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Abstract

Natural hazards can be prominent and powerful mechanisms that impact the remediation and 

restoration of contaminated sites and the revitalization of communities associated with these sites. 

The potential for hazardous material releases following a natural disaster can exacerbate the 

impact of contaminated sites by causing the release of toxic or hazardous materials and inhibiting 

the restoration of the site as well as altering the long-term sustainable revitalization of adjacent 

communities. Disaster-related hazardous releases, particularly in population-dense areas, can 

create problems as difficult as the original site clean-up. Similarly, exposure of contaminated sites 

to natural hazards can enhance the probability of future issues associated with the site. This 

manuscript addresses the co-occurrence of 12 natural hazards (singly and in combination) and 

individual Superfund sites.
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Introduction

Natural hazard events (e.g., hurricanes, tornadoes, wildfires, earthquakes) can exacerbate the 

likelihood of releases from contaminated sites. These releases can threaten the environment 

and human health by exposing individuals to hazardous materials or secondary hazards (e.g., 

explosions, fires) when flammable materials are impacted (Binder and Sanderson 1987). 

Releases of hazardous materials from contaminated sites have been documented after 

earthquakes (Showalter and Myers, 1992, 1994; Krausmann et al. 2010), floods (Smith 

2001, Associated Press 2007), hurricanes (Cruz et al. 2001, Pielke et al. 2008) and wildfires 

(Turetsky et al. 2006, Rothwell et al. 2007, Evangeliou et al. 2014).
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Approximately 17,000 toxic material releases between 1990 and 2010 were caused by 

natural hazards (Sengul et al. 2012). Flooding events (inland and coastal) were most 

numerous and caused about 26 percent of the total number of releases. Similarly, another 

20% were the result of hurricane exposure, many resulting from major episodes in 2005 and 

2008. Storms, wind events, wildfires, earthquakes and temperature-related events were 

responsible for releases of toxic materials (Sengul et al. 2012).Earthquakes have resulted in 

contaminant releases (Lindell and Perry, 1996a, 1996b, 1998; Krausman et al. 2010) 

impacting major geographic areas in the US. Many of these areas are susceptible to multiple 

serious natural hazards (Abbott, 2004). Combined with population growth in these regions, 

the result is a trend towards greater losses due to natural hazards (Van der Vink et al. 1998) 

such as hurricanes (Pielke et al. 2008) or floods (Young et al. 2004). Overall, the number of 

contaminant releases resulting from natural hazard exposures has increased over the past 

three decades co-occurring with enhanced potential for serious human and environmental 

impacts.

In the United States, the U.S. Environmental Protection Agency’s (EPA) Superfund program 

investigates and cleans up hazardous contaminated sites. Thousands of contaminated sites 

exist nationally due to hazardous waste being left out in the open, dumped or otherwise 

improperly managed (EPA Superfund Priority List of Sites; US EPA 2020). Superfund sites 

include processing plants, manufacturing facilities, mining sites and landfills. To deal with 

this contamination problem, Congress passed the Comprehensive Environmental Response, 

Compensation and Liability Act (CERCLA) in 42 U.S.C. Chapter 103 (Legal Information 

Institute 1980). The legislation provides EPA the authority to clean up contaminated sites 

and holds the parties responsible for the contamination to either complete cleanups or pay 

the EPA for the cleanup activities. A 1986 CERCLA amendment stressed the need for 

permanent and innovative clean-up treatments, provided enhanced enforcement tools, 

increased treatment foci on human health issues resulting from the sites and promoted 

increased citizen participation in the clean-up decision making process. Similar 

contaminated sites exist in Europe (Panagos et al. 2013) and are addressed by the European 

Environment Agency (EEA 2019); however, this manuscript will focus on the United States 

and its Superfund Program.

