1. Introduction
It is diﬃcult to achieve remediation objectives at some
contaminated sites because of complex, site-speciﬁc
conditions. Remedial success at these complex sites
may ultimately depend on integrating multiple
remediation and risk management approaches and on
long-term management. This section describes the need
for additional guidance for remediation management of
complex sites, what makes a site complex, and the
signiﬁcance of complex sites. Because remedial success
partly depends on remediation objectives and the
acceptable time frame for achieving them, this section
provides a brief background on site objectives and
interpretations of reasonable time frames for achieving
them. Adaptive site management is a comprehensive
process for managing remediation at complex sites and
is presented as a framework for decision making.
Despite previous relevant guidance on aspects of
remediation at complex sites, no comprehensive
guidance document describes the elements, tools, and
options for successful remediation at complex sites.

A Clear Need for Guidance
One representative for a site owner summarized the
diﬃculties with complex sites as follows:
“. . . It is a major frustration that various alternative endpoints
and adaptive management strategies are permitted by
regulations but are seldom practiced. The lack of detailed
guidance and clear precedent leads to indecisiveness and
continuing with the status quo.”
A state regulator noted the need for a cooperative approach:
“Complex sites that are transferred under Long Term
Response Actions place substantial strain on states’ ﬁnancial
resources. States and USEPA should work together to fully
understand site challenges when evaluating and selecting a
remedy and creating and aligning remediation objectives that
are protective and can be met in mutually agreed upon time
frames that are respectful of states’ resource limitations.”

This guidance presents a process for managing remediation at complex sites and describes each step of the adaptive site
management process. This guidance does not oﬀer short cuts or the means to avoid site remediation, but rather describes
how complex sites can be managed eﬀectively to ensure protection of human health and the environment and progress
towards site objectives. Eﬀective management can streamline decision making, decrease remediation costs, and potentially
reduce remediation time frames.

▼Read more
Other potential beneﬁts of using this guidance include the following:
identiﬁcation of site complexities early in the remediation process, thereby maximizing the potential beneﬁts of
eﬀective management
reduction in potential technical, regulatory, and procedural barriers to using various remediation management
approaches that exist but are infrequently practiced (including continued remediation, monitoring, institutional
controls (ICs), alternate concentration limits (ACLs), or technical impracticability (TI) waivers)
demonstration of precedent for implementing site management approaches in sixteen case studies
return of all or part of the site to beneﬁcial reuse earlier in the remediation life cycle as remediation milestones
are reached, while recognizing that additional time will be needed to achieve overall site objectives
reduction in environmental footprint and other beneﬁts to society, while complying with environmental
regulations that protect human health and the environment
familiarity with existing guidance on a variety of tools, technologies, and approaches to use at diﬀerent steps of
remediation and postremedy management, which can rule out ineﬀective remedial technologies and minimize
the gathering of unnecessary data
references to existing federal and state guidance and stakeholder engagement practices that are relevant for
complex sites
assistance with long-term management at sites that may require decades to reach site objectives, including
development of site-speciﬁc long-term management plans for remediation systems, ICs, maintenance, and
monitoring

streamlined process for stakeholder engagement with owners and regulators of complex sites, which studies
show reduces the cost of remediation and long-term management
Ultimately, this guidance describes adaptive management principles that can lead to better decision making and
remediation management at complex sites. ITRC guidance is intended to beneﬁt a variety of site decision makers, including
regulators, responsible parties and their consultants, and public and tribal stakeholders.

1.1 What is a Complex Site?
For the purposes of this guidance, ITRC deﬁnes a
complex site as a “site where remedial approaches are
not anticipated to bring the site to closure or facilitate
transitioning to sustainable long-term management
within a reasonable time frame”. Complex sites typically
have multiple attributes that present remediation
challenges and therefore take much longer to reach site
objectives compared with typical sites. ITRC uses the
term “complex site” because this guidance focuses on
the technical challenges and additional nontechnical
factors, similar to the focus of the National Research
Council (NRC 2013).

Terminology
Terms and deﬁnitions vary among diﬀerent environmental
remediation programs. To avoid confusion, this guidance
consistently uses a narrow set of terms deﬁned in the
Glossary. When possible, this guidance uses common terms
that are not associated with a narrow, legal or policy
deﬁnition. Acronyms are deﬁned in Appendix E.

