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Molecular Structure of 1,4-Dioxane. 
Credit to (USEPA, 2006) 

Satellite View of TOC Landfill 
Credit to (Calex, Report, 2018) 



 5 

TOC Landfill Remediation Summary  
 

The Colebrook Municipal Landfill has been an active groundwater remediation 

site since 2005. Initial remedial operations at the site focused on both reducing 
concentrations of a range of Volatile Organic Compounds (VOCs) above New 

Hampshire’s Ambient Groundwater Quality Standard(s) (AGQS) in a contaminant plume 
emanating from the landfill and preventing that plume from significantly increasing in 

size1. Though the remediation system made rapid progress towards achieving these 
original clean-up goals, in 2008 several Site monitoring wells recorded concentrations 

of an emergent contaminant 1,4-Dioxane (1,4-DX) above New Hampshire’s (NH) AGQS 
of 3 micrograms/liter (ppb). The discovery of the newly identified contaminant, 1,4-DX, 

at the site prompted a revision of the initial remediation system’s scope of work and a 
reassessment of the landfill remediation strategy. In 2009, Colebrook hired the 
environmental remediation firm Remediation & Environmental Management Services, 

Inc. (Remserv) to add an addendum to the town’s initial landfill’s remedial action plan 
(RAP). In 2010, the revised RAP was approved and since then the focus of remedial 

operations at the Colebrook Municipal Landfill have transitioned from reducing the 
concentration of a range of VOCs at the Colebrook site to just reducing concentrations 

of 1,4-D in both the contaminant plume and the site2. 

 
Contaminant of Concern: 1,4-Dioxane (1,4-DX) 
 
History – 1,4-DX is a synthetic industrial compound that is frequently used as a 

stabilizer for chlorinated solvents, such as trichloroacetic acid (TCA), as well as paint-
strippers and lacquers. First synthesized in 1863, 1,4-DX saw its highest production 

and use in the US from 1986-19943. Though 1,4-DX tends to be associated with 
industrial waste, regulatory agencies did not have a test sensitive enough to detect the 

chemical until 1997 and 1,4-DX is still considered an emergent contaminant of concern 

                                            
1 (GeoInsight, 2006) 
2 (GeoInsight, 2006) (Remserv, 2010) (Calex, Report, 2018) 
3 (Mohr, 2010) 
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(COC)4. While Colebrook’s landfill lacks a categorical record of waste delivered to the 
site, 1,4-DX is thought to have been introduced to the site by any of several industrial 

companies who deposited waste at the site over the course of its lifespan5.  
 

Properties – As a chemical contaminant, 1,4-DX has been deemed recalcitrant 

towards remediation efforts. One of the properties that makes 1,4-DX particularly 

difficult to remediate is its low Henry’s Law constant. The Henry’s Law constant 
essentially indicates how easily a chemical transition between a vaporous state and an 

aqueous state. Molecules with a low Henry’s Law constant have a fairly low potential to 
volatilize from the water surface, and it often takes a significant amount of energy to 

bring those molecules into a gaseous state6. 1,4-DX’s low Henry’s Law constant, 
combined with its low affinity for soils, its ability to resist biodegradation in most local 

soils, and its full miscibility in water, make it a highly mobile and long-lived 
contaminant7. Rather than sticking to soils and building up high, relatively static points 

of concentration in a groundwater system, 1,4-DX will remain in an aqueous state and 
diffuse throughout a groundwater system. As a result, 1,4-DX remediation systems 

tend to have to focus on treating a relatively widespread, potentially multi-zoned area 
instead of treating dense points of concentration. Additionally, since 1,4-DX is a stable 

chemical, remediation systems have to account for the fact that contaminant levels are 
unlikely to decrease as the result of natural attenuation through chemical or biological 

degradation over time8. 
 

Toxicology – Human volunteer studies demonstrate that acute exposure via inhalation 

to relatively high concentrations of 1,4-DX over a period of several minutes can cause 

irritation of the eyes, nose, and throat9. The negative effects of prolonged exposure to 

                                            
4 (USEPA, 2017) (USEPA, 2006) (Mohr, 2010) 
5 (GeoInsight, 2006) (Remserv, 2010) 
6 (Mohr, 2010) 
7 (USEPA, 2006) (USEPA, 2017) (Mohr, 2010) 
8 (GeoInsight, 2006) (Mohr, 2010) (REMSERV 2010) 
9 (Mohr, 2010) 



 7 

1,4-DX in humans are well documented in oral and inhalation studies and primarily 
manifest in severe liver and kidney degeneration10. Even with these findings, studies 

investigating the impact of 1,4-DX exposure on human health remain fairly limited. 
Sufficient research exists to affirm 1,4-DX’s carcinogenicity in experimental animals, 

however, since data for human exposure to 1,4-DX’s is relatively limited, the EPA has 
listed 1,4-DX as a probable human carcinogen. EPA risk assessments for 1,4-DX 

indicate that the drinking water concentration representing a 1 in 1,000,000 cancer risk 
for humans is 0.35 ppb and 1,4-DX is on the EPA’s drinking water contaminant 

candidate list11.  

