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Abstract

Adequately preparing for and responding to terrestrial (land-based) chemical spills are critical to the protection of human health and the
environment. To facilitate analysis and support decision-making for such events, the authors have developed an environmental risk management
system that characterizes the ability of a spilled chemical to immediately impact human health, groundwater, surface water, and soil resources,
and incorporates these four risk areas into an overall measure of terrestrial chemical risk. This system incorporates a risk index model, leverages
geographic information systems (GIS) technology, and contains a comprehensive chemical and environmental database to assess and delineate
the immediate threat posed by a terrestrial chemical spill. It is designed to serve a variety of stakeholders, including managers and policy-makers,
who would benefit from generating screening-level environmental risk assessments without requiring a technical background or collection of
detailed environmental and chemical data. Areas of potential application include transportation routing, industrial zoning, environmental regulatory

compliance and enforcement, spill response, and security planning.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Each year, thousands of chemical spills occur in the United
States [1]. 850,000 industrial sites in the US contain potentially
hazardous chemicals [2] and the transportation system of the
nation handles 800,000 shipments of these materials per day [3].
This situation presents a constant threat of spills with the poten-
tial to significantly impact human health and the environment.
Managing these events before and during their occurrence is
imperative to the protection of people and natural resources such
as groundwater, surface water, and soils. This paper presents a
new decision support tool that aids in planning and responding
to a terrestrial (land-based) chemical spill. This system pro-
vides decision makers with a screening-level risk assessment
for specific chemicals and locations and provides detailed data
for further in-depth inquiries.

The system developed herein leverages geographic infor-
mation systems (GIS) technology to assess and delineate the
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immediate threat to human and environmental receptors from
a terrestrial chemical spill. The system characterizes the abil-
ity of a spilled chemical to immediately impact human health,
groundwater, surface water, and soil resources, and incorpo-
rates these four receptors into an overall measure of terrestrial
chemical risk. The methodology driving this characterization
is a risk model, supported by a comprehensive database con-
taining information on chemical properties and environmental
resources, designed to speed calculations and minimize user bur-
den. This tool differs from previous environmental risk indices
in that: (1) it accounts for attributes of the local environment
and chemical in question, (2) requires almost no data input or
scientific knowledge from the user, (3) creates an easy to under-
stand visual output that supports the decision process, and (4)
has the potential for transferability to sites throughout the United
States.

The purpose of this paper is to describe and demonstrate the
terrestrial chemical spill management system and its associated
risk model. A discussion of the model and the data used by
the system are presented. This discussion is followed by a case
study, in which the system is applied to a county in northeastern
Ohio, to demonstrate its “proof of concept” and illustrate system
results.
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2. Model description
2.1. Model structure

The spill management system employs an index model that
calculates a value corresponding to the relative magnitude of
risk posed to each of the aforementioned four receptors and
the corresponding measure describing overall risk. Index mod-
els involve characterizing physical attributes by using ratings or
numerical scores to assign them to risk categories. The index
method is commonly used in characterizing environmental risk,
particularly with respect to groundwater, because it is typically
relatively inexpensive, uncomplicated, and produces results that
are easily interpreted by managers and policy makers [4]. One of
the most widely used environmental index models is the DRAS-
TIC model for determining groundwater vulnerability [4]. Other
examples include those reported by Silka and Swearingen [5],
LeGrand [6], and Civita and De Maio [7] for use in determining
risks to groundwater, Sampaolo and Binetti [8] and Scott [9] for
determining general environmental risk, and Cutter et al. [10]
for determining human vulnerability from disasters.

A common form of the index methodology involves scoring a
set of factors, which are then aggregated to produce a risk index
number by the following equation:

n
Z W;R; = index value (D

i=1

where R; is the rating, or severity, assigned to the ith factor and
Wi is its corresponding weight, or importance. In the terrestrial
chemical spill management system, this formulation is used to
calculate index values for each of the four risk components:
health, groundwater, surface water, and soil resources. (In this
system, air is not viewed as a separate environmental receptor,
but is considered as an exposure pathway in determining the risk
to human health.) These four components appear most often
in the literature as the focus of response and remediation by
factoring heavily into determining the impact of a spill and the
resources required for its mitigation.

