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ABSTRACT

In this paper, a new modeling approach incorporating both a new environmental multimedia system (EMS) and the
Monte Carlo method (MCM) is developed as a tool for the risk assessment of contaminants. An EMS has been devel-
oped and validated by the use of field data and investigation to create a 3D simulation of current conditions of the Trail
Road Landfill area. In addition, given the high level of uncertainty associated with EMS practices, the MCM approach
is embedded into the developed EMS to deal with vague or imprecise model and site conditions related to uncertainties
in the system. In this study, two emission rates were examined for risk assessment of Trail Road Landfill site in the
years 2016 and 2026; the data are predicted on the basis of the known production trend from 2001 to 2006. The risk
quotient (RQ) factors, combined with present and future rates of chemical pollution, provide spatial and temporal as-
sessment of risk from the leachate in Trail Road Landfill site. Results of the risk assessment approach reveal that as the
landfill or oil drilling site becomes depleted, adverse effects on the multimedia environment associated with benzene
concentration occur, and the potential risk levels have been quantified for the Trail Road Landfill site. The present study
indicates that the dispersion of a large volume of pollutants from the landfill or the oil drilling site poses possible risks
to the regional multimedia environment. The new EMS will serve as a risk assessment tool to address the fate and
transportation of pollutants in complex multimedia environments. This tool will also be useful in the management of the
resulting environmental impacts.

Keywords: Environmental Multimedia System (EMS); Monte Carlo Method (MCM); Risk Assessment; Multimedia
Environments

1. Introduction Risk Management [5]. It has been found that these risk
assessments have not taken all factors into consideration.
This inadequacy may lead to an incorrect assessment of
the risk level. In recent years, much more research, inte-
grated with multimedia models, has been concentrated on
human and risk assessments, such as the Monte Carlo
method (MCM) [6-8]. This consists of characterizing the
risk that a substance poses to human and nonhuman or-
ganisms by considering its inherent toxicity and the po-
tential for exposure. In a Monte Carlo analysis, a sample
from the distribution of an input parameter is placed in a

Early environmental decision making was based on
qualitative descriptions of the effects of pollutant disper-
sion on organisms and the environment, with some reli-
ance on the assumption that the protection of human
health would also ensure adequate protection of the en-
vironment. Current information and environmental regu-
lations suggest the need for a more quantitative, risk-based
approach to decision making for environmental protec-
tion. A consultative risk assessment approach is neces-

sary to evaluate the scale of potential hazardous envi-
ronmental impacts on ecology and human health, such as
the Hazardous Waste Identification Rule frameworks [1],
the Total Risk Integrated Methodology system [2], the
Multimedia Integrated Modeling System [3], the finite-
source multimedia, multipathway, and multi-receptor risk
assessment [4], and Chemical Hazard Assessment and
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simulation run to interact in a model with samples from
other input parameters. A number of studies have been
carried out on the risk assessment of environmental mul-
timedia assessment using the MCM to conduct probabil-
istic analysis. Although MCM simulation has its limita-
tions (for example, insufficient or imprecise data, natu-
rally, cannot be analyzed by the MCM) [9], there is a
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small but growing number of multimedia environmental
fate models that perform stochastic simulations by in-
cluding both the uncertainty in chemical parameters and
the spatial and temporal variability of the environment
[10-12]. Most existing probability analyses in multimedia
environmental fate models consider only the uncertain-
ties in chemical properties [13,14]. However, partly be-
cause of improvements in computer processing power
and the size of the database available, it is now possible
to estimate uncertainties using the traditional MCM
simulation. For instance, Liu (2007) [7] describes the
application of the Multimedia Contaminant Fate, Trans-
port, and Exposure (MMSOILS) model to predict health
risk and distributions of those predictions generated us-
ing MCMs. With more powerful computers, probability
distributions are now used in place of discrete values,
and appropriate Monte Carlo analysis is currently the
most important technique for quantifying uncertainty in
environmental assessments [6-7,15]. However, MCM
simulation based on environmental multimedia system
(EMS) modeling has seldom been reported.

