
a process that affects soil properties (Luster et al., 
2014). The soil samples were collected in the dry  
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Figure 1 Study sites for potential, active and post

Coast regions, Thailand. 
 
 

season between October 2012 and January 2013. 
They were collected by hand auger to a depth of 2 
meters where reduced sediments persist for each 
type of ASS.  The water table for AASS and 
PAASS was located at approximate 80
depth in contrast to PASS where the water table is 
near the soil surface.  Soil profiles were classified 
based on Soil Taxonomy (Soil Survey Staff, 2014). 
Soil texture ranges from clay to sandy clay loam in 
the Southeast Coast and clay to silty clay in the 
Lower Central Plain (Table 1).  Soil samples were 
kept in plastic containers cooled to 4°C to prevent 
the oxidation of sulfidic materials. The 
classification of soil profiles into PASS, AASS and 
PAASS in this research is based on the definition of 
Fanning (2012). Soil profiles may be divided into 
distinct layers: topsoil, partly oxidized and reduced 
layers with only topsoil and red
occurring in PASS. 
 
General Methods 

All reagents were analytical grade.  Solutions 
were prepared using deionized (Milli-
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for potential, active and post-active acid sulfate soils in the Lower Central Plain and the Southeast 

season between October 2012 and January 2013. 
They were collected by hand auger to a depth of 2 

where reduced sediments persist for each 
type of ASS.  The water table for AASS and 
PAASS was located at approximate 80-100 cm 
depth in contrast to PASS where the water table is 
near the soil surface.  Soil profiles were classified 

Soil Survey Staff, 2014). 
Soil texture ranges from clay to sandy clay loam in 
the Southeast Coast and clay to silty clay in the 
Lower Central Plain (Table 1).  Soil samples were 
kept in plastic containers cooled to 4°C to prevent 

materials. The 
classification of soil profiles into PASS, AASS and 
PAASS in this research is based on the definition of 

Soil profiles may be divided into 
distinct layers: topsoil, partly oxidized and reduced 
layers with only topsoil and reduced layers 

All reagents were analytical grade.  Solutions 
-Q, 18.2 mΩ 

cm-1) water. Cleaning of all plastic and glassware 
was in 10% (v/v) nitric acid for at least 24 hours, 
followed by triplicate rinsing with Milli
The water content of each sample was determined 
by measuring weight loss after 24 hours at 105°C, 
with sample parameters being reported on an oven 
dry basis. 

 
Analytical Methods 
 
Pore water analysis 

The pore water was extracted from the field
moist soil samples with Milli-Q water using 1:2.5 
soil to solution (Frankenberger et al., 1996). The 
pore water was filtered through a syringe driven 
0.45 μm filter. The soluble (dissolved) Cl and SO
in pore water were determined by ion 
chromatography (Lachat Instruments 
Quickchem series 2). Another sample of pore water 
was acidified with HNO3 to a pH slightly below 2
and analyzed by ICP-AES for soluble Ca, K, Mg 
and Na. 

 135 

 

active acid sulfate soils in the Lower Central Plain and the Southeast 

Cleaning of all plastic and glassware 
was in 10% (v/v) nitric acid for at least 24 hours, 
followed by triplicate rinsing with Milli-Q water.  
The water content of each sample was determined 
by measuring weight loss after 24 hours at 105°C, 

meters being reported on an oven 

The pore water was extracted from the field-
Q water using 1:2.5 

soil to solution (Frankenberger et al., 1996). The 
rough a syringe driven 

The soluble (dissolved) Cl and SO4 
in pore water were determined by ion 
chromatography (Lachat Instruments Model 8500 

Another sample of pore water 
to a pH slightly below 2 

AES for soluble Ca, K, Mg 
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Table 1 Site descriptions for Thai potential, active and post-active acid sulfate soils. 

 

ASS type1 Location2 Classification Texture3 Land Use Elevation (m) MSL4 

PASS1 SE TypicSulfaquent SCL Swamp forest 9 

PASS2 SE TypicSulfaquent C Swamp forest 1 

PASS3 SE TypicSulfaquent SCL Swamp forest 6 

PASS4 SE TypicSulfaquent SCL Mangrove, Nipa 8 

PASS5 SE TypicSulfaquent L Mangrove forest 2 

AASS1 LCP HydraquenticSulfaquept C Paddy rice 6 

AASS2 LCP HydraquenticSulfaquept SiCL Paddy rice 3 

AASS3 LCP HydraquenticSulfaquept SiC Paddy rice 3 

AASS4 LCP HydraquenticSulfaquept C Weeds 2 

AASS5 SE HydraquenticSulfaquept C Paddy rice 1 

AASS6 SE HydraquenticSulfaquept C Swamp forest 7 

AASS7 SE HydraquenticSulfaquept L Paddy rice 5 

AASS8 SE HydraquenticSulfaquept SL Paddy rice 2 

PAASS1 LCP SulficEndoaquept C Paddy rice 6 

PAASS2 LCP SulficEndoaquept C Paddy rice 8 

PAASS3 LCP SulficEndoaquept SiCL Paddy rice 3 

PAASS4 LCP SulficEndoaquept C Paddy rice 4 

PAASS5 LCP SulficEndoaquept C Paddy rice 11 
Sampling in the dry season during October 2012 to January 2013; 1PASS = potential acid sulfate soils; AASS = active acid sulfate soils; 
PAASS = post-active acid sulfate soils; 2SE = the Southeast Coast; LCP = the Lower Central Plain; 3SL = sandy loam, SCL = sandy clay 
loam, SiCL = silty clay loam,SiC = silt clay, L = loam, C = clay; 4MSL = mean sea level. 
 