In the system described herein, weighting and ranking val-
ues specifically reflect the importance and severity, respectively,
of given factors in assessing the potential magnitude of harm
to receptors. These values reflect the judgment of the system
user, or, in the case of default system values, that of a panel of
experts (see Section 2.2). The values assigned to factor weights
and rankings range from one to five, with higher index values
implying a greater risk. Index values are normalized into per-
centages, according to the method of Civita and De Maio [7], for
use in mapping and in producing an overall risk index. The over-
all index is calculated and mapped in the same fashion, using
the normalized component scores as factor rating values.

A color-coding scheme was developed for map output such
that areas of equal levels of relative risk appear in the same
color. The color scheme was defined by running the model with a
randomly selected subset of the chemical database and then par-
titioning the results into categories according to their deviation
from the sample mean. For example, a region whose ground-

water risk index is more than two standard deviations above the
average value for chemicals in the database is colored red to
indicate the highest risk category. The color moves from red to
green as index values decrease for each risk component and the
overall index.

In addition to map results, the user has access to all of the val-
ues used in the calculation of the risk indices. These values can
be used to support spill planning and response decision-making
as well as to provide initial data for more rigorous analyses.

2.2. Model factors

A certain amount of subjectivity is inherent to all index mod-
els [4]. In an attempt to minimize the degree of subjectivity
attributable to individual users of the system, model factors
and default weighting values used in calculating risk indices
were determined through expert judgment by means of a Delphi
survey [11].

The final list of model factors for each risk component, with
corresponding default weighting values, is presented in Table 1.
Default factor rating schemes are presented in Table 2.

Table 1

Risk model factors and weights

Risk model Factors Factor

components weight

Human health Chemical toxicity 4.63
Spill proximity to dense populations 4.56
Chemical volatility 4.13
Chemical flammability 4.06
Chemical reactivity 3.81
Proximity to vulnerable populations 2.71
Chemical solubility 2.71
Chemical-specific gravity 2.36

Groundwater Depth to groundwater 4.31
Chemical solubility 4.07
Chemical-specific conductivity of 4.00
vadose zone
Chemical adsorption to sediments 3.86
Bedrock/aquifer material 3.69
Chemical-specific conductivity of soil 3.63
Chemical volatility 3.31
Soil surface chemical-specific 2.93
conductivity
Slope of soil surface 2.88

Surface water Spill proximity to surface water 4.81
Slope of soil surface 4.25
Chemical solubility 3.86
Chemical viscosity 3.38

Soil resources Chemical toxicity 4.50
Chemical adsorption to soil 3.86
Chemical persistence 3.71
Chemical volatility 3.50
Pre-spill quality of soil resources 3.00
Slope of soil surface 2.94
Chemical-specific conductivity of soil 2.81

