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SUMMARY

To evaluate the environmental quality of bodies of water it is
essential to know the risk that using it represents to human health,
as well as to the floral and fauna present. This information is de-
rived from knowledge of the concentrations of any toxic substances
present in the water body under study. The objective of the present
work was to evaluate the presence and concentrations of 16 US
EPA priority polycyclic aromatic hydrocarbons (PAHs) in abiotic
environmental matrices of Tecocomulco Lake, Hidalgo, Mexico.
Samples from six localities were selected according to accessibility.
From each locality, three samples of water and of sediment were
taken from three different points, and samples from each point were
combined to make three compound samples from each locality. Fx-

traction of PAHs from water was carried out by solid phase extrac-
tion with CI8; extraction from sediments following the EPA 3550C
method. Analyses were made using a gas chromatograph con-
nected to a mass spectrophotometer (CG-MS). The highest con-
centration of PAH in water was for acenaphthylene (2.400mg-"),
anthracene (1.770mg'l"), and phenanthrene (1,500mgl); in sediment
the highest concentrations corresponded to naphthalene (2.155mg-l
!), benzo[g h,ilperylene (4.940mg'l"), and fluoranthene (2.240mgl"").
The Y PAHs showed a noticeable difference between matrices, a
concentration of 6.658mg'I' in water and 10.927mgkg” in sediment,
with a total Y PAHs of 17.585mgkg”. Details of the methodology
are included to facilitate similar studies.

Introduction

Polycyclic aromatic hydro-
carbons (PAHs), a class of di-
verse organic compounds con-
taining two or more fused aro-
matic rings of carbon and hy-
drogen atoms, are organic
compounds widely distributed

in the environment (Chen et
al., 2007). Naturally existing
PAHs have been suggested as
the chemical building blocks
that participated in the origin
of life (Allamandola et al.,
1999). Normally low concen-
tration levels of PAHs, formed
by the incomplete combustion

of organic materials during
natural processes, have been
supplemented by industrializa-
tion processes and the synthe-
sis of new chemical com-
pounds liberated mainly
through an atmospheric route
in vapor phase and particle
form or soot (Walker, 2001).

Other sources are spills and
direct discharges of petroleum
and its derivatives to the soil
or aquatic systems (Mastan-
drea et al., 2005).

PAHs are strongly hydro-
phobic and difficult to biode-
grade. They are adsorbed
readily onto sludge particles in
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DETERMINACION DE HIDROCARBUROS AROMATICOS POLICICLICOS (PAHS) EN AGUAS SUPERFICIALES Y

SEDIMENTOS DEL LAGO TECOCOMULCO, MEXICO

Claudia Romo-Goémez, Scott Monks, Griselda Pulido-Flores y Alberto José Gordillo-Martinez

RESUMEN

La evaluacion de la calidad ambiental de los cuerpos de agua
es esencial para conocer el riesgo que representan a la salud
humana y a la diversidad floristica y faunistica presentes en ellos.
Tal calidad dependera de la dispersion de sustancias toxicas pre-
sentes en el cuerpo de agua en estudio. El objetivo del presente
trabajo fue analizar 16 hidrocarburos aromdticos policiclicos
(PAHs) de prioridad para el US EPA en agua y sedimento super-
ficial del Lago de Tecocomulco, Hidalgo, México. La toma de
muestras se efectuo en seis sitios seleccionados con base a su
accesibilidad. De cada sitio se tomaron tres muestras en diferen-
tes puntos de agua y de sedimento, de las cuales se obtuvieron
tres muestras compuestas. La extraccion de los PAHs en agua se
llevo a cabo por extraccion en fase solida con CI8. Para la ex-

traccion de los PAHs en sedimento se utilizo el método EPA
3550C, el cual es un proceso ultrasonico. Los andlisis se reali-
zaron en un cromatografo de gases acoplado a masas (CG-MS)
por impacto electronico. La concentracion mas alta de PAH en
agua fue para acenaftileno (2.400mg-l"), antraceno (1,770mg-1")
y fenantreno (1,500mgl'); en cuanto al sedimento las concentra-
ciones mas altas correspondieron a naftaleno (2,155mgl"),
benzo[g,h,ilperileno (4,940mg-l'), y fluoranteno (2,240mgl"). La
> PAH mostro marcada diferencia entre matrices, la concentra-
cion en agua fue 6,658mglI" y 10,927mgkg’ en sedimentos, con
un Y PAHs total de 17,585mgkg”. Se incluye detalles de la meto-
dologia para facilitar estudios similares.

