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Abstract Lake Xolotlan (Nicaragua) is an important
industrial area including heavy industries such as a fuel
refinery and numerous industries that discharge their
effluents to the lake. Mercury distribution was studied in
soil samples from six different sites close to an old chlor-
alkali plant (CAP) which has historically released mercury
wastes to the lake and its surroundings. A Hg-specific
sequential extraction procedure was used to assess Hg
partitioning. Hg content was subdivided in operationally
defined fractions named as labile mercury species, humic
and fulvic complexes, elemental Hg and bound to crys-
talline oxides and bound to sulphide Hg and refractory
species. The total mercury concentrations ranged between
1 and 123 mg kg~'. Sequential extractions revealed that
both humic and fulvic complexes and elemental Hg con-
stituted the major forms of mercury in the most samples.
Both fractions are related with the accumulation of mer-
cury from both atmospheric deposition and sewage out-
flow. Moreover, accumulation of the elemental Hg in these
soils decreased with the increasing distance from the CAP.
In addition, the study of the distribution of other elements
revealed a remarkable availability of Al, Ba, Ca, Fe, Pb, Sr,
V and Zn that are commonly related to petroleum treatment
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and combustion. This suggests that these soils are also
affected by the releasing of other pollutants from a nearby
refinery.

Keywords
Fractionation

Mercury - Chlor-alkali plant - Partitioning -

Introduction

Mercury cell chlor-alkali products are used to produce
thousands of other products including paper, soap, deter-
gents, textiles, aluminium, petrochemical refining and even
food ingredients such as citric acid or sodium benzoate. In
the mercury cell process, chlorine and sodium hydroxide
are produced simultaneously by electrolyzing seawater
(sodium saltwater or brine) in a mercury cell where liquid
mercury acts as a cathode. It attracts sodium cation forming
an amalgam. Chlorine gas is collected at the anode (gra-
phite) and then removed from the anode, cooled, dried and
compressed. When the amalgam is added to water, sodium
reacts with water to form sodium hydroxide and hydrogen,
leaving mercury, which can then be reused. The chlor-
alkali industry based on mercury cell technology has his-
torically been a significant source of atmospheric mercury
emissions and direct releases in surrounding environments
(Ebinghaus et al. 1999; Hintelmann and Wilken 1995). The
main mercury contamination streams from chlor-alkali
plants (CAPs) process are wastewater, air emissions and
solid waste (Garron et al. 2005).

Lake Xolotlan (also known as Lake Managua) is a lake
located in Western-Nicaragua, in the North of the city of
Managua. More than 12,000 micro-industries, 1850 small
and medium-sized industries and 25 large-scale chemical
factories (including a fuel refinery) are located along the
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lake’s southern shore. The lake has been severely polluted
by decades, mostly by dumping of Hg-containing sewage
into the lake. During the period from 1967 to 1992 a chlor-
alkali plant (CAP) (Pennwalt/HERCASA-ELPESA Com-
pany) dumped about 40 tons of mercury into the Lake
Xolotlan (Wyrick 1981). Despite the pollution, some of the
people of Managua still live along the lake’s shores. In
addition, this lake is a fish source not only for feeding
population in Nicaragua, but also other Central American
countries. Previous studies evidenced the impact of Hg
emissions to local population and environment (Hassan
et al. 1981; Lacayo et al. 1991; McCrary et al. 2006). In the
literature the characterisation of Hg contamination in lake
Xolotlan mainly consists either of Hg spatial distribution
studies in sediments and water (Lacayo et al. 1991) or Hg
concentration in fish or hair samples (McCrary et al. 2006)
or airborne Hg levels and even health effects of Hg
exposure on workers (Hassan et al. 1981). However, no
studies about Hg availability in the surrounding soils of the
CAP have been previously reported.

It is widely accepted that the use of total Hg concen-
tration is not a suitable criterion to assess the potential
effects of soil contamination. Sequential extraction proce-
dures (SEP) can be used to determine metal contents
associated to relevant solid phases in solid environmental
samples. In this process, the sample is submitted to specific
reagents of successively stronger dissolving power that,
under controlled conditions, will remove metals from the
particular phases of concern. SEPs constitute a common
and feasible approach to understand and establish interac-
tions between Hg or other metals with soil and sediments
components, as well as to evaluate their availability to
plants (Bloom et al. 2003; Digiulio and Ryan 1987; Fer-
nandez-Martinez and Rucandio 2013; Han et al. 2003;
Revis et al. 1989; Sakamoto et al. 1992).

