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Abstract

A tetrachloroethene (PCE) groundwater plume emanates from beneath a dry cleaner facility and
discharges to a 60 m-long reach of the Pine River in Angus, Ontario, Canada. The streambed and near-
stream zone were shown to be a dynamic and unique environment that modified the distribution,
concentration, and composition of the plume. The plume and hydrogeology were characterized using a
Waterloo Profiler, mini-profilers, bundle multilevel samplers, driveable multilevel samplers, Ground
Penetrating Radar surveys (of the streambed), streambed temperature mapping (to identify discharge
zones), drivepoints, and sediment coring. Low hydraulic conductivity silt, clay, and peat deposits
underlying the sandy streambed deposits caused the plume to discharge over a large area of the
streambed and extend across the full width (11 to 14 m) of the river at some locations. Spatial
variations in the geology resulted in groundwater fluxes that varied from 0.03 to at least 446 L/m’d.
Although no appreciable biodegradation of the plume occurred in the upgradient aquifer, anaerobic
biodegradation in the top 2.5 m of the streambed dramatically altered the plume composition by
transforming PCE primarily to cis-1,2-dichloroethene (¢cDCE) and vinyl chloride (VC) and to a lesser
extent trichloroethene (TCE), 1,1-dichloroethene (11DCE), trans-1,2-dichloroethene (tDCE), ethene,
and ethane. The degree of biodegradation was spatially variable at a depth of 0.3 m in the streambed,
but overall, the streambed reduced the total mass of PCE discharging to the river by 54 to 59% resulting
in large accumulations of chlorinated degradation products and no appreciable mineralization. The high
concentrations of volatile organic compounds (VOCs) that remained represented a potential hazard to
benthic and hyporheic aquatic life. The VOC concentrations were spatially variable, with up to 5529

ng/L found at one location and no VOCs detected 3.5 m away, while at another location, 3639 pg/L of

PCE was reduced to 125 pg/L and almost completely transformed to cDCE over a vertical distance of
only 0.15 m. Transformation of PCE generally occurred over relatively short vertical distances (< 0.45
m) and was associated with sharp changes in redox conditions. The degree of biodegradation was

highly correlated with the redox conditions and the magnitude of fluxes because the low hydraulic
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conductivity deposits that caused the low fluxes were also organic-rich and strongly reducing. High
amounts of dechlorination (i.e. production of ethene and ethane) occurred where fluxes were very low
and sulfate reducing to methanogenic conditions existed. Virtually no biodegradation occurred in high
flux areas where water was anaerobic to nitrate reducing. A new method of calculating groundwater
fluxes based on streambed temperature measurements and testing of mini-piezometers was developed
and used to create a conceptual flow model that was based on the magnitude and direction of the fluxes.
Five types of flow behavior were identified: 1) short-circuits and springs, 2) high discharge, 3) low to
moderate discharge, 4) no discharge and 5) recharge. This flow model provided a valuable framework
for interpreting and characterizing the complex patterns of redox conditions, biodegradation, and mass
discharges. Despite high VOC concentrations in the streambed, an estimated 24.9x10° L/d of
contaminated groundwater flowing to the river, and an estimated total mass of 3.2 to 4.0 g/d of PCE and
2.8 to 4.2 g/d of cDCE discharging to the river, VOCs were rarely detected in surface water (summer
river flows were typically 1.4 to 2 m*/s). PCE was detected at concentrations < 3.1 pg/L and on one
occasion was as high as 23.2 pg/l. whereas no ¢cDCE or VC was detected in surface water. This
occasional detection of PCE may have occurred because PCE was associated with high groundwater
discharge zones whereas cDCE was associated with low groundwater discharges. In general, high VOC
concentrations in the streambed were not associated with the high groundwater discharge zones. This
study demonstrates the complex interaction of hydrogeologic, geochemical, and biochemical processes

that occur in streambeds and the resulting fine scale spatial variability in plume discharge.
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CHAPTER 1.

INTRODUCTION



When the phrase “groundwater/surface-water interactions” is used in the context of streams and rivers,
different scientific disciplines may associate quite different processes and meanings to it. For example,
hydrologists and civil engineers tend to think of mechanisms related to stream-flow generation on a
drainage-basin scale and what affect this interaction has on base flows and flooding events.
Hydrogeologists commonly think about how these interactions affect the quantity and quality of
groundwater supplies, conjunctive water use, bank storage of water, and perhaps gain or loss of surface
water along reaches of rivers. Ecologists associate this type of interaction with maintaining flows in
rivers or with hyporheic zone exchange (the hyporheic zone is generally described as the portion of the
streambed where mixing of groundwater and surface water occurs) and their potential affects on
biological assemblages and community structures, usually in pristine (i.e. uncontaminated) conditions.
Each discipline has tended to investigate individual aspects of this interaction that are on a scale
relevant to the particular questions or problems they have identified. Because groundwater/surface-
water interactions is not the main focus of any of those disciplines, there is not a comprehensive and
full understanding of the hydrological, chemical, and biological processes occurring in streambeds and
near rivers. Efforts have been made to understand and summarize the geochemistry and flow in this
dynamic zone as it relates to the ecology, nutrient cycling, and fate of nitrates (Brunke and Gonser,
1997; Dahm et al., 1998; Huggenberger et al.,, 1998). However, the question of how near-stream
processes affect the fate and transport of groundwater contaminated with organic compounds that

discharge into rivers or streams has not been addressed in any comprehensive way.

Groundwater contaminant plumes discharging to rivers and streams is a topic of ecological concern in
the United States (USEPA, 2000). A National Priorities List characterization study estimates that 51%
of 1218 hazardous waste sites impact surface water (USEPA, 1991) and at many of these sites
chlorinated volatile organic compounds (VOCs) are migrating by groundwater flow to streams and
rivers. Despite the relatively common occurrence of chlorinated VOC plumes discharging to streams,

no study has been published that characterizes and examines in a comprehensive way the role the
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streambed may play in attenuating VOC concentrations prior to the plume discharging into a river.
This lack of research may reflect a general perception that even if high concentration VOC groundwater
plumes reach a river, they will be rapidly attenuated in the surface water either by dilution or
volatilization. If resulting concentrations of VOCs in the surface water column are much lower than
freshwater aquatic life guidelines, it may be interpreted to mean the plume does not resuit in any
adverse exposures to aquatic life. In this context, several questions arise. What is the overall impact of
groundwater plumes on rivers and streams? Is aquatic life in the surface-water column the oanly
receptor of interest or should we be concerned about benthic and hyporheic aguatic life that are exposed
to contaminants in the streambed? Are either the concentrations or the total mass of contaminants
attenuated within the streambed and, if so, to what extent and under what conditions? How and where
do groundwater plumes really discharge into rivers and what role do subsurface conditions play in
resulting discharge patterns? Can the flow and biogeochemical processes occurring in a streambed be
generalized into specific types of behaviors? Are current monitoring techniques sufficient to
characterize these processes or are new ones needed? Such questions take on particular relevance at
sites where remedial actions have not been taken or monitored natural attenuation (MINA) is being
proposed as a remedial alternative for a plume. In these instances, groundwater plumes flow toward

and will likely reach their natural points of discharge which are often rivers or streams.

To begin answering some of these questions, a comprehensive approach is required that characterizes
the hydrogeology and water quality on a fine scale. A field investigation was undertaken to
characterize a tetrachloroethene (PCE) groundwater plume discharging to the Pine River, in Angus,
Ontario, Canada. The goal of this study was to determine the factors that control how and where the
plume discharges, the extent to which the plume is attenuated in the streambed, and the primary
processes responsible for the observed attenuation (e.g. biodegradation, hyporheic mixing, or sorption).

The hope was also to develop a comprehensive conceptual model that explains the range of observed



behaviors and advances our overall understanding of groundwater/surface-water interactions as they

relate to discharging plumes.

This dissertation presents the findings from this investigation in three main chapters. Chapter 2
describes the geology, groundwater flow paths, and resulting contaminant distribution at the site and
characterizes the contaminant concentrations within the streambed and in surface water. Chapter 3
focuses on delineating and quantifying groundwater discharge zones in the streambed. In this chapter,
existing methods for determining discharge are reviewed and a new and simple method is presented for
quantifying and mapping fluxes that combines streambed temperature measurements and fluxes
determined from hydraulic testing of mini-piezometers. A new flux-based conceptual flow model that
consists of 5 different types of discharge behavior is also presented. Chapter 4 examines the
relationship between groundwater flux, redox conditions, and the degree of biodegradation that occurs
in the streambed. Distinct biogeochemical conditions were found to be associated with each of the 5
different types of groundwater discharge described in the conceptual flow model in Chapter 3. Chapter
5 summarizes the main conclusions of the previous 3 chapters and discusses the transferability of these

findings to other sites and overall implications of this work.
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CHAPTER 2.

THE POTENTIAL FOR A PCE GROUNDWATER PLUME TO
CONTAMINATE A RIVER: THE ROLE OF THE STREAMBED AND

NEAR-RIVER ZONE



2.1 ABSTRACT

An investigation of a tetrachloroethene (PCE) groundwater plume emanating from beneath a dry
cleaner and discharging to a 60 m-long reach of river showed that the near-river zone substantially
modified the distribution, concentration, and composition of the plume prior to discharging into the
surface water. The plume and hydrogeology were characterized using the Waterloo profiler, mini-
profiler, conventional and driveable muitilevel samplers, Ground Penetrating Radar surveys (of the
streambed), streambed temperature mapping (to identify discharge zones), drivepoint piezometers, and
sediment coring and testing. The complex contaminant distribution observed beneath the river was
caused by: 1) the contaminant distribution in the plume prior to entering the near-river zone; 2) the
geological heterogeneity beneath the river; 3) biodegradation; and 4) sorption to high foc deposits.
Plan-view mapping of interstitial-water concentrations at a depth of 0.3 m in the streambed showed that
the plume extended over the full width of the river (11-14 m) at some locations, and had a different
internal concentration distribution and composition than observed in vertical cross-section along the
riverbank. Low-hydraulic-conductivity silty-clay deposits underneath the fluvial sands of the
streambed caused much of this spreading. Extensive anaerobic biodegradation in the top 2.5 m of the
streambed caused approximately 54% of the area of the plume to consist solely of PCE transformation
products, primarily cis-1,2-dichloroethene and vinyl chloride. High concentration areas (up to 5529
ug/L) within the streambed represent potential adverse exposure locations for benthic and hyporheic
aquatic life. The highest concentration areas of the streambed did not correspond to high groundwater
discharge zones and these areas appear to be retarded remnants in low discharge zones which reflect
past high concentration plume discharges. Despite high streambed concentrations, contaminants were
rarely detected in the surface water due to rapid dilution in the river, but low concentrations of PCE
(=23.2 pg/L) were detected at and down stream of high groundwater discharge locations. Surface water
sampling immediately above the streambed gave no indication of ¢cDCE or VC discharging to the river

or of the high concentrations that aquatic life could be exposed to in the streambed.



2.2 INTRODUCTION

A National Priorities List characterization study estimates that 51% of 1218 hazardous waste sites
impact surface water (USEPA 1991) and at many of these sites chlorinated volatile organic compounds
(VOCs) are migrating by groundwater flow to streams and rivers. Despite this relatively common
occurrence, few published studies have characterized VOC plumes in detail to examine the processes
that control how they discharge to ariver. Some studies (Norman et al., 1986; Avery, 1994; Hess et al.,
1989) examined VOC groundwater plumes discharging to rivers using widely spaced and limited
numbers of seepage meters and piezometers (i.e. less than about 24 each), but did not map the
concentrations in the streambed. Others have mapped plan-view distributions of VOCs in streambeds
using larger numbers of diffusion samplers (Vroblesky et al., 1991 and 1996; Savoie et al., 1999;
Lyford et al., 1999) but have presented relatively little information concerning the hydrological and
geological controls on flow or the fine-scale vertical concentration distribution of the groundwater
plume responsible for the observed streambed concentrations. Two studies describe the advection,
biodegradation, and adsorption processes related to a VOC plume migrating toward a creek in a
freshwater tidal wetland in vertical cross-section (Lorah et al., 1997; Lorah and Olsen, 1999), but do not

discuss the spatial variation of contaminants in plan view within the streambed.

The literature lacks holistic field studies that relate the upgradient plume to resulting streambed
concentration distributions. It is not clear to what extent conditions within the streambed will modify a
contaminant plume prior to its discharge to the surface water and this is especially difficult to assess if
data regarding the upgradient plume is lacking. The area beneath and adjacent to a river or stream is
potentially a very complex geological, hydrological, and biochemical zone (Huggenberger et al., 1998;
Brunke and Gonser, 1997; USEPA, 2000) and conditions within this zone can be considerably different
than those found further away from the stream. Studies of uncontaminated sites show that conditions in
the streambed may be spatially and temporally variable and subject to large hydraulic and geochemical

gradients (Brunke and Gonser, 1997; Dahm et al., 1998; Hendricks and White, 1991 and 1995). As the
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plume passes through this zone it is hypothesized that the geometry of the plume and chemical
composition of the plume will change and these changes will affect the potential of the plume to

contaminate the streambed and surface water.

The ecological effects of VOC groundwater plumes on rivers are often only characterized by analyzing
the surface water quality down stream of the area of contaminant discharge. Dilution of VOC plume
discharges by surface water flow and additional attenuation by volatilization, sorption, and degradation
in the river (Rathbun, 1998) often result in low or undetectable concentrations in surface water.
However, little has been done to assess if high concentrations of VOCs wiil occur in the streambed
(with the possible exception of the semi-quantitative concentration results from diffusion sampler
investigations mentioned earlier), even though these concentrations could be harmful to benthic and
hyporheic aquatic life residing there. Ecologists consider the streambed, hyporheic zone (the hyporheic
zone is defined as the portion of the substream deposits that contain some portion of surface water or is
a mixture of groundwater and surface water), and near-stream groundwater/surface-water transition
zone a unique habitat that plays an important role in the aquatic food-web and provides other ecological
services related to the health of a stream (Hynes, 1970; Gibert et al., 1994; Boulton et al., 1998; Ward et
al., 1998). Although sediment sampling methods have been used to try to evaluate the toxic effects of
contaminants on aquatic life (USEPA, 1992), many of these methods are not well suited for evaluating
VOC contamination and samples are rarely collected with the knowledge of exactly where a plume
discharges. The result is a lack of understanding of the potential concentration exposures that may

occur in a streambed.

This investigation was designed to provide a comprehensive field study of the behavior of a
tetrachloroethene (PCE) dissolved-phase groundwater plume discharging to a river and integrates
geology, hydrology, and the contaminant distribution observed in the aquifer to evaluate how they

relate to the plan-view interstitial water concentration distributions in the streambed. The study site is



located in Angus, Ontario, Canada, approximately 75 km north-northwest of Toronto (Figure 2-1a) and
5.5 km north of the University of Waterloo research site on Canadian Forces Base (CFB) Borden
(Figure 2-1b). The area is primarily residential, with scattered commercial properties and open lots
(Figure 2-1c). The Angus site was chosen because it had a high-concentration single-contaminant
groundwater plume that was flowing in a geologically simple aquifer toward a relatively small river
which could be fairly easily instrumented. A 60 m wide by 4 to 6 m thick, dissolved-phase PCE
groundwater plume extends 195 m down gradient to the Pine River from a dense non-aqueous phase
liquid (DNAPL) source of PCE beneath a dry-cleaning facility (Figure 2-1c). The groundwater at the
site has likely been contaminated since at least the 1970s. Although researchers have characterized the
contaminant distribution (Pitkin, 1994; Pitkin and Cherry, 1994; Beneteau, 1996; Writt, 1996;
Levenick, 1998; Beneteau et al., 1999; Guilbeault, 1999) and geology of the aquifer (Pitkin, 1994;
Writt, 1996) to the east of the river, very little is known about the groundwater flow, geology, and
contaminant distribution beneath and immediately adjacent to the Pine river. This study used
conventional and innovative sampling approaches and techniques to characterize the streambed, the
areas adjacent to the river, and the upgradient aquifer. A particular emphasis was put on determining
whether high groundwater concentrations in the aquifer resulted in high interstitial concentrations
within the streambed or if attenuation processes reduced concentrations prior to discharge to the surface

water.

