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Abstract Ultramafic rocks and their related soils (i.e.,
serpentine soils) are non-anthropogenic sources of metal
contamination. Elevated concentrations of metals re-
leased from these soils into the surrounding areas and
groundwater have ecological-, agricultural-, and human
health-related consequences. Here we report the geo-
chemistry of four different serpentine soil localities in
Sri Lanka by coupling interpretations garnered from
physicochemical properties and chemical extractions.
Both Ni and Mn demonstrate appreciable release in
water from the Ussangoda soils compared to the other
three localities, with Ni and Mnmetal release increasing
with increasing ionic strengths at all sites. Sequential
extraction experiments, utilized to identify “elemental
pools,” indicate that Mn is mainly associated with
oxides/(oxy)hydroxides, whereas Ni and Cr are bound
in silicates and spinels. Nickel was the most bioavailable
metal compared to Mn and Cr in all four soils, with the
highest value observed in the Ussangoda soil at 168±
6.40 mg kg−1 via the 0.01-M CaCl2 extraction.

Although Mn is dominantly bound in oxides/
(oxy)hydroxides, Mn is widely dispersed with concen-
trat ions reaching as high as 391 mg kg−1

(Yudhaganawa) in the organic fraction and 49 mg kg−1

(Ussangoda) in the exchangeable fraction. Despite Cr
being primarily retained in the residual fraction, the
second largest pool of Cr was in the organic matter
fraction (693 mg kg−1 in the Yudhaganawa soil).
Overall, our results support that serpentine soils in Sri
Lanka offer a highly labile source of metals to the
critical zone.

Keywords Chemical extractions . Natural attenuation .
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Introduction

Metamorphosed ultramafic rocks are distributed world-
wide and are commonly associated with ophiolite com-
plexes (Coleman and Jove 1992; Coleman 1977;
Harrison and Rajakaruna 2011). Serpentinites, compo-
sitionally ultramafic rocks, form through the subduction
and alteration of peridotite and pyroxenite along con-
vergent plate margins (Coleman and Jove 1992; Oze
et al. 2004a; O’Hanley 1996). Serpentinites and related
serpentine soils comprise less than 1 % of the Earth’s
total exposed surface; however, they contribute greatly
to generating and maintaining biodiversity (Harrison
and Rajakaruna 2011). Initially, the process of
serpentinization occurs as peridotite and pyroxenite
rocks [i.e., rocks dominantly composed of Fe- and
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Mg-rich silicate minerals such as olivine ((Mg, Fe2+)2
[Si2O4]) and pyroxene (XY(Si, Al)2O)] are altered by
hydrothermal fluids and incorporated into subduction-
related mélange (Gough et al. 1989; O’Hanley 1996;
Oze et al. 2004a; Coleman 1977). Hydration of pyrox-
ene and olivine forms the serpentine group of minerals
(i.e., lizardite, chrysotile, and antigorite) from which
these rocks and soils derive their names.

Serpentinite rocks are enriched with Cr, Co, and Ni
and have the potential to adversely impact environmen-
tal and human health once metal ions are mobilized into
soil, water, and dust by weathering (Alves et al. 2011;
Rajapaksha et al. 2012; Cheng et al. 2011). Nickel and
Cr(III) can substitute for Mg or Fe in octahedral sites in
olivine and pyroxene in peridotites and in the serpentine
group of minerals (Oze et al. 2004b). Since pyroxene
and olivine in peridotite weather more quickly than
serpentine minerals (Alexander 2004), the lability of
Ni and Cr in rocks and soils derived from ultramafic
sources may be a function of the degree of
serpentinization. Chromium is mostly found in spinel
minerals as chromian magnetite, chromite, and other
mixed-composition spinels containing Al, Cr, Mg, and
Fe (Oze et al. 2004b).

Weathering and other pedogenic processes form
serpentine soils, a generic term used to describe any
soil derived from serpentinite and other ultramafic
rocks regardless of its physical or chemical proper-
ties (Oze 2003). Serpentine soils are generally char-
acterized by: (1) low concentrations of plant nutri-
ents such as N, P, and K; (2) high concentrations of
biologically toxic elements including Ni, Co, and
Cr; (3) Ca/Mg quotients≪1; (4) low water holding
capacity due to the rocky, shallow, and often ex-
posed nature of the outcrops; and (5) distinct biota,
particularly plants, often endemic to such soils
(Brooks 1987; Harris and Rajakaruna 2009; Oze
et al. 2008).

Ultramafic rocks and soils are widely but patchily
distributed on Earth; they are found on every continent
and in every major biome (Harrison and Kruckeberg
2008). Serpentine outcrops on some continents
(Australia, Europe, North America) are relatively well-
studied, but those in many other areas (Asia, Africa,
Central and South America) are relatively unexplored
(Boyd et al. 2009). Studies to date show that in many
areas of the world serpentine outcrops harbor vegetation
distinct from that of adjacent areas, often characterized

by high endemism and rarity (Brooks 1987; Harrison
and Rajakaruna 2011; Rajakaruna et al. 2009).