 
Soil sample analysis 

All analyses were determined on field-moist soil 
samples. Soil color was measured in a field-moist 
condition using a Munsell Soil Color Chart 
(Munsell Color, 2000).The redox potential (Eh) of 
PASS was measured with a calibrated electrode 
relative to a standard hydrogen electrode and is 
reported in mV once a steady state value was 
obtained. The Eh of partly oxidized layers in AASS 
and PAASS was not measured because they had 
been partly and inhomogeneously oxidized by 
drainage for agriculture.  Soil pH and electrical 
conductivity (EC) of saturated paste were measured 
in the laboratory within 24 hours of collection from 
the field. pH H2O was measured in water using a 
1:1 soil to water extract (National Soil Survey 
Center, 2004). pH H2O2 was measured in 30 % 
hydrogen peroxide solution adjusted to pH 5.5 
using 1:5 soil to solution (Ahern et al., 2004). Total 
organic carbon (OC) was determined using a CN 
analyzer (Elementar, Vario Macro). 

The acidity fractions and reduced-inorganic 
sulfur in soil samples were measured by the 
complete suspension peroxide oxidation combined 
acidity and sulfur (SPOCAS) method (Ahern et al., 

2004). Titratable potential acidity (TPA) was 
measured after peroxide oxidation (Ahern et al., 
2004). Total actual acidity representing currently 
available acidity in soils was measured as titratable 
actual acidity (TAA) by titrating a 1 M KCl 
suspension of a soil sample using 1:40 soil to 
solution with NaOH to pH 6.5. Titratable sulfidic 
acidity (TSA) is the difference between TPA and 
TAA. The retained acidity (RA), representing the 
amounts of acidity stored in insoluble sulfate 
minerals, was determined on the residue after 1 M 
KCl extraction. The acid-neutralizing capacity 
(ANC) of soils was determined by a titrimetric 
method (Ahern et al., 2004).  Net acidity is the 
latent acid-producing capacity of the soils due to 
the presence of sulfidic materials (Hall et al., 2006; 
Vithana et al., 2013). Ahern et al. (2004) introduced 
an approach to calculate the net acidity generating 
capacity of ASS using the following equation (Eq. 
1). 
 

Net acidity = potential sulfidic acidity (TSA) 

+ actual acidity (TAA) + retained acidity (RA)  

– acid neutralizing capacity (ANC)                     (1) 
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Peroxide-oxidizable sulfur (SPOS) is considered 
to represent reduced inorganic sulfur oxidized when 
a soil sample is oxidized by a strong oxidizing 
agent, namely 30 % hydrogen peroxide, adjust to 
pH 5.5 with dilute NaOH (Ahern et al., 2004). 

The pH buffering capacity was determined on 
field-moist soil by batch titration to produce a titration 
curve (Prakongkep et al., 2012). Briefly, 25 mL of 
water or NaOH solution ranging from 0.00001, 
0.0006, 0.0018, 0.0048, 0.0072, 0.0144, 0.0432, 
0.0576, 0.0720, 0.0864 M were added to 2.5 g 
field-moist soil sample. Initially, soil samples in 
centrifuge tubes were treated with 30 % H2O2 

adjusted to pH 5.5 to oxidize sulfide minerals, 
sulfur and organic matter. Samples in the batch 
titration were shaken for 15 minutes and pH was 
measured immediately. The alkali required to 
change the pH of H2O2oxidized soil to its original pH 
H2O value is a measure of the acidity produced by 
oxidation. Finally, pH buffering capacity was 
calculated from the slope of the plot of OH- added 
versus soil pH H2O2. All data were log transformed 
to meet the requirement of normality for regression 
analysis (P < 0.05). 
 
Mineralogical analysis 

X-ray diffraction of hand-picked materials was 
performed on randomly oriented powder samples 
on a low background holder in order to detect if 
jarosite and other minerals that contribute to 

retained acidity. Patterns were scanned between 3 
and 70° 2θ with 0.02° 2θ step size at scan speed 
0.02° 2θ per second using CuKα radiation.  The 
morphology and composition of minerals occurring 
in hand-picked materials was determined by 
scanning electron microscopy with energy 
dispersive spectroscopy (SEM/EDS; TESCAN 
VEGA3, 15kV) on specimens on aluminum stubs 
coated with carbon. 

 
Results and Discussion 

 
Soil Characteristics 

Acid sulfate soils in the Lower Central Plain and 
the Southeast Coast of Thailand which have been 
utilized for farmland are similar in morphology and 
properties to comparable ASS in other countries 
including Australia, Finland, Sweden, Vietnam, 
Malaysia and USA (Auxtero and Shamshuddin, 
1991; Sohlenius and Öborn, 2004; Boman et al., 
2010; Gröger et al., 2011; Yvanes-Giuliani et al., 
2014). 

