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Monitoring the Removal of Phosphate from 
Ground Water Discharging through a 

Pond-Bottom Permeable Reactive Barrier
by Timothy D. McCobb, Denis R. LeBlanc, and Andrew J. Massey

Abstract
Installation of a permeable reactive barrier to intercept a phosphate (PO

4
) plume where it discharges to a pond provided 

an opportunity to develop and test methods for monitoring the barrier’s performance in the shallow pond-bottom sediments. 
The barrier is composed of zero-valent-iron mixed with the native sediments to a 0.6-m depth over a 1100-m2 area. Permanent 
suction, diffusion, and seepage samplers were installed to monitor PO

4
 and other chemical species along vertical transects 

through the barrier and horizontal transects below and near the top of the barrier. Analysis of pore water sampled at about 
3-cm vertical intervals by using multilevel diffusion and suction samplers indicated steep decreases in PO

4
 concentrations 

in ground water flowing upward through the barrier. Samples from vertically aligned pairs of horizontal multiport suction 
samplers also indicated substantial decreases in PO

4
 concentrations and lateral shifts in the plume’s discharge area as a result 

of varying pond stage. Measurements from Lee-style seepage meters indicated substantially decreased PO
4
 concentrations in 

discharging ground water in the treated area; temporal trends in water flux were related to pond stage. The advantages and 
limitations of each sampling device are described. Preliminary analysis of the first 2 years of data indicates that the barrier 
reduced PO

4
 flux by as much as 95%.

Introduction
Many ground water contaminant plumes discharge to 

rivers and lakes, where they may have detrimental eco-
logical and human-health impacts. An understanding of the 
characteristics of a discharging contaminant plume is criti-
cal to the evaluation of these impacts and to the design and 
implementation of effective remediation strategies. Con-
taminant-concentration profiles developed from high-reso-
lution vertical pore water sampling can be used to delineate 
the extent of ground water contamination at the point of 
discharge to a surface water body, evaluate biogeochemical 
processes occurring in the lake or streambed sediment, and 
determine whether remediation at the point of discharge is 
a practical alternative.

One type of in situ remediation involves interception of 
a contaminant plume by a permeable reactive barrier (PRB). 
Zero-valent-iron (ZVI) geochemical barriers typically have 
been installed as a vertical wall to intercept an organic or 
inorganic contaminant plume in horizontally flowing ground 
water (Cantrell et al. 1995; O’Hannesin and Gillham 1998; 
Powell et al. 1998; McMahon et al. 1999; Puls et al. 1999; 

Blowes et al. 2000; Naftz et al. 2002). These barriers are 
designed to immobilize contaminants, produce less-soluble 
compounds, or reduce contaminants to nonhazardous or less 
toxic forms as they pass through the PRB (Powell et al. 1998). 
In August 2004, a PRB was emplaced subhorizontally on the 
bottom of a kettle-hole pond on Cape Cod, Massachusetts, 
where a contaminant plume containing phosphate (PO

4
) dis-

charges to the pond in a well-defined area near the shore (Air 
Force Center for Environmental Excellence [AFCEE] 2004). 
Monitoring the reduction by the barrier of the PO

4
 flux to the 

pond near this interface required adapting sampling strategies 
and methods used in ground water/surface water interaction 
studies.

The difficulty of collecting representative pore water sam-
ples near the ground water/surface water interface in standing 
water has led to the development of many types of samplers. 
Suction samplers, including temporary drive points, micro-
well push points, and multilevel sampling devices, use suction 
pumping to draw samples to the water-body surface (Mont-
gomery et al. 1981; Duff et al. 1998; Henry 2000; Berg and 
McGlathery 2001). Diffusion and dialysis samplers, includ-
ing pore water peepers, gel samplers, and diffusion samplers, 
function by measuring equilibrated concentrations between 
water in the aquifer and various media in the sampling con-
tainer (Hesslein 1976; Krom et al. 1994; Urban et al. 1997; 
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Paludan and Morris 1999; Savoie et al. 2000; Vroblesky et 
al. 2002; LeBlanc 2003). Seepage meters provide a means 
of directly measuring the exchange of water and solute mass 
between surface water and ground water (Lee 1977; Carr and 
Winter 1980; Zimmermann et al. 1985).

McCobb et al. (2003) describe a plume of dissolved 
PO

4
 emanating from infiltration beds at a decommissioned 

wastewater treatment and disposal facility at the Massachu-
setts Military Reservation on Cape Cod. The PO

4
 plume is 

part of a 6-km-long treated wastewater plume that has been 
studied extensively by the USGS Toxic Substances Hydrol-
ogy Program (LeBlanc 1984; Parkhurst et al. 2003; Repert et 
al. 2006; USGS 2008). The plume discharges near the shore 
of Ashumet Pond, which is a ground water flow through 
kettle pond about 500 m downgradient from the infiltration 
beds (Figure 1A). In 1999, PO

4
 concentrations were as great 

as 3 mg/L (as P) in shallow ground water sampled within 
0.5 m of the pond bottom in the discharge area. The area of 
greatest concentrations was within 20 m of the shore along 
about 120 m of shoreline. In June 2004, the area of PO

4
 

discharge was delineated in detail using drive-point sam-
pling (Figure 1B). In August 2004, a PRB was emplaced by 
AFCEE on the pond bottom to reduce PO

4
 concentrations in 

ground water discharging to the pond and, therefore, to limit 
or reverse the adverse effects of PO

4
 loading from the treat-

ed wastewater plume on the pond’s ecological health. ZVI 
(Fe0) was mixed into the pond-bottom sediment (3% ZVI by 
weight) to a depth of about 0.6 m in an area extending 12.2 

m perpendicular to, and 91.4 m parallel to, the shore where 
the highest pore water PO

4
 concentrations were observed 

(Figures 1B and 2). Iron hydroxides (Fe(OH)
3
) formed by 

the oxidation of the ZVI have a high affinity for and capac-
ity to adsorb PO

4
 (Baker et al. 1998). The sediment/ZVI 

mixture was created by excavating the native pond-bottom 
sediment in 12-m-square sections while the pond was lo-
cally dewatered by using a temporary cofferdam and large 
pumps. An excavator with a mixing bucket was used to 
blend the native sediment and ZVI filings prior to place-
ment of the mixture on the pond bottom (AFCEE 2004; Air 
Force Center for Engineering and the Environment 2008). 
Excavation of the pond bottom in the dewatered area pro-
vided a unique opportunity to install instrumentation within 
and below the barrier for future monitoring of PO

4
 removal 

from shallow ground water near the ground water/surface 
water interface.