DETERMINACAO DE HIDROCARBONETOS AROMATICOS POLICICLICOS (PAHS) EM AGUAS SUPERFICIAIS E

SEDIMENTOS DO LAGO TECOCOMULCO, MEXICO

Claudia Romo-Goémez, Scott Monks, Griselda Pulido-Flores ¢ Alberto José Gordillo-Martinez

RESUMO

A avaliagdo da qualidade ambiental dos corpos de dagua é
essencial para conhecer o risco que representam a saude huma-
na e a diversidade floristica e faunistica presentes neles. Tal
qualidade dependera da dispersdo de substdncias toxicas pre-
sentes no corpo de dgua em estudo. O objetivo do presente tra-
balho foi analisar 16 hidrocarbonetos aromaticos policiclicos
(PAHs) de prioridade para o US EPA na dgua e sedimento su-
perficial del Lago de Tecocomulco, Hidalgo, México. A coleta de
amostras foi efetuada em seis locais selecionados com base em
sua acesibilidade. De cada local foram coletadas em diferentes
pontos, trés amostras de dagua e de sedimento, das quais se ob-
tiveram trés amostras compostas. A extra¢do dos PAHs em dagua
se realizou por extragdo em fase solida com CI8. Para a extra-

¢do dos PAHs em sedimento foi utilizado o método EPA 3550C,
o qual é um processo ultrassonico. As andlises se realizaram em
um cromatografo de gases acoplado a massas (CG-MS) por im-
pacto eletronico. A concentra¢do mais alta de PAH em dgua foi
para acenaftileno (2,400mg-l'), antraceno (1,770mg ") e fenan-
treno (1,500mg'l"); quanto ao sedimento as concentrag¢des mais
altas corresponderam a naftaleno (2,155mg '), benzo[g, h,ijperi-
leno (4,940mgl"'), e fluoranteno (2,240mg'l"). A Y PAH mostrou
marcada diferenca entre matrizes, a concentra¢do em dgua foi
6.658mgl" e 10,927mgkg’ em sedimentos, com um Y PAHs total
de 17,585mgkg”. Se inclui detalhes da metodologia para facilitar
estudos similares.

hibit narcotic effects in benthic
organisms (Di Toro et al.,

2000) and also have been im-
plicated in the development of
tumors in bottom feeding fish
and in the induction of malfor-
mations (Barron et al., 2004),

). 2

as well as in loss of fertility
and immune deficiency in
many organisms, including
oysters (Reynaud and Desch-
aux, 2006), which, when con-

Figure 1. Location of the study area and the six sample localities in Tecocomulco Lake.

taminated, can in turn be the
cause of lung cancer in hu-
mans (Law et al., 2002). Be-
cause of these known and po-
tential risks, PAHs have been

wastewater treatment plants
(Sanchez-Brunete et al., 2007)
and adhere chemically to the
organic matter of soil and sed-
iments rather than staying in
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the solution (Zhu et al., 2008).
PAHs may exhibit a wide
range of hazardous effects on
aquatic organisms, including
acute toxicity, developmental

and reproductive toxicity, pho-
to-induced toxicity, mutagenic-
ity and carcinogenicity (Delis-
traty, 1997). Sediment-associ-
ated PAHs are known to ex-

classified as priority pollutants
by both the U.S. Environmen-
tal Protection Agency and the
European Community (Zhou
et al., 1998).
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The Tecocomulco
Lake (2514masl),
covering 176%ha, is

TABLE I

LOCALITIES SAMPLED FOR POLYCYCLIC AROMATIC
HYDROCARBON AT TECOCOMULCO LAKE

located in the south-
west part of the

Area Sampling

points

Local names

Geographic location

state of Hidalgo,
Mexico (Figure 1),
between 19°50'00"
and 19°74'00"N and  ,
between 98°21'00"
and 98°26'00"W. The
lake, also known as 3
Laguna de Tecoco-
mulco, is the last rela-
tively uncontaminated 4
relic of the historic
lake that existed in
the area that now is 5
covered by Mexico
City. It was part of
the Great Basin of the 6

1

>QWrrQ@W>QOT>OQOEF> QW >

El Cafién

La Isleta

La Isleta

El Recodo

El Recodo

El Recodo

Mata de los Boludos
Derramadero del Colorado
Derramadero de alcantarilla
Propiedad de Martin Alvarado
Vista Hermosa

San José or El Maguey
Entrada de Isleta al Espejuelo
Entrada de Isleta al Espejuelo
Entrada de Isleta al Espejuelo