Soil profile characteristics are shown in Table 2.  
The study sites have been mainly utilized for paddy 
rice growing, apart from PASS sites which are in 
waterlogged swamps or mangrove environments.  
The PASS were classified as Typic Sulfaquents, 
whereas the AASS and PAASS were classified as 
Hydraquentic Sulfaquepts and Sulfic Endoaquepts, 
respectively (Table 1). 

 
 

Table 2 Morphology and typical chemical properties of Thai potential, active and post-active acid sulfate soils 

 

Type1 Layer Depth (cm)2 pH H2O pH H2O2 Eh (mv) Munsell color (moist) 

PASS Topsoil 0-20 5.1 2.3 149 2.5Y 4/2 (dark grayish brown) 

 
Reduced 20-200 5.8 1.7 -33 Gley1 4/10Y (dark greenish gray) 

AASS Topsoil 0-21 3.6 2.1 - 2.5Y 2.5/1 (black); 2.5Y 5/3 (light olive brown) 

 
Partly oxidized 21-170 3.7 2.3 - 2.5Y 5/3 (light olive brown); 

     
 2.5Y 6/8 (olive yellow); 2.5Y 7/8 (yellow) 

 
Reduced 170-200 4.7 2.3 -203 2.5Y 4/1 (dark gray) 

PAASS Topsoil 0-17 4.5 2.4 - 10YR 3/2 (very dark grayish brown); 

     
 5YR 4/4 (reddish brown) 

 
Partly oxidized 17-170 4.1 2.4 - 2.5Y 5/1 (reddish gray); 10R 3/6 (dark red); 

     
 10R 4/8 (red); 2.5Y 8/8 (yellow) 

 
Reduced 170-200 5.0 1.8 -73 2.5Y 4/1 (dark gray) 

1PASS = potential acid sulfate soils; AASS = active acid sulfate soils; PAASS = post-active acid sulfate soils. 
2The reduced layer in PASS, AASS and PAASS is located well below the water table at approximately 80-100 cm 
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The PASS profiles consist of a partly oxidized 
topsoil layer and a waterlogged reduced layer, 
while AASS and PAASS profiles contain three 
distinct layers.  The topsoil layer of all three types 
of ASS is dark grayish brown to very dark grayish 
brown and is OC rich (median 39, 27 and 24 g kg-1 
for PASS, AASS and PAASS, respectively) (Table 
3).  The partly oxidized layer in AASS and PAASS 
is characterized by yellow and red redox 
concentrations due to jarosite and iron 
(hydr)oxides, respectively.  The AASS contain 
more yellow redox concentrations in the upper 
horizon than do the PAASS which contain more red 
redox concentrations. The waterlogged reduced 
layer situated below approximately 80-100 cm 
depth in AASS and PAASS and below 20 cm in 
PASS consists of gray sediment with an Eh value 
ranging from -203 to -33 mV. 

 

Soil and Pore Water Chemical Properties 
The pH H2O of PASS, AASS and PAASS 

increases with depth to where a highly reducing 
condition is dominant in the waterlogged layer 
(Table 2).The pH H2O2 for these three types of soil 
is lower than the pH H2O because of the oxidation 
by H2O2 of iron sulfides, sulfur and organic matter 
(Table 2).The pH H2O of soils varies with the 
extent of soil development. The lowest pH H2O 
values down to 3.6 in the topsoil of the AASS and 
above 4 for the PAASS are due to acidity derived 
from the oxidation of pyrite and sulfur or the 
hydrolysis of iron (hydr)oxides. Some acidity in 
AASS and PAASS has been neutralized by liming 
and drainage, this management extending over 
many years for PAASS.   

The change of soil pH with inputs of acidity 
depends on the pH buffering capacity and ANC of 
soils which together control the dynamics of 
acidification (Hartikainen, 1996). Most Thai ASS 
do not contain ANC from carbonate but the soils 
have a significant pH buffering capacity (Table 3) 
which can be attribute to the dissolution of clay 
minerals and ion exchange by clay minerals and 
organic matter (Totsche et al., 2003; Khawmee et 
al., 2013; Bibi et al., 2014; Whitworth et al., 2014). 
Bibi et al. (2014) suggested that dissolution of clay 
minerals could be the most significant contributor 
to ANC in those wetland sediments with little or no 
carbonate mineral content. Weber et al. (2005) 

reported that dissolution of Al and Fe from clay 
minerals and oxides did not provide ANC because 
of the possibility that acidity would be released via 
hydrolysis of these elements. However, the 
complete hydrolysis of Al and Fe would take place 
in the pH range 4-5 and above 4, respectively 
(Weber et al., 2005; Bibi et al., 2014).  The pH of 
topsoil and partly oxidized layers of the AASS is 
less than 4, whereas in the PAASS, it ranges from 
4-5 (Table 2) which indicates that the acidity 
released by the hydrolysis of Al and Fe 
(hydr)oxides is low. Therefore, it is suggested that 
the pH buffering capacity of Thai ASS, especially 
PAASS which have been managed for a long 
period of time, is not due to native carbonate but is 
derived from the dissolution of silicates and 
exchange onto clay minerals, organic carbon and 
some (hydro)oxide minerals.  However, addition of 
lime to topsoil is commonly used in the 
management of ASS thereby providing ANC. 

