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Abstract

Purpose. This paper discusses the release of acidity and toxic metals from acid sulfate soils in the Kelantan plains due to the
oxidation of pyrite.

Methods. A study was conducted in the field and laboratory using leaching column to quantify the release of acidity and
metals from these acid sulfate soils.

Findings. The highest pyrite content of 6.3% was recorded in the subsoil in the south region. Titrable actual acidity was
significantly high (23.2 cmol H*/kg) in soils of the southern part where jarosite occurred in the topsoil. Most of the acidity
has been released at the beginning of the laboratory leaching experiment, indicating that in the real field situation, the oxida-
tion of pyrite occurred immediately after the area was drained

Originality. The depth at which pyrite layer occurs in the soils has important implication on land quality and crop produc-
tion in the area. High amount of Al (0.36-0.81 cmol¢/kg) and Fe (0.35-0.7 cmol/kg) were found in the leachates.

Practical implications. Opening an area of acid sulfate soils in the Kelantan Plains for agriculture had oxidized pyrite in
the sediments, resulting in the release of high acidity and toxic level of Al, Fe and trace elements into the soils and wa-
terways, which can affect crops and aquatic life. This is made worse by the release of As, B, Cu, Mn and Zn into the soil

solution and waterways.

Keywords: acid sulfate soils, jarosite, pyrite, soil acidity, toxic metal, trace metals

1. Introduction

Coastal sediments rich in sulfide contents cover large ar-
eas of the beach regions throughout the world. These sedi-
ments would form acid sulfate soils upon reaction with sea-
water in the presence of organic matter with the help of liv-
ing microorganisms. Acid sulfate soils occupy almost 50
million ha worldwide, including Southeast Asia, Australia,
West Africa and Scandinavia [1]-[3]. In Malaysia, this kind
of soils was estimated to cover about 0.5 million ha; they are
mostly found in the Malay Peninsula [4], [5].

When coastal areas are drained for agriculture or other-
wise, severe acidification will occur due to the oxidation of
pyrite present in the sediments. This process normally releas-
es considerable amount of acidity and subsequently harmful
metals will be made available, such as Al and Fe [3], [6]. The
high amount of acidity and Al and/or Fe, accompanied by the
presence of trace metals will affect the soils and the sur-
rounding environment [7]-[9]. Natural phenomena, drainage
programmes and land development are among the usual
processes known to be the main causes of the worsening
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condition in areas occupied by acid sulfate soils throughout
the world, especially in Southeast Asia [3].

The released acids and large amounts of toxic soluble
ions presumably affect plant growth as well as the aquatic
biosphere surrounding the soil systems [5], [10], [11]. Such
conditions will affect agricultural activities as well as the
livelihood of the farming communities in the areas. The
surrounding environment and water sources might be pollut-
ed with these soluble ions; hence, agricultural production
could not be sustained.

Occasionally, pyrite crystals are contaminated with trace
elements (e.g. Ni, Co, Cu, Zn, Pb and As) due the substitution
of Fe by these elements [12]. High concentrations of water-
soluble As, Cd, Cu, Mo, Ni, Pb and Zn were found in the
pyritic soils of the Bangkok Plains [13]. Research on the re-
lease of acidity and potentially toxic trace elements from
drained acid sulfate soils in Malaysia is rather uncommon. As
such, for proper management of acid sulfate soils in the coun-
try and to improve their productivity, the release of acidity, Al,
Fe and the associated water-soluble trace metals as well the
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anions arising from pyrite weathering should be determined.
Thus, a study was carried out on the acid sulfate soils in the
Kelantan Plains, Malaysia, to determine the release of acidity,
Al and/or Fe and potentially toxic trace elements that cause
environmental pollution and/or inhibition of crop growth.

2. Materials and methods

2.1. Site information

North eastern Peninsular Malaysia is well known to have
experienced heavy rainfall during monsoon times, especially
in November to January each year. During these periods,
heavy rain floods almost all rivers in Kelantan Plains and
many other parts of the state. The mean annual precipitation
in the plains ranged from 2000 to 2500 mm in 2010-2012.
The annual rainfall was 2306 mm in 2012, which was rec-
orded at Kota Bharu Meteorological Station and 2250 mm
recorded at Gong Kedak Meteorological Station [14]. Almost
all rainfall (> 90%) is concentrated in the rainy season be-
tween August and November of each year. During this rainy
season, river water sometimes overflows and often the people
there are placed under flood warning situation. The average
river water levels reach the danger alert state, which is approx-
imately 2 and 1.5 m higher than that of the normal water level
at the river gauge station of the Kelantan river near Kota Bharu
and Semerak river (in Pasir Puteh), respectively [15].

The acid sulfate soils for this study were located in the
Kelantan Plains, Peninsular Malaysia (Fig.1). The area is
adjacent to sandy soils formed on beach ridges studied
by [16]. The formation of both soils is associated with the
sea level rise during the Holocene. There were three sam-
pling areas chosen within the Kemasin-Semerak 1ADP
(Fig. 1), based on the occurrence of pyrite within the soil
profiles; these areas were in the northern part (Bachok),
forest reserve area called Saliran Gelam Utama (SGU) which
was situated in the middle of the plain and Tok Bali area, in
the district of Pasir Putih (in the southernmost of the plain).
Special drainage canals were constructed within SGU to get
rid of excess water during rainy season. Based on the earlier
study [17], it was found that the soils in Bachok area have
pyritic layer > 1 meter below the mineral soil surface.
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Figure 1. The sites of the studied in the Kelantan Plains, Malaysia

Some thirty years ago, the area under study was constant-
ly flooded during the monsoon months, leading to the gov-
ernment decision to set up a drainage project in order to
prepare the site for agricultural production, aiming to allevi-
ate poverty among the farmers. However, the agricultural
productivity of the area was low due to serious soil acidity
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problems arising from drainage; thus, a large portion of the
drained land was abandoned. Furthermore, some parts of the
pyrite-bearing sediments were overlain by peaty materials
(SGU), which had added more problems to the already acidic
soil condition. Soils in this part of the Kemasin-Semerak
IADP (Fig. 1) were regarded as peat soils having sulfidic
materials (pyrite); hence, they are qualified to be classified as
acid sulfate soils. About 30 water samples were collected
from the drainage canals and waterways across the SGU area.
In Tok Bali area which was earlier studied by [18], the soil
samples were collected from abandoned paddy fields where
the pyritic layer was found to exist in the surface layer.