In addition to site remediation, the Superfund Program does not only seek to clean up sites

—the program is meant to return these sites to productive use serving their local community 

(U.S. Senate Committee on Environment and Public Works 2020). Remediation, restoration 

or revitalization is incomplete unless it is sustainable and resilient. Restoration plans should 

be developed for contaminated sites, whether they be Superfund or some other site, in the 

context of potential continuing exposure to natural hazards like flooding, sea level rise, 

hurricanes, tornadoes or wildfires (Showalter and Myers, 1992, 1994; Crus et al. 2001; 

Smith 2001; Turetsky et al. 2006; Evangeliou et al. 2014). Superfund and other non-

Superfund toxic contaminant site managers and remediation planners (e.g., those in Europe 

and Asia) are certainly aware that these types of natural hazards may occur in their 

geographic areas of concern. Unfortunately, these managers and planners rarely, if ever, 

incorporate the potential occurrence of these types of events into their remediation or 

restoration plans. In general, they may only be required to state how they plan to remediate 

the condition or restore the habitat or site to a particular level of use. As stated earlier, the 
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Superfund Program is now much more interested in ensuring remediated or restored sites are 

sustainable and resilient so that they can contribute to the revitalization of their adjacent 

communities (U.S. Senate Committee on Environment and Public Works 2020).

Superfund sites are, in essence, no different than any other site exposed to natural hazards 

except that these sites contain significant toxic contaminates. Having the ability to estimate 

potential site exposures during remediation or restoration is critical for the sustainability of 

EPA, regional, state and local restoration plans and revitalization of communities. The 

Cumulative Resilience Screening Index provides these types of natural hazard exposure 

information and has been described in detail in Summers et al. (2017a, b; 2018, 2020). The 

CRSI examines the history of natural hazard events throughout the United States as well as 

the economic, environmental, social and governance characteristics associated with 

resilience to these events. Twelve (12) natural hazards were selected from a review of the 

National Climate Assessment (Melillo et al. 2014) and the 100 Resilient Cities report 

(ARUP 2014) and are included in CRSI:

• Drought

• High Winds

• Coastal Flooding

• Inland Flooding

• Wildfires

• Earthquakes

• Hurricanes

• Tornadoes

• Landslides

• Hail

• Extreme Low Temperatures

• Extreme High Temperatures.

This study examines the likelihood of Superfund site exposure to one or more of these 

natural hazards. In the development of the CRSI model (Summers et al. 2017b, 2018, 2020), 

one of the domains (risk) includes exposure metrics, which describe the spatial distribution 

of these natural hazards. There is extensive research examining the impact of extreme 

weather events on the management of remediation sites (Maco et al. 2018). Violent storms, 

fires, hail, earthquakes, and landslides pose structural threats to sites that could slow clean-

up or cause subsequent releases (Burger and Gochfeld 2016; Pease et al. 2007). Drought, 

floods, and temperature extremes can alter the transport of chemicals or change their 

bioavailability in the environment (Hooda and Alloway 1993; Nadal et al. 2015). Knowledge 

of potential exposures can help planning for and mitigation of future hazard exposures, 

potentially limiting the vulnerability of communities nearby. Exposure to one or more of the 

hazards during restoration or community revitalization could present a significant problem 

involving potential re-exposure to the contaminants involved with the sites.

The assessment presents the creation of a database that includes the location of all existing 

and planned Superfund sites, the location of exposure information for the listed natural 

hazards, and the juxtapositioning of two sets of information spatially. The objective of the 

assessment is to address the challenges for restoration and revitalization resulting from 

natural hazard exposures at contaminated sites for all (or as many as possible) counties in 

the United States.
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Methods

The approach used to conduct this assessment was relatively simple and straightforward. It 

consisted of six steps focused on the extraction of relevant data from existing data sources 

for natural hazard exposure and Superfund site information (EPA databases) as well as U.S. 

Census data, the joining of these data based on a common spatial unit binning each site-

exposure combination into quartiles, and mapping the resulting information. The steps 

include:

1. Location and extraction of 2000–2015 natural hazard exposure information for 

the twelve natural hazards listed above from EPA’s Cumulative Resilience 

Screening Index (CRSI) database (Summers et al. 2020);

2. Location and extraction of the latest Superfund site information (name and 

location) from EPA’s GeoPlatform for all existing and planned sites (US EPA 

2020)

3. Location and extraction of 2018 county boundary and 2015 core-based statistical 

area information with population estimates from US Census;

4. Normalization of exposure estimates for each type of natural hazard on a 0–100 

scale

5. Merging of these sets of information based on common spatial scale (i.e., 

county); and,

6. Mapping of the merged information to depict the Superfund site location with its 

level of exposure for each of the natural hazard types, the sites with the highest 

exposure for each hazard type and the integration of all 12 hazards, and potential 

level of impact of the highest exposures at core-based statistical areas of varying 

population.