The median EC of topsoil and reduced layers of 
the PASS is 26 and 29 dS m-1, respectively.  The 
EC values of topsoil, partly oxidized and 
waterlogged reduced layers of the AASS are 4.8, 
7.5 and 12 dS m-1, values for the PAASS are about 
one third those of AASS (Table 3). The 
concentration of Cl declines with the extent of ASS 
development from PASS through AASS to PAASS 
(Table 3).The amounts of soluble SO4, Na, K, Mg 
and Ca in pore water normalized to the Cl 
concentration can be used to distinguish the 
influence of land management practices involving 
drainage and addition of lime and to indicate pyrite 
oxidation and pedogenic processes (Vuai et al., 
2003; Mosley et al., 2014a).  The ratios of soluble 
elements to the concentration of Cl are presented in 
Table 4. 

The median SO4/Cl ratio in the PASS is less 
than 0.50 indicating that the major source of sulfate 
is seawater, while the ratio for the AASS and the 
PAASS is greater than 0.50 indicating that sulfate 
may have originated from the oxidation of iron 
sulfides (Mulvey, 1993), the dissolution of jarosite 
(Mosley et al., 2014b) or the dissolution of gypsum 
(Bolan et al., 1991) (Table 4).  The SO4/Cl ratio value 
follows the sequence PAASS < AASS < PASS which 
is a result of the higher degree of soil development 
reducing the residual effect of seawater. 
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Table 3 Median and range (in parenthesis) of chemical properties of topsoil, partly oxidized and reduced 
layers of PASS, AASS and PAASS 
 

Property1 
 

PASSb  AASSb  PAASSb 

Topsoil Reduced  Topsoil Partly oxidized Reduced  Topsoil Partly oxidized Reduced 
n = 5 n = 20  n = 8 n = 24 n = 8  n = 5 n = 16 n = 4 

OC 
(g kg-1) 

39 
(18-45) 

23 
(8.3-66) 

 27 
(15-54) 

7.5 
(3.2-23) 

9.1 
(1.5-20) 

 24 
(13-27) 

4.9 
(2.1-14) 

14 
(12-18) 

EC 
(dS m-1) 

26  
(1.7-74) 

29  
(1.1-59) 

 4.8 
(1.1-13) 

7.5  
(1.1-20) 

12  
(2.8-28) 

 1.8  
(1.0-4.3) 

2.4  
(0.92-4.9) 

9.2  
(6.7-11) 

Soluble Cl 
(mg kg-1) 

1,922  
(885-4,784) 

3,493  
(408-6,183) 

 1,117  
(14-2,712) 

1,022  
(12-3,003) 

1,795  
(32-3,605) 

 47  
(21-279) 

98  
(17-353) 

111  
(17-189) 

Soluble Na 
(mg kg-1) 

2,581  
(94-10,096) 

2,693  
(70-7,504) 

 568  
(64-2,646) 

711  
(68-3,463) 

1,374  
(115-4,866) 

 159  
(72-424) 

225  
(89-652) 

621  
(389-798) 

Soluble K 
(mg kg-1) 

158  
(21-680) 

94  
(3.8-433) 

 40  
(14-113) 

38  
(12-159) 

67  
(34-324) 

 7.7 
(5.5-29) 

26  
(10-60) 

80  
(21-137) 

Soluble Mg 
(mg kg-1) 

395  
(49-1,806) 

500  
(25-1,455) 

 158  
(51-446) 

106  
(33-1,248) 

346  
(46-2,332) 

 49  
(20-130) 

55  
(25-384) 

576  
(228-709) 

Soluble Ca 
(mg kg-1) 

240  
(54-882) 

277  
(30-851) 

 160  
(73-344) 

95  
(25-2,575) 

227  
(39-2,058) 

 146  
(53-189) 

76  
(54-2,385) 

767  
(308-1,267) 

Soluble SO4 
(mg kg-1) 

841  
(310-4,218) 

1,484  
(101-5,560) 

 588  
(234-1,772) 

701  
(315-4,005) 

1,197  
(404-6,222) 

 359  
(187-530) 

438  
(186-1,034) 

904  
(81-1,859) 

ANC 
(% CaCO3) 

0 
 

0 
 

 0 
 

0 
 

0 
 

 0 0 0 

Net acidity 
(mg S kg-1) 

2,100 
(160-3,239) 

16,097 
(577-62,017) 

 2,710 
(1,058-6,221) 

2,325 
(609-5,147) 

4,618 
(834-2,469) 

 577 
(385-2,325) 

1,635 
(90-5,131) 

10,133 
(465-18,663) 

pH Buffer 
 

54 
(48-68) 

50 
(25-205) 

 66 
(48-131) 

24 
(14-62) 

37 
(26-135) 

 58 
(42-87) 

17 
(10-30) 

48 
(30-126) 

1OC = organic carbon; EC = electrical conductivity, ANC = acid neutralizing capacity, pH Buffer = pH buffering capacity (mmol 
OH- kg-1 pH-1). 