Overall Human health 4.69
Surface water 4.06
Groundwater 3.31
Soil resources 2.94
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Table 2
Factor ranges and rankings
Factor Range Factor rating Source®
Toxicity (NFPA rating) 0 1 [12]
1 2
2 3
3 4
4 5
Reactivity (NFPA rating) 0 1 [12]
1 2
2 3
3 4
4 5
Flammability (NFPA rating) 0 1 [12]
1 2
2 3
3 4
4 5
Persistence (half-life in days) 04 1 [13]
4-20 2
20-50 3
50-100 4
>100 5
Vapor pressure (Pa) Human health Soil and water [14]
0-100 >100,000 1
100-1000 100,000-10,000 2
100010,000 1000-10,000 3
10,000-100,000 100-1000 4
>100,000 0-100 5
Solubility (ppm) 0-0.1 1 [15]
0.1-100 2
100-1000 3
1000-10,000 4
>10,000 5
Dynamic viscosity (Pas) >1 1 -
0.1-1 2
0.01-0.1 3
0.001-0.01 4
0-0.001 5
Specific gravity (dimensionless) >1.5 1 [16]
0.8-1.5 3
0-0.8 5
Chemical-specific conductivity (um/s) 0-0.1 1 [17]
0.1-1 2
1-10 3
10-100 4
>100 5
Adsorption (Kq) Groundwater Soil [18]
>5 0-2 1
4-5 2-3 2
34 34 3
2-3 4-5 4
0-2 >5 5
Soil resource quality “Not prime farmland” 1 [19]
(SSURGO farmland ratings)
“Prime farmland of local importance” 2
“Prime farmland if . ..” 2.5
“Prime farmland of statewide importance” 3
“All areas are prime farmland” 4
“Farmland of unique importance” 5
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Table 2 (Continued )
Factor Range Factor rating Source?
Slope of soil surface (%) Groundwater Surface water [20]
and soil
>18 0-2 1
12-18 2-6 1.5
6-12 6-12 2.5
2-6 12-18 4.5
0-2 >18 5
Bedrock/aquifer material Massive shale 1 [20]
Metamorphic or igneous 1.5
Weathered metamorphic or igneous 2
Glacial till 2.5
Bedded SS, LS and SS sequences 3
Massive sandstone or limestone 3
Sand and gravel 4
Basalt 4.5
Karst limestone 5
Depth to groundwater (m) >23 1 [20]
15-23 1.5
9-15 2.5
4.6-9 3.5
1.5-4.6 4.5
0-1.5 5
Proximity to surface water (m) 750 1 [21]
300-750 2
150-300 3
30-150 4
0-30 5
Proximity to densely populated areas >LPM* 1 [22]
(ERG isolation and protection zones®)
SPM-LPM 2
LII-SPM 3
SII-LII 4
0-SII 5
Proximity to vulnerable populations >LPM¢ 1 [22]
(ERG isolation and protection zonesP)
SPM-LPM 2
LII-SPM 3
SII-LII 4
0-SII 5

4 Ratings were taken directly from or adapted from the sources listed.

b ERG =emergency response guidebook (US Department of Transportation 2004); for chemicals that do not have isolation and protection zones specified, the

minimum values listed for chemicals with zone specifications were used.

¢ LPM =maximum large spill protection zone, SPM = maximum small spill protection zone, LI =large spill initial isolation zone, SII = small spill initial isolation

zone.

Several of the survey factors were omitted from the risk model
for various reasons. In order to decrease the burden of the user
and increase the self-sufficiency of the system, factors depen-
dent on real-time climatic data at the time of a spill incident
were excluded. Historical data with the temporal precision nec-
essary to describe climatic conditions at the time of a spill is
not publicly accessible and can be relatively expensive. Sim-
ilarly, factors that rely on data that must be collected in the
field by the user or are beyond the scope of a screening-level
tool were excluded, such as soil hydrophobicity and soil pH.
Soil texture and sequencing was also removed from the list of
factors based on the recommendations of Delphi panelists who
argued that its effects were captured by other factors. Finally,
chemical vapor density was excluded because all of the chem-

icals analyzed by the system have vapors that are heavier than
air.

Eliminating these factors may, in some cases, reduce the level
of detail associated with the risk model. However, system com-
plexity must be balanced against the technical background of
the target user and the level of analysis sophistication desired.
In order to retain information while reducing system intricacy,
the effects represented by some of the eliminated factors have
been accounted for through indirect means. For example, when
calculating health risks in the absence of real-time weather con-
ditions, circular population protective distances are used instead
of down-wind distances. Similarly, the effects of soil texture
and sequencing are accounted for in the risk model by using
the effective vertical conductivity of the soil system, calculated
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as the harmonic mean of the soil horizons. These modifications
result in a more simple, self-contained, screening-level tool with
a higher potential for use in broad range of geographical areas.

Two factors, “soil surface chemical-specific conductiv-
ity” and “proximity to vulnerable populations”, were adapted
slightly from their original form in the survey, based on the
comments of panelists. “Soil surface chemical-specific conduc-
tivity” is based on the factor “surface permeability” from the
Delphi survey. This minor change more directly addresses the
ideas of panelists on representing infiltration potential in the risk
model with regard to specific chemicals. “Proximity to vulner-
able populations” is derived from the factor “age of exposed
persons” in the Delphi survey. Panelists indicated that age is
an important factor in determining human health risk since the
elderly and children tend to be less mobile and more susceptible
to health effects. Information in disaster planning literature is
consistent with this concept (e.g., [10,23]) and further suggests
that the location of concentrations of these vulnerable popula-
tions is more important than precise age data for individuals [24].
Hence, the proximity of assisted living facilities and schools to
spill locations has been used in place of population age data in
determining human health risk.