The aim of this study was to investigate the impact of
Hg emissions and other metals in soils from the vicinity of
the Pennwalt CAP. For this purpose a recent SEP specifi-
cally developed for the evaluation of the binding fractions
of Hg was applied to the studied soils combined with a
complete characterisation to evaluate the chemical factors
controlling Hg in the affected area. In addition, the distri-
bution of other potentially-polluting elements was evalu-
ated to assess the impact of the other local industries in the
studied soils.

Experimental
Sampling area

The former chlor-alkali plant PENWALT is located at the
12,15,244 N and 86,32,210 W geographic coordinates, in
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Managua City 8 km Westside from the Political Centre of
Nicaragua. An oil refinery is neighboring behind of the
CAP (Fig. 1).

As a tropical country there are two well defined seasons:
dry and rainy seasons. The rainy season runs from May to
November and the rainfall in Managua where the study
area is located is about 1150 mm per year with tempera-
tures ranging between 23 and 32 °C (Climate-Nicaragua
2015).

The study area is situated next to the CAP covering an
area of 37 500 m* (220 m x 150 m rectangular shape),
facing north to the Miraflores Bay in the Lake Xolotlan
(Fig. 1). Despite the distance between the study area and
the shore of the lake, which in the year 2003 was more than
2000 m, several flooding episodes have affected this area
since then, and remaining covered with a tiny water mirror
until January or February each year (dry season).

Several soil samples were systematically collected by
mixing samples obtained at five spots per square in a grid
of 100 m x 100 m. With this five spot mixing method,
individual samples were collected from a total of five spots:
the centre point of each grid and four subpoints set around
it. These five samples were combined to obtain one final
composite sample for each site. This enhances the repre-
sentativeness of the soil samples obtained from each grid.
To get samples from the four subpoints, they were col-
lected at points north, south, east and west 10 m equidistant
of the centre point of the grid (Fig. 2).

At each sampling point, the soil samples were collected
with a soil column cylinder auger (inner diameter 5 cm).
The core corresponding at 10-20 cm depth was taken,
labelled and stored in special PET bags with special zip.

Each sample was put in a tray to remove most coarser
objects (pebbles, roots, little stones, etc.) and each sample
was homogenised by mixing with the quarter method. After
homogenisation, 5 g of each point and subpoint were
mixed to obtain a final composite sample and re-ho-
mogenised using the quarter method to obtain one com-
posite sample for the mercury sequential extraction.

A selection of six sampling sites was considered, located
at different distances from the Pennwalt CAP, to determine
the mercury partitioning and to study the pollution spread
in the area.

Characterisation techniques

The Hg determinations in solid samples as well as in liquid
extracts were performed by using a Direct Mercury Anal-
yser DMA-80 (Milestone, Sorisole, Italy). This is a specific
mercury analyser, capable to determine Hg concentrations
in solid and liquid samples without any pretreatment.
Samples are weighed into a quartz boat and placed on the
autosampler tray. Then, the sample boat is inserted into an
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Fig. 1 Map of the location and
sampling points
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Fig. 2 Outline of 5 points mixing method for soil sampling

oxygenated decomposition furnace to liberate Hg. Samples
are dried and decomposed and the combustion products
carried out by oxygen flow through a heated catalyst to
reduce Hg species to elemental Hg and to trap halogens,
nitrogen and sulphur oxides. Then mercury vapour is pre-
concentrated in a gold amalgamator and rapidly desorbed
releasing mercury vapours to the absorbance cells where
absorbance is measured at 253.7 nm.

The determination of major and minor elements (Al, As,
B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Mo, Ni, Pb,
Sr, Ti, V and Zn) in the different extracted solutions
obtained from the selected soil samples, as well as the total
fractions were determined by simultaneous inductively
coupled plasma optical emission spectrometer (ICP-OES),

model Varian (now Agilent) 735-ES in a radially viewed
configuration and a VistaChip image-mapped charged
coupled device (CCD) detector. Na was analysed by flame
atomic emission spectroscopy (FAES) by using a Perkin—
Elmer spectrophotometer 2280 model.

For wavelength dispersive X-ray fluorescence analysis
(WDXRF), an aliquot of approximately 8 g of each sample
was pulverised, at least fine enough to pass through a 200
mesh screen (74 pm opening size). The ground powder
was mixed with 0.07 g of Elvacite dissolved in acetone,
and after acetone evaporation, the sample was compressed
using a hydraulic press (HTP 40, Herzog) into a 40 mm
pellet. 30 trace elements were determined in the pellets by
wavelength dispersive X-ray fluorescence spectrometry
using a PANalytical AXIOS automated spectrometer
employing a method (PRO-TRACE) developed by PAN-
alytical. 11 major elements were analysed using fused
beads. For fused bead preparation, 0.5 g of finely ground
powder was mixed with approximately 6 g of flux (67 %
lithium tetraborate 433 % lithium metaborate) and 0.02 g
of lithium iodide as bead-releasing agent. The mixture was
subjected to high-temperature treatment in a fusion bead
machine (Perl” X3, PANAlytical). The fused beads were
analysed with a quantitative (MAYORES) method devel-
oped by PANalytical.