2. Methodology

The governing equation for the EMS is given as follows

[16]:
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where C, is the contaminant concentration, equal to the
mass of contaminant per unit of volume of contaminants
(M / L3); V., V), and V. are the components of the seep-
age velocity (L/T); D,, D,, and D, are the components
of the dispersion coefficient (L2 /T ); R is the total re-
tardation factor (dimensionless); and 4, is the effective
first-order decay rate constant (d - ) .

For the risk assessment, considering the uncertain pa-
rameters in the EMS model, hydraulic conductivity, K,
bulk density, B or porosity, and 6 are the key input vari-
ables in the simulations. It has been reported that the
mixing coefficient resulted in generally normal distribu-
tions. Using the Monte Carlo approach, the values of
those parameters are generated from a uniform distribu-
tion. The normal generators can be simply expressed as
follows:

UZPDF(O-“,/J“) (2)

where u = hydraulic conductivity, K, or bulk density, B
or porosity, 0; PDF(o,,u,) represents a normal dis-
tribution function of o, and g,; o, = standard de-

u
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viation of u; and g, = the mean value of u. After cer-
tain sets of random samples for each parameter are gen-
erated, the distribution of predicted concentrations for
each grid square can be calculated by the EMS model.

The distribution results can then be used to define 5th
and 95th percentile concentrations and an uncertainty
factor is calculated as the ratio of the 95th and Sth per-
centile concentrations. Then we should decide the level
of risk. In the present thesis, there are two methods used
to study the levels of risks or adverse effects associated
with multimedia pollutant transportation, the risk quo-
tient (RQ) and probabilistic risk assessment. Specifically,
RQ is the ratio of a measured or estimated concentration
(PEC) to a benchmark concentration (KEC). RQ is a
primary tool to support the environmental evaluation of
the use of production chemicals on the basis of available
data about these chemicals and platform-related condi-
tions [17,18]. The RQ evaluation is carried out on the
basis of a comparison of the predicted environmental
concentration with the known environmental criteria,
which refer to local environmental guidelines for a spe-
cies. The RQ factor is calculated as follows:

PEC

RQ= KEC )
The RQ can be viewed as the severity measure of a
risk. The higher the value of RQ above 1, the greater the
possibility of environmental risk. When RQ > 1, adverse
environmental effects may be expected. To evaluate the
probability of RQ exceeding 1, the probabilistic distribu-
tion for each point of concern resulting from the MCM is
taken into account for the quantification of the RQ. For
example, the RQ distribution under 95th percentile con-
centrations, presented below in Section 4, will be per-
formed to show the severity risk levels. Finally, the EMS
and the MCM are combined through the probabilistic
risk assessment method. Environmental risk associated
with the transportation of multimedia pollutants can be
expressed as the probability of a pollutant’s concentra-
tion (denoted as C) exceeding local environmental guide-
lines (denoted as Cgundard), L€, R = P (C > Cguandard),
where R denotes risk. Thus, the risk can be quantified as

follows [19]:

R:P(C>Qtandard)=.[:

g 7 (€)AC

The risk simulation calculates numerous scenarios of a
model by repeatedly picking values from a probability
distribution for the uncertain variables and using those
values for the model. These probabilities are propagated
through the EMS model, and an output distribution de-
scribing the probability of various outcomes is generated
(Figure 1).
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3. Case Study el

3.1. Trail Road Landfill Site " themse

studies Validation methods
The study site, which includes the Nepean and Trail Road o lglizle(;amre) —>
landfills, is located within the Ottawa-Carleton region, monitoring
which has a population of 750,000. The site, approxi- 'Zﬁ?nfgr

mately 200 ha, is surrounded by light industry and farm-
land. Highway 416, Moodie Drive, and Cambrian Road

with parameters
border the site, to the east, west, and north, respectively,
and at some distance from the landfills, Barnsdale Road
borders the site to the south (see Figure 2) [20-22]. C"““T’“

