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Abstract

Benzene is a constituent of oil regarded as a potential carcinogen, and there-
fore a dangerous compound. Its risk increases when spills occur, added to

the effect of gravity and high mobility, it’s infiltrated into the ground, rea- LG

ching the phreatic area until dissolved, contaminating the water. « benzene

The objective of this research was to evaluate the health risk of environmen- e health risk

tal liabilities caused by the contamination with benzene in the “Ex-refinery « environmental liability
March 18” in Mexico City. For twenty years were carried out remediation o mss belamnce

work —which started since 2008- and today this space has been converted * refinery

into a recreational park. This environmental liability is divided into seven 5 pemedision

zones for purposes of remediation, although in this case only was conside-
red the 7 zone. It also, took into account only the concentration of this hydro-
carbon (average, percentil 75 and 95) present in the soil. The results, —from a
total of 642 samples from 122 soil profiles—, before the remediation —biospray
with vapor extraction—, showed a health risk by depth between 1.2 to 7.2 m,
from 1.69E-07 to 1.2 1.25E-05 m to 4.8 m, which coincides with the phreatic
level of aquitard, was the place where the highest level of health risk is pre-
sent. After remediation, the measurements yielded 4.07E-07 to 1.2 m and
3.85E-07 to 4.8 m. These values indicate that the mass of benzene before de-
contamination exceeded the risk considered acceptable, 1.0E-06 at a depth
of 4.8 m; after that, reductions below the acceptable risk were achieved,
which shows that the remnant hydrocarbon does not represent a health risk.
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Resumen

El benceno es un constituyente del petrdleo que se considera un cancerigeno poten-
cial y, por lo tanto, un compuesto peligroso. Su riesgo aumenta cuando ocurren
derrames que, por efecto de la gravedad y su gran movilidad, se infiltran en el sub-
suelo, alcanzando la zona fredtica hasta disolverse, contaminando el agua.

El objetivo de esta investigacion fue evaluar el riesgo a la salud del pasivo ambiental
producido por la contaminacién con benceno en la “Ex-refineria 18 de marzo” en la
Ciudad de México. Por veinte afios no se llevaron a cabo trabajos de remediacién
—fueron iniciados a partir del afio 2008—1y hoy en dia este espacio se ha convertido en
un parque de recreacion. Tal pasivo estd dividido en siete zonas para fines de reme-
diacion, aunque para este caso solo se considerd la zona 7. Asimismo, se tomo en
cuenta tinicamente la concentracion de este hidrocarburo (promedio, percentiles 75
y 95) presente en el suelo. Los resultados —provenientes de un total de 642 muestras
de 122 perfiles de suelo—, antes de la remediacién-bioaspersion con extraccion de
vapores- mostraron un riesgo a la salud por profundidad entre 1.2 a 7.2 m, de
1.69E-07 a 1.2 m y 1.25E-05 a 4.8 m, lo que coincide con el nivel fredtico del
acuitardo, siendo este 1iltimo el lugar donde se tiene el mayor nivel de riesgo a la
salud. Después de la remediacin, las mediciones arrojaron 4.07E-07 a 1.2 m y
3.85E-07 a 4.8 m. Estas cifras indican que la masa de benceno antes de la descon-
taminacion sobrepasaba el riesgo considerado aceptable, 1.0E-06 a una profundidad
de 4.8 m; luego se lograron reducciones por debajo del riesgo aceptable, lo cual mues-

Descriptores:

* benceno

* riesgo a la salud
* pasivo ambiental
* balance de masas
e refineria

e remediacion

tra que el hidrocarburo remanente no representa un riesgo para la salud.

Introduction

Qil industrial production has been related to soil conta-
mination, among which we face the problems of de-
composition of hazardous materials and wastes, as well
as related accidents in handling them. Large volumes
of soil and groundwater become contaminated even by
releasing small amounts of highly toxic organic com-
pounds, which in many cases exceed the maximum ac-
ceptable limits. It is estimated that in Mexico all
activities related to the oil industry are the major contri-
butors to the environmental degradation, and basic pe-
trochemicals are the largest contributors to pollution.
Contaminated sites are defined as those where there
has been deposition, burial or disposal of chemicals or
wastes, related to industrial, commercial, agricultural
or domestic activities (Salinas, 1997; Quadri y Proven-
cio, 1994).
There are two types of contaminated sites:

1) so-called “environmental liabilities”, large sites
with pollution problems caused by industrial use of
land and improper handling of hazardous wastes,
and

2) those sites which were contaminated by environ-
mental emergencies and were brought into view as
soon as they occurred (SEMARNAT, 2008).