The structural characterisation of crystalline phases
present in the samples was performed by X-ray diffraction
(XRD) technique. For XRD analyses, data were registered
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from 20 to 120° 20 employing a PANalytical XPert PRO
diffractometer operating in 0—0 configuration, with Cu K,
radiation.

Scanning electron microscopy (SEM) was employed for
surface morphology studies. These studies were carried out
by using Zeiss (Model EVO LS 15) and semi-quantitative
chemical microanalysis was performed by an energy dis-
persive X-ray spectrometer (EDX) from Oxford (Model
INCA-Energy 350).

The total content of C was determined by combustion
employing Leco CS 244 instrument.

Accuracy and precision of the analysis procedures for
total element concentration by ICP-OES, FAES, WDXRF
and DMA-80 were verified using several certified reference
materials (CRM): Montana Soil NIST 2710, Estuarine
Sediment IAEA-405 and Marine Sediment IAEA-433. The
obtained results are consistent with the certified values with
errors lower than 5 %. Element concentrations in proce-
dure blanks and in all reagents were always below the
detection limit.

Hg and concomitant elements fractionation

An overview of the sequential scheme for the fractionation
of Hg used in this research is given in Table 1. This is a
recent SEP specifically developed to evaluate Hg frac-
tionation in solid environmental samples according to the
unique physical and chemical properties of the numerous
Hg species (Fernandez-Martinez and Rucandio 2013).
Extractions were conducted in centrifuge tubes with 0.5 g
of dried soil. Continuous agitation was maintained during
appropriate time by an end-over-end shaker. Samples were
centrifuged at 4000 rpm for 10 min after each extraction
step. The supernatants were removed using a Pasteur pip-
ette and transferred to a vial. All samples were washed with
5 mL of ultrapure water between the different extractions.
Washed solutions were combined with their corresponding
extracts, filtered through 0.45 pm cellulose paper, diluted
with water to a 50 ml-final volume and then analysed by
electrothermal atomic absorption spectrometry using the
DMA-80 instrument. To dissolve the present silicates a
final aqua regia and hydrofluoric acid digestion of the

Table 1 Sequential extraction scheme for Hg fractionation

residue was added (residue digestion). Hg from the residual
phase is not determined as stated for other metals, because
it is seldom associated with silicate minerals (Martian-
Doimeadios et al. 2000). Validation of the proposed
extraction method was carried out by its application to the
certified reference material (CRM) NIST 2710 (Montana
Soil).

Results and discussion
Total element characterisation

The pressed pellets were analysed with two different
methods, an application for major elements and another for
trace elements. The elements were classified in three
groups (Table 2) as a function of their concentrations: (1)
the major elements with concentrations in all cases were
expressed as a percentage. (2) The minor elements, with
concentrations ranging between tens and thousands of
mg kg™, (3) The elements in lower concentrations or trace
elements with concentrations between units and tens of
mg kg~' or even below the quantification limit of
WDXRF.

The samples were collected in a volcanic region.
Momotombo volcano is located on the shores of Lake
Xolotlan (Fig. 1). Therefore, WDXREF analysis showed that
part of the major elements (Si, Fe, Al, Ca and Na) were
structural components of the most common minerals to be
found in these soils such as silicates (usually orthoclase,
plagioclase), quartz, biotite, mica, olivine, amphibole and
pyroxene coming mainly from volcanic ashes (Ruggieri
et al. 2012).

The total concentrations of metals are shown in Table 2.
The total metal concentrations varied significantly with
sampled sites. As a general tendency, the minimum con-
centration values were recorded at the point N4 with the
exception of As and Ni. Si was the most abundant major
element, which ranged from 30 to 24 %. It was followed by
Al and C with concentration ranging from 6.4 to 2.3 and
8.1 to 1.8 %, respectively. Fe showed concentrations
between 7.0 and 1.8 %. The other major elements (Ca, Mg,