2.3 BACKGROUND

2.3.1 Site Hydrogeology and The Groundwater Plume

Geological information regarding the site is contained in a report by Writt (1996) and in regional
mapping reports. Physiographic mapping of the unconsolidated materials indicate that the site is part of
the surficial regional sand sheet known as the Camp Borden Sand Plain (Chapman and Putnam, 1984)
and is mapped as glaciolaustrine deposits of transitional to shallow water lacustrine sands (Burwasser

and Cairns, 1974). The unconsolidated thickness at the site is approximately 61 m (Burwasser and
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Ford, 1974). Based on 6 cores of unconsolidated deposits collected at the site, Writt (1996) divided the
stratigraphy of the top 15 m of the deposits (i.e. where the PCE contamination is present) into S sand
layers and one silty-clay aquitard layer. He concluded that the 5 sand layers were deposited in a
braided channel to a braided-meandering transition channel environment. The sand deposits east of the
river consist primarily of fine to very fine sands. Intervals of medium sand are also present
occasionally, and coarse sand and fine gravel intervals occur very infrequently. The aquitard is
approximately 1 to 1.5 m thick with the bottom 0.1 to 0.3 m consisting of a thin peat (or interlayered
clay and peat) deposit which is overlain by a silty-clay that grades upward into silty very-fine sand.
Writt suggested that the silt and clay of the aquitard were deposited by either an abandoned channel or a
small peripheral lake. The aquitard is absent in the vicinity of the dry-cleaner, which allowed some of
the PCE DNAPL spilled to penetrate and accumulate in the deeper sands, resulting in a dissolved-phase
plume that travels within the sandy confined aquifer toward the river. When the current study was

initiated, it was not clear whether the aquitard or aquifer extended beneath or beyond the river.

Prior to the current study, very little information existed regarding piezometric water levels and
groundwater flow directions within the confined and unconfined aquifers in the area between the dry
cleaner and the Pine River. Water level information was only available from conventional 0.051 m
inside diameter (ID) monitoring wells and drive points installed at 5 locations (Pitkin, 1994; Beneteau,
1996). These installations were not designed to map groundwater flow directions and were primarily
used to collect water quality samples. Groundwater was inferred to flow northwest from the dry cleaner

based on the plume location.

The Waterloo Groundwater Profiler [described by Pitkin (1999)] was used to delineate the PCE plume
and a total of 38 vertical profiles of the water quality were obtained along 4 transect lines (Pitkin, 1994;
Writt, 1996). Initial interpretation of the data indicated one narrow (5 to 10 m wide) high concentration

(>10,000 pg/L) “core™ of the plume [terminology from Cherry (1996)] appeared to extend from the dry
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cleaner to the river (Writt, 1996) and was located within a 60 m wide lower-concentration “fringe” that
generally exceeded 1000 pg/L. The highest PCE concentration in the plume was 43,318 pug/L found 19
m west-northwest of the dry cleaner along profiler Transect 1 at BI. High concentrations of PCE were
also found far from the dry cleaner building with 22,376 pg/L observed 171 m down gradient (and 41 m
from the river) on profiler Transect 4 at AP24 and at a depth of 9 m below ground surface (bgs). Six
shallow mini-piezometers (AMP1 though AMP6) had also been installed in the streambed by Pitkin
(1994) using the method of Lee and Cherry (1978) and then sampled in July 1993. Contamination was
only detected at AMP3 located approximately 29 m north of the King Street bridge (see Figure 2-2)
where 221 pg/L of PCE and 9.9 pg/L of trichloroethene (TCE) were found. Although this early work
demonstrated some of the complexity of the plume, it did not fully define the lateral edges of the plume
or the location of the front of the plume and no other information was available about where and how

the plume discharged to the river.

Prior testing of groundwater samples had consisted almost exclusively of analyses for PCE and TCE. It
was not known if other PCE degradation products besides TCE were present in the aquifer or what the
redox conditions were in the aquifer. The maximum concentration of TCE detected in water samples
by Writt (1996) was 6.7 pug/l.. TCE was usually found in samples containing the highest PCE
concentrations suggesting it might have been an impurity in the PCE that was spilled. If it was not an
impurity, the low levels suggest degradation of PCE to TCE in the aquifer is insignificant. TCE
concentrations from Pitkin (unpublished data) were generally similar except for one elevated
concentration of 190 pug/L detected at AP11. It was not known if PCE was being degraded beyond TCE
to products not being analyzed. However, analyses of the dissolved-phase PCE from the site for *’Cl
and BC isotopes (Beneteau, 1996; Beneteau et al., 1999) suggested that biodegradation of PCE was not

occurring in the plume at this site.
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From this review of existing hydrogeological information, it was not clear whether the aquitard, aquifer,
or plume extended beneath or beyond the river or whether the geochemical conditions in the aquifer
were the same in the aquifer and near the river. Moreover, previous studies had not analyzed the
surface water for VOCs to determine the effect of the groundwater plume on surface water

concentrations.

2.3.2 The Pine River

The Pine River drains a basin that is approximately 348 km?® in area and discharges into the
Nottawasaga River in Angus, approximately 2.3 km down stream of the study site (Figure 2-1b). The
surface water quality of the Pine River upstream of the site is a high-quality cold-water habitat that
supports a wide diversity of aquatic life and benthic taxa (Jones, 1999) including salmon and trout.
Daily discharge for the river at the Water Survey Division of Environment Canada gauging station in
Everett (15 km upstream of the site), averaged 2.12 m*/s and had base flows generally less than 1 m%/s
between 1967 and 1998. The station at Everett represents only the upper 195 km® (56%) of the
drainage basin, so flows at Angus are higher. An investigation by Beebe (1997) at a location 150 m
down stream of the King Street bridge estimated summer base flows of 1 to 2 m*/s. The 100-year flood

flow at Angus is estimated to be between 99.8 and 101.4 m*sec” (Burkard, 1990).

In the vicinity of the Angus site, the Pine river is a moderately to highly sinuous, low gradient river, that
meanders northward through a broad floodplain. The channel has a low width to depth ratio, a high
entrenchment ratio, and general slope of 0.0007 m/m (Beebe, 1997) and is classified as an ES5 stream
type using the Rosgen Classification of Natural Rivers (Rosgen, 1996). This study focused on a 60 m
long, relatively straight portion of the Pine River located immediately downstream of the King Street
bridge (Figure 2-1c). At the site, the nearly vertical stream banks are generally about 1.2 to 2.5 m high
and consist of silt, clay and peat deposits. The river is 11 to 14 m wide and the average river channel

depth in the summer is 0.5 m with a maximum depth of about 1.1 m. The channel is primarily fine sand
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but some woody debris and a few logs are present (mostly beyond 34 m down stream) where a gentle
16 m long riffle begins. Existing logs were left in place but new accumulations of debris (manmade or
natural) were periodically removed in order to minimize long-term changes in river flow patterns and
streambed deposition. Erosion and deposition of streambed sands occurred throughout the year.
Sediment transport measurements made from the King Street bridge by Burkard (1990) showed that
bedload transport constitutes 25.6 to 73.3 % of the total transport during the year. In her study, bedload
transport rates ranged from 0.0023 to 0.0222 kilograms per meter width of river per second (kg/m/s)
and suspended sediment measurements ranged between 12.7 and 78.9 mg/L, and total suspended load

for the entire river was observed to be between 0.0186 to 0.3915 kg/s.

2.4 FIELD METHODS

Field investigations were performed between 1996 and 1999 in response to a growing understanding of
the hydrogeological system and plume discharge area. Reconnaissance work was followed up with
more comprehensive and detailed investigations that focused primarily on characterizing plume
concentrations beneath the river. Field investigations characterized the geology, streambed sediments;
plume concentrations beneath and upgradient of the river; groundwater flow; and surface water

concentrations.

24.1 Geology and Streambed Sediment Characterization

The techniques used to characterize geology and streambed sediment at the site included: coring and
testing of geological deposits, Ground Penetrating Radar (GPR), and visual mapping of sediments.
Cores of unconsolidated deposits were collected at 19 locations. Cores SC7 to SC13 were all collected
within 1.7 to 4.5 m of the river except for SC9 and SC13, which were 15 m and 34 m east of the river,
respectively (Figure 2-2). All cores were collected with 0.051 m ID aluminum piston core barrels, in
1.52 m long sections, down to depths of between 7.62 to 12.2 m below land surface, using the method

described by Starr and Ingleton (1992). Riverbed cores RC1 to RC12 (Figure 2-3) were collected by
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hand using a hammer or sledge hammer to drive the aluminum core tubes approximately 1.3 to 1.8 m
into the riverbed deposits. Cores RC1 to RC4 were collected on March 16 and 17, 1998, and RCS5 to
RC12 were collected on October 16, 1998, one day after a GPR survey of the riverbed. Total
recoveries of sediments for RC1 to RC12 generally ranged from 71 to 92 percent. Corrected
thicknesses and depths of stratigraphic contacts were calculated for each riverbed core based on
incremental recovery data obtained while advancing the core. The holes created by the coring at SC7 to
SC13 were sealed using a bentonite grout tremmied into place and at RC1 to RCI2 the holes were
immediately plugged by driving in a larger outside diameter (OD) bentonite-filled PVC pipe into the

hole.

All the geological materials collected were logged and classified. Samples of some of the deposits were
also tested for hydraulic conductivity, porosity, bulk density, fraction of organic carbon (foc) content,
radiocarbon date, and for contaminant concentrations (both total sediment and interstitial water
concentrations). Hydraulic conductivities were determined for subsamples of the cores (about 0.05 m
long) by performing falling-head permeameter tests using the method described by Sudicky (1986) and
results were adjusted to a 10° C groundwater temperature using water density and viscosity
measurements tabulated in Marsily (1986). The porosity and bulk density of each permeameter sample
was also determined by using weight to volume calculations. Hydraulic conductivity and porosity was

determined for 178 subsamples from riverbed cores RC1 to RC12 and 48 subsamples from SC12.

Foc analyses were performed on 52 subsamples from cores SC12, SC13, RC1, RC2, RC4, and RC11.
At least 3 grams of sediments were collected and finely crushed (< 200 mesh) for each sample. Total
organic carbon analyses (TOC is synonymous with foc if it expressed as a percentage) were performed
on 25 samples by the University of Guelph Soil and Nutrient Laboratory (Guelph, Ontario) using a
Leco Induction furnace and the method described by Tabatabi and Bremner (1970) which reportedly

has a detection limit of about 0.05%. This type of method is thought to be less appropriate for
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determining very small values of total organic carbon (Krom and Berner, 1983). Therefore, another 34
samples suspected to have low foc values were analyzed by the University of Waterloo Organic
Geochemistry Laboratory (Waterloo, Ontario) using a Lindburg quartz tube furnace and the method
described by Churcher and Dickout (1987) which has a detection limit of 0.008%. Duplicates and

laboratory blanks were also sent for analysis and some samples were analyzed by both laboratories.

Only one sample of the subsurface deposits was submitted for age dating. Wood fragments found in
core SC12 (located 2.9 m east of the river) at a depth of 4.65 m bgs were radiocarbon (**C) dated by
the University of Waterloo Environmental Isotope Laboratory using the beta counting method described

by Aravena et al. (1997).

PCE and TCE concentrations were determined for 41 sediment samples collected from cores SC11 and
SC12. An average vertical sampling spacing of about 0.37 m (ranging between 0.1 to 0.9 m) was used
for both SC11 and SC12. Sediment cores were cut open lengthwise in the field, wrapped in aluminum
foil, and immediately subsampled using a stainless-steel mini-corer that can collect up to 10 cubic
centimeters of the deposits. The subsample was extruded into a vial containing 15 mL of methanol and
stored at 4°C for at least a week with periodic shaking to improve extraction. The vials were eventually
centrifuged and samples of the methanol were extracted with pentane and analyzed for PCE and TCE
using a Hewlett Packard 5890 Series II plus gas chromatograph equipped with a Ni®* electron capture
detector (ECD) and a DB-624 megabore capillary column. The detection limits for the method was
between 0.23 and 2.30 micrograms of PCE per gram of dry sediment (ug/g) and between 0.22 and 2.22
ng/g for TCE. Concentrations represent total contaminant mass in the sample (i.e. mass sorbed on the

sediment solids plus the mass in the interstitial pore water).
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Streambed soil cores from RC1 to RC4 were subjected to a new method of liquid extraction with
sediment subcoring referred to as the “LESS” core sampling technique. This method was designed to
simultaneously determine both the interstitial pore water and total contaminant concentrations from
which sorbed concentrations could be determined. Aluminum core tubes containing sediments were
immediately capped, laid on their sides, and 0.021 m OD holes were drilled though the aluminum walls
on a 0.15 m vertical spacing for sampling. A neoprene stopper fitted with a 0.0032 m OD stainless steel
sampling tube was immediately inserted into the drilled hole and formed a water tight seal. Attached to
the end of the tube that was placed into the wet sediment was a 0.0254 m long porous stainless-steel
sampling tip (i.e. a 0.45 um porous cup manufactured by Mott Corporation, Farmington, Connecticut).
A small glass syringe was then attached to the other end of the tube to extract water from the core and
fill three 5 mL glass vials for analyses. The porous tip was then removed and the sediment where the
water had been extracted was subcored using the mini-corer and placed in a vial containing methano}.
A total of 25 sediment samples were analyzed for PCE, TCE, and cis-1,2-dichloroethene (¢cDCE) using
a new direct methanol injection method on the same Hewlett Packard 5890 Series II plus gas
chromatograph previously described. This new method was specifically developed for analyzing this
set of samples and improved the detection limits by about a factor of 100. The direct methanol
injection method resulted in minimum detection limits of 0.006, 0.002, and 0.109 pg/g (per dry weight
of sediment) for PCE, TCE and cDCE, respectively. Water samples could be collected from only 11 of
the 25 locations because some deposits were too fine to obtain water using a syringe. Water samples
from the sediments were analyzed for PCE, TCE, cDCE, trans-1,2-dichloroethene (tDCE), 1,1-
dichloroethene (11DCE), and vinyl-chloride (VC), using the methods described in the plume

delineation section.

To obtain information on the geology beneath the streambed, two GPR surveys were performed using a

pulseEKKO IV GPR system (Sensors and Software, Inc. Mississauga, Ontario, Canada) with a pair of
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unshielded slab-antennae, mounted on a 0.01 cm thick plywood sheet in the bottom of a small inflatable
raft. GPR traces were obtained every 0.1 m across nearly the full width of the river on transects
between 10.1 and 12.4 m long that were spaced 1 to 2 m apart. Locations along each transect were
determined by a measuring tape extended above the river between survey stakes located on either side
of the river. Transect designations are used throughout this chapter to identify sampling locations in the
riverbed. An example of the naming convention is as follows, location 8-8W 4.5 m indicates that the
transect is approximately 8 m downstream (north) of the King Street bridge (shown in Figure 2-3) and
the point is 4.5 m west of stake 8 (on the east bank) toward stake 8W (on the west bank). A Sokkia
SET4E Total Station and SDR33 Datalogger were used to survey the elevations and locations of the

stakes, all land based instrumentation and sampling locations, and other riverbed installations.