All accidental leakages where dangerous materials
and wastes are involved generate hazardous contami-
nated sites (soil and water), and are known as environ-
mental emergencies. These accidents always involve
some risk to the environment or to the people’s health.
According to statistics obtained from the Federal Attor-
ney for Environmental Protection (PROFEPA, 2011),
each year in Mexico approximately 550 environmental
emergencies related to hazardous materials and wastes
are presented.

In 2004, there were identified 297 contaminated sites
with hazardous materials or wastes. Among of them,
119 were ranked and prioritized according to the risk
level to human health and the environment, 12 more
sites were considered rehabilitated or in process of re-
habilitation, the rest were not ranked. By April 2008,
registered contaminated sites increased approximately
by 12%, up to 333 locations, including the “Ex-refinery
March 18", located in the north of Mexico City (SE-
MARNAT, 2008).

The situation gets worse when leakages involve car-
cinogenic, mutagenic or teratogenic pollutants. One of
the most hazardous crude oil compounds known for its
carcinogenic toxicity is benzene, which is used as raw
material in the production of compounds such as phe-
nol, styrene, and cyclohexane. The USEPA (2007) has
reported that benzene is considered a non-chlorinated
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organic compound and is integrated into the group of
benzene, toluene, ethylbenzene, xylene (BTEX), compo-
nents, which are usually found in soil remediation pro-
jects (Alves et al., 2010; Testa and Winegardner, 1991).

Benzene can infiltrate the body through the lungs,
gastrointestinal tract and skin. When a high level of
benzene concentration in the air occurs, in case of inha-
lation about half of benzene volume passes through the
lungs and gets into the bloodstream. When benzene is
found in foods or drinks, most part of benzene passes
through the gastrointestinal tract and gets into the
bloodstream. A small amount of benzene can infiltrate
the body through the skin and also get into the bloods-
tream while skin has a contact with benzene or with the
products containing benzene. Once it appears in the
bloodstream, benzene travels through the body and can
be stored temporarily in the bone marrow and fat tis-
sues. (Toxicological Profile for Benzene, 2007; OSHA,
2003; IRIS, 2006).

Most investigations regarding the effects of long-
term exposure of benzene were made on workers in
facilities where this material is handled. Brief exposure
(5-10 minutes) of a very high level of benzene concen-
tration in the air (ug/m’ 1943000-63886000 [10000-20000
ppm]) may cause death. Lower levels of benzene con-
centration (ug/m® 2236000-9583000 [700-3000 ppm])
may cause somnolence, dizziness, tachycardia, heada-
ches, tremors, confusion and unconsciousness. In most
cases, people will stop feeling these effects when they
are not exposed anymore and when they start to breathe
fresh air. The consumption of food or beverages with
high level of benzene concentration can cause vomi-
ting, stomach irritation, dizziness, somnolence, convul-
sions, tachycardia, coma and death. If benzene contacts
the eyes it may cause irritation and even damage the
cornea (Toxicological Profile for Benzene, 2007; OSHA,
2003; Toxicological Profile for Benzene, 2007; Wilbur,
2005; IRIS, 2006).

The USEPA has accepted the value of 5 ppb as a
maximum level of benzene concentration in drinking
water. The USEPA also set a goal to have the value of 0
ppb in drinking water and surface water such as rivers
and lakes because the dangerous influence of benzene
can cause leukemia. The USEPA has estimated the va-
lue of 10 ppb of benzene in drinking water or exposed
in the air (0.4 ppb) over a lifetime can cause a risk of one
additional cases of cancer per 1,000,000 persons (Toxi-
cological Profile for Benzene, 2007; Wilbur, 2005).

The influence of benzene on health was defined by
the results of investigations that have been reported
(Mandiracioglu et al., 2011; McHale et al., 2011). Howe-
ver, it is very important to research environmental lia-

bilities, which are a major factor in the revitalization of
contaminated sites and it becomes even more impor-
tant if we talk about the contaminated sites which are
provided for recreation.