Fraction Chemical agents added to residue Duration/temperature Target phase

F1 20 mL 0.2 M HNO; 2 h agitation 50 °C Labile Hg species

F2 10 mL 0.1 M Na,P,0, 16 h agitation r.t. Humic and fulvic complexes

F3 20 mL 7.2 M HNOj; 21 h agitation r.t. Elemental Hg and bound to crystalline oxides
F4 10 mL 0.03 M Kl in 5.1 M HCI 45 min agitation 70 °C Hg sulphide and refractory species

r.t. room temperature: approximately 20 °C
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Table 2 Elemental

composition of the samples Element NI N2 N3 N4 NS N6

studied Major elements (%)
Al 6.0 £ 0.1 6.4+ 0.1 6.4+ 0.1 23 +£0.1 4.1 £0.1 6.2 £ 0.1
c? 30+£0.2 1.8 £0.1 37+£02 69 £ 0.3 8.1+04 3.1£0.1
Ca 1.5+ 0.1 23 +£0.1 1.7 £ 0.1 0.76 £0.02 1.5+ 0.1 29+£0.1
Fe 53 +£0.1 7.0 £ 0.1 6.1 £ 0.1 1.8 £ 0.1 3.7+0.1 72 £0.1
Mg 0.47 £ 0.01 0.70 £ 0.01 0.60 £ 0.01 0.19 £ 0.01 0.46 +=0.02 0.88 £ 0.01
S 0.085 £ 0.001 0.040 £ 0.01  0.062 £ 0.001 0.10 £ 0.01 0.14 &= 0.01 0.049 £ 0.002
Si 30+ 1 30+ 1 28 £ 1 30£1 24 +1 27 +£1
Ti 0.43 £ 0.01 0.57 £ 0.01 0.46 £+ 0.01 0.15+£0.01 0.27 £0.01 0.48 £+ 0.01
v 0.28 £ 0.01 0.077 £ 0.002 0.16 £ 0.01 0.11 £ 0.01 0.50 £0.01 0.72 £ 0.01
Minor elements (mg kg—")
Ba 552 £ 10 684 + 10 550 £ 10 240 + 4 326 £ 1 636 + 1
Mn 197 £ 3 1314 £ 16 879 £ 16 219 £3 473 £ 3 1277 £ 1
As 46 + 1 84 +03 24 £ 1 23 £ 2 51+1 9.0 £ 0.3
Cu 153 £3 146 £ 2 176 £ 4 98 + 1 130 £ 1 203 £ 1
Sr 166 + 3 216 £ 3 168 + 3 87 £ 1 138 £ 1 223 + 1
Zn 62 + 1 94 + 1 98 + 2 531 67 £ 1 120 £ 1
Trace elements (mg kg™ ")
Co 13 £1 20 £ 1 24 £ 1 11+1 17+ 1 28 £ 1
Cr 12+ 2 11 +£1 27 £ 1 15+ 1 43 +£2 5+2
Ni 14£1 19 £1 47 £ 1 56 £1 39+£1 48 £ 1
Hg" 7.0+ 0.2 39+£0.1 36+02 1.9 £0.1 031 £0.01 123 +4
Mo 10+ 1 1.2 +£0.1 6.1 +£0.2 38 +£0.1 5.8+03 32+02
Pb 11£1 7.7+ 0.6 16 £1 50+ 04 8.1+ 0.7 48 + 1
Bi <3 <3 <3 <3 <3 <3
Cd <5 <5 <5 <5 <5 <5

* Results by LECO CS 244
" Results by DMA-80

S, Ti and V) showed concentrations below 3 %. It is
remarkable that the concentrations of V, which ranged
from 0.72 to 0.077 %, were higher than those found in
other volcanic soils (Beccaluva et al. 1991; Musta et al.
2008; Ruggieri et al. 2012).

Ba and Mn showed the highest concentrations of minor
elements. The concentrations of other minor elements, such
as As, Cu, Sr and Hg, h were less than 225 mg kg~'. Hg
concentrations ranged between 1.0 and 122.5 mg kg~ '. Hg
concentration range, measured by DMA-80, was similar to
those found in soils impacted by CAPs in Portugal
(1.0-90.8 mg kg~') or Romania (0.074—114 mg kg™ ")
(Frentiu et al. 2013; Reis et al. 2010) but were higher than
Hg concentrations found in other impacted sites as a
mountainous catchment in France (0.016-0.399 mg Kg™")
or Germany (0.15-4.2 mgkg™') (Biester et al. 2002;
Hissler and Probst 2006). It is remarkable that, although the
point N2 is sited immediately close to the drain ditch, great
Hg enrichment occurred in the site N6, which means that

the sinking of the area in N2 occurred in a larger extent
than in the other points.

The results of the crystalline characterisation by XRD
technique showed a very similar composition in the six
samples, as it is shown in Table 3, where the four main
phases are summarised. Also, it is shown evidence of
amorphous content in the samples, particularly in the
samples N3 and N4.