▼Read more
The USEPA began developing policy regarding complex sites (also termed “mega-sites”) in the early 2000s (Means 2001).
Although USEPA initially used the terms “mega” and “complex” sites somewhat interchangeably; for example, see National
Advisory Council for Environmental Policy and Technology Superfund Subcommittee 2003 (USEPA 2003), USEPA eventually
preferred the term “mega-site” and did not use the term “complex site” in regulations or guidance. Only one state uses the
term “complex sites” in its environmental programs (Washington Department of Ecology 2017). Europe recognized the
concept around the same time (Darmendrail et al. 2004). Problems with these sites were soon recognized at the highest
levels of USEPA management (Horinko 2002):
The remaining number of Superfund sites that have not reached the completion stage includes area-wide groundwater
sites, mining sites, sediment sites, and federal facility sites. The size and complexity of these remaining sites generally
indicate longer project durations and increased costs required to complete cleanup construction. There is now a greater
number of federal facilities and very large and complex sites (sites exceeding $50 million in cleanup costs) as a
percentage of National Priority List (NPL) sites not yet completed than ever before. Of the remaining 675 ﬁnal NPL sites
that have not reached construction complete, 138 are federal facilities and an additional 93 sites are very large and
complex sites.

The National Research Council has also described complex sites as sites that require long-term remediation based on sitespeciﬁc technical or regulatory complexities. Both USEPA and European deﬁnitions of “mega-site” include an economic
criterion that NRC’s does not. NRC describes complex sites as follows (NRC 2013):
Although progress has been made in remediating many hazardous waste sites, there remains a sizeable population of
complex sites, where restoration is likely not achievable in the next 50-100 years. Although there is no formal deﬁnition
of complexity, most remediation professionals agree that attributes include areally extensive groundwater
contamination, heterogeneous geology, large releases and/or source zones, multiple and/or recalcitrant contaminants,
heterogeneous contaminant distribution in the subsurface, and long time frames since releases occurred. Additional
factors that contribute to complexity include restrictions on the physical placement or operation of remedial technologies
and challenging expectations (such as regulatory requirements, cleanup goals, and community expectations). The
complexity of a site increases with the number of these characteristics present.

1.2 Signiﬁcance of Complex Sites
A site with substantial technical and nontechnical challenges typically has a longer remediation time frame, higher
remediation cost, and larger environmental footprint (such as energy use or carbon emissions), particularly if site challenges
are not adequately understood and addressed early on. Conversely, complex sites have a greater potential for cost savings,
environmental footprint reductions, beneﬁcial land reuse, and other societal beneﬁts.

▼Read more
Complex sites constitute a small percentage of all sites, but consume a large proportion of cleanup costs. USEPA recognized
in 2006 that a few complex sites consume much of the agency’s cleanup budget (Bodine 2006):
The largest and most complex Superfund sites must be managed as multi-year construction projects. This is particularly
true of the “mega-sites” with estimated costs over $50 million. USEPA-funded mega-sites consume the majority of
resources. In ﬁscal year 2005, approximately 50% of the Superfund obligations for long-term, ongoing cleanup work were
committed to just eleven sites. The Agency expects to have a similar situation this year.