3.2. Model Setting and Topography Fnvironment multimedia
The large-scale area is about 4 x 4 km, with the Trail

Road Landfill site as the center, as shown in Figure 3. Desired | Yes|

The northwest boundary is Cambrian Road, where there fosults

is a large dewatering pond used to catch the local ground-

water discharge. The pond water eventually discharges A&non

into the Jock River, which is located approximately 1 km e > Converged?”

to the north. Approximately 500 m from the northern es
boundary of Trail Road Landfill on the north side of

southwest of Trail Road is the Nepean Landfill. Figure 3
shows that surface water runoff flows in a south to Figure 1. An output distribution describing the probability
southwesterly direction from Trail Road. of various outcomes.
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Figure 2. Location and map of Trail Road Landfill, Ottawa, Ontario.
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3.3. Collection and Estimation of Model Data

Selecting or estimating important parameters has a rela-
tively large potential influence on modeling outputs.
These parameters may not be suitable for other sites,
where environmental conditions are different. The input
parameters related to environmental conditions and the
physical properties of this site are given in Table 1
[20-22].

3.4. 3D Simulation Results of Benzene and
Comparison with Observed Data at
Trail Road Landfill Site

Table 2 shows a comparison of the average concentrations
between the modeled and observed current data for dif-
ferent years. All sampled data are from Accutest Labo-
ratories, Ltd., of Ottawa, Ontario. Accutest is certified by
the Canadian Association for Environmental Analytical

Heads
W 16 3895
W 27 6852
389803
= 50 2765
615723
W 76 6333
m 91 6942

4000 m

Figure 3. Topography of the study area.

Table 1. Physical properties and environmental conditions of the Nepean Landfill.

Parameter Layer' 1: Fine to 'Layer 2: Layer 3: Coarse
medium sand Silt and clay sand and gravel
Total porosity (%) 30 46 42
Effective porosity (%) 27 30 27
Bulk density (g-cm®) 1.5 1.8 1.5
Horizontal hydraulic conductivity, K, (m/s) 4x107° 4x10° 6x10°
Horizontal hydraulic conductivity, K, (m/s) 4x10° 4x107° 6x107°
Vertical hydraulic conductivity, K. (m/s) 1.4 x10° 4x10° 6x10*
Rain recharge (mm/year) 91.1 - -
Specific storage, Ss (m ™) 0.00003 0.00003 0.00003
Specific yield, Sy (%) 27 18 27
Recharge (mm/year) 1825
Year 20

Table 2. Comparison of modeling results and observed benzene concentrations.

Lower bound of EMS/FEM Upper bound of Relative error

Year observed concentration modeled concentration observed concentration between observed and

(mg-m®) (mg-m®) (mg-m®) predicted EMS/FEM
2002 34 6.3 8.8 0.0000
2003 33 4 8.7 0.0012
2004 32 3 8.5 0.0010
2005 3.1 2 8.3 0.0022
2006 - 1 - -

Copyright © 2012 SciRes.
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laboratories. All laboratory data for the 2002-2005 Trail
Road and Nepean landfill sites annual monitoring and
operating program was reported in a consistently thor-
ough manner, ensuring that an appropriate level of QA/
QC was achieved. Furthermore, as shown in Table 2, all
EMS/finite element method (FEM) model predictions
were in the range (between the lower and upper bounda-
ries) of the experimental results. The outputs from the
EMS/FEM method are in the good agreement with the
experimental results. The relative error between mean
experimental and FEM model results was 0.000 - 0.0022,
and the maximum difference between them was 0.22%.
The minimum difference between the FEM model results
and the observed data was 0 over 4 years. Using the 3D
FEM solver compared with observed concentrations to
confirm model accuracy, Figure 4 shows the EMS/FEM
3D concentration contour results for benzene (ug-L™)
over 10 years. The FEM results of the EMS developed
here provide prediction of the complex and unsteady
landfill benzene pollutants, compared with experimental
results. The outputs from the FEM method interpret the
effects of Trail Road Landfill leachate on groundwater
quality beneath and in the vicinity of the landfill on the
basis of monitoring data from 2002-2005. The source of
the benzene leachate’s risk impact will be assessed in the
following sections.