This paper describes the instrumentation that was devel-
oped and installed to monitor PO

4
 concentrations as ground 

water discharges through the pond-bottom ZVI PRB. The 
operation of the permanently installed devices during several 
sampling events is evaluated with respect to the monitoring 
objectives, including the ability to produce representative, spa-
tially distributed pore water samples in the PRB in an efficient, 
practical manner year-round. The effectiveness of PO

4
 removal 

during the first 2 years of monitoring is also discussed briefly. 
A detailed assessment of the effectiveness of the PRB is given 
in Air Force Center for Environmental Excellence (2007).

Wastewater

Treated -Wastewater

Figure 1. (A) Locations of Ashumet Pond and the phosphate ground water plume (1999) on Cape Cod, Massachusetts, water-table 
contours in meters above the National Geodetic Vertical Datum of 1929. (B) Areas of phosphate discharge (2004) and the PRB at 
the pond. Phosphate measured by field colorimetric analysis.
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Design Criteria for Monitoring Devices
To evaluate changes in PO

4
 concentrations in ground 

water flowing upward through the pond-bottom PRB, the 
monitoring approach needed to (1) include a dense vertical 
and horizontal distribution of sampling devices in and near 
the barrier; (2) provide for collection of representative pore 
water samples while minimizing pumped volumes during 
sampling; (3) protect the integrity of the PRB; and (4) use 
accessible, easy-to-use, aesthetically acceptable, and rugged 
equipment in the near-shore environment. Because it was 
uncertain which device or combination of devices would 
best meet these criteria, a variety of devices were installed 
at multiple locations to ensure that the monitoring network 
was sufficient to monitor the performance of the PRB.

Spatial Distribution of Sampling Points
A major consideration in designing the monitoring 

network was the need for a sufficient sampling density to 
determine spatial uniformity of the barrier and to measure 
PO

4
 concentrations in and adjacent to the barrier at vari-

ous distances from shore. The final iron-to-sediment ratio 
and thickness of the barrier varied spatially because of the 
challenges of emplacing the mixture in the 12-m2 sections. 
Therefore, an array of well-distributed sampling locations 
was needed to monitor the barrier’s performance throughout 
the treated area. The sampling locations had to extend deep 
enough to measure PO

4
 concentrations below the influence 

of the barrier at a sufficient vertical spatial resolution to de-
tect changes in PO

4
 concentrations as ground water flowed 

upward through the reactive material. Sampling points also 
were needed just below the pond bottom where the treated 
ground water is about to discharge to the pond. In addition, 
previous sampling indicated that the spatial distribution of 
PO

4
 concentrations below the pond bottom changed as the 

pond stage varied. Therefore, a sufficient sampling density 
was needed below the barrier to determine the distribution 
of PO

4
 concentrations in ground water entering the barrier 

as the plume discharged to the pond.

Collection of Representative Samples
A major challenge to monitoring steep geochemical gra-

dients within the PRB is that many pumped-sampling devic-
es require extraction of substantial volumes of water during 
purging and sample collection, potentially compromising the 
ability to sample water from discrete, closely spaced inter-
vals. The ability to collect a small volume was critical to 
limiting the mixing of targeted water with water, including 
surface water, from above or below the targeted depth inter-
val. This was particularly important because fine-resolution 
vertical sampling of pore water near the ground water/sur-
face water interface was needed to assess PO

4
 concentrations 

in the ground water as it was about to cross this interface.

Integrity of Barrier
A consideration for the monitoring system was to enable 

collection of representative pore water samples without hav-
ing to drive or dig devices repeatedly into the PRB. These 
invasive methods could provide preferential flow paths or 
low-iron zones through which the PO

4
 plume might migrate 

untreated into the pond. In addition, the repeated use of tem-
porarily installed devices, such as drive points and Lee-style 
seepage meters, is labor intensive. Therefore, instrumenta-
tion for this effort was designed to be permanently installed 
during barrier emplacement.

A further advantage of permanently installed devices 
was the improved ability to detect changes to the hydraulic 
properties of the barrier, including porosity and hydraulic 
conductivity, over time at fixed locations. Results of ini-
tial pilot tests using ZVI at Ashumet Pond (AFCEE 2004), 
applications at other sites (McMahon et al. 1999; Kamol-
pornwijit et al. 2003; Morrison 2003; Wilkin et al. 2003), 
laboratory column experiments (Gu et al. 1999; Mackenzie 
et al. 1999; Farrell et al. 2000), and reactive transport mod-
eling (Liang et al. 2003; Li et al. 2005) indicated that flow 
paths can become clogged due to mineral precipitation and 
increased microbial activity in the barrier.

Aesthetically Acceptable, Rugged, and Accessible 
Instrumentation

Public access to the pond for boating, fishing, swim-
ming, and wading precluded the use of devices that protrude 
above the bottom or are marked with surface buoys that in-
terfere with boating or invite vandalism. The monitoring 
devices had to be rugged enough for installation during the 
excavation and backfilling by heavy equipment. The devices 
also had to be resistant to damage from pond ice during 
winter and corrosion in the chemically reactive environment 
in the PRB. Monitoring had to be possible when the pond 
was frozen or water levels were higher than average, thus 
submerging parts of the PRB in up to 5 feet of water.

Devices Installed to Monitor the PRB
Temporary cofferdams were used during emplacement 

of the PRB to isolate the area to be treated from the rest 
of the pond (AFCEE 2004). Once the area was dewatered 
and excavated, four types of permanent water-quality and 
water-flux monitoring devices were installed at locations 
within, outside, and below the zone containing the sedi-
ment/ZVI mixture. Horizontal multiport samplers (HMPS) 
were installed at two depths along two lines extending per-
pendicular to shore to monitor the spatial distribution of PO

4
 

concentrations in the discharge area relative to distance from 
shore (Figure 2). Ten vertical multilevel samplers (VMLS) 
and eight multilevel diffusion chambers (MLDCs) were in-
stalled to monitor PO

4
 concentrations over small, discrete 

vertical intervals below the pond bottom and through the 
PRB. Pairs of permanent seepage meters were installed at 
various distances from shore to monitor water and PO

4
 flux 

through the pond bottom at four locations inside and outside 
the barrier area (Figure 2).

Horizontal Multiport Samplers 
Multiport sampling wells, also referred to as multilevel 

samplers, have been developed and used for monitoring 
ground water quality in a variety of investigative and reme-
dial applications. Typically, these devices are installed verti-
cally using standard drilling techniques (Pickens et al. 1978; 
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LeBlanc et al. 1991). In this effort, multiport samplers were 
set horizontally at two depths rather than vertically. One 
HMPS was set in the PRB material immediately below the 
sediment/water interface (0.15 m below the pond bottom), 
and a second HMPS was set directly beneath the first HMPS 
in the untreated sediment just below the PRB material (0.91 
m below the pond bottom) (Figure 3). Each HMPS con-
sists of a 3.05-cm-diameter polyvinyl chloride (PVC) pipe 
containing 15 color-coded 0.63-cm-diameter polyethylene 
tubes. The tubes exit through holes drilled in the PVC pipe 
at different distances from shore and are screened with nylon 
fabric held in place by stainless-steel wire. Two samplers 
were installed at each of two sites. 