Natural hazard exposure estimates in this study are created from the Patterns of Risk using 

an Integrated Spatial Multi-Hazard (PRISM) approach (Buck 2019) and used in the 

construction of the Cumulative Resilience Screening Index (CRSI) (Summers et al. 2017, 

2020). This approach creates spatial extents for each hazard-type using historic and modeled 

data from 2000–2015. Data from the National Land Cover Database (NLCD) is used to 

estimate natural hazard vulnerability by projected land-use (Homer et al. 2015). Land-area 

hazard exposures are modeled at the county level and combined to represent multi-hazard 

exposure probability. The data created represents proportional county acreage exposed to 

natural hazards. These county exposure estimates form the base metrics of the CRSI risk 

domain and are used here to approximate the location of natural hazards across the US.

Spatial data for Superfund sites on the National Priority List (NPL) (U.S. EPA 2020) were 

retrieved from the EPA’s GeoPlatform (https://epa.maps.arcgis.com/home/index.html; last 

updated 2020). All active and proposed sites were joined to their respective county and 

Core-Based Statistical Areas (CBSAs), enabling county hazard exposure metrics and 

relevant demographic data to be combined with the Superfund sites for analysis. Only 3 out 

of the 1,364 defined Superfund sites did not receive corresponding county boundary data 
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because they did not fall completely within a county boundary. To mitigate this, the previous 

output’s attribute table was edited. Information from the nearest county was manually 

entered for each of the 3 sites. Once these edits were completed, the revised attribute table 

was exported. CRSI exposure data was then joined to this exported table in Microsoft Excel. 

The final output, which contained 1,364 active and proposed Superfund sites with CRSI 

exposure estimates, was brought back into ArcMap for mapping purposes (the 22 sites 

located in Puerto Rico were eliminated from the assessment because no corresponding CRSI 

data exists for Puerto Rico).

Hazard vulnerability is attributed to Superfund sites through both the assessment of exposure 

probability (site vulnerability) and potential population impacts (population vulnerability). 

In both conceptualizations, vulnerability represents the likelihood of harm resulting from an 

exposure. A higher probability of exposure at a Superfund Site translates to higher 

vulnerability. Similarly, a high population density surrounding a Superfund Site will increase 

the likelihood of health impacts following a release. Site vulnerability is represented for each 

hazard as a score (1–99), where the original land proportion exposures from the county are 

converted to a scaled estimate of exposure likelihood based on a distribution of normalized 

values.

To investigate the potential integrated exposure of existing and planned Superfund sites 

within the U.S., a series of Excel formulas were used to highlight those sites with high 

exposure to multiple hazards. The minimum, maximum, and quartiles were calculated for 

each of the twelve metrics to represent magnitude of exposure. Each exposure-site 

combination was “binned” to represent the magnitude of potential exposure. For example, if 

a site had a metric score of 99 for hurricane exposure, then that site would receive a 

“binned” score of 4, because it fell into the fourth or highest exposure quartile. A final 

exposure count of the natural hazards with the highest probability of exposure at each site 

were determined by summing the total number of hazards with a “binned” score of 3 or 4 to 

represent total exposure. For example, a site that might be highly exposed to hurricanes, 

earthquakes, and drought would receive a final exposure score of 3. Only hazards with a 

“binned” score of 3 or 4 at each site were counted because emphasis should be placed on 

those sites with a high likelihood of exposure to multiple hazards.

The 2015 population estimate data per CBSA were mapped in relation to sites with 

potentially high exposure to multiple hazards. Definition queries within ArcMap were used 

to limit the 917 CBSAs to specified population ranges, these being: 0–50,000, 50,000–

250,000, 250,000–1,000,000, and 1,000,000+.

Results

Natural hazard vulnerability at existing and proposed Superfund sites are shown in Figures 1 

and 2. These maps show the co-occurrence of the likelihood of exposure of each of the 

twelve individual natural hazards and the location of the existing and planned 1,364 

Superfund sites. Likelihood is depicted on a scale from 1–99 for each natural hazard 

exposure based on normalization of each data set, where 1.0 indicates no likelihood of the 

specific hazard co-occurring at the site and 99.0 represents high likelihood that the 
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Superfund site would experience the hazard. Categories within each legend on these figures 

represent ArcMap-generated divisions based on natural breaks classification. Darker colors 

indicate higher vulnerability to each natural hazard.

Flood exposures are divided into two categories – coastal (includes sea level rise) and inland. 

