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1. Introduction 

This full-scale Permeable Reactive Barrier (PRB) Implementation Plan has been developed on behalf of 
the Town of Orleans Massachusetts (the Town) and includes preliminary design information and planning 
steps necessary for successful application of PRBs to reduce nitrogen loading to estuaries in Orleans.  
The estuaries include Rock Harbor, Nauset Estuary, and Pleasant Bay with proposed PRB systems in 
their respective watersheds.  The PRBs will treat watershed nitrate prior to discharge to surface waters 
and be located to provide the most cost-effective treatment.  The objective of this Implementation Plan is 
to provide preliminary design information and identify actions necessary to permit and install the PRBs 
and achieve verified nitrogen reductions.  This plan identifies several potential PRB locations, but final 
locations will be selected after assessment of potential sites and public input on the proposed locations. 

2. Background 

Major watersheds in the Town include Nauset Harbor and Pleasant Bay sub-watersheds within the 
Atlantic Ocean watershed, and Namskaket Creek, Little Namskaket Creek, and Rock Harbor sub-
watersheds within the Cape Cod Bay watershed. The groundwater system comprising these watersheds 
is part of the Monomoy Lens of the Cape Cod Aquifer.  These major watersheds are characterized by 
numerous sub-watersheds contributing groundwater discharge to freshwater ponds, and estuaries 
including bays, salt ponds, and inlets as shown in Figure 1.  Nitrogen in the form of nitrate, mainly from 
septic systems and fertilizer use is released to groundwater in the watersheds and then moves as a large 
dilute plume with groundwater flow and eventually discharges to the estuaries and coastal waters.  This 
groundwater source of nitrogen is combined with additional sources such as stormwater runoff and 
fertilizer resulting in significant nitrogen loading to the surface water.  When nitrogen loading reaches a 
certain threshold, it causes eutrophication or over enrichment of nutrients in estuaries resulting in algae 
blooms, scum layers, unpleasant odors, and periodic fish kills due to low oxygen conditions. 
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Key Terms 

Permeable Reactive Barrier (PRB) 
A zone of enhanced denitrification formed in 
the path of a dissolved nitrate plume. 

Denitrification 
Biological conversion of nitrate in water to 
inert nitrogen gas by naturally occurring 
bacteria.  Denitrification: NO3

− → N2 (gas) 

PRB Amendment 
Emulsified vegetable oil (EVO) used to 
provide dissolve organic carbon to stimulate 
naturally occurring bacteria in groundwater 
to transform nitrate to inert nitrogen gas. 

Preliminary Design 
Provides a concept with typical layout, 
materials, and steps to install the PRBs and 
associated cost elements. 

To address these concerns and comply with the Clean Water Act, the Town prepared a Comprehensive 
Wastewater Management Plan (CWMP) in December 2010.  In response to comments on the CWMP, the 
Town re-evaluated its previously recommended approach to nitrogen control, which focused on 
installation of an extensive sewage collection system and new treatment facility with discharge at the Tri-
Town Septage Treatment Facility site. 

Subsequently, a draft Amended Comprehensive Wastewater Management Plan (ACWMP) was 
developed to document proposed changes including a revised Hybrid Plan.  The ACWMP was developed 
in accordance with the Cape Cod 208 Water Quality Plan, which has been approved by both the United 
States Environmental Protection Agency (US EPA) and the Massachusetts Department of Environmental 
Protection (MassDEP). 

The 25 percent Preliminary Design Report (PDR) plans for sewers in two areas including approximately 
330 parcels encompassing the Downtown Area and approximately 406 parcels within the Meetinghouse 
Pond Area. 

As this time, the revised ACWMP Hybrid Plan also included provisions for use of non-traditional 
technologies including PRBs and shellfish propagation to control nitrogen including an ongoing 
aquaculture demonstration in Lonnies Pond.  Demonstrations for both PRBs and shellfish propagation are 
currently underway. Using these non-traditional technologies allows for reduced sewer collection system 
coverage while still achieving nitrogen control objectives.  Permeable Reactive Barriers (PRBs) provide a 
way to intercept nitrogen in groundwater at key locations in the watersheds before it reaches sensitive 
embayments. 

A PRB Demonstration Test has been implemented at the Eldredge Park Way location in Orleans to 
assess feasibility, determine PRB nitrogen removal efficiency, and assess the environmental 
sustainability of the alternative.  The demonstration project was implemented in November 2016, was 
expanded in June 2018 and is subject to an intensive ongoing monitoring program to quantify nitrogen 
removal and secondary water quality effects.  The cost for the three year demonstration test 
(investigations, implementation, expansion and monitoring) is approximately $917,000.  Preliminary 
monitoring data indicate that the PRB is serving to reduce nitrogen concentrations in groundwater without 
significant secondary water quality impacts.  Information gained through the demonstration will be utilized 
in determining final engineering details for full-scale implementation, refining monitoring plans, and 
predicting nitrogen removal efficiency for cost effectively achieving water quality goals. 

