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ABSTRACT
The benzene and light petroleum fractions that were spilled during the life of the refinery were not
remediated. Density is a physical property that is characteristic of soil and provides information on its
porosity, aeration and infiltration capacity. Density is an important factor in determining the mass of
contaminant present in the soil. The objective of this study was to evaluate the influence of soil density
on the retention of benzene and light petroleum fractions. The results showed that the influence of soil
density in determining the mass of a specific contaminant, by employing mass balance, is directly
proportional to the density values that were used. W hen calculating mass with bulk density, the
amount is lower than the amount obtained with real density. This observation is based on bulk density
taking into account in the sample volume, the volume as a whole which includes pore volume. The
volume of porous space is therefore reduced and accounts for an increase of the mass of contaminant
found at that depth. It was possible to determine the influence of density of the soil in a real case,
specifically for a large-size environmental liability, and to obtain suitable information on the mass of
remaining contaminant after applying mass balance. The mass of contaminant that is obtained represents
a proportional percentage of the value of the density as it increases, when taking bulk density as a
reference. This finding is consistent with those that have been published in studies for columns,
except this case was a study of an environmental liability instead of being a laboratory study.

INTRODUCTION
For years in many places, the improper and control-free disposal of hazardous waste has caused a serious problem of
soil contamination. This waste has most frequently been
dumped in places such as vacant lots, backyards of industries, municipal dumps, gullies, right-of-way for roads, municipal drainage systems and water bodies. It has led to the
deterioration of air and surface and groundwater which implies the migration of contaminants from the ground towards these media. Problems related to soil contamination
have recently acquired more relevance as there is greater
knowledge on the potential risk this contamination represents to public health and the environment and also on the
size of the problem and its cleanup cost (CENAPRED 2012,
Volke 2002).
Hazardous materials and residues may be classified under four general categories: petroleum hydrocarbons, volatile organic compounds, inorganic compounds and inorganic elements. One of the most common soil contaminants
is petroleum hydrocarbons that are spilled or deposited during their production, refining, transfer and sale, and are the
reason that soils may frequently become contaminated with

oil, fuel oil, gasoline, diesel and jet fuel (CENAPRED 2012,
Volke 2002).
Soil as a porous solid has two densities: particle density
(the ratio between weight-volume of its solid particles) and
bulk density (that takes into consideration pore volume).
The latter accounts for and measures the total content of
macro and micropores that are present, and it is important in
soil management because it shows the degree of compaction
and the ease with which air, water and nutrients move
(Jiménez 1951).
One of the physical properties of soil that plays an important role in the migration of a contaminant is mass density which is the mass of a material in a unit of volume. This
magnitude is denoted by the Greek letter  and its units are
kg/m3, according to the International System of Units. For
soil, particle density (p) is measured and also known as
true or mineral density and is defined as the ratio between
mass of soil to volume of soil solids (a = ms/Vs). On the
other hand, bulk density (a) is defined as the ratio of mass
of soil to volume as a whole, taking into account the volume of particles plus the pore space (a=ms/Vt). Bulk density (a) makes possible the determination of porosity as

2

Luis Antonio García Villanueva and Georgina Fernández Villagómez

water moves through it (Jiménez 1951, Alvarado 2005,
Barnes 2000). Thus porosities for clays have been reported
ranging from 0.3 to 0.5 and for sands, ranging from 0.2 to
0.4. According to Barnes (2000), soil porosity will basically depend on bulk density (a), the nature and size of
pore spaces, as well as on space interconnectivity.