Muelle

19°52'47.6"N, 98°23'0.4"W

19°52'57.5"N, 98°22'53.4"W
19°52'59.6"N, 98°22'47.6"W
19°52'30.9"N, 98°22'57.7"W
19°52'28.8"N, 98°23'00.1"W
19°52'28.4"N, 98°22'53.6"W
19°51'59.5"N, 98°22'36.8"W
19°51'41.9"N, 98°22'45.4"W
19°51'13.8"N, 98°23'32.2"W
19°50'57.5"N, 98°23'52.8"W
19°50'34.3"N, 98°24'18.3"W
19°50'18.6"N, 98°24'57.3"W
19°51'58.6"N, 98°23'54.7"W
19°52'08.0"N, 98°23'50.5"W
19°50'18.6"N, 98°24'57.3"W
19°52'07.9"N, 98°23'53.7"W

Valley of Mexico that
served both to protect
the pre-Spanish-Mexi-
can city that later became
Mexico City, and as a source
of food for the inhabitants.
The present lake, at the north-
eastern edge of the ancient
basin, is still an important
habitat for fish, amphibians
and birds, many of them en-
demic to the Anahuac Basin
(Bautista-Hernandez et al.,
2008; Miranda et al., 2008).
The principal economic activ-
ity in the area surrounding the
lake is agriculture, but recently
the lake has become an impor-
tant tourist attraction that
draws visitors from around the
state as well as from the
greater Mexico City area (Hui-
zar-Alvarez et al., 2005). To
provide for these tourists, local
residents have developed boat-
ing services that offer lake
tours, fishing, and duck hunting
in season. They also have de-
veloped several areas with res-
taurants that offer local dishes,
fish and duck, and some small
hotels. Restaurants depend on
local fishermen who capture
fish, principally Cyprinus car-
pio L, 1758, from the lake.
Local residents are excep-
tional in that they have pro-
moted the use of lake resourc-
es in a sustainable fashion
(NOM, 2005), and were the
driving force behind a govern-
ment-funded research project
designed to evaluate the envi-
ronmental quality of the lake
and the surrounding region

(Monks et al., 2008) and to
offer options for sustainable
development for increased
tourism. The present paper
gives a first overview on the
PAH pollution of superficial
water and sediment of Lake
Tecocomulco. Contamination
of water and lake sediments as
a potential hazard to local res-
idents and to the aquatic com-
munity of the lake is dis-
cussed.

Materials and Methods

Samples were collected
from July 2006 to July 2007
during four sampling periods,
two during the dry season
and two during the rainy sea-
son, from designated points of
the lake. Much of the central
area of the lake is irregularly
covered by dense growth of
cattails (Schoenoplectus cali-
fornicus) and random sam-
pling was not possible; thus,
collection points in six areas
(Figure 1) were chosen for ac-
cessibility. In areas 1-5, tripli-
cate samples were taken from
three different points within
each area and these samples
(nine from each area) were
combined and then subsam-
pled. Area 6 is a channel that
extends from a small dock on
the northern side of the lake,
and it divides the two major
stands of cattails so that local
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fishermen can cross the center
of the lake; because of the
constant passage of small
boats that stir up sediment
only a single point near the
dock was sampled. The local
names of collection points are
given in Table I.

Sample collection

Samples of water were tak-
en using a 1.2 liter Kemmerer
non-metallic sampler for trace
metals (Wildco Instruments,
1520-C22). One liter of the
sampler’s contents were used
to fill narrow-mouth amber
glass bottles that had been
washed with water and a mix-
ture of HNO; (1:1) and then
rinsed with abundant distilled
water; 80mg of sodium thio-
sulfate was added to each bot-
tle. At Tecocomulco lake the
bottom has only a superficial
layer of sediment bounded
below by a hard layer of rock,
so samples of superficial sedi-
ment were taken using an
Ogeechee Corer sampler
(Wildco Instruments, 2427-
B20). Sediment samples were
placed in 1 liter amber glass
bottles previously acid washed
as above. Samples of water
and sediment were placed in
an ice chest with ice for trans-
portation to the laboratory and
thereafter kept under refrigera-
tion and protected from light
until analysis.