 
Present Situation 
 
Remediation Goals – In remediating the landfill site, the Town of Colebrook seeks to: 

- Prevent the spread of 1,4-DX beyond the plume’s current extent and contain 
1,4-DX contamination within the boundaries of the Groundwater Management 
zone (GMZ). 

- Bring 1,4-DX concentrations in the subsurface at the landfill Site and abutting 
properties into compliance with NHDES’ current AGQS. 

- Ensure the continued protection of potential 1,4-DX threat vectors, such as the 
drinking water resources and recreational water resources near Lime Pond. 

- Minimize environmental disruption associated with remediation efforts. 
- Reduce taxpayer burden by finding the most cost-effective ways to perform 

site-remediation.  
- Look towards regulatory trends to ensure that remediation performed at the 

landfill Site keeps the Site in compliance with future regulatory standards. 

 
Site Summary – Remediation operations have run more or less continuously at the 

landfill Site since 200512. The remediation system currently operating at the landfill Site 

                                            
10 (Mohr, 2010) 
11 (USEPA, 2017) 
12 (Calex, Report, 2018) 
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is commonly known as a “pump and treat” or “pump and dump” system. The system 
uses a network of wells to monitor and manage concentrations of 1,4-DX at the Site by 

extracting 1,4-DX from 2 distinct layers of the subsurface, periodically analyzing 
samples of the water to determine COC levels, and subsequently sending the rest of 

the extracted water to Colebrook’s Waste Water Treatment Facility (WWTF) for 
treatment and disposal13. When the system was first constructed, an air stripper was 

installed at the site to provide on-site treatment for the water extracted from the 
ground so that a portion of the water could be circulated back into the groundwater 

site via an infiltration system installed at the site. The air stripper system proved 
effective at lowering the concentration of most VOCs at the site, however it had 

relatively little impact on the concentrations of 1,4-DX in water removed at the site. 
Because of the air stripper’s efficacy with VOC treatment but relative inefficacy with 

1,4-DX treatment, shortly after 1,4-DX was discovered at the site in 2008, the re-
infiltration system was taken off-line to prevent re-introduction of 1,4-DX contaminated 

water into the groundwater system. Ultimately, the air stripper system was 
decommissioned in 2011 once concentrations of nearly all VOCs except 1,4-DX were 

successfully lowered to beneath NH’s AGQS14.  
Following the decommissioning of the air stripper system, the remediation 

system installed at the landfill Site transitioned from an extract and treat to solely an 
extraction system. As a result, the main mechanism for both plume containment and 
the reduction of 1,4-DX concentrations at the landfill Site is the extraction of large 

volumes of groundwater. On average, the system removes some 330,000 gallons of 
water from the ground per month and anywhere from 2-4.5 million gallons of water 

from the site annually at a cost of roughly ~$80,000/yr15. Thus far, some 45 million 
gallons of groundwater have been extracted from the Colebrook site and trucked to the 

                                            
13 (Remserv, 2010) 
14 (NHDES, 2011) 
15 (Town of Colebrook, 2018) 
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Town’s WWTF16. Tables providing gallons extracted per month from the site are 
included on pages 10 and 11 of this report. 

 

Current Remedial System Design – The precise technical details of the remediation 

system operating at the landfill Site have been comprehensively described in several 
reports written about the site over the past few years17. In overview, the remediation 

system at the landfill Site has 26 wells that monitor contaminant levels and 9 wells that 
extract contaminated groundwater from two zones at the landfill Site: the source and 

plume zones18. Water extracted from the ground is stored in a 20,000 gallon tank prior 
to its transport to the town’s WWTF for treatment and disposal. Water is transported 

from the Site to the WWTF anywhere from 5-10 times a day 5 days a week. Extraction 
rates at the site very from 12-34 gallons per minute (gpm) depending on groundwater 

conditions19.  
The source zone at the site is delineated by the fact that it is relatively close to 

the landfill and represents a store of contaminated groundwater which could migrate 
into the plume stretching away from the landfill Site. The plume zone delineates a body 

of groundwater that has actively migrated away from the landfill and it essentially 
reveals the direction high concentrations of 1,4-DX would migrate towards if left 

unchecked. The majority of source zone groundwater extraction is currently performed 
by 7 source extraction wells (SEWs) located at the southwestern toe of the landfill. 