2.2. Soils and sampling information

All the published soil maps of the area under investiga-
tion were studied in detail before conducting the field work.
The semi-detailed soil map of Kemasin-Semerak IADP pro-
duced by [19] was referred to during the soil sampling. For
ease of movement, a four-wheel drive vehicle was used to
comb the areas suspected of containing soils with pyrite in
the Kemasin-Semerak IADP. Generally, it was found that
pyrite occurred at varying depths (close to the surface, below
2m and in between the two). Additionally, the soils with
pyrite at the study sites showed different degree of associa-
tion with peaty materials (organic matter). Soil profiles were
dug and were described at each site (Table 1). At selected
locations, soil samples were taken at 0-15, 15-30, 30-45 and
45-60 cm depths using an auger. Altogether, there were 109
soil samples taken from several sampling periods and rep-
resents all the three sites. These soil samples were subject-
ed to determination of soil chemical properties (Table 2). In
Jelawat, the depth of the peaty materials and sulfuric hori-
zon was determined and recorded. The samples were placed
in plastic bags and were sealed before transporting them to
the soil laboratory at Universiti Putra Malaysia, Serdang.
Most of the soil samples were air-dried, pounded and
sieved using 2 mm sieve.

To assess the effects of acid sulfate soils drainage, the
drained areas in the middle of the plain called Saliran Gelam
Utama (SGU) near Jelawat-Rusa Irrigation Scheme (JRIS)
were compared with those undrained acid sulfate soils in
Bachok as well as in Tok Bali which was situated near Pasir
Putih in the southern part of the Kelantan Plains. About
30 water samples were collected from the drainage canals
and waterways across the SGU area. The location of each
soil and water sampling site was recorded using a Geograph-
ical Positioning System (GPS) as shown in soil maps. The
water samples were stored in plastic bottles before transfer-
ring to the laboratory at Univesiti Putra Malaysia at Serdang.
Before analysing the water samples was filtered using
0.25 um membrane filters. In Tok Bali area which was earli-
er studied by [18], the soil samples were collected from
abandoned paddy fields where the pyritic layer was found to
exist in the surface layer.

2.3. Column leaching experiment

A leaching experiment using soil column was setup in
the laboratory using the soil samples taken from the three
sites. A solution of artificial rainwater was prepared with
major cations and anions composition with volume similar
to that of typical Malaysian rainfall data derived from Ma-
laysian Meteorological Department, but without organic
components or particulates.
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Table 1. Profile description and morphological characteristics of the soils

Consistency @

i @
Sites/ Depth, Colour Texture @ Structure (moist, dry) Boundary Remarks
Horizons cm (grade, size, type) -
(moist, dry)
Bachok
Typic Sulfaquent
A 0-15 10YRS5/6 1,¢c0r w, fr ash Abundant coarse sands, very few fine roots
B 15-55 10YR5/8 c 2.m sb w, fr asb Eg\rlzsfme roots, few clay coatings, few fine
Bw 55-150 10YR5/1 ZC 3,¢c,ms fm, s, h gsb Very few fine roots, few yellowish nodules
Cg >150 10YR5/2 ZC 3, ¢, ms fm, s, h cont  Abundant bluish grey nodules (5BG 6/1)
Jelawat
Typic Sulfihemists
Oe 0-20 2.5YR3/2 Lp 11, gr w, vir csb Fl\)/(l)a:ggl medium-fine roots, very few fine
A 20-30 2.5YR3/3 LP 1,for w, vir csh Many medium-fine roots, few fine pores
Bwg 30-45 10YR3/3 ZC 3,¢c,ms fm, s, h gsb Few fine roots, few yellowish nodules
Cg 45-60 10YR3/3 ZCL 3,¢, ms fm, s, h csh Abundant bluish grey nodules (5BG 6/1)
Pasir Putih
Typic Sulfaquept
Ap 0-10 10YR6/1 c 3, m, ps fm. s, h ash fFgotten egg smells, 2.5Y 8/6 mottles, few
ine roots
Bj 10-35 10YRS/1 c 3, m, ps fm. s, h owb I)%Itlé)wmh mottles (2.5Y 8/6), few fine
Bw 35-45 10YR3/3 c 3,c,ms fm. s, h gsb Eg\r/:sfme roots, few clay coatings, few fine
Cg 45-75 10YR3/3 C 3,¢, ms fm, s, h csh Abundant bluish grey nodules (5BG 6/1)

(1) C—clay; ZC —silty clay; ZCL - silty clay loam; LP — loamy peat;

(2) grade: 1 — weak; 2 — moderate; 3 — strong; size: f — fine; m — medium; ¢ — coarse; type: gr — granular; sb — subangular blocky; ps —
prismatic; ms: massive;

(3) moist: w — weak; Iw — lightly weak; fm — firm; s — sticky; dry: fr — friable; vfr — very friable; h — hard;

(4) asb — abrupt smooth boundary; gsb — gradual smooth boundary; csb — clear smooth boundary; cwb — clear wavy boundary; cont — continuous.