3. Permeable Reactive Barrier Technology 

A PRB is a passive treatment technology, designed 
in this application to in tercept and treat nitrate in 
groundwater through biological denitrification before 
the groundwater reaches downgradient surface 
waters.  The PRB treatment zone is installed in the 
groundwater saturated zone below the water table, 
where amendments are added by injection to form 
the PRB.  PRBs are typically oriented perpendicular 
to the direction of groundwater flow as shown in 
Figure 2 and rely on the natural groundwater 
gradient to carry nitrate to the PRB.  The system is 
permeable because the injected amendments are 
designed not to interfere with groundwater flow, only 
removing nitrate as the groundwater passes through. 
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Figure 2 - Permeable Reactive Barrier 

 

 

 

 

 

 

 

 

 

 

 

 

 

The injected amendment used to form the PRB is typically emulsified vegetable oil (EVO), a source of 
dissolved organic carbon that stimulates naturally occurring microbes in the groundwater to consume the 
dissolved organic carbon while respiring oxygen and creating anoxic conditions (without oxygen) 
favorable for denitrifying bacteria.  The denitrifying bacteria then continue to use the dissolved organic 
carbon while respiring nitrate.  This process of bacterial metabolism results in the conversion of nitrate to 
inert nitrogen gas.  The PRB will need to be rejuvenated with additional EVO injections following an 
extended period of operation to replenish the consumed organic carbon. 

4. Water Quality Goals 

A. General 

Development of surface water quality goals in the form of Total Maximum Daily Loads (TMDLs) is 
required by the Federal Clean Water Act.  To develop embayment specific TMDLs, the 
Massachusetts Estuaries Project (MEP) have assessed nitrogen loading to the estuaries using an 
analytical method called the Linked Watershed-Embayment Management Modeling Approach.  The 
model links watershed nitrogen inputs with surface water circulation and nitrogen characteristics.  The 
TMDLs define the maximum nitrogen loads that the water bodies can receive while still meeting 
necessary water quality criteria.  Corrective actions are then necessary to reduce nitrogen loading to 
below the TMDLs. 

TMDLs developed by MEP have been documented in technical reports prepared for Pleasant Bay, 
Rock Harbor, and the Nauset Estuary (MEP 2006, MEP 2007, MEP 2012).  Based on the TMDLs 
developed by the MEP, the MassDEP and US EPA have approved nitrogen TMDLs for Pleasant Bay.  
Additional TMDLs are undergoing review by the regulatory agencies.  MEP assessments of 
Namskaket and Little Namskaket Creeks indicated no exceedances of developed TMDLs. 
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B. Pleasant Bay TMDLs 

Pleasant Bay is connected to the Atlantic Ocean and is characterized by three main basins including 
Little Pleasant Bay, Pleasant Bay, and Chatham Harbor.  The bay has a long shoreline and numerous 
sub-embayments.  These sub-embayments are at particular risk of eutrophication from high nitrogen 
loads entering by direct groundwater discharge and restricted tidal exchange.  Main basins in or 
adjacent to Orleans include Pleasant Bay Main Basin and Little Pleasant Bay.  The sub-embayments 
in Orleans include Meetinghouse Pond, the Upper and Lower River, Lonnies Pond, Namequoit River 
and Aries Pond, Paw Wah Pond, Quanset Pond, and Pochet Inlet. 

MEP issued the report “Linked Watershed-Embayment Model to Determine Critical Nitrogen Loading 
Thresholds for the Pleasant Bay System, Orleans, Chatham, Brewster and Harwich, Massachusetts” 
in May 2006 that included proposed TMDLs for the system.  On June 23, 2017 the Select Boards of 
Brewster, Chatham, Harwich and Orleans voted to sign a Resolution of the Towns sharing the 
Watershed of Pleasant Bay, endorsing the Pleasant Bay Composite Nitrogen Management Analysis 
as an accurate representation of each Town’s share of current attenuated nitrogen load and its 
responsibility to remove nitrogen in Pleasant Bay (Pleasant Bay Alliance, March 2017).  The agreed 
Town of Orleans share of attenuated Pleasant Bay Watershed nitrogen load is 6,980 kg/yr.  The 
Towns sharing the watershed of Pleasant Bay entered an inter-municipal memorandum of agreement 
in 2018 to coordinate resource management of Pleasant Bay among the member Towns through the 
Pleasant Bay Alliance.  The Pleasant Bay Alliance developed nitrogen removal requirements by Town 
and by Sub-embayment identifying these requirements is shown on Table 1 (Pleasant Bay Alliance 
March 2017). 

C. Nauset Harbor Embayment System TMDLs 

The Nauset Harbor Embayment System in Orleans and Eastham is comprised of open waters 
including Nauset Harbor and Town Cove, Nauset Marsh, located behind Nauset Barrier Beach, and 
three sub-embayments including Salt Pond, Wood Cove, and Mill Pond.  The Nauset Harbor Estuary 
watershed is in the Towns of Orleans, Eastham, and Brewster.  The most impacted areas with 
impaired habitat, and therefore the focus of nitrogen load reduction in Orleans, include the upper 
reach at Town Cove and the semi-enclosed Mill Pond and Wood Cove sub-embayments.  The Salt 
Pond sub-embayment in Eastham is also at risk of eutrophication.  MEP issued the report “Linked 
Watershed-Embayment Approach to Determine Critical Nitrogen Loading Thresholds for the Nauset 
Harbor Embayment System, Towns of Orleans and Eastham, Massachusetts” in 2012 that included 
TMDLS for the estuary. 

