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Adapted from From Kroeger et al. 2006 



Schematic diagram showing how Permeable Reactive Barrier 
could be installed at the groundwater / saltwater interface to 

stimulate denitrification which is limited by Carbon supply 

5CH2O + 4NO3
-         5CO2 + 2N2 + 3H2O +4OH- 

 

K. Foreman MBL, Woods Hole, MA 02543 



PRB Installations (NITREXTM) 

Childs River 

Installed:  Jul 2005 

Length:  12 m 

Width:  1.8 m 

Depth:  1.5 m 

WBNERR 

Installed:  Aug 2005 

Length:  20 m 

Width:  3.7 m 

Depth:  2.0 m 



Sampling 

Layout  

Permanent 

Wells and 

Wellpoints 

 

Preliminary NitrexPreliminary NitrexTMTM  

Permeable Reactive Barrier Permeable Reactive Barrier 

LocationsLocations  

20 meters 

Wellpoint Sampling transects 

downgradient from barrier and control 

Multidepth sampling wells perpendicular to 

barrier upgradient, through and downgradient  Waquoit Bay 

NERR Boat 

Houste 

Barrier 

K. Foreman MBL, Woods Hole, MA 02543 



• Shallow GW 

flow through 

sandy aquifer 

• Discrete NO3 

plume 

• Underlying 

sewater forces 

GW flow up-

ward through 

seepage face 

Conditions in Waquoit Bay ideal for testing PRB concept: 
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Data from: Kroeger & Charette 2008 

Limnol. & Oceanogr. 53:1025-39 



Transect Location (meters) 

Summer 2007 

Two years after 

installation 

Wellpoint sampling 

shows >90% Nitrate 

removal at beach 

seepage zone 

K. Foreman MBL, Woods Hole, MA 02543 
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Dissolved Oxygen 2005 
 (% saturation) 



 
November 2011 ~Six years after installation 

Dissolved Oxygen (mg/L) 

 mg/

L 



μM 

 

Excess Dissolved Inorganic Carbon 
 from decay of wood to CO2 
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Disappearance of Nitrate Plume at Barrier - 2005 



μmolar 

Disappearance of Nitrate Plume at Barrier - 2012 



July 2009, algal growth along seepage face inhibited down-gradient from barrier 

Photo by Chris Weidman, WBNERR; K. Foreman MBL, Woods Hole, MA 02543 



Where did the Nitrate Go? 

Three possible fates: 

1. Denitrification 

5CH2O+4NO3
-         5CO2 + 2N2 + 3H2O +4OH- 

2. Dissimilatory Nitrate Reduction to Ammonia (DNRA) 

NO3
- + 2H+ + 2CH2O        2CO2 + NH4

+ + H2O 

3.  N-immobilization in microbial biomass and 

complexation of N in refractory organic compounds 



Complex 

Biological 

Nitrogen 

Transformation 

Pathways  

 

A great diversity  

of organisms 

and enzymes 

 

Aerobic 

Processes 

 

Anaerobic 

Processes 

D E Canfield et al. 

Science 

2010;330:192-196 



Distinctive Microbial Community Found in PRB 

What are they doing? 

From Hiller et al. 2015 



Are the Denitrifying Bacteria there? 
 

Using PCR, amplify DNA from microbes in groundwater 

sampled from the wells for the nirS (denitrifying) gene.   

Bright bands 

in photos of 

gels show 

presence of 

nirS DNA 
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qPCR to determine nirS Copy Number per ng DNA 
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Evidence for and Quantificaton  of Denitrification 

N2 / Ar Equilibrium and Ratio 

Air 

N2:Ar 

80:1 

Water 

N2:Ar 

36:1 

      Argon atom (inert gas)        N2 molecule  

Water 

N2:Ar 

40:1 

Denitrication in anoxic barrier matrix  produces N2, but no Argon 
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Excess N2 in Groundwater at PRB from Denitrification 
Quantified by Membrane Inlet Mass Spectrometry (MIMS) 



Core Microcosm 

Experiments 2015 
 

Excavate wood 

chips from PRB 

after 10 years  
 

Incubate in  

cores with  

groundwater  

amended with 

Nitrate (final concentration ~250 

µmolar, approx. 3.5 mg/l) flowing 

through cores  
 

Measure Nitrate inflow and 

Nitrate outflow 





Inflow  from  pump 

(~250 µmolar NO3) 

Core Microcosm 

Sampling Port 

 (36 cm) 

 

 

 

 

20 cm 

 
12 cm 

 

8 cm 
 

5 cm 



D
is

ta
nc

e 
fr

om
 In

flo
w

 to
 C

or
e 

(c
m

)  Excess N2 as NO3 

 Nitrate 

Direction 

of flow 

Concentration (µmolar) 



On-Going Questions / Problems? 

• What components of the microbial community are 

altered and how can their function be optimized 

• How long will the PRB last? 

• How to deal with permitting issues / property rights? 

• Will barrier capture most of groundwater flow at 

shore in most settings?  

• What are best engineering strategies for placement 

and construction? 

K. Foreman MBL, Woods Hole, MA 02543 
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Benthic Infauna Abundance 
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Average linear growth of clam Mya arenaria per week was not different when 

compared  by site and treatment, in October 2007 after ~3.0 months in Waquoit 

Bay.   Error bars indicate +/- 1 standard error for the growth period. 