Geochemical studies on serpentinites and serpentine
soils have mostly focused on Cr (Armienta et al. 1996;
Becquer et al. 2003; Camachoa and Armientac 2000;
Cheng et al. 2011; Gough et al. 1989; Oze et al. 2004a,
b). Nickel has also received some attention (Amir and
Pineau 2003; Alves et al. 2011; Cheng et al. 2011;
Proctor and Baker 1994; Rajapaksha et al. 2012).
However, not many studies have focused on serpentines
in tropical regions where weathering rates are typically
high due to high annual rainfall and temperature. In Sri
Lanka, a continental island in the equatorial belt, several
serpentine outcrops are present (Dissanayaka 1982).
The serpentine outcrops in Sri Lanka have received
some attention by botanists (Rajakaruna and Bohm
2002; Rajakaruna et al. 2002), and the studies to date
have revealed several potential Ni hyperaccumulators,
species accumulating over 1,000 μg Ni/g dry leaf tissue
(Van der Ent et al. 2013), from the Ussangoda site
(Rajakaruna and Baker 2004; Senevirathne et al. 2000;
Weerasinghe and Iqbal 2011).

Despite a handful of published research on the geo-
chemistry (Dissanayaka 1982; Rajapaksha et al. 2012)
and plant ecology (Brooks 1987; Rajakaruna and Baker
2004; Rajakaruna and Bohm 2002; Rajakaruna et al.
2002; Senevirathne et al. 2000; Weerasinghe and Iqbal
2011) of mostly the Ussangoda site, there is minimal
research to date on the geochemistry and associated
geoecology of Sri Lanka’s serpentine soils. This is rather
surprising given that Sri Lanka, a biodiversity hotspot
(Myers et al. 2000), is home to many endemic species
and these under-explored outcrops could potentially
harbor “new” species or ecotypes endemic to the sub-
strate (Rajakaruna and Baker 2004). In this study, we
examine if metal accessibility and release is comparable
among the four known outcrops in Sri Lanka and assess
the potential release of heavy metals, including Cr, Mn,
and Ni, from the serpentines soils to the surrounding
environment.

Geological setting and description of the study sites

Geologically, 90 % of Sri Lanka consists of rocks of
Precambrian age (Cooray 1984). The other 10 % con-
sists mainly of Miocene Limestone, restricted to north-
western Sri Lanka (Fig. 1). Additionally, there are a few
shale beds of the Jurassic period around the areas of
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Thabbowa and Andigama in the northwestern and west-
ern provinces of the island, respectively. Based on the
rock types, their origin, and their metamorphic condi-
tion, Sri Lanka’s metamorphic terrain is divided into
four main geological units (The Highland Complex,
HC; the Vijayan Complex, VC; the Wanni Complex,
WC) and one subordinate unit (Kadugannawa
Complex, KC; Fig. 1). The central highlands, extending
toward the northeast up along the east coast and to the
southwest up along the southwestern coast, are included
as part of HC. The rocks in HC originated under very
high temperature (700–800 °C) and pressure (5–10 Kb)
(Cooray 1984).

The VC occupies the eastern section of HC, and WC
is found on the western portion of HC up to theMiocene
Limestone (Cenozoic cover in Fig. 1). The geological
boundary between HC and VC has been considered as a
mini-plate boundary (Munasinghe and Dissanayake

1980) due to the mineralization that occurs along this
boundary. However, there is no definite margin indica-
tive of the plate boundary, only a widespread mineral-
ized belt. The KC lies along the middle of HC–WC
boundary.

The serpentinite outcrops of Sri Lanka lie along the
boundary of the HC and VC (Fig. 1). Of these,
Indikolapelessa serpentinite deposit is the only deposit
studied in detail for its petrology and geochemistry
(Dissanayaka 1982). The extent of this deposit is record-
ed to be ∼7 km2 surrounded by charnockites, calc-
gneiss, migmatites, cordierite, and diopside bearing
gneisses and calciphyres. Geophysical and bore logging
explorations have revealed that the serpentinite bodies
have a deep-seated origin. Nickel is a prominent feature
of the Indikolapelessa deposit (0.05–2 %), partly as an
iron oxide phase, whereas Cr is reported in the range of
300–3,100 mg kg−1 (Dissanayaka 1982).

The Ussangoda serpentine outcrop is located in the
southern coastal end of the HC–VC boundary (Fig. 1).
The area of the outcrop is estimated as 3 km2, and the
soil has been described as hematite rich with very fine-
grained clayey sand, giving a lateritic reddish hue
(Rajakaruna and Bohm 2002). Previous geochemical
studies at this site revealed soil Ni and Cr concentra-
tions of 1,000 and 7,700 mg kg−1, respectively, com-
pared to 2,100 and 10,000 mg kg−1 Ni and Cr, respec-
tively, at the Ginigalpelessa outcrop (Ranasinghe
1987). The Ginigalpelessa outcrop is estimated to cov-
er an area of ∼1 km2. Currently, no geochemical studies
have been conducted at the Yudhaganawa serpentine
deposit.

Materials and methods

Sample collection and preparation

The serpentine soils used for the study were collected
from all four known serpentine outcrops in Sri Lanka:
Ussangoda, Ginigalpelessa, Indikolapelessa, and
Yudhaganawa (Figs. 1 and 2). Ten soil samples were
obtained from each outcrop, all within comparable to-
pographies. These soils are a direct weathering product
of the rocks beneath (Dissanayake and Van Riel 1978).
A composite sample for each was prepared by mixing
the ten samples. Each soil sample was air-dried and
mechanically sieved to obtain the <2-mm fraction for

Fig. 1 The geological map of Sri Lanka indicating the four
serpentine outcrops along VC–HC boundary (the solid and dotted
lines represent HC–VC and HC–WC boundaries, respectively)

Environ Monit Assess (2014) 186:3415–3429 3417



geochemical investigations. Five replicate samples from
each site were used for each chemical analysis.