Based on the draft ACWMP, the required nitrogen removal by Orleans for the Nauset system is 5,442 
kg/yr, with a PRB technology removal target of 566 kg/yr focused on Town Cove. 

D. Rock Harbor TMDLs 

The watershed for Rock Harbor is in the Towns of Orleans and Eastham.  Rock Harbor is a man-
made harbor at the mouth of a tidal river and salt marsh and opens to Cape Cod Bay to the north.  
Significant habitat quality impairment and the presence of algal mats have been observed in the lower 
reach harbor area, while the upper reach marsh area has higher quality habitat.  MEP issued the 
report “Linked Watershed-Embayment Approach to Determine Critical Nitrogen Loading Thresholds 
for the Rock Harbor Embayment System, Towns of Orleans, Massachusetts” in December 2008 that 
included TMDLs for the estuary.   

Based on the draft ACWMP, the required nitrogen removal by Orleans for Rock Harbor is 1,463 kg/yr, 
with a PRB technology removal target of 634 kg/yr. 
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Table 1 - Pleasant Bay Composite Nitrogen Management Analysis 
Nitrogen Removal Requirements by Town and by Sub-embayment (kg/yr) 

(Pleasant Bay Alliance March 2017) 



Town of Orleans, MA 
Technical Memorandum  Water Quality and Wastewater Planning 

AECOM Technical Services, Inc.  Page 7 
Pocasset, MA 

Key Terms 

Implementation Costs 
Related to costs to Implement or install the 
proposed PRB.  Implementation Costs are 
generally financed through a loan or bond 
program.  This provides up front funding for 
implementation, with principal and interest 
payments spread out over time. 

Annual Operations and Maintenance 
(O&M) Costs 
Related to the day-to-day running and 
upkeep of the system.  O&M Costs include 
items such as labor, utilities, chemicals, etc. 

Annual Replacement Costs 
Related to the replacement and/or repair of 
monitoring wells that have been damaged as 
well as the annualize cost to re-inject EVO. 

Annual Monitoring Costs 
Related to the annual compliance monitoring 
determined by the MassDEP.  Annual 
Monitoring Costs include items such as labor 
and laboratory analysis. 

5. Implementation Approach and Phasing of PRB Installations 

A. General 

Criteria and conditions that will drive the phasing of full scale PRB installations include: 

• The progress and outcome of the ongoing PRB Demonstration Test; 

• Regulatory permitting timelines; 

• Selection and access to proposed PRB locations; 

• Availability of staffing resources and implementation funds; 

• Availability of carbon substrate, subcontractors, and equipment for monitoring well installation and 
PRB injection; and 

• Adaptive management of PRB implementation. 

The PRB design process will include four general steps.  These steps are outlined below with 
approximate time frames: 

• Initial planning (this Technical Memorandum); 

• Preliminary assessments of potential PRB locations and coordination with stakeholders including 
public workshops (6-months); 

• Investigation of short listed locations with hydrogeologic assessments to confirm groundwater 
flow, actual water quality, and feasibility (9-months); and 

• Full-design (1-year). 

B. Development of Project Costs 

PRB implementation costs have been developed based on estimated linear feet of PRB 
implementation defined in the ACWMP and cost information from the demonstration test at Eldredge 
Parkway location.  These costs are outlined in 
Table 2 and include: 

• Town Administration and Engineering; 

• Engineering - Planning/Consultation; 

• Engineering – Design; 

• Contractor mobilization and demobilization; 

• Monitoring well drilling and installation; 

• Monitoring plan and baseline assessment;  

• PRB Injections and materials; 

• First year monitoring program 
implementation; and 

• Projected annual replacement costs for 
monitoring wells and PRB rejuvenation 
injections. 
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Table 2 - Estimated Costs (July 2018) 

 

Component 
Implementation 

Cost 
Annual 

O&M Cost 

Annual 
Replacement 

Cost 

Annual 
Monitoring 

Cost 

     

Site 1 – Rock Harbor Watershed (4,700 LF) 

Design $518,600    

Implementation, O&M 
and Monitoring 

$4,148,700 $0  $178,600 

Replacement   $745,300  

     

Site 2 – Pleasant Bay Watershed (1,900 LF) 

Design $210,700    

Implementation, O&M 
and Monitoring 

$1,685,400 $0  $78,300 

Replacement   $307,100  

     

Site 3 – Nauset Harbor Watershed (2,200 LF) 

Design $244,500    

Implementation, O&M 
and Monitoring 

$1,956,000 $0  $89,100 

Replacement   $354,500  

     
Notes: 
1. The design is expected to occur within a one-year period following site selection.  The 

implementation, O&M, and monitoring is expected to begin after the design year, pending 
appropriation of funding at the prior year’s Town Meeting/Special Town Meeting.  The annualized 
replacement costs are anticipated to begin the year following implementation. 