Extraction of PAHs

Water. Water was filtered in
a Biichner funnel using What-
man 42 paper. A solid phase
extraction (SPE C18 disk) sys-
tem (Supelco; Sigma-Aldrich
Corp.) was used to extract
PAHs. The extraction disk
was placed in a vacuum filtra-
tion system and pre-washed
with 10ml of dichloromethane
(DCM)/acetate ethyl chloride
(1:1), vacuum dried, allowed
to stabilize for 1min, and then
vacuum was reapplied and the
disk washed with 10ml of
methanol, rinsed with 10ml of
organic compound-free water
and allowed to dry without
vacuum. A 11 sample of wa-
ter to be analyzed was run
through the disk, and the vac-
uum was suspended when a
layer of ~Imm of water re-
mained. To extract PAHs
from the SPE disk, a test tube
of 50ml was placed within a
Biichner side-arm flask to
catch the filtered sample. Eth-
yl acetate (Sml) was added to
the sample, which was trans-
ferred to the extraction fun-
nel. Vacuum was applied until
the first drops appeared, and
then suspended to allow the
penetration of the solvent into
the disc. After Imin, the vac-
uum was reapplied slowly.
The container where the sam-
ple had been kept was washed
with 5ml DCM, and the sol-
vent transferred to the extrac-
tion funnel with the vacuum
applied until all solvent
passed through. The elutant
was dried using anhydrous
sodium sulphate; once dry,
the supernatant was trans-
ferred to a conical-base grad-
uated tube, a small amount of
dry N, gas was applied, and
the extract was stored at -4°C
until analysis.

Sediment. In the laboratory,
sediment samples were dried
at ambient temperature in
open containers covered light-
ly with clean paper and then
stored in clean bottles. The
samples were ground with an
agate mortar and then passed
through a series of graduated
strainers to remove stones and
vegetable matter. Material that
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passed through a Imm mesh
was used for the extraction of
PAHs. The extraction was
based on EPA method 3550C
(EPA, 1996), an ultrasonic
process recommended for sol-
id samples such as dirt or
sludge and assures intimate
contact of the matrix of the
sample with the solvent of the
extract. Three extractions,
each using 30ml of solvent,
were performed using 10g of
subsamples of dry sediment.
Extracts were filtered, recov-
ered in round-bottomed flasks,
and then concentrated in a
Biichi rotary evaporator to
yield a 1ml liquid subsample
that was stored in a vial
wrapped in aluminum foil and
kept at -4°C until post-extrac-
tion cleanup.

For post-extraction cleanup,
a silica gel column was pre-
pared by loading activated gel
onto a 5cm long chromato-
graphic column (Icm internal
diameter). An additional lcm
of anhydrous Na,SO, was add-
ed to the column, which was
then conditioned by running
DCM through the column.
Concentrated subsamples (1ml)
were loaded onto the column
and eluted with 10ml DCM.
The extract was again concen-
trated to about 2ml by gently
passing a stream of dry N,
over the liquid.

Analyses

A Hewlett-Packard 5890
SERIES II GC (fused-silica
HP-5 capillary column;
30mx0.25mm i.d.; 5% phe-

5.000

4.000

3.000

2.0004

1.0004

Concentration (mg-kg™; mg-)

0.000

g 2 g 2 2o ¢
g < £ T <

Figure 2. Total concentration of 16 priority polycyclic aromatic hydrocarbons
in water and sediment; Nap: naphthalene, Ale: acenaphthylene, Anc: acenaph-
thene, Flu: fluorene, Phe: phenanthrene, Ant: anthracene, Pyr: pyrene, Fut:
fluoranthene, Baa: benzo[a]anthracene, Cry: chrysene, Bbf: benzo[b]fluoran-
thene, Bap: benzo[a]pyrene, Bkf: benzo[k]fluoranthene, Bgp: benzo[g,4,i]
perylene, Daa: dibenzo[a,h]anthracene, Icp: indeno[1,2,3-cd]pyrene (concen-
trations of Bbf, Bkf, Daa, and Icp were below minimum level of detection).

Iml'min! with an injector tem-
perature of 250°C; equilibration
time of 2min, and total analysis
time of 43min. The GC system
was operated in an electron
impact ionization mode with an
ionizing energy of 70eV, scan-
ning from 50 to 400 m/z
(mass-to-charge ratio), 1.9s per
scan, with an ion source tem-
perature 200°C, quadruple tem-
perature 180°C. Electron multi-
plier voltage was maintained
1819V above auto tune with a
solvent delay of 3min. Before
each analysis, the relevant stan-
dards (16 PAHs-target com-
pounds from Supelco PAH Kit
610-N; lot LB44087) were run
to check column performance,

1 [ Water

M Sediment ‘
Q.
o
s}

=
a

dangers of PAHs in the en-
vironment received little
attention. In that study it
was determined that the
natural concentration of in-
dividual PAHs in surface
and coastal waters is
~0.05ug:1", and concentra-
tions above this point indi-
cate some contamination.
Eight of the 16 PAHs evalu-

Bap

58 238 < o
nm O m s} 5

PAHs

peak height and resolution.
Calibration curves were linear,
with correlation coefficients
from the linear regression rang-
ing from 0.9928 to 1.000.
Analyses were performed with
selected ion monitoring (SIM),
using one target and two quali-
fier ions determined by injec-
tion of standards under the
same chromatographic condi-
tions as for the analyses. Re-
sults of the analyses are shown
in Figure 2.