Table 2. Chemical properties of the soils in the studied areas

onesl DRty B0 cEr::gL/Aklé K Ca Mg CEC Ext FeAgg;lk;’ Tl 0c. Total's sand  Silt Clay
Bachok
Sulfic Endoaquept
A 0-15 49 014 7.9 123 297 167 100 23 17.6 0.3 13 01 323 122 553
B 15-55 3.8 0.12 6.0 0.83 412 197 9.0 15 19.1 0.2 14 0.3 314 263 423
Bw 55-150 39 0.10 157 088 7.09 215 95 113 142 0.1 33 2.1 95 521 384
Cg >150 42 008 102 096 553 211 124 119 751 0.2 42 2.3 10 574 421
Jelawat
Typic Sulfihemists
Oe 0-20 32 012 162 076 0.68 042 142 108 10.0 0.2 44 2.6 n.a n.a n.a
A 20-30 3.1 017 155 052 045 042 117 104 9.5 0.1 23 3.2 16 512 473
Bwg 3045 31 016 138 056 041 043 93 81 101 08 39 31 49 587 364
Cg 4560 33 018 152 048 050 052 176 9.1 10.3 0.4 46 3.5 n.a n.a n.a
Pasir Putih
Typic Sulfaquept
Ap 0-100 40 034 8.1 135 0.71 054 204 102 144 0.4 39 3.1 3.7 205 758
Bj 10-35 35 042 6.2 137 068 0.7 143 10.1 146 0.2 35 3.2 40 217 743
Bw 3545 31 014 157 106 137 166 201 105 174 0.5 13 3.2 0.7 258 735
Cg 45-75 28 042 321 083 288 205 107 103 17.0 0.3 15 1.7 n.a n.a n.a

*EC — electrical conductivity; CEC — cation exchange capacity; Exc. — exchangeable; Ext. — extractable; Avail. — available; O.C. — organic carbon

The solution was prepared by combining various stock
standard solutions by the method of [20]. The prepared artifi-
cial rainwater solution was then diluted to a final volume of
50 L with distilled water and acidifying with hydrochloric
acid. The composition of the rainwater (umol/l) was Ca®*,

8.29; CI, 36.38; Mg?*, 4.28; NH*, 2.08; NO*, 4.09; K,
13.17; SO4%, 2.84 and Na*, 28.06 respectively [14]. The pH
and electrical conductivity (EC) of the artificial rainwater
were 5.9 and 0.28 dS/m, respectively. Each leaching experi-
ment was performed on duplicate samples of each of the soil
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layers in all three soil profiles packed into polypropylene
columns (10 cm diameter, 10 cm depth). The bottom of each
column was plugged with plastic mesh to aid drainage and a
filter-paper was placed on top of the soil to assist in the dis-
tribution of the leaching solution over the surface. The col-
umns were covered with polyethylene sheeting to prevent
contamination during the course of the experiments. Five
hundred g of air-dried soil sample from each layer was
placed and a volume of 100 ml per day of artificial rainwater
was applied manually to each column, for 12 periods each of
5 days. This corresponds approximately to the application of
average 1 month’s rainfall per 5 days’ period. Leachate was
collected in amber-coloured polypropylene bottles and
pooled for analysis every 5 days. After filtering through a
0.2 um membrane filter (Omnipore membrane; Nihon Mili-
pore, Tokyo, Japan), the volume, redox potential, pH and
conductivity of the leachates were measured. A portion was
stored for the determination of SO.%-, CI- and NO*" by ion
chromatography and the remainder was acidified to 1%
HNO; and stored at 4°C prior to determination of Zn, Cu,
Mn, Pb and As.

2.4. Laboratory analyses

2.4.1. Chemical analyses

Soil pH was determined in distilled water using soil to so-
lution ratio of 1:2.5. pH KCI was determined after extracting
the soil with 1:40 1M KCI solution. Electrical Conductivity
(EC) was carried out using saturated paste. Cation Exchange
Capacity (CEC) was determined by 1 M NH4OAc solution
buffered at pH 7 [21]. Exchangeable Al was extracted by
1 M KCI and the Al in the solution was determined by AAS.
Total carbon (TC) was analyzed by the dry combustion
method using a CNS analyzer. Total N was determined by
the Kjeldahl method and available P was extracted with a
mixture of HCI and NH4F [22]. Titratable actual acidity
(TAA) was determined by the method of [23]. This was done
by titration of 1M KCI extracted soil solution to pH 6.5 using
standardized 0.5 M NaOH solutions. Total S was determined
by combustion method using CNS analyser and pyrite con-
tent was determined by the method of [24]. The pyrite con-
tent was calculated based on the difference between pyritic-
Fe and non-pyritic Fe in the soil samples after digestion.
About 2 g of soils were digested with 6 ml concentrated HCI
before being left overnight after which 23 ml distilled water
were added for both pyritic and non-pyritic Fe determination.
The next day, samples for non-pyritic Fe were boiled for
about an hour before the tube was made up to 75 ml with
1:10 HCI, while the other samples were added with 25 ml of
3N HNOs3 and were made up to 75 ml by adding 2 N HNO3
while boiling for 30 minutes. Both sets of samples were
filtered with Whatman No. 2 filter paper before subjecting to
Fe measurement by ICP-AES.

Chloride (CI), nitrate (NO*") and sulfate (SO4*) ions in
the leachates and the drainage water samples were measured
using ion chromatography (882 Compact IC Plus 1); Metho-
rhom, Switzerland). The eluent was 3.2 mmol/L Na,COs;
1.0 mmol/L NaHCO; at a flow rate of 0.6 mL/min. Calibrant
solutions for ion chromatography were prepared by dissolu-
tion of sodium chloride, sodium nitrate and sodium sul-
phate of analytical reagents grade from Merck. Aluminium,
Fe, As, Cd, Cr, Cu, Mn, Ni, Zn and Pb in the leachates and
water samples were determined by ICP. Calibrant solutions
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for ICP were prepared by serial dilution of 1000 mg Spec-
trosol solutions of the appropriate elements (Merck, Lut-
terworth, UK) with the artificial rainwater. The geochemi-
cal speciation for the drainage water was carried out using
GEOCHEM-EZ software [25].

2.4.2. Statistical analysis

Significant differences in the mean values of leachates
parameters between the three sites were evaluated by one-
way ANOVA for repeated measurement using Microsoft
Excel Stat for Windows. The relationships of trace metals
and properties of leachate were evaluated by Spearman
Rank correlation.

3. Results and discussion

3.1. Pyrite content and acidity in the soils

Results of the study showed that the soil samples in
Bachok area had pHKCI ranging from 3.2 to 4.5 (Table 3).