2PASS = potential acid sulfate soils, AASS = active acid sulfate soils, PAASS = post-active acid sulfate soils. 

 

 

Table 4 Median and range (in parenthesis) of water soluble ion ratios for topsoil, partly oxidized and reduced layers of 

PASS, AASS and PAASS. 

 

Type1 Layers SO4/Cl Na/Cl K/Cl Mg/Cl Ca/Cl 

PASS 
 

Topsoil 
(n = 5) 

0.31 
(0.17 - 2.2) 

1.4 
(0.11 - 3.0) 

0.09 
(0.02 - 0.16) 

0.17  
(0.06 - 0.45) 

0.09 
(0.05 - 0.23) 

  
Reduced 
(n = 20) 

0.48 
(0.15 - 5.9) 

0.73  
(0.10 - 8.2) 

0.03 
(0.00 - 0.39) 

0.17  
(0.05 - 1.4) 

0.10 
(0.02 - 0.61) 

AASS 
 

Topsoil 
(n = 8) 

1.6 
(0.09 - 34) 

1.1 
(0.40 - 8.1) 

0.05 
(0.03 - 1.0) 

0.26  
(0.11 - 4.9) 

0.17 
(0.06 - 24) 

 
Partly oxidized 

(n = 24) 
1.4 

(0.25 - 69) 
0.78 

(0.30 - 7.9) 
0.07 

(0.02 - 2.9) 
0.26  

(0.03 - 21) 
0.19 

(0.02 - 203) 

  
Reduced 
(n = 8) 

1.3 
(0.21 - 29) 

1.1 
(0.58 - 3.6) 

0.07 
(0.03 - 2.1) 

0.25  
(0.03 - 6.6) 

0.20 
(0.02 - 17) 

PAASS 
 

Topsoil 
(n = 5) 

8.4 
(1.5 - 13) 

3.4 
(0.39 - 19) 

0.26 
(0.02 - 1.3) 

1.3 
(0.17 - 5.8) 

3.1 
(0.47 - 8.5) 

 
Partly oxidized 

(n = 16) 
4.5 

(2.4 - 49) 
2.4 

(1.1 - 13) 
0.26 

(0.10 - 2.3) 
0.54 

(0.16 - 21) 
0.83 

(0.30 - 124) 

  
Reduced 
(n = 4) 

6.4 
(2.1 - 76) 

10 
(3.2 - 23) 

1.6 
(0.11 - 3.6) 

4.9 
(3.2 - 32) 

6.1 
(4.1 - 74) 

Seawater2  0.14 0.56 0.02 0.07 0.02 
1 PASS = potential acid sulfate soils; AASS = active acid sulfate soils; PAASS = post-active acid sulfate soils. 
2Data from Holland (1978). In ion ratio calculation, ion concentrations were expressed as mg kg-1 
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The median Ca/Cl and Mg/Cl values for the 
PASS are slightly higher than for seawater, while 
for the AASS and PAASS values are much greater 
than for seawater (Table 4). This suggests that the 
elevated concentrations of Ca and Mg in both 
AASS and PAASS are derived from the addition of 
dolomiticlime and the dissolution of gypsum 
(CaSO4.2H2O) which is present in the partly 
oxidized layer of soil profiles (Figure 2). 

The ratio of soluble Na to Cl in the PASS, 
AASS and PAASS increases relative to seawater. 
Two possible processes by which additional Na can 
be contributed to soil solution are desorption from 
clay minerals and dissolution of natrojarosite 
(NaFe3(SO4)2(OH)6) (Vuai et al., 2003; Mosley et 
al., 2014a). When Ca is added to soil by liming, Ca 
can replace some exchangeable Na on clay minerals 
(Vuai et al., 2003). The SEM/EDS analysis shows 
that Na is present in clay minerals (Figure 2) and 
jarosite (Figure 8). Potassium (K) in the jarosite 
structure has been substituted to about 15 mole% 
by Na to produce Na-substituted jarosite 
(Na0.1K0.9Fe3(SO4)2(OH)6) (Figure 8).Mosley et al. 
(2014a) suggested that natrojarosite could dissolve 
at low pH and released Na into soil solution. 

The soluble K/Cl ratio in the PASS, AASS and 
PAASS is higher than that of seawater because K is 
released from dissolution of illite in acidic 
conditions (Bibi et al., 2014) and from dissolution 
of jarosite (Smith et al., 2006).The concentrations 
of soluble Na, K, Mg and Ca in the reduced layer of 
the AASS and PAASS are higher than in the 
overlying partly oxidized horizon because of 
downward diffusion and leaching. 