Contaminated zones

Bulk density changes reflect changes in soil structure
due to the ratio between bulk density and total porosity ().
An increase of bulk density will tend to increase mechanical resistance and to decrease soil porosity, and these
changes will limit root growth to critical values (Jones 1983
quoted by Ingaramo 2003).
The values of bulk density depend on many factors that
include texture, organic matter content and the management applied to soil. In contrast to particle density, which is
more or less constant, bulk density is highly variable. It is
affected by soil structure, i.e., the degree of compaction and
its characteristics regarding contraction and expansion. The
latter depends both on clay content and soil humidity. Pore
space may be greatly reduced by compaction, but it can
never be entirely eliminated (Ingaramo 2003, Rucks 2004).
The (a) is directly related to soil structure and thus depends on the same control factors. Data can be easily obtained and it is a parameter that is readily available for different soil horizons. It should be noted that the value of
bulk density has important limitations because it cannot be
used to obtain information on the size of voids, their
interconnectivity, or the forces that formed a specific structure. These factors are important for predicting the movement of water in soil and the risk of physical degradation of
aggregates. Soil compaction is often measured through bulk
density increases, and soils that have the same values of (a)
may respond differently to external forces (Ingaramo 2003,
Rucks 2004).
Under the perspective of fully understanding the influence that soil density has on the retention of the mass of a
contaminant, the following objective was set: to carry out
an evaluation of the influence that soil density has on the
retention of benzene and light petroleum fractions present
in Zone 7 of the closed Mexico City March 18 Refinery.
DEVELOPMENT
Study site: The study site is part of the closed March 18
Refinery and has an area of 77.45 hectares. It is located in
the Miguel Hidalgo borough in the northwestern part of
Mexico City. The Mexican Oil Company El Águila was
authorized on October 29, 1930, to install and operate a
refinery in the Azcapotzalco borough of the Federal District. The March 18 Refinery started operations in 1933 and
a federal government decree shut down its operation on
Vol. 16, No. 1, 2017

Fig. 1: Contaminated zones of the closed March 18 Refinery
Source: SEMARNAT, 2008.

March 18, 1991. For 58 years until its closing, it was involved in refining, storage and distribution of hydrocarbons. There were hydrocarbon spills in the course of its
years of operation that impacted the soil and water.
For the purpose of this study, the area of the closed refinery was divided into seven zones, as shown in Fig. 1, and an
analysis and determination of contaminants was performed
in each polygon. Zone 7 was selected to underlay this study
because it is contaminated with benzene and light petroleum fractions due to a series of spills, some of which were
recorded during operation of the refinery. The physicochemical properties of benzene and light petroleum fractions are
presented in Table 1.
The subsoil of the closed March 18 Refinery is composed of fine granular strata that were deposited in a marginal lake environment. Five layers were identified and while
the first layer had fill material of different origin, the other
four consisted of naturally-occurring soil. Although there
are slight changes, both vertically and laterally, the structure of the subsoil remains essentially uniform throughout
the area. Table 2 shows the physicochemical characteristics
of the soil at different depths.
The stratigraphy of the environmental liability was previously characterized by companies that were engaged for
this purpose, and they obtained an approximation of the
type of soil that forms the aquitard to understand the behaviour the contaminants had followed. The stratigraphy shows
only the topmost 10-meter depth because the maximum
value of the sampling was 7.2 m, and clays were predominant in the subsoil of the closed refinery. Values of the hydraulic conductivities are low. This is characteristic of the
fine material that is present which causes water to flow very
slowly and influences directly the concentrations of retained
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Table 1: Physicochemical properties for benzene and light petroleum fractions.
Benzene

Water Solubility (% p/p)
Density (g/cm 3 )
Boiling point (°C)
Molecular weight (g/mol)

0.18
0.88
80
78.11

Light petroleum
fractions

Water Solubility (% p/p)
Density (g/cm 3 )
Boiling point (°C)

Insoluble
0.68
30-200

Table 2: Physicochemical properties of the study subsoil.

ZONE 7

Depth(m)

Texture a

Real Densityb
(r ) kg/m 3

Bulk Density c
(a ) kg/m 3

Porosity d %

K Hydraulic
Conductivity e
(cm/s)

Organic
Materialf %

0.0
1.2
2.4
3.6
4.8
6.0

Loam
Clay
Clay
Clay
Clayey silt
Silty sand

2.42
2.25
2.35
2.49
2.62
2.08

1.55
1.13
1.24
1.14
1.41
0.65

35.95
49.78
47.23
54.22
46.18
68.75

3.55*10-6
3.55*10-6
3.55*10-6
3.55*10-6
3.55*10-6
1.79*10-6

1.4
1.3
2.2
0.4
0.9
8.1

-

1.2
2.4
3.6
4.8
6.0
7.2

a. Using the method as defined by ASTM D 422-63.; b, c, d, f Using the Official Mexican Standard NOM-021, issued by SEMARNAT in 2000.
e Using the Official Mexican Standard NOM-011, issued by CNA in 2000.

