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Abstract

Many sites of contamination due to inappropriate disposal of hazardous materials or wastes have been found. These
sites have the potential of damaging the environment and human health and thus need to be evaluated as to whether
and what actions should be initiated. In the decision on whether a contaminated site should be subject to management,
the knowledge concerning important parameters that would influence the decision will be beneficial to planning of data
collection to support the decision. This paper presents a case study of contaminated site located in northern Taiwan,
where the groundwater is contaminated by chlorinated hydrocarbons including trichloroethylene (TCE) and tetra-
chloroethylene (PCE). A site-specific multimedia risk assessment is performed to estimate the total risk resulting from
the contamination. In addition, Monte Carlo simulation, rank correlation coefficients, and decision criteria are com-
bined to develop a methodology for assessing the important of parameters in terms of their influence on the decision. It
is found that TCE concentration, vegetable yield, deposition interception fraction of vegetables, and plant surface loss
constant, are the four parameters important to the decision-making of the case problem. © 2001 Elsevier Science Ltd.

All rights reserved.
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1. Introduction

Many sites of contamination due to inappropriate
disposal of hazardous materials or wastes have been
found. These sites have the potential of damaging the
environment and human health, and thus need to be
evaluated as to whether and what actions should be
taken to control the contamination or impacts. Risk
assessment, health risk assessment in particular, is one
of the most important tools of providing the relevant
evaluation. Its role in supporting environmental deci-
sion-making is increasingly important because of its
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ability of systematically quantifying the health impacts
as a result of environmental problems, by logically
connecting the source of the problems and the receptors
of the impact (US EPA, 1989). For example, a survey
indicated that 37 states in the United States are using
a risk-based corrective action approach to establish
cleanup levels (Barken et al., 1996; Lahkim and Garcia,
1999).

Risk assessment entails evaluations of the source,
transport, fate, and exposure of chemicals of concern.
Increasingly, risk assessment methods are moving from
generic or regional assessment to site-specific assess-
ment, because the health risk received by a receptor is
dependent on the conditions of the environment and
the receptor’s exposure patterns, which are different site
by site. Therefore site-specific information on environ-
mental conditions, exposure pathways and rates, and
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biological data is often needed to conduct site-specific
risk assessment. A site-specific risk assessment may
produce more accurate assessment than a generic as-
sessment but increases complexity. Sampling, survey,
investigation, and modeling are often involved in col-
lecting site-specific data, and thus the amount of effort
and time spent in the process may be too much to be
ignored. The situation is additionally confounded by the
stochastic nature of the natural world and by uncer-
tainty due to incomplete information. Therefore it is
desirable to identify important information so that the
effort in data collection could be spent efficiently.

Sensitivity analysis methods based on partial deriv-
atives of model output with respect to each input are
often used to locate important information that signifi-
cantly influences model prediction. A drawback of con-
sidering only simple sensitivity that measures the rate
of change of model output with respect to variation in
an input is that the degree of uncertainty is ignored. An
input that has a small sensitivity but a large uncertainty
may be as important as an input with a larger sensitivity
but smaller uncertainty (Iman and Helton, 1988; Mor-
gan and Henrion, 1990). Therefore uncertainty analysis
methods that compare the importance of input uncer-
tainties in terms of their contributions to uncertainty
associated with the outputs are called forth. These
methods include nominal range sensitivity method,
standardized regression coefficient, partial regression
coefficient, Pearson’s correlation coefficient, rank cor-
relation coefficient, and others (Iman and Helton, 1988;
Morgan and Henrion, 1990; McKone, 1996; Mills et al.,
1999). However, to facilitate solving a decision problem,
such as the one that will be described later, the impor-
tance of information should be assessed related to the
decision context. That means the knowledge about what
kind of information is important in terms of its influence
on decision-making is more valuable than the identifi-
cation of important information based on its influence
on model prediction.

This paper presents a case study of groundwater
contaminated by chlorohydrocarbons. For this case
problem, a baseline site-specific health risk assessment
is performed, and a methodology is developed and im-
plemented to assess the relative importance of various
site-specific parameters in making risk management de-
cisions. The case problem is described in the following
section.