Results and Discussion
Until the publication of a

study by the World Health
Organization (WHO, 1998) the

TABLE 11
CONCENTRATIONS OF THE 16 PRIORITY POLYCYCLIC
AROMATIC HYDROCARBONS IN WATER FROM SIX
LOCALITIES IN TECOCOMULCO LAKE

Icp

ated were found in measur-
able concentrations in the
water from Tecocomulco
Lake (Table II); concentra-
tions of 6 out of the 8 were
found to be at concentra-
tions above 0.05ug-1! in at
least one area of the lake.
The high-molecular-mass
PAHs, such as benzo[k]flu-
oranthene, benzo[g,h,i]per-
ylene fluoranthene, dibenz[a,/]
anthracene and indeno[1,2,3-
cd]pyrene, were not detected
in the water samples, although
this can be attributed to their
lower water solubility.
Benzo[a]pyrene is one of the
most potent PAH carcinogens
(WHO, 1998) and is often
used as a maximum-limit indi-
cator (ATSDR, 1995; Anyako-
ra and Coker, 2006). A life-
time exposure of 0.7mg:1" of
these compounds corresponds
to an excess lifetime cancer
risk of 10° (WHO, 1998). This
corresponds generally to a
concentration of about 0.01pg1-
!in drinking water. The U.S.
EPA has suggested that ingest-
ing each day the following
amounts (in mg-kg' body
weight) of individual
PAHs is not likely to
cause any harmful health

nyl-95% dimethylpolysilox-
ane; film thickness 0.25um)
coupled to a mass spectrom-

Compound

Concentration in water (ml-g")

effects: 0.06 acenaphthene,
0.04 fluorene, 0.30 anthra-

cene, 0.04 fluoranthene

Arecal Area2 Arca3 Area4 Arca5 Area 6

eter Hewlett-Packard 5989A and 0.03 pyrene (Zhou et
with an MS Chemstation Naphthalene 0.087 <0.030 0.033 <0.030 0.033 <0.030 al., 1998).

G1034C software was used. Acenaphthylene <0.020 <0.020 <0.020 <0.020 <0.020 2.400 In the Lake Of Tecoco-
Oven temperatures were Acenaphthene 0025 <0020 <0020 <0020 <0020 0300 o 1o0 " penornrene
100°C at start. 2min to Fluorene 0.024 <0.020 <0.020 <0.020 <0.020 0.200 was fO,qu in an average
200°C (at 10"C/rr’1in) held at Phenanthrene <0.030 <0.030 <0.030 <0.030 <0.030 1.500 concentration of 0.2me-l"

o RSN Anthracene 0.070 <0.020 <0.020 <0.020 <0.020 1.700 . ~~mg

200°C for Smin; 200°C to p e <0.040 <0.040 <0.040 <0.040 <0.040 <0.040 Only in Area 6. However,
250°C (at 8°C/min), held at  gj,ranthene <0.040 <0.040 <0.040 <0.040 <0.040 <0.040 Since the water from the
250°C for 7min; 250°C to  Bepyg[ganthracene  <0.050 <0.050 <0.050 <0.050 <0.050 <0.050 lake is not used directly
310°C (5°C/min), 310°C for  Chrysene <0.060 <0.060 <0.060 <0.060 0.086 <0.060 s drinking water, it is
5min. Splitless injections of Benzo[p]fluoranthene  <0.100 <0.100 <0.100 <0.100 <0.100 <0.100 not clear what effects this
1ul sample were carried out Benzo[a]pyrene <0.150 <0.150 <0.150 <0.150 <0.150 0.200 level might have on local
with the split valve closed for Benzo[]fluoranthene <0.150 <0.150 <0.150 <0.150 <0.150 <0.150 residents. There have
Imin. Ultra high purity Benzo[g,h,i]perylene <0750 <0.750 <0.750 <0.750 <0.750 <0.750 been few studies on the
(99.999%) helium was used Dibenz[a,h]anthracene <0.900 <0.900 <0.900 <0.900 <0.900 <0.900 human health effects of
as a carrier gas at a flow of Indeno[l,2,3-¢,d]pyrene <1.700 <1.700 <1.700 <1.700 <1.700 <1.700  this compound, because
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of inappropriateness of studies
on humans. Nevertheless, in
early studies, human subjects
that were skin-painted with
benzo[a]pyrene developed
skin lesions (Cottini and Maz-
zone, 1939; Rhoades et al.,
1954), so the potential dan-
gers of contact with this and
other PAHs (Habs et al.,
1984; Warshawsky and Bark-
ley, 1987) are obvious, though
the degree of actual contact
by local residents is not
known. Benzo[a]pyrene, not
produced commercially, is a
byproduct of the combustion
of petroleum products, par-
ticularly exhaust fumes from
engines of all types (ATSDR,
1995), burning of organic ma-
terial (Okuda et al., 2002; de
Gouw et al., 2006), and cook-
ing processes (Le Marchand
et al., 2002).