Physicochemical characteristics of serpentine soils

All chemicals used were of analytical grade and pur-
chased from Fluka (Switzerland) or Sigma (USA). All
laboratory glassware and plastic ware were rinsed three
times with double deionized water after being soaked in
a HNO3 (10 %, v/v) bath overnight. The parameters
measured include pH, electrical conductivity (EC), or-
ganic carbon, and elemental composition. The pH was
determined using a 1:1 mixture of soil to deionized
water. EC was determined from a 2 mL of soil solution
extract.

For heavy metal analysis, all the extracts were acid-
ified with HNO3 to prevent adsorption to the polyethyl-
ene of the storage vessel and prevent growth of bacteria.
The acidified supernatant was collected in polyethylene
bottles and stored at 4 °C until metal analysis. Three
replicates were performed for each sample and each
procedure, as three independent analyses. Blanks were
measured in parallel for each batch of analysis.

Total metal concentrations in soils

Major and trace elements of the soils were analyzed via
X-ray fluorescence (XRF) spectrometry using a
PANalytical MagiX PRO spectrometer (Institute for
Geography and Geology, University of Copenhagen).
Trace elements in soils were extracted by completely
dissolving the samples in a closed vessel device using
temperature-controlled microwave heating system with
a mixture of hot, concentrated HNO3, HCl, and HF (Sun
et al. 2001) (Milestone ETHOS PLUS Labstation with
HRP-1000/10S High Pressure Segmented Rotar), and
analyzed by atomic absorption spectrometry (AAS)
(AAS-Model GBC AAS 933A). Triplicate analyses
were conducted for each sampling site for total diges-
tion; however, only one sample was conducted for XRF
analysis. X-ray diffraction (XRD) was used to identify
the minerals in soils. Serpentine soils (63–105 μm)were
evaluated via XRD using a Siemens D-5000 diffractom-
eter operating at 40 kVand 40 mA (using CuKα radia-
tion). X-ray diffraction patterns were collected between
2 values of 2.0–80.0 and at a scan speed of 1.0° min−1.
The electron probe microanalysis (EPMA) of the

Fig. 2 Serpentinite soils of Sri Lanka: a serpentinite rock outcrop at Ussangoda, b serpentine soil at Ussangoda, c serpentine soil at
Yudhaganawa, and d the soil profile at Indikolapelessa
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serpentine soil samples was carried out to identify the
Ni-, Mn-, and Cr-bound phases. Elemental mapping for
metals was carried at Seoul National University.

Surface titrations

The zero point of charge (pHZPC) of the serpentine
sediments was determined by conventional potentio-
metric titration methods (Langmuir 1997). A 2-g L−1

serpentine sediment (63–105 μm fractions) suspension
was equilibrated for 24 h. Three titration experiments
were performed utilizing 0.1, 0.01, and 0.001 M
NaNO3. The initial pH of serpentine soil suspension
was ∼5.5, and it was lowered to ∼4 with 0.10 M
HNO3 prior to titrations. At each titration point, the pH
value and the titrant volume (Model Orion 960 auto
chemistry analyzer) were recorded. The surface charge
(σH) was calculated using the Eq. 1 below (Stumm and
Morgan 1996).

σH ¼ CA−CB þ OH−½ �− Hþ½ �ð ÞF
aS

ð1Þ

where σH is the surface charge (in coulomb per square
meter), CA is the added acid concentration, CB is the
added base concentration, [OH–] is the hydroxyl ion
concentration, [H+] is the proton concentration, a is
equilibrium OH– and H+ concentrations for a given
quantity of solid used (in grams per liter), F is the
Faraday constant (96,500 C mol−1), and S represents
the surface area determined by N2 BET isotherm
analysis.

Single extractions

Ammonium acetate extraction

The readily exchangeable and water-soluble cations (K,
Ca, Mg, and Na) were determined by using ammonium
acetate at pH 7.0. The procedure involved weighing 2 g
of soil and adding 25 mL of ammonium acetate (20 M
NH4OAc) followed by mixing on an orbital shaker for
30 min (Castilho and Rix 1993). The solution was
filtered using a 0.45-μm quantitative filter paper.
Potassium, Ca, Mg, and Na concentrations were ana-
lyzed using an atomic absorption spectrophotometer
(GBC AAS 933A).

Diethylene triamine pentaacetic acid and CaCl2
extractions

The diethylene triamine pentaacetic acid (DTPA) and
CaCl2 extraction methods provide a proxy for evaluat-
ing plant bioavailability of metals in soils and soil solu-
tions (Kashem et al. 2007; Peijnenburg et al. 2007).
Bioavailability of metals in the serpentine soil samples
was quantified by the DTPA soil test (Lindsay and
Norvell 1978). Approximately 20 mL of a 0.005-M
DTPA, 0.01 M CaCl2, and 0.1 M triethanolamine buff-
ered solution were added to 10 g of air-dried soil for 2 h.
The filtrate was analyzed for Cr, Mn, Fe, Ni, Co, Cu,
and Zn by AAS.