Coastal flooding, as expected, is most likely along the southeastern coastline, the Gulf of 

Mexico, and the west coast in the areas of the San Francisco Bay and Puget Sound (Figure 

1). Secondary levels of coastal flooding occur along the coastlines of the Mid-Atlantic and 

the northeast. Inland flooding is spread throughout the U.S. but most site vulnerability 

appears to be concentrated in northern Utah, the southern tip of Great Lakes Superior and 

Michigan, southeastern coastal Florida, the Mississippi River delta (Figure 1).

Drought and wildfires are spread throughout the United States with drought being much 

more pervasive (Figure 1). Less probability of drought exposure appears to occur at sites in 

the northeast, northern Ohio and Indiana and lower Michigan. High likelihood of wildfire is 

illustrated at most Superfund sites in the western states as well as some concentrations in the 

Carolinas, Oklahoma, northwestern and southeastern Florida, and the Louisiana-Mississippi 

coast.

Extremes in temperature, as would be expected, are pervasive throughout the country but 

some regions indicate a higher probability of extreme temperature exposures at Superfund 

site locations (Figure 1). The highest likelihood of extreme low temperatures at Superfund 

sites occur around the Great Lakes (particularly along the coastlines) and the northeast. 

Extreme low temperatures occur in all other regions of the country but with lower 

probabilities. Extreme high temperature occurrences at Superfund sites are generally found 

in the south and southwest with isolated sites located in Minnesota, Upper Michigan and 

Ohio (temperatures as high as 100 degrees are not uncommon for short periods in these 

areas).

Some likelihood of earthquakes at Superfund sites occur throughout the U.S. but the highest 

likelihood of co-occurrence at Superfund sites is in western California, Oregon and 

Washington, the states associated with the central Mississippi River (i.e., Tennessee, 

Kentucky, Missouri and Illinois), and single locations in South Carolina, Arkansas and 

eastern Tennessee (Figure 2). Similarly, landslides are most common at Superfund sites 

along the Appalachian Mountains, the Mid-Atlantic states, Colorado, and in the western 

states (particularly at sites near San Francisco and Los Angeles) (Figure 2). Isolated co-

occurrence of landslides and Superfund sites occur in the Memphis, TN area, Dallas, TX 

region, Montana and South Dakota.

Hurricanes and tornadoes have high probabilities of occurring at Superfund sites along the 

Gulf of Mexico coastline, southeastern Florida coastline, and North Carolina (Figure 2). A 

secondary pocket of moderate to high probability of hurricanes at Superfund sites occurs in 

New Jersey. Tornadoes have the highest likelihood in “Tornado Alley” stretching from 

northern Louisiana and Texas to Nebraska and Iowa (Figure 2). Secondary regions of high 

probability occur at Superfund sites throughout the south except in Florida, southern Lake 

Michigan coastline and the Norfolk-Hampton Roads area of Virginia.
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Damaging winds and hailstorms occur at Superfund sites throughout the U.S. (Figure 2). 

The highest probability of damaging winds at these sites occurs, as expected, in Tornado 

Alley, central Arizona, Chicago, IL, lower Michigan, the Carolinas, and northern 

Chesapeake Bay. The highest occurrences of destructive hailstorms at Superfund sites are 

seen in the central U.S, from Texas to Minnesota (Figure 2).

The highest rates in integrated exposure (CSRI indicator) and integrated risk (CSRI domain) 

– multi-hazard exposure natural hazards and multi-hazard risk - at Superfund sites co-occur 

in western states near Los Angeles and San Francisco, CA, Portland, OR and Seattle, WA 

(Figure 3). Other areas of high multi-hazard exposure probability are seen at Superfund sites 

in central Colorado and northern Utah, Missouri, Illinois (including Chicago), Houston and 

Dallas, TX, Charlotte, NC, Miami, FL, the Baltimore-Washington, DC corridor, Ohio, 

Indiana, and northern Alabama.