Analysis of model results indicates little correlation among
model factors beyond those used in the calculation of more than
one risk component (e.g., slope used in groundwater and soil
resource calculations). These relationships do not directly affect
component scores, but do have an effect on overall scores. For
example, an increase in chemical solubility increases the scores
of the human health, groundwater, and surface water compo-
nents. As a result, solubility is the most influential factor in
determining overall risk score, contributing 14.85% of its value
(Table 3). This situation is consistent with the assertion of the
Delphi panel about the importance of solubility in determining
risk for more than one dimension of the model. Adsorption, on

the other hand, is negatively correlated among soil resources and
groundwater, resulting in a net contribution of only 0.58% to the
overall risk score. Other than factors used in the calculation of
multiple component scores, however, only soil surface conduc-
tivity and soil conductivity are strongly correlated (correlation
coefficient =0.78). These factors, which serve to represent the
potential of a chemical to infiltrate the soil surface and to flow in
the soil subsurface, respectively, were deemed to be individually
important by the Delphi panel and were consequently retained
in the model.

3. Data

The terrestrial chemical spill management system is designed
for and based on widely available public data in order to increase
the utility of the application and transferability. Chemical data is
derived primarily from the Chemical Hazards Response Infor-
mation System (CHRIS) database of the US Coast Guard [25]. A
table was created containing physical data for 119 liquid organic
chemicals selected from the CHRIS database based on complete-
ness of entries. Necessary data that are not included in CHRIS,
such as organic carbon partition coefficients, and data for any
missing CHRIS values, were added to the table using informa-
tion from the Hazardous Substance Data Bank of the National
Library of Medicine [26]. Values for persistence were estimated
using the EPI SUITE software of the EPA, version 3.12 [27] and
appended for each table entry. Values for isolation and protec-
tive distances were added to each table entry from the emergency
response guidebook [22].

Surface and soils data were taken from the Soil Survey
Geographic (SSURGO) database of the National Resource Con-
servation Service (NRCS) [28]. This database contains detailed
spatial, physical, and chemical features of soils for county-sized
land areas. The spatial information contained within SSURGO

Table 3

Factor contributions to risk components (in %)

Factor Human health Groundwater Surface water Soil resources Overall
Chemical solubility 9.31 12.54 23.78 0 14.85

Chemical toxicity 15.86 0 0 18.52 10.43

Proximity to surface water 0 0 29.27 0 9.76
Slope of soil surface 0 8.87 26.22 11.93 9.18

Chemical viscosity 0 0 20.73 0 6.91

Proximity to dense populations 15.86 0 0 0 6.06
Chemical-specific conductivity of soil 0 11.01 0 11.52 5.67

Chemical flammability 14.14 0 0 0 5.40
Chemical reactivity 13.10 0 0 0 5.01

Chemical persistence 0 0 0 15.23 3.59
Proximity to vulnerable populations 9.31 0 0 0 3.56
Depth to groundwater 0 13.15 0 0 3.53
Chemical-specific conductivity of vadose zone 0 12.23 0 0 3.28
Chemical-specific gravity 8.28 0 0 0 3.16
Bedrock/aquifer material 0 11.31 0 0 3.04
Pre-spill quality of soil resources 0 0 0 12.35 291

Soil surface chemical-specific conductivity 0 8.87 0 0 2.38
Chemical volatility 14.14 10.09 0 14.40 0.70
Chemical adsorption to sediments 0 11.93 0 16.05 0.58
Total 100.0 100.0 100.0 100.0 100.0
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is used to create maps of soils, in which the smallest individual
unit depicted is known as a “map unit”. While most of the soils
data required by the spill management system is ready for use
with the map component of SSURGO, data for conductivity and
organic content are given only for individual soil horizons that
make up components of map units. This data must, therefore, be
aggregated to the map unit level in order to use it spatially. To
this end, the effective vertical hydraulic conductivity of a map
unit component was calculated as the harmonic mean of soil
horizon values within that component. Similarly, organic car-
bon content was calculated as a thickness-weighted average of
horizon values for each component. Conductivity and organic
carbon content values were then assigned to map units based on
the values for the dominant component of a unit, as outlined in
NRCS guidance documents [29]. Values for index model vari-
ables, such as adsorption and chemical-specific conductivity,
that depend on characteristics of the spilled chemical and the
media through which it flows, are calculated through a series of
queries at the time of execution of the system.