Additionally, the 0.01-MCaCl2 method (Houba et al.
1996) was also employed to reassess the bioavailable
fraction of metals. One gram of soil was extracted with
10 mL of 0.01M CaCl2 by stirring the solid solution for
2 h and centrifuging and filtering through a 0.45-μm
pore size membrane. The supernatant was used to ana-
lyze Ni, Mn, and Cr via AAS.

Sequential extractions to determine Cr, Mn, and Ni
mineral phases

Sequential extractions involve the selective extraction of
trace metals from operationally defined sediment solid
fractions (Tessier et al. 1979; Gleyzes et al. 2002),
providing detailed information about the different avail-
abilities of heavy metals among distinct geochemical
phases. Ideally, the reagents are chosen to selectively
attack a specific soil compartment with minimal disso-
lution of nontargeted phases. Although the separation of
various chemical forms of heavy metals is difficult,
sequential extraction methods provide a favorable ap-
proach (Tessier et al. 1979). The dominant mineral
phase may not contribute to the highest integration with
metal ions due to the low reactivity and surface area
compared to the other highly reactive mineral phases.
Hence, chemical extractions may provide a final “snap
shot” of the dynamic processes occurring in the soil.

Sequential extraction experiments were performed
on the serpentine soils following the methods of
Tessier et al. (1979) and Armienta et al. (1996). A mass
of 1 g of serpentine soil (dry weight) was used for the
initial extraction. A total of five replicate sequential
extraction analyses were completed on the sediment.
Nickel, Cr, and Mn concentrations were measured in
the effluent after each extraction using AAS. In the
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following is a list of the extraction procedures per-
formed on the sediment:

(a) Exchangeable: Sediment was reacted at room tem-
perature for 1 h with 20 mL of magnesium chloride
solution (1 M MgCl2, pH 7.0) with continuous
agitation.

(b) Bound to carbonates.Residue from (a) was leached
at room temperature for 2 h with 20 mL of 1 M
sodium acetate (NaOAc) adjusted to pH 5.0 with
acetic acid (HOAc) and with continuous agitation.

(c) Bound to Fe–Mn oxide: Residue from (b) was
treated with 20 mL of 0.04 M hydroxylamine hy-
drochloride (NH2OH-HCl) in 25 % (v/v) HOAc
heated at 90 °C with slow continuous agitation for
2 h.

(d) Bound to organic matter: Residue from (c) was
treated with 3 mL of 0.02 M HNO3 and 5 mL of
30 % H2O2 adjusted to pH 2 with HNO3, heated to
85 °C for 2 h with occasional agitation. A 3-mL
aliquot of 30 % H2O2 (pH 2 with HNO3) was
added, and the sample was heated again to 85 °C
for 3 h with intermittent agitation. After cooling,

5 mL of 3.2 M NH4OAc in 20 % (v/v) HNO3 was
added, and the sample was diluted to 20 mL and
agitated continuously.

(e) Residual: Residue from (d) was treated with a
mixture of 10 mL concentrated HF and 2 mL con-
centrated HClO4 and heated to near dryness. It was
then treated with 1 mL HClO4+10 mL HF and
heated again to near dryness; 1 mL HClO4 was
added, heated until the appearance of white fumes,
and finally dissolved with 12 N HC1 and diluted to
25 mL with deionized water.

Between each successive extraction listed above [(b)
to (e)], the sample was centrifuged at 3,500 rpm for
15 min. Additionally, the supernatant was filtered using
0.45 μm filter paper prior to AAS analysis.

Effect of ionic strength and water for metal ion release

Metal release batch experiments were carried out using
distilled water to observe Ni, Cr, and Mn release from
the sediment with respect to time. This experiment was
performed to investigate the dependence of toxic metal
release due to the variation in ionic strength. Since one
of the serpentine sites is located along the coast
(Ussangoda), sea spray may contain salts which can
increase the ionic strength of the soil solution. Thus,
the experiment was conducted to characterize any vari-
ation of metal release due to changes in ionic strength,
resulting from salt spray. A mass of 5 g of solid sample
per L of water (5 g L−1 sediment suspension) was
initially used where subsamples of 25 mL suspension
were taken from the batch experiments over 20 days.
Nickel, Cr, and Mn release with different ionic strengths
was analyzed using 0.1, 0.01, and 0.001 M NaNO3

solutions by changing the solution pH (4–9). A 5-
g L−1 sediment suspension was prepared and adjusted
to pH ∼4 in desired ionic strengths (0.1, 0.01, and 0.001)
by 5 M NaNO3. The system pH was incrementally
increased at ∼1.0 pH intervals up to ∼9. At each point,

Table 1 Chemical properties
of soils

Results are based on the analysis
of one composite sample

Locations pH EC (dS m−1) Organic
matter (%)

Cation exchange
capacity (C mol/kg)

pHZPC

Ussangoda 6.68±0.08 0.13±0.011 1.92±0.02 101.80±0.05 8.57

Yudhaganawa 6.26±0.03 0.03±0.015 2.58±0.11 86.15±0.02 8.90

Ginigalpelessa 6.88±0.04 0.05±0.010 1.26±0.08 76.96±0.07 8.30

Indikolapelessa 7.69±0.01 0.12±0.018 1.09±0.01 73.98±0.03 8.01

Fig. 3 The differences in soil color for soil samples from the four
sites
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a 25-mL sample portion was transferred to a capped
polypropylene tube. These tubes were equilibrated for
24 h at 75 rpm (EYELA B603 shaker), and the pH of
the suspension was re-measured and recorded.
Membrane-filtered supernatant was used for Ni, Cr,
and Mn analysis via AAS.