Plume extraction is currently performed by 2 plume extraction wells (PEW-1 and CEW-
1) that are designed to contain the additional spread of the contaminant plume into 

properties abutting the landfill site. 
Each of the groundwater zones can be understood as being further delineated 

by two different subsurface layers: the overburden (soil) layer and fractured bedrock 

layer. The soil layer can be understood as an area where contaminated groundwater 

                                            
16 (Calex, Report, 2018) 
17 (GeoInsight, 2005) (Remserv, 2010) (Calex, Report, 2018) 
18 (NHDES, 2016) 
19 (Brooks, 2018) 
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can travel relatively quickly and is also relatively accessible for extraction. The bedrock 
layer can be understood as an area in which contaminated groundwater travels 

relatively slowly and, due to the depth and nature of the bedrock layer, is relatively 
more difficult to extract or treat. Both the source and plume groundwater zones at the 

landfill Site have wells that specifically extract contaminated groundwater from the 
overburden and bedrock layers. In each zone, each layer presents its own remediation 

trends and challenges20. 

                                            
20 (GeoInsight, 2005) (Remserv, 2010) 
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Records of Gallons Extracted at the Landfill Site/Month: Jan-2011 until Oct-2014 
Credit to (Calex, Report, 2018) 
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Records of Gallons Extracted at the Landfill Site/Month: Nov-2014 until Dec-2017 
Credit to (Calex, Report, 2018) 
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1,4-Dioxane Trends – The 2017 Annual Groundwater Monitoring Report produced by 

Calex Environmental Consulting, LLC for the town of Colebrook provides an excellent, 
comprehensive analysis of 1,4-DX trends at the landfill Site over the course of its 

remediation history. In brief overview of the report, since monitoring began in 2008 
concentrations of 1,4-DX throughout the landfill site have generally experienced a 
gradual decrease. In 2010, concentrations of 1,4-DX greater than 30 ppb were 

measured at some of the bedrock monitoring wells whereas in 2017, the highest 
average concentration of 1,4-DX, also measured at a bedrock site, was less than 14 

ppb. Overburden layers have also experienced a more consistent decline in 1,4-DX 
levels over the past few years21.  

According to the most recent round of sampling performed in 2017, all 
monitoring wells have recorded concentrations of 1,4-DX below their historic highs. 

Still, concentrations of 1,4-DX above NH AGQS persist in both the source and plume 
zones at the landfill Site. 8 of the monitoring wells at the Site register concentrations of 

1,4-D above AGQS. Additionally, and of particular concern, 2 monitoring wells – MW-
18 and MW-18B – situated beyond the Site’s permitted GMZ have shown some slight 

increases in 1,4-DX contamination in both overburden and bedrock layers of the 
contaminant plume during the last year22. The general decrease in 1,4-DX 

concentrations throughout the Site at both the source and plume extraction zones 
carries several implications. One implication is that the current remediation system is 

continuing to successfully remove 1,4-DX from the groundwater system23. Another is 
that the cap over the landfill has, to an extent, prevented rainfall from adding additional 

high quantities of contaminant to the groundwater system through recharge. A third 
implication could be that the original source of 1,4-DX contaminant has significantly 
depleted itself. This third implication would depend upon the state in which the original 

source of 1,4-DX contaminants was originally introduced to the groundwater system 
beneath the landfill. If the contaminant was introduced to the system in an unconfined 

                                            
21 (Calex, Report, 2018) 
22 (Calex, Report, 2018) 
23 (Calex, Report, 2018) 
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aqueous state (e.g. in a solution dumped onto the ground), then it is more likely that, 
given 1,4-DX’s affinity for water, the majority of 1,4-DX could have already entered the 

groundwater system. If the original 1,4-DX contaminant were introduced due to the 
failure of some sort of now-buried containment system however, then it is possible that 

a source for future 1,4-DX contamination could remain within the landfill. Even 
assuming the latter condition, the general trend in 1,4-DX concentrations at the site 

suggest that additional significant concentrations of 1,4-DX are not entering the system 
for the time being.  

The majority of sampling data collected for off-site monitoring wells MW-18 and 
MW-18B appears to suggest a stable, if not decreasing, trend in 1,4-DX 

concentrations. Insufficient data exists to indicate whether the slight increase in 1,4-DX 
concentrations recorded at the wells during the last round of sampling could be the 

precursor for a new increasing trend of 1,4-DX concentrations at the wells. The slight 
increase in 1,4-DX concentrations at the wells in 2017 may be consistent with prior 

historical fluctuations in 1,4-DX in response to fluctuations in the groundwater system, 
or it may also indicate the presence of part of the original contaminant plume that may 

have evaded capture when the plume recovery system initially began its operation or 
during periods of shutdown24. In either case, it is likely that concentrations of 1,4-DX at 

the wells should decrease over time as continued operation of the plume recovery 
wells prevents any higher concentrations of 1,4-DX from migrating beyond the GMZ. 
So long as the wells prevent further 1,4-DX migration, the 1,4-DX beyond the GMZ 

should passively diffuse to lower levels in the groundwater system throughout the area 
surrounding the wells25. 

