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A successive alkalinity producing system (SAPS) has been investigated as a potential passive treatment 
option for acid, metal containing runoff from acid sulphate soil. A pilot-scale system was installed at an 
agricultural land site in Rintala embankment area in mid-western Finland. The experimental layout consists 
of three parallel treatment units: two different SAPS cells and one limestone-filled cell for comparison of 
performance. The SAPS cells are composed of a bottom layer of limestone and a top layer of compost sup-
plemented with sand. One of the SAPS cells contains sulphate-rich, waste gypsum mixed with the compost 
layer in order to enhance the metal reduction by sulphate reducing-bacteria. Over a 3 year period on average 
between 6–12 l min-1 of water from a nearby drain receiving acid drainage was directed to the system. The 
quality of the influent water was highly variable: pH 4.1–7.1, aluminium 0.061–29 mg l-1, iron 0.046–22 mg 
l-1, manganese 1.9–23 mg l-1. Flow through the cells increased the pH and decreased the acidity and concen-
trations of Al and Fe. Manganese concentrations did not change significantly (P < 0.05, paired t-test) in any 
of the treatment cells. The current results do not demonstrate the advantages of a SAPS system when com-
pared to a limestone bed and the present implementation is not considered to be an effective treatment 
method for acid drainage water. Therefore, to increase the alkalinity production of SAPS cells, the system 
will be modified to increase the contact time of water with limestone.

Key words: aluminium, acid sulphate soils, iron, manganese, successive alkalinity producing system, water 
treatment

Introduction

Acid sulphate soils are common on the west coast 
of Finland where post-glacial isostatic land uplift 
is exposing sediments accumulated during the Lit-

torina period of the Baltic Sea. The acid sulphate 
soils in Finland are extensively used for agricul-
tural production. When the iron sulphides in these 
soils are exposed to oxygen during, e.g. drainage 
work, the generation of sulphuric acid can cause 
acidification of soil and surface and groundwater, 
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resulting in high concentrations of metals in the 
runoff (Palko 1994, Peltola and Åström 2002, Jou-
kainen and Yli-Halla 2003). In addition to adverse 
impacts on agricultural practices, runoff from acid 
sulphate soils also has a harmful effect on aquatic 
communities (Meriläinen 1989, Hudd and Kjell-
man 2002).

The drainage directions for acid sulphate soils 
(Palko et al. 1988) suggest control of the water-
table and surface liming. These methods may be 
satisfactory for the agricultural use of the soil but 
are in general ineffective to prevent acid episodes 
in receiving watercourses. Therefore direct neu-
tralization of drainage water is also recommended 
in drainage directions if watercourses are to be 
protected. According to Lähetkangas (1995) lim-
ing of water is seen as the only effective way to 
reduce acidity of River Kyrönjoki. However, costs 
of liming are high; in addition to the investment 
costs the annual operating costs are substantial. 
Moreover, the high amounts of lime needed to 
neutralize the acidity may lead to clogging of the 
river or stream bed immediately downstream of 
the liming station as a consequence of formed pre-
cipitates and insoluble liming material (Huttu and 
Koskenniemi 1998). Liming is also a major pertur-
bation of an aquatic ecosystem, which is likely to 
affect the quality and dynamics of many of its 
components. Direct liming of streams using lime 
can be unsafe to biota due to rapid fluctuations in 
the pH value of treated water and the risk of re-
solubilisation of formed metal sludge (Weatherley 
1988).

The origin and chemistry of acid sulphate soil 
runoff, with high concentrations of aluminium, 
iron, manganese and sulphates, is similar to that of 
acid mine drainage and therefore amenable to for 
similar treatment methods. To address the high op-
erating and maintenance costs of direct liming, 
passive treatment methods, which utilize natural 
biological and chemical processes, have been de-
veloped mainly in United States since late 1970s 
for treatment of acid drainage water from mining 
areas. These developments include compost wet-
lands, anoxic limestone drains (ALDs) and the 
successive alkalinity producing system (SAPS). 
Treatment of acid mine waters using passive sys-

tems has found increasing application and hun-
dreds of these systems have already been imple-
mented (Hedin 1997).

