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Identifying and quantifying groundwater exchange is critical when considering contaminant fate and
transport at the groundwater/surface-water interface. In this paper, areally distributed temperature and
point seepage measurements are used to efficiently assess spatial and temporal groundwater discharge
patterns through a glacial-kettle lakebed area containing a zero-valent iron permeable reactive barrier
(PRB). Concern was that the PRB was becoming less permeable with time owing to biogeochemical
processes within the PRB. Patterns of groundwater discharge over an 8-year period were examined using
fiber-optic distributed temperature sensing (FO-DTS) and snapshot-in-time point measurements of
temperature. The resulting thermal maps show complex and uneven distributions of temperatures across
the lakebed and highlight zones of rapid seepage near the shoreline and along the outer boundaries of
the PRB. Repeated thermal mapping indicates an increase in lakebed temperatures over time at periods
of similar stage and surface-water temperature. Flux rates in six seepage meters permanently installed
on the lakebed in the PRB area decreased on average by 0.021 md~' (or about 4.5 percent) annually
between 2004 and 2015. Modeling of diurnal temperature signals from shallow vertical profiles yielded
mean flux values ranging from 0.39 to 1.15 md ™, with stronger fluxes generally related to colder lakebed
temperatures. The combination of an increase in lakebed temperatures, declines in direct seepage, and
observations of increased cementation of the lakebed surface provide in situ evidence that the perme-
ability of the PRB is declining. The presence of temporally persistent rapid seepage zones is also
discussed.

Published by Elsevier Ltd.

1. Introduction

and ponds at low-to-moderate concentrations can lead to concerns
over eutrophication if those inputs enter in areas of high ground-

Understanding groundwater exchange at the groundwater/sur-
face water (GW/SW) interface is essential for characterizing the fate
and transport of contaminants. The heterogeneous nature of stream
and lakebed sediments can result in a highly variable distribution of
areal fluid flux across this interface (Kamolpornwijit et al., 2003;
Kazmierczak et al., 2016; Rosenberry et al., 2016, 2015). Whereas
groundwater-contaminant concentrations (mass per volume)
below a lakebed can be obtained with spatially dense sampling
techniques, estimates of mass-contaminant flux (mass per time)
require spatially detailed fluid flux estimates which can be difficult
to quantify. For example, nutrient inputs from groundwater to lakes
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water flux. Significant total constituent loading to receiving waters
can occur that would not reflect the concentrations at the limited
point scale. Even with the recent development of new measure-
ment technologies, quantifying accurate spatiotemporal ground-
water discharge patterns is difficult, and examples of field
examinations over large areas and longer timeframes are limited.
The assessment of risk to the ecological health of a receiving water
body relies strongly on the information regarding groundwater
fluxes in systems, which are too often based on sparse point-in-
time measurements.

In zones of persistent groundwater contamination, mass loading
of surface-water bodies can be initially decreased through the
installation of in situ permeable reactive barriers (PRB) that inter-
cept and alter the chemistry of discharging flowpaths. PRBs are an
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innovative groundwater remediation technology that uses reactive
material placed along a groundwater flowpath to passively reme-
diate contaminated groundwater through sorption, precipitation,
reaction, and biodegradation processes. Common materials used
for PRBs include zerovalent iron (ZVI), biological barriers,
surfactant-modified zeolites, and peat moss. However, long-term
monitoring of such remediation solutions is typically not system-
atic and spatially distributed, even though PRBs are expected to
decrease in efficacy over time. For example, laboratory and nu-
merical simulation have shown strong potential for PRB clogging or
reduced permeability from mineral precipitation and biogeo-
chemical changes as a PRB ages (Gu et al., 1999; Kamolpornwijit
et al,, 2003; Li et al,, 2005; Liang et al., 2003; Su and Puls, 2003).
Reduced permeability from corrosion and mineral precipitation can
lead to reduced treatment effectiveness by decreasing hydraulic
residence times (via focused discharge) and total flow though the
PRB (Sass et al., 1998). Hydraulic bypassing or short circuiting can
occur where preferential flow paths follow more permeable zones
outside of the barrier. Few field examples of sufficient duration and
consistent methodology are documented in the literature about
PRB performance issues over time owing to the difficulty of
monitoring flow characteristics through PRBs, which are typically
installed vertically at depth in an aquifer. Examining sediment
cores, Phillips et al. (2010) reported restricted groundwater flow
thorough a ZVI PRB, likely by mineral precipitation and ZVI filings
clumping together through cementation. Wilkin et al. (2003)
documented reductions in porosity ranging between 0.032 and
0.062 by using multiple cores at two PRBs after only 4 years.
Limited documentation is published on the long-term performance
of horizontal reactive barriers installed more recently at the shores
of lakes, ponds, and coastal estuaries.

Traditional field methods to examine and quantify groundwater
exchange at many scales across the interface include direct point
measurements of water flux by using physical seepage meters (Lee,
1977; Lee and Cherry, 1978; Carr and Winter 1980; Murdoch and
Kelly, 2003; Rosenberry and Morin, 2004; Rosenberry et al,,
2016), Darcian methods utilizing hydraulic head and hydraulic
conductivity from field measurements to estimate vertical specific
discharge (e.g. Rosenberry and LaBaugh, 2008), water and chemical
budget approaches such as differential stream gaging and chemical
tracer tests in streams (e.g. Harvey et al., 1996) and the segmented-
lake budget method (e.g. Healy et al., 2007), and the use of heat as a
tracer of water flow (Anderson, 2005; Constantz et al., 2003). In
recent years, heat-based methods have become more routine,
yielding great advances in both temperature measurement tech-
niques and simulation of coupled heat and water transport as
documented by many review papers (Anderson, 2005; Constantz,
2008; Irvine et al., 2017b; Stonestrom and Constantz, 2003). Tem-
perature is a relatively easy, inexpensive, and robust parameter to
measure, making it an attractive approach for groundwater
discharge field investigations (Kalbus et al., 2006). In general, the
use of temperature as a tracer relies on differences in groundwater
and surface-water temperatures to spatially identify areas of GW/
SW exchange, while vertical thermal profiles in bed materials are
used to model exchange rates (Rau et al., 2014).