Acenaphthylene, anthracene
and phenanthrene were the
PAHs found at the highest
concentrations in water from
Area 6 (Table II). Finding
acenaphthylene, benzo[a]py-
rene and phenanthrene at lev-
els higher than other PAHs
usually indicates road traffic
as a major source of PAH
pollution (Shukla and Upreti,
2009), but the lake is in a
rural setting with little auto-
mobile traffic. However, as
part of ecotourism, local resi-
dents take visitors on tours of
the lake and some local fish-
ermen use the same boats
when they are available. The
motors of these boats release
exhaust gases below the sur-
face of the water and thus are
a probable source of these
contaminants. Local residents
regularly burn the centrally
located dense stands of aquat-
ic plants when they are dry,
which also may cause con-
tamination with combustion-
related PAHs. Area 1 also is
frequented by fisherman’s
boats, lending support to boat
motors as a source of these
contaminants, but it is also
near fields that are sometimes
burned to clear unwanted
plants.

Anyakora et al. (2005) re-
ported levels of these same
contaminants from 0.34mg-1"!
to 1.72mg 1" in waters heavily

contaminated with
petroleum products,
but Anyakora and
Coker (2006) report-
ed concentrations of
0.00195mg1"! for rela-
tively clean stream
water to 0.0109mg-1"!
for the most polluted
water. According to
studies done in the
U.S., in four major
cities the total PAHs
in drinking water
ranged between
0.0047 and 0.600mg1
' (ATSDR, 1995).
The concentrations of
PAHs found in water
from Tecocomulco
Lake (0.024 to
2.400mg1Y) were

TABLE III
CONCENTRATIONS OF THE 16 PRIORITY POLYCYCLIC
AROMATIC HYDROCARBONS IN SEDIMENT FROM SIX
LOCALITIES IN TECOCOMULCO LAKE

Compound Concentration in sediment (mg-kg")

Area 1l Area2 Area3 Area4 Area5 Area 6
Naphthalene <0.030 <0.030 <0.030 0.030 <0.030 2.125
Acenaphthylene <0.020 <0.020 <0.020 0.030 <0.020 <0.020
Acenaphthene <0.020  0.030 <0.020 0.070 <0.020 <0.020
Fluorene <0.020  0.070 <0.020 0.050 <0.020 <0.020
Phenanthrene <0.030 <0.030 <0.030 0.070 <0.030 <0.030
Anthracene <0.020 0.230 <0.020 0.070 <0.020 <0.020
Pyrene <0.040 0.100 <0.040 0.050 <0.040 <0.040
Fluoranthene <0.040  0.130 <0.040 0.050 <0.040 2.060
Benzo[a]anthracene <0.050  0.070 <0.050 <0.050 <0.050 <0.050
Chrysene <0.060 0.070 <0.060 <0.060 <0.060 <0.060
Benzo[b]fluoranthene <0.100 <0.100 <0.100 <0.100 <0.100 <0.100
Benzo[a]pyrene <0.150 0.620 <0.150 0.062 <0.150 <0.150
Benzo[k]fluoranthene <0.150 <0.150 <0.150 <0.150 <0.150 <0.150
Benzo[g,A,i]perylene <0.750 2.070 <0.750 2.870 <0.750 <0.750
Dibenz[a,hlanthracene  <0.900 <0.900 <0.900 <0.900 <0.900 <0.900
Indeno[1,2,3-¢,d]pyrene  <1.700 <1.700 <1.700 <1.700 <1.700 <1.700

generally similar to
the lowest concentra-
tions reported by the
studies cited herein. However,
the highest concentrations re-
ported by the above-men-
tioned authors were for heav-
ily contaminated water. The
lake is not near any industri-
alized area or direct source of
petroleum contamination, so it
is difficult to explain the high
concentrations of some PAHs
(acenaphthylene 2.400mg-1!,
anthracene 1.700mg-1"!, and
phenanthrene 1.500mg-1").
Nevertheless, the higher con-
centrations are all located in
Area 6, a pathway heavily
traveled by boats and sur-
rounded by cattails that are
burned frequently to restrict
growth.