During installation of the PRB, the HMPS were as-
sembled on the shore by coupling four 3.3-m-long prefab-
ricated sections. The HMPS then were positioned so that 
they extended about 12-m perpendicular to shore, with the 
shoreward-most sampling ports set at the shoreline position 
at mean pond stage [13.5 m above sea level (NGVD29) 
based on records from a nearby pond-stage siphon gauge 
(McCobb et al. 1999)]. The deep HMPS of each pair was 
placed on the bottom of the excavated section (sampling 
ports facing downward), and untreated sediment was placed 
by hand on the PVC pipe. The excavation then was back-
filled with the sediment/ZVI mixture to approximately the 
grade of the original pond bottom. The shallow sampler 
along each HMPS line was buried in the new pond-bottom 
material using a hand shovel. The sampling tubes for each 
HMPS were run landward from the shore along the bottom 
of a 1-m-deep hand-dug trench (below frost line) to flush-
mounted road boxes. The road boxes were located about 
8 m from the shoreline at mean pond stage, which placed 
them shoreward (on dry land) of the highest anticipated 
shoreline position.

Water samples were collected from the HMPS by using 
a suction peristaltic pump fitted with Norprene® (Cole Par-
mer, Vernon Hills, Illinois) tubing connected directly to the 
sampling tubes at the onshore road boxes. For this study, the 
water samples were analyzed in the field for specific con-
ductance, pH, dissolved oxygen, and PO

4
 by the methods 

described in McCobb et al. (2003).

Vertical Multilevel Samplers (VMLS)
Closely spaced vertical sampling was needed to charac-

terize the steep geochemical gradients expected in the PRB. 
The VMLS used in Ashumet Pond were constructed from 
1.27-cm-diameter, 1.24-m-long sections of Schedule 40 
PVC pipe (Figure 4). Five 3.2-mm-diameter polyurethane 
tubes fitted with fiberglass screens were inserted in the PVC 
pipe. The screens were aligned to match 0.95-cm-diameter 
holes, or ports, drilled in the PVC pipe at expected depths of 
0.02, 0.25, 0.49, 0.68, and 1.04 m below the pond bottom. 

0

HMPS 1S/1D
VMLS F644

MLDC1

Seep 2a/b

Horizontal Multiport Sampler

Seepage Meter

PRB area

HMPS 2S/1D

MLDC6

VMLS F644

HMPS 1S/1D
Ashumet

Pond
Seep 2a/b

Seep 3a/b

VMLS F640

MLDC2

VMLS F639MLDC1

Seep 1a/b

Shoreline Positio
n

April 2
004

Seep 4a/b

Multilevel Diffusion Chamber
Vertical Multilevel Sampler

5 10 20 Meters

Figure 2. Locations of horizontal multiport samplers, vertical 
multilevel samplers, multilevel diffusion chambers, and seep-
age meters in and near the PRB at Ashumet Pond.

Figure 3. Schematic diagram of a pair of HMPS (not to scale).
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Silicone was injected between the ports through temporary 
holes in the PVC to isolate each screen, seal the annular 
space inside the PVC, and prevent vertical flow inside the 
PVC between the ports. Nylon mesh was wrapped around 
the outside of the PVC pipe at each port to act as a primary 
filter of large sediment particles.

During excavation of the pond bottom, each VMLS was 
positioned vertically at a targeted location so that the top 
port was set slightly below (0.02 m) the expected grade of 
the pond bottom after the sediment/ZVI mixture had been 
backfilled. The deepest port (1.04 m below pond bottom) 
was set below the PRB to allow monitoring of PO

4
 con-

centrations in the upward flowing ground water before it 
entered the barrier. The final settings differed slightly from 
these targets as is discussed subsequently.

Samples from the VMLS were collected using Nor-
prene tubing connected to a hand-operated plastic syringe. 
A small initial purge volume (100 mL) was removed and 
discarded prior to sample collection. For this study, water 
samples were analyzed in the field for pH, specific conduc-
tance, dissolved oxygen, and PO

4
 and were preserved for 

laboratory analysis of total dissolved phosphorus by meth-
ods described in McCobb et al. (2003).

Multilevel Diffusion Chambers (MLDCs)
The diffusion-sampling method can be an efficient, cost-

effective alternative to pumped-sampling methods for moni-
toring organic and inorganic compounds in wells (Vroblesky 
and Hyde 1997; Vroblesky et al. 2002). MLDCs were devel-
oped and used in Ashumet Pond to monitor the steep PO

4
 

concentration gradients in the PRB. The MLDCs consist of 
1.22-m-long, square, hollow PVC posts with thirteen 3.8-
cm-diameter holes, or ports, drilled on one face of each post 
(Figure 5). Nine ports were placed at 5.1-cm intervals to a 

depth of 40.1 cm below the expected pond bottom, and the 
remaining four ports were placed at 10.1-cm intervals to a 
depth of 81.3 cm. The outside of the post was wrapped with 
fiberglass screen to limit the entry of sand into the interior 
of the post. The MLDCs were installed during pond-bottom 
excavation and backfilling so that the top diffusion-sampler 
port would be aligned with the expected final grade of the 
pond and the two deepest sampling ports (0.71 and 0.81 m 
below the pond bottom) would be set below the PRB.

During a sampling event, a rack holding individual dif-
fusion-sampler bottles is inserted into the vertical chamber. 
The internal rack is constructed of 3.8 × 8.9 cm plastic 
lumber. The plastic lumber was cut to the same length and 
drilled at the same intervals as the ports drilled in the hol-
low PVC posts. Each diffusion-sampler bottle consists of a 
60-mL polyethylene bottle filled with deionized water. The 
bottle opening is covered with a 10-µm nylon-mesh fabric 
(part no. CMN-0010-D, Small Parts Inc., Miramar, Florida) 
that is held in place by a cap that has been drilled out with a 
2.54-cm-diameter hole. A Minicel® (Sekisui Voltek L.L.C., 
Lawrence, Massachusetts) foam strip with holes cut for 
the caps of the diffusion-sampler bottles then is placed on 
the rack to prevent vertical leakage along the inside of the 
chamber. To load the chamber, the rack holding the diffu-
sion-sampler bottles and foam strip is slipped into the cham-
ber so that the foam seal is pressed tightly against the inside 
of the square PVC post. PVC wedges hold the rack assem-
bly firmly against the wall of the chamber. Square stainless-
steel covers fit snugly over each chamber top (Figure 5).