Thermal mapping of spatial thermal patterns at or near the bed
interface to indicate the distribution of groundwater discharge has
been applied in fluvial settings by using many different method-
ologies. Snapshot-in-time (S-I-T) measurements of temperature,
collected over short time intervals (hour scale), utilize a tempera-
ture probe inserted into the bed sediment to a given depth to
delineate patterns in temperature differences between surface
water and sub-bottom groundwater (e.g. Conant, 2004; Gordon
et al., 2013; Irvine and Lautz, 2015; Lautz and Ribaudo, 2012). The
sub-bottom temperatures are governed by heat conduction

between surface water and groundwater and vertical heat advec-
tion of surface or groundwater (Conant, 2004). Collection of data
within the subsurface (rather than on the interface itself) can
amplify spatial variability in thermal signals resulting from pref-
erential flow and reduce the effect of differential solar heating. In
advection-dominated discharge zones, sub-bottom temperatures
more closely reflect the relatively stable deeper groundwater
temperature; in conduction-dominated zones, sub-bottom tem-
peratures closely track the surface-water temperature (Stonestrom
and Constantz, 2003). Contrasts in temperature can be used to
identify exchange zones and vary as temperatures change daily and
seasonally (Conant, 2004; Lautz and Ribaudo, 2012).

Groundwater studies have used fiber-optic distributed temper-
ature sensing (FO-DTS) to characterize exchange with surface water
(Selker et al., 2006). The technology is based on the evaluation of
laser-light backscatter that occurs as light travels along optic fibers
to provide high spatial resolution (typically 0.125—2m), real-time
monitoring of temperature along the entire length of a cable
(Tyler et al., 2009). FO-DTS has been used as a tool to spatially
identify and characterize seepage zones in fluvial, lacustrine, and
estuarine settings (Selker et al., 2006; Westhoff et al., 2007; Lowry
et al., 2007; Henderson et al., 2009; Slater et al., 2010; Sebok et al.,
2013), applied vertically at the GW/SW interface (Briggs et al., 2016,
2012; Mamer and Lowry, 2013), and in fractured rock boreholes to
assess vertical water movement (Read et al., 2013; Banks et al.,
2014).

Vertical groundwater flux at the GW/SW interface can be
quantified by numerical and analytical modeling of depth profiles
of temperature under a variety of configurations (Irvine et al.,
2017a; Rau et al., 2010). Numerical models that solve the flow
and heat-transport equations in porous media, such as VS2DH
(Healy and Ronan, 1996; Koch et al., 2016) and SUTRA (Voss, 1984),
have been developed to solve coupled flow and heat transport
problems. Signal-based analytical solutions utilize diurnal signal
amplitude ratio and/or phase lag characteristics between two
depths to quantify vertical fluid flux (Bredehoeft and Papadopulos,
1965; Carslaw and Jaeger, 1959; Goto et al.,, 2005; Hatch et al,,
2006). Recent work has shown that amplitude ratio-based analyt-
ical models in particular can yield vertical groundwater flux infor-
mation that is similar to that obtained from numerical models (e.g.
Briggs et al,, 2014) and physical seepage meters (e.g. Rosenberry
et al, 2016), at sub-daily temporal resolution over extended
periods.

The purpose of this study was to assess long-term hydrologic
changes at a passive ZVI PRB installed on a lakebed to intercept a
known phosphate plume in groundwater at its discharge point
under natural gradient conditions. Here we examine indicators of
long-term water fluxes over multiple years through the lakebed
PRB by using repeatable, inexpensive, robust, and time-efficient
monitoring techniques and relate them to PRB performance. The
paper will discuss hydrologic implications for contaminant treat-
ment, indications of PRB clogging, and the presence of persistent
focused groundwater discharge zones.

2. Site description and hydrologic setting

Patterns of groundwater discharge over 11 years were examined
at a lake-bottom ZVI PRB installed to intercept a discharging
phosphate plume originating from upgradient wastewater infil-
tration beds (McCobb et al., 2009a). An ongoing concern that is
typical of most ZVI PRB sites is that the PRB is becoming less
permeable with time owing to biogeochemical processes related to
iron oxidation and formation of iron-phosphate minerals and,
therefore, less effective at removing phosphate from groundwater
discharging to the lake. The PRB covers 1100 m? of lakebed along
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91 m of the shoreline of Ashumet Pond, a glacial kettle lake located
in Falmouth, Mass., on western Cape Cod (Fig. 1). The PRB, installed
in October 2004, consists of 30 tons of granular ZVI mixed into
ambient lakebed material to a depth of about 0.75m. The
geochemical design life of the PRB is 20 years given measured
phosphate concentrations and expected discharge rates (McCobb
et al., 2009a, 2003). The bed materials consist of poorly sorted
fine to medium sands with some cobbles. Most cobbles in the PRB
area were removed from the matrix during the installation mixing
process. Previous direct point-scale measurements of seepage in
the area ranged from 0.003 to 0.967 md~! (Air Force Center for
Environmental Excellence, 1997; McCobb et al, 2009a;
Rosenberry et al., 2013; Rosenberry and Morin, 2004). McCobb et al.
(2009a) reported differences in mean seepage flux from paired
meters spaced less than 1 m apart ranging from 0.003 to 0.455
md~, with a mean difference of 0.146 md~! indicating strong in-
fluence of near-surface heterogeneity on discharge rates.
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Groundwater in the treatment zone of the PRB is geochemically
characterized as suboxic to anoxic, with greatly elevated specific
conductance, pH, and dissolved iron, relative to background
groundwater and the lake water (McCobb et al., 2009b). Spatial
snapshots of concentration obtained by using temporary well
points have shown that the PRB is effective at removing phosphate,
although the effectiveness varies with pond stage, with less
removal at periods of higher stage when the plume discharges
landward of the PRB boundary near the shoreline where water flux
rates are typically greatest (McCobb et al., 2009b).