 
 

 
 

  

                                            
24 (Calex, Report, 2018)  
25 (Mohr, 2010) 
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2009 Overburden Map of 1,4-DX 
Concentration  
Credit to (Remserv, 2010) 

2009 Bedrock Map of 1,4-Dioxane 
Concentration   
Credit to (Remserv, 2010) 

2009 Concentration Maps  
The maps presented above show the modeled extents of groundwater contamination at the landfill Site. 
These maps have been included in this report to provide a picture of the original size of the dioxane plume 
when it was initially discovered in the groundwater in both overburden and bedrock layers at the landfill 
Site. As the maps show, concentrations of 1,4-DX tend to be higher in the bedrock, likely due to its low 
groundwater transportation rate.                                                                               Credit to (Remserv, 2010). 
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2013 - 2017 1,4-DX Trend Map  
The 5-year 1,4-DX trend map presented below provides an visual depiction of the trend of 1,4-DX 
concentrations throughout the landfill over time. As discussed in the “1,4-DX Trends” section of this report,  
concentrations of 1,4-DX generally appear to be decreasing with the exception of two southwestern wells 
which have shown slight increases in the last year.                                                            Credit to (Calex, 
Report, 2018) 

2011 - 2017 1,4-DX Trend Lines  
The Trend lines presented below demonstrate how, for the most part, 1,4-DX concentrations have 
decreased over time.                                                                                                                        Credit to (Calex, 
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Assessment of Alternative Technologies 
 

The extract and transport remediation system currently in place at the landfill 

Site has proven that it is capable of reducing 1,4-DX concentrations in the groundwater 
at the Site. Nevertheless, after 10 years of operation, 9 of 26 active monitoring wells at 

the site still indicate 1,4-DX concentrations above the current AGQS of 3ppb26. Given 
that the current remediation system has to remove high-volumes of water from the 

subsurface to achieve modest reductions in groundwater 1,4-DX concentrations, it is 
likely that the system will require a fair amount of time to continue reducing the 

increasingly low concentrations of 1,4-DX to below NH AGQS. Furthermore, even 
though most wells at the site have either trended towards or achieved compliance with 

New Hampshire’s AGQS for 1,4-D of 3 ppb, NHDES is currently considering reducing 
AGQS for 1,4-D to 0.32 ppb27. If such a change is realized, at least 12 of the landfill’s 

monitoring wells would likely measure concentrations of 1,4-D above AGQS28.  
Using current annual landfill monitoring costs, it has been estimated that 

monitoring the landfill for another 10-years would cost roughly $255,000 and running 
the extraction system for another 10-years would cost approximately $375,00029. In 

response to the knowledge that AGQS standards may grow stricter and that the 
current remediation system will likely require a fair amount of time to continue 

treatment, a number of alternatives remediation technologies have been assessed to 
determine whether remediation operations at the landfill Site can be expedited in a 

cost-effective fashion. These treatment technologies fall into the categories of In-Situ – 

in the system – and Ex-Situ – outside the system – designs. The following section 

provides an overview of different remediation technologies, considerations of their 
applicability, and brief discussions of their associated costs. 

 

                                            
26 (Calex, Comments, 2018) 
27 (Calex, Report, 2018) 
28 (Calex, Report, 2018) (Remserv, 2010) 
29 (Calex, Comments, 2018) 
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In-Situ – In-situ remediation systems are designed to treat contaminated water within 

the subsurface. Such treatment options are attractive because they allow groundwater 
to be kept in the ground and, at least in theory, directly treat contamination within the 

system or even at the contaminant’s source. As the name suggests, in-situ treatment 
technologies interact directly with the subsurface environment and the effects of their 
interactions with the sub-surface must be taken into account.  

 

Oxidation – In principle, in-situ oxidation remediation systems work by 

introducing chemicals, such as hydrogen peroxide, to the groundwater system 
that will react with contaminants within the water, degrade them, and produce a 

non-toxic byproduct that can remain within the groundwater. Oxidation is an 
attractive option because, when introduced to the groundwater system, it can 

directly reduce subsurface contaminant concentrations. However, as a 
chemical-reaction based remediation option, in-situ oxidation requires a few 

important considerations. First and foremost, the subsurface environment must 
be favorable for oxidative reactions (e.g. temperatures cannot be too low and ph 

values must be monitored). Additionally, since oxidative chemicals have a fairly 
short life-span, they would need to be introduced throughout the system, 

potentially over multiple doses, to effectively reduce 1,4-DX concentrations. 
Finally, oxidative chemicals are not, by design, contaminant-specific and will 

interact with any molecules, such as iron or other trace metals, that they have an 
affinity for which they come across within the system. As a result, the soils and 

waters of the groundwater system can become a natural sink which soaks up 
the oxidative chemicals before they have a chance to interact with all of the 

contaminated water in the groundwater system and potentially produces new, 
undesired compounds within the system. Any in-situ oxidation systems would 

require favorable conditions and infrastructure capable of delivering oxidative 
chemicals throughout the entire system over multiple rounds of chemicals over 
the period of remediation. Additionally, in-situ oxidation systems use strong 
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oxidative chemicals which would have be handled and stored on site, thus 
creating another potential threat-vector30. 