Inorganic and organic acid extractions

Organic and inorganic acids can be found in the envi-
ronment due to plant and microbial activity in the

rhizosphere and via dissolved ions in rainwater. These
acids can play a role in metal release due to the change
of pH of the soil solution. Therefore, three inorganic
(sulfuric, nitric, hydrochloric) and three organic (citric,
acetic, oxalic) acids of different concentrations (0.05,
0.1, 0.5, 1.0, 5.0, and 10 mM) were used to evaluate Cr,
Ni, and Mn release from the sediment. Approximately
1 mL (15–20 drops) of chloroformwas added per liter of
all organic acid solutions to prevent microbial break-
down of the organic acids. Half a gram of sediment was
placed in polypropylene tubes, and 25 mL of each acid
was added. The tubes were equilibrated for 24 h at room
temperature and agitated at 75 rpm (Model EYELA
B603 shaker). The supernatant was transferred by mem-
brane filtration (0.45 μm) after centrifugation, and the
solutions were analyzed for Mn and Ni using the flame
method of AAS.

Results and discussion

Serpentine soil chemistry

Chemical properties (pH, electrical conductivity, organ-
ic matter, cation exchange capacity) for four soil sam-
ples from Ussangoda, Yudhaganawa, Ginigalpelessa,
and Indikolapelessa are listed in Table 1. The pH values

Table 2 Elemental compositions and chemistry of serpentine soils at each location

Major elements

Sample (%) SiO2 TiO2 Al2O3 Fe2O3 MnO MgO Na2O K2O P2O5

Ussangoda 41.00 1.43 12.20 38.30 0.33 0.94 0.04 0.45 0.17

Yudhaganawa 33.20 1.20 7.29 32.2 0.48 2.98 0.16 0.66 0.11

Ginigalpelessa 39.10 0.49 7.92 23.30 0.46 2.98 0.12 0.27 0.10

Indikolapelessa 45.3 1.55 12.7 17.50 0.29 4.22 0.43 0.76 0.11

Minor elements

Sample (mg kg−1) Ni Mn Cr Pb V Zn Co Sr Rb

Ussangoda 6,459 1,120 11,031 7 137 156 111 29 36

Yudhaganawa 6,130 2,263 >10,000 111 <5 302 446 111 27

Ginigalpelessa 6,080 2,224 >10,000 6 <5 270 402 78 41

Indikolapelessa 4,932 1,342 8,260 34 <5 126 198 313 13

Total metal digestion results (mg kg−1)

Location Ni Mn Cr Co Cu Zn

Ussangoda 6,776 1,117 10,707 157 30 173

Yudhaganawa 6,567 2,609 14,880 555 14 307

Ginigalpelessa 5,945 2,543 9,948 219 15 182

Indikolapelessa 4,705 1,349 6,737 241 24 108

Fig. 4 X-ray diffractogram of Ussangoda serpentine soil
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of all soils are near neutral (pH from 6.26 to 7.69). EC in
the soils range from 33.50 to 129.90μS cm−1, indicative
of relatively few dissolved salts and/or major dissolved
inorganic solutes. The highest EC is reported from the
Ussangoda soil, potentially due to the deposition of salt
spray from the sea. The organic carbon content of the
soil ranges from 1.09 to 2.58 %. The highest organic
carbon percentage is reported from Yudhaganawa soil
which is adjacent to a forested habitat. Furthermore, a
considerable color difference was identified among the
soil samples collected from the four localities (Fig. 3).

Depending on soil pH, mineral surfaces can bear net
negative, positive, or no charge. The pH where the net
electrical charge is zero is the zero point of charge
(pHZPC), and it is a parameter used to describe
variable-charge surfaces (Morais et al. 1976; Parks and
de Bruyn 1961). Titrations performed at three ionic
strengths provide the pHZPC at pH 8.57, 8.90, 8.30, and
8.01 for Ussangoda, Yudhaganawa, Ginigalpelessa, and
Indikolapelessa, respectively (Table 1). As observed, it is
evident that the surface hydroxyl functional groups in the
serpentine soils behave amphoterically.

Fig. 5 EPMA analysis of Ussangoda (upper) and Yudhaganawa (lower) serpentine soil for different elements: a Si, b Fe, c Al, dMn, e Ni,
and f Cr
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XRD analysis is important for revealing the mineral-
ogical composition of the soils as shown for the
Ussangoda soil in Fig. 4. Our results also document
XRD patterns similar to those reported from previous
studies (Sucik et al. 2008; Camachoa and Armientac
2000). Analyses reveal that antigorite ((Mg, Fe)3 Si2O5

(OH)4) is often the dominant mineral present with minor
amounts of chrysotile (Mg3(Si2O5) (OH)4), magnetite
(Fe3O4), spinels, and clays.

Soil chemical properties (pH, electrical conductivity,
organic matter, cation exchange capacity), surface titra-
tions, EPMA, and SEM analysis of serpentine soils
collected from different localities in Sri Lanka are not
significantly different. pH of the soil is near neutral and
the range of EC is indicative of relatively few dissolved
salts and/or major dissolved inorganic solutes (Oze et al.