In 2011, the Strategic Environmental Research and Development Program and the Environmental Security Technology
Certiﬁcation Program (SERDP/ESTCP) compiled data from 588 Army, Navy, Air Force, and Defense Logistics Agency sites
where groundwater remediation will not be completed until at least 2022. The greatest costs for cleanup of these sites were
associated with source zones, groundwater, landﬁlls, underground storage tanks, and surface disposal areas. Among these
sites, 90% had cost-to-completion estimates of less than $14.3 million, and 10% of the sites had cost-to-completion
estimates ranging from $14.3 to $122.2 million. Thus, 31% of the sites accounted for 80% of the total cost-to-completion
(Vogel 2015).
Sites with a high cost of remediation also tend to have a
high environmental footprint, including consumption of
large amounts of energy and other resources, emission
of greenhouse gases and criteria pollutants, and waste
generation. Promoting more eﬃcient approaches to
managing complex sites improves the sustainability of
remediation programs and is consistent with the
objectives of green and sustainable remediation (GSR).
Complex sites may have a greater potential for land
reuse and other societal beneﬁts. Economic beneﬁts can
also accrue from remediating complex sites. One study
found that brownﬁeld site assessment or remediation
can increase nearby residential property values by 5 to
15% and (based on anecdotal surveys) reduce crime
(USEPA 2016b). Site remediation can mitigate damage
to public resources and improve resource availability,
restoring clean drinking water, hunting, ﬁshing, and
recreational land uses. Site remediation can also
decrease public health risks, reduce stigma, improve
commerce, and avoid the loss of cultural practices. Site
remediation can mitigate these eﬀects even when sites
are not restored to a condition that allows for unlimited
use and unrestricted exposure (for instance, at
Brownﬁelds sites). Restoring the beneﬁcial use of land,
surface water, groundwater, and other natural resources
can beneﬁt municipalities, rural residents, tribes, and
others.

Green and Sustainable Remediation
Green remediation is the practice of considering all
environmental eﬀects of a remedy and incorporating options
to maximize net environmental beneﬁt of cleanup actions
(USEPA 2011b). This practice uses natural resources and
energy eﬃciently, reduces negative eﬀects on the
environment, minimizes or eliminates pollution at its source,
and reduces waste. GSR is similar to green remediation but
also considers community goals and economic eﬀects, as well
as environmental eﬀects (ITRC 2011a). The approaches
discussed in this guidance are key tools in achieving the goals
of GSR for complex sites.

1.3 Site Objectives and Interim Objectives
Remediation at complex sites is guided by the site objectives. This guidance uses the term “site objectives” to describe the
overall expectations for site remediation. Site objectives are typically established based on regulatory requirements,
regardless of the technical ability to meet them. Examples include applicable or relevant and appropriate requirements
(ARARs), other federal and state standards, and target risk levels that are protective of human health and the environment.
Factors that are considered in establishing site objectives at Comprehensive Environmental Response, Compensation and
Liability Act (CERCLA) sites are outlined in 40 CFR 300.430(e)(2)(i). These factors include meeting identiﬁed ARARs or
justifying a waiver of speciﬁc ARARs, while still reducing risks to human health and environment and returning the site to
beneﬁcial use (ITRC 2012).
At complex sites where regulators agree it is
impracticable to achieve default expectations (such as
drinking water standards), regulators may require
alternative site objectives, such as restoring aﬀected
media to beneﬁcial use while protecting human health
and the environment. At complex sites where it is not
technically or economically practicable to restore
aﬀected media to beneﬁcial uses, regulators may
establish site objectives for source removal,
containment, and exposure prevention. At these

Site objectives are the overall expectations for a site, which
include protecting public health and the environment. If site
objectives are not achievable within a time frame that is
agreed upon as reasonable, then revisit the site objectives
may be necessary.
Interim objectives are intermediary goals that guide
progress towards achieving site objectives.

complex sites, community engagement will likely be an
ongoing component of the remedy. When establishing
site objectives, a thorough conceptual site model (CSM)
can best represent site complexities, deﬁne remediation
potential based on site complexities, and may inform the
identiﬁcation of ARARs or the development of sitespeciﬁc target risk levels and exposure pathways of
potential concern.
The term “interim objectives” is used in this guidance to describe intermediary goals that guide progress towards achieving
site objectives. Interim objectives are sometimes termed “functional objectives” (ITRC 2011b). They may reﬂect technologyspeciﬁc goals and nearer-term remediation goals. Setting interim objectives and associated performance metrics helps to
keep the remedy on track to ultimately achieve site objectives. Interim objectives can be developed in parallel with remedial
alternatives for each aﬀected media or site area.