Other information contained in the spill management system
includes spatial data for surface water and densely populated
areas, both of which come from the Topologically Integrated
Geographic Encoding and Referencing system (TIGER) of the
US Census Bureau [30].

There are two areas of data required by the spill management
system for which data is not widely available at the present: sub-
surface data below two meters and spatial data for vulnerable
populations. While SSURGO contains data columns for envi-
ronmental characteristics such as depth to bedrock and water
table, it is primarily a soils database and does not contain any
subsurface data below two meters. Unfortunately, no single
resource with national coverage exists for any of the subsur-
face data that the spill management system requires, such as
vadose zone conductivity, aquifer type, and depth to groundwa-
ter. There are, however, a growing number of states, such as Ohio
and Nebraska, making these kinds of data available digitally.
Publicly available data on locations of vulnerable populations,
however, are less accessible in digital form. Some states, such as
Alabama and Kentucky, have school addresses published online,
which can be used for geocoding locations, though data for
retirement facilities and assisted living quarters are more rare.

4. Case study application
4.1. Description

In order to test the functionality of the system, a case study
was conducted in which theoretical spills of a range of chemicals
were analyzed for Geauga County, in northeastern Ohio (Fig. 1).
Geauga County was selected as the test county due to an abun-
dance of available subsurface data and the variability of its soil
types, water table depths, subsurface composition, and popula-
tion density. Soil types in this county range from gravels to clays
and include a small number of organic-rich mucks. Water table
depth ranges from near-surface to greater than 23 m. The vadose
zone of the county varies from gravels and sands to shales, silts,
and clays, as does the composition of its aquifers. Population

density varies from rural areas with less than 10 persons/km? to
urban areas such as greater Cleveland.

Subsurface data for the case study area was collected from the
online Geographic Information Management System [31] of the
Ohio Department of Natural Resources. Locations of vulnerable
populations were obtained from the Geauga County GIS Depart-
ment through its website [32] and through communications with
Department staff.

4.2. System operations

Upon selection of the chemical to be analyzed, the system
uses a series of queries to calculate the two model parameters
that are dependent on the interaction of the contaminant and
the soil/subsurface environment: the distribution coefficient (Kq)
and chemical-specific conductivity. In order to calculate Kg, the
fraction of soil organic matter listed for each soil horizon in
the SSURGO database is divided by 1.724 to yield fraction
organic carbon (fic), as described by Hamaker and Thomp-
son [33]. foc values for each horizon are aggregated using a
thickness-weighted average to produce a single value for each
SSURGO component. SSURGO values for hydraulic conduc-
tivity are converted to chemical-specific conductivity values for
each soil horizon by substituting the density and viscosity of the
contaminant for that of water in the following equation Fetter
[34]:

K =K(pg/1) 2

where K is the conductivity, K; is the intrinsic permeability of the
soil, p is the density of the liquid, g is acceleration due to gravity,
and p is dynamic viscosity of the liquid. (The same procedure
is used in calculating the chemical-specific conductivity of the
vadose zone.) Horizon values are aggregated to the SSURGO
component level by using the following equation from Tindall
and Kunkel [35] for finding the effective vertical conductivity
of layered media:

>
d,
S

where K is the effective vertical conductivity, the summation
of d in the numerator is the entire thickness of the soil, and the
summation expression in the numerator represents the resistance
to flow summed for each horizon, assuming perpendicular flow.
Component values for chemical-specific conductivity and fo.
are then aggregated to the SSURGO map unit level using the
dominant component technique previously discussed in section
3 above. Sorption coefficients are calculated for each map unit
by multiplying the soil f, by the coefficient of contaminant soil
sorption (Koc), as described by Stephens [36]:

K. = (3)

KdeocFoc (4)

The calculated Ky and conductivity values are subsequently
organized into a single table along with all other pertinent soils
and chemical data. This table is then joined to the SSURGO GIS
layer using unique map unit identifiers in the SSURGO database.
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Fig. 1. Geauga County, Ohio.