3. Methods

A toolbox approach of comprehensive lakebed temperature
mapping and point-scale measurements of seepage flux was used
to examine spatial and temporal seepage patterns in the area of the
lakebed PRB. Four methods were employed in this work—fiber-
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Fig. 1. Areal distribution of phosphate concentrations in lake-bottom groundwater prior to installation of a permeable reactive barrier, July 2004, Ashumet Pond, Cape Cod,

Massachusetts.
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optic distributed temperature sensing, snapshot-in-time tempera-
ture measurements, seepage meters, and vertical temperature
profilers. The application of each technique is described in detail
below. Although the techniques for evaluating PRB efficacy were
not applied concurrently for the period of evaluation, the methods
are comparable and provide a robust examination of spatial and
temporal seepage patterns near the lakebed PRB.

3.1. Nearshore lakebed temperature using fiber-optic distributed
temperature sensing

The distribution of lakebed temperatures was determined over
an 18-hour period in May 2007, 2.4 years after PRB installation, by
using a LIOS FO-DTS system (LIOS Technology, Cologne, Germany,
model 2000/4000) connected to a 1000-m-long tight-buffered,
flexible military-tactical fiber-optic cable (AFL, a subsidiary of
Fujikura Ltd., Japan) with aramid for tensile strength and a poly-
urethane jacket. The FO-DTS system measures temperature by
means of optical fibers that function as linear sensors of
temperature-dependent laser light backscatter, producing tem-
perature values to an accuracy of ~0.1 °C over each 1-m length of
cable. In this application, the cable was deployed using a boat in a
zig-zag pattern over the PRB area. Divers used weights to ensure
that the cable was flush against the lakebed. The configuration
produced temperatures (n =491) for each minute of deployment.
Measurements were performed in single-ended mode, where light
is transmitted in only one direction along the cable. The cable was
tested and georeferenced using an ice bath, and the position of each
vertex of the layout was determined using a handheld Trimble
GeoXT GPS unit to submeter accuracy (Trimble Inc., Sunnyvale, CA).
Hobo Tidbit temperature loggers (Onset Computer Corp., Bourne,
MA, part no. UTBI-001) spaced along the cable provided verification
of FO-DTS readings. The FO-DTS survey occurred in late spring
during above average stage level (14.11 m) and the mean surface-
water temperature was cooler relative to later summer months.
Hobo temperature/light data loggers (Onset Computer Corp.,
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Bourne, MA, part no. UA-002-08) recorded surface-water temper-
atures and light intensity to monitor potential solar heating at 5-
min intervals at a site located 20 m from shore and 10 cm above
the lakebed over the 18-hr measurement period (Fig. 2B).

3.2. Snapshot-in-time measurements of groundwater temperature
below lakebed

Snapshot-in-time temperature measurements at 10 cm below
the lakebed in and around the area of the PRB were made using a T-
type thermocouple probe (Omega Engineering, Norwalk, CT, part
no. THSS-14U-RSC-6) affixed to a rigid PVC rod and handheld
thermometer (Cole Parmer, Vernon Hills, IL, part no. EW-91100-20).
The measurements were made during the early hours of two
consecutive mornings on July 29—30, 2008, August 7—8, 2014, and
August 19—20, 2015 between sunrise and 0930, during periods of
no precipitation and minimal wind. In 2008 and 2014, point tem-
perature measurement locations (n=417 and n =329, respec-
tively) were determined by using the handheld GPS. In 2015, point
temperature measurement locations (n = 326) were recorded with
a Nikon Nivo 5.M Total Station (Nikon Corporation, Tokyo, Japan) to
greater than 3-mm accuracy. The lake shoreline position of each
event was also recorded using handheld GPS, and all surveys
included readings at permanent lakeshore monuments set up for
the duration of the study to ensure positioning between surveys
was directly comparable.

Temperature snapshots for each measurement period were
collected during periods of similar pond stage (13.64 m, 13.56 m,
and 13.51 m, respectively; site no. 413758070320501 at https://
nwis.waterdata.usgs.gov) and at similarly warm mean surface-
water temperatures relative to groundwater (26.0°C, 23.3°C,
26.7°C, respectively). Background groundwater temperature
immediately upgradient of the lake in a well screen 1.5 m below the
water table was steady at approximately 10 °C (Savoie et al., 2012,
Fig. 1), which is about the local mean annual air temperature.
Repeated measurements at control sites during each event showed

Ashumet Pond

FO-DTS temperature at
lake bottom, in °C

200
imo
Stage=14.11m
surface water temperature @ 0851 =20.5C
Mean temp. = 17.9°C
Max. temp. = 19.4°C
Min. temp. = 15.5C

Measurement point
20 Meters

B. May 31, 2007 0851

Fig. 2. Lake-bottom temperature determined using fiber optic distributed temperature sensing for evening and morning measurement snapshots, May 30—31, 2007.
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slight daily increases in  surface-water temperature
(mean + 0.96 °C) and lakebed groundwater temperatures
(mean + 1.03 °C) as the surveys progressed through the early
mornings owing to solar heating. The target measurement area
covered the area inside the PRB and extending 6 m north, 14 m
south, and 4.5 m lakeward of the PRB boundary, and from 1.5 to
3.5 m between the PRB and the inter-annual shoreline position.