2. The estimated linear feet of PRB for the three sites is based on the 2015 Conceptual Approach 
developed by Stantec for the Town of Orleans.  The estimated costs presented are based on these 
lengths and are expected to vary based on actual length determined during design development. 

AECOM has no control over costs of labor, materials, competitive bidding environments and 
procedures, unidentified field conditions, financial and/or market conditions or other factors likely to 
affect the opinion of probable project costs all of which are and will unavoidably remain in a state of 
change.  It is further understood that the probable project costs are a “snapshot in time” and that the 
reliability of this opinion of probable project costs will inherently degrade over time. 

The probable project costs need to be indexed on a common “baseline”.  The construction industry 
uses the Engineering News Record (ENR) Construction Cost Index (www.enr.com) that is based on 
construction and materials costs throughout the United States.  Therefore, the probable project costs 
contained herein are based on an ENR Construction Cost Index of 11117 for July 2018. 

The probable project costs will need to be updated based on the actual implementation year. 

http://www.enr.com/
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C. Regulatory Permitting 

Massachusetts Section 2A of Chapter 259 of the Acts of 2014 required MassDEP to develop a 
watershed permitting approach to address and optimize nitrogen management measures intended to 
restore water quality.  Planning for Watershed Permits is included in the approved Cape Cod Nitrogen 
Management Plan (the 208 Plan Update) developed pursuant to Section 208 of the federal Clean 
Water Act.  The 208 Plan Update designates Cape Cod Towns as Waste Treatment Management 
Agencies (WMAs) responsible for meeting TMDLs on a watershed basis. 

In addition to the Watershed Permit, site specific permitting requirements for PRBs will depend on the 
proposed location.  PRBs will be proposed outside of wetland resource areas and sensitive 
environmental locations where possible.  The preferred approach is to install PRBs through Town 
roads or rights-of-way or potentially on Town-owned properties.  Potential permitting requirements 
and approving authorities are included in Table 3 and described below. 

Table 3 - Potential Permit Requirements Depending on Location 
   

Permit Regulation Administrating Agency 

   
Massachusetts Environmental 
Policy Act Permit 

Massachusetts Environmental 
Policy Act Unit  

MEPA Unit 

Underground Injection Control 
Registration 

Safe Drinking Water Act MassDEP 

Section 106 & Chapter 254 
Historic Preservation Act 
Compliance 

Section 106 of the National Historic 
Preservation Act 

Massachusetts Historical 
Commission  

Massachusetts Endangered 
Species Act Project Review 

Massachusetts Endangered 
Species Act 

Massachusetts Division of 
Fisheries and Wildlife 
Natural Heritage & 
Endangered Species 
Program  

Notice of Intent/Order of 
Conditions 

Wetlands Protection Act/ Rivers 
Protection Act 

Town of Orleans 
Conservation Commission 
and MassDEP 

Road Opening Permits Massachusetts Chapter 82A 
Sections 40 through 40D 

Town of Orleans Highway 
Department 
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D. Massachusetts Environmental Policy Act 

PRB projects may be subject to the Massachusetts Environmental Policy Act (MEPA) 301 CMR 
11.00.  MEPA review is required when one or more review thresholds are met or exceeded and the 
subject matter of at least one review threshold is within MEPA jurisdiction.  In determining whether a 
Project is subject to MEPA jurisdiction or meets or exceeds any review thresholds it may be 
necessary to consider all proposed PRBs together to avoid segmentation concerns. 

An Environmental Notification Form (ENF) describing the project and potential environmental impacts 
along with any feasible measures to mitigate potential environmental damage is submitted to the 
Executive Office of Energy and Environmental Affairs (EEA).  EEA solicits comments from the public 
and state agencies.  Following public comment and consultation, the EEA issues a Certificate stating 
whether an Environmental Impact Report (EIR) is needed and what the scope of the EIR should 
include, if required. If the EIR is not required, the state permitting agencies can issue the required 
permits and the project can go forward.  Projects located in designated Areas of Critical 
Environmental Concern require ENF and a Mandatory EIR.  Both Pleasant Bay and Rock Harbor are 
located within state-designated Areas of Critical Environmental Concern. 

E. Underground Injection Control Registrations 

PRBs will require a MassDEP issued Underground Injection Control (UIC) Registration to comply with 
UIC Regulations.  The UIC Program is responsible for regulating the implementation, operation, 
permitting, and closure of injection wells that place fluids underground for storage and disposal.  The 
UIC Program requirements were developed by EPA and designed to be adopted by states.  The 
MassDEP UIC Program, defined in 310 CMR 27.00: Underground Injection Control Regulations, 
details the regulation of injection of fluids within Massachusetts. 