Table 3 Analysis of crystalline phases performed by XRD, corre-
sponding to the mineralogical analysis

Crystalline phases N1 N2 N3 N4 N5 N6

Labradorite " momroommoomrm
Maghemite 7 1 7" 1 i "
Silicon dioxide "M 1 " ) 1

Zeolite — - " - - 1

111, the most abundant; 11, intermediate phase; 1, the less abundant
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The results obtained by XRD analysis were corroborated
by using a scanning electron microscope with an energy
dispersive X-ray (SEM/EDX).

The crystalline phases found were clearly identified with
the volcanic type of soil. The main mineral phase was the
feldspar labradorite [CaggsNagzs (Al;625123508)], an
intermediate to calcic member of the plagioclase series, a
common mineral in volcanic ash soils (Shoji et al. 1994).
Maghemite (Fe,O3) has the same structure as magnetite,
that is, it is spinel ferrite and is also ferromagnetic. It was
associated with ilmenite (FeTiO3;) which also appeared in
SEM analysis. Ilmenite is a common accessory mineral
found in igneous rocks.

The analysis by SEM/EDX concluded that the sample
N4 had a high content of diatoms (Fig. 3a). This is con-
sistent with the results obtained by XRD technique that
showed the highest amorphous content in the sample N4.
Diatoms are unicellular algae, distinguished from other
structures by having a siliceous algae shell, formed by the
accumulation of the amorphous silica (opal, SiO,-nH,0),
accompanied by other metals mainly as oxides. The sample
N2 did not present diatoms in its composition, however a
labradorite structure was present. Iron oxides were also

EHT =20.00 kV
WD = 8.5 mm

Mag= 439K X
Signal A = CZBSD

Date :14 Apr 2011
Photo No. =9 CIEMAT

EHT =20.00 kV
WD = 8.5 mm

Date :5 Jun 2013
Photo No. = 15 CIEMAT

Mag= 7.19K X
Signal A= CZ BSD

observed in this sample, combined with Ti forms (il-
menite), again confirming the XRD results.

The structure of iron oxide, in our case the spinel type
structure Fe,0O5, was also observed in the sample N4. SEM
analyses, performed in the samples N4 and N6, also
showed the adsorption of V and other metals onto iron
oxides, which are, in some cases, combined with C, that
suggests an anthropogenic source for all of them (Fig. 3b,
¢). SEM also indicated the presence of Hg in the sample N6
(Fig. 3d), that is the closest site to the Pennwalt CAP, and
also the point with the highest concentration of Hg.

Hg fractionation

The Hg-specific sequential extraction scheme was applied
to the studied samples and CRM NIST 2710. The results
are summarised in Table 4. Hg recovery from CRM as the
comparison of the sum of Hg concentration in each fraction
with the certified value was found acceptable with a value
of 95.6 %. Hg recoveries above 90 % were reached in all
the samples studied, which can be considered satisfactory.
In general, comparison among replicates of the same
fractions was in agreement and the relative standard

EHT =20.00 kV
WD = 8.5 mm

Mag = 1241KX
Signal A= CZBSD

Date :26 Apr 2011
Photo No.=8

Date :5 Jun 2013
Photo No. =14 CIEMAT

EHT =20.00 kV
WD = 8.5mm

Mag= 340K X
Signal A = C2 BSD

Fig. 3 Images of SEM analysis. a Diatom in N4 sample, b Fe and V associated with C in N4 sample, ¢ V associated with Fe in N6 sample and

d Hg deposited in sample N6
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Table 4 Total Hg and Hg partitioning results

N1 N2 N3 N4 N5 N6 NIST 2710
Total Hg (mg kg™ ") 7.0+ 05 39+ 04 3.6 £0.7 1.9 £ 0.1 031 +£001 123 +4 32.6 +2.0°
Fl: Hg Lab (mg kg™ ") <0.05 <0.05 <0.05 <0.05 <0.05 44 4+ 0.7 <0.05
F2: Hg Hum/Ful (mg kg~ 2.8 +0.2 1.20 £ 027 1.06 £0.15 0.60+0.03 0.09+0.02 236+26 62=£0.1
F3: Hg Elem/CrystOx (mg kg™') 4.1 £ 0.6 23+02 2.6 £ 0.3 1.4+02 021 +£003 134+13 13.8+02
F4: Hg Sulph/Ref (mg kg™ 028 £0.15 0.09£0.07 0.11+£0.03 0.05+0.01 <0.05 774 £ 1.7 103 £ 0.1
Sum of fractions (mg kg™") 72 + 1.1 3.6 £0.2 38 £ 0.6 20402 0.30 £ 001 119+ 4 312+ 0.2
Hg recovery (%) 103 £ 17 91.7 £ 54 106 £ 16 105 £ 10 99.4 £+ 3.6 97.0 £ 46 956 £3.38

* Certified value

deviations were below 10 % in most cases. The percent-
ages of each fraction referred to the total Hg contents are
represented in the Fig. 4. The distribution of mercury
among the different fractions was globally similar in all
samples with the exception of sample N6. In samples N1—
NS5 mercury was mainly distributed in the elemental mer-
cury fraction followed by the humic and fulvic bound
mercury fraction. On the contrary, the Hg distribution
pattern was very different in the sample N6, where the Hg
sulphide and refractory species fraction clearly prevailed
representing about 65 % of the total Hg content. Hg Hum/
Ful was the second most abundant fraction while Hg Elem/
CrystOx only represented 11 % of total Hg content.