The highest site vulnerability (greater than 75) to coastal flooding occurs in southern 

Louisiana (Figure 4). Sites highly vulnerable to inland flooding sites occur in Houston, TX, 

around Salt Lake City, UT, southern Louisiana, the southeastern coast of Florida, St. Louis, 

MO, Duluth. MN, several locations in the Carolinas and Tennessee, Washington, DC and 

New York, NY (Figure 4). The highest likelihoods of drought at Superfund sites are spread 

throughout all states in the U.S. except Maine, New Hampshire, Vermont, South Dakota, 

Wyoming and Alaska (Figure 4). Unlike one of its causes – drought, the highest incidences 

of wildfires at Superfund sites are seen in California, Oregon and Washington with Texas, 

Oklahoma, New Mexico, Arizona, Colorado, Montana, Idaho and Utah. Additional single 

sites with high vulnerability to wildfires are located throughout the southeast. Extremes of 

cold temperature co-occur at sites located in Michigan, Wisconsin and Minnesota while 

extreme high temperatures co-occur at Superfund sites in the southwest, Texas and 

Oklahoma, and the south (Figure 4). Co-occurrence of extreme high temperatures at 

Superfund sites is also seen in Minnesota, Iowa, Michigan and Ohio.

Unlike other natural hazards, the most vulnerable sites to earthquakes and landslides occur 

in clusters (Figure 5). The most vulnerable sites to earthquakes are located along the west 

coast, although a secondary cluster of highly vulnerable sites occurs near the confluence of 

the Mississippi and Ohio Rivers in Illinois, Ohio, Kentucky and Tennessee. Similarly, the 

highest vulnerability to landslides at Superfund sites appears in the states encompassing the 

Appalachian Mountains, Colorado and the west coast (Figure 5). Isolated sites with highest 

vulnerability to landslides occur in Houston, TX and Memphis, TN as well as in South 

Dakota and Montana. The highest vulnerability to hurricanes at Superfund sites occurs in 

northeastern Texas, southwestern Louisiana, and coastal North Carolina (Figure 5). The 

most vulnerable Superfund sites to tornadoes are distributed through the central U.S., the 

southeastern U.S., northern Indiana along the coast of Lake Michigan, and areas of the mid-

Atlantic along the coast of the Chesapeake Bay (Figure 5). Superfund sites exposed to the 

highest probability of damaging winds and hailstorms are scattered throughout much of the 

continental U.S. (Figure 5).

Superfund sites showing the highest likelihood of multi-hazard exposure (scores > 75) are 

clustered in many major metropolitan areas (Los Angeles and San Francisco, CA, Portland, 
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OR, Seattle, WA, Chicago, IL, Kansas City, KS/MO, St. Louis, MO, Houston and Dallas, 

TX, Orlando, Miami and Jacksonville, FL, the Baltimore-Washington, DC corridor, the 

Carolinas, and cities along the Ohio River (Figure 6). Superfund sites with a high probability 

of exposure to multiple natural hazards almost exclusively occur in the eastern half of the 

United States (Figure 7) with two sites in North Charleston, SC being highly exposed to 9 of 

the twelve categories of natural hazards. The greatest impact from natural hazards is likely 

to be in major metropolitan areas. Superfund sites in the Houston and Chicago (including 

Gary, IN) metropolitan areas represent the greatest likelihood of exposure to multiple natural 

disasters for areas with populations of greater than three million (Figure 8). Metropolitan 

areas with similar population sizes (Dallas, Miami, and Baltimore/Washington, DC) also 

showed likely exposure of multiple hazards at their Superfund sites.

Any study of this type has limitations based on the quality of information and availability of 

exact types of information. This study is no different. The assumptions and limitations of the 

exposure data are explicitly listed in the PRISM manuscript (Buck et al. 2018) and in CRSI 

manuscripts (Summers et al. 2017a, 2017b, 2018, 2020). One specific limitation of the 

mapping effort involves the combination of individual natural hazard exposures into a map 

representing multiple hazard exposures (Figure 7). This figure treats each hazard equally; 

however, some hazards can create more impact than others. The figure simply depicts the 

number of highly likely exposure types co-occurring at a site. It is not the intent of this 

exercise to assess the impacts of different combinations of exposures which would rely on 

specific remediation technologies at a site and the specific combinations of natural hazard 

exposures. The intent of the multiple exposure assessment is simply to ascertain that some 

sites can be exposed to multiple different natural hazards and any planning, remediation or 

restoration should examine the totality of potential exposures as they relate to the 

reincorporation of the site into its adjacent community.