contaminant. The hydraulic properties and the stratigraphic
distribution of the rocks show clay minerals such as
cristobalite, illite, montmorillonite as well as allofano, organic matter and shell microfossils. This aquitard which has
a regional range has greater width towards the centre of the
plain where the closed March 18 Refinery and its neighbouring areas are located.
In the upper level aquitard, the sequence of lake
sediments exhibits predominantly amorphous materials,
glass, clay minerals such as cristobalite, illite, monmorillonite and allofano, organic matter and shell microfossils.
This aquitard which has a regional range has greater width
towards the centre of the plain that decreases towards the
periphery of the plain where it ends. In the area of the closed
March 18 Refinery, the aquitard has a 15-meter depth and is
composed of lake sediments that on the surface are covered
by fill material with a width ranging from 0.40 to 2.00 m
and which itself is covered by a concrete layer with a width
ranging from 0.20 to 0.70 meter.
Top down strata recognized in the area of the closed
March 18 Refinery are as follows:
The first stratum is formed of silty clays and silty sands
with some lens-shaped silty and clayey sands. The arrangement of these sediments means a certain lithological heterogeneity that affects the hydraulic properties of this horizon.
Monitoring of the water level shows the level has a rise
of 0.82 m in the the west; 1.9 to 2.0 m, and 0.7 m in the east.
This causes a hydraulic gradient of 0.002% towards the eastern side of the refinery.

The above data indicate that during the dry season, this
horizon presents under saturation while in the wet season, it
has oversaturation. There is a clear influence of rainfall (recharge) that triggers a rise in the water level of up to 2 meters.
The hydraulic conductivity (K) of the sediments has a
value that varies between 1.7 × 10-5 and 9.1 × 10-6 cm/sec.
The porosity of the sediments is 0.3%, and their specific
storage is 0.0005. These values define a slow movement of
the groundwater flow.
The second stratum is composed of fine to silty sand and
by its particle size, it is a homogeneous horizon with an
average width of 4.0 meters. Water level recordings show
that the horizon is permanently saturated and is an aquifer
with an average width of 2.00 meters. The K value for the
sediments that make up this horizon range from 1.26 × 10-5
to 1.5 × 10-5 cm/sec. Sediment porosity is 0.35% and the
specific storage coefficient ranges from 0.03 to 0.005.
The third stratum is made up of fine to medium sand
with quartz and feldspar minerals. In the core sampling, no
silt or clay was found and thus it is common that when
drilling this sediment, there be landslides. Of the recognized four strata, the third layer has the least width, on average 1.70 meters.
The K value of hydraulic conductivity in the third stratum ranges from 5.1 × 10-5 to 2.2 × 10-6 cm/sec. Its porosity
may reach 0.4% and the specific storage coefficient is
0.0001. These properties typify the stratum as a low productivity aquifer that is vulnerable due to its hydraulic conductivity.
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; the area, volume and mass of the contaminated soil; and the contaminant density.
Methodology to apply mass
balance in an environmental
liability
Physicochemical properties
of the soil

Type of contaminant
Organic

*Texture *Bulk density
*Particle density * Porosity
*Organic fraction *Waterholding capacity

Properties of the
contaminant

Physicochemical properties
of the soil

*Composition *Molecular
mass * Density *K ow
*Solubility *Polarity

To determine the mass of
contaminant transported to
different depths

Data on the concentration of the
contaminant in the soil

Location of georeferenced sampling points
*Concentrations determined in each borehole at
different depths * Determination of the contaminated
area
Volume of contaminated
soil

Mass of contaminant
present

Mass of contaminated
soil

Mcon= (Msc )(Cx)

Vc=(Ac) (P)
Vc=Volume of contaminant
(m3)
Ac=Contaminated area
(m2)
P=Depth (m)

Msc=Mass of contaminated
soil (kg)
Vc=Volume of
contaminated soil (m3)
ap=Bulk density of soil
(kg/m3)

Mcon=Mass of
contaminated soil (kg)
Msc=Mass of contaminated
soil (kg)
Cx=Concentration
(kgcont/kgsoil)

Table of results of the mass of
contaminant and the amount of
soil required for each depth level
Fig. 2: The methodology for mass balance.

The fourth stratum is essentially characterized as clayey
because no collations of another type of sediment were found.
It is the stratum with most width, but since its full width (1.5
m) was not crossed, the stratum, based on prior studies, was
assigned a 4-meter width, though it may be greater.
The top of this clay horizon ranges from 2242 to 2240
meters above sea level. Abundance of organic matter that
forms small micro channels in the clay was observed in the
cores obtained from this material. Cores indicate a degree of
saturation of almost 100% for the clay, though the flow of
groundwater does not show evidence of this. The properties
Vol. 16, No. 1, 2017

were assigned: K = 1 × 10-7 and 1 × 10-8 cm/sec, S = 0.0001,
and porosity = 0.3 per cent.
Methodology: After becoming familiar with the physical
properties of the study site, samples of contaminated soil
were specifically collected from Zone 7 of the environmental liability. For this purpose, samples were obtained at a
maximum depth of 7.2 m at 1.2-meter intervals. The seven
sets of concentrations that were collected served to learn
about the contaminant mass present in each depth level.
The determination of the concentrations at each depth interval was performed by sampling 28 georeferenced
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(a) Benzene
(b) Light Petroleum Fractions (gasoline)
Fig. 3: Graph of the net area and distribution of benzene (a) and FLH (b) according to the gradients of concentration processed in Surfer 8