For this study, the diffusion-sampler bottles were set in the 
chambers and allowed to equilibrate with the formation water 
for 2 weeks, which had been determined from field tests to 
be a sufficient equilibration time. The water in the bottles was 
analyzed in the field for specific conductance and PO

4
.

Figure 4. Schematic diagram of a VMLS (not to scale).
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Seepage Meters
Seepage meters have been used in many studies to mea-

sure flow across the sediment water interface in lakes and 
streams (John and Lock 1977; Lee 1977; Sebestyen and 
Schneider 2001). Four pairs of permanent seepage meters 
were installed in or adjacent to the PRB during the back-
filling operation; the meters in each pair were separated 
by about 1 m. Each meter consists of a 208-L polyethyl-
ene, corrosion-inhibiting drum cut to a length of 0.8 m and 
fitted with a removable 0.56-m-diameter lid. A 12.7-mm-
diameter hole was drilled into each lid to allow outflow 
or inflow to be measured. During excavation of the pond 
bottom, each meter was placed in the open excavation with 
the top rim of the barrel positioned approximately at the ex-
pected grade of the pond bottom after backfilling. One pair 
of meters was installed outside the barrier and was filled 
with native sediments. The three pairs of meters installed in 
the barrier were backfilled by hand with the sediment/ZVI 
mixture.

To measure the discharge rate, the removable lid was 
secured to the rim. A thin-walled plastic bag that has been 
prefilled with a known volume of distilled water was at-
tached to the measurement port for a known amount of 
time. The incremental volume that enters the bag was used 
to calculate the water-flux rate per unit area. In this study, 
the water in the bag was analyzed in the field to determine 
the PO

4
 concentration in the ground water discharging into 

the bag. Between sampling events, the lids were removed 
so that the pond bottom enclosed by the seepage meters 
was exposed to the same environmental conditions as the 
pond bottom adjacent to the meters. 

Field and Laboratory Analysis of Phosphate 
Concentrations

PO
4
 concentrations were determined in the field or at 

the USGS National Water Quality Laboratory in Denver, 
Colorado. The analytical method depended on the type of 
sampling device and the volume of sample available for 
analysis. Field analyses of orthophosphate (PO

4
) were 

made on unfiltered samples using a field spectrophotom-
eter and reactive orthophosphate field test kit (Kit No. 
8513, CHEMetrics, Calverton, Virginia). The colorimetric 
method uses the molybdenum blue method (APHA et al. 
1998). Laboratory analyses of total dissolved phosphorus 
were made by alkaline persulfate digestion on water sam-
ples that had been filtered and acidified in the field. This 
analytical procedure hydrolyzes all forms of inorganic and 
organic phosphorus to orthophosphate, which is then deter-
mined using a photometric analyzer (Patton and Kryskalla 
2003).

Although the field method measures only orthophos-
phate and the laboratory method measures total dissolved 
phosphorus, results from both methods are reported in this 
paper as PO

4
 in mg/L as P because dissolved phosphorus 

under the geochemical conditions in the treated-wastewater 
plume is mostly in the inorganic orthophosphate (PO

4
) form 

(Hem 1985). Also, a previously reported comparison of re-
sults from the laboratory and field analytical methods for 
samples from this site, when reported in mg/L as P, showed 
good correlation (R2 = 0.9667, n = 56) for samples with con-
centrations greater than the detection limits of each method 
(McCobb et al. 2003).

Figure 5. Schematic diagram of an MLDC (not to scale).
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Results from Monitoring of PRB
The HMPS provide data on the vertical and horizon-

tal distributions of PO
4
 and other chemical species along 

horizontal transects perpendicular to the shoreline below 
and near the top of the PRB. The horizontal distributions 
of specific conductance, pH, dissolved oxygen, and PO

4
 11 

months after PRB emplacement are shown in Figure 6A 
and B. The elevated specific conductance (greater than 
the background value of about 40 to 80 µS/cm [LeBlanc 
1984]) in samples from the deep HMPS indicates the pres-
ence of the treated wastewater plume beneath the PRB. 

Spatial patterns in specific conductance in samples from the 
shallow HMPS closely replicate the patterns from the deep 
sampler. The similarity in spatial trends at the two depths 
is evidence that ground water flow paths curve upward as 
they approach the pond (Figure 3), and ground water flows 
nearly vertically upward through the PRB. Values of pH 
increase in an upward direction at all sampling points, with 
differences between the two depths ranging from 0.47 to 
1.39 units. Little change in dissolved oxygen concentration 
between the deep and shallow samplers was observed, with 
the exception of a slight increase (up to 1.9 mg/L) for four 

Figure 6. Distributions of (A-B) pH, dissolved oxygen (DO), specific conductance (SpC), and PO4 11 months after installation of 
the PRB, and (C-D) PO4 at 2, 11, 15, and 23 months after installation of the PRB, below and at the top of the PRB at HMPS 1S/1D. 
Landward edge of the PRB at 0 m. Pondward edge of the PRB at 12.2 m. Location shown in Figure 2.
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adjacent sampling ports of the shallow sampler, most likely 
resulting from a small amount of pond water being pulled 
down into the port.

Monitoring results from the shallow and deep HMPS 
show a substantial reduction in PO

4
 concentrations as 

ground water flows upward through the PRB (Figure 6C 
and D). PO

4
 concentrations in water samples collected from 

the deep HMPS after emplacement of the PRB were simi-
lar to concentrations in samples collected from drive points 
prior to installation of the PRB, indicating that water below 
the PRB continues to contain elevated PO

4
 concentrations. 

The mean PO
4
 concentration for the deep HMPS 1S/1D 

(Figure 2) for the four sampling dates was 0.57 mg/L as 
P. In contrast, the mean PO

4
 concentration for the shallow 

HMPS at line 1 for the four sampling dates was 0.08 mg/L; 
the maximum value was 0.36 mg/L.

The horizontal distribution of PO
4
 concentrations with 

distance from shore for the deep HMPS (Figure 6D) is 
similar to the vertical distributions of PO

4
 in monitoring 

wells located near the shore (McCobb et al. 2003; data not 
shown). Because ground water flow paths curve upward as 
the pond is approached (Figure 3), the vertical trends on-
shore are generally reflected as horizontal trends in the dis-
charge area. The horizontal trends for the deep HMPS also 
indicate lateral shifts in the location of greatest PO

4
 concen-

trations (about 1.5 mg/L) beneath the PRB due to changes in 
the shoreline position as the pond stage varies. For example, 
pond stage 2 months after the PRB was installed was at a 
near-historic low, and the pond stages at 11 and 15 months 
were substantially higher (91 cm) than the mean stage. The 
difference in shoreline position between the low and high 
stages resulted in a 5 to 6 m lateral shift in the location of 
the greatest PO

4
 concentrations (Figure 6D).