The remaining PAHs were
found to be present in more
moderate amounts, but there
is no hypothesized local
source. For example, chrysene
has no known use but fluo-
rene is used as a chemical
intermediate in many chemi-
cal processes, in the forma-
tion of resins, and in the
manufacture of dyes, and no
industries that potentially
could use these compounds
exist in the area around the
lake.

Soil and sediment are the
major sinks for PAHs, primar-
ily because of the low solubil-
ity of these compounds and
their strong affinity for or-
ganic carbon in particulate
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matter. PAH concentrations in
sediments are generally much
higher than those detected in
surface waters, i.e., in the
range of pg (ppb) rather than
ng (ppt) per kg (i.e., at least
1000 times that of concentra-
tions found in water). Twelve
of the 16 PAHs evaluated
were found in measurable
concentrations in sediments
from Tecocomulco Lake (Ta-
ble III), and 11 of the 12 had
concentrations >0.05ug-1" in
at least one area of the lake.
Interestingly, more types of
PAHs were found in Areas 1
and 6 in water but more were
found in Areas 2 and 4 in
sediments; no PAHs were reg-
istered in Areas 2 and 4 in
water and none were regis-
tered in Areas 1, 3, and 5 in
sediments. At this time there
is no explanation for this pat-
tern. Benzo[g, h,i]perylene, a
heavy compound, was found
in sediments at a concentra-
tion of (2.870mgkg") that was
higher than any other PAH
registered. Naphthalene, a
simpler molecule, also was
found at a high concentration
(2.125mg-'kg™"). Fluoranthene
had the third highest concen-
tration (2.06mgkg™"). Fluoran-
thene was found in Areas 2,
4, and 6, but the highest con-
centration was in Area 6.
Naphthalene was found only
in Areas 4 and 6, again with

the highest concentration in
the latter one. However,
benzo[g, h,i]perylene was
found at high concentrations
only in two localities, Areas 2
and 4. The pattern of distribu-
tion of these compounds also
suggests that there is some
underlying pattern, although it
might be more complicated
than that previously men-
tioned. At present there is no
explanation for this pattern.
Anyakora et al. (2005) re-
ported average concentrations
of the same 16 PAHs exam-
ined herein that were similar
to those found in Tecocomul-
co Lake. However, these au-
thors also reported the pres-
ence of 3.880, 2.880, 18.320,
and 11.450 mg/kg, respec-
tively, of benzo[b]fluoran-
thene, benzo[k]fluoranthene,
dibenz[a,h]anthracene and
indeno[1,2,3-cd]pyrene, all
large molecules that were not
found in sediments at Tecoco-
mulco. Olajire-Abbas and Brack
(2005) reported levels of PAHs
between 0.005-0.44mg-kg!
(calculated from their Table
II) in soil contaminated with
petroleum products. The high-
est concentration reported was
naphthalene (0.044mg-kg™),
followed by anthracene
(0.038mg'kg"), and fluoran-
thene (0.037mgkg™), all small
molecules; benzo[g,h,i]per-
ylene was found at a much
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lower average
concentration
(0.016mg-kg™)
than in Teco-
comulco, but
concentrations
of the other
PAHSs found in
the lake were
similar to those
reported by
Olajire-Abbas
and Brack
(2005). As not-
ed, there have
been no reports
of direct con-
tamination with
petroleum
products in the
lake, so the
frequent burn-
ing of aquatic
vegetation
seems to be the
likely source.
These fires are

TABLE IV
CONCENTRATIONS OF THE 16 PRIORITY
POLYCYCLIC AROMATIC HYDROCARBONS

IN WATER, SEDIMENT AND TOTAL PAHg; FROM

SIX LOCALITIES IN TECOCOMULCO LAKE

Compound 2PAHs (mgl'; mgkg™)

Water Sediment  Total
Naphthalene 0.153 2.155 2.308
Acenaphthylene 2.400 0.030 2.430
Acenaphthene 0.325 0.100 0.425
Fluorene 0.224 0.120 0.344
Phenanthrene 1.500 0.070 1.570
Anthracene 1.770 0.300 2.070
Pyrene <0.040 0.150 0.150
Fluoranthene <0.040 2.240 2.240
Benzo[a]anthracene <0.050 0.070 0.070
Chrysene 0.086 0.070 0.156
Benzo[b]fluoranthene <0.100 <0.100  <0.100
Benzo[a]pyrene 0.200 0.682 0.882
Benzo[k]fluoranthene <0.150  <0.150  <0.150
Benzo[g,A,i]perylene <0.750 4.940 4.940
Dibenz[a,h]Anthracene <0.900 <0.900 <0.900
Indeno[1,2,3-¢,d]pyrene <1700 <1700  <1.700
YPAHs (2-3 ring) 6.372 2775 9.147
YPAHs (4-6 ring) 0.286 8.152 8.438
Ratio 2-3 ring:4-6 ring 22.3:1 0.3:1 L.1:1
YPAHs (total) 6.658 10.927 17.585