 

Biodegradation – In-Situ bio-degradation remediation systems reduce 

contaminant concentrations by introducing bacteria and other organisms that 
use a particular contaminant in their metabolic pathway to the groundwater 

system. Ideally, the seed organisms introduced to the system will consume the 
contaminant, produce a harmless byproduct, reproduce, and spread throughout 

the system as they search for more food. While this technique represents some 
promise as a self-sustaining biological remedial alternative that would not 

necessarily need site-wide delivery, any organisms introduced to the area would 
need to be able to thrive in the subsurface environment without being 

encouraged to spread beyond the management zone31.  

 

Containment – Containment refers to a fairly broad spectrum of in-situ 

remediation options. In-situ containment systems could be designed around 

either installing impermeable barriers which alter flow regimes and actively 
reshape the subsurface groundwater system, installing trenches that alter flow 

regimes, or installing more passive structures, such as chemical or biological 
filtration walls, within the subsurface that remove contaminant from the 

groundwater as it moves through the system. In either case, containment 
systems operate as longer-term remediation options. Either option also 

necessitates a significant amount engineering and disruption to the surface and 
subsurface environments since groundwater systems tend to run fairly deep and 

occupy layers of earth with different properties. Passive filtration systems in 
particular would need to have established access points maintained over time 

for filter replacement. Any in-situ containment option will have to take into 

                                            
30 (GeoInsight, 2005) (Remserv, 2010) (Mohr, 2010) 
31 (Mohr, 2010) 
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account not only engineering/materials and potential maintenance costs, but 
also policies regulating environmental impact32.  

 

Attenuation – As a remedial option monitored natural attenuation (MNA) relies 

upon time and natural processes to reduce contamination levels. To present as 

a viable candidate for MNA, a contaminant must meet the criteria of being 
unlikely to rapidly spread throughout the groundwater system in high 

concentrations. Additionally, the candidate contaminant must be able to be 
broken down by local organisms or natural degradation processes in a timely 
fashion. As remedial option, MNA is attractive because it provides a non-

invasive remediation option that requires relatively little in the way of capital or 
operations and maintenance (O&M) costs. MNA’s applicability is largely based 

upon the mobility and stability of the remedial contaminant in a given 
environment33. 

 

Ex-Situ –  Ex-situ remediation systems are designed to treat water after it has been 

extracted from the groundwater system. Compared to in-situ treatment technologies, 
ex-situ treatment systems allow for a greater degree of control over the quality of water 

entering the treatment systems. Ex-situ treatment options also help minimize the risk of 
unintended reactions occurring in the subsurface as a byproduct of remediation 

attempts. The efficacy of ex-situ treatment systems is largely determined by the ability 
of the system to access contaminated waters or soils throughout the management site. 

 

Pump and Dump – The current system operating at the Colebrook landfill Site 

is a pump and dump system. Pump and dump remediation systems use wells to 
arrest a groundwater contaminant plume growth and remove contaminated 

groundwater from the subsurface eventual off-site disposal. With these systems, 
contaminant concentration reduction is performed by removing contaminated 

                                            
32 (GeoInsight, 2005) (Remserv, 2010) 
33 (GeoInsight, 2005) (Remserv, 2010) (Mohr, 2010) 
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water from the groundwater system to reduce the total mass of contaminant left 
in the system. In most pump and dump systems, groundwater will continue 

recharging the system and can potentially help reduce contaminant 
concentrations by increasing the total volume of water within the system. Pump 

and dump systems operate more or less continuously to ensure that 
contaminated water does not spread beyond the GMZ. The rate at which a 

pump and treat system reduces contaminant concentrations is dictated by the 
system’s ability to access zones of high contaminant concentration and its 

ability of the pumps to extract water from a wide range of distinct layers. Since 
pump and treat systems need to operate continuously, operations and 

maintenance can be an important consideration over the long term.  
 

Adsorption (Filtration) – Adsorption refers to a method of remediation in which 

water extracted from the subsurface is run through a granular activated carbon 

(GAC)- or resin-based filter that lets water pass through but is designed to 
capture contaminants. The efficacy of an adsorption system is largely 

determined by the filter’s ability to bond to and sequester various contaminants. 
GAC filters have traditionally been used in adsorption-driven remediation 

systems, however GAC filters have proven somewhat ineffective at treating 1,4-
DX. Recent technological advances have, however, led to the development of a 

resin-based filtration system that has been shown to effectively sequester 1,4-
DX34. By design, adsorption-base systems produce concentrated amounts of 

captured contaminant as they operate. As a result, concentrated contaminant 
management and periodic disposal are important considerations with any 
adsorption system35. 