GPR has been successful in delineating and characterizing river bottom sediment structures and their
thickness at other sites (Naegeli et al.,, 1996; Beres and Haeni, 1991; Haeni, 1996); therefore, a
preliminary GPR survey was performed on May 15, 1998, to determine the usefulness of GPR at this
site. GPR measurements were made across the river along 6 transects (4-4W, 6-6W, 8-8W, 16-16W,
18-18W, and 20-20W) and along one 18.3 m long land based line starting near stake 20 and extending
eastward in 0.2 m increments. The transects were first performed using 100 megahertz (MHz) antennae
placed 0.62 m apart and then all river transects were repeated using 200 MHz antennae placed 0.46 m
apart. The second GPR survey performed on October 15, 1998, consisted of 16 transects across the
Pine River located between (and including) transects 4-4W and 24-22W (see Figure 2-3 and 2-6 for

transect lines). Only the 200 MHz antennae was used this time because of its better resolution.

The surficial geology of the streambed was visually mapped in July 1997, August 1998, and February

1999, as part of streambed temperature surveys (see Chapter 3). Observations were typically made on a

1 by 2 m grid extending from approximately transect -4 - -4W (under the King Street bridge) northward
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to as far as transect 60-60W. Notes regarding depth of water and notable obstructions (e.g. logs or

manmade debris) were also made at each location.

2.42 Water Level Monitoring and Stream Gauging

To obtain a better understanding of groundwater/surface-water interactions, ground water flow
directions, and river stage/discharge relationships, several drivepoint piezometers, mini-piezometers,
dataloggers and staff gauges were installed and monitored at the site. A total of 41 drivepoint
piezometers, were installed at 20 locations (DP1 to DP20). The drivepoint piezometers generally
consisted of #50-mesh, stainless-steel screens 0.026 m OD and 0.28 m long, attached to either 2 0.0213
or 0.0267 m OD, schedule 80 black-iron pipe like those depicted in Harvey et al. (2000). A 0.0095 m
ID polyethylene sampling tube was attached to each drive peint and extended up through the iron pipe
to the surface. An electric percussion hammer was used to drive the iron pipe with the attached
drivepoints to depths between 2.49 to 8.04 m bgs. In 1996, at locations DP1 to DP9 nests of shallow
(2.49 to 3.99 m bgs), intermediate (5.20 to 5.97 m bgs), or deep (7.28 to 8.04 m bgs) piezometers were
installed. In July 1998, the remaining 14 piezometers (DP10 to DP20) were installed and included and

pairs of shallow and deep installations at DP10, DP14, and DP17.

In June 1996, three pairs of mini-piezometers were installed in the streambed, one shallow (about 0.6 m
deep) and one deep (about 1.2 m deep) at locations SP1, SP2, and SP3 (see Figure 2-2). Each mini-
piezometer consisted of a 0.0095 m, ID polyethylene tube, with a 0.1 m long screen and was installed
using the method of Lee and Cherry (1978). In November 1996, the mini-piezometers were vandalized
and so this type of installation was not pursued further. A new type of streambed piezometer was
subsequently designed and 34 were installed (designated SP4 to SP37). Each piezometer consisted of a
0.75 m long, 0.021 m OD, schedule 80 PVC-pipe, with a 120 um stainless-steel mesh wrapped around a
0.1 m long perforated section of the pipe. The screened interval was recessed such that the mesh was

flush with the outside of the PVC pipe. The bottom of each piezometer was capped with a threaded
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steel bolt, and a threaded male elbow connector was attached to the top of the PVC and connected to a
1.1 m long section of 0.0127 m OD polyethylene tube. Piezometers were pushed by hand or hammered
into the streambed to a depth of 0.65 to 0.70 m without the need for making an oversized borehole. All
the streambed and drivepoint piezometers were developed by surging and pumping. Streambed
piezometers were capped to prevent flow of water in or out of the tubes since the tubes were underwater

and designed to lay flat on top of the streambed.

Hydraulic head measurements and slug testing of piezometers SP4 through SP34 were performed
between November 3 to 6, 1998 except for SP34 and SP35 which were tested on December 10, 1998.
Prior to each slug test, the hydraulic head difference between the river and the piezometer was
measured to within 0.001 m using a potentiomanometer similar to that described by Winter et al.
(1988). The Hvorslev (1951) falling-head slug-test method was used to determine hydraulic

conductivity, which could then be used in vertical groundwater flux calculations.

Monitoring of water levels in piezometers began soon after the first piezometers were installed in 1996
but when the last 14 were installed in July 1998, monthly water level measurements were made in all
land based piezometers for a period of 13 months. At this time, drivepoint well AW1, with a 0.032 m
ID and a 0.56 m long screen, was installed to a depth of 7.24 m bgs in the confined aquifer at a location
approximately 3.8 m east of the river. Water levels in AW1 were monitored to within 0.005 mon a 15
minute interval starting in July 9, 1998, and ending November 17, 1999, using a Solinst Model 3001,

MS Levelogger™ (Solinst Limited Canada, Georgetown, Ontario).

Manual measurements of stream stages at Angus began in 1996 with the installation of steel-pipe staff

gauges SG-1 to SG-6 (Figure 2-2). In September 1996, SG-3 was destroyed and in June 1999, SG-1A

was installed. Between March 1998 and June 1999, a Solinst, Model 3001, MS Levelogger™ was
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placed in a stilling well in the river at PRP1 (Figure 2-3) and recorded stream stage on a 15 minute
interval. Discharge was measured 8 times at the site using a Swoffer Model 2100-STDX flow meter. A

stage/discharge relationship was developed for the site using this data.

243 Streambed Temperature Measurements

Streambed temperatures have been used at other sites to qualitatively identify areas of groundwater
discharge (upwelling) into surface water or surface water infiltration (downwelling) into the streambed
deposits (Bilby 1984; White et al., 1987; Hendricks and White 1988; Sillman and Booth, 1993;
Maddock et al., 1995). The theory behind using temperature contrasts as an indication of discharge has
been summarized by Lapham (1989). In northern temperate climates, high groundwater discharge areas
in streambed tend to be relatively cold zones in the bed during the summer and relatively warm zones in
the bed during the winter. Temperature monitoring included, plan-view mapping of streambed
temperatures in winter and monitoring of groundwater and surface-water temperatures. Groundwater
and surface water were monitored using waterproof StowAway® TidbiT® -5°C to +37°C range
temperature loggers (Onset Computer Corporation, Pocasset Massachusetts). River water temperatures
were monitored at a 15 minute interval starting on August 4, 1997 and ending November 17, 1999.
Groundwater temperatures in the confined aquifer at the base of drivepoint well AW-1 were monitored
on 15 minute to 1 hour intervals starting on July 9, 1998 and ending November 17, 1999.
Measurements were accurate to within about 0.1 to 0.2°C. Streambed temperatures were measured
using a Barnant Model 600-8525 Handheld Thermister Thermometer (Barnant Company, Barrington,
Illinois) equipped with a stainless steel YSI Model 418 reusable temperature probe (Y SI Incorporated,
Yellow Springs, Ohio). The probe was accurate to within 0.1 °C. The probe was fixed to the end of a
1.8 m long, 0.009 m OD stainless steel tube and was inserted to a depth of 0.2 m at each measurement
location. Measurements were generally made on a 1 m spacing along transects located perpendicular to

the river flow. The mapping of streambed temperatures was performed between July 28 and 29, 1998
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and consisted of 383 measurements for the reach of river extending from transect -4 - -4W under the
King Street bridge down stream to transect 44-44W. See Chapter 3 for additional discussions regarding

measuring streambed temperatures.

2.4.4 Plume Delineation

Sampling devices used to characterize and delineate the subsurface water quality at the site included:
the Waterloo Groundwater profiler, mini-profiler, bundle multilevel samplers, “driveable” multilevel
samplers, drivepoint piezometers, and mini-piezometers. Water samples collected from these devices
were analyzed for VOCs at the University of Waterloo. Water samples for PCE and TCE analysis were
extracted using pentane and run using a Hewlett Packard 5890 Series II gas chromatograph equipped
with a Ni®® electron capture detector (ECD), an autosampler, a HP 6890 Series integrator, and a DB-624
megabore capillary column. Minimum detection limits for PCE and TCE were typically 0.7 and 0.9
pg/L. Analyses for cDCE, tDCE, 11DCE, and vinyl chloride (VC) were performed using a headspace
method. The samples were analyzed using a Hewlett Packard 5890 Series II gas chromatograph
equipped with a HNU photoionization detector (PID) with a fused silica capillary NSW-PLOT column.
Samples prior to June 1998, were manually injected into the PID while those after that date were
injected using an automated Hewlett Packard 7694 Headspace Sampler. The minimum detection limits
for the manual and the automated methods were ¢DCE (7.8 and 1.0 pg/L), tDCE (1.9 and 1.4 ug/L),
11DCE (3.2 and 1.4 ug/L) and VC (0.7 and 0.8 pg/L), respectively. Analyses for ethene and ethane
were performed using a headspace method and samples were manually injected into a Hewlett Packard
5790A gas chromatograph equipped with a flame ionization detector (FID), a GS-Q megabore capillary
column, and a Hewlett Packard 3396 Series II Integrator. Headspace concentrations were converted to
water concentrations using Henry’s law. Minimum detection limits for ethene and ethane were
typically 0.5 pg/L. Each set of samples analyzed typically included laboratory blanks, field and

laboratory duplicates, trip blanks and equipment blanks.
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The Waterloo Groundwater profiler (referred to as the “profiler” in this chapter) was used at 33
locations to collect approximately 381 groundwater samples as part of the current study. The profiler is
a direct push method of obtaining detailed vertical profiles of water quality in unconsolidated materials.
The method involved the driving of a 0.038 m OD, multi-port, stainless-steel sampling tip into the
subsurface materials to sequential depths using either a hand-operated jackhammer or an Enviro-Core™
XD drill rig. A single stainless-steel sampling tube is connected to the sampling tip and a peristaltic
pump and sampling manifold are attached to collect water in glass vials. The stainless-steel tube is then
back flushed with deionized water prior to and during advancement of the tip to the next sampling

depth.

Table 2-1 contains information regarding the depth, number of samples, types of analyses and date of
sampling for each of the 33 profiling locations. Thirteen of these profile locations (AP40 to AP52),
were done during July and August 1996, along profiler transects 5 and 6 which parallel the east and
west sides of the Pine River, respectively (see Figure 2-2). These profiles were within 4 m of the river
and used to characterize the western edge of the plume. A total of 175 water samples were collected
typically using a 0.5 m vertical spacing. Another 10 locations (AP96-1 to AP96-10) consisting of about
81 samples were profiled in the upgradient plume area to further characterize the PCE plume cores and
delineate the lateral edges. In November and December 1997, three locations, AP53 to APSS
(Levenick, 1998) consisting of 21 samples were profiled near previously profiled locations AP25 to
AP27 (Writt, 1996) about 29 to 37 m east of the river, along transect 4 (Figure 2-2). All samples from
the 34 locations were analyzed for PCE and TCE, and samples from AP52 to APS5 were also analyzed

for PCE degradation products.

Between August and November 1996, 8 locations (PRP1 to PRP8) consisting of 106 samples were

profiled in the riverbed at distances of between 18 to 36 m downstream of the King Street bridge (see
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Figure 2-3). A single flight of scaffolding was setup on temporary wooden or concrete blocks on the
riverbed and an electric jack hammer was used to drive the tip into the subsurface to a maximum depth
of 8.5 m. The sampling interval was generally between 0.1 and 0.5 m. VOC samples were collected in
a sampling manifold in the same manner as previously described. The only difference was the use of an
additional 2 to 6 m of stainless-steel tubing to reach the sampling equipment set up on the shore. Upon
completion of each hole, the profiling equipment was removed using a battery operated winch, and a
0.048 m OD PVC pipe was driven into the hole and capped until the hole and pipe could be tremmie

grouted with bentonite.

A newly developed “mini-profiler” was also used to obtain vertical profiles and horizontal distribution
of the groundwater contamination in the streambed. The mini-profiler is a 0.0064 m OD, 0.003 m ID
stainless-steel tube, 2.6 m in length, having a 0.01 m long screen, located 0.025 m above the drive tip.
The mini-profiler was a soil vapor probe described by Hughes et al. (1992) that was modified to collect
water. Vertical profiles of water quality were obtained in the same manner as with the Waterloo
profiler, but the mini-profiler could be advanced and withdrawn from the streambed by hand (without
scaffolding or a hammer) and the small holes were not grouted. Abcut 104 water samples were
collected generally using a vertical spacing of 0.15 m down to a maximum depth of 2.10 m below the
streambed. The mini-profiler was used for vertical profiling at PRP7R, PRP8R, PRPIR, and PRP10 to
PRP17 and most of these locations are located along transects 6-6W, 18-18W, and 30-26W (Figure 2-
3). All locations were sampled in August or October 1997, except PRP17 which was sampled in June
1998. In August 1998, the mini-profiler was used at 80 locations to map the horizontal extent of the
plume at a depth of 0.3 m below the streambed. Samples were collected on approximately a 2 by 4 m
grid starting at transect -4 - -4W (beneath the King Street bridge) and ending at transect 44 - 44W, with
two additional samples collected on transect 52 - 52W. Sampling was also repeated at 6 of the 80
locations to assess the reproducibility of the sampling method during the sampling event. A 1.8 m long

mini-profiler was attached to a 2.9 m long section of teflon tubing that was connected directly to the
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sampling manifold mounted in the bow a small boat. Mounting equipment on a boat eliminated the
need for extra tubing to reach the shore which meant decontaminating between sampling events was
easier. Samples collected during horizontal and vertical mini-profiling were analyzed for PCE and 7

degradation products.

In January 1999, because of concerns about potential changes in the concentration and position of the
PCE plume, 12 bundle multilevel samplers, designated BML1 to BML12, were installed along the
banks of the river. BML1 to BML10 were installed in a row on the east ride of the river and roughly
parallel to transect 5 and within 3.4 m to 10 m of the river. BMLI11 and BML12 were installed on the
west side of the river, in the vicinity of AP47 and AP49, respectively. See Figure 2-2 for BML
locations. The BMLs were constructed in a similar manner to those used by Mackay et al. (1986) and
described by Bianchi-Mosquera and MacKay (1992). Each BML consisted of a 9.97 m long PVC
center stalk with 8 tol1 teflon sampling tubes (0.0032 m OD and 0.0016 m ID) bundled to it, each with
a Nitex screen placed over the end of the tube. The sampling ports had a vertical spacing of 0.5 m and
were placed 4.5 to 9.5 m below the top of the center stalk. The BMLs were installed using an Enviro-
Core™ XD drill rig which vibrated in a temporary casing with an aluminum knock-out tip. The bottom
part of each hole was allowed to collapse around the BML but the top 4.27 to 5.50 m of each hole
(above the top port) was sealed using a bentonite grout. In March 1999, approximately 106
groundwater samples were collected from the BML samplers and analyzed for PCE, TCE, 11DCE,

tDCE, ¢DCE, VC, ethene, and ethane.