Table 3. Pyrite content and acidity status of the soils in the stu-

died area
. N Pyrite, "TAA, Total S,
Site Depth,cm  “pHka y% cmol Hkg %
Bachok 0-15(sandy 45 g9 28 0.1
mineral soil)
. 15-55 (sandy
(Undrained) mineral soil) 4.2 0.00 6.4 0.3
55-150
(clay soil) 3.3 1.71 8.8 2.1
>10 35 081 93 23
(clay soil)
*SGU 0-20 . 3.2 0.96 16.0 2.6
(peat soil)
(Drained) ~ 2030(Peaty 5, 46 149 3.2
mineral soil)
30-45 31  3.08 17.7 3.1
(clay soil)
45-60 33 225 175 35
(clay soil)
Tok Bali 0-10 33 139 232 3.1
(clay soil)
(Undrained) 1935 29 631 25 32
(clay soil)
3545 33 101 88 3.2
(clay soil)
45-75 35 1.21 8.2 1.7
(clay soil)

*SGU - Saliran Gelam Utama; TAA — Titratable actual acidity;
pHkci — pH in 1M KCI

The pH was lower in the subsoil compared to that of the
topsoil, which was consistent with the increasing total actual
acidity (TAA) down the soil profiles. The TAA increased
from 2.8 to 9.3 from topsoil to the bottom, showing an in-
creasing trend with depth. It was observed that pyrite was
mostly concentrated in the subsoil with value between 0.8
and 1.7% and hence total S (mostly from pyrite) was mainly
present in that zone, with values ranging from 2.1 to 2.3%.
The topsoil in Bachok area did not contain any pyrite or
jarosite mottles in the upper 100 cm depth. Pyrite was only
found to occur below this depth. The topsoil was rather
sandy with clay content increasing with depth (Table 2). It is
believed that the continuous deposition of the fluvial materi-
als on the top of the pyrite-bearing sediments during flood
seasons since time immemorial had resulted in the current
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morphological features of the soil profiles. Agriculturally,
this area can sustain crop production as the pyritic layer is
always below the water table, except during extreme dry
condition which seldom occurs in the area.

In the SGU area, the topsoil contained peaty materials
and at some sampling points, they were mixed with clayey
materials. This area was mapped as peat soils [26] and under
the Malaysian System of Soil Classification it can be named
as Nipis Series [27]. Based on our data, the soils can be tax-
onomically classified as Typic Sulfihemists [28]. We found
that the pHKCI of the soils in the SGU ranged from 3.1 to
3.3, indicating extreme acidic condition throughout the soil
profiles. This acidity might have been generated by the peaty
materials in combination with pyrite oxidation during the dry
months of the year when the water table dropped. During the
survey and soil sampling, pyrite was found to be abundant in
the subsoil, starting from 20 to 45 cm depth. The pyrite per-
centage was very high in these sulfidic horizons, especially at
the 30-45 cm depth, with value exceeding 3% (Table 3).

The topsoil in Tok Bali area contained yellowish jarosite
mottles and the soil emitted bad odour during the sampling
time. This phenomenon had already been mentioned in the
paper written by [18], as the sign of pyrite disintegration into
jarosite. Determination of the pyrite content showed that the top
10 cm of the soil profile contained as much as 1.4% pyrite and
this amount increased up to 6.3% at 35 cm depth (Table 3).

The lower content of pyrite in the top-compared to that of
the subsoil was due to its oxidation on exposure to the atmos-
pheric conditions. The values obtained by this study are con-
sistent with those of the acid sulfate soils elsewhere in the
country as reported by [4]. Because of the presence of extreme
acidity and too much Al and/or Fe in the soils, rice growth was
seriously affected. Rice grows healthily if water in the field has
pH of about 6 and Al and/or Fe concentration of <20 uM [3].
The acid sulfate soils in Tok Bali area cannot be used for sus-
tainable rice cultivation without proper ameliorative program;
hence, currently most of the rice field are abandoned.

3.2. pH, EC and redox potential of the leachates

The leachates pH showed increasing trend from 12 batch-
es collections throughout the experiment for all the soil lay-
ers (Fig. 2). The pHs increased gradually from 30 cm depth
downwards, while for the above two layers, the pHs in-
creased abruptly starting from 4.1 to 4.6 at 4th batch and 3.8
to 4.4 at 6th batch for the second and first layer, respectively.
The high amount of organic matter in the peat layer could
have supplied bonding sites for AI** and H* in the soils up to
these times, after which the pH increased quickly due to
lower rate of leaching of these acidic species after a series of
extreme flushing during the first 4 batches. However, the
organic topsoil tended to show lower trend of pH values
across the leaching experiment even after the pH increased at
batch 6 as compared to the second soil layer which slowly
joined the other two layers after a sharp pH increase at batch
4. The plausible reason could be the organic acids contribu-
tion towards the persistent acidity in the layer. Electrical
conductivity (EC) of the leachates from all soil layers de-
creased from one leaching batch to another, indicating solu-
ble ions that were leached out. The EC ranged from 0.31 to
1.22 dS m and the similar changes occurred for pH during
the first six collections for both two upper layers. Redox
potential of the leachate ranged from 234 to 372 mV, which
was consistent with the findings of [29].
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Figure 2. Properties of the leachates: (a) pH; (b) EC; (c) redox
potential

3.3. The concentration of Al and Fe in the leachates

In Figure 3, the downward arrow denotes the number of
leaching batches carried out for each sample. The mean con-
centrations of Al and Fe were 0.36 and 0.51, 0.81 and 0.70,
0.35 and 0.49 cmolc kg for soils in Bachok area, SGU and
Tok Bali, respectively. Generally, the concentration of Al
and Fe decreased from the first leachate collection to the end
of experiment. The Al concentration ranged from 0.06 to
0.98, 0.34 to 1.24 and 0.11 to 1.08 cmolc-kg* in Bachok,
SGU and Tok Bali, respectively, while the Fe concentration
ranged from 0.11 to 1.08, 0.12 to 1.8 and 0.05 to 1.88
cmolc-kg™. These wide ranges between leached amount of
Al and Fe were particularly an effect of different soil textural
classes that present in the soil profiles. The Al and Fe in the
samples from SGU showed significantly (p <0.05) higher
concentration in all horizons as compared to the other two
sites and t-test showed the concentration of Al and Fe was in
the order of SGU > Tok Bali = Bachok. The amount of Al
and Fe leached out from the upper two layers of SGU
showed increasing trend from early to mid-leaching period
and then dropped down towards the end, but the leached
amount were still high even though the leaching study ap-
proached the end. Similar leaching trends of Al and Fe were
found from the earlier studies on acid sulafte soils in Thai-
land [29] and Indonesia [30]. On average, the amount of Al
and Fe that have been leached out from this study were 5 and
8%, 6 and 7.3%, 3 and 5% from the total concentrations
present in the soils of Bachok, SGU and Tok Bali, respec-
tively. However, these amount of leached Al and Fe were
calculated from cumulative 60 days’ time of leaching and
taken from only 500 g of soil samples from each soil layer.
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Figure 3. Concentration of Al and Fe in the leachates

