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Abstract 

Significant improvements have been made in the United States in investigating and 
remediating hazardous waste sites with groundwater contamination since the enactment of 
Resource Conservation and Recovery Act of 1976 (RCRA) and Comprehensive Environmental 
Response, Compensation, and Liability Act of 1980 (CERCLA) legislation. However, many 
challenges remain. These challenges can be grouped into the following categories: site 
characterization, risk assessment, remediation, regulatory compliance, community relations, and 
sustainability. 

Site characterization is necessary before deciding on a remediation strategy. The 
challenge is in determining the adequate or optimum level of investigation needed to select an 
appropriate remedy. Much research is being done in the area of risk assessment. However, little 
of it is useful in making decisions on remediation strategies. Forecasting the duration of aquifer 
remediation is another substantial challenge. Difficulties have also emerged in the application of 
innovative in situ remediation technologies, including delivery of reagents as well as developing 
cost-effective treatment processes. A regulatory challenge is the inefficiency and inconsistency 
created by having two federal corrective action programs, RCRA and CERCLA. Long-term 
stewardship is another challenge. The principal challenge in community relations continues to be 
keeping the concerned public informed in an honest, easily understood manner. Using sustainable 
practices in site investigation and cleanup is a recent challenge. Sustainable technologies and 
practices need to be applied holistically during the investigation, remedial alternatives evaluation, 
and remediation of contaminated sites. 
 
1. Introduction 

Hazardous waste management has been practiced in a systematized manner for more than 
3 decades since the enactment of RCRA and CERCLA legislation in the United States. Past 
disposal practices of toxic chemicals at facilities and operations have resulted in thousands of 
contaminated sites. The majority of the contamination is in the soil and groundwater media. 
Volatile organic chemicals (VOCs) are the contaminants of concern present at a majority of sites, 
with semivolatile organic chemicals (SVOCs) and metals also prevalent at many sites (Agency 
for Toxic Substances and Disease Registry [ATSDR], 2009). Conventional pump and treat (P&T) 
systems have been the most frequent remedy used on these sites where contaminated groundwater 
is extracted from an aquifer and treated aboveground. However, after evaluating long-term 
operating results from the conventional P&T systems, the remediation community questioned the 
use of this technique as technically appropriate and cost effective to restore groundwater quality 
at many sites (Bryda and Simon, 1994/95). After P&T technology was often found to be 
ineffective at remediating contaminated aquifers, remediation of contaminated groundwater at 
hazardous waste sites has undergone a tremendous shift to more effective and aggressive source 
area remediation technologies since the turn of the century (Singh and Simpkin, 2009). In 
addition, more effective investigation techniques are being used recently to characterize the sites 
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and better define the magnitude and extent of contamination. Although significant improvements 
have been made in managing hazardous waste over the years, specifically in the areas of 
investigating and remediating contaminated groundwater sites, many challenges remain. Some of 
these challenges are presented in this paper, as viewed from a practitioner’s perspective. These 
challenges can be grouped into the following categories: site characterization, risk assessment, 
remediation, regulatory compliance, community relations, and sustainability. 
 
2. Site Characterization 

Site characterization is needed to define the nature and extent of contamination to 
proceed to the remediation strategy. Where most or all of the contamination is below the ground 
surface, the challenge is in determining the adequate or optimum level of effort needed to select 
an appropriate remedy. To decide on the appropriate remediation strategy, it is essential to get an 
accurate characterization of current site conditions, including contamination, and develop a valid 
conceptual site model (CSM). 

Figure 1 presents an example CSM, assuming a sandy shallow aquifer contaminated by 
VOCs. The source zone shows the contaminants in the following four contaminant “states:” 
mobile/pooled non aqueous phase liquids (NAPL), such as a free product; residual NAPL; sorbed 
contaminants; and dissolved phase. The plume zone is downgradient of the site (source zone) and 
consists of flowing groundwater with very highly dissolved, lower concentration VOCs. Sorbed 
contaminants will also exist on the soil in the plume area. In the source zone, among the four 
contaminant states, it is easiest to capture the contaminants in the dissolved phase using P&T 
systems, but these systems are not effective with those in residual NAPL and sorbed contaminant 
states. When the mobile/pooled NAPL is extracted, it leaves discontinuous “blobs” of NAPL 
entrapped in the porous medium (more residual NAPL). 