In this study, two new types of driveable multilevel samplers (MLS) were developed that eliminated the
need for a temporary casing to install the device and minimized the possibility of vertical groundwater
flow along the installation. The MLS sampling ports were flush with the outside of a stainless steel or
PVC drive pipe that was driven directly into the streambed using an electric jack hammer. The

stainless-steel type were modified multilevel sampling devices used by Barbaro (1999) and de Oliveira
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(1997). The device consisted of a 3.055 m long, 0.0335 m OD (0.0254 ID) schedule 40 stainless-steel
pipe fitted with a drive tip and it had 9 sampling ports spaced 0.3 m vertically along its length. Each
port was attached to a separate 0.0032 m OD stainless-steel sampling tube extending up inside the
larger pipe. The larger pipe was then filled with wax to provide internal support while driving the
device. The other type of driveable multilevel consisted of a 0.014 m ID, 0.042 m OD PVC pipe which
was 1.52 m in length with 10 sampling ports spaced 0.15 m vertically along the pipe and terminating in
a solid stainless-steel drive tip. The ports consisted of Mott 0.0254 m long 0.45 pm porous tips
soldered to 0.0032 m OD stainless-steel tubes which were placed into machined slots along the outside
of the pipe and PVC welded (sealed) into place. In October 1998, pairs of stainless steel and PVC type
driveable multilevel samplers (MLS1 to MLS20) were permanently installed at 10 locations (see Figure
2-3). The MLS samplers were installed in a line along transects 6-6W and 16-16W and extended to a
maximum depth of 5.5 m below the streambed. Sampling of 41 MLS sampler points occurred in
November 1998, and 139 points were sampled in March 1999. All the MLS water samples were

analyzed for PCE and its degradation products.

[n the initial part of the study, some of the water level monitoring points (drivepoint piezometers) were
sampled for groundwater quality. On June 25, 1996 drivepoint nests DP1 to DP6 and streamed mini-
piezometer pairs SP1, SP2, and SP3 were sampled for PCE and it’s degradation products. Between
November 8 and 11, 1996, water samples were also collected from drivepoint nests at DP1, DP7, DPS,

DP9, and a streambed piezometer pair at SP1.

2.4.5 Surface Water Sampling

Between June 25, 1996 and March 17, 1999, 71 surface water samples were collected from various
locations within the study reach and analyzed for VOCs. The majority of water samples were collected
by hand as grab samples from just a few centimeters above the streambed. For VOC sampling, an open

40 mL or 25 mL glass vial was inverted and pushed down through the water to the desired depth. The
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vial was then turned over to release the air, allowing it to fill with river water before being lifted to the
surface where it was immediately capped with a teflon lined septum and plastic cap. Other samples
were collected prior to profiling the streambed at a location using a peristaltic pump and sampling
manifold and placing either a Waterloo Profiler tip or a mini-profiler tip to the desired height just above
the streambed. Samples were collected just above the streambed to improve the likelihood of detecting
contaminated groundwater discharge since it would have been subject to less mixing and turbulent
dispersion in the surface water. The method of lifting the vial up through the river water prior to
capping was not believed to have resulted in a significant mixing of the sample with water higher up in

the river.

Two main surface water sampling events occurred on June 27, 1996 and October 7 and 9, 1996, when
the river levels were relatively low at 184.72 and 184.50 m, respectively. For each sampling event, one
group was collected upstream of the projected plume discharge area and the other two groups were
collected either within or downstream of the projected plume discharge area. These samples were
collected prior to installing the transect stakes used for determining locations so a description of the
sampling locations is provided. In June, samples were collected at about 2.5 m from the east bank, in
the center of the river, and 2.5 m from the west bank at locations 0, 65, and 113 m downstream of the
King Street bridge. Those collected at distances of 65 m and 113 m were labeled with the suffixes “-
SP2” and “-DS”, respectively. In October, samples were collected at distances of about 0, 23, and 54
m down stream. The two samples collected at the bridge were from the east side and center of the river
(the sample from the west side broke during transport). The 4 samples at a distance of 23 m
downstream were at locations PRP1, PRP2, PRP3, and PRP4. At a distance of 54 m three samples
were collected on the east side, center, and west side of the river in line with SP1. Three other samples
were collected at this time at PRPS, PRP6, and SP2 located about 36, 35, and 66 m downstream of the
bridge, respectively. Later samples were typically collected either prior to profiling at a location or

before sampling a MLS location or along specific transects.
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2.5 RESULTS AND DISCUSSION

2.5.1 Geology

Prior to investigating the geology near the river, it was hypothesized that either no hydraulic connection
existed between the confined aquifer and the river (Figure 2-4a) or that the river had eroded down
through the aquitard and established a good connection with the underlying confined aquifer (Figure 2-
4b). If no hydraulic connection had been established, then the plume could travel beneath the river
without discharging to it (Figure 2-4a) but, if Figure 2-4b was the case, the plume would discharge
completely to the river near the east bank and not extend beyond the groundwater divide in the center
of the river. Early investigations in the Pine River and immediately adjacent to it showed low hydraulic
conductivity ‘“semi-confining deposits” and high hydraulic conductivity sandy streambed deposits
unique to the near river environment, and deeper deposits that were part of the aquifer sands to the east.

The result was near-stream geology that was more complex than shown in Figure 2-4.

2.5.1.1 Semi-Confining Deposits

Coring and the GPR surveys showed that the 1.5 m thick silty-clay aquitard that exists to the east of the
river was absent in the immediate vicinity of the river and that semi-confining deposits were present
instead of the aquitard. The semi-confining deposits at the site consisted of about a 5 m thick sequence
of finely-bedded silts, peat, and clay that contain infrequent sand stringers. The semi-confining
deposits are likely swamp or overbank type deposits laid down in association with a river or lake. The
deposits extend from ground surface down to an elevation of around 181.2 m in cores SC7 to SCI12.
The semi-confining deposits were also found beneath the river at shallow depths at core locations RC1,
RC2, RC7, RC9, RCI11, and RC12. Under the river, the semi-confining deposits ranged from a gray to
darker-gray silt with a small amount of clay to a gray to olive-gray clay or silty clay. These deposits
contained less peat and wood material and tended to be more clay rich than semi-confining deposits

found at cores SC11 and SC12. Figure 2-5b is a cross-section of the geology along the line shown in
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Figure 2-5a which starts near the dry cleaner and passes roughly along the axis of the PCE plume to the
Pine River. The figure shows semi-confining deposits lie over aquifer sand layer 2, and unconformably
contacts both sand layer 3 and the aquitard at about 30 m east of the river. Initially it was thought that
the aquitard had been eroded away by the Pine River in the past when the outlet for the river was much
lower and then replaced with the semi-confining deposits as the outlet level rose. However, the
radiocarbon date for the base of the semi-confining deposits at SC12 was 9350 + 90 years before
present which is older that the 6880 + 80 age (Karrow, 1999) obtained for the base of the aquitard at B2
(located about 144 m away at a 2 m higher elevation than the SC12 sample). It is assumed that this
wood accurately reflects the age of the deposits and is not older wood from upstream that was rafted
downstreamn and redeposited. Thus some, but perhaps not all, of the semi-confining deposits were
already in place before the aquitard was deposited. It is not known how far these low hydraulic
conductivity semi-confining deposits extend beyond the river to the west, but in the immediate area of
the river they play an important role in determining how and where the groundwater plume discharges
into the river. The occurrence and distribution of these deposits beneath the river are discussed in more

detail in the following sections.

Table 2-2 summarizes the maximum, minimum, geometric mean (Kg), arithmetic mean (Kaj and
harmonic mean (Ky) hydraulic conductivities and the average porosity for the semi-confining deposits
and other deposits at the site. The semi-confining deposits had hydraulic conductivities that were equal
to or lower than those reported for the aquitard by Writt (1996). Falling head permeameter tests on 3
silt samples at the base of the semi-confining deposits at SC12 resulted in hydraulic conductivity values
between 2.66x10~° cm/s and 2.21x10™ cm/s and porosities between 41 and 48%. Ten permeameter tests
on samples collected from S locations beneath the river had a geometric mean hydraulic conductivity

(Kg) of 1.12x10™ cm/s and were as low as 2.36x10”° cm/s with an average porosity of 62.6%. Slug
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testing of streambed piezometers screened in the silty clays of the semi-confining deposits had vertical

hydraulic conductivities (K.) ranging between 9.34x10™ cm/s and 4.44x10° cm/s.

2.5.1.2 Streambed Surficial Geology and Streambed Sands

Mapping of the surficial geology of the streambed was undertaken to characterize the site geology and
to help infer preferential flow paths to the river. A map of the streambed surficial geology (top 0.1 m of
deposits) for February 1999 is shown in Figure 2-6. Geomorphology, topography, and composition of
the riverbed may vary both seasonally and in response to floods because of river erosion and deposition
of sediments (primarily sand). For instance, over a 6 month period, the topography of streambed sands
was observed to vary by at least 0.45 m at one location along transect 18-18W. Nonetheless, the pattern
of deposits in Figure 2-6 was quite similar to the July 1997 and August 1998 distribution of deposits
(not shown). Because of these shifting sands, the semi-confining deposits typically only out crop
beneath the river as very small areas along the stream banks and they correspond to the silt-with-clay-
or-peat zone and the sand-and-silt-with-clay-or-peat zones labeled as zones 1A and 1, respectively in
Figure 2-6). Within 30 m of the King Street bridge, 56.3% of the area of the streambed consisted of
fine to very-fine sand and 13.7 % consisted of sand and gravel with or without cobbles and boulders.
Downstream of transect 30-30W in the area of the gentle riffle, the streambed material was coarser,
consisting of 20.5% sand and 48.7% of sand and gravel with, or without, cobbles and boulders. In both
stretches of the river, about 30 % of each area consisted of fluvially deposited sand and silt that were

commonly found along the edges of the river.

The thickness and characteristics of the fluvial sand deposits that overlie the semi-confining deposits
were determined by coring and GPR surveys. In general, the top portions of riverbed cores RC1 to
RC12 consisted of tan colored, clean and uniform, fine-to-very-fine sand deposits, about 0.10 to 0.54 m
thick, likely representing deposition within the past year. This layer was usually underlain by either

similar grain-sized gray-tan sands or by a finer gray-tan sand which in some areas contained numerous
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shell fragments and a small amount of silt. This lower sand layer occasionally contained woody debris
such as small pieces of sticks or bark or peat like materials which were typically present as beds less
than 0.02 m thick. The 167 permeameter tests on the sandy streambed materials resulted in a Kg of
1.53x107 cm/s and an average porosity of 39.6%, which are similar to the values obtained for the
aquifer sands of layers 1 and 2 in this study (Table 2-2). At the 6 river core locations where semi-
confining deposits were found, 0.15 to 1.25 m of sandy materials lie unconformably on top of the semi-
confining deposits. This contact was typically very sharp and these sands had hydraulic conductivities
32 to 382 times greater than the underlying semi-confined deposits. Therefore, vertical flow of
groundwater from the aquifer up through the streambed at these locations will be restricted and
controlled by the semi-confining deposits and so the distribution of the overlying surficial sands and
gravels of the streambed will not be reliable indicators of increased or preferential groundwater flow

paths.

2.5.1.3 Absence of Semi-Confining Deposits Beneath the River

The presence or absence of the semi-confining deposits at depth determined where preferential
groundwater flow paths from the underlying contaminated confined aquifer occurred. Shallow coring
indicated the river had eroded at least 1.5 m below the current streambed level at some places, and
replaced the semi-confining deposits with higher hydraulic conductivity sandy deposits. GPR was used
to map the interface between the surficial sands and the underlying clayey semi-confining deposits to a
depth of 3 m. Reflection of GPR signals off of the top of the semi-confining layer were strong, but
radar signals did not penetrate much below it where clay in the deposits attenuated the signal. Deeper
penetration of the radar signals in an area typically meant greater thicknesses of sand or other deposits
that contain relatively little clay which could represent preferred groundwater flow paths to the river

(e.g. geological windows).
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The 16 GPR transects surveyed in October 1998, indicated that the semi-confining deposits extended
from the east bank to about a third of the way across the river (approximately 4.0 to 4.5 m) in transects
14-14W through 24-22W. GPR and coring showed that less than about 0.80 m of sand overlies the
semi-confining deposits in those areas. In the center of the river, the surficial sands and silty sands
become considerably thicker (i.e. 2.5 to over 3.1 m thick). The GPR reflectors in these deeper deposits
were hummocky and wavy which suggests a sequence of bedded sands or sand and silts with individual
bed thicknesses of about 0.15 m. The cross-sectional areas of these sandy deposits are somewhat “u-
shaped” and are consistent with the infilling of an older and deeper river channel incised into the semi-
confining deposits. The former channel is clearly visible along several GPR transects including 16-
16W (Figure 2-7a). These deposits are deep enough to intersect the underlying aquifer at an elevation
of approximately 180.8 to 181.4 m. The depth axis in Figure 2-7 is based on a single radar velocity of
0.055 meters per nanosecond (m/ns) for saturated sands, and a topography correction has been applied

to each trace to compensate for the water portion of the section which had a velocity of 0.033 m/ns.

Geological interpretation of the GPR transects were aided by coring of the deposits and by relative
hydraulic conductivities inferred by the inability (or ability) to pump water samples from the MLS,
Waterloo profiler, or mini-profiler sample locations and the color and siit content of the pumped water.
In Figures 2-7b the clayey semi-confining deposits can be clearly seen extending out under the river
from the east. Slightly higher hydraulic conductivity layers within and adjacent to the semi-confining
deposits have been inferred to be silty-sand deposits based on the profiler and multilevel sampler
pumping results. Some of these silty deposits are within the “u-shaped” former channel deposits.
Between MLS8 and ML.S10 a narrow continuous sandy zone (i.e. a geological window) is present that
connects the confined sand layer 2 with the river and may serve as a preferential groundwater flow path.
However, thin layers of siity-sand deposits may extend across the full width of the river just above the
confined aquifer (note the question marks in Figures 2-7b), and could restrict vertical flow along that

path. Geological interpretation of GPR records were complicated by “multiples” (i.e. multiple signal
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echoes from reflections off of the water/sediment and air/water interfaces) which occasionally obscure
real stratigraphic reflectors within the streambed. It was also difficult to distinguish sand layers from
silty-sand layers on the GPR records, so the fluvial deposits at depth (i.e. greater than the 1.8 m

maximum depth of streambed coring) may be either sand and/or silty sands.

In the southern transects near the bridge (4-4W to 14-14W), the semi-confining deposits were less
apparent in the GPR records because they were either absent or did not extend very far under the river,
or the deposits contained less clay (e.g. RC7 on transect 10-10W). The radar signals penetrated deep
into the deposits and the hummocky and chaotic configuration of reflectors suggest bedded sands or
possibly cross-bedded sands and gravels. Diffraction patterns were occasionally observed indicating
the possible presence of cobbles, boulders, logs, or manmade obstructions. The apparent lack of the
semi-confining deposits suggests that the flow up from the confined aquifer is unrestricted, and the
deposits across nearly the full width of the river could constitute a preferred flow path. The GPR
transect and geological interpretation shown for transect 6-6W (Figures 2-7c and 2-7d, respectively) are

representative of the deposits along the southern portion of the river.