The S-I-T temperature measurements and the FO-DTS data were
interpolated spatially using a built-in algorithm in ArcGIS (ESRI,
Redlands, CA) that uses a thin-plate spline interpolation technique
(Topo-to-Raster), similar to the method used by Gordon et al.
(2013) when evaluating vertical fluid flux around stream restora-
tion structures. To quantify the spatial persistency in observed
thermal patterns within the PRB zone across surveys, the correla-
tion between inter-annual temperature patterns was assessed with
the Spearman's Rank Correlation Coefficient Test using the CORR-
COEEm Matlab program (freely available from http://numerics.
mathdotnet.com).

3.3. Long-term direct measurements of seepage

During backfilling of the PRB material in 2004, three pairs of
half-barrel seepage meters with removable lids were emplaced on
the lakebed in the PRB area at distances of 1.4, 5.9, and 9.6 m from
the shoreward boundary of the PRB (McCobb et al., 2009a). This
design allows the lid to be removed between field campaigns so
that natural bed evolution within the measured area occurs at the
same rates and in the same ways as elsewhere within and beyond
the PRB. One pair of meters was installed outside of the southwest
boundary of the PRB, 5.5 m from the October 2004 shoreline po-
sition (Fig. 1). The meters are a modified version of the design by
Lee (1977), and measurements followed practical considerations by
Rosenberry and LaBaugh (2008). Each meter consists of a 208-L
polyethylene, drum cut to a length of 0.8 m and fitted with a
removable 0.56-m-diameter lid. A 1.3-cm-diameter hole was dril-
led into each lid to allow outflow or inflow to be measured. During
installation, the top rim of each barrel was positioned to be at the
expected grade after backfilling. Each meter cylinder was
completely filled with the ZVI/lakebed mixture. The paired meters
are separated by approximately 1m (McCobb et al, 2009a).
Beginning in 2004, direct measurements of seepage were made
annually over an 11-year period. The mean seepage rate at each
meter was determined from 3 to 5 consecutive measurements
made over a 1-2 h period.

3.4. Short-term seepage patterns using vertical temperature
profilers

From August 21, 2015 to September 3, 2015, vertical tempera-
ture profilers designed to quantify groundwater discharge dy-
namics were installed at seven locations that generally spanned the
range of lakebed temperatures observed during the corresponding
snapshot survey. Similar to the design of Briggs et al. (2014), hollow
stainless steel pipes (2.5 cm OD) were slotted horizontally to allow
installation of iButton thermal data loggers (Maxim Integrated
DS1922L, 0.0625 °C precision) protected with waterproof silicone
caulking. The temperature profilers were gently tapped into the
cobbly bed by first driving and then removing a solid rod to create a
guide hole of slightly smaller diameter than the logging devices as
demonstrated for coarse-grained streambed material by Gordon
et al. (2013). After installation, the thermal loggers were located
at 0.01, 0.04, and 0.11 m depths, except at two locations where a
0.07-m depth logger was also included.

The diurnal temperature signal amplitude attenuation-based
analytical model that is solved automatically with the VFLUX2

software package (Irvine et al., 2015) was used to resolve vertical
groundwater seepage at sub-daily intervals; VFLUX2 is run in the
Matlab environment (Mathworks, Natick MA). As described by
[rvine et al. (2017b), diurnal signals collected in sediments where
the heat transport is dominated by conduction are the most
appropriate for measuring saturated thermal diffusivity (K.), which
is the master conductive parameter of the attenuation-based
analytical solutions employed by the VFLUX2 program. Because
K. may be anomalously high in sediments with metal oxide
deposition, such as that in the area of the PRB, this parameter was
measured in situ by using the relation developed by Luce et al.
(2013) and included in VFLUX2. The two 4-logger profilers were
located in areas shown to be anomalously warm in the 2015 S-I-T
bed temperature survey, likely indicating low-flux conditions ideal
for K. evaluation. A representative K. value was then used to model
groundwater seepage over time by using the VFLUX2 “vflux_-
qar_opt” approach defined by Irvine et al. (2017b) at all tempera-
ture profiler locations. For comparison, direct measurements of
groundwater seepage were also collected in similar locations as the
seven temperature profilers on August 20, 2015, by using
temporarily-placed seepage meters following the approach of Lee
(1977).

4. Results

The large-area thermal mapping efforts that used FO-DTS and S-
[-T thermal-probing methodologies, in combination with direct and
modeled seepage fluxes, were examined over multiple years to
assess potential hydraulic changes in a lakebed PRB. The datasets
produced by these efforts and associated metadata are available in
McCobb et al. (2018).

4.1. Thermal mapping of bed temperatures by using fiber-optic
distributed temperature sensing

The distribution of the interpolated temperatures from the 2007
FO-DTS deployment revealed much spatial variability over the test
area. Fig. 2 shows two snapshot periods during contrasting snap-
shots of the diurnal signal—at 1948 h on May 30, 2007 (PM) and at
0851 h on May 31, 2007 (AM). Recorded surface-water tempera-
tures for both times differed by only 0.1 °C (mean 20.45 °C), how-
ever, the means and ranges of lakebed temperatures varied greatly
between the two datasets (Table 1). The difference reflects direct
solar warming of the lakebed sediments during the snapshots later
in the day as exhibited by the light data recorder that showed
greater than twice the maximum light intensity during the PM
hours (17,900 lux) than the early AM hours after sunrise (8600 lux).