The first fraction (F1) represents the most labile mercury
species and consequently the most available mercury pre-
sent in soils. The Hg extracted in the first step was very
low, remaining below 0.5 mg kg~ ' in the N1-N5 samples
and only 4.4 mg kg~' in the sample N6. Moreover, this
fraction accounted for very low percentages and only in the
NS5 soil, the farthest sampled point from the plant, and
whose location in the lowest topographic level (56.7 m
above sea level), represents approximately 7 % of the total
mercury. As a priori assumption, part of the mercury
released by the CAP must have been deposited as Hg(II)
since it has been hypothesised that 30 % of all the Hg

I OF1: Hg Lab [@F2: Hg Hum/Ful [@F3: Hg Elem/CrystOx [F4: Hg Sulph/Ref ‘

N6

N5

N4

N3

N2

N1

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Hg fractionation

Fig. 4 Results of the Hg partitioning expressed in percentage of the
total Hg value

emissions from chlor-alkali plants correspond to Hg(Il)
species (USEPA 1997). Hence, it would be predictable a
significant content of mobile mercury, especially in the
nearest soils (Biester et al. 2002). However, the poor results
obtained may indicate that the available mercury could be
leached by run-off since the area is affected by abundant
precipitations or it could be complexed by strong ligands
such as humic and fulvic acids or sulphides present in soils.

In the second step (F2), the Hg complexed with humic
and fulvic acids present in soil organic matter was
extracted. In terms of Hg concentration Hg Hum/Ful was
the second most important fraction for all the samples. The
Hg concentrations ranged between 0.1 mg kg™' in the
sample N5 and 23.6 mg kg~ ' in the sample N6. Regarding
total Hg, the Hg Hum/Ful fraction accounts for above 30 %
in most samples with a maximum percentage of approxi-
mately 40 % in the sample N1. The obtained results indi-
cated that Hg(Il) complexation by humic and fulvic acids
occurred in a large extent as it can be observed in other
soils polluted by CAP emissions (Biester et al. 2002). The
accumulation of Hg in this fraction might have occurred in
two possible ways: (1) dry deposition of Hg(II) emitted by
the CAP and a subsequent complexation by soil organic
matter and (2) oxidation of a portion of deposited Hg(0) to
Hg(I) (Panyametheekul 2004). In both cases the accumu-
lation is expected to be increased with the deposition of Hg
from the CAP. Then, the complexation of Hg by organic
matter seems to depend on the total amount of deposited
Hg in the studied soils (Biester et al. 2002). The strong
correlation (r2 = 0.9969 at P < 0.05) found between Hg in
the Hum/Ful fraction and the total Hg supports this
hypothesis.

The Hg extracted in the third fraction (F3) may be
interpreted as an estimation of elemental Hg and Hg
associated to Fe crystalline oxides present in the samples.
Since deposition of elemental Hg vapour is a major source
of Hg in areas affected by CAP emissions, it is pre-
dictable that most of Hg leached in this fraction corre-
sponds to elemental Hg. The lack of correlation between
Hg and Fe contents extracted in the Elem Hg/CrystOx.
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fraction seems to support this hypothesis (+* = 0.1007 at
P < 0.05). In most samples (N1-N5), the F3 was the most
abundant fraction ranging from 50 to 73 % of the total Hg
content. The exception was the sample N6, where the
elemental Hg concentration was only the third most
abundant fraction. Hence, distribution of Hg clearly indi-
cates an accumulation of the elemental Hg in the studied
soils. This assumption is also confirmed by the very high
correlation between the relative amount of Hg in the third
fraction and the total Hg (r2 = 0.9472 at P < 0.05). The
obtained results were close to values reported by Frentiu
et al. (2013) for soils in the surroundings of a former CAP
who attributed 38-98 % of the total Hg to the elemental Hg
fraction. Neculita et al. (2005) also reported contents of
elemental Hg as high as 88-98 % of the total Hg in soils
from CAPs in The Netherlands, Belgium and France. The
presence of elemental mercury in soils is important because
it could be re-emitted to the atmosphere by volatilisation,
suffer oxidation to more reactive Hg(I) and even be
transformed by bacteria into the more toxic methylated
mercury compounds (Biester et al. 1999; Colombo et al.
2013; Gray et al. 2004; Hu et al. 2013).