The world’s scientific community has published
several studies related to the characterization of soil
and groundwater in sites which were contaminated by
the oil industry (Schneider et al., 2006). These resear-
ches provide an assessment of soil contamination of
one refinery in Sao Paulo, Brazil, where the most feasi-
ble rehabilitation techniques are also evaluated. In
that case, the soil was contaminated mainly by BTEX
and affected the employees working in this refinery.
Another study on this subject (Li et al., 2005) presents
an assessment of the health risk based in data obtai-
ned by mathematical modeling that allows determi-
ning contaminant concentrations in groundwater, and
was applied in an oil contaminated site located in the
West of Canada. Turczynowicz et al. (2001) applied a
model of benzene diffusion inside the house base-
ments. The investigation was performed in Australian
houses in order to understand the behavior of benzene
in confined sites and predict its influence on humans.
Kreider ef al., (2010) published a research work on a
refinery in Illinois, USA, which was operated between
1977 and 2006 and an assessment of health risk to em-
ployees who worked at the refinery and were affected
by benzene was made there. Finally, there are a varie-
ty of studies of the efficiency of remediation techni-
ques used in hydrocarbon contaminated sites, mainly
in sites like refineries and fuel distribution stations
(Aivalioti and Gidarakos, 2008, Clay, 2002; Margesin
et al., 2003, O’Reilly and Thorsen, 2010). Iturbe ef al.
(2006) presented an assessment of health risk in an oil
facility in Mexico, where TPH (total petroleum hydro-
carbons) was the goal of study. Lesser and Saval (2000)
investigated the characterization of oil pollution in
clay soils in an “X” fuel storage and distribution sta-
tion in Mexico. Iturbe and collaborators have made
studies concerning the characterization of storage and
distribution terminals in Puebla, Puebla (Iturbe et al.,
1999), Zacatecas, Zacatecas (Iturbe ef al., 2003a) and
Morelia, Michoacan (Iturbe et al., 2003b). Navarro
(2006) investigated the determination of the levels of
soil sanitation in environmental liabilities, which
show the level of exposure on Mexican individuals in
sites contaminated with hazardous wastes.

Therefore, the goal of this study is to evaluate the
health risk in zone 7 which is contaminated with benze-
ne in environmental liabilities “Ex-refinery March
18th” in Mexico City, taking into consideration three
different concentrations of benzene in the soil particles.
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Case study and methodology

The site of this study is a part of the “Ex-Refinery March
18th” and has an area of 77.45 hectares. It is located in
the Miguel Hidalgo locality in the northwest of Mexico
City. On October 29th, 1930, the Mexican Oil Company
El Aguila, SA, was authorized to install and operate the
refinery in the Azcapotzalco locality of the Federal Dis-
trict. The Refinery “March 18th” began operations in
1933, which ended on March 18th, 1991 by decree of the
Federal Government. For 58 years operations of refi-
ning, storage and distribution of oil were conducted,
until the closure of refinery in 1991. During this period
there were oil leakages that impacted the ground and
the water.

The ex-refinery is divided into seven zones for its
study. In each zone, the contamination was analyzed
and determined, as shown in Figure 1. Zone 7 is the
objective of the present study, which was contaminated
by benzene due to a series of oil leakages; some of them
were recorded during the operation of the refinery. In
order to remediate the contaminated soil a combined
technique of biospray and vapor extraction was applied
during one and a half years. Physical and chemical pro-
perties of benzene are shown in Table 1.

The subsoil of the ex-refinery “March 18th” consists
of five fine granular layers, disposed in a marginal la-
custrine environment. The first layer is filled with mate-
rials of different origin and the rest four layers consist
of original soil (Diaz, 2006). Although there are slight

changes in the vertical and the horizontal directions,
the subsoil structure remains essentially unified along
the site. Table 2 shows the physical and chemical cha-
racteristics of the soil at different depths before reme-
diation.

Figure 2 presents a cross section of the stratigraphy
of the environmental liability previously characteri-
zed by contracted companies, which obtained an ap-
proximation of the soil types that forms the aquitard
in order to understand the behavior of contaminants.
The stratigraphy shows only the first 10 m of depth,
because the maximal sampling depth was 7.2 m, whe-
re clay predominates in the subsoil of the ex-refinery.
The low values of hydraulic conductivities show the
presence of fine material that makes the water flow
slow, which has direct influence to the retained conta-
minant concentrations.