 

Advanced Oxidation Processes (AOP) – As a form of remediation, ex-situ AOP 

uses the same basic principles as in-situ oxidation. Strong oxidative chemicals 

                                            
34 (USEPA, 2006) (Mohr, 2010) (ECT2, 2011) 
35 (Mohr, 2010) 
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are introduced to extracted groundwater to degrade contaminants within the 
water. In contrast to in-situ oxidation, however, AOP benefits from the fact that it 

is much easier to control the conditions under which oxidation reactions occur. 
Above the subsurface, favorable environmental conditions can be ensured and 

water can be pre-treated or filtered to ensure that oxidative chemicals 
introduced to the water are not used up before they can react with contaminants 

within the water. Furthermore, rather than relying on delivering oxidative 
chemicals to the subsurface, surface AOP systems can produce oxidative 

chemicals within a reaction chamber that contaminated water passes through, 
thus abolishing any need to store strong oxidative chemicals on site36. AOP 

process have a well-documented history of successfully reducing 1,4-DX 
concentrations in extracted groundwater and they can often be readily 

integrated into existing extraction-based systems37. 
 

Biodegradation – Ex-situ biodegradation remediation systems, such as batch 

reactors, are designed to use bacteria or other microorganisms to break down 

contaminants in extracted groundwater that is being held in some form of 
storage systems. Ex-situ biodegradation systems provide an attractive option 

because they do not require the on-site storage and handling of strong 
chemicals for contaminant treatment. In contrast to AOP or adsorption based 

systems, biodegradation systems generally require that extracted groundwater 
be stored for a relatively long period of time (1+ days) before 1,4-DX 

concentrations have been reduced to levels where they can be discharged38. 
The efficacy of biodegradation systems are largely determined by the ability of 
the microorganisms utilized in the system to utilize a particular contaminant in 

their metabolic pathway at a range of concentrations in the environment39. 

 

                                            
36 (KPWT, 2018) 
37 (Mohr, 2010) (USEPA, 2006) (USEPA, 2017) (KPWT, 2018) 
38 (Mohr, 2010)  
39 (USEPA, 2017) 
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Alternatives Assessment 
 
Screening – The aforementioned in-situ and ex-situ remediation technologies have 

been evaluated based upon their history of successful applications, their viability at the 
landfill Site, their ability to meet TOC’s remediation goals, their cost, their anticipated 

environmental impacts, and their integrational compatibility with the remedial system 
currently operating at the landfill Site. 

In-situ – Based on the screening criteria, all in-situ treatment technologies were 

ruled out as viable or cost-effective options for the Colebrook landfill Site. This 

judgement is consistent with the 2005 and 2010 remedial action plans produced 
by GeoInsight and REMSERV as the factors influencing their screening 

decisions largely have not changed in the past 8 years40. Oxidation was ruled 

out because installing the necessary infrastructure would be costly and there is 

insufficient evidence to prove that in-situ oxidation has developed enough to be 

a viable treatment technology41. Biodegradation was ruled out as a viable 

option because in-situ bioremediation systems have not advanced beyond pilot 
stages42. Additionally, many of the bacteria that have been shown to degrade 

1,4-DX either need other contaminants to encourage 1,4-DX breakdown or else 
they are inhibited by the presence of chlorinated solvents that are often 

associated with 1,4-DX43. Containment was ruled out because past reports 

found that structures such as barrier walls or interceptor trenches would be too 

expensive and environmentally destructive to be cost-effective44. Finally, 
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44 (GeoInsight, 2005) (Remserv, 2010) 
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attenuation was ruled out due to 1,4-DX’s stability, ability to rapidly migrate 

throughout a system if left unchecked, and because the Colebrook environment 
likely lacks a robust population of local microorganisms that will rapidly reduce 

1,4-DX concentrations45. 
 

Ex-situ – Based on the screening criteria, ex-situ biodegradation was 

screened out as a viable alternative remediation option due to the high capital 

cost of most bioreactor systems and the relatively slow treatment time of such a 
system when compared to alternative ex-situ options46. Given that Colebrook’s 

current extraction-based remediation system needs to run more or less 
continuously to effectively halt plume growth and reduce 1,4-DX concentrations 

throughout the site, any system that requires extracted water to be stored and 
treated for more than a few hours reduces the efficacy of the overall remediation 

system and potentially causes further spread of the contaminant plume. 
 