2004b). These data corroborate with serpentine soil data
reported from CA, USA (Oze et al. 2004b). However,
serpentine soils from the coastal Ussangoda site show
high EC and CEC compared to the other inland serpen-
tine soils, which may be due to the deposition of salts
from sea spray.

XRF analysis and total metal concentrations of the
soils are reported in Table 2. The elemental composition
of serpentine soils was obtained using XRF and total
digestion techniques. Both techniques are complimen-
tary; major elements in metal oxides were determined
by XRF spectrophotometry and in elemental form via
total digestion. The XRF results (Table 2) show that the
soils consist of Fe–Cr–Ni-rich aluminosilicates.
Additionally, Mn is high in the samples, especially in
the Yudhaganawa (2,609 mg kg−1) and Ginigalpelessa

Table 3 Different phases of Ni, Mn, and Cr from sequential extraction data for serpentine soils from four locations

Location Fractions Amount released (mg kg−1) % of totala

Ni Mn Cr Ni Mn Cr

Ussangoda Exchangeable 257.8 (9.2) 49.4 (4.0) 0.7 (0.2) 4.0 4.4 <0.1

Carbonates 47.2 (8.8) 10.2 (3.4) 0.4 (0.3) 0.7 0.9 <0.1

Fe and Mn oxides 464.4 (6.6) 420.7 (1.2) 90.6 (1.8) 7.2 37.5 0.4

Organic matter 268.8 (7.9) 62.24 (6.8) 508.5 (1.9) 4.2 5.6 4.6

Residual/silicate 4,697 (9.8) 351.5(7.8) 8,567.9 (14.5) 72.7 31.4 83.1

Sum of (a) to (e) 5,735 894 9,168.1

Indikolapelessa Exchangeable 16.4 (1.7) 14.7 (0.7) 3.9 (0.8) 0.3 0.7 <0.1

Carbonates 27.9 (1.2) 25.1 (0.3) 3.8 (1.1) 0.5 1.1 <0.1

Fe and Mn oxides 870.6 (20.5) 1,324.2 (47.8) 30.7 (10.4) 15.5 59.5 0.5

Organic matter 313.9 (1.6) 251.5 (3.2) 40.4 (4.0) 5.6 11.3 0.6

Residual/silicate 3,913.8 (14.2) 29.3 (3.6) 5,385.0 (47.7) 69.6 1.32 79.9

Sum of (a) to (e) 5,142.7 1,724.9 5,463.8

Ginigalpelessa Exchangeable 37.3 (1.4) 7.5 (2.2) 1.2 (0.2) 0.7 0.6 <0.1

Carbonates 47.4 (0.6) 15.9 (1.0) 1.1 (0.2) 0.9 1.2 <0.1

Fe and Mn oxides 1,115.3 (87.1) 1,062.3 (84.3) 28.4 (9.3) 22.6 79.2 0.3

Organic matter 407.64 (18.1) 207.9 (0.2) 50.7 (6.8) 8.3 15.5 0.5

Residual/silicate 3,167.3 (62.8) 42.5 (0.3) 7,620.5 (29.6) 64.2 3.2 76.5

Sum of (a) to (e) 4,774.9 1,336.1 7,701.9

Yudhaganawa Exchangeable 134.1 (4.2) 9.7 (4.1) 3.2 (0.2) 2.1 0.4 <0.1

Carbonates 67.9 (1.6) 21.7 (3.6) 8.2 (3.6) 1.1 1.0 <0.1

Fe and Mn oxides 642.6 (9.5) 1,467.1 (3.6) 76.7 (10.4) 10.4 64.8 0.5

Organic matter 446.4 (21.4) 390.9 (21.3) 693.1 (13.6) 6.9 17.2 4.6

Residual/silicate 5,003.5 (8.6) 50.2 (16.4) 8,448.8 (100.9) 78.2 2.2 56.7

Sum of (a) to (e) 6,294.6 1,839.6 9,230.0

Values reported are averages for five determinations, and the value in parentheses is the standard deviation for that element and method
a Total Ni, Mn, and Cr values via XRF are reported in Table 2
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(2,224 mg kg−1) soils. Nickel is the highest in
Ussangoda soils (6,459 mg kg−1), while Cr is higher in
Yudhaganawa (>10,000 mg kg−1) soil compared to soils
from the other localities.

EPMA analysis maps show the distribution of Ni,
Mn, and Cr with Al, Fe, and Si phases (Fig. 5).
Overall, these maps reveal that Ni, Mn, and Cr are
not homogeneously distributed in the soil, suggesting
that the metals are bound in specific mineral phases.
EPMA results of different serpentine soils corroborate
with data from XRF values. Cursory observations
demonstrate that the Cr distribution is related to the
Fe and Al phases of the serpentine soils as shown in
Fig. 5, whereas the Ni distribution is consistent with
the Si phases. Even though antigorite is a dominant
mineral in the soil as shown by XRD, it has a rela-
tively low surface area compared to clays or organic
matter and, therefore, would contribute/release less
metal compared to a high surface area/highly reactive
mineral/phase in the soil. This is a major critique of
chemical extractions. In chemical extractions, surface
area and reactivity of a given fraction/phase is a major
factor influencing metal release; however, these ex-
tractions do provide a means to begin differentiating
the abundance and release of metals in a very complex
medium (i.e., soil).