Samples were taken from a maximal depth of 7.2 m,
with intervals of 1.2 m. Thus, there are seven sets of
concentrations that allow us to define the mass of the
contaminant for each depth accordingly. The evalua-
tion of the concentrations at each interval is performed
by taking samples from 28 geo-referenced wells for
each depth. In total 168 samples. After remediation of
the site measurements of concentrations were made in
30 wells having 180 samples in the subsoil profile from
1.2 m to 7.2 m. Benzene quantitative determination was
obtained by a column gas chromatography using mass
spectrometry as indicated by NOM-138-SEMARNAT-/
55-2003. Reference method was EPA8260B 1996.

Areas con contaminantes identificados

*

BB EBER

Figure 1. Contaminated zones of
Ex-refinery “March 18th”. Source:
SEMARNAT, 2008
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Table 1. Physical and chemical properties of benzene

Solubility in water (%m/m) 0.18
Vapor pressure at 20°C (68°F): (mm Hg) 75
Benzene Density (g/cm3) 0.88
Boiling point (°C) 80
Molecular weight (g/mol) 78.11
CAS 71-43-2

Table 2. Physical and chemical soil properties, a: Using the method ASTM D 422-63; b, c, d, f: Using NOM-021-
SEMARNAT-2000, e: Using the official Mexican standard NOM-011-CNA-2000

Depth Real density” Bulk density (p,) Porosity ¢ Hydraulic Organic
(mp) Texture® (p,) g/cm’ g/em’ (%) conductivity (K) cm/s material © %
0.0-1.2 Clay loam 2.42 1.55 35.95 3.55*10-6 14
12-24 Clay 2.25 1.13 49.78 3.55*10-6 1.3
ZONE 7
24-36 Clay 2.35 1.24 47.23 3.55*10-6 22
3.6-48 Clay 2.49 1.14 54.22 3.55*10-6 0.4
48-6.0 Silty clay 2.62 1.41 46.18 3.55*10-6 0.9
6.0-7.2 Silty sand 2.08 0.65 68.75 1.79*10-6 8.1

a: Using the method ASTM D 422-63
b, ¢, d, f: Using NOM-021-SEMARNAT-2000
e: Using the official Mexican standard NOM-011-CNA-2000

The health risk to people who are exposed to environ-
mental contaminants is calculated as the product of the
concentration of the chemical compound in the exposu-
re area, the exposure dose and the toxicity of the chemi-
cal compound from equation 1:

[Risk] = [Exposure concentration] * [Dose] * [Toxicity] (1)

It follows that the safe concentration in the exposure
area can be calculated by solving the equation and spe-
cifying the acceptable risk. Equation 2:

L . [Acceptable risk]
[Limit of exposure concentration] = =——=———=
[Dose ]*[ Toxicity]
Knowing the estimated concentration, the health risk
can be obtained from equation 1. Knowing the accepta-
ble risk —reported by USEPA— we can calculate the spe-
cific remediation level (SRL) as shown in equation 3:

[Acceptable risk]
[Exposure factors ]*[ Toxicity]

[SRL] = 3)

When the exposure site is different to the site where the
impact occurs, then these equations must be adjusted

taking into account the cumulative effect of various
phenomena of partition, dilution and attenuation that
lower the compound concentrations during its trans-
portation from the source point to the receptor. This
contamination reduction takes place due to so-called
natural attenuation factor (NAF), which is defined as
the ratio of the concentration in the source to concentra-
tion in the point of exposure. Therefore, the health risk
or the limit level of concentration in the source can be
calculated using the following equation (4):

[Concentration in source] * [Dose][Toxicity]

Calculated risk] =
[Caleulated risk] [Namral attenuation factor] 4)

As mentioned above, the Natural Attenuation Factor
(NAF) represents the cumulative effect of partition, di-
lution and attenuation phenomenon for each route of
exposure which reduce compound concentration du-
ring transport from source to recipient. Such NAF com-
ponents can involve transfer factors through environ-
mental media (soil-to-air volatilization or soil-to-water
leaching) as well as lateral transport (air and ground-
water dispersion).