2. The groundwater contamination problem

The case study of this paper is about a site, located in
northern Taiwan, where it was discovered that the soil
and groundwater is contaminated by chlorinated hy-
drocarbons, primarily trichloroethylene (TCE) and tet-

rachloroethylene (PCE). These chemicals were used as
degreasing solvents by a local factory but improper
handling and disposal of wasted solvents led to leakage
and subsequent contamination of soil and groundwater.

Chlorinated hydrocarbons are often detected in soil
and groundwater because of their heavy use (for exam-
ple, their use is estimated around 150,000 t annually in
Taiwan) and unsound management of the raw or used
substances. Public awareness of the issue is increasing as
a result of disclosure of more contaminated sites. In the
US, it was estimated in 1994 over a trillion dollars will
be spent in the next 30 years on cleanup of contaminated
soil and groundwater (US EPA, 1999). Among the 1430
national priorities list sites identified by the US EPA,
TCE and PCE have been found in at least 852 and 771
sites, respectively. TCE and PCE may cause nervous
system effects, and liver, lung, and kidney damage. And
because PCE has been shown to cause liver tumors in
mice and kidney tumors in male rats, it may reasonably
be anticipated to be a carcinogen (ATSDR, 1996).

Extensive resources and efforts have been spent in
cleaning up the site. The soil cleanup has been consid-
ered complete, but little success was reached for the
groundwater, due to a dense-non-aqueous-phase-liq-
uid’s distinct physical characteristics that increase the
difficulty of its identification and removal. At this point,
the government is faced with a decision situation of
determining whether the current groundwater contami-
nation needs further remediation. Within the decision
situation a vital problem is to identify information that
is essential in reaching such a decision.

Based on the land use patterns and contaminant
concentrations, the study site is divided into four divi-
sions, each of which is assessed individually. The paper
presents the study performed for one of the four divi-
sions: the 80,000 m? of farming land with scattered
residences and a large fishpond. According to the ob-
servations of 15 monitoring wells in this area, the mean
and standard error of the contaminant concentrations
are 0.12 and 0.02 mg/1 for TCE, and 0.0005 and 0.0001
mg/l for PCE (Geomatrix et al., 1998). A site-specific
risk assessment is performed and then important pa-
rameters are identified in terms of their influence on the
decision regarding whether risk management measures
should be initiated.

Section 3 presents the methodology for setting in-
formation priorities for the decision problem. Results
and discussions are provided in Section 4, followed by a
conclusion in Section 5.

3. Methodology

Site-specific multimedia risk assessment, uncertainty
analysis, and decision criteria are combined to develop a
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methodology for setting information priorities for the
decision problem. In the literature related to ground-
water risk assessment, researches that incorporate mul-
timedia assessment are rare. Most researches consider
the exposure due to use of groundwater only (McKone
and Bogen, 1992; Andricevic and Cvetkovic, 1996;
Maxwell et al., 1998; Lahkim and Garcia, 1999). The
multimedia risk assessment method used in the case
study is described below, and the procedures of setting
information priorities are presented later.

3.1. Multimedia risk assessment

Site-specific multimedia risk assessment uses site-
specific environmental and exposure information to es-
tablish the quantitative relationship linking the source
of risk agents (in this case, the contaminants in the
groundwater), transport and transfer through various
environmental media, exposure to defined populations,
and risk. In the case study, individual lifetime risk of
developing cancer is used as the measure of health im-
pact. The cancer risk is calculated by the following
equation (US EPA, 1989):

CancerRisk = Z[l — exp(ADI; x CSF;)]
k

~ Y ADI x CSF, (1)
k

where ADI, is the average daily intake (mg/kg-d) of
the contaminants by receptors through exposure route
k (inhalation, ingestion, or dermal absorption), CSF; is
the cancer slope factor (kg-d/mg) of exposure route k,
which is derived from dose-response studies.