Kepler and McCleary (1994) first proposed the 
SAPS concept in the early 1990s. Successive alka-
linity producing systems are combined vertical-
flow and aerobic wetlands originally developed 
and used for treatment of acid mine drainage. In 
the SAPS system alkalinity is produced in a con-
trolled fashion without pH extremes through bac-
terial sulphate reduction and limestone dissolution. 
In temperate regions, the contribution of biologi-
cal processes to overall alkalinity production is 
seasonal, while abiotic processes occur at a rela-
tively constant rate. The metals are removed 
through precipitation and settling in aerobic ponds 
following the SAPS cells before the treated water 
is discharged (e.g., Kepler and McCleary 1994, 
Nairn and Mercer 2000, Jage et al. 2001).

In this paper, the preliminary performance of a 
new application of a SAPS-type wetland treatment 
system for acid sulphate soil runoff is presented 
and discussed. Constructed wetland systems have 
not, so far as we know, previously been used for 
treatment of acid sulphate soil runoff.

Material and methods
Based on promising results from previous labora-
tory tests (Kustula 2000) a pilot-scale treatment 
system was constructed in November 2001 at the 
acid sulphate soil area in Rintala embankment area 
in Ilmajoki, mid-western Finland, where the soils 
have been drained since the late 18th century for 
agricultural purposes. The embankment lies within 
the catchment area of the river Kyrönjoki, which 
from time to time is characterised by severe acidi-
ty. The geology and geochemistry of the area has 
been extensively studied by, e.g., Österholm and 
Åström (2002).

The treatment system consists of three parallel 
treatment cells: two SAPS cells (Cells 2 and 3) and 
one control limestone-filled cell (Cell 1). One of 
the SAPS cells (Cell 2) contains waste gypsum, a 
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by-product from the production of titanium oxide 
pigments, mixed with the compost layer to im-
prove the conditions for microbial sulphate reduc-
tion processes. Following each of the three treat-
ment cells, the water is oxygenated in cascade 
aerators followed by individual settling ponds. 
Figure 1 illustrates the design of the SAPS cells 
and Figure 2 the layout of the system. Each SAPS 
cell consists of a bottom layer of limestone and a 
top layer of compost material supplemented with 
sand: construction details of the cells are shown in 
Table 1. The standing water column provides wa-
ter head needed to drive water through the under-
lying compost substrate which, in turn, is designed 
to remove any oxygen left in the water and to gen-
erate alkalinity via biological reactions. The bot-
tom layer of limestone is designed to add further 
alkalinity to the water by limestone dissolution. 
The total surface area of each of the cells is 15 m2, 
and the areas of the subsequent settling ponds are 
also 15 m2. On average between 6–12 l min-1 of 
water from a nearby drain receiving acid drainage 
is pumped to the system. Water levels in each of 
the treatment cells are controlled by elevation of 
the exit flow. An arrangement for periodic flushing 
of the limestone layer was designed in the pilot 
system because gelatinous aluminium hydroxide 

Fig. 1. Design of the successive alkalinity producing system cells.

Fig. 2. Layout of the pilot system. Water samples were 
collected from the diversion well (A) representing influent 
water, from outflow of each treatment cell (B-D), and out-
flow of each settling pond (E-G).

Table 1. Sizing of treatment cells

Cell 1 (limestone cell) Cell 2 Cell 3

Water, cm 100 100 100
Compost layer, cm – –  50, mixed with gypsum  50
Limestone layer, cm  90  40  40

may clog the void spaces between the limestone 
rock used in reactors (Gusek and Wildeman 
2002).

Water samples were collected weekly at seven 
locations except during winter and early spring 
when there is no flow through the system. The 
sampling locations included the inflow to the pilot 
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system (diversion well, A) and outflow of each 
treatment cell (B-D) before aeration and outflow 
(E-G) of each settling pond as shown in Figure 2. 
During 2001 samples were taken on three different 
occasions until the beginning of December when 
the system froze. No samples were taken during 
the winter months. In 2002, the sampling period 
was from May to September, in 2003 from May to 
October and the number of sampling occasions 
was 10 and 16 respectively. 2002 was a year of 
exceptionally low rainfall and, especially during 
the summer months, there was very low flow 
through the pilot system. In the beginning of July 
2002, the pipes and wells in the SAPS ponds were 
flushed to remove precipitated metal sludge. The 
individual settling ponds were found to be too 
small and a larger shared settling pond was built in 
the autumn of 2002 to allow a longer period for the 
settling of precipitates. Inflow rates into the system 
was designed to be kept at 6–12m3 d-1 but, due to 
clogging of the control wells, the flow rates were 
periodically increased to 18 m3 d-1 in the spring of 
2002. During the summers of 2002 and 2003 the 
water level in the feeding stream was very low and 
very little water was directed into the cells.