The VMLS provide pumped samples at closely spaced 
vertical intervals through the PRB. PO

4
 concentrations in 

water samples collected at the four depths between 25 and 
104 cm below the pond bottom at site F639, the control 
site outside the PRB (Figure 2), are nearly equal, confirm-
ing that PO

4
 concentrations do not change as plume water 

approaches the pond bottom outside of the PRB (Figure 7). 
PO

4
 was not detected in water from the shallowest port 

(2 cm) because pond water apparently was drawn into the 
sampling port during pumping; the specific conductance of 
samples from this port was nearly equal to that of the pond 
water.

In contrast, PO
4
 concentrations for VMLS at sites F640 and 

F644 in the PRB decreased from levels typical of the plume 
at the 104-cm ports (below the PRB) to less than 0.10 mg/L 
(as P) at the 25-cm ports (Figure 7). At these sites, PO

4
 pro-

files developed prior to the PRB installation from drive-point 
samples showed no trend for PO

4
 concentrations with depth. 

The results clearly indicate removal of PO
4
 by the PRB.

The MLDCs also provide samples from closely spaced 
vertical intervals through the PRB. Detailed vertical PO

4
 pro-

files were developed on the basis of data from the 13 ports 
over an 81-cm-long interval (Figure 8). The PO

4
 concentra-

tion profiles from the MLDCs extend below the bottom of 
the PRB. At each MLDC site, a steep decreasing trend in 
PO

4
 concentrations was observed as ground water flowed 

upward through the bottom 10 to 20 cm of the PRB.
The ability of the MLDC to obtain representative water 

samples, such as those obtained by pumping from the 
VMLS and HMPS, was unknown. Concentration results for 
samples from vertically adjacent sampling ports (elevation 
difference less than 3 cm) were compared for several adja-
cent MLDC and VMLS (less than 0.5 m apart laterally). The 
PO

4
 concentrations for the two devices correlated strong-

ly (R2 = 0.8907, n = 16), confirming that the MLDC and 
VMLS yielded similar results. The results also verified field 
tests that established that a 2-week equilibration period was 

Figure 7. Phosphate concentrations in pore water samples collected from VMLS prior to and at 2, 11, and 23 months after instal-
lation of the PRB. Phosphate concentrations were reported by the USGS National Water Quality Laboratory as total dissolved 
phosphorus in mg/L as P. Locations of VMLS shown in Figure 2.
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sufficient for diffusion methods to match pumped-sampling 
methods.

During the equilibration period, a reddish-orange film 
developed on the nylon mesh covering the openings on the 
diffusion-sampler bottles set opposite the ZVI/sediment 
mixture (Figure 8). The presence and color intensity of the 
film was used to estimate the thickness of the PRB at each 
MLDC location. Although the design thickness was 61 
cm, the colored films indicated that the installed thickness 
ranged from 21 to 81 cm.

Seepage was measured during sampling events at 2, 11, 
and 23 months after installation of the PRB. At the control lo-
cation outside the PRB and about 7 m from the mean shoreline 
position, one seepage meter (1a) with a high flow rate (mean 
875 L/d/m2) for all sampling events is adjacent to a meter 
(1b) with a consistently lower flow rate (391 to 512 L/d/m2) 
(Table 1). Differences in water flux between seepage meters 
only about 1 m apart reflect the spatial variability in the rate 
of seepage through the pond bottom due to the heterogeneous 
nature of the sediments near and at the pond bottom.

Seepage results in Table 1 are mean rates from multiple 
measurements made at each meter during each sampling 
event; the multiple measurements varied an average of about 
6.6% from the mean measurement for that event. Changes 
in seepage rates between sampling events were much great-
er and reflect changes in pond stage. With the exception 
of the control site, higher stage resulted in a lower water 
flux as the distance from shore of a given meter increased 
(Table 1). This effect is consistent with the general observa-
tion at lakes that seepage rates decrease exponentially with 
increasing distance from shore (McBride and Pfannkuch 
1975). Water fluxes at the control site exhibited the inverse 
effect; water flux was greater as the distance from shore 
increased. PO

4
 flux calculations, determined as a product 

of water flux and PO
4
 concentration for each measurement, 

yielded values as low as 2.89 mg-P/d/m2 in the barrier and 
as high as 1260 mg-P/d/m2 at the control site (Table 1).

Discussion
The results from the first 23 months of monitoring 

demonstrate that the combination of devices was effective 
in providing the lateral, vertical, and temporal data on PO

4
 

concentrations needed for an initial evaluation of the PRB’s 
performance. All of the devices were in good operating 
condition after being in place for 2 years. The sampling ef-
forts generally transpired as expected, although unusually 
high water in 2006 required some modifications, such as 
the addition of extension tubes to the VMLS, the addition of 
handles to the tops of the MLDC to facilitate their retrieval 
in deeper water, and the installation of quick-connect fit-
tings on the seepage meters. During the study period, the 
maximum depth of water encountered was 1.1 m, which 
was suitable for wading during sampling. 

Installation of the devices, which were all constructed 
of PVC, to depths as great as 1 m below the pond bottom 
was possible because of the excavation to emplace the bar-
rier. Although this project demonstrated the operation and 
effectiveness of the various suction, diffusion, and seepage 
devices, the designs and installation methods would have to 
be modified for applications not involving dewatering and 
excavation with heavy equipment. A prototype VMLS con-
structed with steel rather than PVC was successfully driven 
into the bottom sediments, although with great difficulty. 
An attempt to install an MLDC in about 1 m of water by 
driving and washing prior to emplacement of the PRB was 
not successful.

An unexpected challenge during installation of the de-
vices was the vertical positioning of the VMLS and MLDC, 
which were designed so that the top sampling ports would 
be about the level of the pond bottom. They had to be set, 
however, after the site was dewatered and excavated. After 
the excavation was filled and graded to the approximate 
slope of the bottom, and currents and waves redistributed 
sediment to reform the natural bottom, some top sampling 

Figure 8. Phosphate concentrations in water samples collected from MLDCs at 2, 11, 15, and 23 months after installation of the 
PRB. Color observations from samples collected at 23 months from installation. Locations of MLDCs shown in Figure 2.
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ports were above the bottom and others were set deeper than 
intended.

The VMLS and MLDC produced comparable data on 
the steep vertical PO

4
 concentration gradients that formed 

within the PRB (Figures 7 and 8). The closely spaced sam-
pling ports on the MLDC allowed a finer resolution of the 
steep gradients (e.g., the decrease from 1 mg/L to less than 
0.1 mg/L PO

4
 [as P] at MLDC2 over less than 10 cm verti-

cally; Figure 8); however, VMLS could be designed with 
more sampling ports than were used in this study. In general, 
the level of effort required during sampling and the relative 
costs between the VMLS and MLDC were comparable. 