Metal-bound phases

Sequential extraction results for the serpentine soils are
presented in Table 3. Mean values with standard devia-
tions are reported. Nickel, Mn, and Cr concentrations for
each chemical extraction step are shown (in milligrams
per kilogram) as well as the percentage (in percent)
extracted from the total value (Fig. 6). Manganese is
equally bound in the Fe–Mn oxide fraction
(420.7 mg kg−1, 37 %) as in the residual fraction
(351 mg kg−1, 31 %). The residual fraction is associated
with silicates as well as with other primary oxides such
as spinels. Nickel is dominantly bound in the residual
fraction (4,697 mg kg−1, 72 %), and Cr predominates in
the residual fraction and is organic matter bound
(8,567 mg kg−1, 83 % and 508 mg kg−1, 4.6 %, respec-
tively). The order of the individual geochemical frac-
tions where Cr, Ni, and Mn are bound from the greatest
to least are: (1) Cr: residual > organic matter bound > Fe
and Mn bound > exchangeable > carbonate bound, (2)
Ni: residual > Fe and Mn oxide bound > organic matter
bound > exchangeable > carbonate bound, and (3) Mn:

Fig. 6 Fractionation and availability of metals in different phases
of serpentine soil from different localities: a Ni, b Mn, and c Cr
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Fe and Mn oxide bound > residual > organic matter
bound > exchangeable > carbonate bound.

Heavymetals are present as exchangeable or associated
with organic matter, carbonates, Fe–Mn oxides, and sul-
fides in the soil matrix fractions. Chemical extractions are
utilized to assess the geochemical partitioning of metals as
well as to evaluate metal mobility and bioavailability in
soils and sediments. However, changes in soil pH, ionic
strength, and other environmental factors may affect metal
mobilization in soil environments, especially with respect
to time and land use. By coupling single and sequential
extractions with chemical kinetic interpretations, it is pos-
sible to gain better insight with respect to where and how
Ni, Mn, and Cr are bound. More importantly, the fate and
behavior of Ni, Mn, and Cr as they are mobilized and/or
affected by critical zone processes can also be interpreted
for a wide variety of potential chemical changes, including
those related to the addition of fertilizers and changes in
rainwater chemistry (Rajapaksha et al. 2012).

Sequential extraction experiments provide informa-
tion on association of species, enabling the differentiation
between “elemental pools” based on how they are at-
tached and/or what minerals they are associated with,
including carbonates, (oxy)hydroxides, or silicates.
Even though these metals are dominantly bound in rela-
tively unavailable forms, changes in the critical zone such
as soil acidity, microbial activity, availability of chelating
materials, and redox conditions can enhance the mobility,
providing a continually changing flux into the environ-
ment. It is important to note that bioavailable, exchange-
able, and carbonate-bound fractions may have less over-
all Ni, Mn, and Cr; however, these fractions potentially
offer a more labile source in soil environments.

Several differences are present among serpentine
soils from different localities. The exchangeable fraction

of Ni was higher in Ussangoda and Yudhaganawa soils
(Table 3) compared to Indikolapelessa and
Ginigalpelessa soils, which may be due to the slightly
higher pH and lower organic matter content at the latter
two sites. In the case of Mn, all soils except those from
Ussangoda show the second highest Mn in the organic
matter-bound fraction and third in the residual fraction.
This differencemay be due to the changes inmineralogy.
In soils derived from serpentinite (Becquer et al. 2003;
Gasser and Dahlgren 1994; Oze et al. 2004a), most Cr is
bound in the structure of primary minerals such as Cr-
rich spinels (i.e., chromite) and Cr-substituted Fe oxides.
The results support that antigorite (i.e., the dominant
mineral identified in these serpentine soils via XRD)
could be a contributor to Ni and Mn release, whereas
the Cr-spinel (chromite/Cr-muscovite) is a potential ma-
jor source of Cr (Rajapaksha et al. 2012). A substantial
proportion of Cr was linked with organic matter, and the
high proportion substantiates the high affinity of Cr for
organic matter (Kabata-Pendias and Pendias 2001).

Single extractions

The DTPA treatment extracted 323 mg kg−1 (5.0 %) of
Ni and 76.3 mg kg−1 (6.8 %) of Mn for the Ussangoda
soil. Nickel and Mn extractions with 0.01 M CaCl2 are
lower than that of DTPA in the slightly acidic serpentine
soils and are 167.6 (2.6 %) for Ni and 45.51 (4.1 %)
mg kg−1 for Mn (Table 4). Similarly, NaNO3 and dis-
tilled water (at pH 6.5) extractable Ni and Mn are
comparatively higher in the Ussangoda soils (Table 5).

The DTPA and CaCl2 extraction methods provide a
proxy for evaluating plant bioavailability of Ni and
Mn in soils and soil solutions (Kashem et al. 2007;
Peijnenburg et al. 2007). Since DTPA forms soluble

Table 4 Labile ions as bioavailable and exchangeable for Ni, Mn, and Cr in serpentine soils from different localities

Locations Amount Ni released (mg kg−1) Amount Mn released (mg kg−1) Amount Cr released (mg kg−1)

0.01 M CaCl2
extractable

0.005 M DTPA
extractable

0.01 M CaCl2
extractable

0.005 M DTPA
extractable

0.01 M CaCl2
extractable

0.005 M DTPA
extractable

Ussangoda 167.6 (6.4) 323 (2.3) 45.5 (3.0) 76.3 (3.1) ND 0.35 (0.1)