The measurement of Hg after the fourth extraction (F4,
Hg sulph/ref) interpreted as an estimation of the Hg present
as cinnabar or other sulphide Hg forms, accounted for only
0.1-4 % at the N1-N5 sampling points indicating that the
Hg sulphide complexes are not significant in these points.
However the Hg concentration in this fraction was
77.4 mg kg~ in the sample N6, which represents 63.2 %
of the total Hg content. On the contrary to what occurred in
the other studied sampling points, highly stable Hg species
prevailed in the point N6, indicating that Hg stabilisation
with naturally present sulphide may have occurred. Hg
stabilisation in natural soils through the formation of sul-
phide complex is well established. It has been reported that
Hg is preferentially bound to the sulphur-containing groups
rather than other scavengers present in soils as organic
matter or Fe and Mn oxides (Feyte et al. 2010; Fuhrmann
et al. 2002).

Distribution of other concomitant elements

Figure 5 shows the distribution of the main elements in the
samples among the operationally defined fractions of the
applied SEP (F1-F4) and the subsequent residue digestion.
The percentages were calculated with respect to the total
concentrations obtained by XRF (Table 2).

Al and Ca were present mostly in the residual fraction.
This behaviour was expected since these elements were
present in labradorite (Table 3), which is a highly insoluble
silicate. However, the samples N4, N5 and N6 showed high
percentages of Ca (45—68 %) in the more labile fraction
(F1) indicating a great availability of calcium in these
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points. Traditionally, Ca is extracted in large extent in the
labile fraction in SEP associated with carbonates (Fernan-
dez-Martinez 2006; Fernandez-Martinez and Rucandio
2014).

The sum of the Ba recoveries in the F1-F4 steps from
the SEP ranged from 57 to 91 % (Fig. 5). By SEM anal-
ysis, barite (BaSO,) has been observed in the sample N2.
This is a very insoluble compound that must be present in
the residual fraction, which can justify the variability in
recoveries.

As occurred with Ca, the major proportions of extracted
Ba and Mg were obtained in the fraction F1. F1 extracts the
most labile compounds.

After submitting the samples to the SEP method, it can
be seen that the Fe percentages were significant in all
fractions. In the last two fractions the obtained recoveries
ranged from 3 to 42.2 %. In these two fractions it is pos-
sible to recover elements of structural composites, in this
case spinel type structure Fe,Ojs, crystalline compounds
previously reported in the XRD analysis. The first and
second extractants (F1 and F2) are able to recover metals
that have high mobility and are also available for plants
and organisms. The amounts of Fe recovered in these two
fractions were also important (maximum of 26 %) and
slightly higher than those found in the labile fractions in
other works (Adaikpoh 2011). This behaviour suggests that
Fe also has an anthropogenic influence.

High percentages of V (40-100 % of the total content)
were extracted by the SEP in all sampling points with the
exception of N2 in which the most V content remains as an
unextracted residue. Moreover, the percentages extracted
in the labile fraction showed a high availability of V in the
samples N1, N3, N4, N5 and N6. Also Mn presented high
percentages extracted in F1 (labile fraction) in the samples
N3, N4 and N6. Such high extracted values also suggest an
anthropogenic source of these elements.

Figure 1 shows that near CAP, an oil refinery is located,
which can release these elements (Al, Ca, Fe, Mg, Mn and
V) in a readily available form. The samples presented high
percentages of these elements in the fraction 1, indicating
an important availability of them, and suggesting that there
were certain elements (Al, Ca, Cr, Fe, K, Mg, Mn, Na, Ni,
S, Si, Ti and V) commonly released from petroleum
combustion: concentrations of these elements in petroleum
ashes ranged from units of mg kg™ to percentages (Groen
and Craig 1994).

Trace elements

The distribution data showed that the percentage of the
residual fraction, of As changes within the wide range of
38.9—-100 % of its total concentration. In the points N3 and
NS5, As was released in important amounts during the step 2
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Fig. 5 Distribution of some selected mayor and minor elements
(sodium pyrophosphate at pH 10). This behaviour is Co was predominantly extracted in the residual fraction

expected since As is usually present in soils and sediments  at all the sampling sites suggesting that it is mainly from
as anionic species such as arsenate and arsenite that are  lithogenic origin. However, high Co percentages in fraction
predominantly extracted under alkaline conditions (Jang 1 were found in the samples N3, N4 and N5 (21-48 % of
et al. 2005; Muller et al. 2007). the total Co content) indicating a certain availability of
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cobalt in these points. Since several studies have estab-
lished that Co can be effectively adsorbed onto Fe and Mn
oxyhidroxides (Stockdale et al. 2010; Tongtavee et al.
2005), the Co content in F1 could be related with that
associated to Fe and Mn oxyhydroxides which were
extracted mainly in the first step according to the applied
SEP (Fernandez-Martinez and Rucandio 2013).