2.5.2 Groundwater Flow and Discharge Through the Streambed

Groundwater flow at the site was determined using water level data and also was inferred from
streambed temperature measurements, site geology, and distribution of contaminants. For the area east
of the river, the sandy confined aquifer (i.e sand layers 1, 2 and 3) was the main groundwater flow
system of interest because the dissolved phase PCE plume travels almost exclusively through it to reach
the edge of the river. Figure 2-8a shows the potentiometric surface for drivepoints screened in the
confined aquifer as measured on November 5, 1998, which corresponds to the lowest monthly water
level conditions observed between July 1998, and August 1999. The direction of groundwater flow was
very similar throughout the 13-month period with maximum observed changes in water levels at these

piezometers of between 0.23 to 0.40 m. In Figure 2-8a, groundwater flow is generally horizontal
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toward the river from both sides, indicating that the river is a location of groundwater discharge and that
the plume should not flow past the river as was hypothesized in Figure 2-4a except possibly in the area
of DP9. Deep piezometer DP9-3 consistently had the lowest head observed in the confined aquifer and
so the potentiometric contours are concentric around that location and form what resembles a cone of
depression around a pumping well (Figure 2-8a). This location may be near an area of local discharge
from the confined aquifer to the overlying unconfined system. Some groundwater flow from the east

side of the river maybe able to flow beneath the river to the DP9 area but not beyond.

At most locations in the confined aquifer the flow was essentially horizontal since vertical hydraulic
gradients between pairs of intermediate and deep piezometers screened within the confined aquifer
were often non-detectable. Small vertical gradients (generally upward) within the confined aquifer near
the river were measurable on occasion, but they did not display a consistent spatial or temporal pattern.
Drawdown caused by daily pumping of the Angus Plaza water supply well (located 90 m north west of
AWI1 in Figure 2-8a) may have contributed to this inability to resolve these gradients near the river.
Water levels at AW1 varied about 0.02 to 0.04 m during the time required to take a typical set of

monthly water level measurement and varied about 0.1 m over an entire day.

Monitoring of water levels with Leveloggers™ was done to characterize seasonal differences in vertical
flow potential between the confined aquifer and the river and determine if reversals in flow direction
occurred. Figure 2-9a shows the relative locations of the Leveloggers™ in the river and the confined
aquifer at well AW1. Figure 2-9b is a graph showing water levels measured between July 1998 and
June 1999. During this time the minimum flow in the Pine River was 1.39 m’/s, the maximum flow
was 6.89 m*/s, and the median flow was 2.29 m*/s. During that time the water levels in AW1 ranged
from 185.71 to 186.39 m (i.e. varied by 0.68 m) and the river stage ranged from 184.43 to 18527 m

(i.e. varied by 0.84 m). Figure 2-9c shows the vertical hydraulic gradient between the AW1 well screen
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and the bottom of the river (a vertical distance of 3.64 m) is always upward at between 0.29 and 0.42
m/m indicating groundwater discharges to the river even during the modest spring runoff in March
1999. Likewise, water levels in piezometers screened in the confined aquifer near the river in this study
were observed to always be 0.5 to 1.5 m higher than those measured in the top of the semi-confining
deposits or in the river. Some of the deep piezometers near the river would have been flowing artesian
wells for either part or all of the year if they had not been capped. The lack of gradient reversals during
flooding suggests that surface water does not flow down into the underlying aquifer as bank storage
[such as that observed by Squillace (1996)], except possibly during more rapid and extreme flooding
situations than observed in Figure 2-9c. During flooding events, increases in river stage are
accompanied by increases in the aquifer water level, but the response in the aquifer lags slightly in time
and is not quite as large resulting in short periods (1 to 3 days) of lower hydraulic gradients as seen in

the graph (Figure 2-9c¢).

Vertical hydraulic head differences and flow within shallow streambed deposits were also investigated.
Six sets of water level measurements made at mini-piezometer pairs at SP1, SP2, and SP3 from June 18
to November 9, 1996, resulted in vertical head differences ranging from 0 to 0.004 m and vertical
gradients ranging between 0 (no flow) to 0.0067 m upward. Upward flow occurred even when the river
stage was higher (elevation 185.1 m) during the November 9, 1996, measurements. However, it was
not clear if the small head differences might be an artifact of the Lee and Cherry (1978) installation
technique, where the holes created to install the mini-piezometers in silty and clayey materials may not
have collapsed properly around the tube and could result in a poor seal between the screen and the
overlying river. Water level measurements piezometers made with the potentiomanometer in the new
type of piezometers (SP4 to SP37), also indicated upward flow of water at each location in November
1998. The lowest head difference between these piezometers and the river was 0.002 m, the median
difference was 0.01 m, and highest difference was 0.233 m (at SP34, located at 28-28W 2.0m). The

vertical head gradients between the center of the piezometer screen and the top of the streambed ranged
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from 0.003 m/m to 0.405 m/m. These upward gradients suggest downwelling of surface water into the

deeper streambed deposits is not common during low river flow conditions.

The spatial pattern of groundwater discharge through the streambed is shown qualitatively by
streambed temperatures measured at a depth of 0.2 m in July 1998 (Figure 2-10). During this mapping,
surface water temperatures ranged between 16.5 and 20.5 °C while the groundwater temperature in the
confined aquifer was constant at 9.8 °C. Cooler temperatures in the streambed (9.9 to 14 °C) indicate
areas of higher groundwater discharge and higher temperatures (17 to 19 °C) indicated areas of low
groundwater discharge. Darcy flux calculations made at piezometer locations SP4 to SP37 were
consistent with this pattern. For example, the lowest flux of 5.1x10? liters per square meter of
streambed per day (L/m°d) occurred at SP31 where the streambed temperature was higher (16.7 °C) and
the highest estimated flux, 7060 L/m*d, occurred at SP34 where the temperature was warm (10.3 °C).
Groundwater appears to discharge preferentially in three areas, the south central discharge area, the
west central discharge area, and the eastern shore discharge area. All three areas are within 32 m of the
King Street bridge, and none are in the riffle area down stream of that distance. The location of these
discharge areas are generally consistent with the pattern of concentric potentiometric contours near the
river that show this upper portion of the river to be an area of focused discharge (Figure 2-8a). The
south central and west central discharge zones also align with the preferential pathways inferred from
the geological investigations. The eastern-shore discharge area occurs where a tree and a section of
stream bank extend into the river and it is thought that erosion and scouring associated with the water
flowing under it has reduced the thickness of the semi-confining deposits or perhaps created a
geological window at this location. See Chapter 3 for a further examination of the relationship between

streambed temperatures and discharge.
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2,53 Contaminant Plume

2.5.3.1 The Upgradient Groundwater Plume

To understand the source of the contamination found beneath the river, it was necessary to characterize
the upgradient land-based plume traveling toward the river. A plan-view distribution of maximum PCE
concentrations based on the present sampling effort and data from Pitkin (1994), Writt (1996), Levenick
(1998) and Guilbeault (1999) is shown in Figure 2-8b and differs from earlier interpretations. Three
main findings were made about the overall plan-view distribution of PCE in the aquifer. First, using
new data from profiling along transects 2 and 3 and drawing the plume to be consistent with newly
mapped groundwater flow directions, there was now a physical basis for- concluding there are two
separate high-concentration (>10,000 pg/Ll) cores of the PCE plume and not just one as had been
previously thought. Second, profiling along the east bank of the river (transect 5) and sampling of
drivepoints DP1, DP7 and DP8, and the BML installations, showed that the northern edge of the PCE
plume intersects the river approximately 21 m further to the south than previously projected by Writt
(1996). The plume position in Figure 2-8b was consistent with the groundwater flow near the river,
which showed the plume should curve toward the river as it is depicted in Figure 2-8a. However,
sampling of piezometer nests at DP1 to DP6 and SP1 to SP3 along the eastern side of the river (where
the PCE plume was initially projected to be located by Writt) did not detect any PCE, but did detect low
levels of PCE degradation products at a few locations. The presence of PCE degradation products to
the north of the current location suggests the plume may have occupied that location at an earlier time
and the contaminants are remnants of that occupation. The PCE degradation products detected included
25 ug/L of ¢cDCE at DP1-2, 4.4 ug/L of TCE at DP2-2, 0.9 pg/L of TCE at DP3-1, and 5.3 ug/L of
tDCE at SP3-D. Third, profiling performed in July 1996, on the west side of the river along transect 6
parallel to the river, indicated the entire plume discharged to the river. A possible exception was the
detection of 2.5 pg/L of PCE at AP47 on the west bank of the river at a depth of 2.5 m bgs. Analyses of

water samples collected from drivepoint piezometers DP9-2 and DP9-3 on November 8, 1996, detected
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5.1 and 26.3 ug/L, respectively. However, analyses of 20 methanol-preserved sediment samples
collected from core SC11 (2.4 m south of AP47) in June 1997 failed to confirm the presence of PCE
(or TCE) in the semi-confining deposits or underlying sand aquifer on the west side of the river. In
March 1999, 2.1 pg/L of PCE was detected at a depth of 5.55 m at BML11! (about 5.1 m south and 3 m
deeper than the AP47 detection). Even though small amounts of contamination appear to have reached
the far bank, the overwhelming majority of the contamination must be discharging up through the
streambed. However, the presence of PCE beneath the far bank of the river suggests that the
groundwater flow paths beneath the river may be influenced by preferential discharge up through the

semi-confining deposits near DP9.

The PCE plume in the confined aquifer was characterized in cross-section beneath the stream bank
immediately adjacent to the east edge of the Pine River to obtain a better understanding of the complex
concentration distribution about to reach the river. The plume still contained the high concentrations of
PCE observed further upgradient and was located almost exclusively in the confined aquifer. Plume
concentrations varied vertically by factors of 100 to 1000 over distances of less than 1 to 2 m. PCE
concentrations for the Waterloo Profiler Transect 5 performed in 1996 and the BMLI1 to BMLI10
transect sampled in 1999 are shown at a 1:1 scale in Figures 2-11b and 2-11c, respectively. The PCE
groundwater plume along transect 5 was generally S to 7 m thick and approximately 45 m wide. Peak
concentrations in the plume (>1000 ug/L) were found in a continuous band within the confined aquifer,
that was 1.0 to 1.5 m thick along almost the full width of the plume. The two highest concentrations for
the transect were 8707 pg/L. at AP40 and 6643 ug/l. at AP43. The two plume cores (>10,000 pg/L)
shown in Figure 2-8b were either not intersected by the sampling array or were not present. If a 5000
pg/L concentration is used to define a core, then a two-core pattern is observed at approximately the
right locations in the north and south ends of the plume and the cores are separated by a lower

concentration area around AP45, AP41, and AP46. Only in this area between AP45 and AP46 did the
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plume extend up into the semi-confining deposits, as indicated by the positions of the 1 and 10 pg/L
contours in Figure 2-11b. This flow up into the semi-confining deposits may be the result of the
eastern shore discharge area (Figure 2-10). However, analyses of 21 methanol-preserved sediment
samples collected from core SC12 (3.1 m south of AP45) in June 1997 indicated that PCE was present
only in the confined aquifer sands and neither PCE nor TCE were in the semi-confining deposits at that

location.

The concentration distribution of PCE was also examined in vertical cross-section beneath the eastern
bank of the river a second time when the BML locations were sampled in March 1999 (Figure 2-11c).
The purpose of this sampling was to see if the PCE concentration distribution had changed appreciably
since 1996 and determine if PCE degradation products were present in the confined aquifer. The results
of PCE analyses are projected onto the same cross-section line as transect 5 to aid in comparison. The
plume in Figures 2-11b and 2-11c are similar, but the overall PCE concentrations in 1999 are lower and
the plume is slightly thinner and appears to have shifted vertically upward. The plume has
approximately the same width but is now only 4 to 5 m thick. The plume looks thinner partly because
no BML sampling ports were placed to sample the semi-confining deposits. The continuous band of
greater than 1000 pg/L of PCE seen in 1996 is discontinuous in the BML transect, and the highest PCE
concentration was 2699 pg/lL at BML6-5. These changes in the plume may be an artifact of how the
sampling array intersected the plume, or may be a result of seasonal variations in the flow direction or
depletion or changes in dissolution of the DNAPL source. The large reduction in plume concentrations
are not thought to be a result of anaerobic biodegradation since only minor amounts of PCE degradation
products were observed along the BML cross-section. Low concentrations of ¢cDCE (<14.5 pg/L) and
TCE (< 9.5 ug/L ) were detected in the top 2 to 4 points in the aquifer at BML7, BML9, and BMLI10
and 26.8 pg/L. of TCE was found at the top most point in the aquifer at BML1. Moreover, the

geochemical conditions in the confined aquifer are not particularly reducing and are anaerobic with
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little or no nitrate reduction (see Chapter 4 for further discussion of the geochemistry). The decline in
concentration in the aquifer are consistent with previous findings where concentrations from Waterloo
profiling performed at AP53, AP54, and AP55 in 1997 (Levenick, 1998), were considerably lower than

those observed at immediately adjacent profile locations AP25, AP26, and AP27 performed in 1995

(Writt, 1996).

Another reason for obtaining the vertical cross-section of PCE concentrations shown in Figure 2-11b
and 2-11c was to estimate the mass of PCE discharging through the eastern edge of the river. Mass
discharge was calculated as follows. The areas of the plume enclosed between adjacent concentration
contours were measured using AutoCad®, and these areas were assigned the average concentration
value of the two enclosing contours and then multiplied by the appropriate specific discharge (Darcy
flux) for the area. For areas inside of 1000 pg/L contours there is no upper contour, so an average of
the peak concentration from each profile was used as the upper concentration in the calculations. The
average specific discharge for aquifer sand layers 1 and 2 near the river was estimated to be 0.171 m/d
and was 0.001 m/d for the semi-confining layer, based on values of K; and measured gradients. Over
the entire cross-sectional area of the plume, approximately 24.9x10° to 28.5x10° L/d of contaminated
water was flowing toward the river. For transect 5, approximately 19.7 grams of PCE per day (g/d) was
flowing toward the river in 1996. For the BML transect, approximately 7.7 g/d of PCE was traveling
toward the river in 1999. In both instances, a relatively small cross-sectional area of the plume
contained most of the mass discharge. For example, for transect 5 about 15.7% of the plume area is
enclosed by the 1000 pg/L. contour but it accounts for 78.5% of the mass. The PCE mass discharge in
1999 was less than half of that observed in 1996 and both are less than the 58.5 to 146.2 g/d estimated
for Transect 4 in 1995 (Writt, 1996). Mass discharge estimates by Guilbeault (1999) for half of the
width of the plume near the dry cleaner were 21.7 g/d for part of Transect 2 using data collected in 1993

(Pitkin, 1994) and 39.7 g/d for part of the plume along the dry-cleaner building using profiles done in
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1997 (Guilbeauit 1999). The apparent decline in mass discharge over time is consistent with the
decline in concentrations discussed earlier. The mass discharge estimates from the previous studies
have been temperature adjusted to 10 °C to more accurately reflect in situ hydraulic conductivity

values.

Extrapolation of concentration and groundwater flux data laterally into areas where there is no
information adds a degree of uncertainty to mass discharge estimates that is potentially large and very
difficult to quantify, especially since such large concentration differences occur over such short
distances. One particular concern is that both the BML samplers and transect 5 profiling seemed to
have missed the two cores (>10,000 pg/L) of the PCE plume. Assuming each core was only 2 m wide
and 1 m high and located within an existing 1000 pg/L contour, this unaccounted for additional flux
would be about 6.2 g/d, which would represent an 80% increase in mass discharge for the BML transect
and a 31% increase for Transect 5. Locating high concentration cores of a plume is critical part of
accurately estimating total mass discharge (Cherry, 1996), and this has been previously noted for other
dissolved-phase plumes down gradient of DNAPL source areas (Rivett et. al., 1994; LeSieur, 1999; and
Guilbeault, 1999). Recognizing and identifying these cores are important for determining the mass

loading to rivers and locations of maximum concentration exposures in the streambeds.