In these calculations, the value “dose” includes di-
rectly measured ingestion doses as well as estimated
inhalation doses of vapors volatilized from the soil. In
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Figure 2. Stratigraphy of the Ex-refinery “March 18th”. Source: SEMARNAT, 1998

all these calculations it is considered that chemical toxi-
city and dose are very conservative and therefore the
SRL acceptable levels are estimated including large
safety margins. The following equation (5) can be used
to calculate the safe concentration in the environmental
area:

[Safe concentration in source] =

. . ®)
[Acceptable rlsk] * [Natural attenuation factor}

[Dose ]*[Toxicity}

SEMARNAT’s Guide (2006) defines this safe concentra-
tion in the source as specific remediation level (SRL).
The above equation presents the basis for the calcula-
tion of the SRL, similarly to the method used in SE-
MARNAT guide where the safe concentration value of
each contaminant is based on the acceptable level of
risk. Such value is typically 1.0E-06, meaning that the
occurrence of one cancer case between one million of
possible recipients is tolerable. Under this procedure,
estimation of clean levels is simple but with many un-
certainties since it does not take into account inherent
variability related to different situations nor recipient
diversity. It can be argued that there is any ethical justi-
fication to the acceptable risk concept, being no risk or
zero risk the only one acceptable. In terms of remedia-
tion goals it would involve a total eradication of pollu-
tion from a site. Nevertheless, restoring its pristine
conditions could lead to technical, economical or logis-
tic difficulties, prolonging its sanitation indefinitely
(Navarro, 2006; Collasius, 2006). The calculation of the
SRL as a function of an acceptable level of risk has the
advantage of allowing a direct comparison of site con-
centrations in order to determine areas that may requi-
re remediation according to the use of the area and to

delineate the area to be remedied. On the other hand, if
this equation is used to estimate the risk, it is necessary
to use it for each measured point to delineate the area
for remediation.

In order to calculate the health risk, a measured con-
centration at a specific point is needed; the SRL value
estimated as described above (the calculations of risk
and SRL are based on the same equation 6) can be used,
considering the following proportion:

[Calculated risk] B [Concentration in source]

[Acceptable risk] - [Safe concentration in source] ©)

[Concentration in source]
B [CalculatedSRL]

The SRL represents the concentration of a specific
compound in an environmental area (for example, soil
or groundwater) that protects the receptor’s health for
a determined active exposure route in a determined
exposure point (EP). Therefore, it is necessary to calcu-
late the SRL for each compound of interest (COI) in each
environmental area in order to protect each present
receptor (or the more sensitive receptor, if it is known)
for each exposure route in the most reasonable expo-
sure points.

The risk, which may be caused by permanent ex-
posure to the contaminants present in a determined
concentration in soil in a specific contaminated site,
is normally calculated taking into account represen-
tative statistics of concentration in the area (for exam-
ple, the arithmetic mean or the upper limit of the
mean confidence). However, there an effort was made
to be extremely conservative, when calculating the
risk to people’s health which is caused by permanent
exposure to the present contaminant concentration in
each specific point (extreme case which will not hap-
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pen under any condition of land usage). It is impor-
tant to note that for horizons where concentrations
above the SRL were detected at various depths in the
same column of soil, the average concentrations were
used. Below we present the calculation for benzene
concentrations reported in the characterization study
of the site, as well as the concentration measured at
one point, concentration with percentile 75 and per-
centile 95.

In order to estimate the health risk represented by
the presence of a benzene mass the following equation
7 is applied:

[Calculated risk] B [Concentration in source] 7
[Acceptable risk] - [CalculatedSRL] )
[Calculated risk]z [Concentration in source] * [Acceptable risk]

[Calculated SRL]J

Calculated risk:

Concentration in source (mg/kg)

SRLCal. (mg/kg) = calculated specific remediation level
Acceptable risk = 0.000001

The obtained result is a dimensionless number, which
indicates the probability that a person will develop can-
cer or suffer non carcinogenic effects during his lifeti-
me. For carcinogenic compounds, a value of 1.00E-6
has been set as acceptable risk (probability that one per-
son in a million will develop cancer).

Health Risk Before Remediation

Results

The distribution of the benzene plume in soil is shown
in Figure 3, which takes into account the accumulation
of benzene and its horizontally limited mobility due to
the stratigraphy of the site, where the clay loam soil and
the ground water level of aquitard significantly reduce
its vertical mobility. Although benzene has been expan-
ding during several years, its highest concentration is
on the depth of 4.8 m, which coincides with the ground
water level and is found in a free form.