Recommendations – Research of emergent 1,4-DX treatment technologies indicates 

that in-situ technologies are largely in their infancy and currently show little promise as 

viable remediation alternatives. As a result, ex-situ treatment technologies currently 
show the most promise as 1,4-DX treatment options. These findings suggest that 
consideration should be given to ex-situ technologies that can either cost-effectively 

replace the current remediation system operating at the landfill Site or can be 
integrated with the current remediation system to expedite treatment and ensure future 

compliance with NHDES regulatory standards. All ex-situ remediation systems 
incorporate extraction in their design. Given that Colebrook already has an operational 

extraction system that contains plume-growth and appears to be gradually reducing 
1,4-DX concentrations in the Site’s groundwater, there seems to be no need fully 

replace the current extraction system with a new extraction system. Furthermore, 
significantly modifying the current extraction system would be environmentally invasive 
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and would likely not prove cost effective in the long run; particularly if the remediation 
system remains solely a pump and treat system47. Bearing these considerations in 

mind, the most viable alternative treatment technologies for the landfill Site appear to 

be on-site treatment technologies that can be integrated into the operating 

extraction system. Of the on-site treatment abilities, AOP-based systems appear to be 
the most cost-effective with regards to the fact that scaled up versions of the systems 

are cheaper and do not produce a byproduct that requires additional 
treatment/disposal. 

It is important to note that integrated on-site treatment technologies will not 
cause the reduction of 1,4-DX groundwater concentrations beyond rate of reduction 

that results from simple groundwater extraction. On-site treatment technologies do, 
however, have several promising features. On-site treatment technologies can reduce 

1,4-DX concentrations to levels lower than NH’s current AGQS of 3ppb and even the 
proposed standard of 0.32 ppb. Reducing 1,4-DX concentrations to levels that low 

would help ensure the town would not need to worry about creating a new 
contaminated site by disposing of the water. Furthermore, treating the water on-site 

opens up the possibility of re-infiltrating treated water on-site and thus reduces, or 
even totally abolishes, the present need to transport 1,4-DX contaminated water to the 

town’s WWTF. Reducing or removing the need to transport groundwater to the town’s 
WWTF could reduce current water transportation + treatment costs associated with the 

landfill Site. Additionally, since the landfill Site has limited on-site storage capacity, an 
on-site treatment + re-infiltration system could allow extraction occur more 

continuously throughout the day, thus increasing the rate of 1,4-DX concentration 
reduction in the subsurface.  

 
Vendors 
 
The most promising on-site treatment technologies appear to be Advanced Oxidation 

Process (AOP) based technologies and adsorption-based technologies. As a result 
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of market research, the following vendors were identified as having case-study proven 
success with their treatment technologies and were contacted for systems price 

quotes. 
 
Keystone Pure Water Tech, Inc. (KPWT) 
 

KPWT provides an AOP remediation system that is chemical free, low profile, 

and has a low energy-demand. The AOP system destroys 1,4-DX on site and has been 
shown to treat 1,4-DX in landfill leachate to below 0.32 ppb. The AOP system could be 

integrated with the current extraction system and housed within the current control 
center in-place at the landfill Site. Daniel Summa (KPWT’S CEO/Founder) made a 

verbal quote of between $250K-300K in capital costs for a system that treat 20 GPM 

of 1,4-DX contaminated water and is willing to provide a more precise quote with 

projected O&M costs for the landfill Site upon request. Daniel’s contact info is listed 
below and a copy of a small-scale system AOP system that his company produced 

can be found at the back of this report. 
 
Contact: Daniel F. Summa (CEO/Founder) 
Cell: 917.885.0057 
Work: 570.397.6120 
Email: dan@keystonepurewater.com 
Website: www.keystonepurewater.com 
 
 
 
Emerging Compounds Treatment Technologies (ECT2) 
 

ECT2 provides a synthetic media48-based adsorption treatment system that has 

been proven to reduce concentrations of 1,4-DX in extracted groundwater below 0.32 
ppb49. ECT2’s claims its system is easy to operate, relatively automatic, free of 

hazardous chemicals, able to work throughout the entire pH range, and that its filters 
have long life-spans because they can be regenerated with steam. ECT2s system 
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could be integrated into the current extraction system at the landfill site. As an 
adsorption-based treatment system, ECT2’s system would generate concentrated 1,4-

DX that would require disposal. ECT2’s system is capable of vaporizing the 
concentrate and venting it on site, though an analysis of NH’s air waste-disposal 

regulations would need to be performed to ensure system compliance. Capital costs 

for a system capable of treating 10 GPM have been quoted at $279K with an 

additional $29K for on-site systems training. Annual O&M costs are estimated to 

run between $8.7K and $9K. ECT2’s contact info has been provided below and a 

copy of their proposal is available upon request from myself or Ronald Guerin of Calex 

Environmental Consulting. 
 