The MLDC had the additional advantage of passive 
sampling of the ground water, which avoided the mixing 
of water from different zones during pumping to purge and 
sample the VMLS. This advantage was especially evident 
in the samples from the top ports at the control site out-
side the barrier (VMLS F639 and MLDC1, Figures 7 and 
8). PO

4
 concentrations from the MLDC were elevated from 

about 100 cm below to the pond bottom, as expected in the 
untreated sediments, whereas the low PO

4
 concentrations 

at the top of the VMLS indicated dilution with pond water 
drawn down to the top port during sampling.

A limitation of the MLDC was the 60-mL sample vol-
ume, which was sufficient for measurement of specific 
conductance and PO

4
 concentration in the field but not for 

duplicate measurements or collection of additional samples 
for laboratory analysis. The VMLS, however, could be 
pumped to obtain sufficient volumes for measurement of 
other field parameters (e.g., pH) and collection of samples 
for laboratory analysis, although the pumping drew increas-
ing amounts of water from the aquifer volume as purging 
and pumping proceeded.

The ports of the VMLS and MLDC set below the PRB 
confirmed the presence of the PO

4
 plume but showed sub-

stantial variations in PO
4
 concentrations over time ( Figures 7 

and 8). These variations had to be characterized to deter-
mine whether the PRB was reducing the PO

4
 flux to the 

pond, but this would have been difficult using only the 18 
widely distributed data points at the VMLS and MLDC. The 
pairs of HMPS at two locations (Figure 2) provided evi-
dence that the PO

4
 discharge area migrated toward and away 

from shore as a function of the pond stage, and at times of 
high stage, such as at 23 months after barrier emplacement, 
some PO

4
 was presumed to have discharged landward of the 

PRB (Figure 6D). Temporary well points, VMLS, or MLDC 
would have been needed at 15 locations along each HMPS 
line to provide the same information. The HMPS also can 
be sampled from shore, which allows temporal monitoring 
of the PRB during winter when the pond is frozen or it is 
difficult to work in the water.

The data from the VMLS, MLDC, and HMPS indicat-
ed a substantial reduction in PO

4
 concentrations as ground 

water flowed upward through the PRB. Data from the close-
ly spaced sampling ports on the MLDC showed that much 
of the reduction in PO

4
 concentrations occurred in the lower 

part of the barrier, indicating a rapid removal of dissolved 
PO

4
 upon encountering the ZVI/sediment mixture. 
The PRB was designed to reduce the phosphate solute-

mass flux to Ashumet Pond. Direct estimation of a reduction 

in phosphate mass flux would require spatially distributed 
data on fluid flux and solute concentration; work is pres-
ently (2009) under way to measure the spatial distribution 
of fluid flux. The permanent seepage meters, although in-
stalled at only a few locations (Figure 2), provided direct 
evidence that PO

4
 flux to the pond was reduced by emplace-

ment of the PRB because the devices provide data on both 
fluid and solute-mass flux.

An indication of the effectiveness of the PRB can be 
obtained, however, by calculating the reduction of in situ 
solute mass between the deep and shallow sampling ports 
along the HMPS for the various sampling events. For these 
calculations, each HMPS was assumed to represent a hori-
zontally oriented cylinder of aquifer with a 2-cm radius. The 
mass in the hypothetical cylinder spanning the entire HMLS 
can be estimated as

 Total Mass L r2=
⎡
⎣⎢

⎤
⎦⎥
[ ][ ][ ]∑ c +c

2
=1

14
i i

i

+ 1 π n

where c
i
 and c

i+1
 are the PO

4
 concentrations at adjacent ports 

i and i + 1; L is the distance between ports; πr2 is the cross-
sectional area of the cylinder, and n is the porosity (0.39 
from Garabedian et al. [1991]). The results indicate a de-
crease in dissolved PO

4
 mass from the deep to the shallow 

HMPS of about 52% to 95% as the ground water from the 
treated wastewater plume flows upward through the PRB 
(Table 2). 

The potential reduction in fluid flux through the barrier 
because of clogging by mineral precipitation or microbial 
growth could not be evaluated because of the temporal vari-
ability in measured water flux at each seepage meter caused 
by the changing pond stage. A long period of monitoring 
may be needed to establish a stage–seepage relationship for 
each meter to identify a trend in seepage rates because of 
possible changes in hydraulic properties of the PRB. The 
use of permanent meters at fixed locations would facilitate 
this analysis.

Summary
A PRB composed of a mixture of ZVI and native sedi-

ments was placed on the bottom of Ashumet Pond on Cape 
Cod, Massachusetts, to reduce the load of PO

4
 to the pond 

from the discharge of a treated wastewater–ground water 
plume. Various suction, diffusion, and seepage devices were 
installed in and near the barrier to monitor its effectiveness. 
The devices met the design goals to provide spatially dis-
tributed monitoring points that were aesthetically accept-
able, rugged, and easy to use; yielded representative pore 
water samples; and did not detrimentally affect the integrity 
of the barrier. Chemical analyses of pore-water samples col-
lected from VMLS and MLDCs installed vertically through 
the PRB at 18 sites indicate a substantial decrease in PO

4
 

concentrations as ground water flows upward through the 
barrier. The MLDC worked best for delineating the steep 
concentration gradients through the barrier, whereas the 
VMLS provided greater sample volumes to allow measure-
ment of several field water-quality parameters and collection 
of samples for laboratory analysis. Pairs of HMPS installed 
along two transects perpendicular to shore provided data on 
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temporal variations in the discharge area of the PO
4
 plume 

and could be sampled from shore even when the pond was 
frozen. Permanently installed Lee-style seepage meters with 
removable lids provided data on ground water and phos-
phate flux. Data collected during the first 2 years after em-
placement of the PRB indicate that the barrier reduced PO

4
 

flux by as much as 95%.

Acknowledgments
The USGS Toxic Substances Hydrology Program and 

the Air Force Center for Engineering and the Environment 
(AFCEE) supported development and testing of the moni-
toring devices. The authors gratefully acknowledge the as-
sistance of Megan Chaisson, Jessica Cochrane, Nicholas 
Geboy, Jonathan King, Luke Parsons, and Laura Strumness 
of the USGS in designing, installing, and sampling the de-
vices. The authors would also like to thank Jon Davis, Jona-
than Blount, and Spence Smith of AFCEE for their technical 
advice and support, and the staffs of Environmental Chemi-
cal Corporation and their subcontractors, who were extraor-
dinarily cooperative as we installed the instrumentation 
during the barrier’s emplacement.

References 
[AFCEE] Air Force Center for Engineering and the Environment. 

2008. Ashumet Pond geochemical barrier project. http://mmr.
org/construction/ashpondgeochemproj.htm (accessed May 7, 
2008).