Hence, the field leaching activities could be assumed to
happen to a greater extent, due to extensive wet-dry condi-
tions and higher precipitation. Thus, this leaching percentage
was somehow showing an insight of the leaching phenome-

non in the field and could be a reference value for future
management strategies.

The pyrite concentration was higher in the soils of Tok
Bali, whereas the leaching of Al and Fe was found to be
higher in SGU. This was due to the drainage programmes in
SGU where the pyritic topsoil was exposed to oxidation.
Then, the leaching would easily flush out the Al and Fe from
the soil colloids mixed with peat soils. Similar results were
observed by [31]; the organic acids from peat and acidic
chemical species from acid sulfate soils might have reacted
with the organic matter as well as soil minerals to release Al
and Fe, particularly from tropical areas where conditions
were favourable for weathering.

3.4. The concentration of anions in the leachates

This study found that SO4>~ ions were leached abundantly
from the soils from the three sites, especially from the sul-
fidic layers with different leaching patterns (Fig. 4). Soils
from Bachok area showed an increasing amount of leached
S04% and NO* going down the soil profile, with an average
of 50.3 and 22.2 mg/l of SO4* and NO®*, respectively. The
highest leached amount of SO4? was collected from layer 4
with maximum value of 103.9 mg/l and the concentration
decreased over time up to the last batch where the leached
amount was equal to the amount added in the ARW.
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Figure 4. Concentration of anions in the leachates (mg/l): (a) SO4*; (b) NOs~; (c) CI-
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Soil layers from SGU released significantly higher
amount of SO4% (p < 0.05) than the other two profiles and
the surface organic rich soil mixed with pyrite dominated
the leachates throughout the twelve 5-days leaching collec-
tions, with an average of 86.6 mg/l of SO4* and ranged
between 13 and 204 mg/l. Soils in Tok Bali tended to re-
lease relatively high amount of SO4%>-, CI- and NO®* ions at
the beginning of leaching and then the amount leached
started to remain constant from the fifth batch towards the
end. The third and bottom layer of Tok Bali soils released
279 and 248 mg/l of SO4> during the first leachate collec-
tion, followed by a sharp drop in the second batch.

The SO concentrations in the leachate tended to fol-
low the concentration and position of pyrite in the soil
profiles. For SGU and Tok Bali soils, pyrite was concen-
trated in the upper horizons, where the concentrations of
S0.% were high. On the other hand, the condition was the
opposite for the soils in Bachok area. The disintegration of
pyrite in the surface layers of SGU and Tok Bali soils
released higher amount of SO,% due to pyrite oxidation.
This oxidation; however, did not occur in the pyritic bot-
tom horizons of Tok Bali soils. Hence, the SO4%> ions were
in negligible amounts.

3.5. Trace metals in the leachates

Besides acidic and anionic species, the oxidation of pyrite
and the subsequent reactions of the products with minerals in
the soils would release significant amount of trace metals
into the environment. For the current study, the concentra-
tions and correlation of metals in leachate samples with pH
and their ratio according to the Malaysian standard of
groundwater quality set by Malaysian Ministry of Health are
shown in Table 4. The concentrations of Al, Cr, Cu, Fe, Mn
and Zn showed significantly (p = 0.05) strong negative corre-
lation with pH. Big ranges with more than a hundred folds
difference were observed in the concentrations of Al, As, Fe,
Mn, Ni, Zn and NO*. All elements measured were within
the range of Malaysian standard of Ground Water Quality,
except for the concentration of Al, As, Fe, Mn and EC of the
leachates that exceeded the benchmark level by 17.6, 1.2,
38.5, 1.6 and 40 folds, respectively. According to [32], in-
crease in heavy metal concentrations often created health
risks for aquatic environments because of toxicity, bio-
accumulation and persistence of these metals. This is exactly
the situations in the SGU area, where no fishes or any aquatic
organisms were observed in the rivers and waterways during
soil/water samplings.

Table 4. Leachate properties of the soils in the Kelantan Plains

KP Concentration (mg/l)

Element - - CorrS(pH) MS* KP median/MS
median max min
Al 3523.6 16490 65.1 -0.76 200 17.6
As 11.7 31 0.1 -0.44 10 1.2
B 1135 618 9.9 -0.69 500 0.2
Cd 0.6 2 0.2 -0.59 3 0.2
Cr 0.6 3 0.1 -0.86 50 0.1
Cu 104 49 0.6 -0.82 1000 0.01
Fe 11541.3 94200 500 -0.94 300 38.5
Mn 162.5 291 2.3 -0.82 100 1.6
Ni 1.7 17 0.1 -0.07 20 0.09
Pb 3.2 18 0.3 -0.70 10 0.3
Zn 335 220 0.7 -0.92 3000 0.01
Nitrate 4213.8 32970.3 203.3 -0.03 10000 0.4
Sulfate 50775.9 200895 5780.6 -0.08 250000 0.2
Chloride 29246.8 94874.1 7402 0.30 250000 0.1
EC (dS/m) 0.4 1.01 0.21 0.73 0.01 40
pH 3.8 5.2 3.2 6.5-9.0

*MS — Malaysian standard based on National Groundwater Quality Standard (KKM, 2000); KP — Kelantan Plains