Contact: John C. Barry P.E.  (Process Design Leader) 
Cell: 603.566.0751 
Direct: 603.391.3305 
Email: jbarry@ect2.com 
Website: http://www.ect2.com/ 
 
 
 
Further Considerations 
1,4-DX remedial efforts have generally focused on removing 1,4-DX from drinking 

water resources50. Colebrook is fortunate in that currently drinking water resources are 
not directly threatened by landfill leachate contaminants. Still, a survey of current 

remediation technologies reveals a dearth of remediation systems designed to cost-
effectively lower 1,4-DX concentrations in situ. Given that Colebrook’s current 

remediation priorities are system wide reduction of 1,4-DX and not simply reductions of 
1,4-DX in extracted groundwater, Colebrook faces the challenge of determining 
whether it is cost-effective to treat water on-site or continue with the pump and treat 

system for the time being. Since the remediation system currently operating at the 
landfill Site seems to have arrested the groundwater plume and led to a generally 

decreasing trend in 1,4-DX concentrations throughout the site, the current impetus to 
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find an alternative remediation results from long-term rather than immediate concerns. 
The town is searching for a more cost-effective way of managing landfill contamination 

over time and there is some concern that future regulatory trends may reduce the 
viability of current remediation operations.  

For Colebrook’s remediation goals, in-situ treatment options do seem to 
represent a desirable method of contaminant source treatment. Though many of the 

technologies reviewed for this report have not made substantial advances as viable 
remedial options since REMSERV produced a revised RAP for the town, in-situ 

oxidation and bioremediation systems have received far more attention and pilot 
funding in the past few years51. While bioremediation will likely require more research, 

there is a report anticipated to come out in 2018 in that investigates the cost-
effectiveness of in-situ oxidation as a 1,4-DX remediation option52. Given that the town 

is not under immediate pressure to find an alternative solution, it could be worthwhile 
to hold off on making remediation system modifications until in-situ technologies have 

had a chance to develop further or impending regulatory standards changes force 
action. 

 
Conclusions 
 

1,4-DX is a stable, highly mobile chemical contaminant present at the Colebrook 

landfill Site that has experienced increased scrutiny and regulation by state and federal 
organizations. The Colebrook landfill site currently has a remediation system that 

effectively constrains 1,4-DX contaminant plume growth and appears to be gradually 
reducing 1,4-DX concentrations throughout the site53. At the moment, it is difficult to 
give a precise estimate of the total amount of time it will take for the extraction system 

to bring subsurface 1,4-DX concentrations throughout the entire system into 
compliance with the current NH AGQ of 3ppb. After a decade of remediation efforts, 9 

of 26 active monitoring wells still record 1,4-DX concentrations above AGQS at a range 
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of 4.1-17 ppb54. Given that concentrations of 1,4-DX were as high as nearly 40 ppb 
when 1,4-DX was originally discovered at the landfill site in 2008, it seems possible that 

the current remediation system could be expected to remain in operation for anywhere 
between several more years to decade. Based on the current annual landfill monitoring 

costs, it has been estimated that monitoring the landfill for another 10-years would 
cost roughly $255,000 and running the extraction system for another 10-years would 

cost approximately $375,00055. Should NH’s AGQS for 1,4-DX drop to 0.32 as NHDES 
has proposed, operation of the remediation system at the landfill site will doubtless 

require significantly more time than the current AGQS might require.  
Colebrook has sponsored the investigation of alternative 1,4-DX remediation 

methods in hopes of finding a way to simultaneously reduce the amount of time 
remediation operations will have to occur at the site and ensure that the town is able to 

comply with future regulatory trends. In-situ and ex-situ remediation systems were 
evaluated. Ultimately, in-situ remediation systems were screened out because they 

were either not cost-effective or have not developed sufficiently to serve as viable 
remediation options. Screening of ex-situ remediation options presented two viable on-

site treatment options, AOP and adsorption, that could be integrated with the town’s 
current groundwater extraction system. Vendors for each system were identified and 

contacted. Quotes for an AOP system capable of treating 20 GPM and an adsorption 
system capable of treating 10 GPM were obtained and vendor contact information was 
recorded for potential follow up. AOP was recommended as the most cost-effective 

treatment option upon initial inspection. 
While on-site treatment systems would not treat contaminated water at its 

source, they could open the possibility of running the current extraction system more 
continuously to increase the reduction in 1,4-DX concentrations by increasing the daily 

volume of water extracted from the site. When considering new technology, the town 
must balance whether capital and O&M costs associated with modifying the current 

remediation system with on-site treatment and disposal/re-infiltration technology will 

                                            
54 (Calex, Comments, 2018) 
55 (Calex, Comments, 2018) 



 30 

prove more cost-effective than continuing to transport extracted water to the WWTF – 
so long as the WWTF remains a viable disposal location. Given that the most viable 

remediation options currently appear to be ex-situ options that will augment rather 
than replace the current remediation system, the town may be able to wait to modify its 

system until further developments in in-situ technologies or potential groundwater and 
surface water regulatory changes reduce the viability of the current remediation 

system. 
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