Indikolapelessa 19.8 (2.9) 33.6 (3.9) 17.9 (1.0) 26.7 (1.7) ND 0.07 (0.01)

Ginigalpelessa 34.2 (1.1) 99.1 (4.2) 7.19 (0.8) 11.0 (2.9) ND ND

Yudhaganawa 127 (5.1) 301 (7.2) 18.3 (3.1) 31.3 (0.8) ND 0.18 (0.01)

Values reported are averages for five determinations, and the value in parentheses is the standard deviation for that element and method
ND not detectable
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complexes with metals, thereby reducing their activ-
ity in the soil solutions, Ni and Mn ions may be
desorbed from the soil and enter into the solution.
Extractions with CaCl2 are commonly used to assess
plant bioavailability, especially in neutral or weakly
alkaline soils. High concentrations of Ni and Mn
release (>19 and >7 mg kg−1, respectively) are present
from all serpentine soil localities. The concentrations
recorded from CaCl2 extractions were about ∼50 %
lower than the DTPA extractable concentrations
(Table 4). Some studies have shown that salt solutions
do not accurately reflect the plant available metals,
especially in the case of non-calcareous soils, whereas
DTPA or hydroxylamine methods are more predictive
(Gupta and Aten 1993; Aydinalp and Katkat 2004).
Similar to the other extraction results, Ussangoda and
Yudhaganawa soils demonstrate higher leaching capac-
ities of Ni, Mn, and Cr than the other two soils (Table 4).
This directly relates to the total metal concentration
differences among soils from different localities.

Although this study did not reveal substantial differ-
ences in soil pH among the four sites, our pH results
(Table 1) parallel the trend seen in previous research,
documenting the lowest rhizospheric pH for soils at the
Ussangoda site (4.3–4.9; Rajakaruna and Bohm 2002)
followed by the Yudhaganawa site (5.05–5.65;
Rajakaruna and Bohm 2002). The lower pH at these two
sites may also contribute to the greater leaching capacity
documented. It is widely known that the solubility and
mobility of Ni in soils increases as pH decreases, at least
within the pH range of physiological significance
(McGrath 1995). By using ion-exchange kinetics,
Echevarria et al. (2006) documented pH as themain factor
influencing Ni availability in a wide range of natural soils,
and Tye et al. (2004) have shown that pH is also a major
influence on Ni activity in a range of contaminated soils.
The more labile Ni obviously contributes to greater op-
portunity for plant uptake (Kukier et al. 2004) and may
have contributed to the highest tissue Ni content so far
observed, including levels of hyperaccumulation, for spe-
cies growing at theUssangoda site (Rajakaruna andBohm
2002; Weerasinghe and Iqbal 2011). Chromium was not
detected (detection limit was 0.001 mg kg−1) from CaCl2
extractions from any serpentine soil, although DTPA
shows bioavailable concentrations for the soils from
Ussangoda, Indikolapelessa, and Yudhaganawa
(Table 4). Low bioavailable Cr may be due to the higher
affinity of Cr to adsorb to clay surfaces and humic matter
(Fendorf 1995).Ta
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Water and ionic strength extractable fraction of
metals may be more representative of soils being ex-
posed to sea spray or what is available for water pollu-
tion and plant uptake, including to those species shown
to hyperaccumulate Ni at the Ussangoda site
(Rajakaruna and Bohm 2002; Weerasinghe and Iqbal
2011). Distilled water and NaNO3 extractable data
show high release of Ni than Mn or Cr (Table 5).
The highest distilled water extractable Ni and Mn
was observed from Ussangoda soil, and it shows a
reduction in the sequence of Yudhaganawa,
Indikolapelessa, and Ginigalpelessa. This sequence
may be related with the total amount of Ni present in
the soil as observed from the XRF and total digestion
data. However, the behavior of Mn release with dis-
tilled water and NaNO3 is different from the total Mn
present; rather, it is related to total Fe in the soil. This
may be related to the Fe- and Mn-bound fraction of
soils. However, the Mn release sequence is similar to
that of Ni. In the case of NaNO3 extractable metal
ions, with the decrease of ionic strength, the metal ion
release also shows a decline. Dissolution rates are
enhanced by increasing ionic strength due to surface
protonation displacing ions from surface sites
(Mogollón et al. 2000). Chromium does not show
any release in soils except at Yudhaganawa with
NaNO3, although the total concentrations reported
were higher than Ni and Mn. Since Cr (III) is highly
stable, strong complex formation with humic matter
may have stopped it from dissolving (Fendorf 1995).

Remarks

Our study demonstrates that the weathering of ultramaf-
ic rocks and serpentinites in Sri Lanka produces soils
containing high concentrations of Cr, Ni, Co, and Mn
(i.e., similar to other serpentine soils) and that these
metals can potentially be released to local water bodies.
Our chemical characterizations show that the soils from
Yudhaganawa site record the highest Cr and Mn con-
centrations, whereas Ussangoda soils show the highest
concentration of Ni. The greater availability of Ni
may explain why this is the only site where high
levels of plant tissue Ni, including levels considered
to be in the range of hyperaccumulation, were ob-
served in plants tested from the four serpentine local-
ities by Rajakaruna and Bohm (2002). Our study
points to the importance of conducting a variety of

extractions, ranging from single to sequential, in or-
der to better assess bioavailable concentrations, in-
cluding how labile elements can be released over a
range of geochemical conditions.
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