The two temporal snapshots of interpolated FO-DTS data show
complex distributions of temperatures with areas of persistent cold
and hot anomalies relative to each dataset's respective mean
temperature. These distributions varied both parallel to shore and
normal to shore. Generally, the coolest temperatures were detected
in the nearest 5m from the shoreline; however, an exponential
increase in temperature with distance from shore, a characteristic
commonly used to describe lacustrine groundwater discharge in
homogenous systems (McBride and Pfannkuch, 1975), was not
clearly evident. Most focused cooler anomalies, presumed to be
zones of strong groundwater upwelling, were located throughout
the northern third of the study area while the southern PRB zone
had a more consistent interface temperature with a few strong
cooler patches. Two of these cooler patches, both located about
15 m from shore in the southern and mid-study areas, persisted
throughout both snapshots and corresponded with topographic
lows in the lakebed surface. Southeast of the PRB, within 15 m from
shore, only warm temperatures comparable with the surface-water
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Table 1

Information and statistics regarding the lake bottom and lakebed temperature datasets [FO-DTS, fiber-optic distributed temperature sensing; S-I-T, snapshot-in-time; °C,

degrees Celsius].

Statistic FO-DTS S-I-T
2007 (PM) 2007 (AM) 2008 2014 2015
Start date May 30 May 31 July 29-30 August 7—-8 August 19—20
Pond stage (m) 14.11 14.11 13.64 13.56 13.51
Surface-water temperature (°C) 204 20.5 26.0 233 26.7
Full study area Number of snapshot points 491 491 417 329 326
Maximum temperature (°C) 20.3 194 27.0 25.8 279
Minimum temperature (°C) 16.2 154 119 13.2 139
Range (°C) 4.1 4.0 15.1 12.6 14.0
Mean temperature (°C) 19.1 18.0 19.9 21.2 225
Standard deviation (°C) 0.67 0.74 2.95 2.44 2.89
PRB area Number of snapshot points 229 229 196 173 158
Maximum temperature (°C) 20.0 19.0 27.2 24.8 26.2
Minimum temperature (°C) 171 159 119 14.5 149
Range (°C) 2.9 3.1 15.3 10.3 11.3
Mean temperature (°C) 19.0 17.9 19.5 214 229
Standard deviation (°C) 0.53 0.58 2.23 1.88 2.27

temperature were detected.

4.2. Thermal mapping of bed temperatures using snapshot-in-time
sub-surface probe measurements

Interpolated thermal maps from the earliest (2008) S-I-T mea-
surements of lakebed temperature (10cm below the lakebed)
display many spatial characteristics also shown by the initial FO-
DTS survey, most notably the strongest warm zone southwest of
the PRB area and the cool anomalies at the lakeward edge of the

July 29-30, 2008 |

Full study area

PRB area

"

August 7-8, 214

4 10cm
e bottom, in °C

Min Temp: 11.8'C
ax Temp: 27.0°C
nTemp: 19.7°C

20 Meters Measurement point

PRB and in the northern PRB area (Fig. 3). Although the FO-DTS
provided high data resolution along linear transects collected
simultaneously in time, a higher density of measurement locations
throughout the study area was achieved with the S-I-T thermal
mapping method. This resulted in an improved spatial definition of
groundwater-influenced bed temperature patterns.

In general, consistent features in lakebed groundwater tem-
peratures persisted throughout the 7-year period. Larger, contig-
uous areas of cool temperatures (<16 °C) were present within the
first 3m from shore, particularly in the earliest (2008) snapshot

e: 1351 m
mp: 267
Temp C
Max Temp
Mean Temp:
I irement point
@ 2015 profile location

Fig. 3. Lake-bottom temperature determined using fiber optic distributed temperature sensing for evening and morning measurement snapshots, May 30-31, 2007.
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Table 2
The Spearman's ranked correlations test between interpolated lakebed thermal
maps within the PRB zone.

Year pairing Correlation coefficient p value
2008—2014 0.68 <0.01
2008—-2015 0.61 <0.01
2014-2015 0.64 <0.01

during the period of highest stage (Table 1). Surprisingly, the
coldest temperatures recorded during the 2008 and 2015 snapshots
were located offshore along the outer edge of the PRB at locations of
topographic lows. For all snapshots, the warmest temperatures,
comparable to surface water, occurred in a contiguous area
southwest of the PRB extending from the shoreline lakeward to the
outer boundary of the study.

The Spearman rank test between each pairing of the three
snapshots of interpolated S-I-T lakebed temperatures inside the
PRB area shows that the spatial pairings are strongly and positively
correlated (Table 2). This confirms the qualitative visual analysis
discussed above that relatively warm and cool zones were located
in similar PRB regions, indicating control of these patterns by the
physical process of groundwater upwelling, rather than simple
differential lakebed solar heating. The correlation between the
successive survey pairs (2008—2014 and 2014—2015) decreased
slightly from 0.68 to 0.64 and was lowest (0.61) when comparing
the first and last surveys. The decrease in correlation over time may
reflect the effect of clogging processes, particularly in the southern
PRB zone where cool anomalies appear to diminish by 2015 (Fig. 3).

July 28-29, 2008

PRB area

Ashumet Pond

20 Meters

Groundwater temperature at 10 cm
normalized (0-1) to surface-water temperature
(value of 1)

Hl0-<0.1
B0.1-<0.2
Em0.2-<03
E03-<04
CJ104-<05
[105-<06
[106-<07
Em07-<08
mm08-<09
mm09-10
mm>1.0

Surface-water temperatures for 2008 and 2015 were near an
annual high and within a 0.9 °C difference of each other, whereas
the 2014 survey occurred at a slightly lower surface temperature,
resulting in a smaller range and standard deviation of temperatures
for the snapshot (reduced contrast between surface water and
groundwater, Table 1). Overall, mean temperatures over both the
full study and the PRB-only areas increased with time. Mean tem-
peratures between 2008 and 2015, a period of similar surface-
water temperature, in the full study area increased 2.6 °C; inside
the PRB mean temperatures increased 3.4 °C.