 
Distribution of Sulfidic Materials in Thai Acid 
Sulfate Soils 

The distribution of sulfidic materials in the 
PASS, AASS and PAASS as indicated by peroxide-
oxidizablesulfur (SPOS) is shown in Figure 3. The 
concentrations of SPOS in the topsoil and partly 
oxidized layers of the PASS, AASS and PAASS are 
in the sequence PASS > AASS > PAASS indicating 
that a long period of soil oxidation induced by man-
made regional drainage, together with liming and 
cyclical drainage for paddy rice cultivation can 
significantly affect the pyrite content of these soil 
profiles (Figure 3). The soluble sulfate 
concentration has a positive relationship with SPOS 

for the waterlogged reduced layer (R2 = 0.43) but 
there is no systematic relationship for the topsoil 
and partly oxidized layer (Figure 4). The 
occurrence of soluble sulfate in an anoxic horizon 
indicates that it was derived from seawater or from 
the upper oxic horizon as mentioned above. A 
concentration of SPOS higher than 300 mg kg-1 is 
considered to be indicative of ASS in coastal plain 
systems (Stone et al., 1998), while a more 
conservative value (200 mg kg-1) for SPOS has 
been proposed for the presence of sulfidic 
sediments in inland ASS (Hall et al., 
2006).According to the requirements of 
management and development planning, the risk 
threshold for coastal ASS has been established at 
300 mg kg-1 SPOS which represents 18 mol H+ if 1 
tonne of soil is fully oxidized (Stone et al., 1998). 
In this study, we found that the PASS and AASS 
contain more than 300 mg kg-1 SPOS which will 
result in substantial acidification of the soils. 
Although the PAASS have experienced a long 
period of management, the soils retain amounts of 
oxidizeablesulfur up to 300 mg kg-1 in the topsoil 
and 100 mg kg-1 in the partly oxidized layer (Figure 
3). Additionally, this study clearly demonstrates 
that the reclamation of ASS does not affect sulfidic 
materials in the underlying reduced layer of the 
AASS and PAASS. (Figure 3). 
 
Variation of the Forms of Acidity in Thai Acid 
Sulfate Soils 
Titratable actual acidity 

The various acidity forms in the PASS, AASS 
and PAASS are shown in Figure 5. The titratable 
actual acidity (TAA) in surface soil of PASS 
(median 241 mg kg-1) is interpreted as being due to 
the oxidation of sulfide minerals induced by 
lowering of water table by natural processes.  
Willett and Walker (1982) and Smith et al. (2003) 
reported that the acidity of floodplain ASS in New 
South Wales, Australia was influenced by oxidation 
controlled by topography and natural drainage.  In 
addition, the oxidation of sulfidic materials may 
occur due to the lowering of water table due to 
evapotranspiration during extreme drought.  The 
presence of much TAA in surface soil of the PASS 
clearly indicates that considerable acidity was 
present in the PASS before drainage of the land for 
agricultural uses produced AASS and PAASS. 
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Figure 2 Backscattered electron micrograph with energy dispersive spectra showing large euhedral crystals of gypsum 
(spectrum 1) with small quartz (Si) crystals on their surfaces in a matrix of clay minerals (spectrum 2) and iron oxides in 
the partly oxidized layer of an active acid sulfate soil

 

 
Figure 3 Peroxide-oxidizable sulfur (SPOS) (mg kg
topsoil, partly oxidized and reduced layers of potential (PASS), 
active (AASS) and post-active (PAASS) acid sulfate soils in 
Thailand 

Forms of acidity in Thai acid sulfate soils 

Backscattered electron micrograph with energy dispersive spectra showing large euhedral crystals of gypsum 
(spectrum 1) with small quartz (Si) crystals on their surfaces in a matrix of clay minerals (spectrum 2) and iron oxides in 

r of an active acid sulfate soil 

 

oxidizable sulfur (SPOS) (mg kg-1) in 
topsoil, partly oxidized and reduced layers of potential (PASS), 

active (PAASS) acid sulfate soils in 

The concentrations of TAA in the surface soil of 
the AASS are about three times greater than for the 
PASS and are about two times higher than for the 
PAASS.  The TAA in topsoil of the PAASS 
(median 417 mg kg-1) is about half that for the 
AASS because the PAASS have been managed by 
liming and drainagefor a long period of time.The 
greater TAA in the reduced horizons of the PASS 
(median 1,090 mg kg-1) and PAASS (median 1,619 
mg kg-1) are due to the downward flow of oxidation 
products from topsoil to deeper horizons.
particular management of AASS in Thailand has 
included liming, drainage and periodic flooding for 
paddy rice for over a century and this management 
has affected the amounts of actual acidity including 
soluble and exchangeable acidity in the PAASS.  In
the future, as developed ASS become more mature 
under appropriate management, the potential 
toxicity due to actual acidity may decline.This will 
be a worldwide phenomenon where similar land 
management regimes are applied to ASS.
 
Titratablesulfidic acidity 

The concentrations of titratablesulfidic acidity 
(TSA) in the surface soil (median 1,315 mg kg
and waterlogged reduced layer (median 15,232 mg 
kg-1) of the PASS are greater than values for the 
AASS and PAASS indicating that the PASS will 
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has affected the amounts of actual acidity including 
soluble and exchangeable acidity in the PAASS.  In 
the future, as developed ASS become more mature 
under appropriate management, the potential 
toxicity due to actual acidity may decline.This will 
be a worldwide phenomenon where similar land 
management regimes are applied to ASS. 