Not all sites and remediation technologies have the same intrinsic characteristics. Toxic 

contamination of soil, sediment or groundwater are fundamentally different and do not have 

the same vulnerabilities. Natural hazards can interact with toxic contaminant sites is many 

ways. Mine drainage sites can release contaminants to adjacent ecosystems via flooding (Lin 

et al. 2007, Wright et al. 2018). Drought and high temperature can either volatize 

contaminants from holding ponds, enhance contaminant uptake (Patra et al. 2015), or dry out 

soil/sediment and with excessive winds distribute toxic dust into the local atmosphere 

(Labunska et al. 2013, Wang et al. 2018). Hurricanes can re-distribute toxic contaminants 

through coastal flooding, high wind and excessive rain (Bera et al. 2019, Dellapenna et al. 

2020). Earthquakes can breach contained systems distributing contaminants (Kato et al. 

2012). Therefore, local conditions should be examined in light of local situations and 

likelihood of exposures. Finally, the hazard data is county-based while the site location data 

represents a specific location within the county. The CRSI data represents a screening 

likelihood of exposure and may require some more specific investigation.

Discussion

The recovery and remediation of Superfund sites can clearly be impacted by exposure to 

natural hazards. These natural hazard exposures, by altering the remediation plans, can 
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impact the long-term success of the restoration of these sites and impact the incorporation of 

these revitalized sites into their adjacent communities. Flooding, wildfires, hurricanes, 

tornadoes and earthquakes represent the greatest risks to revitalization.

The Government Accounting Office (GAO) reported that sixty percent of the nation’s 

Superfund sites are at risk from the impacts of inland flooding and hurricane storm surges 

that could re-distribute their toxic materials into communities (GAO 2019). Over two 

million people in the U.S. live within one mile of a Superfund site. Toxic contaminants 

associated with these sites can spread into nearby communities when flooded. Extreme 

floods, both coastal storm surges and inland flooding, are expected to increase in frequency 

and intensity in the future, potentially increasing the likelihood of flooding at Superfund 

sites and the chances that more people may be exposed to flood waters contaminated with 

hazardous materials (Carter and Kalman 2019). People most vulnerable to contaminated 

floodwater exposures from Superfund sites tend to be low-income and minority populations 

who make up a greater proportion of individuals living near these sites (Carter and Kalman 

2019). The information and maps reported in this manuscript identify locations with highest 

site and population vulnerabilities to help with the incorporation of mitigation efforts in 

revitalization planning.

Superfund sites near New Orleans, LA, coastal North Carolina and Houston, TX have all 

been affected by coastal surges due to hurricanes (Katrina, Florence, and Harvey, 

respectively). A contaminated site in South Carolina, Shipyard Creek and the adjacent 

Superfund site, are undergoing remediation. The adjacent industrial facility produced 

ferrochromium steel that leached chromium into the estuary. Runoff from the site flowed 

into Shipyard Creek, a tributary of the Cooper River, and into an adjacent wetland. Based on 

the analysis presented here, this site is among the sites most likely to be exposed to multiple 

natural disasters (9 of the measured 12 natural hazards) (Figure 7) making its remediation 

more difficult and the incorporation of the end result of the remediation into the North 

Charleston, SC community more problematic. The most recent five year review (EPA, 

Region 4 2015) found that the site protects human health and the environment in the short-

term. In May 2006, institutional controls and restrictive covenants were executed to limit 

future use of this site to commercial/industrial purposes and prohibit the use of groundwater 

underlying the property.

Seven Superfund sites in the greater Houston metropolitan area are potentially exposed to a 

majority of the categorized natural hazards and could expose millions of people to toxic 

releases from the sites in the event of extreme flooding, hurricanes, wildfires, extreme 

temperatures, and wind events (Figure 8). These sites include a foundry (with large numbers 

of abandoned drums of catalyst waste), petrochemical facilities, wood treating and 

preserving facilities, transformer salvage and recycling facilities, a herbicide production 

facility, and a dry cleaning facility. Many of the facilities were affected by flooding during 

Hurricane Harvey (Olsen 2017) damaging earlier remediation activities such as loosening 

protective caps for toxic materials or exacerbating groundwater exposure.