2.5.3.2 Contamination of Interstitial Water in the Streambed

Plan-view mapping of interstitial water concentrations in the streambed using the mini-profiler in
August 1998 showed that the PCE plume had been modified in both size and shape. The concentration
and composition of the plume had also been substantially modified by anaerobic biodegradation.
Anaerobic biodegradation (rather than abiotic degradation) is believed to be the main PCE
transformation mechanism at the site because of the relatively large amount of ¢cDCE produced in

comparison to 11DCE and tDCE, which is indicative of a microbiologically mediated process
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(Wiedemeier et al., 1999). To directly compare the contaminated area of the streambed to the PCE
concentrations found in the confined aquifer, total VOCs detected in the streambed (i.e. PCE and its
anaerobic degradation products TCE, cDCE, tDCE, 11DCE, VC, ethene and ethane) were converted to
equivalent PCE concentrations. Equivalent PCE concentrations represent minimum pre-transformation
PCE concentrations since they do not account for any PCE that has been completely mineralized to
CO,, chloride, and water. The equivaient PCE concentrations are shown in Figure 2-11a at the same
1:1 scale as the PCE concentration cross-sections in the adjacent aquifer along Profiler Transect 5 and

the BML transect shown in Figures 2-11b and 2-11c.

The plan-view area of contamination in the streambed delineated by the 1 pg/L equivalent PCE contour
in Figure 2-11a is 469 m” or about 2.3 to 3.2 times larger than in the two cross-sections. The area
enclosed by the 10 pg/L contour in Figure 2-11a is about 2.9 to 3.8 times those in the cross sections.
The plume has a similar north-south dimension in both the streambed and aquifer, but is typically much
wider in the streambed than its thickness in the aquifer. This widening is not consistent with the
narrowing of flow lines and focussing of flow at the shoreline that is usually encountered when
groundwater discharges to surface water. In fact, at some locations the plume appears to discharge over
the full width of the river, which has also been observed where other VOC plumes discharge to rivers
(Norman et al., 1986; Savoie et al., 1999; Lyford et al.,, 1999). The highest equivalent PCE
concentration found during the plan-view mapping was at 16-16W 7.0 m where 10,323 pg/L was
detected (Figure 2-11a) that consisted of 5529 pg/L of degradation products (no PCE) of which 83.5%
were cDCE. The plume is also shown in cross section as equivalent PCE concentrations for MLS
installations along 6-6W and 16-16W sampled in March 1999 (Figures 2-12a and 2-12b), and Waterloo
Profiling along 24-22W performed in 1996 (Figure 2-13). Along transect 6-6W, where the semi-
confining deposits extend only a short way beneath the river, the plume discharges across about 70% of

the width of the river. In cross-sections 16-16W and 24-22W, where the semi-confining deposits
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extend out under the river, the plume discharges over nearly the complete width of the river. Because
these cross sections are shown at a 1:1 scale, the extent of horizontal spreading of the plume in the
streambed is clearly apparent when the horizontal width in the streambed is compared to the vertical
height of the plume in the aquifer beneath the eastern riverbank. Even with this spreading, the
equivalent PCE concentrations in the streambed changed by a factor of 100 to 10000 over lateral
distances of less than 1 to 3.5 m, which is similar to the variations in PCE concentrations observed

within the aquifer.

Both the distribution of equivalent PCE in plan-view in the riverbed and the distribution in the aquifer
in cross-sections were contiguous areas of contamination. The equivalent PCE concentration
distribution in the riverbed was not a series of isolated, individual contaminant discharge points as
might occur if the upgradient aquifer plume had isolated sections or if discharge was restricted to only
discrete locations. Although three areas of preferred groundwater discharge were indicated in plan
view by streambed temperature measurements, these areas do not cause the plume to split up into
isolated sections. Both the aquifer and riverbed concentration distributions also had relatively few, if
any, “holes” (where uncontaminated areas are completely surrounded by contaminated areas). The only
holes observed were in the PCE plume at AP41 on Transect 5 (Figure 2-1la) where the low
concentrations may have been below detection limits. A hole in the equivalent PCE plume was also
found at MLS9 in the cross-section along Transect 16-16W (Figure 2-12b), even though no holes were
found in the earlier plan-view sampling results for the equivalent PCE plume in the riverbed (Figure 2-

11a).

Of all the factors that could affect the PCE plume in the streambed, biodegradation caused the most
dramatic change in the plume characteristics. After traveling about 195 m to reach the river with very
little or no biodegradation of PCE, the plume suddenly undergoes significant anaerobic biodegradation

as it travels through the top 2.5 m of the streambed. The streambed has the ability to biodegrade the
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PCE whereas the underlying and adjacent confined sand aquifer apparently does not. Figures 2-14a, 2-
14b, and 2-14c, show the distribution of PCE, cDCE, and VC in the streambed in August 1998. Peak
concentrations of PCE, ¢DCE, and VC observed in the streambed were 1433 ug/L, 4619 ng/L, and 823
ng/L, respectively. At approximately 54% of the locations detecting VOCs in the streambed, PCE had
been completely transformed to PCE degradation products. In terms of area, the part of the plume still
containing PCE was also only 54% (coincidentally) of the total VOC plume area and was limited to 3
separate and distinct areas. PCE appears to have been primarily transformed to cDCE (Figure 2-14b)
with little or no accumulation of TCE (i.e only five locations had TCE concentrations exceeding 7.8
png/L). Further biodegradation of cDCE to VC appears to be limited to an area associated with the
highest equivalent PCE concentrations in Figure 2-11a. Biodegradation of VC to ethene and ethane
(not shown) also occurred within the footprint of the VC plume resulting in maximum concentrations of
100.7 and 76.8 pug/L, respectively. The concentration of contaminants in the streambed was spatially
variable and large changes could occur on a scale of meters to centimeters both vertically and
horizontally. For example, 3639 pug/L of PCE with about 557 ug/L of degradation products were found
at PRP8R at a depth of 1.2 m, but at a depth of 1.05 m the PCE concentration was only 125.6 pg/L and
degradation products now totaled about 3377 pg/L which consisted of about 90% cDCE. The
geochemical conditions within the streambed and extent of biodegradation processes and relation to

groundwater discharge are examined further in Chapter 4.

2.5.3.3 Differences between the upgradient plume and streambed concentrations

The internal distribution, composition, and concentration of the plume in the streambed were similar in
some ways to those in the aquifer but significantly different in other ways and the differences were not
particularly predictable. The fact that extensive biodegradation occurs in the streambed (Figures 2-14a
2-14b and 2-14c) but not in the aquifer is clearly the most significant difference. Another notable

difference is that the equivalent PCE concentration distribution within the streambed enclosed by the
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100 and 1000 ug/L contours (Figure 2-11a) do not precisely resemble the distributions seen in cross-
section in the aquifer (Figures 2-11b and 2-11¢). At some locations concentrations are either much
lower or much higher than would have been anticipated by looking at the two cross-sections of
concentrations in the aquifer. Of the two cross-sections, the BML results are a better match to the plan-
view concentration distribution, except that high concentrations at BML8 (2097 pg/L) to the north are
not found in the streambed. The streambed sampling also did not locate where the northern piume core
discharges to the river and failed to detect concentrations greater than 100 pg/L in the area where it was
projected to discharge. Even the deeper profiling in this area seemed to miss the core and high
concentrations (8707 pg/L) observed at AP40. Maximum concentrations of PCE detected at PRPS,
PRP6, PRP12, and PRP13 were 2794, 7.3, 841, and 214 pg/L, respectively, with little evidence of
degradation products. However, the discharge area for the southern plume core (shown in Figure 2-8b)
may have been found at 16-16W 7.0 m where an equivalent PCE concentration of 10,323 pg/L was
detected (Figure 2-11a). Given the close spacing of water sampling locations used near and beneath the
river, it is surprising that Transects 4 and 5 and later sampling of the BMLs and MLSs failed to detect
the southern core. Concentrations can change by as much as 100 to 1000 over distances of 2 m or less
in the aquifer, so perhaps the core still managed to pass through this dense monitoring network

undetected.

The geology beneath the streambed was thought to be responsible for the difference between the
concentration distributions observed in plan-view (Figure 2-11a) relative to those in the aquifer (Figure
2-11b and 2-11c). For example, the large total area and width of the plume that was observed in the
streambed is likely because the plume has to discharge up through lower hydraulic conductivity semi-
confining deposits beneath the river. Flow through these deposits requires either larger areas and/or
higher gradients to transmit equal quantities of water through them than was the case in the aquifer

deposits. Low hydraulic conductivity layers and anisotropy of geological deposits have been shown to



cause this type of widening of groundwater discharge areas for flow to a lake Guyonnett (1991).
Preferential discharge of water from the confined aquifer up into the unconfined aquifer and river near
DP9 also contributed to the plume spreading across the whole width of the river and reaching the

western shore.

Based on the previous water levels and the principle of using VOCs as a tracer for groundwater flow
emanating from the east, conceptual models for the cross-sectional groundwater flow beneath the river
were developed and are shown in Figures 2-15a, 2-15b, and 2-15c. Figure 2-15a represents the
situation along 6-6W where a large geological window allows a vertical flow divide to occur relatively
near the middle of the geological window and so the plume discharges primarily to the eastern half of
the river. Figure 2-15b depicts the situation along 16-16W where the geological window is small and
offset to the west, meaning the flow divide is also offset to the west and thus the plume must discharge
across most of the river. Figure 2-15¢ shows the situation along 24-22W where the combination of
semi-confining deposits and preferential discharge through the semi-confining deposit near DP9 allow
the plume to reach the far side of the river. In Figure 2-15c the groundwater flow divide in the confined
aquifer occurs beneath the western bank and the clean water from the west discharges up through the
semi-confining deposits near DP9 and eventually reaches the river laterally through the unconfined

deposits.

2.5.3.4 Concentrations in the streambed versus groundwater discharge

An examination of streambed concentrations versus preferred discharge locations and pathways showed
that high concentrations did not occur where groundwater discharges were high. Using the streambed
temperatures in Figure 2-10 to infer the magnitude of groundwater discharge through a riverbed, plots
of PCE (Figure 2-14) and total VOCs as equivalent PCE (Figure 2-11a) versus streambed temperature
(i.e. discharge) were created and shown Figure 2-16a and 2-16b. No clear relationship was found

between streambed temperature and total VOC concentrations as equivalent PCE. High concentrations
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were found essentially over the full range of temperatures, with some of the highest concentrations
occurring where temperatures were high and the discharge was presumably low. The plot of PCE
concentration versus streambed temperature also showed considerable scatter, but many of the higher
concentrations were associated with low temperatures where groundwater discharges are presumably
high. Because the high concentration portion of the plume in the aquifer upgradient of the river was
thought to be traveling through preferred high discharge pathways toward the river, it was initially
thought that high concentrations would be associated with high groundwater discharge areas in the
streambed, but they were not. For example, in Figures 2-12a and 2-12b and 2-13 the piume is not
restricted to what appear to be the preferential groundwater flow pathway (geologic windows) in each
case and high concentrations (>1000 pg/L) are shown to extend into lower hydraulic conductivity semi-
confining deposits. The presence of high concentrations in those deposits may, to a certain extent, be
an artifact of extrapolating contours into areas having no water quality data. However, results of
sediment analyses from cores RC1 and RC2 show that high concentrations of PCE, TCE, and cDCE are

present in the low hydraulic conductivity deposits.

There are at least two possible reasons why the highest equivalent PCE concentrations are associated
with the low hydraulic conductivity deposits and low discharge areas. The most likely reason is that the
high concentrations observed in the highly-sorptive low-hydraulic-conductivity deposits may be
remnants of older high-concentration plume water that has not yet migrated all the way through these
deposits. The plume has likely been discharging to the river since the 1970s when the first documented
release occurred at the dry cleaner (the average time required for groundwater to travel from the dry
cleaner to the river through the confined sand aquifer is approximately 1.1 to 3.9 years).
Concentrations of PCE of 27000 and 21000 pg/L were first detected in 1992 approximately 80 m east
of the river in samples from domestic drivepoint wells at 47 and 46 King Street located north and south

of the intersection with Water Street, respectively (see building locations in Figure 2-8a). The peak
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concentration in the plume was likely as high, if not higher, prior to this time and was at least 22,376
pg/L at AP24 (41 m east of the river) as of 1995. As noted in the previous sections, concentrations and
mass fluxes appear to have declined somewhat over time and the location of plume discharge to the
river may have shifted southward by about 21 m. For several decades, the semi-confining deposits
streambed were likely exposed to relatively high concentrations of PCE (>10,000 pg/L), which means
the high concentrations had ample time to penetrate the deposits and expand the volume of
contaminated deposits beyond the confines of any preferential flow paths or geological windows (see
Figures 2-12b and 2-13). A slow release of contaminants from these deposits could explain why an
equivalent PCE concentration of 10,323 pg/l. was detected at 16-16W 7.0 m but equally high

concentrations were not detected in the upgradient sand aquifer (Figures 2-11b and 2-11c).

An alternate explanation for why the high groundwater discharge locations in the streambed do not
correlate with high concentrations of contaminants is that the two types of locations simply do not line
up (i.e. do not fall along the same flow paths). The locations of high concentration plume cores and
high hydraulic conductivity pathways in the upgradient plume flowing toward the river do not
necessarily have to connect directly with the geological windows and high discharge areas in the
streambed. Even if the geologic windows are areas of very large amounts of discharge, some portions
of the plume in the aquifer will still discharge through the semi-confining deposits. Without all the
detailed upgradient plume characterization work, there would have been an inability to properly
interpret the plume concentrations in the streambed or understand the significance of the 10,323 pg/L

concentration that was detected or recognize the apparent lack of a northern core.

2.54 Sediment Concentrations and Contaminant Partitioning

Streambed sediments and deeper deposits were investigated for 3 main reasons: 1) to characterize

sediment contamination caused by the discharging plume; 2) to determine to what extent the
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contaminants should be expected to sorb to the deposits; and 3) to estimate retardation of the
contaminants as they are transported through these deposits. Analyses of sediment samples from river
cores RC1 to RC4 indicated that the VOC plume resulted in significant contamination of both the
streambed sands and semi-confining deposits. The 14 sand and silty-sand streambed samples had
concentrations that ranged from none detected to 16.14 pg/g for PCE and from 0.02 to 0.63 pg/g for
TCE. No ¢DCE was detected in those samples. The 11 samples of semi-confining deposits from RCI
and RC2 had concentrations that ranged from none detected to 81.02 pg/g for PCE, 0.08 to 2.07 pg/g
for TCE, and none detected to 7.19 pg/g for cDCE. Samples collected from the sands of the confined
aquifer at SC12 were generally less contaminated than both the streambed sands and the semi-confining
deposits and concentrations ranged from none detected to 1.33 pg/g for PCE. No TCE was detected in

the samples from SC12 and the samples were not analyzed for cDCE.