Finally, it should be
recognized that some
sources of contamina-
tion, such as the ex-
hausts of small boats
of fishermen and tour
guides, will continue
to enter this ecosys-
tem. Each source must
be reduced as much
as possible, and the
effect of any contami-
nant that does enter
the ecosystem should
be dealt with appro-
priately in order to
reduce or counteract
its effect. There is a
clear need for the re-
moval of excess
aquatic vegetation of
the lake (Bautista-
Hernandez et al.,
2008) but, although
plants do not bioac-
cumulate hydrocar-
bons (Greenberg,

clandestine and

2003), burning the

it is possible

that local resi-

dents douse the cattails with
diesel oil, kerosene, or other
flammables to support com-
bustion of the humid vegeta-
tion. However, there is no di-
rect concrete data for the eval-
uation of these hypotheses.

In general, 4, 5, and 6 rings
PAHs were dominant in sedi-
ment samples from Areas 2, 4
and 6 in Tecocomulco Lake
(Figure 2, Table 1V). In con-
trast, in water samples 2 and
3 rings PAHs were dominant.
One likely reason for this is
that PAHs are less soluble in
water and solubility decreases
as the molecular weight rises.
Larger molecules quickly
move into sediment, thus they
dominate in soil samples. The
ration of 2-3 ring PAHs to
4-6 ring PAHs (Olajire-Abbas
and Brack, 2005) was 22.3:1
in water and 0.3:1 in sedi-
ment, while for total PAHs
(water + sediment) the ratio
was 1.1:1, supporting the hy-
pothesis that the absence of
large-molecule PAHs in water
is due to a low solubility of
these compounds in water and
a higher one in sediments.

The global movement of
PAHs in Tecocomulco Lake
can be summarized as fol-
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lows: PAHs released to the
atmosphere by combustion
(probably of aquatic vegeta-
tion and local crop residues)
or other sources (small boat
engines) are subject to short-
range transport (run-off from
local fields) or direct deposit
(exhaust from boat engines
released into water and car-
bon and ashes from burning
vegetation) and are deposited
into the lake water. Lack of
solubility of PAHs moves
heavier compounds into the
sediment where they bind
with soil particles, while
lighter molecules remain dis-
solved in the water (about
44% by weight of total
PAHs; Table 1V). In shallow
waters of the Tecocomulco
Lake (0.2-2.0m; Bautista-
Hernandez et al., 2008)
wind-driven water currents
and movement of small boats
could stir up bottom sedi-
ments, re-exposing water to
PAHs that could re-dissolve
into the water and then back
into sediment. PAHs in sedi-
ments can enter groundwater
and be transported in an
aquifer such as those that run
under the lake (Huizar-Alva-
rez et al., 2005).

vegetation increases

the amount of PAHs
in the environment (Hock-
Seng et al., 2007). One pos-
sibility is to cut or remove
vegetation and compost it
(Barker and Bryson, 2002)
for application to the sur-
rounding fields as organic
fertilizer. Similar ecological-
ly-friendly solutions would be
applied to other sinks of
PAHs. It is essential to seek
these solutions given the im-
portance of the Tecocomulco
Lake as a national preserve
(Ramsar, 2003).

Conclusions

PAHs were found at con-
centrations above that rec-
ommended (0.05pg-1%
0.05ug-'kg!) indicating con-
tamination. In general,
smaller-sized molecules
were found dissolved in wa-
ter and heavier molecules
were recovered from sedi-
ments. However, the distri-
bution of PAHs among the
six sampling areas was in-
consistent, and presence and
concentrations were not cor-
related between water and
sediment.

The current study provides
identification of contami-

nants in the Lake of Tecoco-
mulco, which could be a
possible health risk for local
inhabitants. The process of
bioaccumulation moves toxic
compounds higher up the
trophic food chain and thus
represents a latent risk for
environmental and human
health. Future studies should
include surveys of organisms
from the lake, particularly
those used as food by local
residents, in order to quan-
tify and, then, reduce possi-
ble health risks.
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