To implement a PRB a UIC permit application (MassDEP form BRPWS 06) must be filed with 
MassDEP under the category “Aquifer Remediation”.  The application would include the design 
parameters and layout of the PRB along with a Water Quality Monitoring Plan.  Similar injections of 
carbon substrates to enhance biodegradation of groundwater chemicals have been commonly 
implemented in Massachusetts and many of these sites are exempt from the UIC registration process 
if the injections are conducted for waste site cleanup in accordance with the Massachusetts 
Contingency Plan (MCP, 310 CMR 40.0000) or similar federal statutes.  PRBs will be implemented in 
compliance with the requirements of the Massachusetts UIC regulations, including all required 
monitoring.   A fee of $585 for each PRB site would be associated with filing the UIC permit. The UIC 
permit applications should be submitted at least 60 days in advance of the proposed PRB 
implementation start date.  Status reports documenting PRB implementation and monitoring results 
are subsequently submitted to MassDEP. 

F. Historic Preservation Act 

At certain locations project review by the Massachusetts Historical Commission (MHC) may be 
necessary.  The MHC administers the Historic Preservation Act.  Any projects that require funding, 
licenses, or permits from any state agency must be reviewed by MHC in compliance with 
Massachusetts General Laws Chapter 9, sections 26-27C. This law creates the MHC, the office of the 
State Archaeologist, and the State Register of Historic Places among other historic preservation 
programs. It provides for MHC review of state projects, State Archaeologist’s Permits, the protection 
of archaeological sites on public land from unauthorized digging, and the protection of unmarked 
burials.  The regulations that guide MHC review of state funded, licensed or permitted projects are 
published in 950 CMR 71. These regulations set up a process for the identification of historic 
properties, assessment of effect, and consultation among interested parties to avoid, minimize, or 
mitigate any adverse effects.  Projects on slopes or uplands adjacent to rivers, lakes, ponds and the 
ocean are generally considered to be more sensitive to the presence or archaeological artifacts than 
other locations.  Following consultation with MHC, a Project Notification Form (PNF) is submitted to 
initiate MHC review.  The PNF includes a description of the proposed project, existing conditions, and 
past development of disturbances in the project area. 
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G. Massachusetts Endangered Species Act Project Review 

Projects and activities within rare species habitat must file with the Natural Heritage & Endangered 
Species Program (NHESP) for review and approval.  Habitats in Massachusetts have been mapped 
as Priority & Estimated Habitats and maps are available on-line.  In review, NHESP determines 
whether the project, as proposed, will impact state-listed species and their habitats and whether or 
not a project or activity as proposed will result in a "Take" of state-listed species.  Projects may have 
to be revised to avoid a “Take” or be subject to conditions or restrictions to avoid impacts to state-
listed species and their habitats and must meet the performance standards for the issuance of a 
Conservation and Management Permit. 

H. Wetlands Protection Act/Rivers Protection Act 

If the PRB project is located within 100 feet of a wetland resource area or within 200 feet of a 
designated riverfront area a Notice of Intent must be submitted for review by the Orleans 
Conservation Commission.  The Commission will issue an Order of Conditions for an approved 
project. 

I. Road Opening Permit 

Additional local permits will include Road Opening Permits where PRBs are implemented by injecting 
through roadways.  PRBs systems implementation and monitoring well installation will also likely 
require agreements for access to private property, mainly for the installation and sampling of 
monitoring wells. 

6. Project Management and Predesign Planning 

A. Implementation Team 

The successful implementation of PRBs will require coordination between consultant/contractors and 
the Town of Orleans, including coordination of location access and permit approvals from Town, 
county, and state authorities.  Teams will include: 

• Designated Town Officials and Legal staff; 

• Consultant staff, with Injection, Drilling, and Laboratory Sub-contractors; and 

• Public Participation Coordinator. 

It is anticipated that the Town of Orleans will assign a Town Project Manager within the Department 
of Public Works and Natural Resources and/or an Owner’s Program Manager for implementation 
coordination.  The Consultant will work with the Town Project Manager and a team of specialty 
subcontractors to plan and implement PRBs.  Due to the nature of the project, Town legal staff 
assistance will be needed to coordinate location access and assistance with permitting.  A public 
participation coordinator will help facilitate public involvement in the project. 

B. Pre-implementation Tasks 

A detailed project schedule and project progress tracking and reporting system will be developed to 
identify action items to keep the project on course.  The limits of target geographic areas and limits on 
existing land use for PRB implementation will be developed to inform location selection and 
monitoring program design and assure that planning is integrated with the ACWMP. 

  



Town of Orleans, MA 
Technical Memorandum  Water Quality and Wastewater Planning 

AECOM Technical Services, Inc.  Page 12 
Pocasset, MA 

A process for review of specific potential PRBs and location selection, including public participation, 
will be developed by the Implementation Team to screen candidate PRB sites. The process will 
include coordination with the US EPA, MassDEP, Cape Cod Commission, and the Pleasant Bay 
Alliance, a municipal organization formed by the Towns of Orleans, Chatham, Harwich and Brewster 
to coordinate the resource management plan for the Pleasant Bay Area of Critical Environmental 
Concern and watershed. It is anticipated that coordination with the Town of Eastham will also be 
included in the process where PRBs may address shared resources (e.g. Nauset Estuary and Rock 
Harbor). Following development of a location short list, selected locations will be subject to further 
investigation to determine specific land use, location of utilities, and an initial groundwater 
assessment that will be integrated with Water Quality Monitoring Plans described below. 