Air Force Center for Environmental Excellence. 2004. Final Ashu-
met Pond geochemical barrier for phosphorus removal: Design 
testing and installation work plan. MMR Document No. 17572. 
Prepared by CH2M Hill. 

Air Force Center for Environmental Excellence. 2007. Final Ashu-
met Pond 2006 phosphorus barrier technical memorandum. 
MMR Document No. 18539. Prepared by CH2M Hill. 

APHA, AWWA, and WEF. 1998. Standard Methods for the Ex-
amination of Water and Wastewater, 20th ed. Washington, DC: 
American Public Health Association, American Water Works 
Association, and Water Environment Federation.

Baker, M.J., D.W. Blowes, and C.J. Ptacek. 1998. Laboratory de-
velopment of reactive mixtures for the removal of phosphorus 
from onsite wastewater disposal systems. Environmental Sci-
ence & Technology 32, no. 15: 2308–2316.

Berg, P., and K.J. McGlathery. 2001. A high-resolution pore water 
sampler for sandy sediments. Limnology and Oceanography 
46, no. 1: 203–210.

Blowes, D.W., C.J. Ptacek, S.G. Benner, C.W.T. McRae, T. Ben-
net, and R.W. Puls. 2000. Treatment of inorganic contaminants 
using permeable reactive barriers. Journal of Contaminant Hy-
drology 45, no. 1–2: 123–137.

Cantrell, K.J., D.I. Kaplan, and T.W. Wietsma. 1995. Zero-valent 
iron for the in situ remediation of selected metals in groundwa-
ter. Journal of Hazardous Materials 42, no. 2: 201–212.

Carr, M.R., and T.C. Winter. 1980. An annotated bibliography of 
devices developed for direct measurement of seepage. USGS 
Open-File Report 80-344. Reston, Virginia: USGS.

Duff, J.H., F. Murphy, C.C. Fuller, F.J. Triska, J.W. Harvey, and A.P. 
Jackman. 1998. A mini drivepoint sampler for measuring pore 
water solute concentrations in the hyporheic zone of sand-bottom 
streams. Limnology and Oceanography 43, no. 6: 1378–1383. 

Farrell, J., M. Kason, N. Melitas, and T. Li. 2000. Investigation 
of the long-term performance of zero-valent iron for reductive 
dechlorination of trichloroethylene. Environmental Science & 
Technology 34, no. 3: 514–521.

Garabedian, S.P., D.R. LeBlanc, L.W. Gelhar, and M.A. Celia. 
1991. Large-scale natural gradient tracer test in sand and grav-
el, Cape Cod, Massachusetts. 2. Analysis of spatial moments 
for a nonreactive tracer. Water Resources Research 27, no. 5: 
911–924.

Gu, B., T.J. Phelps, L. Liang, M.J. Dickey, Y. Roh, B.L. Kinsall, 
A.V. Palumbo, and G.K. Jacobs. 1999. Biogeochemical dynam-
ics in zero-valent iron columns: Implications for permeable 
reactive barriers. Environmental Science & Technology 33, no. 
13: 2170–2177.

Hem, J.D. 1985. Study and interpretation of the chemical character-
istics of natural water. USGS Water-Supply Paper 2254. Reston, 
Virginia: USGS.

Henry, M. 2000. Appendix D: MHE push-point sampling tools. In 
Proceedings of the Ground-Water/Surface-Water Interactions 
Workshop, 191–200. USEPA EPA/542/R-00/007. Washington, 
DC: USEPA.

Hesslein, R.H. 1976. An in situ sampler for close interval pore water 
studies. Limnology and Oceanography 21, no. 6: 912–914.

John, P.H. and M.A. Lock. 1977. The spacial distribution of 
groundwater discharge into the littoral zone of a New Zealand 
lake. Journal of Hydrology 33, no. 3/4: 391–395.

Kamolpornwijit, W., L. Liang, O.R. West, and G.R. Moline. 2003. 
Heterogeneity development and its infl uence on long-term PRB 
performance: A column study. Journal of Contaminant Hydrol-
ogy 66, no. 3–4: 161–178.

Krom, M.D., P. Davison, H. Zhang, and W. Davison. 1994. High-
resolution pore-water sampling with a gel sampler. Limnology 
and Oceanography 39, no. 8: 1967–1972. 

LeBlanc, D.R. 2003. Diffusion and drive-point sampling to detect ord-
nance-related compounds in shallow ground water beneath Snake 
Pond, Cape Cod, Massachusetts, 2001-02. USGS Water-Resourc-
es Investigations Report 03-4133. Reston, Virginia: USGS.

LeBlanc, D.R. 1984. Sewage plume in a sand and gravel aquifer. 
USGS Water-Supply Paper 2218. Reston, Virginia: USGS.

LeBlanc, D.R., S.P. Garabedian, K.M. Hess, L.W. Gelhar, R.D. 
Quadri, K.G. Stollenwerk, and W.W. Wood. 1991. Large-scale 
natural-gradient tracer test in sand and gravel, Cape Cod, 
Massachusetts. 1. Experimental design and observed tracer 
movement. Water Resources Research 27, no. 5: 895–910.

Lee, D.R. 1977. A device for measuring seepage fl ux in lakes and 
estuaries. Limnology and Oceanography 22, no. 1: 140–147.

Li, L., C.H. Benson, and E.M. Lawson. 2005. Impact of mineral 
fouling on hydraulic behavior of permeable reactive barriers. 
Ground Water 43, no. 4: 582–596.

Liang, L., A.B. Sullivan, O.R. West, G.R. Moline, and W. Kamol-
pornwijit. 2003. Predicting the precipitation of mineral phases in 
permeable reactive barriers. Environmental Engineering Science 
20, no. 6: 635–653. 

Mackenzie, P.D., D.P. Horney, and T.M. Sivavec. 1999. Mineral 
precipitation and porosity losses in granular iron columns. 
Journal of Hazardous Materials 68, no. 1/2: 1–17.

McBride, M.S., and H.O. Pfannkuch. 1975. The distribution of 
seepage within lakebeds. U.S. Geological Survey Journal of 
Research 3, no. 5: 505–512.

McCobb, T.D., D.R. LeBlanc, D.A. Walter, K.M. Hess, D.B. 
Kent, and R.L. Smith. 2003. Phosphorus in a ground-water 
contaminant plume discharging to Ashumet Pond, Cape Cod, 
Massachusetts, 1999. USGS Water-Resources Investigations 
Report 02-4306. Reston, Virginia: USGS.