The next step in the analysis involves using the GIS to create
buffer areas using the surface water and population data lay-
ers. These buffers represent the ranges listed in Table 2 for the
factors “proximity to surface water”, “proximity to vulnerable
populations”, and “proximity to dense populations”. The buffer
areas are then combined with soil and subsurface data into a sin-
gle layer using spatial overlay (union) functions within the GIS.
Next, ratings are assigned for each risk factor according to the
scheme laid out in Table 2. An example of the risk factor values
and their corresponding model ratings for a spill of malathion at
agiven location within the case study area is presented in Table 4.
These rating values are then multiplied by the appropriate weight

(Table 1) and summed to calculate index values for each risk
component and the overall score according to Eq. (1) above.

4.3. System output

Analysis of the case study area indicates that the regions of
highest relative risk in Geauga County tend to be associated
with surface water and urban areas. This situation can be seen
in the sample results presented in Fig. 2a and b, which display
mapping output for ethylene dibromide and malathion, respec-
tively, which will serve here as examples for the purpose of
presenting sample system maps. Elevated risk in these regions
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Table 4
Example values and ratings for risk index calculations of a malathion spill at a specific location in Geauga County, Ohio
Factor Value Ratings
Human health Groundwater Surface water Soil resources

Toxicity (NFPA rating) 4 5 - - 5
Reactivity (NFPA rating) 1 2 - -
Flammability (NFPA rating) 0 1 - - -
Persistence (days) 30 - - - 3
Vapor pressure (Pa) 0.02346 1 5 - 5
Solubility (ppm) 140 3 3 3 -
Dynamic viscosity (Pas) 0.04527 - - 5 -
Specific gravity (unitless) 1.23 3 - - -
Soil surface chemical-specific conductivity (m/s) 0.250848 - 2 - -
Soil chemical-specific conductivity (um/s) 0.025921 - 1 - 1
Vadose zone chemical-specific conductivity (pum/s) 4.103298 - 3 - -
Adsorption (Kq) 0.13509 - 5 - 1
Soil resource quality (SSURGO farmland ratings) “Farmland of local - - - 2

importance”
Slope of soil surface (%) 9 - 2.5 2.5 2.5
Bedrock/aquifer material Massive sandstone - 3 - -
Depth to groundwater (m) 4.6-9 - 3.5 - -
Proximity to surface water (km) 30-150 - - 4 -
Proximity to densely populated areas (km) 0-0.03 5 - -
Proximity to vulnerable populations (km) >0.2 1 - - -

is a result of the weight placed on human health and surface
water in calculating overall risk (see Table 1).

Human health risk component scoring is largely dependent
upon the characteristics of the chemical being analyzed. Only
two spatial factors, spill proximity to urban areas and proximity
to vulnerable populations, contribute to the score. Thus, these
two factors have a significant effect on the appearance of the
health risk map, as can be seen in Fig. 3a and b. Malathion
is more toxic and flammable than ethylene dibromide, result-

(@) P,

ing in higher health risk scores throughout the county. Ethylene
dibromide, unlike malathion, is designated as a toxic inhalation
hazard by the US Department of Transportation [22] and has
been assigned isolation and protection zones for spill response.
These zones are used to account for the air dispersion path-
way between a spill and human receptors and appear as the
regions of elevated health risk that outline the urban areas and
assisted living facility locations of Geauga County as shown in
Fig. 3a.

() ' Y R4

Fig. 2. Overall relative risk for Geauga County from the spill of ethylene dibromide (a) and malathion (b). (Color figures available online only.)



86 D.L. Bryant, M.D. Abkowitz / Journal of Hazardous Materials 147 (2007) 78-90

(a)

(b)

Fig. 3. Detail of the southwest corner of Geauga County indicating relative human health risk from the spill of (a) ethylene dibromide (b) and malathion. (Color

figures available online only.)

Areas of highest relative risk depicted in the groundwater
risk maps (Fig. 4a and b) are surface water locations and sites
with less than 6% slope, a shallow water table (<1.5m), and
a vadose zone and aquifer both composed of sand and gravel.
Malathion presents a smaller potential for migrating to ground-
water because it is an order of magnitude less soluble than
ethylene dibromide and has a much lower density to viscos-
ity ratio, which significantly reduces its conductivity through
the soil and subsurface.