(DA_CM: Bulk Density_Averange Concentration; DA_p75: Bulk Density_percentil 75 Concentration; DA_p95: Bulk Density_percentil 95
Concentration; DM_CM: Average Density_Averange Concentration; DM_p75: Average Density_percentil 75 Concentration; DM_p95:
Average Density_percentil 95 Concentration; RD_CM: Real Density_Averange Concentration; RD_p75: Real Density_ percentil 75
Concentration; RD_p95: Real Density_ percentil 95 Concentration)
Fig. 4: Mass of benzene present at each depth level prior to remediation.

boreholes, and the same number of samples was taken for
each depth level prior to remediation, a total of 168 samples. Once remediation of the site was applied, sampling to
measure concentrations in 30 boreholes was carried out and
this resulted in a universe of 180 samples for the subsoil

profile from 1.2 m to 7.2 meters.
The methodology for mass balance (Fig. 2) was used to
obtain the mass of contaminant present in the soil. The minimum parameters included were the concentrations that had
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(DA_CM: Bulk Density_Averange Concentration; DA_p75: Bulk Density_percentil 75 Concentration; DA_p95: Bulk Density_percentil 95
Concentration; DM_CM: Average Density_Averange Concentration; DM_p75: Average Density_percentil 75 Concentration; DM_p95:
Average Density_percentil 95 Concentration; RD_CM: Real Density_Averange Concentration; RD_p75: Real Density_percentil 75
Concentration; RD_p95: Real Density_percentil 95 Concentration)
Fig. 5: Mass of LPF present at each depth level prior to remediation.

(DA_CM: Bulk Density_Averange Concentration; DA_p75: Bulk Density_percentil 75 Concentration; DA_p95: Bulk Density_percentil 95
Concentration; DM_CM: Average Density_Averange Concentration; DM_p75: Average Density_percentil 75 Concentration; DM_p95:
Average Density_percentil 95 Concentration; RD_CM: Real Density_Averange Concentration; RD_p75: Real Density_percentil 75 Concentration; RD_p95: Real Density_percentil 95 Concentration)
Fig. 6: Mass of benzene present at each depth level after remediation.

Vol. 16, No. 1, 2017
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(DA_CM: Bulk Density_Averange Concentration; DA_p75: Bulk Density_percentil 75 Concentration; DA_p95: Bulk Density_percentil 95
Concentration; DM_CM: Average Density_Averange Concentration; DM_p75: Average Density_percentil 75 Concentration; DM_p95:
Average Density_percentil 95 Concentration; RD_CM: Real Density_Averange Concentration; RD_p75: Real Density_percentil 75 Concentration; RD_p95: Real Density_percentil 95 Concentration)
Fig. 7: Mass of light petroleum fractions present at each depth level after remediation.

been performed; bulk density, particle density and the average density of the before-mentioned densities; the area,
volume and mass of the contaminated soil; and the contaminant density.
Data on the concentration of the contaminant present in
each depth level was first collected. The sampling boreholes
were georeferenced in coordinates (X, Y), while the data on
concentration that had been previously obtained were placed
on the Z axis.
Using Surfer 8 software, data were arranged in vertical
columns so that the first column contained the X coordinate, the second column included the data of the Y coordinate, and the third column had the concentration data on
the Z axis. The images obtained as a result of processing the
data placed in the software are shown in Fig. 3.
The image that this software delivers shows the distribution of the contaminant in the net area of soil that is contaminated and provides a figure which will be referred to as
the “area of contaminated soil” (Asc) and used in the third
stage of the methodology. It also provides a rough estimate
of the direction that the contaminant follows derived from
the gradients of concentration.
Using the data of (Asc), the corresponding calculations
were carried out in those equations that were necessary to
determine the total contaminant discharge in the soil.