Smoke and direct chemical releases from fire can impact ecosystems and human health, even 

at great distances from the burned area. If the burned area includes a Superfund site even 
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greater issues associated with airborne toxicants are possible. Recent studies have shown 

that extreme weather conditions, including wildfires, can induce the undesired transport of 

contaminated sediments into surrounding areas (Turetsky et al. 2006). EPA is supporting 

communities in the assessment of their vulnerabilities and preparedness to these natural 

hazards, including unintended releases of toxic chemicals from Superfund, hazardous waste 

disposal, storage and treatment sites, and industrial sites due to wildfires and flooding (Pugh 

et al. 2019). Superfund sites often contain legacy pollution from multiple industrial sources 

or landfills. They require complex and resource-intensive remediation, which can take years 

to complete. Communities living in close proximity to contaminated sites may be affected 

by wildfire related environmental stressors such as airborne toxic contamination which can 

pose health risks. The assessment conducted here shows over 250 Superfund sites 

throughout the U.S., but with many concentrated in the west, displaying high likelihood for 

exposure to fire. These sites include military bases, mining facilities and smelters, chemical 

production facilities, and wood treating facilities. Wildfires could volatilize toxicants from 

any of these types of remediation sites.

As storms and extreme rainfall events have become more frequent and more intense in 

recent years, the extent to which these storms will spawn tornadoes is not yet clear (U.S. 

Climate Change Program 2008). However, if there is more water vapor evaporating, more 

energy in the atmosphere, and a greater likelihood for stronger heating events that lead to 

stronger thunderstorms, super cells can be produced that can lead to tornados (Science Daily 

2008). While there is no conclusive evidence that climate change is related to small scale 

phenomena such as tornadoes, lightning, dust storms and hail, there is ample anecdotal 

information documenting the increased frequency and intensity of tornadoes (Mooney 

2008). Several of these extreme weather events have affected Superfund toxic waste sites 

(Science Daily 2008). For example, on May 10, 2008, a serious Category EF 4 tornado hit 

the mining town of Picher located in the heart of one of the country’s largest Superfund 

sites, the Tar Creek Site. Picher is characterized by lead dust from massive piles of mining 

waste called “chat”. Covering acres, these “chat” waste piles contain lead, zinc and other 

metals. In 2004, The Superfund Program and the state of Oklahoma spent more than $40 

million in a cleanup of the site which included a voluntary house buy-out. Unfortunately, 

those who stayed behind were there when the tornado hit the town four years later further 

distributing toxics through the air and water. The assessment conducted in this manuscript 

demonstrates that the Tar Creek site has high general exposure to natural hazards that 

includes wildfires, drought and wind events as well as tornadoes. The potential occurrence 

of multiple natural hazards should be considered when planning remediation and restoration 

at Superfund sites to protect human health and the environment.

Conclusions

The assessment of the co-occurrence of natural hazards and active and proposed Superfund 

site locations demonstrates that there is significant probability of one or more natural 

hazards interacting with the majority of Superfund sites. As EPA’s Administrator and 

leaders from the Office of Land and Emergency Management (OLEM) stated in testimony to 

the Senate (U.S. Senate Committee on Environment and Public Works. 2020), the Superfund 

Program has progressed beyond basic remediation of its sites to revitalization of the sites 
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into productive and important elements of the local community. Because natural hazard 

exposure may impact Superfund site remediation, considering their occurrence is prudent 

when developing remediation plans. There is ample evidence that these types of natural 

hazards can impact remediation planning, processes, and, even, after the fact remediation 

completion. The information provided in this manuscript enables Superfund remediation 

planners to incorporate natural hazard exposure into their specific plans. In addition, this 

information enables multi-exposure considerations, which may be important where 

mitigation for one type of exposure may interact with the mitigation strategy for a different 

exposure.
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Figure 1. 
Superfund site vulnerability for indicated natural hazard. Darker colors indicate higher 

probability of hazard exposure.
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Figure 2. 
Superfund site vulnerability for indicated natural hazard. Darker colors indicate higher 

probability of hazard exposure.
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Figure 3. 
Superfund site vulnerability for integrated exposure (multiple hazard) and CRSI Risk 

Domain. Darker colors indicate higher probability of hazard exposure.
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Figure 4. 
Superfund site vulnerability for indicated natural hazard for sites with scores > 75.
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Figure 5. 
Superfund site vulnerability for indicated natural hazard for sites with scores > 75.
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Figure 6. 
Superfund site vulnerability for integrated exposure and integrated risk (CRSI Domain) for 

sites with scores > 75.
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Figure 7. 
Superfund sites with high vulnerability to multiple natural hazards. Darker colors represent 

high risk of exposure to 6–9 natural hazards.
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Figure 8. 
Superfund sites with high vulnerability to multiple natural hazards across US CBSAs.
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