The concentration of As in the leachates for the soils of
Bachok showed the same trend as that of the leaching of Mn
where the highest release was observed from the lowermost
zone of the profile and it decreased upwards (Fig. 5). The
mean concentrations of leached As and Mn in Bachok from
the lowest horizon to the topsoil were 17.6, 13.4, 11.13, 6.9
and 65, 45.4, 24 and 20.6 pg/l, respectively. This was con-
sistent with the soil textural class, where the topsoil was
rather sandy, while the bottom layers were more clayey.
Thus, leaching might have occurred extensively in the field
especially for the sandy topsoil. For the soils in the SGU area,
the concentration of leached As was higher in the subsoil
(layer 2 and layer 3) compared to that of the topsoil. The
organic topsoil (layer 1) had the lowest As concentration with
mean value of 9.05 pg/l. This possibly was attributed to the
low prevailing As concentration in the organic soils, or its
strong binding with the solid phase of the organic matter as
suggested by [33] and [34]. Generally, the leached concentra-
tions of As from the soils in Bachok, SGU and Tok Bali were
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about 3.2, 7 and 5%, respectively. The highest percentage of
As leaching from SGU was particularly related to the higher
amount of pyrite within most layers of the soils (Table 3) as
well as due to the drainage programmes in that areas. Based
on these leaching patterns, it was reasonable to say that there
would be lower risk of As leaching from the peaty acid sulfate
soils as compared to those acid sulfate soils without peat.

The leaching of Mn, however, did not show any trend
where its respective mean concentration with depth was of
49.6, 53.4, 54.0 and 30.3 ng/l, from the top to the lowest
layer. The leachates for the soils from Tok Bali followed the
same pattern as that of As and Mn released by the soils from
SGU area, although the concentration dropped drastically
after batch 6 and batch 2, respectively. Note that the acid
sulfate soils in SGU and Tok Bali areas were clayey in na-
ture. We believed that these fine-grained sediments could be
significant binding sites for the trace metals. This notion is in
line with the findings of [35] who discovered that clay parti-
cles had strong relation with the soil metals like As and Mn.
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Figure 5. The concentration of metals in the leachates: (a) As; (b) Mn

3.6. The chemical properties of the waterways

The water samples and ionic species data were compared
with those of the National Water Quality Standard (NWQS)
for surface water set by Department of Environment, Malay-
sia [36] (Table 5). The pH and EC of the water samples were
within the range of the standard set for surface water class Il,
111 and IV. However, the chemical species in the water were
high enough that it can no longer be classified as water
sources class Il and 11, which can be treated for domestic

uses. High concentration of Al and Fe in the water together
with the extremely low pH made the waterways unsuitable
for any aquatic organisms. The only living things found in
the waterways were the acid tolerant plant species, like Eleo-
charis dulcis and “benta” grass (Fig. 6).

Based on these concentrations of metals and anions, the
water quality falls into class V, where it cannot be used,
either for domestic use after treatment or even for irrigation
purposes.

Table 5. lonic species and trace metal contents in the waterways of the acid sulphate soils

Samples pH EC,dS/m Al,mg/l Fe,mg/l. Mn,mg/l  Zn,mg/l As,mg/l. NOz,mg/l S04, mg/l Water class
w1 5.6 0.7 18.2 23 0.7 0.5 0.2 45 22 Class V
W2 5.2 0.8 95 19 0.2 1.2 0.5 11.3 8.1 Class V
W3 5.2 14 25.3 21 0.2 0.9 0.2 34 15.2 Class V
MS? 6-9 1.0 0.05 1 0.1 5.0 0.05 7.0 250
MSP 5-9 1.0 0.05 1 0.1 0.4 0.05 0.0 0
Ms¢ 5-9 6.0 0.5 5 0.2 2.0 0.1 5.0 0
MS¢ <5 >6 >0.5 >5 >0.2 >2 >0.1 >5 >0.01

MS — National Water Quality Standards for surface water (DOE, 2012); a — Class Il (need conventional treatment); b — Class I11 (need ex-
tensive treatment); ¢ — Class 1V (for irrigation use); d — Class V (none of the above)

(b)

Figure 6. Iron-stained waterways in the studied area (a); acid-
tolerant plant species growing in the drains of the acid
sulfate soil area (b)

3.7. Water in the drainage canals of the
Kelantan Plains in comparison with others

The chemical properties of the water in the drainage ca-
nals in the Kelantan Plains were compared with those of
Indonesia and Vietnam (Table 6). Most of the studies in the
two countries were concerned with acidic chemical species
with a few focused on the release of trace metals. The pH of
the water in the drainage canals of the Kelantan Plains was
2.8, which was among the lowest in ASEAN. This very low
pH was also reported for the water of the drainage canals in
the acid sulfate soils of the Mekong Delta, Vietnam [29].
Consistent with the very low pH, the concentration of Al and
Fe as well as EC of the water in the Kelantan Plains was
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higher than the other drainage canals compared in this study.
This indicates that the properties of the water in the drainage
canals of the Kelantan Plains were significantly governed by
the acidic species, particularly the Al and/or Fe. Regardless
of the high amount of cationic species, the concentration of
anions, like SO4%, CI- and NO3- was comparable to those of
the Kalimantan, Indonesia as reported by [37] and [38]. It
was found that the As concentration in the water of the ca-
nals of the Kelantan Plains was three times higher than that
of the Mekong Delta studied by [39]. However, it was not the
case for the concentrations of Mn and Zn.

The geochemical speciation model shows that in the
drainage canals of the Kelantan Plains, under such low pHs
(2.8-4.6), all the elements measured present in water-soluble

forms, except for Al which forms some precipitate (53-65%)
with OH~ and SO.%. In SGU, where drainage canals were
subdivided into primary, secondary and tertiary, the amount
of dissolved elements correspond well to the dilution and
convergence with receiving waterways after drainage canals
end. In the primary canals, where the pH was found to be the
lowest among all, there was about 46% dissolved Al. From
this amount, 18% was in the form of free metal and the rest
existed in complexes. While these canals contain rather high
dissolved Al content, its activity also may reach up to 55 uM,
which is detrimental to most plants and aquatic organisms. In
the secondary and tertiary canals, the dissolved Al decreased
to 35 and 5%, respectively.