Comparisons of the spatial characteristics of S-I-T datasets over
time are complicated by the differing ranges by year, and particu-
larly the maximum range, which occurs in areas where downward
conduction is particularly dominant. To facilitate comparison of
spatial and temporal trends between datasets, each S-I-T dataset
was normalized to the surface-water temperature at the time of
sampling. The normalized thermal maps represent temperature as
a scalar of surface-water temperature (0.0—1.0), with low values
representing upward advection-dominated zones and values of
unity representing zones of thermal conduction (Fig. 4). The
normalized thermal maps accentuate the presence of advection-
dominated zones nearest the shoreline, along the lakeward PRB
boundary, and at both lateral PRB boundaries. The normalized
datasets visually show trends in warming over the PRB area over
time with a strong decrease in areas of normalized temperatures
less than 0.8 inside the PRB area with time, reflective of increasing
temperatures. In addition to the increases over the PRB area, tem-
peratures were warmer along the shoreline in 2015, a period when
the lake stage was low and the margin between the shoreline and

Ashumet Pond

20 Meters

Ashumet Pond

20 Meters

Fig. 4. Maps showing groundwater temperature (10-cm below the lake bottom) normalized to surface water temperature in 2008, 2014, and 2015 in the area of a permeable

reactive barrier.
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Fig. 5. Maps showing areas of lakebed groundwater with normalized temperature less than 0.5 (strong groundwater upwelling) in the area of a permeable reactive barrier.

the PRB boundary was narrowest.

Spatial patterns in normalized temperatures less than 0.5, a
range expected for strong groundwater upwelling, clearly show a
reduction in area inside the PRB between the 2008 and the 2014/
2015 datasets (Fig. 5). The area of normalized temperature less than
0.5 decreased from 324 m? in 2008 to 101 m? in 2015. The shape
and size of areas of normalized temperature less than 0.5 outside of
the PRB did not greatly change during this same period. In the later
snapshot rounds, an increased occurrence of difficulty in advancing
the thermocouple probe past a crusty layer in the first few centi-
meters provided qualitative evidence of cementation at the lakebed
interface. Also, during all snapshots, evidence of migration of PRB
material to areas outside of the PRB boundary (e.g. red staining
along shoreline and south of the PRB) was noted.

4.3. Measured seepage patterns (long and short term)

Seepage flux over the PRB area was assessed through direct
measurements of seepage through half-barrel meters collected
annually over an 11-year span as well as at a sub-daily temporal
scale by using modeled vertical temperature profiles.

As described by McCobb et al. (2009a), seepage rates from pairs
of meters at sites 2, 3, and 4 (referred to as 2A/B, 3A/B, and 4A/B,
respectively) inside the PRB boundary are inversely proportional to
distance from shore (Fig. 6). Mean seepage rates over the 11-year
period at 1.4, 5.9, and 9.6 m from the shoreward boundary of the
PRB were 043, 0.27, and 012 md~’, respectively. Long-term
seepage measurements generally show a declining trend

throughout the period with only slight variations related to change
in lake stage. The seepage rates decreased on average by 0.021
md~! (or about 4.5 percent) annually over this period for the six
meters inside the PRB area.

Annual mean seepage outside the barrier at site 1A/B ranged
from 0.22 to 0.84 md~! over the 11-year period. Consistent differ-
ences in seepage flux between the two closely spaced meters reflect
local heterogeneity at the lakebed. Seepage fluxes through 2011
responded inversely to lake-stage changes, with increasing surface-
water depth resulting in decreasing flux; after 2011, however, an
apparent positive relation to lake stage was established at some
seepage meters. Abundant red iron precipitation on the lakebed is
present in this area providing direct evidence that PRB material has
migrated outside of the treatment area over time.

In a comparison of mean seepage rates outside of the PRB (site
1) during periods with similar lake stages in 2005 and 2012 (0.02 m
difference), mean seepage decreased by 0.13 md~! (or 22 percent).
For that same period inside the PRB, mean seepage over all six
meters decreased by an average of 0.22 md~! (or 62 percent).
Similar declines in seepage were recorded between the 2008 and
2015 measurement sets, which also were made during periods with
similar lake stages. Slight declines in seepage over time outside of
the PRB could be the result of gradual movement and re-deposition
of iron material from the PRB.

In 2015, shorter term (sub-daily) patterns in seepage inside the
PRB boundary were assessed using vertical temperature profilers at
seven locations chosen to span the general range of bed tempera-
tures measured during the 2015 S-I-T thermal mapping (Fig. 3). The
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Fig. 6. Water flux at permanent seepage meters installed in and near the permeable reactive barrier, November 2004-August 2015. Locations of seepage meter pairs shown on Fig. 1.
Site 1A/B is located outside the PRB; sites 2,3, and 4 are located inside the PRB at 1.4,5.9, and 9.6 m from the shoreward PRB boundary, respectively.

saturated thermal diffusivity, K., was evaluated with the Luce et al.
(2013) analytical method for location S3 by using diurnal temper-
ature signal time series from four lake-bed depths. The geometric
mean of K. over all possible adjacent depth pairs (e.g. 0.01—-0.04 m,
0.04—0.07m, 0.07—0.011m) is 013 m2d~' with an arithmetic
standard deviation of 0.03 m?d™; this reasonably stable mean value
was used to optimize the analytical models of vertical seepage flux
for all seven locations.