Example: Site and Interim Objectives
Scenario: Chlorinated solvents are present in a residential water supply well in a fractured bedrock aquifer.
Complexities: Fracture-controlled aqueous phase solvent distribution, propensity for solvent components to diﬀuse
into and out of the aquifer matrix, and solvent degradation to vinyl chloride
Possible site objectives:
Contain impaired groundwater within well head buﬀer area.
Achieve drinking water criteria outside well head buﬀer area.
Possible interim objectives:
Achieve hydraulic control in fractured bedrock aquifer within six months to isolate impaired groundwater
from the well intake.
Achieve hydraulic source control within one year.
Reduce mass ﬂux oﬀ site by 50% within ﬁve years so that hydraulic control at the well is no longer
needed.
Begin groundwater restoration at the source area within three years, and continue O&M until asymptotic
performance is reached

Execute on site groundwater use prohibition within one year, and continue long-term management until
oﬀ site groundwater meets drinking water criteria under natural ﬂow conditions.

1.4 Remediation and a Reasonable Remediation Time Frame
State and federal regulations often require remediation within a reasonable time frame. For example, USEPA expects to
return usable ground waters “…to their beneﬁcial uses wherever practicable, within a time frame that is reasonable given
the particular circumstances of the site”; see 40 CFR 300.430(1)(a)(iii)(F). USEPA does not, however, oﬀer a speciﬁc
numerical criterion for a reasonable time frame for remediation within its guidance or regulations.
Determining a reasonable time frame for achieving and maintaining site objectives is a complex and site-speciﬁc decision. A
generic period applied to all sites and facilities is not appropriate (ITRC 2010a). There are typically multiple remedy
components at complex groundwater sites (see Table 10); each component may require many years to achieve interim
objectives. For example, when monitored natural attenuation (MNA) is a remedy component, its implementation will run “for
some time agreed upon by site owners, regulators, and stakeholders” (ITRC 2010a).

▼Read more
It is sometimes diﬃcult for site owners, regulators, and stakeholders to agree on a reasonable time frame for remediation for
a complex site, as well as the degree of site complexity. For example, the ITRC authoring team for this guidance includes
federal agency and private party site owners, state and federal regulators, stakeholders, remediation contractors, and
academics. At the beginning of the team’s process, these participants were surveyed about complex sites and time frames
for remediation. Results, shown in Table 1, indicate a wide disparity in opinions:
Table 1. ITRC team survey results: time frames and complex sites (Appendix A)
Survey Question: A remediation/restoration time frame greater than the following usually makes for a
complex site:
Time Frame

Survey Response

Response Count

10 years or longer

11%

12

30 years or longer

28%

30

60 years or longer

6%

6

100 years or longer

14%

15

Remediation time frame does not determine whether a site is
complex

47%

50

TOTAL

107

*Note: survey responses total more than 100% because 5 survey respondents selected multiple answers.

Example Criteria for Assessing Reasonable Restoration Timeframe
Washington state regulations use qualitative factors to determine whether a cleanup action provides for a reasonable
restoration time frame. Washington Administrative Code 173-340-360(4)(b) includes the following considerations:
“(i) Potential risks to human health and the environment
(ii) Practicability of achieving a shorter restoration time frame
(iii) Current & (iv) potential future use of the site, surrounding areas, and associated resources
(v) Availability of alternative water supplies
(vi) Likely eﬀectiveness and reliability of institutional controls

(vii) Ability to control and monitor migration of hazardous substances from the site
(viii) Toxicity of the hazardous substances at the site
(ix) Natural processes that reduce concentrations of hazardous substances at the site or under similar site conditions.”
Timely remediation is frequently valued by RPs, regulators, and stakeholders. Because reasonable restoration time frame is
not deﬁned in regulations, early stakeholder engagement on this issue can help to build consensus. Lack of consensusbuilding on restoration time frame can result in site objectives that do not reﬂect site complexities and are therefore
unrealistic or unachievable.

1.5 What is Adaptive Site Management?
The term “adaptive site management” refers to a comprehensive, ﬂexible, and iterative process that can be used to manage
the remediation process. NRC (2003) coined the term “adaptive site management” referring to “a comprehensive and
ﬂexible approach… for dealing with diﬃcult-to-remediate hazardous waste sites over the long term” or where “…current
technologies have proved to be ineﬀective in reaching site objectives for many types of contamination.” Adaptive site
management can be used to make decisions in response to remedy performance, while considering changes in site
conditions, the CSM, technology performance, and technological advances over time.