Cr appeared mainly bound to organic compounds
(25-45 %) and sulphides (49—-59 %) in most samples being
the exception the samples N2 and N6. Binding of Cr(III) to
humic and fulvic acids and sulphides is well established,
and even reduction of Cr(VI) by organic matter in soils and
groundwater has been described in the literature as a
mechanism of natural attenuation of Cr(VI) content (Di
Palma et al. 2012; Xiao et al. 2012). In the case of the
samples N2 and N6, Cr was extracted in residual fraction,
which means that is present associated to silicate minerals
as occurs in other natural soils (Erzen and Stupar 2003).

Cu was predominantly associated with the non-residual
fractions (78.1-89.7 % of total Cu content). High per-
centages were found in the F1 fraction indicating a high
availability of Cu in these soils which again suggests the
anthropogenic influence from the nearby refinery (Groen
and Craig 1994). The same behaviour has been reported for
soils surrounding copper smelters in Finland (Kabala and
Singh 2001). Significant percentages found in the second
fraction for Cu were expected since this metal shows high
affinity for humic substances (Fytianos and Lourantou
2004; Kabata-Pendias 1992; Stevenson 1982).

More than 65 % of the total Ni was present in the
residual fraction indicating that it was mainly from natural
origin, which is in agreement with other studies on soils
(Mester et al. 1998; Yuan et al. 2004). Substantial amounts
of Ni were also found in F3 in the samples N3—-N6. This
could be related to the association of Ni with Fe oxides as
occurred in other studies on soils (Sowder et al. 2003).

The concentration of Pb in the residual fraction at all
sampling points accounted for <5 % of its total concen-
trations, being N4 the exception. Among the non-residual
fractions, F3 was predominant (40-58 %). It has been
stated that Pb can form stable complexes with low and
highly crystalline Fe oxides which would be presumably
leached during the third step of the SEP (Ramos et al.
1994). The high percentages found in the labile fraction
also suggest the influence of the oil refinery in the studied
area (Mahanta and Bhattacharyya 2011).

Sr was notably extracted in the first fraction accounting
for 2647 %. As occurred with Ca, the high Sr amounts
extracted in the labile fraction cannot be attributed to the
solubilisation of Ca due to the low content of inorganic C.
The main fraction was the residual one, which means that
Sr was associated with primary minerals as silicates. Sr
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chemical diffusion in plagioclase is well established being
dominated by Sr + 2 — Ca + 2 exchange in calcic pla-
gioclase (Cherniak and Watson 1994). However these
phases were not detectable by XRD due to the low con-
centration of Sr.

Zn was uniformly distributed among the four opera-
tionally defined fractions with the highest percentages
found in the most available fraction. This was in accor-
dance with other fractionation studies in soils affected by
oil refinery where Zn was found as the most available trace
element as occurred with soils from two industrialised
areas in Korea (Chon et al. 1998). Similar Zn mobility was
observed in soils from urban areas affected by oil refineries
(Adaikpoh 2011; Imperato et al. 2003). This high amount
of Zn associated with the non-residual phases indicated that
it can be easily mobilised through pH or ionic composition
changes in the environment (Li et al. 2010).

Conclusions

The results of this study show that 20 years after CAP
closure, the studied area is clearly affected by the historic
dumping of mercury wastes and atmospheric mercury
emissions from the CAP. Sequential extractions showed
that mercury is present mainly as the elemental form and
bound to organic complexes.

From these results it is reasonable to suggest that
enrichment of elemental mercury from CAP emissions in
nearby soils occurred, and the rate of deposition decreases
as the distance to the plant increases. An important part of
the Hg emitted by the CAP appeared fixed by the organic
matter through the formation of complexes with humic and
fulvic acids. This makes the soils from abandoned CAP a
long term Hg reservoir for local environment which it
could be released by weathering or drastic environmental
changes.

Besides the influence of the volcanic emissions and
flooding, the results also indicate the potential environ-
mental impact of other contaminants from a different
anthropogenic source. Our results suggest that the emis-
sions from the oil refinery next to the CAP may be
responsible for the impact caused by other elements such as
Mg, Mn, Cu, Pb, V and Zn. Contrary to what happens with
the CAP, the oil refinery is still working. Then, oil refinery
probably constitutes a continuous input of contaminants to
the surrounding area. Further studies should include an
assessment of pollutants impacting the environment at
Lake Xolotlan, as well as its source.
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