 

Data courtesy Maggie Waldron (Lawrence University), K. Foreman (MBL) 

Down-gradient effects of barrier on soft-shell clam growth 
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Anthropogenic Sources of New Reactive Nitrogen 
B

ill
io

ns
 o

f p
eo

pl
e 

0

2

4

6

1850 1870 1890 1910 1930 1950 1970 1990 2010

0

50

100

150

200

Population Haber Bosch C-BNF Fossil Fuel Total Nr 

World population 

Fertilizers 

Crop Fixation 

Fossil Fuel 

Pre-industrial biological N-fixation on land 

Total 

Galloway et al. 2002 



Key constituent of 
DNA bases 

Proteins made up of amino acids are generally ~17% N by weight.  

RUBISCO -- the enzyme that catalyzes the fixation of carbon 
dioxide and is present in all photosynthetic organisms. 

Most abundant protein on Earth (~ 40 million tons globally).   

Leaves of land plants typically contain 2-5% N by weight, and 
most of this is Rubisco.  Phytoplankton 8% N by weight, half of 
this Rubisco. 

Living things need Nitrogen to grow and flourish 



Waquoit Bay and tributary estuaries 



Bedrock 

Saline Aquifer (fresh) 

Waquoit Bay 

Precipitation 
(~110 cm/yr) Evapotranspiration 

~ 60 cm/yr 

Recharge (~50 cm/yr) 



 

Massive algal blooms fueled by excess nutrients 

Photo C. Weidman 



History of 

Development 

on Seacoast 

Shores 

Peninsula 

1938 



History of 

Development 

on Seacoast 

Shores 

Peninsula 

1938 1950’s 



History of 

Development 

on Seacoast 

Shores 

Peninsula 

1938 1950’s 1990’s 
>1000 homes  

and individual 

on-site septic 

systems 
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Neap Tide Nov 16/21 2006 

 ~15 mos after installation 

Specific Conductivity (mS/cm) 



Spring Tide Dec 6, 2006 

Specific Conductivity (mS/cm) 



NOTE:  Black circle around data point denotes sample taken 21 Nov 06 

Neap Tide  16/21 November 2006 

Dissolved Oxygen (mg/liter) 



Spring Tide 5 December 2006 

Dissolved Oxygen (mg/liter) 



From the perspective of Biology we can 

distinguish two general forms of Nitrogen 
 

 Reactive (Nr for short) 
 

 Mineral forms: e.g. Ammonia NH3, Nitrite (NO2),       

Nitrous Oxide (N2O), Nitrate (NO3); 
 

 Organic forms: Nitrogen bonded to Carbon and    

Hydrogen (amino acids, nucleic acids, etc.) 
 

 Less Reactive 
 

 Di-nitrogen gas (N2) making up ~78% of  the 

atmosphere (can only be used by a few types of 

microbes at high energy cost) 
 

Conversion of N2 (non-reactive) to reactive form = “N-Fixation” 



Nitrogen Effects in Coastal           

Ecosystems

  Excess N can stimulate blooms of harmful or undesirable species  

  When the organic matter produced dies & decomposes,  
     dissolved O2 can be depleted in surface waters 
     
 Causing fish kills and so-called Dead Zones   

The Nitrogen Problem 



In contrast, denitrification is a heterotrophic process 

carried out when oxygen is low or absent. 



 



Traditional Approach to clean up is Centralized 

Sewering – Collect and  pipe effluent to  facility 

for Advanced Wastewater Treatment (e.g. 

including SBR’s for N-removal), with on-going 

operating and maintenance costs 

Sequencing 

Batch 

Reactors 
Treatment 

alternates 

between aerobic 

and anaerobic 

(denitrifying) Effluent 

Influent 

Bar 

Screens 

Grit 

Washers 

To Landfill 

Grit 

Pumps 

 

Primary 

Settling 

Tanks 
 

 

Primary 

Settling 

Tanks 
 Aerated 

Grit Tanks 
Influent wet 

wells & pumps 

Waste 

Sludge 
Waste 

Sludge 

Raw  Fill #1 

Treated 

Effluent 

Treated 

Effluent 

Raw  Fill #2 

Treat 

Effluent   Wet 

Wells and Pumps 



• A permeable reactive barrier (PRB), if it 

works, would capture all sources of 

groundwater-borne N to the estuary. 

• If it is placed at the shore just before 

contaminated groundwater enters the 

estuary, it becomes effective immediately. 

• Discharge is at the site of origin. 

• A PRB would be cheaper to build and 

operates passively; has no annual O & M 

cost. 

 Is centralized sewering the best solution? 

K. Foreman MBL, Woods Hole, MA 02543 



Will treating just the wastewater input 

be sufficient to cure the 

eutrophication problem? 

 

What about the multi-year legacy of 

contaminated groundwater ? 

 Is centralized sewering the best solution? 

K. Foreman MBL, Woods Hole, MA 02543 



Title V Septic Systems: 

. 

Title V systems accomplish much of step 1 in the holding tank. 

Percolation of liquid via the leach field through the air-filled (unsaturated) 

soils to the water table accomplishes step 2, and also removes pathogens. 

Title V systems are not designed to remove nitrogen however.   

Wood chip nitrate barriers are intended to accomplish step 3 by providing   

a decomposable carbon source that consumes oxygen in groundwater 

creating conditions ideal for denitrification. 

Nitrogen removal is three step process: 

1. Convert organic N to mineral N (e.g. ammonia, NH4) - Mineralization 

2. Convert NH4 to Nitrate (NO3).  Nitrification requires oxygen. 

3. Denitrification - convert to stable, unreactive N2 gas (as in 

atmosphere). 