The parameters monitored in water samples 
were pH, acidity, total (non-filtered) and soluble 
(filtered 0.45 µm) concentrations of iron (Fe), alu-
minium (Al), manganese (Mn), magnesium, cal-
cium, sodium, potassium, zinc (Zn), nickel (Ni), 
copper (Cu), chromium (Cr), cadmium (Cd), and 
lead (Pb), dissolved oxygen, sulphate, suspended 
solids and the nutrients (total nitrogen, ammonium 
nitrogen, sum of nitrite and nitrate nitrogen and 
total phosphorus). The metal analyses were per-
formed at the University of Jyväskylä by induc-
tively coupled plasma atomic emission spectrom-
etry, ICP-AES (Jobin Yvon Horiba Ultima 2) ac-
cording to standard SFS-EN ISO 11885:1998. All 
other parameters were analysed by the West Fin-
land Regional Environmental Centre Laboratory 
in Vaasa, Finland, using standard methods for wa-
ter analysis (SFS 3021:1979 for pH, SFS 3005:1981 
for acidity, SFS-EN 25813:1993 for dissolved ox-
ygen, SFS-EN ISO 10304-1:1995 for sulphate, 
SFS-EN 872:1996 for suspended solids, flow in-
jection analysis, FIA, technique for total nitrogen 

and sum of nitrate and nitrite nitrogen, SFS 
3032:1976 for ammonia nitrogen and SFS 
3026:1986 for total phosphorus). All analyses are 
accredited according to SFS-EN ISO/IEC 17025 
in respective laboratories. In this paper, only the 
main results from the study period are presented 
and discussed.

Results and discussion
The quality of the inflow water was characterised 
by large seasonal fluctuations: the water was, with 
the exception of 2002, mostly acidic from the 
spring to mid summer and neutral during the late 
summer and autumn with occasional short periods 
of low pH. Concentrations of aluminium, manga-
nese and sulphate in the influent followed the sea-
sonal variations in acidity with the maximum con-
centrations measured during periods of low pH. In 
contrast, concentration of iron was highest when 
the pH of the influent water was circumneutral. 
Results for the most important influent and efflu-
ent water quality parameters are shown in Figures 
3–5. There were no major differences in the results 
between the two SAPS cells and therefore only the 
results from Cell 3 are presented.

Flow through the cells decreased the acidity of 
the water. During the most acid periods (influent 
pH < 5) the pH increased significantly (P < 0.05, 
paired t-test): the median increase was about one 
unit in the SAPS cells and about two units in the 
limestone cell. However, the alkalinity generation 
of both SAPS cells was insufficient for adequate 
treatment of the most acid water. The thickness of 
the limestone layer in the SAPS cells is less than 
half of the limestone cell and as the flows to each 
cell were similar the contact time of the water with 
the limestone was considerably less in the SAPS 
cells. It was concluded that the residence time for 
the water should be increased in the SAPS cells 
either by limiting the water flow or increasing the 
thickness of the limestone layer.

The highest loading rates of metals occur dur-
ing maximum flow in the spring season when the 
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Fig. 3. pH, acidity and oxygen concentrations in  the influ-
ent to and effluents from the treatment cells (■ = influent 
water, ’ = effluent from limestone cell, Δ = effluent from 
SAPS cell).

soils are flushed although for iron the maximum 
concentrations are reached later during drier con-
ditions. For Al and Fe even at the highest loading 
rates 75–80% of the total aluminium load and 30–
80% of the total iron load was removed in the 
SAPS cells. There was no significant (P < 0.05, 
paired t-test) difference in effluent quality between 
the two SAPS treatment options. For the reference 
limestone cell 60–90% of the total aluminium load 
and 60–95% of the total iron load was removed. It 
was also noted that the major part of the effluent Al 

and Fe in all of the cells was in particulate form, 
which indicated that the individual settling ponds 
were not large enough for the settling of the pre-
cipitates to occur.