Table 6. Comparison of water in the drainage canals of the studied area with that of the other ASEAN countries

EC, Al, Fe S04%, CI, NOs-, As,

B

Cd Cr Cu Mn, Ni, Pb, Zn,

PH 4sim mgll mg/l mgd  mgll mg/  mg/l mgl mg mgd mgl mg/d  mgl  mgl  mgl  SoUes
28 140 138 82 23 17 3 95 72 04 07 104 215 004 13 43 RO
56 0.06 0.5 5.8 1.15 3.6 5.1 nd. nd. nd nd nd nd nd nd nd R!
75 120 32 36 nd 70 05 31 nd 01 61 35 738 31 nd 102 R?
28 020 10.0 n.d. 10 4.0 0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. R3
32 040 99 17 106 455 06 nd. nd nd nd nd 003 nd nd nd R

n.d. — not determined; R°

— this study; R — Markus and Djadja, 2013 (Kalimantan, Indonesia); R?

— Gert-jan wilbers, 2014 (Mekong,

Vietnam); R® — Kawahigashi, 2012 (Mekong, Vietnam); R* — Markus, 2009 (Kalimantan, Indonesia)

3.8. Draining acid sulfate soils and
its implication to the environment

The results from this study suggested draining of acid
sulfate soils in the Kelantan Plains, particularly the SGU
area, is not a good idea. It would certainly cause environmen-
tal degradation that affects crop production and aquatic lives.
The agricultural lands and waterways had also suffered from
existence of high amounts of acidity and Al that curtailed the
growth of rice. The only living thing that survived the severe
acidity is acid-tolerant plant species (Fig. 6). Due to high
amount of Fe released by the oxidation of pyrite, iron stain-
ing is very common in the rivers and waterways in the area.
The high concentration of Al and Fe in the streams and other
water sources leads to rust formation (Fig. 7), affecting struc-
tures as well as the people’s daily lives.

(b)

Figure 7. Rust formed on the iron pipe (a); rust formed on the
galvanized pipes (b)

The quality of water source in the area under study be-
comes the most concern aspect of the farming communities
in the area. Besides rusts and acidity, the presence of trace
metals in the water sources could indirectly affect human
health. Arsenic and Mn present in the waterways surrounding
the SGU area could contaminate water used for domestic
purposes. Drinking water containing high amount of trace
metals may cause several health hazards/problems in human,
including shortness of breath and various types of can-
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cers [40]. These findings have to be taken into consideration
by the powers-that-be if the areas under acid sulfate soils in
the Kelantan Plains are going to be opened for development.

4. Conclusions

Acid sulfate soils are common in the coastal plains of Ke-
lantan, Peninsular Malaysia. When the area was developed
for agriculture, pyrite in the sediments was oxidized, result-
ing in the release high acidity and toxic level of Al and/or Fe
into the environment. Results of the field study showed that
pyrite in the soils of the plain occurred (concentrated) at
various depths: Below 1 m in Bachok area (north) and in the
topsoil in Tok Bali (south). For the soils in the forest reserve
(middle), it was at 20-60 cm depth. The highest pyrite con-
tent of 6.3% was recorded in the subsoil of the south region.
It is believed that the depth at which pyrite layer occurs in
the soils has important implication on the land quality and
crop production. Opening the land in the middle and south-
ern parts of the Kelantan Plains for development had been
found to result in pyrite oxidation that released high amount
of acidity and toxic metals (Al and Fe) as well as trace ele-
ments into the soils and waterways, which was confirmed by
the results of the leaching experiment in the laboratory. Most
of the acidity has been released at the beginning of the leach-
ing experiment, indicating that in the field situation the oxi-
dation of pyrite occurs immediately after the area is drained.
High amount of Al and Fe were found in the leachate, con-
sistent with their high concentration in the soils that affect
crops and aquatic life. This is made worse by the presence of
some trace metals in the soil solution and waterways which
are potentially toxic to human being.
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AHaJIi3 BUX0y KUCJIOT i MeTaJIiB B pe3yJIbTaTi oCylIeHHsI
cipyacTo-KHCIOTHHX IPYHTIB y paiioHi KejanTancbkux piBHuH, Manaii3is

M.C.K. Enio, 0. llammyaxin, Y.1. @aysis, M.X.A. XycHi, K.A. ITaaxsap

Merta. BusHaueHHs BUXOIY KHCJIOT 1 TOKCHYHUX METAJIB 3 CipUacTO-KHCIOTHUX IPYHTIB Y pe3yJbTaTi OKHCIEHHA MpUTYy B paiioni Ke-
JIAHTAHCHKUX PIBHUH.

MeTtoaunka. [lociiPKeHHsS] IPOBOAMINCS B HATYPHHX 1 7a00paTOPHUX yMOBaX i3 BUKOPHCTaHHSIM KOJIOHH BHJIyTOBYBAHHS TSI BUMIpIO-
BaHHS PIBHS KHCIOTHOCTI Ta IIPUCYTHOCTI METAJIB y CipYacTO-KHCIOTHHUX IPYHTAX.

Pe3yabTaTn. 3adikcoBaHo, 0 y MBIEHHOMY PerioHi HaHOLTBII BUCOKHH BMICT mmiputy (6.3%) B mapi miarpyHTs. PiBeHb KHCIOTHOCTI
OyB jy»e BUCOKHIA (23.2 kmMoJb H*/KT) B rpyHTaX MiBACHHOTO paiiloHy, [Ic Y BEPXHIX [Iapax IPYHTY 3yCTPiUaeThCs IPO3UT. BCTaHOBIICHO, 110
HIpUT y TPYHTaX piBHUHU KOHIIEHTPYETHCSA Ha PI3HUX IMUOMHAX: HIDKYe 1| M B paiioni badok (miBHIY) 1 y BepxHbOMY miapi B Tok bami (miB-
JICHB), JUTS IPYHTIB B JlicoBoMy 3amoBigHuky — 20-60 cMm. BusiBneHo, 1110 BuXij 34e01IbIIOr0 KUCIOT CIOCTEpiraBcsi Ha MoYaTky JiabopaTop-
HOTO €KCIIEPUMEHTY 3 BUIIyTOBYBAaHH:, IO BKa3yBaJlo Ha Te, N[0 B pealbHUX HAaTYpHUX YMOBAX OKHMCIICHHS MipUTy BigOyBaeThCs BiApasy
TCIISL OCYIIEHHS TepPUTOPil.