Considering the worst case of two suggested sce-
narios, behavior of the health risk was analyzed with
concentrations of percentile 95, which shows clearly
that the health risk exceeds acceptable limits at depth
4.8 m and 7.2 m. This does not represent a risk to the
civil population that may visit the contaminated site,
because it is located at a depth in which a person does
not have any direct contact with the contaminant. Be-
sides, in the upper layer of soil there is a concrete slab
that covers the contaminant and indirectly reduces the
health risk. However, zone 7 has been rehabilitated
because the characterization studies showed that the
concentration of benzene exceeded the acceptable li-
mits, and therefore there a combined method of vapor
extraction and biospray was applied in order to remo-
ve pollutants which remain in the saturated zone in
free form.

The facts described above allowed the remediation
works of the site to be successfully achieving efficien-
cies between 92% and 99%. Remediation methods

Figure 3. Health risk by depth calculated for
benzene with an average concentration (Cp), before
rehabilitation
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Health Risk After Remediation

Health Risk
E-07

used consisted on a combination of biospray and va-
por extraction. The first one is an atmospheric air in-
jection below of polluted zones, creating a micro-
bubble screen, which removes both dissolved and ad-
sorbed pollutants in non-saturated zone. This removal
follows two ways: physical dragging of nutrient-char-
ged air, and native bacterial stimulation. The second
one is the bioventing inverse process, that is to say, the
use of vapor extraction wells, so that it is possible to
extract volatile and semivolatile fractions from adsor-
bed and absorbed hydrocarbons in the non-saturated
zone; at the same time, atmospheric oxygen infiltra-
tion into subsoil is induced by this method, stimula-
ting microbial activity. Figure 4 shows a behavior
diagram of health risk of the remained mass of benze-
ne.

Figure 4 shows the behavior of the health risk for
benzene after remediation in three possible scenarios:
average concentration, concentration with percentile 75
and concentration with percentile 95. In general for all
three scenarios the reduction of health risk below the
accepted level is clearly seen. Comparing with the
worst scenario before rehabilitation as shown in Figure
5, it is seen that the risk is decreasing and reaching the
values with low level of risk, which allows to be sure
that there is no risk for people who visit the site. Increa-
se of the health risk in the upper layers happens due to
the technique used in rehabilitation, when after remo-
ving the benzene vapors, they were distributed and
grown up, however, they do not exceed the maximal
acceptable concentrations and this is clearly represen-
ted in the value of the calculated health risk.

The results obtained before the remediation works
show the health risk by depth between 1.2 m and 7.2
m, from 1.69E-07 at 1.2.m and 1.25E-05 at 4.8 m, that
coincide with the ground water level of aquitard whe-
re the highest level of health risk is reached. After the
remediation works the obtained results show 4.07E-

Figure 4. Health risk by depth calculated for benzene with
an average concentration (Cp), after remediation

07 at 1.2m and 3.85E-07 at 4.8 m. The results clearly
show that benzene mass before remediation exceeded
the acceptable risk of 1.0E-06 at depth of 4.8 m and
after the remediation works the health risk decreased
below this value. Although benzene can be dissolved
in the saturated zone according to SEMARNAT, there
is no indication of concentration data, meaning an in-
significant remaining hydrocarbon mass and, hence,
no virtual health risk.

Conclusions

The health risk in zone 7 contaminated with benzene in
the environmental liability generated by the “Ex—Refi-
nery March 18th” in Mexico City, using a technical gui-
de in order to support the development of studies of
environmental risk assessment of contaminated sites. It
was found out that the health risk decreased and beca-
me lower than levels of acceptable risk after remedia-
tion. A benzene mass still remains in the soil, but does
not represent any health risk to the people. Conse-
quently, in the present time the zone 7 can be conside-
red as a safe recreational area.

The SEMARNAT Technical Guideline was used to
calculate health risk in this research. It was very useful,
since it can be implemented in various environmental
liabilities real cases to solve.

Combination of techniques —biospraying and vapor
extraction—, along with our health risks results, provide
considerable support to any iniciative on risk minimi-
zation in this site.
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