Thermal time series at locations S1 and S4 indicated poor
physical coupling between the profiler and bed sediments, and
possibly preferential flow along the profiler housing, so these lo-
cations were excluded from final seepage flux modeling. For these
two locations preliminary VFLUX models indicated downward
water movement, yet physical seepage measurements, measured
negative thermal gradients with depth, and the geologic setting

(upgradient side of flow-through kettle lake) all indicated seepage
that should be upward in direction. The remaining five locations
show mean values that range from 0.39 to 1.15 md !, with stronger
fluxes generally related to colder bed survey temperatures
(Table 3). The temporal variability observed with the vertical
temperature profilers compares well with previous measurements
of seepage made by using an automated seepage meter within
20—30m of the PRB that range between 0.25 and 0.50 md~'
(Rosenberry et al., 2013). Physical seepage meter measurements
were possible at all locations except for S7 where the water depth
was too shallow, and all indicated upward water movement. Mean
seepage meter measurements are always less than their mean
temperature profiler-based counterparts. Location S3 has the
lowest mean flux from both methods, indicating that this location
was most appropriate for the in-situ evaluation of K. discussed
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Table 3

Mean vertical seepage flux by seepage meter and temperature profiling at seven
locations in the PRB area. Locations of temporary seepage sites shown in Fig. 3. [n/a,
seepage not measured; —, excluded from flux modeling]

Location Bed temp (°C) Mean vertical seepage flux (m/d)
atd1m Measured  std. dev. Modeled std. dev.
seepage temperature
meter profiler
S1 29.10 0.14 0.05 - -
S2 17.90 0.21 0.06 1.15 0.15
S3 22.30 0.05 0.04 0.39 0.09
S4 24.40 0.20 0.06 - -
S5 29.10 0.27 0.06 0.63 0.09
S6 17.50 0.62 0.23 0.69 0.08
S7 17.50 n/a n/a 0.81 0.06

above. The temporal patterns of temperature profiler-based
seepage show some systematic variation that does not seem to be
directly tied to changes in local lake stage (Fig. 7).

5. Discussion

The interpretation of repeated temperature and vertical seepage
measurements at the GW/SW interface can be used to evaluate the
long-term efficacy of the PRB remediation from a hydraulic flow
perspective.

5.1. Groundwater seepage patterns over time by using point and
spatially distributed methodology

At the Ashumet Pond PRB, where changes in seepage rates were
expected based on previous laboratory observations of pore clog-
ging in PRB material, it is apparent through direct point measure-
ments of seepage, the FO-DTS survey, and S-I-T mapping from the
thermal probing data within the PRB that the observed declines
over time in seepage are indications of biogeochemical changes in
the lakebed sediments as the PRB ages.

Declining water flux through the PRB over time is shown
through direct seepage measurements in paired meters emplaced
in the ZVI mixture during installation of the PRB. However, seepage
meters used once a year to obtain point measurements do not
capture the dynamic nature of seepage as it relates to shoreline
position over time (changing lake stage) and possibly sub-yearly
variations in GW/SW exchange. The position of these point
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Fig. 7. Short-term seepage patterns derived from vertical bed temperature time series;
local lake stage elevation is also depicted.

measurements and, in particular, distance from shore can dictate
the observed magnitude of seepage through the lakebed. Seepage
in homogeneous systems typically responds to changes in lake
stage and resulting shoreline position. In the case of this study,
where permanent meters were set at fixed locations on the lake
bottom, not only is water flux declining over time, but seepage
response to stage changes inside the PRB is muted, suggesting a
restricted hydraulic connection between the shallow PRB sedi-
ments and the deeper untreated sediments.

The S-I-T mapping is a powerful tool for showing spatial pat-
terns of seepage by using temperature as a proxy that reflects the
combined characteristics of the lakebed sediments and the local
hydraulic gradient. These characteristics result in discrete zones of
strong seepage reflecting naturally occurring permeable
zones—similar to those described in a nearby stream by Rosenberry
et al. (2016)—as well as zones of strong seepage created or
enhanced by the PRB construction process. A well-sorted PRB
mixture by nature of the installation process should have initially
removed shallow heterogeneities over the PRB area; therefore,
shallow temperature variations over the PRB should represent
spatial changes in the deeper, local hydraulic gradient field. Over
time, changes in the spatial temperature patterns should addi-
tionally reflect the changing permeability of the lakebed sediments
in the area of the PRB. In the earliest thermal mapping snapshots
made during this study, the uneven distribution of seepage—both
strong advection and conduction zones—is evident and includes
zones of enhanced seepage at offshore topographical lows created
during installation. In the 2014 and 2015 snapshots, the enhanced
manmade zones remain while the uneven temperature distribution
over the PRB is less pronounced as bed sediment properties evolve.
The S-I-T mapping techniques provide insight into these com-
plexities and are an effective approach for repeatable, long-term
monitoring.

The dynamic nature of groundwater exchange reflected in the
short-term vertical fluid-flux modeling needs to be considered
when comparing measured and modeled point seepage as well as
comparing and upscaling snapshot thermal measurements over
large areas (Fig. 7). Comparisons of seepage values derived from the
vertical bed temperature time series and co-located direct seepage
measurements show significant differences—as great as five times
higher at thermal profilers—that can be explained based on tem-
poral and spatial differences in the methodologies (Table 3). The
modeled seepage fluxes represent mean values averaged over a
prescribed timeframe whereas the direct seepage measurements
represent a mean of many measurements made over a 1-2h
period. Seepage meters cover a constant area (in this case 0.25 m?)
and the vertical profilers are true point measurements that cover
over 100 times less area than the seepage meters. Furthermore, the
installation of the vertical thermal profilers may have caused
preferential flow around the probes in these cemented sediments.
Preferential flow around the measurement device would be
reduced when using the seepage meters owing to the averaging
over a larger bed area. The timing of S-I-T measurements, both
seasonally and daily, is critical for meaningful comparisons of dif-
ferential temperatures over the long term. Field snapshots ideally
would be done during periods of annual extreme surface-water
temperatures and only limited recent precipitation events, and
should be accomplished over a short (hourly) timeframe during
which surface-water temperatures are most nearly constant (early
morning and early evening).