▼Read more
NRC recommends adaptive site management at complex Superfund sites, noting that “adaptive management is not
synonymous with ‘trial and error’” (NRC 2005). The adaptive site management process is instead a means to “…learn from,
test, assess, and modify or improve remedies with the goal of meeting long-term objectives” (NRC 2007). Adaptive site
management practices have been implemented at many sites, including the Watervliet Arsenal, New York (ITRC 2012).
USEPA guidance describes a process similar to adaptive site management. For example, the Groundwater Remedy
Completion Strategy describes an iterative remediation process as follows (USEPA 2014b): “The schedule should reﬂect the
dynamic and iterative nature of a groundwater strategy’s implementation. With ongoing data collection, evaluation of the
performance metrics and remedy assessment, the completion strategy process and ﬁndings should be updated periodically
to facilitate open and transparent communications within the project team and external stakeholders.” Elements in the
stepwise completion strategy are stated as follows (USEPA 2014b):
Understand current site conditions.
Design site‐speciﬁc remedy evaluations.
Develop performance metrics and collect monitoring data.
Conduct remedy evaluations using site‐speciﬁc metrics.
Make management decisions.
ITRC’s process for adaptive site management, as outlined in this guidance, is similar to the USEPA process and to NRC’s
recommendations.
Figure 1 shows how adaptive site management can be applied to the remediation of complex sites. ITRC’s deﬁnition of
“adaptive site management” consists of the following steps, repeated as needed:
1. Identify site challenges within the context of the CSM.
2. Conduct a remediation potential assessment to decide if adaptive site management is warranted due to site
challenges.
3. Reﬁne CSM.
4. Set or revisit site objectives.
5. Develop interim objectives and adaptive remedial strategy.
6. Develop a long-term management plan.
7. Design and implement remedy.
8. Monitor and evaluate performance.

9. Apply decision criteria to adjust, optimize, or reevaluate the remedy.

Figure 1. Framework for remediation of complex sites.

▼Read more
Although adaptive site management can be used at any site, it is particularly useful at complex sites. Adaptive site
management does not need to be applied sitewide—simple issues can be addressed in parallel using existing processes.
Because of the technical uncertainties of applying remediation technologies in complex settings, several iterations may be
needed at complex sites. Compared to simpler sites, complex sites may use the same remediation technologies, but require
multiple remediation technologies across the site and throughout the remediation process. Complex sites may also require
more diagnostic tools and data collection to guide technology implementation. It may be appropriate to reevaluate site
objectives to align them with achievable goals.
Adaptive site management can be used at any stage of site remediation. The ﬁrst steps of the adaptive site management
process could be considered prior to the remedial alternative evaluation (such as the CERCLA feasibility study or RCRA
corrective measures study). The adaptive remedial strategy could then be documented in the ﬁnal remedy decision
document. At other sites, a remedy may already be in place and adaptive site management practices could be integrated
where appropriate. Adaptive site management goes beyond what is required under CERCLA or RCRA in assessing restoration
potential, developing interim objectives, developing a long-term management plan, and following clear decision logic to
reﬁne the CSM and to adjust or even reevaluate the remedy. Note that the CSM may be reﬁned at other times as a result of
new data gathering. For simplicity, this detail is not shown in Figure 1. Site managers can also implement relevant phases of
adaptive site management during remedy planning and implementation (remedy selection, remedial design, remedial
action) or during long‑term management, which includes postconstruction phases of remediation management, monitoring,
and evaluation of remedy protectiveness. Early stakeholder involvement and continuing engagement after remedy selection
and throughout the remedy has proven successful at complex sites).
Sites that have already selected a remedy may choose
to integrate existing site operations into the adaptive
management process by establishing interim objectives.
Interim objectives can be developed for each component
of the remedy, along with speciﬁc, relevant, and timebound performance metrics. The next steps are remedy
implementation, monitoring, and evaluation. Remedy
performance is evaluated routinely against performance
metrics to keep the remediation on track to achieve
interim objectives. If performance is not acceptable, the
remedy can be optimized, if feasible, replaced with a
contingency plan, or reevaluated. Remedy reevaluation
is a process that consists of reﬁning the CSM to better
describe site complexities, reevaluating site objectives if
needed, and modifying the remedy.
Adaptive site management ends when all interim
objectives have been met, site objectives have been
achieved, and the closure process has been initiated. If a
“no further action” site objective is unachievable or
otherwise not applicable, then the remediation process
may include long‑term management of the site or
portion of the site.