 
Fig.1. Example Conceptual Site Model 

 
In many cases it has been observed that the CSM developed does not portray current site 

conditions, how the contaminants were released into the subsurface, and how they have migrated 
over time. For example, if the zones in the CSM in Figure 1 are not defined appropriately for the 
site, it may hinder in selecting the appropriate remedial action. In several cases, the CSM is found 
to be an inaccurate representation of the site conditions only when remediation has begun. 
Uncertainties in site geologic and hydrogeologic characterization often lead to inaccurate 
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contaminant plume delineation. Also, in many cases, field efforts are focused only on 
characterizing the nature and extent of contamination, when they should also be simultaneously 
collecting information needed to evaluate the feasibility or support the design of potential 
remedial technologies at the site. These deficiencies have resulted in additional unplanned field 
efforts and significant expenses at late stages in projects to complete the design of the appropriate 
remedy. 

Better site characterization data is needed to understand the fate and treatment processes, 
such as NAPL mobility from the source zone, and dissolved phase advection, adsorption, 
diffusion, and dispersion in the plume. If monitored natural attenuation (MNA) or bioremediation 
are likely to be considered for the remedial strategy, it is rare to see collection of biological and 
MNA parameters or appropriate microbiological data during planned site characterization. 
Improved fate and transport modeling based on such data will lead to better remedy selection and 
accurate targeting of location of the contaminant zone for remedial action. 
Matrix diffusion has recently emerged as one of the biggest issues in site characterization, 
especially in flow transport definition for CSM development. Matrix diffusion is an important 
retarding and dispersing mechanism for groundwater contaminants in low permeability zones. 
This mechanism has been traditionally studied in short-term laboratory or field experiments as 
well as mathematical models. Much uncertainty exists in long-term performance assessments in 
these areas using such experiments or models. How do we measure matrix diffusion accurately to 
represent the fate and transport processes and characterize the site? Tools such as high-resolution 
sampling (HRS) are still being developed for various matrices. 
 
3. Risk Assessment 

Risk assessment is an integral part of the process leading to selection of the site remedy. 
A baseline risk assessment is performed based on data collected during site characterization. 
Figure 2 shows the baseline human health risk assessment process (USEPA, 1989). 

 
Fig.2. Baseline Risk Assessment Process 
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Much research is being done in the area of risk assessment. However, little of it is useful in 
making decisions on remediation strategies. For example, extensive studies have been performed 
on the genetic and molecular level effects of contaminants. What the practitioners need are more 
whole animal toxicity studies. More research is needed on the effects of exposure on growth, 
reproduction, and survival—the measures used to make remedial decisions. Better information is 
needed on how many contaminants are accumulated and transferred among components in the 
food web. Nanomaterials recently have been introduced in remediating hazardous waste sites, 
with the challenge of evaluating the fate, effects, and risks associated with environmental releases 
of these materials. Risks associated with the low-level exposures to personal care chemicals and 
pharmaceuticals in the environment are also a growing concern.  

Recently, more attention is being directed to chemicals thought to be mutagenic, and their 
cleanup levels are becoming more conservative. Reliable, up-to-date, peer-reviewed toxicity 
values for commonly found chemicals of concern and emerging contaminants need to be 
developed. Current research findings need to be published, linking results from in vitro tests for 
metals bioavailability to animal studies. These findings could significantly affect cleanup values 
for inorganics. Also, there is significant uncertainty about modeling agricultural pathways using 
“rural resident” exposure scenarios. A more reliable database of uptake factors for commonly 
consumed fruits and vegetables from various types of hazardous waste sites with a range of soil 
types and weather conditions will be helpful. Vapor intrusion investigations and risk assessment 
are likewise still associated with much uncertainty. There are no widely accepted methods for 
using soil data to evaluate the vapor intrusion pathway. Research needs to continue on how 
various volatile organic chemicals migrate through the subsurface and contribute to vapor 
intrusion. 
  