In practice, the linearized portion is used for small
values of ADI x CSF. ADI is the amount of contami-
nants received by human bodies via all exposure path-
ways. It is the output of exposure assessment and is
calculated based on the following equation (California
EPA, 1993):

ADIijk:Ci X |:%:| X |:

i

CR,| EF x ED
BW}X AT @)

where ADI;; (mg/kg-d) is the average daily intake
from environmental medium i (air, soil or groundwater),
exposure medium ; (drinking water, food, etc.) and
exposure route k (inhalation, ingestion, or dermal ab-
sorption), C; is the pollutant concentration in environ-
mental medium i, C; is the pollutant concentration in
exposure medium 7, CR is the contact rate of exposure
medium j through exposure route &, EF is the exposure
frequency, ED is the exposure duration, and AT is the
averaging time. BW is the body weights of receptors.

Exposure assessment translates contaminant source
terms into estimates of the amount of contaminant that
comes into contact with an identified population. It
consists of two steps: multimedia transfer and trans-
formation modeling, and multiple-pathway exposure
modeling. In the above equation, C;, the contaminant
concentrations in various environmental media, is esti-
mated by the multimedia transfer and transformation
modeling step. C;/C; represents the transfer between an
environmental medium and an exposure medium, which
is the purpose of the multiple-pathway exposure mod-
eling step. Fig. 1 shows the transfer processes and ex-
posure pathways involved in the two modeling steps of
exposure assessment.

The procedures of conducting risk assessment for the
case study are summarized as follows:

1. Starting with the concentration of TCE and PCE in
the groundwater, calculate the diffusion of the con-
taminants from groundwater to outdoor air through
the porous medium of soil (Johnson and Ettinger,
1991; ASTM, 1995).

2. Calculate contaminant concentrations in the indoor

air due to the process that the vapor phase of the con-
taminants in the saturated zone diffuses through the
porous medium of soil and the cracks in the founda-
tion, floors, and walls of a building and into the in-
door air (Johnson and Ettinger, 1991).

3. Calculate contaminant concentrations in soil due to

irrigation and air deposition (Strenge and Chamber-
lain, 1995).

4. Calculate contaminant concentrations in plant food,

animal food, and personal air. The transfer processes
between environmental media and exposure media
include:
(i) Plant contamination due to root uptake, air de-
position, and air-to-soil vapor transfer (Travis
and Arms, 1988; McKone and Ryan, 1989; Bacci
et al., 1990, 1992; US EPA, 1998).

Deposition

Diffusion Inhalation [
Diffusion Deposition Biotransfer
Biotransfer
Biotransfer T
Diffusion Irrigation
Groundwater |
Bathing

Dermal Absorption

Fig. 1. The multimedia transfer processes and multiple expo-
sure pathways associated with a contaminated-groundwater
site.
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(ii) Animal contamination due to plant and soil in-
gestion (Strenge and Chamberlain, 1995; US EPA,
1998).

(iii) Fish contamination due to bioaccumulation
from contaminated water supply (US EPA, 1998).
(iv) Contaminant concentrations in personal air
due to volatilization of bathing water (McKone,
1987).

5. Using Eq. (2) to calculate the average daily intake re-
ceived by receptors through various exposure path-
ways (The calculation of dermal absorption refers
to US EPA, 1992). The intakes through the same ex-
posure route (inhalation, ingestion, or dermal ab-
sorption) are summed.

6. Using Eq. (1) to calculate individual cancer risk. The
total cancer risk is the sum of risks received through
all exposure routes.

The parameters needed for modeling environmental
transfer and transformation include the physicochemi-
cal properties of the two chemicals and the environ-
mental parameters that simulate the conditions of air,
soil, and groundwater. When multiple-pathway expo-
sure modeling is performed, the food chain parameters,
biological and exposure factors, and chemical-specific
biotransfer/bioconcentration factors are incorporated.

3.2. Combination of uncertainty analysis with decision
criteria in identifying important information

In the study, a Monte Carlo technique is used to
propagate parameter variance to produce the uncer-
tainty associated with the risk estimate. Each of the
input parameters that are considered uncertain is treated
as a random variable with known or estimated proba-
bility density function (pdf). For each of the variables,
one value is selected at random with respect to the as-
sociated pdf. The individual cancer risk is then calcu-
lated by using the multimedia risk assessment method
with any sample set of input values. The sampling and
calculation are repeated many times to produce the pdf
of the risk estimate.