4. Risk assessment for the Trail Road
Landfill Site

The MCM will be used for the risk assessment, which
includes three main parts: parameter probability density
function (Equation (2)), model outputs for probability den-
sity function, and the RQ evaluation (Equation (3)). In the
Monte Carlo analysis mode, results are obtained in terms
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Figure 4. 3D concentration contours of benzene by EMS/
FEM over 10 years (ng-L™).

of distributed value output that can be used to character-
ize uncertainty and variability for conducting probabilis-
tic analyses. Table 3 shows the overall risk assessment
results for Trail Road Landfill site. Based on the drinking
water for benzene criterion issued by Health Canada,
0.001 mg-L™" (1 pg-L™), in 2016, the RQ of the 5th per-
centile is on the order of 0.0002 - 0.793; the probabilistic
risk levels are zero, indicating that negligible risk is as-
sociated with the present benzene dispersion in the Trail
Road Landfill site within 10 years for typical locations,
indicated in Table 3. However, toward the end of this
period, the benzene concentration will exceed the crite-
rion. In 2016, the probabilistic risk level within 16 m of
the source is from 9.91 x 10'% to 7.55 x 10 kg'm; the
RQ of the 95th percentile is on the order of 0.00099 -
7.55 for typical locations, indicated in Table 3.

Table 3. Summary of risk assessment results.

X axis y axis Depth (m) Probability Mean concer;tration Standard deyiation Risk 0.?5
(m) (m) (100%) (kg'm™) (kg'm™) (kg'm™)
1162.641 1573.6195 16 0.531197 3.38x10° 2.54 % 10°° 7.55% 107
1248.506 1554.1785 11 0.471316 1.69 x 107 127 % 10°° 3.78x 10°°
1248.506 1554.1785 9 0.357247 392x10" 3.64x10" 9.91x 10"
ww e WMWY WY
1162.641 1573.6195 16 7.93 x 107 0.793 7.55 -
1248.506 1554.1785 11 3.96 x 1077 0.396 3.78 -
1248.506 1554.1785 9 2.07x 107" 207 %107 991 x 10" -

Copyright © 2012 SciRes.
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Figures 5 and 6 show 95th and 5th percentile concen-
tration contour maps in 2016. Note that the plots in Fig-
ure 5 (95th percentile concentration) necessarily repre-
sent an instantaneous concentration distribution that
could occur because the 95th percentile concentration
distribution may represent a worst case prediction. The
5th percentile concentrations are generally low. The pre-
dicted 95th percentile concentrations in 2016 are on the
order of 12.5 - 6.2 pg-L"', and the corresponding 5th
percentile concentrations in 2016 are on the order of 1.2 -
0.4 pg- L.

Risk R is calculated using Equations (3) and (4). Fig-
ure 5 shows that the area corresponding to an RQ greater
than 6.2 covers the high- and medium-risk zones and a
small part of the low-risk zone. In this study, a level of
P(C > Cyandara) > 6.2 is considered high risk on the sever-
ity scale. Figure 6 shows the severity scale map associ-
ated with the probability of exceeding the standard (1
ng-L™). As shown in the figure, the high-risk zone is
located within an area of approximately 200,000 m’
around the Trail Road Landfill site. Figure 6 shows the
5th percentile RQ distribution map in 2016 associated
with the criterion issued by Health Canada (1 pg-L™).
The inside shaded area indicates an RQ factor greater
than 1, which indicates a medium (10% > P(C > Cgandard)
> 20%) or low (P(C > Cgandara) < 10%) risk level. The
medium-risk zone is between 90 and 100 m away from
the source, which shows a very thin ring area, and the
mean concentration is around 1.2 pg-L™'. The low-risk
zone covers a 10,000 m® area outside the medium-risk
zone and has a concentration between 1 and 1.2 pg-L™".
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Figure 5. 95th percentile uncertainty predictions and RQ
contour maps in 2016. Shaded area indicates RQ > 6.2.
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Figure 6. S5th percentile uncertainty predictions and RQ
contour maps in 2016. Shaded area indicates RQ > 1.