GWMR1235.indd   54GWMR1235.indd   54 7/5/09   5:23:30 PM7/5/09   5:23:30 PM



NGWA.org T.D. McCobb et al./ Ground Water Monitoring & Remediation 29, no. 2: 43–55 55

McCobb, T.D, D.R. LeBlanc, and R.S. Socolow. 1999. A siphon 
gage for monitoring surface-water levels. Journal of the Ameri-
can Water Resources Association 35, no. 5: 1141–1146.

McMahon, P.B., K.F. Dennehy, and M.W. Sandstrom. 1999. Hy-
draulic and geochemical performance of a permeable reactive 
barrier containing zero-valent iron, Denver Federal Center. 
Ground Water 37, no. 3: 396–404.

Montgomery, J.R., M.T. Price, J. Holt, and C.F. Zimmermann. 
1981. A close-interval sampler for collection of sediment pore 
waters for nutrient analysis. Estuaries 4, no. 1: 75–77.

Morrison, S. 2003. Performance evaluation of a permeable reactive 
barrier using reaction products as tracers. Environmental Sci-
ence & Technology 37, no. 10: 2302–2309.

Naftz, D., S.J. Morrison, C.C. Fuller, and J.A. Davis. 2002. Hand-
book of Groundwater Remediation Using Permeable Reactive 
Barriers—Applications to Radionuclides, Trace Metals, and 
Nutrients. San Diego, California: Academic Press.

O’Hannesin, S.F., and R.W. Gillham. 1998. Long-term performance 
of an in situ “iron wall” for remediation of VOCs. Ground Wa-
ter 36, no. 1: 164–170.

Paludan, C., and J.T. Morris. 1999. Distribution and speciation of 
phosphorus along a salinity gradient in intertidal marsh sedi-
ments. Biogeochemistry 45, no. 2: 197–221.

Parkhurst, D.L., K.G. Stollenwerk, and J.A. Colman. 2003. Reac-
tive-transport simulation of phosphorus in the sewage plume at 
the Massachusetts Military Reservation, Cape Cod, Massachu-
setts. USGS Water-Resources Investigations Report 03-4017. 
Reston, Virginia: USGS.

Patton, C.X., and J. Kryskalla. 2003. Methods of analysis by the 
U.S. Geological Survey National Water Quality Laboratory—
Evaluation of alkaline persulfate digestion as an alternative to 
Kjeldahl digestion for determination of total dissolved nitrogen 
and phosphorus in water. USGS Water-Resources Investiga-
tions Report 03-4174. Reston, Virginia: USGS.

Pickens, J.F., J.A. Cherry, G.E. Grisak, W.F. Merritt, and B.A. Ris-
to. 1978. A multilevel device for ground-water sampling and 
piezometric monitoring. Ground Water 16, no. 5: 322–327.

Powell, R.M., D.W. Blowes, R.W. Gillham, D. Schultz, T. Siv-
avec, R.W. Puls, J.L. Vogan, P.D. Powell, and R. Landis. 1998. 
Permeable reactive barrier technologies for contaminant re-
mediation. USEPA EPA/600/R-98/125. Washington, DC: 
USEPA.

Puls, R.W., C.J. Paul, and R.M. Powell. 1999. Application of in situ 
permeable reactive (zero-valent iron) barrier technology for the 
remediation of chromate-contaminated groundwater: A fi eld 
test. Applied Geochemistry 14, no. 8: 989–1000.

Repert, D.A., L.B. Barber, K.M. Hess, S.H. Keefe, D.B. Kent, D.R. 
LeBlanc, and R.L. Smith. 2006. Long-term natural attenuation 
of carbon and nitrogen within a groundwater plume after re-
moval of the treated wastewater source. Environmental Science 
& Technology 40, no. 4: 1154–1162.

Savoie, J.G., D.R. LeBlanc, D.S. Blackwood, T.D. McCobb, R.R. 
Rendigs, and S. Clifford. 2000. Delineation of discharge areas 
of two contaminant plumes by use of diffusion samplers, Johns 
Pond, Cape Cod, Massachusetts, 1998. USGS Water-Resources 
Investigations Report 00-4017. Reston, Virginia: USGS.

Sebestyen, S.D., and R.L. Schneider. 2001. Dynamic temporal pat-
terns of nearshore seepage fl ux in a headwater Adirondack lake. 
Journal of Hydrology 247, no. 3–4: 137–150.

Urban, N.R., C. Dinkel, and B. Wehrli. 1997. Solute transfer across 
the sediment surface of a eutrophic lake. I. Porewater profi les 
from dialysis samplers. Aquatic Science 59, no. 1: 1–25.

USGS. 2008. Cape Cod Toxic Substances Hydrology Research 
Site. http://ma.water.usgs.gov/CapeCodToxics/ (accessed May 
5, 2008).

Vroblesky, D.A., M.D. Petkewich, and T.R. Campbell. 2002. Field 
tests of diffusion samplers for inorganic constituents in wells 
and at a ground-water-discharge zone. USGS Water-Resources 
Investigations Report 02-4031. Reston, Virginia: USGS.

Vroblesky, D.A., and W.T. Hyde. 1997. Diffusion samplers as an 
inexpensive approach to monitoring VOC’s in ground water. 
Ground Water Monitoring & Remediation 17, no. 3: 177–184.

Wilkin, R.T., R.W. Puls, and G.W. Sewell. 2003. Long-term per-
formance of permeable reactive barriers using zero-valent iron: 
Geochemical and microbiological effects. Ground Water 41, 
no. 4: 493–503.

Zimmermann, C.F., J.R. Montgomery, and P.R. Carlson. 1985. 
Variability of dissolved reactive phosphate fl ux rates in near-
shore estuarine sediments: Effects of groundwater fl ow. Estuar-
ies 8, no. 2b: 228–236. 

Editor’s Note: Any use of trade, product, or firm names is 
for descriptive purposes only and does not imply endorsement 
by the U.S. Government.

Biographical Sketches
Timothy D. McCobb, corresponding author, is a hydrologist 

with the USGS Massachusetts-Rhode Island Water Science Center. 
He can be reached at USGS, MA-RI WSC,10 Bearfoot Rd., North-
borough, MA 01532; (508) 490-5016; tmccobb@usgs.gov.

Denis R. LeBlanc is a research hydrologist with the USGS 
Massachusetts-Rhode Island Water Science Center. He can be 
reached at USGS, MA-RI WSC,10 Bearfoot Rd., Northborough, 
MA 01532; (508) 490-5030; dleblanc@usgs.gov.

Andrew J. Massey is a physical scientist with the USGS Mas-
sachusetts-Rhode Island Water Science Center. He can be reached 
at USGS, MA-RI WSC,10 Bearfoot Rd., Northborough, MA 01532; 
(508) 490-5037; ajmassey@usgs.gov.

GWMR1235.indd   55GWMR1235.indd   55 7/5/09   5:23:30 PM7/5/09   5:23:30 PM