When a Monte Carlo technique is used to propagate
variance, standardized regression coefficient, partial re-
gression coefficient, Pearson’s correlation coefficient,
and rank correlation coefficient can be used to rank the
importance of input parameters’ uncertainty to risk es-
timation (Iman and Helton, 1988; Morgan and Henrion,
1990; McKone, 1996; Mills et al., 1999). Among these
approaches, rank correlation coefficients are indicators
of the degree of monotonic relationship between the
sample values of the model prediction and those of the
uncertain inputs. Therefore, rank correlation coefficients
often work better to rank parameter contributions to
uncertainty than the other approaches that are based

on linear relationships (Morgan and Henrion, 1990;
McKone, 1996).

Another method that has been used to investigate
parameter sensitivity is the regional sensitivity analysis
(RSA) method developed by Spear and Hornberger
(1980). In the method, random values are drawn from
input parameters’ pdfs and used to calculate a set of
model outcomes. Each of the outcomes is assigned a
binary classification based on whether or not the out-
come is in agreement with specified behavior of the
system. The method uses the degree of separation be-
tween the distribution of the set of random variables
classified as “pass” and the set classified as “fail” to
indicate the importance of parameters. The RSA meth-
od has been extended by incorporating a tree-structured
density estimation technique to examine the complex
interactions that exist between parameters (Spear et al.,
1994). The extended RSA method is a useful approach
to identify important parameters and model structures
but involves computer intensive algorithms for multi-
variable data analysis.

In the study, a rank correlation coefficient between
each input parameter and associated risk output is
computed to measure the importance of parameter un-
certainty. Considering n pairs of samples from the out-
put and a single input, denoted as y;, x;, for i =1 to
n, the simple correlation coefficient is calculated as fol-
lows:

Correlation coefficient
_ 2o (i = %) — )
V=2 x S - )

)

where x and y are expected values of x and y, respec-

tively.

When the sample values of xs and ys are replaced by
the rank of those values, the above equation calculates
the rank correlation coefficient.

Although rank correlation coefficients provide a
method of assessing parameter importance to model
prediction, in order to identify information important to
decision-making, decision criteria need to be incorpo-
rated into the uncertainty analysis practice. The proce-
dures are as follows:

1. Perform the Monte Carlo simulation and calculate
the rank correlation coefficients. Then the rank corre-
lation coefficients are squared and normalized to cal-
culate the relative percentage of the total variance
attributable to each of the parameters.

2. Select a parameter that is identified to have major

contribution to the overall variance. Fix it at its plau-
sible minimum value and perform the Monte Carlo
simulation to find the risk value at the 95% cumula-
tive distribution level.
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3. Fix the value of this parameter at its plausible maxi-
mum and perform the Monte Carlo simulation to
find the risk value at the 95% cumulative distribution
level.

4. Examine whether the resulting range of risk gener-
ated above extends across the target level specified
in the decision criteria. If it is the case, the variation
of the value of the parameter may affect the result of
decision; otherwise the value of the parameter would
not influence the decision, even though the parameter
may have major contribution to the overall variance
of risk estimation.

5. Repeat steps 2-4 for all the parameters that are iden-
tified in step 1 as having major contribution to the
overall variance.

4. Results and discussion

Since 95% cumulative probability distribution level is
normally considered in risk-based decision-making, the
results of risk values at the 95% cumulative probability
distribution level are presented and discussed in the
section.

The total individual cancer risk at the 95% cumula-
tive distribution level is 1.96E — 5. The contribution of
each parameter’s uncertainty to the variance of the risk
estimate based on rank correlation coefficients is shown
in Table 1. Seven parameters with contribution greater
than 1% are listed and are considered the important
parameters for the multimedia risk estimation. Those
parameters should be treated more carefully, probably
by conducting further research to obtain more infor-
mation about the parameters in order to obtain more
accurate risk estimation.