The rest of the area will have a zero probability of
violating the benzene criteria. This area covers approxi-
mately 180,000 m* (about 400 m in radius) in the center
of the map. As mentioned before, an RQ larger than 1
generally corresponds to a greater than 5% probability of
exceeding the chosen criterion.

This is a simple and effective method by which to
visually rank the risk zones for benzene concentrations in
groundwater. Its use could give decision makers a more
comprehensive view of the risks involved in waste man-
agement at landfills or oil drilling sites.

5. Discussion

Case studies show that FEM numerical analysis not only
gets good simulation results to improve EMS but also is
effective in the environmental assessment of the complex
spatial and temporal EMSs. A numerical model devel-
oped within the EMS framework 1) handles 3D risk as-
sessment and 2) provides predictions of spatial and tem-
poral concentration profiles.

Case studies also show that risk assessment analysis
techniques, such as MCM analysis, with adequate sup-
porting data and credible assumptions, can be viable sta-
tistical tools for analyzing variability and uncertainty in
environmental risk assessments. Case studies show that
groundwater in the shallow aquifer from beneath the
Trail Road Landfill flows mainly in a southward direc-
tion, generally following the slope of the underlying clay
layer surface (see Figures 4-6). A pumping well was set
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in the southwest of the Trail Road site, as the topography
slopes downward, the shallow aquifer pinches out to the
southwest of the site, and the clay becomes the surface
unit. As shown in Figure 7, benzene leaving this area is
in compliance with the appropriate regulatory criteria [23]
after diluting for 5 years.

Dilute leachate effects of benzene were observed in
the southwest portion of the Trail Road Landfill area in
the lower deep aquifer at the multilevel monitor pumping
well. Similarly, leachate effects were observed to the
north of the landfill site in the upper/middle and lower
parts of the deep aquifer. In conclusion, using these kinds
of risk assessment methods, the adverse environmental
effects of certain chemicals can easily be temporally and
spatially modeled. It is anticipated that the most signifi-
cant leachate impact generated by the sources may be at
the point when the pollutants reach the regulatory crite-
ria.

6. Conclusions

In this study, a risk assessment approach based on an
EMS and the MCM was developed and validated by the
use of field data and investigation to simulate 3D current
conditions of the Trail Road Landfill area. The validation
of the 3D concentration modeling indicates that EMS can,
for this area, provide satisfactory simulations. The dif-
ference between the mean experimental concentrations
and FEM modeled concentrations was less than 0.22%.
The pollutant dispersion of benzene and the risk as-
sessment for the Trail Road Landfill site were also inves-
tigated by using Monte Carlo risk assessment methods.
The risk assessment results have been used to evaluate
the applicability and performance of various uncertainty
analysis techniques to this new EMS model system. The
benzene concentration results from the MCM for the
Trail Road Landfill site revealed that there was a negli-
gible risk associated with the concentration dispersion of

T
3000 , tonel
Pumping 7L 5
Well
2500 4
2000 3
€ ] 2
=
1500 I 1
0.2
1000
| 01
500 I 001

1000 1500 2000 2500 3000 3500 4000

Figure 7. Concentration contour for standard C = 1 pg-L™"
in 2010.
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benzene in the Trail Road Landfill site within 10 years.
However, toward its depleted stage, adverse effects on
the groundwater associated with benzene concentration
were revealed, and the potential risk zone might cover an
area of approximately 20,000 m* with a RQ greater than
1. These results also imply a possibility that the disper-
sion of a large volume of pollutants from the landfill
could have adverse effects on a relatively large area
based on a well-defined end point, which may be se-
lected depending on a specific problem under investiga-
tion.

The risk assessment results and risk discussion indi-
cate that the improved multimedia model system can be
used as a tool in a field experiment and in future treat-
ment design. Integration of EMS and MCM is a first tool
that permits quick and more precise assessment of long-
term risks associated with the dispersion of contaminants
into the regional multimedia environment. The approach
developed here could contribute extensively to environ-
mental risk assessments and to effective pollution control
decisions in a field experiment and in future engineering
works.
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