C. Locations Specific Assessment, Baseline Assessment, and Water Quality Monitoring Plans 

Potential PRB locations will be reviewed and selected for implementation in accordance with the 
overall objectives of the Town Comprehensive Wastewater Management Plan, which includes priority 
areas.  Prior to final selection, a location-specific assessment will be necessary to confirm the nature 
of hydrogeological conditions and groundwater chemistry for PRB design and monitoring plan 
development and to develop site specific costs on a cost per kilogram of nitrogen removed basis.  
The cost per kilogram will depend on implementation and monitoring costs, the dimensions of the 
PRB, and the flux of nitrate through the specific location. 

Water Quality Monitoring Plans will be developed for each PRB location.  The monitoring program will 
be developed based on the Conceptual Site Model for PRBs described below and will be developed 
in a phased approach.  The first phase incorporates the initial location assessment, then builds in the 
baseline assessment needed before PRB implementation at a selected site, and finally the 
performance monitoring plan that will be used to track PRB efficiency and water quality affects.   The 
assessments will include groundwater profiling and monitoring well sampling and analyses to assess 
nitrate mass flux and hydrogeologic conditions.  Primary objectives of the monitoring plans are to: 

• Evaluate potential PRB locations for selection and design based on mass flux of nitrate and 
feasibility of implementation; 

• Assess potential reduction in nitrate concentrations in groundwater compared to baseline 
samples and/or wells upgradient of the PRB; 

• Identify distance traveled by EVO emulsion and DOC; 

• Identify extent of generated reducing conditions; 

• Assess hydraulic performance; 

• Evaluate persistence of EVO emulsion and anaerobic conditions favorable for denitrifying 
bacteria after PRB injection; and 

• Assess changes in groundwater monitoring parameters. 

• Estimate the cost per kilogram of nitrate removal. 

The monitoring program will be designed to be dynamic and continuously evaluated to adjust the 
selected monitoring parameters and frequency of monitoring based on data collected and 
observations.  A list of groundwater monitoring parameters is included in Table 4. 
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Table 4 - Summary of Potential Analyses for Groundwater Evaluation 
 

Parameter Relevance to PRB Demonstration Test 
  
Nitrate Primary groundwater compound targeted for treatment. 
Nitrite Intermediate nitrogen species from the aerobic nitrification of ammonia to 

nitrate. 
Ammonia Reduced inorganic nitrogen species that occurs in proximity of septic 

system leach fields and landfills. 
TKN Total Kjeldahl Nitrogen (TKN) is the total concentration of organic 

nitrogen and ammonia. 

Total Nitrogen Analyses provide a summation of all organic and inorganic nitrogen 
species in groundwater as a result of leach fields and landfill. 

CENSUS-DNA 
(Denitrifying Bacteria) 

Analysis quantifies relative abundance of denitrifying bacteria. 

Metals (Fe, Mn, As) Mobility of metals can be impacted by groundwater geochemistry 
changes, notably pH and ORP. 

DOC Dissolved Organic Carbon (DOC) is the limiting factor in enhancing 
denitrification-and is increased by injection of EVO. DOC tracks the area 
of influence of the PRB. 

Sulfate Sulfate will decrease with generation of sufficiently anaerobic conditions 
favorable for sulfate-reducing bacteria. 

pH Denitrification optimal pH (6.0 and 8.5).  Groundwater pH can decrease 
as a result of fermentation of injected carbon substrates. 

ORP Oxidation-reduction potential (ORP) will decrease with generation of 
reducing conditions following injection of carbon substrate. 

Chloride Chloride concentrations indicate potentially infiltrating stormwater. 
Alkalinity Denitrification reactions generate alkalinity (3.57 mg of CaCO3 for each 

mg of nitrate reduced). 
Boron Boron is present in laundry detergents and is an indicator of groundwater 

flow emanating from leach fields. 
  

D. Adaptive Management 

Coordinated implementation of PRBs is necessary to incorporate the Adaptive Management 
Approach as outlined in the CWMP, where non-structural elements such as PRBs can be 
implemented in a way that first documents their effectiveness and then allows their full application 
with predictable results and regulatory support, with the overall goal of reducing the cost of the 
structural elements.  Adaptive Management Plan elements directly related to PRB implementation will 
require identification of tasks necessary to monitor and refine PRB placement, monitoring programs, 
and design and implementation methods moving forward.  PRB monitoring programs can be 
integrated with long-term surface water quality monitoring programs for performance evaluation and 
optimization. 
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Figure 3 - Visual of Nitrate Plume Treatment PRB 
Modified from USGS 

E. Environmental Considerations 

Careful selection of PRB installation locations outside sensitive resource areas will be the primary 
means of minimizing environmental impact.  Compliance with environmental permits will be 
necessary to assure environmental protection and permit requirements will be included in the 
progress tracking and recording system.  Groundwater monitoring results from the Demonstration 
Test will be used to gauge the potential for secondary impacts to groundwater quality.   