Values for surface water risk (Fig. 5a and b) are highest in
areas that are closest to water and have steep slopes. This con-

dition reflects the high weighting values placed on these factors
and the absence of additional spatially related factors to con-
tribute to the surface water risk index. Ethylene dibromide is
more capable of flowing to surface water than malathion, given
its lower viscosity and higher solubility, which increases the
levels of risk in Fig. 5a.

Of the two chemicals shown in the soil resources risk maps
(Fig. 6a and b), malathion presents more of a threat, in gen-
eral, to soil resources. This increased threat arises from the
higher toxicity of malathion. Locations with the highest rela-
tive risk shown in the maps are areas where the slope is less than

Fig. 4. Detail of the southwest corner of Geauga County indicating relative risk to groundwater from the spill of (a) ethylene dibromide and (b) malathion. (Color

figures available online only.)
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(a)

(b)

4

A At L A

Fig. 5. Detail of the southwest corner of Geauga County indicating relative risk to surface water from the spill of (a) ethylene dibromide and (b) malathion. (Color

figures available online only.)

6% and are important farmland or have high levels of organic
material in the soil, increasing adsorption. Other areas that are
depicted as being particularly high risk to soil resources may
be those with missing soil texture data. In the case of such
missing values, textures are conservatively assumed to present
the highest risk for that factor. For this reason, areas of sur-
face water in the soils maps often show high levels of relative
risk.

System output for the case study area was used to test the
sensitivity of model weighting values. To this end, overall risk
indices were recalculated for the randomly selected subset of

(@)

chemicals used to define the color-coding scheme (see Section
2.1). In these calculations, the weighting value placed on each
component in the overall risk calculation (human health, ground-
water, surface water, and soil resources) was varied individually
by a decrease 10% from the default value, as determined by the
Delphi survey. A second round of calculations was then carried
out in the same manner with individual increases of 10% in each
of the default weighting values of the components. The model
output resulting from these calculations differed from the orig-
inal output values by less than 1%, indicating a fairly robust
model.

Fig. 6. Detail of the southwest corner of Geauga County indicating relative risk to soil resources from the spill of (a) ethylene dibromide and (b) malathion. (Color

figures available online only.)
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4.4. Implications for planning and response

The system output can serve as a valuable tool for plan-
ning for and responding to a chemical spill. When used for
planning purposes, this tool can provide useful screening-level
information, helping to focus more detailed inquiries requiring
greater expenditure of resources. Some areas of applicability
include industrial zoning, homeland security, hazardous mate-
rial transportation routing, environmental regulatory compliance
and enforcement, and response planning. For example, the maps
presented above would be helpful in assisting local governments
in Geauga County to site new chemical facilities. The lowest
overall risk locations for such installations are shown to be pri-
marily along the eastern border of the county for both chemicals,
though the malathion map shows a greater area of low risk
throughout the county. While these areas present low overall

o

risk for both of the chemicals discussed, groundwater and soil
risks from ethylene dibromide and health risks from malathion
in the area are moderate to moderately high. Because these kinds
of risk tradeoffs play a major role in most planning decisions,
the system user has the ability to adjust the risk model weighting
scheme from the default values to give greater priority to dif-
ferent risk components. For instance, community planners in a
region whose economy is moving out of the agricultural sector
might choose to decrease the weight placed on soil resources and
increase that of human health in the overall risk calculation. Sim-
ilarly, acommunity with a smaller number of response personnel
available for rescue and evacuation procedures might increase
the weight given to proximity to densely populated areas or
vulnerable populations when calculating health risk scores.
System maps can also be used to support decisions regarding
homeland security planning. Increased security measures can

Fig. 7. Example of transportation information paired with system overall relative risk map output for the spill of malathion. (Color figures available online only.)
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be focused on areas where risks are high to the population or
vital resources, such as the LaDue Reservoir in central southern
Geauga County (Figs. 1-2 and 4-6). Furthermore, the system
can be used to determine which chemicals should be considered
when planning for security threats at given locations. For exam-
ple, an intentional release of malathion outside of urban areas
and surface water locations in Geauga County would present
a low overall risk (Fig. 2). In such areas, resources dedicated
to detecting or mitigating accidental or intentional spills should
be focused less on malathion and more on extremely hazardous
chemicals such as acrolien that could present community-wide
risks from remote locations.