4. Remediation 

Extensive progress has been made in the development of more cost-effective remediation 
technologies during the last two decades. These technologies have slowly progressed from 
laboratory and field pilot studies to full-scale use at sites. The practicing remediation engineering 
industry needs to become more quickly knowledgeable and experienced in designing and 
applying these technologies at contaminated groundwater sites.  

Forecasting the duration of aquifer remediation is a substantial challenge. How can 
expensive cleanup decisions be made effectively when there is great uncertainty about the time 
needed for remediation and the ability to meet remedial action objectives in a reasonable time 
frame? Accurate forecasting of the duration of remediation will require mathematical 
formulations that consider the various scales of contaminant mobility within an aquifer and on the 
accurate definition of the parameter values that define the contaminant mobility at all locations 
within the aquifer. New mathematical formulations and statistical descriptions of aquifer 
properties will likely emerge to support forecasting remedial processes. Another challenge is 
identifying the optimal trade-off between costs and time to clean up a site and the trade-off 
between site cleanup and avoiding negative environmental, social, and economic impacts. 

Innovative in situ remediation technologies have emerged during the past decade and are 
being applied successfully on many sites. However, most present challenges in the delivery of 
sufficient and appropriate reagent to the exact location of contaminants within an acceptable time 
period, and some also bring unintended consequences. For example, in the case of in situ 
chemical oxidation, the oxidant delivery approach should be selected and designed based on 
aquifer heterogeneity, contaminant distribution, presence of underground utilities, contaminant 
displacement by the injection of oxidant, and mixing of activators with the oxidant (Siegrist, 
Crimi, and Simpkin, 2011). The results of oxidant delivery into the subsurface almost always 
deviate from predictions, so contingency planning must be included during design of the 
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remediation. Where matrix diffusion is a significant issue at a site, how do we deal with it during 
remediation? At such sites, how do we select “sustained remedies” (e.g., maintain reducing 
conditions so that as contaminants diffuse out of the low permeability zones, they will be 
treated)? 

Effective aboveground treatment processes have been developed for many of the recent 
or emerging chemicals of concern, such as hexavalent chromium, perchlorates, endocrine 
disrupters, pharmaceuticals, nanoparticles, and flame retardants. However, treatment costs are 
usually prohibitive; so more cost-effective treatment processes need to be developed.  
 
5. Regulatory Compliance  

A regulatory challenge is the inefficiency and inconsistency created by having two 
federal corrective action programs, RCRA and CERCLA, which also are frequently modified by 
the individual states of the U.S. There is some confusion created by multiple agencies, with its 
own interpretations and priorities. For example, under CERCLA after EPA completes remedial 
action construction on a fund-lead site, the state takes over the long-term operation, maintenance, 
and monitoring of the site. It is not uncommon for states to express preference for a remedy that 
results in lower operation and maintenance costs. However, in many cases such a remedy is 
associated with much higher construction costs. This results in uncertainties and delays in 
reaching decisions on the remedy due to extensive discussions and conflict resolution between 
federal and state regulatory agencies.  

Long-term stewardship is another challenge, especially in cases where responsible parties 
are remediating the site. The global economic recession has demonstrated that no company is 
immune from failure; so regulators need to look at implications for long-term stewardship of 
longer duration remedial actions if a large company goes out of business. Given the recent 
impacts of the economic recession, should there be stricter rules on how reserves are established? 

 
6. Community Relations 

The overall goal of a successful community relations program as it relates to hazardous 
waste management is to promote two-way communication between the community affected by 
releases of hazardous substances in the environment and those parties responsible for remedial 
actions. Substantial progress has been made in providing accurate, timely, and consistent 
information about site investigations and cleanup actions as well as providing opportunities for 
interested persons to comment on and provide input to decisions about selected response actions 
that may have effect on a community. The principal challenge in community relations continues 
to be keeping the public informed in an honest and easily understood manner. While fact sheets 
and public meeting discussions are being translated into many languages where much of the 
affected community does not speak English as their primary language, much work remains in 
communicating health risks associated with site contamination. Risk communicators need to do a 
better job in helping concerned people know in simple terms the extent of danger of the 
contamination and how it will affect them, basically presenting that information with a balanced 
perspective of relative risks. 