From (Asc), the volume of contaminated soil (Vsc) is determined using Equation 1 for each level studied.
=(

...(1)

)( )

Where:
Vsc is the volume of contaminated soil (m3),
Asc is the area of contaminated soil (m2), and
P is depth (m).
The total volume of contaminated soil was determined
with Equation 2 which is the sum of the values for the volume of contaminated soil at each depth “i”.
=

=

...(2)
=

Next, the mass of contaminated soil at each depth level
was obtained with Equation 3 by using the value of Vsc.

=(

)

...(3)

Where:
Msc is the mass of contaminated soil (kg),
rap is the bulk density of the soil (kg/m3), and
Vsc is volume of contaminate soil (m3).
The total mass of contaminated soil (MTsc) was deter-
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mined with equation 4 which is the sum of the values of Msc
for all depths.
=

=

...(4)
=

To obtain the mass of contaminant present in the soil at
each depth, the value of the mass of contaminated soil was
needed in order to apply equation 5.

=(

)(

)

...(5)

Where:
Mcp is the mass of contaminant at each depth level (kg),
and
Cx is the concentration of contaminant at each depth
level (kg of contaminant/kg of soil).
Total contaminant mass discharge (MTcp) present in the
soil as a whole was determined by equation 6 as the sum of
the values of Mcp for each depth level.
=

=

...(6)
=

RESULTS AND DISCUSSION
The mass of benzene and of light petroleum fractions that
was obtained was based on three different values of density
(bulk density, average density and real density) for each
depth level. Fig. 4 to Fig. 7 show the behaviour of the mass
of contaminants retained at each depth level, once mass
balance has been applied. The same data were obtained for
the light petroleum fractions.
In Fig. 4, the variation of the mass of benzene as depth
increases can be observed; at a depth of 4.8 m, there is an
increase of mass given the three values of density used to
evaluate the data. This may be due to the accumulation of a
contaminant-free phase because as contaminants are immiscible in water, the water table of the aquitard which starts at
this depth-according to the hydrogeological description of
the site-serves as a barrier that limits the vertical migration
of the contaminant.
An increase occurs at the depth of 7.2 m and studies by
Lesser (2000) support the phenomenon that happens at the
site. It focuses primarily on the anthropogenic activity that
surrounds it. There are the hydraulic network, drainage, infrastructure excavations, as well as cracks that may exist at
the site. Also, the compression and expansion of the clays,
due to the fluctuations of the water bed, create macropores.
For light petroleum fractions (FLH), Fig. 5 shows there
Vol. 16, No. 1, 2017

is a more ideal distribution because most of the contaminant is retained at the water bed of the aquitard due to its
different boiling points and solubilities. Its retention in the
soil and volatility can be found in the top meters of soil as it
migrates slowly.
Once the remediation technique is applied, the mass of
remaining contaminants shows a more homogeneous mass
distribution and a more stable behaviour, as can be seen in
Fig. 6 and Fig. 7. The presence of the mass of benzene
throughout the 7.2 m under study, shown in Fig. 7, is more
stable and there is an increase in the top meters of depth due
to the remediation that was applied. In the case of the FLH
in Fig. 8, concentrations of the contaminant were only detected prior to the water table, and this allowed for mass to
be obtained only at three points of depth. The respective
values of concentrations newly obtained by using the methodology for mass balance after site remediation.
Density is an important factor in determining the mass
of contaminant present in the soil and this can clearly be
observed in the above figures. When calculating mass with
bulk density, the amount is lower than the amount obtained
with real density. This observation is based on bulk density
taking into account in the sample volume, the volume as a
whole which includes pore volume. On the contrary, when
calculating real density, only the volume occupied by particles is used. In the latter case, high values of density mean
lower volume of voids and thus less available space for the
contaminant.
The variation of the values is reflected in the amount of
mass calculated with the value of real density which has a
higher value. The volume of porous space is therefore reduced and accounts for an increase of the mass of contaminant found at that depth. This behaviour continues as density changes. This can be observed in the value of mass
obtained through average density, which is a figure between
bulk density and real density that is represented graphically between them.
CONCLUSIONS
Bulk density is a variable that depends on the volume of
available voids. It is directly related to the calculation of
contaminant mass, i.e., a higher density will mean a greater
mass of contaminant.
The mass of contaminant that is obtained represents a
proportional percentage of the value of the density as it
increases, when taking bulk density as a reference.
It was possible to determine the influence of density of
the soil in a real case, specifically for a large-size environmental liability, and to obtain suitable information on the
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mass of remaining contaminant after applying mass
balance.
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