The combination of contrasts in temperature-based mapping
and point-scale seepage is a powerful approach for understanding
lakebed exchange and monitoring potential spatial and temporal
changes. The S-I-T mapping methodology is spatially comprehen-
sive and can quickly indicate zones of stronger seepage that can be



T.D. McCobb et al. / Journal of Environmental Management 220 (2018) 233—245 243

quantified by establishing an empirical rating curve by using the
point-scale methods. Efforts to quantify fluxes over large lakebed
areas by upscaling a small number of point measurements of flux
over large areas by using thermal mapping must consider the dy-
namic system as it relates to timing as discussed by Irvine and Lautz
(2015). The distribution of these point measurements should span
the largest range of seepage rates to develop the most complete
rating curve. Blind siting of point measurements at various points
in time and space, even if many points are used, would be labor and
time intensive and not provide the complete spatial understanding
that is realized by using S-I-T mapping.

5.2. Implications for permeable reactive barrier hydraulic
performance

Passive treatment at the GW/SW interface for contaminants such
as nutrients and metals is becoming more widespread. For example,
wood chips as a PRB reactive media are being used at and near the
interface as a source of carbon to promote denitrification in coastal
settings (Hiller et al., 2015). These passive systems take advantage of
natural groundwater flow to intercept contaminants at and near its
discharge point to a water body. Monitoring these systems near the
interface is a feasible approach given the site accessibility and
availability of the methods discussed in this report.

For this case study, field evidence of reduced seepage flux over
time through the PRB indicates a greater likelihood for increased
contaminant mass to enter the surface water untreated either on
the shoreward edge of the PRB or around the nearest outside PRB
boundary. The abundant and persistent discharge along this
boundary is most likely enhanced by hydraulic bypassing of the
PRB. Interestingly, high seepage zones, depicted as normalized
temperatures <0.5, persisted throughout all datasets during the
entire 8-year period of thermal mapping (including FO-DTS)
(Fig. 8). These areas of persistent high seepage were detected in
only 4.9 percent of the study area, of which only 18 percent is inside
the PRB area. These persistent areas of flux over time predomi-
nantly occur in areas between the shoreline and the PRB, corre-
sponding to areas of elevated phosphate concentrations reported
by McCobb et al. (2009b).

Field evidence of cementation of lakebed sediment was
observed with increasing frequency during the study, further
corroborating that clogging that could reduce permeability is
increasing in the PRB over time. Phillips et al. (2003) reported in-
creases in mineral precipitation, cementation of PRB material, and
iron oxidation when comparing cores collected only 15 and 30
months after ZVI PRB installation. Examination of cores from the
lake-bottom PRB with tools such as X-ray diffraction and scanning
electronic microscopy would be needed to confirm mineralogical
changes to the sediments over time.

Although this study focuses on evidence for the loss of perme-
ability through the PRB obtained by using hydrologic field obser-
vations, previous studies indicated that reactivity of the ZVI
material is likely the most probable factor that limits longevity of
the PRB (Henderson and Demond, 2007). Recent (2015) samples
collected within the Ashumet Pond PRB show that little or no
phosphate is present in the upper portions of the PRB near the
plume's discharge point at the lakebed. It is unclear if the lack of
phosphate in PRB effluent is caused by ZVI reactions as designed or
evidence of contaminant mass bypassing the PRB.

6. Conclusions and considerations for remediation and
monitoring at the lakebed interface

This paper presented the use of a combination of practical
temperature and seepage field measurements to efficiently assess

PRB area

Ashumet Pond

20 Meters

Fig. 8. Areas of persistent strong groundwater discharge over an 8-year period
(2007—-2015).

spatial and temporal groundwater discharge patterns through a
lakebed area containing a ZVI PRB. The techniques discussed
demonstrate to environmental managers considering horizontal
barriers at the GW/SW interface that fairly simple and inexpensive
methods can provide initial reconnaissance of sand and gravel
lakebed/streambed seepage conditions that can be repeated over
longer timeframes. For the Ashumet Pond case, FO-DTS and S-I-T
thermal mapping qualitatively showed uneven distributions of
seepage across the lakebed and highlighted zones of rapid seepage
nearest the shoreline and along the outer boundaries of the PRB.
When evaluating the geochemical viability of a PRB for its design
life—in this case 20 years—these preferential patterns of discharge
will need to be considered. Modeling of short-term vertical tem-
perature profilers was used to quantify seepage in low and high
temperature zones over the lakebed and demonstrated the dy-
namic nature of lakebed seepage. The increase of lakebed tem-
peratures in the area of the PRB, declines in direct seepage
measured through traditional seepage meters installed in the PRB,
and the increase in cementation of the lakebed surface over time
support the conclusion that permeability of the PRB is declining
over time.

The S-I-T techniques repeated over a period of eight years
revealed the presence of persistent, rapid seepage zones. Given
these long-term persistent zones, remediation managers should
consider applying these reconnaissance tools recurrently to iden-
tify persistent zones and focus future treatment modifications on
small areas of potentially high contaminant mass flux rather than
targeting highest concentrations over large treatment areas. An
optimized treatment approach targeting high seepage, high con-
centration zones could significantly reduce remediation costs and
environmental disturbance to the sensitive lakebed zone.
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