High concentrations of aluminium in acid sul-
phate soil runoff was expected to be problematic 
for SAPS because of the formation of gelatinous 
aluminium hydroxide which may clog the void 
spaces between the limestone rock used in reactors 
(Gusek and Wildeman 2002). Until the present, 
clogging of the system has not been a major main-
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Fig. 4.  Non-filtered aluminium, iron, manganese and zinc concentrations in the influent to and effluents from the treatment 
cells (■ = influent water, ’ = effluent from limestone cell, Δ = effluent from SAPS cell).

tenance problem and the system has been flushed 
only once, in the summer of 2002, to remove pre-
cipitates from the wells.

For manganese concentrations no significant 
(P < 0.05, paired t-test) reduction was observed in 
any of the treatment cells but following the treat-
ment cells concentrations were periodically even 
higher than in inlet water. Probably this results 
from dissolved Mn originating from the soil walls 

and construction material, and the reducing condi-
tions in SAPS cells, as in the reduced +II state Mn 
is relatively soluble at least up to pH 8. In the near-
neutral pH conditions of SAPS cells Mn removal 
can only occur at well aerated solutions from 
which essentially all Fe and Al has been precipi-
tated (Rose et al. 2003). It should be noted that 
manganese, in contrast to iron and especially alu-
minium, is not of great biological concern (Schiele 
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Fig. 5. Total nitrogen, total phosphorus and sulphate con-
centrations in the influent to and effluents from the treat-
ment cells (■ = influent water, ’ = effluent from lime-
stone cell, Δ = effluent from SAPS cell).

1991) and so is not of primary consideration for 
the design of treatment systems.

Dissolved oxygen saturation ranged from 0–
60% in the inflow water, but after the SAPS treat-
ment cells the oxygen concentrations decreased to 
practically zero. Anoxic conditions are essential 
for the proper function of the compost and lime-
stone layer. High dissolved oxygen concentrations 
are toxic to the sulphate-reducing bacteria in the 
compost layer and may cause armouring of the 
limestone layer. Following the SAPS cells the wa-
ter is oxygenated in aerators and the final outflow 
oxygen saturations ranged between 80 and 90%.

During the study period trace metal (Zn, Ni, 
Cu, Cr, Cd, and Pb) concentrations in the inlet wa-
ter were low for most elements, with the exception 
of Zn and Ni, near or below the quantification lim-
it (1–10 µg-1 depending on element), and no leach-
ing of metals from the reactors could be observed. 
Both Zn and Ni levels were significantly (P < 0.05, 
paired t-test) lowered by the SAPS treatment but 
not affected by the limestone treatment alone. As 
expected, concentrations of calcium and sulphate 
were higher in the effluents than in influent water. 
The higher concentration of calcium results from 
the dissolution of the limestone layer and of gyp-
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sum added to the compost layer and that of sul-
phate from the compost layer.

The SAPS treatment cells initially released 
relatively high concentrations of nitrogen, but 
from the spring of 2002 concentrations of the ef-
fluent samples have been lower than the respective 
influent values. The exception is June–July 2002 
when the systems were flushed to remove precipi-
tates from the wells. During this period or shortly 
afterwards the concentrations of nitrogen and 
phosphorus and also some metals were exception-
ally high. Since September 2003 the total phos-
phorus content of effluent from Cell 2 has been 
steadily increasing for some yet unknown reason. 
The gypsum material used in Cell 2, iron gypsum, 
contains only trace amounts of phosphorus (Varjo 
2001) and is therefore not assumed to be the 
source.

It was expected that the main problems associ-
ated with SAPS treatment of acid sulphate soil 
runoff in Finland would be the seasonal variations 
in flow, temperature and water quality. The bio-
logical processes in SAPS treatment are tempera-
ture-dependent and the maximum flow of runoff 
occurs in the spring after snow thaw when the wa-
ter temperature is unfavourable for biological ac-
tivity. Also the large fluctuations in the flow rate 
and acidity do not favour the use of biological 
treatment processes. However, the main objective 
of the organic layer is to consume dissolved oxy-
gen in the drainage water thus preventing armour-
ing of the limestone by Fe oxyhydroxide precipita-
tion. This mechanism worked very well. The mi-
crobial sulphate reduction is expected to produce 
alkalinity only during the period of warmest sum-
mer months and is of minor importance as the ma-
jority of the alkalinity in any case is produced by 
the limestone layer dissolved by the acidic, oxy-
gen-depleted water. The pilot system has respond-
ed well to the rapid changes in water quality and 
reduced removal rates during the study period 
were not observed.