The extent to which the streambed and subsurface materials become contaminated is a function of the
interstitial water concentration and the distribution coefficient (Ky) for the material. K4 can be a
function of many different factors that affect sorption (Luthy et al., 1997), but in materials that contain
greater than 0.1% foc, K4 can be approximated by the product of the foc of the material and the organic
carbon-water partitioning coefficient (K.} for the contaminant (Schwarzenbach and Westall, 1981;
Chiou et al., 1983), which is 364 mL/g for PCE (Mabey et al., 1982). Foc values for the streambed
sands ranged from 0.027 to 4.49 % and in the semi-confining deposits under the river it was between
1.69 and 7.18 %, but were much lower for the aquifer sands where they ranged between 0.007 to
0.039% (See Table 2-3). The average K, for sand layer 2, the semi-confining deposits beneath the
river, and the streambed sands were 0.106, 16.75, and 2.07 mL/g, respectively. When Ky values were
calculated using the foc data for sands in core RC4, it closely matched the in situ-Kd values obtained by
the LESS core sampling. Estimating K4 from foc and the LESS core sampling results both seem to be

valid methods at this site, and suggest that the streambed sands that were sampled had sufficient time to
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reach chemical equilibrium with the contamination. Using the Ky values (Table 2-3), porosity, and bulk
density of the sands, it was estimated that the transport of PCE through the streambed sands will be
retarded by a factor of between 1.4 and 67.1 (with a mean value of 3.22) relative to the advection of
water. Retardation values of between 21.5 and 88.1 are estimated for the semi-confining deposits

beneath the river (Table 2-3).

The relatively high Ky values and retardation factors for the streambed deposits (compared to the
aquifer) have important implications for the fate and transport of the plume. Since the plume has been
migrating to the river for decades, the semi-confining deposits have likely accumulated (adsorbed)
many kilograms of VOC contamination. Because of the high retardation factors and low hydraulic
conductivities, the contaminants may not have been able to completely migrate through (break through)
the semi-confining deposits at all locations beneath the river or attain steady-state concentration profiles
within those deposits. Average linear vertical flow velocities calculated for the SP4 to SP37 piezometer
locations using the slug testing and potentiomanometer data resuited in the streambed sands and silty
sands having vertical velocities of 0.01 m/d to 13.8 m/d with an average value of 0.78 m/d, while the
silty-clays of the semi-confining deposits had velocities of 0.016 to 5.1x10° m/d. Even if the
upgradient plume source of PCE at the dry cleaner is remediated, the low velocities and high retardation
factors for the semi-confining deposits could cause the plume to take decades to hundreds of years to
flush completely clean under natural conditions. The rate of this cleanup may be shorter depending on
the rate of biodegradation. The high foc deposits will remain as a long-term source of contaminants
beneath the river as they slowly desorb. It should be acknowledged that contaminated deposits can be
eroded, transported down stream, and redeposited. Because of the relatively high K4 values for some of
the streambed deposits, the contaminants may not have sufficient time to desorb their contaminants
while suspended in the surface water prior to being redeposited and buried. Hence, confaminated

sediment may be detectable further down stream even though contaminated groundwater does not
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discharge at those locations. It is not known to what extent this type of contaminant transport has

occurred at the site, but sediment transport is significant at the site (Burkard, 1990).

2.5.5 Surface Water Concentrations

Surface water sampling has traditionally been one method of characterizing the effects of discharging
groundwater plumes on surface water and so 71 samples were collected as part of this study. The first
two major surface water sampling events in June and October 1996 (consisting of 23 samples) resulted
in non-detectable levels for all VOCs except for 3 samples containing PCE. Those 3 samples had
concentrations less than 1.6 pg/L and were located within or down stream of the plume discharge area
(Table 2-4). Additional sampling over the next few years confirmed these findings with only 5 of 48
samples containing PCE and 5 containing TCE (Table 2-4). The highest PCE concentration was 23.2
ug/L observed at location PRP12, adjacent to the eastern bank approximately 30 m down stream of the
bridge. This location was immediately down stream of a 0.05 m diameter underwater spring which was
sampled at the same time and was found to be discharging groundwater containing 666 to 806 pg/L of
PCE and 1.0 to 3.75 pg/L of TCE. For the other samples that detected contamination, PCE and TCE
concentrations were less than 3.1 and 3.2 pg/L, respectively. None of the 71 surface water analyses
detected 11DCE, cDCE, tDCE, VC, ethene or ethane. The lack of ¢cDCE in the surface water is
somewhat surprising since the cDCE plume was larger and had higher concentrations than the PCE
plume (Figures 2-14b and 2-14a, respectively). Possible explanations are that either the cDCE plume
mass fluxes are low even though the concentrations are high or the cDCE biodegrades rapidly in the top
0.3 m of the streambed or in the aerobic surface water. The detection of TCE in the surface water was
also surprising since plume and streambed concentrations were so low. The TCE is likely an artifact of
incomplete decontamination of the mini-profiler during the August 1997 sampling, since TCE was only

found in the samples collected at that time and was present in equipment blanks (Table 2-4).
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To determine if PCE concentrations should have been detectable in the surface water, average surface
water concentrations were calculated using PCE mass discharge estimates and observed ranges of
stream flows for the Pine River. For the purpose of this calculation, the PCE mass discharge obtained
for transect 5 and the BML transect were instantaneously and completely mixed with the river and it
was assumed that there were no losses due to attenuation within the streambed. Using the higher PCE
mass flux from Transect 5, the estimated PCE concentration in surface water for a low river flow
condition (1.39 m’/s) was 0.16 ug/L and for the highest estimated flow associated with the surface
water concentration data shown in Table 2-4 (3.95 m’/s) the concentration was 0.06 pg/L. Even if the
PCE mass flux was 4 times higher than estimated, PCE would not be detectable in the surface water
when fully mixed (assuming the 0.7 pg/L. detection limit for the analyses). These calculated
concentrations are consistent with the large number of non-detect observations for surface water
reported in Table 2-4, particularly since biodegradation of PCE in the streambed substantially reduces
the PCE mass discharge prior to entering the river. However, PCE was detected at some locations
meaning the assumptions have over simplified the situation. First of all, the PCE plume does not
uniformly discharge over the full width of the river, but is irregular in shape, concentration, and in rate
of discharge, which results in a complex PCE source loading term for the surface water (see Chapter 4
for further details). Secondly, mixing in the river is not instantaneous and, as a rule of thumb for
turbulent mixing for a point source release, concentrations should become vertically uniform at a
downstream distance of 50 times the streambed depth (i.e. about 25 m at this site) and become
horizontally uniform at about 100 to 300 channel widths downstream (Rutherford, 1994). The surface
water samples containing PCE were collected at or immediately down stream of high concentration
PCE discharge locations in the streambed. Figure 2-14d shows all the locations where PCE were

detected in the surface water during this study. The PCE is found within or downstream of the

streambed PCE discharge locations (Figure 2-14a) except for the 3.1 and 1.6 pg/L concentrations at



PRP9 and PRP4, which may be an artifact of insufficient decontamination of the profiler sampling

equipment.

2.5.6 Potential Adverse Ecological Effects of the Discharging Plume

Potential adverse ecological effects of the discharging plume were evaluated by comparing observed
concentrations to established water quality criteria and guidelines for protecting aquatic life. All PCE
and TCE concentrations in the surface water (Table 2-4) are considerably lower than established
freshwater aquatic life guidelines (Table 2-5). USEPA ambient water quality criteria for PCE in
freshwater is set at 5280 ug/L for acute toxicity and 840 pg/L for chronic toxicity (USEPA 1986) and
the values for TCE are even higher. The interim Canadian water quality guidelines for the protection
and maintenance of freshwater aquatic life (which are long-term no-effect levels) issued by the
Canadian Council of Ministers of the Environment (CCME) (Canadian Council of Ministers of the
Environment, 1993) are 110 and 20 pg/L for PCE and TCE, respectively. Low levels of PCE and TCE
in surface water may or may not trigger regulatory actions depending on the state and local regulations
or specific remediation goals for ecological end points such as those used by the U.S. Department of
Energy (USDOE) (Efroymson et al., 1997) shown in Table 2-5. The low concentrations in Table 2-4
may represent statistically significant increases in contaminants above background levels. In Canada
this increase might be considered a violation under the Fisheries Act (Government of Canada, 1993)
and in the United States, at RCRA sites, it might preclude being able to apply for Alternate

Concentration Limits for the discharging groundwater (USEPA, 1987).

In contrast to conditions in the surface water, the benthic and hyporheic zone aquatic life in the
streambed can be exposed to very high concentrations of contaminants in the discharging groundwater.
Analyses of groundwater in the confined aquifer along transect 5 showed about 36% of the area of the

plume headed toward the river contained concentrations higher than the CCME guideline for PCE.
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Interstitial water collected from the streambed mapping in 1998 showed 8 out of 53 locations that
detected VOC contamination contained PCE concentrations exceeding CCME guidelines and the
USEPA chronic toxicity guideline was exceeded at one location. Three locations had TCE
concentrations that exceeded the CCME guidelines. Vertical profiling of the interstitial water in the top
1.2 m of the streambed found concentrations that were higher than the USEPA’s PCE chronic toxicity

concentration level at 4 of 17 locations (e.g. at PRP3, PRP8R, PRP12, PRPI15).

The transformation of PCE to TCE, cDCE, tDCE, 11DCE, and VC in the streambed represent multiple
“new” potential hazards that would not have been adequately characterized by sampling the aquifer
along transect 5 and the BML transect on the stream bank. Chronic toxicity and CCME guidance levels
have not been established for many of the compounds including VC, even though it is a known human
carcinogen. VC was never detected in the surface water, but is of concern because VC concentrations
up to 1860 pg/L. were detected in the interstitial water of the streambed. Both VC and ¢cDCE were

detected at concentrations higher than USDOE preliminary remediation goals.

The discharge of contaminated groundwater at the river has resulted in contaminated streambed
sediments that could be contacted and potentially ingested by aquatic life. Even though the
contaminants are quite volatile and have low bioconcentration factors, chronic (i.e. long-term)
exposures are still possible in the streambed because the dissolved-phase groundwater plume emanates
from a relatively constant and continuous DNAPL source. Even if contaminated sediments are eroded
away and transported down stream, the clean materials that are redeposited in their place will be
subsequently contaminated by the continued discharge of the groundwater plume. Neither the USEPA
or CCME have established freshwater guidelines for PCE or it’s degradation products in sediments,
however, the concentrations of some sediment samples exceed ecological toxicity screening criteria

(EPA, 1996) and that would trigger further ecological evaluations. Likewise, PCE and ¢DCE
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concentrations in some of the sediment samples exceeded USDOE preliminary remediation goals and

would likely trigger further actions if these guidelines were applicable.

Other potentially significant exposure scenarios to be considered are high concentration discharges at
springs and seeps. For example, an underwater spring at transect 30-30W 1.85 m had a concentration
almost equal to USEPA chronic toxicity guideline and on two occasions small minnows were observed
swimming in the spring discharge. Springs and seeps located at or above the shore line, can potentially
result in direct terrestrial and human exposures to contaminated water. It should be noted that to
determine ecological “impacts” requires that the receptor communities be evaluated, but that work was
beyond the scope of this study. Concentrations that exceed guidelines represent a “potential hazard”

and are of concern, but does not prove that aquatic life has been impacted at the site.

2.6 CONCLUSIONS

This study provides the first comprehensive assessment of a PCE plume discharging into a river and
shows that the near-stream zone substantially modifies the distribution, concentration, and composition
of the plume prior to its reaching the surface water. The complex concentration distribution observed in
the streambed was caused by: the contaminant distribution in the plume prior to entering the near-
stream zone; geologic heterogeneity beneath the river and its affect on groundwater flow;
biodegradation within the streambed; and sorption to high foc deposits. High concentrations of VOCs
(100 to 5529 pg/L) were found in interstitial water at a depth of 0.3 m in streambed deposits over 24%
(113 hlz) of the area of the plume beneath the river. Concentrations varied by a factor of 100 to 1000
over lateral distances of 1.5 to 3.5 m, which was similar to vertical variations in the upgradient plume.
At several locations VOC concentrations in the streambed may represent a hazard to benthic and
hyporheic aquatic life because they either exceed Canadian no adverse effect levels or USEPA acute or

chronic toxicity guidelines. Of particular concern were the fate of two plume cores (>10,000 pg/L of

54



PCE) found in the upgradient aquifer because they may result in localized areas of adverse ecological
exposure and could account for up to half of the total mass of contaminants discharging to the river.
The cores were very small in cross-sectional area (less than 15 m?) and only one of the two was found

in the river. It is not certain where or if the second core has reached the top of the streambed.

The plume travels 195 m from the dry cleaner to the edge of the river without undergoing any
significant biodegradation, but organic-rich deposits within the top 2.5 m of the streambed caused
complete transformation of PCE to degradation products in some locations. Anaerobic biodegradation
of PCE changed the composition (and toxicity) of the plume beneath the river and resulted primarily in
the production of ¢cDCE and VC and, to a lesser extent, TCE, 11DCE, tDCE, ethene, and ethane. The
degree of biodegradation in the streambed was not uniform, and approximately 54% of the plan-view
area of the VOC plume consisted solely of PCE degradation products. The pattern of total VOCs
expressed as equivalent PCE concentrations in the streambed did not closely resemble the cross-
sectional distribution in the aquifer. The plume maintained a similar north-south dimension in the
streambed but the area was about 2.3 to 3.2 times larger and extended over the full width of the river at
some locations. This spreading was caused by low-hydraulic-conductivity silty-clay semi-confining
deposits beneath the river that directed groundwater discharge further out into the river, and by
preferential discharge through these deposits that occurs near DP9 on the opposite side of the river.
High-hydraulic-conductivity geological windows through the semi-confining deposits resulted in
preferential groundwater discharge zones in the streambed but these areas did not coincide with the
high concentration areas or cores of the discharging plume. The highest concentration area in the
streambed was associated with low groundwater discharge and may represent a sorbed or retarded high
concentration remnant of the plume that has yet to travel all the way through the low hydraulic
conductivity deposits. Investigations of the plume in the aquifer upgradient of the river is useful but
may not provide an accurate characterization of what the plume will look like in the streambed. Despite

the relatively large area of VOCs discharging through the streambed, rapid dilution by the relatively

55



large flow in the river caused the VOCs to be rarely detected in surface water. Low concentrations of
PCE (usually less than 3.2 pg/L but once as high as 23.2 pg/L) were detected at or down stream of high
groundwater discharge locations. This study demonstrates that to fully and accurately characterize the
potential adverse ecological effects of a discharging plume, one must investigate the interstitial water
quality of the streambed and not rely solely on surface water samples which, in this case, gave no

indication of the large amounts of cDCE or VC in the streambed.
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Table 2-1 Waterloo Profiler and mini-profiler sampling summary