F. Conceptual Site Model for PRBs 

Site specific PRB implementation assessment will be based on a Conceptual Site Model (CSM) 
developed for this project for PRBs based on groundwater conditions and the expected fate and 
transport of large dilute nitrate plumes on Cape Cod.  The general (or Cape Cod) CSM is presented 
with a visualization in Figure 3 and described below. 

Elements of the CSM include the following: 

• Groundwater generally flows from the highest water table elevations in the watershed (e.g. 
approximately 26 feet above sea level in the Nauset Watershed) downgradient toward the 
receiving surface water body (e.g. Town Cove).  In addition to flowing horizontally downgradient, 
groundwater may flow vertically, recharging deeper portions of the aquifer 100 to 150 feet or 
more below sea level.  Water table elevations vary locally resulting in deviations in local 
groundwater flow direction. 

• The presence of nitrate and nitrate concentrations varies depending on the strength or number of 
sources upgradient of a location and on the geochemistry of the groundwater. The geochemistry 
affects fate and transport of nitrogen.  Generally septic system nitrogen and nitrogen from 
fertilizers are released to aerobic groundwater where nitrate is the dominant and most persistent 
form of nitrogen.  Where groundwater travels deep over long distances and into anoxic 
conditions, natural attenuation may occur.  Under these circumstances the profile of nitrate 
concentrations from shallow to deep in groundwater may indicate that the highest concentrations 
are generally in shallower groundwater and lower concentrations at depth (see example in Figure 
4 below).  The profile will in part depend on the distance from sources to the PRB.  In recharge 
areas the plume will move deeper as it travels downgradient. 
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Figure 4 - Example Concentration Profile Nitrate in Groundwater on Cape Cod 

• Groundwater flow through freshwater ponds may attenuate nitrogen concentrations. 

• Groundwater velocity will vary depending on the local groundwater gradient and hydraulic 
conductivity of the aquifer material.  The aquifer material may contain less permeable clay, silt or 
fine sand and higher permeability medium sand and gravel.  The groundwater velocity may vary 
from less than 0.1 feet per day to more than 3 feet per day depending on local conditions. 

• There may also be layering present in the aquifer material, with layers of more permeable coarser 
sand and gravel having higher hydraulic conductivity stratified with lower permeability fine sand, 
silt, or very low hydraulic conductivity clay layers. Mass flux of nitrate would be greater in more 
permeable layers with faster groundwater flow even if the concentration in lower permeability 
layers is similar. 

• The nitrate treatment PRB will be installed to efficiently intercept the mass flux of nitrate in 
groundwater upgradient of the surface water to be protected. 

The above CSM can be used to develop a site specific CSM to assist in PRB location assessment, 
PRB design, and development of site specific PRB groundwater monitoring plans.  The assessments 
will include the installation of a set of initial monitoring wells and include groundwater profiling to 
confirm conditions at depth below the water table.  Groundwater profiling will include an assessment 
of hydraulic conductivity and groundwater chemistry, including redox conditions and one or more 
nitrogen profiles for the location.  Following evaluation of test results and confirmation of location 
selection, additional monitoring wells will be installed and sampled to establish sufficient information 
to confirm baseline conditions for comparison and performance assessment once the PRB is in place. 
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Key Terms 
Mass flux 
A rate measurement specific to a defined 
area, which is usually a subset of a plume 
cross section expressed as mass/time/area 
(e.g., g/d/m2) (ITRC 2010). 

Conceptual Site Model (CSM) 
Descriptive tool to help understand 
groundwater conditions and large dilute 
nitrate plumes on Cape Cod. 

Hydraulic Gradient 
Groundwater flows down the hydraulic 
gradient - water table elevations are 
determined by measuring the depth to water 
in three or more similar monitoring wells in 
an area and can then be used to triangulate 
the hydraulic gradient and horizontal flow 
direction. 

Figure 5 - Direct Injection Rig 

G. Conceptual PRB System Design 

PRB conceptual design plans include an 
overview of installation activities, standard 
treatment layouts, facilities, and processes to be 
used to implement the PRB.  The PRBs will be 
installed by injecting a diluted emulsified 
vegetable oil (EVO) substrate formulation 
specifically developed to treat nitrate in Cape 
Cod groundwater.  The EVO is injected along a 
transect line that cuts across the plume of nitrate 
at the target PRB treatment location.  The 
volume and mixture/type of EVO used to form 
the PRB will be designed based on the mass flux 
of nitrate and competing electron acceptors 
predicted with location specific assessment data.  
The assessment data may identify high flux 
zones that can then be targeted as the most 
cost-effective treatment locations and depths. 

The EVO will be injected with direct push rigs 
injection rigs (Figure 5) along an injection 
pathway set perpendicular or close to perpendicular to the groundwater flow direction.  The direct 
push rigs use hydraulics and a vibratory hammer to drive hollow steel rods that serve as piping to the 
target injection depths.  Target injection depths are expected to be up and potentially exceeding 100 
feet below ground surface.  Injections will be completed with a bottom up approach where the rig will 
drive direct push rods with typically 4 or 8-foot stainless steel laser cut screens at the bottom of the 
rods down to the deepest treatment interval.  Following the first injection, the screen will be 
sequentially raised one screen length for subsequent injections until the top of the injection interval is 
reached. 