The concentrations of titratablesulfidic acidity 
(TSA) in the surface soil (median 1,315 mg kg-1) 
and waterlogged reduced layer (median 15,232 mg 

) of the PASS are greater than values for the 
AASS and PAASS indicating that the PASS will  
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Figure 4 A plot of log soluble SO4 (mg kg
peroxide-oxidizable sulfur (SPOS) (mg kg-1) for topsoil (no 
relationship), partly oxidized (no relationship) and reduced 
(regression line shown) layers of potential, active and post
active acid sulfate soils. 
 
 
 

 
Figure 5 Distribution of titratable actual acidity (TAA), 
titratablesulfidic acidity (TSA) and retained acidity (RA) in 
potential (PASS), active (AASS) and post-active (PAASS) acid 
sulfate soils of Thailand 
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(mg kg-1) versus log 
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relationship), partly oxidized (no relationship) and reduced 
(regression line shown) layers of potential, active and post-

 

Distribution of titratable actual acidity (TAA), 
titratablesulfidic acidity (TSA) and retained acidity (RA) in 

active (PAASS) acid 

produce more acidity than the AASS and PAASS as 
the soils are developed. The TSA value of the PASS, 
AASS and PAASS is strongly associated with SPOS 
(R2 = 0.80) (Figure 6). Although, the surface soil of 
the AASS and PAASS has been disturbed and 
managed for a long period of time, the TSA
of this layer (median 1,058 and 257 mg kg
AASS and PAASS, respectively) is higher than that 
of the underlying partly oxidized layer.
(2004) reported that SPOCAS gives a measurement 
of the maximum oxidizable sulfur, usually 
predominantly sulfides, present in a soil sample 
using a chemical oxidizing condition, consequently 
the TSA and SPOS results may include some acidity 
and sulfur from the organic fraction in surface soil 
with its considerable organic matter content. The 
acidity and sulfate can be released from 
schwertmannite and jarosite during peroxide 
oxidation. However, natural schwertmannite and 
jarosite seem to be more stable during this procedure 
compared to synthesized minerals (Vithana et al., 
2013). 

According to this research, the surface soil in the 
AASS and PAASS in agricultural and swamp forest 
areas, respectively, contain higher amounts of TSA 
than is present in the partially oxidized layer 
indicating that the TSA in surface soil does not 
mainly originate from sulfidic materials. It is 
predominantly due to oxidation of soil organic 
matter derived from swamp vegetation and crop 
residues added into agricultural surface soils.  The 
amount of acidity derived from the oxidation of 
sulfide in topsoil and partly oxidized laye
PAASS is less than 300 mg kg-

indicating that the risk of additional acidification of 
mature PAASS by drainage is low.
 
Retained acidity 

The median values of retained acidity (RA) of the 
AASS are 26, 148 and 72 mg kg-1

oxidized and reduced layers, respectively and are 
greater than for the PASS and PAASS.The elevated 
concentrations of RA in the AASS are associated 
with yellow redox concentrations of jarosite 
(KFe3(SO4)2(OH)6) which was identified by XRD 
(Figure 7) and SEM/EDS (Figure 8). Additionally, 
PASS4 has elevated values of RA in surface soil 
because of oxidation induced by partial drainage or
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Figure 6 Bivariate relationship between log 
peroxide-oxidizable sulfur (SPOS) (mg kg
log titratablesulfidic acidity (TSA) (mg kg
topsoil, partly oxidized and reduced layers of Thai 
potential, active and post-active acid sulfate soils

 
KFe3(SO4)2(OH)6 + 3H2O     
Jarosite 

 

FeS2 + 14Fe3+ + 8H2O 
Pyrite 
 

 

Figure 7 Random powder X-ray diffraction pattern of a yellow redox concentration on a low background 
holder. The material is from the partly oxidized layer in an active acid sulfate soil, F = Feldspars, G = Goet
I = Illite, J = Jarosite, K = Kaolinite, Q = Quartz
 
 

Singer and Stumm (1970) suggested that release 
of dissolved ferric iron can be a vital factor in 
controlling the oxidation of sulfides and the acidity 
generated under reducing conditions as it 
contributes more acidity than the reaction with 
oxygen (Eq. 3).  This study indicates that periodic 
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Bivariate relationship between log 
oxidizable sulfur (SPOS) (mg kg-1) and 

log titratablesulfidic acidity (TSA) (mg kg-1) in 
topsoil, partly oxidized and reduced layers of Thai 

active acid sulfate soils 

 
drying. Jarosite appears to be a major source of 
retained acidity in the ASS on the Lower 
Plain and the Southeast Coast regions of Thailand.

The dissolution rate of jarosite in sulfuric acid 
solution at pH 3 and in water is approximately 0.25 
and 1.1 µmol g-1 day-1, respectively (Welch et al., 
2008).  Jarosite is stable under oxic, acid
and sulfate rich conditions (Smith et al., 2006) but 
under other conditions acidity will be generated by 
the dissolution and hydrolysis of jarosite (Eq. 2), 
especially when pH is raised by lime addition (Hall 
et al., 2006; Welch et al., 2007, 2008; Mosley et al., 
2014b) or by flooding in order to prevent further 
oxidation of pyrite (Eq. 3) (White et al., 1997).