HayxoBa HoBHM3HA. ExcriepiMeHTaIbHO TOBEICHO, IIO SIKICTh IPYHTY Ta BPOXAI0 HAa TEPUTOPIl 3HAYHOIO MipOI0 BH3HAYAIOThCS TIIHOH-
HOIO 3aJISTaHHsI MIPHUTY B IPYHTI. Y IPEHa)KHUX BOJAX BUSBJICHO BHCOKHIT BMicT amoMiHito (0.36-0.81 kmous/kr) i 3ammiza (0.35-0.70 kmous/kr).

IIpakTnyHa 3HAYNMicTh. BUKOpPHCTaHHS YacTHHH CipYacTO-KUCIOTHUX IPYHTIB UL CUIBCBKOTOCIIOAAPCHKUX HOTPEeO MPHU3BENO 10 3a-
KUCJICHHS BiIKIAJCHb HIPUTY W MiIBUILEHHS KHUCJIOTHOCTI IPYHTIB, a TaKOX IO iX TOKCHYHOTO 3a0pyIHEHHS, 1[0 HEraTHBHO BIUIMBAE HA
Bpoxaii, ¢puopy 1 payny. OTpumaHi MOKa3HUKU 3a0pYIHEHHS IPYHTIB JO3BOJATH PO3POOHUTH €PEKTUBHI 3aX0H MO0 MPOTUMIT 3aKHCICHHS
Ta TOKCHYHOTO BILIUBY.

Kntrouogi cnosa: : cipuacmo-kuciomui ipyHmu, apo3um, nipum, KUCIOMHICMb IPYHMY, MOKCUYHT Memanu, CLiou Memanie

AHaJIN3 BBIX0/1a KHCJIOT H METAJLI0B B Pe3yJIbTaTe OCyLIeHUs
CEPHHMCTO-KUCJIOTHBIX N04YB B paiioHe Kenantanckux papuun, Manaiizus

M.C.K. Duno, 0. Hlammygnun, Y.U. @aysusa, M. X.A. Xycan, K.A. [Taaxsap

Lean. Onpexenenne BEIX0AA KUCIOT U TOKCHYHBIX METAJUIOB U3 CEPHUCTO-KHCIOTHBIX IIOYB B Pe3yJIbTaTe OKHCICHHS IUPUTA B palioHe
Kenanranckux paBHHH.

MeTtoauka. VccenoBanrue NpoOBOAMINCE B HATYPHBIX U JIAOOPATOPHBIX YCIOBUSX C HCIIOJIb30BAHHEM KOJOHHBI BBINIETAYHBAHUS IS
HU3MEPEHUs YPOBHS KHCIOTHOCTH U IIPUCYTCTBHS METANIOB B CEPHUCTO-KHUCIOTHBIX MOYBAX.

Pe3yabTaThl. 3adUKCHPOBAHO, UTO B I0XKHOM PETHOHE Hanboee BEICOKOE coiepKaHue nmupuTa (6.3%) B HOAIOYBEHHOM ClIo€. YPOBEHb
KHCIOTHOCTH ObLT BechbMa BBICOK (23.2 kmMonbp HY/Kr) B mouBax [0KHOTO paifoHa, TI€ B BEPXHHX CIOSX MMOYBBI BCTPEUACTCSI APO3UT. Y CTa-
HOBJIEHO, YTO IIMPHUT B TI0YBAX PAaBHUHBI KOHLIIEHTPUPYETCS HA Pa3HbIX TTyOnHaxX: HIbKe 1 M B paifone badok (ceBep) u B BepxHeM cioe B Tok
banu (ror), nuist mouB B iecHOM 3anoBenHuke — 20-60 cM. BrisiBieHo, 4TO BBIXO]] OONBIIEH YacTH KUCIOT HAOMIoAaNCs B Hadale J1abopaTop-
HOTO 3KCIIEPUMEHTa I10 BBIIIENAYNBAHUIO, YTO YKa3bIBAJIO HA TO, YTO B PEANBHBIX HATYPHBIX YCIOBHAX OKUCICHHE IMHPHTA IPOHCXOIUT
cpasy HocJe OCyIICHHs TePPHTOPHH.

Hayunast HoBH3Ha. DKCIIEPUMEHTAIBHO JI0Ka3aHO, YTO Ka4eCTBO MOYBHI M ypOXkasi Ha TEPPUTOPUH B 3HAUUTEIILHOW Mepe ONpeaesoT-
cs1 TITyOWHOH 3aJleTaHusl MUPUTA B TT0UBE. B MpeHaKHBIX BoJax 00HApYKeHO BBICOKOE coneprkanue amoMuHaus (0.36-0.81 kMOIB/KT) 1 kene-
3a (0.35-0.70 xMoMNB/KT).

IIpakTHyeckasi 3HAYMMOCTb. VICIIOIB30BaHNE YaCTH CEPHUCTO-KHUCIOTHBIX MOYB IS CETbCKOXO3SMCTBEHHBIX HYKI NMPUBEIIO K 3aKHC-
JICHHIO OTJIOXKEHMH MHPUTA W MOBBIMICHHUIO KUCIOTHOCTH TI0YB, @ TAKXKE K MX TOKCHIECKOMY 3arpsi3HEHHIO, YTO HETaTHBHO BIIUSET Ha ypo-
xKal, ¢aopy u dayny. [TonydeHHBIe TOKa3aTeNy 3arpsi3HEHMsT OYB MO3BOJAT pa3padorarh 3(GdEeKTUBHBIE MEPOIPHATHS MO MPOTHBOICH-
CTBHIO 3aKUCJICHHUIO M TOKCHYECKOMY BO3ZCHCTBHIO.

Knioueswie cnosa: ceprucmo-kuciommvie Nou8bl, ApO3UM, NUPUm, KUCIOMHOCMb HOY8bI, MOKCUUHbIE MEMAILIbl, Cedbl MEMAN08
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