Working with the media is another challenge. Most people generally rely on the 
newspaper, radio, television, or electronic media for the information they receive about 
environmental issues in their community. There have been multiple reports in the media that are 
not accurate, and they unnecessarily raise citizens’ concerns. It is important that instead of 
waiting for the news media to report what they perceive to be taking place at a site, the agencies 
or parties working at the site contact the media in advance and present factual, easily 
understandable statements. This challenge must be met because of the media’s potential to either 
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seriously undermine or enhance community relations efforts to provide objective and accurate 
information to the public. 
 
7. Sustainability 

In the last several years sustainable approaches in investigating and restoring 
contaminated properties have gained ground significantly. USEPA has encouraged sustainable 
practices in its site cleanup programs (USEPA, 2008). USEPA regional offices, such as Region 9, 
have issued a formal “Greener Cleanups Policy” to ensure that sustainability is considered in 
cleanups by establishing a preference for using strategies, practices, and technologies that reduce 
the environmental footprint of CERCLA and RCRA cleanups (USEPA, 2009). However, there is 
no consistency among the remediation community in understanding what sustainable remediation 
is. USEPA focuses on “green remediation” while many other organizations pay attention to all 
three aspects (environment, social, and economic) of sustainability in investigating and 
remediating hazardous waste sites. Resolution of this inconsistency in definition and application 
is needed, followed by education to the practicing and regulating community. 

While evaluating remedial alternatives during the feasibility study process, sustainable 
principles or “greener cleanup” assessments are starting to be incorporated. USEPA Region 9 has 
encouraged a quantifiable measure of sustainability evaluation on all remedial measures. An 
example is shown in Figure 3 (Singh and Hartley, 2010). However, there is no consistent measure 
or practice in the industry on how to incorporate sustainability evaluations quantitatively while 
evaluating remedial action alternatives using the nine standard criteria.  

 
Fig.3. Feasibility Study Green Evaluation Scores at an EPA Region 9 Site  

 
The lower the number, the less the alternative’s environmental impact.It is important that the 
practitioners and regulators consider the entire system (full sustainability or a holistic approach) 
rather than solely focus on reducing carbon footprint, as many are doing currently. For example, 
vegetable oil is considered green for use in in situ bioremediation of chlorinated solvents. 
Vegetable oil does provide a low carbon footprint and it is renewable. However, one must also 
consider that its production requires very large amounts of water and is occasionally associated 
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with deforestation. In addition, in an era of food scarcity in many parts of the world, is it 
advisable to use food grade products for remediation of contaminated sites?  

Most regulators at the state and local levels do not mandate or even recognize 
sustainability as a criterion in remedy selection. Regardless, site owners should consider 
sustainability practices and principles during remedial alternatives evaluation and selection; it is 
the right thing to do. There is a need for a universal framework for sustainable remediation. U.S. 
Sustainable Remediation Forum (SURF) has attempted to address this need by developing such a 
flexible framework for incorporating principles into the remediation decision-making process, 
regardless of the remediation program, the type and extent of impacts, or where the site is located 
(Holland et al., 2011).  
 
8. Summary 

The remediation industry has come a long way in investigating and remediating 
contaminated groundwater sites. With improvements in these areas, many challenges remain or 
have emerged, especially with the advent of new or emerging contaminants. Efficacy and cost-
effectiveness of techniques to investigate, assess risks, evaluate remedial alternatives, and 
remediate sites in a sustainable manner continue to challenge researchers, regulators, and 
practitioners in this field. With site owners and the government strapped for financial resources, 
researchers, regulators, and practitioners must work together expeditiously to find practical, 
affordable solutions to these challenges.  
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