Case Study: Adaptive Site Management at
Naval Air Station Jacksonville (NAS JAX)
Operable Unit (OU) 3 at NAS JAX includes several comingled
chlorinated solvent plumes resulting from historical operations
at over 100 buildings. Optimization studies and Five-Year
Review results revealed several data gaps, prompting the NAS
JAX Team to use adaptive site management to reﬁne the CSM,
determine key exposure pathway risks, and develop a
comprehensive remedial approach. Several pilot studies and
ESTCP demonstrations of innovative tools and technologies
have been conducted. Source area DNAPL and the risks of VI
and contaminant migration to surface waters have been
evaluated. An FS Addendum is being completed. More details
are provided in the full case study.

1.6 Notable Previous Guidance for Complex Sites
Although comprehensive guidance for complex sites is lacking, USEPA, DOD, and ITRC have published some prior guidance
for these sites. Speciﬁcally, USEPA has published two documents to address management of sites that have contaminated
groundwater, which often is present at challenging sites:

Groundwater Road Map – Recommended Process for Restoring Contaminated Groundwater at Superfund Sites
(USEPA 2011c). This guidance “summarizes the steps and decisions related to selecting a groundwater remedy;
designing, constructing, and initiating the remedy; operating, monitoring, evolution, and optimizing the remedy;
modifying the remedy, as appropriate; and documenting completion of the site response action.”
Groundwater Remedy Completion Strategy: Moving Forward with the End in Mind (USEPA 2014b). The purpose of
this guidance is to “… help focus resources on the information and decisions needed to eﬀectively complete
groundwater remedies and to ensure that these remedies protect human health and the environment.” This
guidance also provides a technical and scientiﬁc process for evaluating whether suﬃcient data have been
obtained to assess the likelihood that a groundwater remedy has or will achieve the site objectives in a
reasonable time frame.
Additionally, DOD recognized the problem of complex sites many years ago and issued relevant guidance (United States
Army 2002). In a more recent publication, the NRC described “transition assessments” as an approach to manage
remediation decision making at complex sites that already have a remedy in place, but have reached asymptotic
performance (NRC 2013).
The following ITRC guidance describes topics and tools that are relevant to site complexities, technologies for adaptive site
management, and streamlining remediation management:
A Decision Framework for Applying Monitored Natural Attenuation Processes to Metals and Radionuclides in
Groundwater (ITRC 2010a)
Characterization and Remediation of Fractured Bedrock Guidance (ITRC 2017a)
EMD – New Site Characterization and Remediation Enhancement Tools (ITRC 2013b)
Enhanced Attenuation: Chlorinated Organics (ITRC 2008a)
Evaluating LNAPL Remedial Technologies for Achieving Project Goals (ITRC 2009a)
Evaluating Natural Source Zone Depletion at Sites with LNAPL (ITRC 2009b)
Geospatial Analysis for Optimization at Environmental Sites (ITRC 2016a)
Green and Sustainable Remediation: A Practical Framework (ITRC 2011a)
Groundwater Statistics and Monitoring Compliance (ITRC 2013c)
Improving Environmental Site Remediation Through Performance-Based Environmental Management (ITRC
2007a)
In Situ Bioremediation of Chlorinated Ethene: DNAPL Source Zones (ITRC 2008b)
Integrated DNAPL Site Characterization and Tools Selection (ITRC 2015b)
Integrated DNAPL Site Strategy (ITRC 2011b)
Long Term Contaminant Management Using Institutional Controls (ITRC 2016b)
Permeable Reactive Barrier: Technology Update (ITRC 2011c)
Planning and Promoting Ecological Land Reuse of Remediated Sites (ITRC 2006b)
Property Revitalization – Lessons Learned from BRAC and Brownﬁelds (ITRC 2006c)
Use and Measurement of Mass Flux and Mass Discharge (ITRC 2010b)
Using Remediation Risk Management to Address Groundwater Cleanup Challenges at Complex Sites (ITRC 2012)