Improving model prediction is often not the purpose
of identifying important information in a decision
problem. Instead, the collection of information is aimed
to facilitate the making of the decision. Therefore, usu-
ally whether variation in an input variable would make a
difference to decision-making is of primary interest. The

Table 1
Contribution of each parameter to the variance of the total risk
estimate

Parameter Variance contribution (%)
TCE concentration 24
Ingestion rate of drinking water 20
Yield of vegetables 12
Irrigation rate 11

Fraction of deposition retained 6
on plant surface

Plant surface loss constant 3
Bathroom size 2

methodology described previously combines uncertainty
analysis and decision criteria to obtain further insights
on the importance of the parameters for the decision
problem of determining whether the contamination
should be subject to risk management. Table 2 shows the
results of following steps 1-3 stated in the methodology
section for the seven parameters identified influential
to model prediction. In the case study, it is decided that
the screening decision is based on the health risk only.
Furthermore, 1E—-5 at 95% cumulative probability
distribution level is used as the target level below which
no risk management effort is required. It is found that
only four of the seven parameters have the target risk
level, 1E -5, falling between the two extremes. These
four parameters are TCE concentration, vegetable yield,
deposition interception fraction of vegetables, and plant
surface loss constant. In particular, the two parameters,
ingestion rate of drinking water (with 20% contribution
to the overall variance) and irrigation rate (with 12%
contribution to the overall variance), are not shown to
affect the decision. This indicates that the parameter
with major contribution to the overall variance is not
necessarily the parameter that influences the decision
and should be treated with priority.

Although the health-based criterion is used in the
case study, in general, the decision criteria may include
utility-based (e.g., considering both risk and cost of im-
plementing risk management measures such as remedi-
ation), technology-based (applying the best available
technology), and right-based (health risk is the only
consideration) criteria (Morgan and Henrion, 1990;
Thompson and Graham, 1996). The selection of deci-
sion criteria will depend on the situation (including po-
litical and socioeconomic factors), although in screening
whether actions should be initiated, the last criterion, the
right-based criterion, is normally used.

Even when the health risk is used as the determinant
of a screening decision, there may be different policies

Table 2
95% Cumulative distribution risk value with a parameter set at
its plausible lower bound or upper bound

Parameter Total risk

Lower bound  Upper bound

TCE concentration 2.72E-6 2.82E-5
Ingestion rate of drinking 1.13E-5 321E-5
water

Yield of vegetables 9.60E -6 647E-5
Irrigation rate 1.I5SE-5 5.59E-5
Deposition interception 9.20E-6 3.59E-5
fraction of vegetables

Plant surface loss con- 9.50E-6 234E-5
stant

Bathroom size 1.53E-5 2.0lE-5
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for acceptable risk than specifying the acceptable level at
a particular percentile of the risk distribution (95% in
this case). For example, the acceptable risk may be de-
fined as a distribution itself, inequality constraints on
specified moments of the risk distribution, or inequality
constraints on several percentiles of the risk distribution,
as detailed in Thompson and Graham (1996). No matter
which policy is used, the above results indicate that the
information essential to decision making can be located
by combining Monte Carlo simulation, rank correlation
coefficients, and specified decision criteria. This method
provides better basis for the decision than only ranking
parameters based on uncertainty contribution.

5. Conclusion

In the case study of the site with contaminated
groundwater, site-specific risk assessment taking into
account multimedia transfer and multiple exposure
pathways is considered an important basis of decision
concerning whether actions should be in place. The site-
specific multimedia risk assessment may produce more
accurate risk estimate than a generic risk assessment
practice but requires more information that is often
complicated by the associated uncertainties. Therefore
the knowledge regarding the most important informa-
tion that would affect the decision will be beneficial in
making data collection planning. To that end, the sen-
sitivity analysis and uncertainty analysis methods that
consider parameters’ effects to model prediction need to
be extended to incorporate decision criteria to identify
information essential to the decision. The results dem-
onstrate that a parameter with major contribution to
model uncertainty and much influence on model pre-
diction may not affect the making of a decision. The
integration of multimedia risk assessment, Monte Carlo
simulation, and decision criteria is a useful and simple
method of setting information priorities.
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