Direct injection points (without permanent injection well structures) will be located 10 to 15 feet apart 
depending on the expected radius of influence of injected EVO at each PRB location as determined in 
the preliminary assessment.  
The layout and design 
injection depth will depend on 
the characteristics of the 
specific PRB location 
determined in the location 
specific assessment. 

Design specifications include: 

• Depth to ground water; 

• PRB length (Linear Feet); 

• Target treatment 
thickness; 

• Injection point spacing; 

• Number of injection 
points; 

• EVO specification, 
dilution and additives; 

• Injection pressure; 
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• Injection target pore volume; 

• Total injection volume (gal); and 

• Injection volume per point (gal). 

Where possible, PRBs will be implemented along the edge of roadways to minimize implementation 
related impacts.  The objective is to install the PRB in such a way that, following injection, the only 
indication of the presence of the PRB on the land surface will be the flush mounted surface structure 
associated with the tops of monitoring wells. 

The injection substrate will be delivered to a central staging location or the PRB location in bulk in 
plastic reusable totes in box trailers, diluted on-site with water to the required strength, and injected.  
Typically, multiple injection points will be injected simultaneously. 

Given the potential length of full scale PRBs, significant advanced planning and coordination with 
suppliers and field crews will be required.  Logistical considerations include: 

• A single primary/central staging area will be needed for temporary storage of concentrated EVO 
in 275-gallon totes.  Concentrated volumes required for each specific day can be pulled out of the 
central staging areas using fork lifts and loaded onto box trucks to move to secondary staging 
areas adjacent to injection areas.  For projects with anticipated multiple secondary staging areas, 
the use of multiple box trucks can be utilized to minimize any downtime involved with transporting 
adequate EVO volumes. 

• A hydrant water supply and/or water truck will be needed for supplying dilution water near each 
injection area.  Required water supply flow on demand is approximately 40 to 60 gallons per 
minute. 

• Alternatively, diluted EVO batches can be prepared at the central staging area and transported to 
injection areas on a daily or as-needed basis.  Based on weight of water, approximately 6 to 8 
totes are near the maximum volume (1,500 to 2,000 gallons) that can be carried in a box truck.  

• EVO deliveries to central storage should be sequenced to keep minimum 2 to 3-day buffer to 
absorb faster/slower injection rates than anticipated.  A daily delivery/consumption chart should 
be prepared and used to coordinate demand and delivery. 

• Cumulative injection rates are important to maintain for large volume injections.  To sustain high 
injection rates, 4 to 8 manifolded or dedicated injection lines may need to be operated 
simultaneously.  At high flow rates appropriate staff levels will be needed to coordinate batching, 
injection, and transport of stock solution, diluted solutions, and/or water.  

• Allowable working hours and days will need to be estimated prior to project implementation to 
effectively deliver EVO and to manage and maintain the injection schedule. 

• Traffic flaggers and/or coordination with police for details will be important for maintaining safe 
working conditions.  Police detail may be needed at the central staging area to minimize traffic 
disturbances with many large trucks arriving at a single location. 

The injected EVO provides a long-term source of dissolved organic carbon within and immediately 
downgradient of the PRB.  The dissolved organic carbon is a source of food for naturally occurring 
groundwater bacteria that will first utilize available oxygen in groundwater for respiration followed by 
denitrifying bacteria that will utilize nitrate for respiration.  This natural process converts available 
nitrate nitrogen to inert nitrogen gas which is commonly present in groundwater.  Once the required 
biological activity is established the PRB is expected to remove nitrate in groundwater for an 
extended period of years.  The nitrogen load reduction that will be achieved can be predicted with the 
mass flux of nitrate identified in the assessment. 
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The process of establishing the PRB biological community in the treatment zones is expected to take 
several months based on the lag time for increases in naturally occurring biomass.  The amount of 
time required to confirm the increase in biological activity (or biomass) will depend in part on the 
distance to downgradient monitoring wells along with groundwater velocity and travel time. 

eventually, the efficiency of nitrate treatment will begin to decline once the carbon source starts to be 
depleted.  Depletion is expected to occur in high mass flux areas first and will be indicated by 
decreasing dissolved organic carbon levels and increasing nitrate concentration at downgradient 
monitoring wells.  Once the treatment efficiency decreases to a defined tolerance limit, rejuvenation of 
the PRB by subsequent injection will be required.  The ongoing Demonstration Test is being 
monitored to assess longevity to provide specific guidance for PRBs in Orleans; expected operational 
time frames range from 5 to 10 years or more. 

H. Post Implementation Tasks 

Following implementation of individual PRBs an As-built Completion Report will be prepared 
documenting implementation, final inspections, and updated Water Quality Monitoring Plans.  The 
report can then be used in conjunction with the Adaptive Management Approach, post installation 
monitoring, and reporting to track progress toward water quality goals. 
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