The pilot study will continue in 2004 and, 
based on current results, modifications to the SAPS 
reactors have already been applied: one of the re-
actors has been reconstructed with an additional 
20 cm of limestone and corresponding removal of 
the compost to increase the water to limestone 
contact time, which addresses the main problem of 
the current system - insufficient alkalinity produc-
tion.

Conclusions

The current results do not yet demonstrate the ef-
fectiveness of a SAPS system in treating drainage 
water from acid sulphate soils but if properly de-
signed SAPS could be a promising alternative to 
direct liming of water courses at certain sites. The 
system is best suited for limited areas with poor 
water quality, so-called hot spots. One significant 
obstacle to the large scale implementation of SAPS 
systems for treatment of runoff from acid sulphate 
soils is the size of the required land area. This is 
true even though the SAPS systems are more com-
pact than other types of constructed wetlands. 
Therefore anoxic limestone drains (e.g. Watzlaf et 
al. 2000) could be a complementary larger scale 
passive treatment solution for acid soil runoff in 
cultivated areas. The subsurface construction of 
ALDs allows for more efficient use of space than 
SAPS and the influent water could be directed to 
ALDs directly from subsurface drains eliminating 
the need of oxygen removal by organic substrate.
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Artikkelissa on käsitelty happamien sulfaattimaiden kui-
vatusvesien käsittelyyn suunnitellun koelaitoksen toi-
mintaa kahden ensimmäisen käyttövuoden ajalta. Koe-
laitos on perustettu Ilmajoelle Rintalan pengerrysalueel-
le. Kokeiltava SAPS-menetelmä (successive alkalinity 
producing system) on kehitetty USA:ssa alun perin hap-
pamien kaivosvesien käsittelyyn, ja se yhdistää biologi-
sen ja kemiallisen käsittelyn. Hankkeen takana on useam-
pivuotinen tutkimustyö, jonka aikana menetelmää on 
testattu laboratoriomittakaavassa.

Menetelmässä käsiteltävä vesi johdetaan ensin kom-
postimassan ja sen jälkeen kalkkikivikerroksen läpi. 
Puhdistuksen ensimmäisessä vaiheessa kompostimassa 
poistaa vedestä liuenneen hapen, suodattaa kiintoainesta 
ja pidättää sulfaatinpelkistyksen seurauksena saostuvat 
metallisulfidit. Käsittelyn toisessa vaiheessa kalkkikivi-
kerros nostaa veden pH:ta ja alkaliniteettia. Kalkkikivi-
kerroksen jälkeen vesi johdetaan ilmastuksen kautta 

toisiin maa-altaisiin, joihin metallihydroksidisakka las-
keutuu.

Koelaitoksella on vertailtavana kolme käsittelyä: 
kaksi erilaista ns. SAPS-reaktoria, jotka perustuvat kom-
posti-kalkkikivikäsittelyyn ja vertailun vuoksi pelkkä 
kalkkikivikäsittely. Tähän mennessä saatujen analyysi-
tulosten perusteella kaikki tutkitut käsittelyt parantavat 
veden laatua, mutta SAPS-käsittelyn tehokkuus jättää 
vielä toivomisen varaa. Nykyisellään kalkkikiviallas on 
tehokkain käsittelyvaihtoehto eikä kompostialtaiden 
hyötyä ole vielä voitu osoittaa. Tähän mennessä saatujen 
kokemusten perusteella laitoksen rakenteeseen on tehty 
joitakin muutoksia, joiden tulokset nähdään käsittelyko-
keen jatkuessa vuonna 2004. Jos SAPS-käsittely osoit-
tautuu toimivaksi, saattaa se tulevaisuudessa tarjota 
edullisen ja ympäristölle turvallisen vaihtoehdon kuiva-
tusvesien paikalliseen käsittelyyn.

SELOSTUS
Happamien sulfaattimaiden kuivatusvesien käsittely SAPS-menetelmällä:  

pilot-kokeiden alustavat tulokset
Virve Kustula, Allan Witick ja Jarmo J. Meriläinen
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