  3Fe(OH)3 + K+ + 3H+ + 2SO4
2-  

   Iron hydroxides 

   15Fe2+ + 2SO4
2- + 16H+   

ray diffraction pattern of a yellow redox concentration on a low background 
holder. The material is from the partly oxidized layer in an active acid sulfate soil, F = Feldspars, G = Goet
I = Illite, J = Jarosite, K = Kaolinite, Q = Quartz 

Stumm (1970) suggested that release 
of dissolved ferric iron can be a vital factor in 
controlling the oxidation of sulfides and the acidity 
generated under reducing conditions as it 
contributes more acidity than the reaction with 

dy indicates that periodic 

flooding for paddy rice growing combined with 
liming of ASS, especially the AASS where jarosite 
is dominant, will stimulate the dissolution of 
jarosite and induce the oxidation of residual 
sulfides. 
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drying. Jarosite appears to be a major source of 
retained acidity in the ASS on the Lower Central 
Plain and the Southeast Coast regions of Thailand. 

The dissolution rate of jarosite in sulfuric acid 
solution at pH 3 and in water is approximately 0.25 

, respectively (Welch et al., 
2008).  Jarosite is stable under oxic, acidic (pH 1-3) 
and sulfate rich conditions (Smith et al., 2006) but 
under other conditions acidity will be generated by 
the dissolution and hydrolysis of jarosite (Eq. 2), 
especially when pH is raised by lime addition (Hall 

008; Mosley et al., 
2014b) or by flooding in order to prevent further 
oxidation of pyrite (Eq. 3) (White et al., 1997). 

 (2) 

 (3) 

 

ray diffraction pattern of a yellow redox concentration on a low background 
holder. The material is from the partly oxidized layer in an active acid sulfate soil, F = Feldspars, G = Goethite, 

flooding for paddy rice growing combined with 
liming of ASS, especially the AASS where jarosite 
is dominant, will stimulate the dissolution of 
jarosite and induce the oxidation of residual 
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Figure 8 Backscattered electron micrograph of crystals of jarosite, clay minerals and quartz in a yellow redox 
concentration in the partly oxidized layer of an active acid sulfate soil and energy dispersive spectrum for 
jarosite which contains minor Na subst

 
 

Management Implications 
This research provides a better understanding of 

the nature of acidity in potential, active and post
active acid sulfate soils.  Thai ASS have been 
drained and periodically flooded over one 
hundred and forty years for paddy rice production 
which has generated a large area of PAASS which 
is expected to increase. This is likely to be a global 
phenomenon. Our results show that the PASS, 
AASS and PAASS in the Lower Central Plain and 
the Southeast Coast of Thailand have amounts of 
net acidity exceeding 300 mg kg-1 (18 mol H
which is the criterion for acidification risk used in 
ASS management planning where soils are 
oxidized by natural or human-induced drainage. 
The elevated amounts of reduced-sulfur in the 
PASS can result in a significant acidification whe
they become oxidized. There are large amounts of 
TAA in the AASS, especially in the partly oxidized 
layer.  The long term management of Thai AASS 
and PAASS has changed the oxidizing 
soil profile but has not materially affected the 
underlying reduced zone. Jarosite retains acidity in 
Thai ASS and it is dissolved during the soil 
management regime that involves liming, d
and cyclical flooding. It is likely that furth
drainage and liming to increase pH to 
approximately 6 in the AASS and PAASS will 
decrease the acidity generated from the dissolution 
of jarosite and the oxidation of residual sulfides.
This particular management practice causes the 
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electron micrograph of crystals of jarosite, clay minerals and quartz in a yellow redox 
concentration in the partly oxidized layer of an active acid sulfate soil and energy dispersive spectrum for 
jarosite which contains minor Na substitution for K 

This research provides a better understanding of 
the nature of acidity in potential, active and post-
active acid sulfate soils.  Thai ASS have been 
drained and periodically flooded over one 

dred and forty years for paddy rice production 
generated a large area of PAASS which 

kely to be a global 
Our results show that the PASS, 

AASS and PAASS in the Lower Central Plain and 
ast of Thailand have amounts of 

(18 mol H+ t-1) 
which is the criterion for acidification risk used in 
ASS management planning where soils are 

induced drainage. 
sulfur in the 

result in a significant acidification when 
There are large amounts of 

TAA in the AASS, especially in the partly oxidized 
layer.  The long term management of Thai AASS 
and PAASS has changed the oxidizing layers of the 

profile but has not materially affected the 
Jarosite retains acidity in 

Thai ASS and it is dissolved during the soil 
management regime that involves liming, drainage 

It is likely that further 
drainage and liming to increase pH to 
approximately 6 in the AASS and PAASS will 
decrease the acidity generated from the dissolution 

oxidation of residual sulfides. 
This particular management practice causes the 

dissolution of bright yellow jarosite which 
transforms to goethite and hematite in orange/red 
redox concentrations in the partly oxidized layer.
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