Using system maps in conjunction with data layers depicting
local infrastructure within a GIS can enhance the utility of the
system. By overlaying transportation network information on the
risk maps, government authorities would be able to make more
informed decisions regarding the planning of new roadways or
delineating routes for shipping hazardous materials. For exam-
ple, in Fig. 7 it can be seen that shipments of malathion moving
north or south through Geauga County could be routed along
state highway 528 or a combination of 528 and 608 or 86 to
minimize the risks from a spill. These routes would avoid high-
risk areas associated with the LaDue Reservoir and urban areas
along highways 44 and 306.

Similarly, using system maps with layers depicting the loca-
tions of industrial sites would assist local, state, and federal
government agencies in focusing regulatory monitoring. Indus-
trial sites in areas of higher risk could be monitored with greater
frequency than those in low risk areas. Such focused moni-
toring would decrease the likelihood of an industrial spill of
ethylene dibromide, for example, in the high risk urban areas,
surface water locations, and areas with highly permeable geol-
ogy depicted in Fig. 4a. Businesses could also employ this
approach to facilitate the allocation of resources among indi-
vidual locations so that plants situated in the highest risk areas
are provided with more funding for risk management.

The system also provides useful information for response
planners, first responders, and environmental response person-
nel. System maps can be used to prioritize response actions
during major spill events so that areas facing higher risks are
responded to first. When responding to spills of groundwater
contaminants in Geauga County, for example, the highest pri-
ority for response would be placed on surface waters and the
areas with low slope and shallow gravelly aquifers, such as those
delineated in Fig. 4. The system also provides responders with a
quick reference for chemical data, such as NFPA ratings and iso-
lation distances, and can even be linked to chemical information
response manuals and databases such as the CHRIS manual [25],
the emergency response guidebook [22], or the NIOSH Pocket
Guide [37]. By housing both chemical and local environmental
data, the system also serves as a unique reference for information
useful to environmental responders. This information includes
not only data on the spilled chemical and local soils, but also
information such as partition coefficients and chemical-specific
conductivity for soil units that combines both types of data. Such
information can be used to provide initial estimates of pollutant
transport to prioritize response effort.

5. Conclusions

The terrestrial chemical spill risk management system pre-
sented here is a screening tool for supporting environmental
decisions by predicting relative levels of risk from a chemical
spill. This system analyzes risks to human health, groundwa-
ter, surface water, and soil resources to yield an overall risk
score, unlike previous systems that have focused on individual
components (e.g., DRASTIC). The system model accounts for
characteristics of the spilled chemical and the local environ-
ment as well as parameters that are determined by interaction
between the two. Previous environmental index systems have
often required the user to collect data from the field or from
sources that may be difficult to access, such as localized subsur-
face surveys. The data that supports this model is housed within
the system, so that it requires only the name of the chemical
to be analyzed from the user, which greatly decreases analysis
time and resources. This data is drawn almost exclusively from
easily accessible, publicly available data, such as the SSURGO
database, to facilitate transferability of the model and analysis
of multiple locations. Model output is displayed using easy to
understand, color coded maps that enable informed decisions
from managers and policy makers who may possess little tech-
nical background.

There are several opportunities for furthering system devel-
opment and/or expanding the scope of the system beyond that
of a screening-level tool. The current system, which includes
data for 119 organic chemicals, could be improved by expand-
ing the database to include a more comprehensive list of organic
chemicals or by including other types of chemicals, such as
solutions, mixtures, and metals. While it is commonly assumed
that adsorption (immobility) of organic chemicals is primar-
ily attributable to the organic component of sediments [38],
increased detail in estimating chemical mobility could also be
useful, such as including soil pH and ion exchange capacity
in sorption calculations. As resources for environmental data
become more complete and widely available, system subsurface
data can be standardized for improved transferability and miss-
ing values in the system database can be updated. Finally, the
system could be linked to outside information, such as real-time
weather data, or models that would allow the user to visualize
the movement of the contaminant, such as CAMEO [39] for air
pollutants, or MODFLOW [40] for subsurface and groundwater.
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