Location'| Depth Number | Maximum | Analyses | Date of Comments®
interval | of water | PCE conc.{ performed | Profiling
sampled | samples | in profile | on water
(m) versus {pg/L) sample
attempts?
AP40 1.5-100 12/18 8706.9 E 07/17/96 |Stainless steel sampling
tube broke at 7.0 m bgs
AP40b 70-115 10/10 37245 E 07/24/96 Continuation of AP40
located 38 cm away
AP41 1.5-10.0 14/18 1821.9 E 07/17/96
AP42 1.5-10.0 11/18 5256.0 E 07/18/96
AP43 1.5-10.0 10/18 6643.4 E Q07/18/96
AP44 1.5-10.0 11/18 5887.8 E 07/22/96
AP45 15-120 16/22 1478.5 E 07/23/96
AP46 1.5-10.0 13/17 2625.6 E 07/24/96 |No sample at 7m, may
have missed peak conc.
AP47 1.5-10.0 13/18 26 E 07/25/96
AP48 1.5-10.0 14/18 ND E 07/25/96
AP49 15-10.0 10/18 ND E 07/31/96 |3 samples froze and
broke before analyzed
AP50 1.5-10.0 13/18 ND E 08/01/96
AP51 1.5-10.0 12/18 ND E 08/01/96
AP52 1.56-9.0 16122 84.5 E P, F 08/28/96
AP53 3.05-10.080 7/10 1163.0 E P F 11/20/97
AP54 4.88 - 10/10 7304.7 E.P,F 12/18/97 |Two samples froze and
12.20 . broke before analyzed
" |AP55 4.88 -9.14 4/5 108.9 E,PF 12/19/97 {Too shalfow, didn't reach
‘ peak conc. zone
AP96-1 3.05-6.10] 11/11 3.0 E 06/04/96
AP96-2 3.05-6.10 9/11 3.1 E 06/04/96
AP96-3 3.35-6.10 8/9 1.3 E 06/04/96
AP964 4.0-11.0 10/14 1068.6 E 06/26/96
AP96-5 50-11.0 12/12 25.0 E 06/26/96 |Tube snapped some time
before pulled out
APg6-6 50-12.0] 12/16 { >10000° E 06/27/96
AP96-7 6.5-12.0 12/12 E 06/27/96 |Lost tip and pipe down
>10000* hole as pulling out
AP96-8 6.5-10.5 9/9 11.1 E 08/15/96
AP96-9 6.5-10.5 9/9 1.0 E 08/15/96
AP96-10 5.0-10.5 9/12 0.9 E 08/16/96
PRP1 0.25-8.50| 21/28 1961.8 E P,F 08/07/96
PRP2 0.10-7.00] 16/24 1010.0 EPF 08/08/96
PRP3 0.10-8.00| 18/22 1939.4 EP,F 08/09/96
PRP4 0.1-6.5 13/20 559.7 E,P,F 08/28/96
PRP5 0.1-6.0 18/21 2794.6 E P, F 10/07/96
PRP6 0.1-5.0 12/18 7.4 E, P, F 10/09/96
PRP7 0.15-3.50 6/16 38084 E P F 11/07/96
PRP7R 0.15 - 2.05 5/13 5001.2 E,PF 08/12/97 |mini-profiler
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Location'| Depth Number | Maximum | Analyses | Date of Comments®
interval | of water | PCE conc.| performed | Profiling
sampled | samples | in profile | on water
(m) versus (png/L) sample
attempts?
PRP8 0.15-0.60 2/4 340.5 11/11/96 |Water froze in line before
E,PF finished sampling
PRPBR 0.15-2.10 814 3639.3 E,PF 08/13/97 |mini-profiler
PRP9 0.15-1.50 8/9 30.3 E.PF 08/13/97 |mini-profiler
PRPSR 0.75-1.63 3/3 103.1 E,PF 08/14/97 |mini-profiler
PRP10 0.15-1.35 8/13 24.1 E.PF 08/14/97 |mini-profiler
PRP11 0.15-1.65 3/4 ND E.PF 08/14/97 |mini-profiler
PRP12 0.17-1.72 2/8 841.4 E P, F 08/15/97 |mini-profiler
PRP13 0.16-1.90 5/9 214.3 08/15/97 |Both mini and Waterloo
E,P F rofilers used
PRP14 0.15-1.80 5/13 296.1 E.P,F 10/29/97 Imini-profiler
PRP15 0.15-1.65 9/9 1438.1 E.PF 10/30/97 |mini-profiler
PRP16 0.156-2.00 9/9 6.9 E,P,F 10/31/97 [mini-profiler
PRP17 0.33-1.50 4/5 572.1 E P F 06/24/98 |mini-profiler
Notes:

1"AP" prefix means profile performed on land, "PRP" prefix means profile performed in Pine River
2Number of water samples that couid be pumped versus the total number of depths where an attempt was made to collect a

sample

3 Exceeded calibration range, raw reading was 8868 g/l but actual PCE would have exceeded 10,000 ug/L based on other
propertly diluted samples with this magnitude of raw reading

4 Exceeded calibration range, raw reading was 9313 ug/L, but actual PCE would have exceeded 10,000 pg/L based on other
properiy diluted samples with this magnitude of raw reading
S Samples collected with the Waterioo Groundwater Profiler uniess specified otherwise
ND = PCE not detected
E = Analyses for PCE and TCE using the electron capture detector (ECD)
P = Analyses for cDCE, tDCE, 1,1-DCE, and VC using the photoionization detector (PID)
F = Analyses for ethene and ethane using the flame ionization detector (FID)
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Table 2-2 Hydraulic conductivity, porosity, and bulk density determined for different types of deposits by testing core samples

Layer [Deposits Hydraulic conductivity cm/s (at 10 °c)“ Aniso- | Average | Average| Cores No. of | Source of
name tropic | porosity| bulk | sampled |samples data
ratio % densltya
Maximum |Minimum| K, Ks Ky KKy glem’
1 Sand 3.74E-02 | 3.36E-02 | 3.50E-02 | 3.59E-02 | 3.68E-02| 1.00 43.0% 1.51 |B1 3 Writt (1996)
1 Sand 2.07E-02 | 9.91E-03 | 1.26E-02 | 1.25E-02 | 1.24E-02] 1.00 30.9 1.83 |SC12 19 This study
2 Sand 2,28E-02 | 1.05E-03 | 1,07E-02 | 8.46E-03 | 6.47E-03| 1.96 42.0° 1.54 (B1,B3,B4 13 Wiritt (1996)
2 Sand 2.39E-02 | 9.69E-03 | 1.47E-02 | 1.43E-02 | 1.36E-02 | 1.08 32.8 1.78 {SC12 24 This study
3 Sand 7.88E-02 | 9.11E-03 | 3.00E-02 | 2.48E-02 | 2.05E-02 | 1.46 37.0¢ 1.67 |B1,B3,B4 17 Writt (1996)
4 (Aquitard) |Silty clay | 2.06E-02 | 3.23E-04 | 3,67E-03 | 1.55E-03 | 9.75E-04 | 3.77 NA NA [B1,B2,B3 8 Writt (1996)
5 Sand 5.26E-02 | 1.61E-03 | 1.84E-02 | 1.28E-02 | 8.09E-03 | 2.28 NA NA |B5, B6 26 Writt (1996)
6 Sand 5,02E-02 | 1.05E-03 | 1.86E-02 | 1,30E-02 | 7.29E-03 | 2.55 NA NA |B1,B2,B4, 19 Writt (1996)
B5,B6
Semi- Silty clay | 2.21E-04 | 2.66E-05 | 1.31E-04 | 9.49E-05 | 6,.13E-06] 2.14 443 148 |SC12 3 This study
confining
deposits
(on land)
Semi- Silt, clay, | 4.29E-04 { 2,.36E-05 | 1.89E-04 | 1.12E-04 | 7.62E-05| 2.49 62.6 0.99 [RC1, RC2, 10 This study
confining |and peat RC7,
deposits RC11,
(under river) RC12
Streambed {Sand 3.89E-02 | 1.73E-03 | 1.68E-02 | 1.63E-02 | 1.34E-02| 1.26 39.6 1.60 |RC1to 167 This study
Sands RC12
Notes:

A Hydraulic conductivity determined by permeameter tests

® Bulk denity calculated assuming a solids density of 2.65 glcm®
¢ graphially estimated value by Writt using an average K at 20 degrees C
K, - Depth weighted arithmetic mean
Ks - Geometric mean
Ky - Depth weighted Harmonic mean
NA - Not estimated
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Table 2-4 Results of surface water sampling for VOCs

Date Sample Name* | Method | PCE| TCE |1,1DCE| tDCE | cDCE | VC |Ethene|Ethane| River
Sampied Collected | g/l | pg/l | pg/l | pg/l | ugfl | pg/l | pgll | pgfl | Stage®
m

06/25/96 {PR-EB Grab ND | ND ND ND ND ND ND ND | 184.72
06/25/96 |PR-CS Grab ND | ND ND ND ND ND ND ND 184.72
06/25/96 {PR-WB Grab ND | ND ND ND ND ND ND ND 184.72
06/25/96 [|PR-EB-SP2 Grab ND | ND ND ND ND ND ND ND 184.72
06/25/96 |PR-CS-SP2 Grab ND | ND ND ND ND ND ND ND | 184.72
06/25/86 |PR-WB-SP2 Grab ND | ND ND ND ND ND ND ND 184.72
06/25/96 |PR-EB-DS Grab ND | ND ND ND ND ND ND ND 184.72
06/25/96 |PR-CS-DS Grab ND | ND ND ND ND ND ND ND 184.72
06/25/96 |PR-WB-DS Grab ND | ND ND ND ND ND ND ND 184.72
08/28/96 | PRP4-SW Profiler 1.6 | ND ND ND ND ND ND ND 184.66
10/07/96 |PRP5-SW Profiler | 1.0 | ND ND ND ND ND ND ND | 184.50
10/07/96 |Bridge East: Grab ND | ND ND ND ND ND ND ND 184.50
10/07/96 |Bridge Center Grab ND | ND ND ND ND ND ND ND 184.50
10/07/96 |PRP1 SW Grab ND | ND ND ND ND ND ND ND 184.50
10/07/96 |PRP2 SW Grab ND | ND ND ND ND ND ND ND 184.50
10/07/96 |PRP3 SW Grab ND | ND ND ND ND ND ND ND 184.50
10/07/96 |PRP4 SW Grab ND | ND ND ND ND ND ND ND | 184.50
10/07/96 {SP1 SW Grab 1.5 | ND ND ND ND ND ND ND 184.50
10/07/96 {SP1 East Grab ND | ND ND ND ND ND ND ND 184.50
10/07/96 |SP1 Center Grab ND | ND ND ND ND ND ND ND 184.50
10/07/96 |SP1 West Grab ND | ND ND ND ND ND ND ND 184.50
10/07/36 |SP2 SW Grab ND | ND ND ND ND ND ND ND 184.50
10/09/96 [PRP6-SW Profiler ND | ND ND ND ND ND ND ND 184.60
11/07/96 |PRP7-SW Profiler ND | ND ND ND ND ND ND ND 184.73
11/09/96 |DP1 SW Grab ND | ND ND ND ND ND ND ND -

11/11/96 |PRP8 -SW Grab ND | ND ND ND ND ND ND ND | 184.74
08/12/97 |PRPTR-SW Mini-profiler] ND | 3.2 ND ND ND ND ND ND 184.49
08/13/97 | PRP8R-SW Mini-profiler] ND 3.09| ND ND ND ND ND ND | 184.69
08/13/97 |PRP9 SW Mini-profiler] 3.1 | 2.5 ND ND ND ND ND ND 184.69
08/14/97 |PRP10 SW Mini-profiler] ND | 1.0 ND ND ND ND ND ND 184.65
08/14/97 |PRP11 SW Mini-profiler] ND | ND ND ND ND ND ND ND 184.58
08/15/97 |PRP12 SW Mini-profiler] 23.2] 2.9 ND ND ND ND ND ND 184.54
08/15/97 |PRP13 SW Mini-profiler] ND | ND ND ND ND ND ND ND 184.53
06/24/98 |PRP17 SW Grab ND | ND ND ND ND ND - - 184.55
06/24/98 |6-6W 2.50 SW Grab ND | ND ND ND ND ND - - 184.55
06/24/98 |6-6W 3.50 SW Grab ND | ND ND ND ND ND - - 184.55
06/24/98 |6-6W 5.50 SW Grab ND | ND ND ND ND ND - - 184.55
06/24/98 |6-6W 7.50 SW Grab ND | ND ND ND ND ND - - 184.55
06/24/98 |6-6W 9.50 SW Grab ND | ND ND ND ND ND - - 184.55
06/24/98 |6-6W 11.35 SW Grab ND | ND ND ND ND ND - - 184.55
08/04/98 | 4 - 4W 8.0 SW Grab ND | ND ND ND ND ND ND ND 184.46
08/05/98 |0-O0W SW 2.35 Grab ND | ND ND ND ND ND ND ND 184.44
08/05/98 |0-OW SW 4.00 Grab ND | ND ND ND ND ND ND ND 184.44
08/05/98 {0-O0W SW 6.00 Grab ND | ND ND ND ND ND ND ND . | 184.44
08/05/98 }0-0W SW 8.00 Grab ND | ND ND ND ND ND ND ND | 184.44
08/05/98 [0-0W SW 10.0 Grab ND | ND ND ND ND ND ND ND | 184.44
08/05/98 |0-O0W SW 12.0 Grab ND | ND ND ND ND ND ND ND 184.44
08/05/98 {0-OW SW 14.0 Grab ND { ND ND ND ND ND ND ND 184.44
08/06/98 [12-12W SW 4.0 Grab ND | ND ND ND ND ND ND ND | 184.50
08/07/98 |16-16W SW 5.0 Grab ND | ND ND ND ND ND ND ND 184.67
08/08/98 |24-24W SW 7.0 Grab ND { ND ND ND ND ND ND ND 184.57
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Date Sample Name* Method | PCE| TCE [1,1DCE| tDCE | cDCE | VC |Ethene|Ethane| River
Sampled Collected | ug/L [ pgl.| pgil | pgl. | pglt | pg/l | pgll | pgh | Stage®
m
08/10/98 |32-32W SW 1.5 Grab 26 | ND ND ND ND ND ND ND 184.79
08/11/98 {40-40W SW 3.0 Grab ND | ND ND ND ND ND ND ND 184.59
08/12/98 |54-54W SW 2.00 Grab 14 | ND ND ND ND ND ND ND 184.60
08/12/98 {54-54W SW 4.00 Grab ND | ND ND ND ND ND ND ND 184.60
08/12/98 |54-54W SW 6.00 Grab ND | ND ND ND ND ND ND ND 184.60
08/12/98 154-54W SW 8.00 Grab ND | ND ND ND ND ND ND ND 184.60
08/12/98 {54-54W SW 10.00 Grab ND | ND ND ND ND ND ND ND 184.60
08/12/98 |54-54W SW 12.00 Grab ND | ND ND ND ND ND ND ND | 184.60
11/18/98 IMLS7-1 Multilevel | ND | ND ND ND ND ND ND ND 184.59
11/20/98 [MLS18 SW Grab ND | ND ND ND ND ND ND ND | 184.60
11/20/98 {MLS3 SW Grab ND | ND ND ND ND ND ND ND 184.59
03/09/99 {MLS3 SW Grab ND | ND ND ND ND ND ND ND 184.82
03/10/99 |MLS7-1 SW Muitilevel | ND | ND ND ND ND ND ND ND 184.75
03/11/39 |MLS17-1 SW Multitevel | ND | ND ND ND ND ND ND ND 184.69
03/13/99 |MLS1 SW Grab ND | ND ND ND ND ND ND ND 184.71
03/14/99 |MLS9 SW Grab ND | ND ND ND ND ND ND ND 184.60
03/15/99 {MLS11 SW Grab ND | ND ND ND ND ND ND ND 184.58
03/16/99 |MLS13 SW Grab ND | ND ND ND ND ND ND ND 184.59
03/16/99 |[MLS15-1 SW Muititevel | 2.6 | ND ND ND ND ND- ND ND 184.66
03/17/99 |MLS19 SW Grab ND | ND ND ND ND ND ND ND 184.68

Detection Limit“| 0.7 [ 0.9 | 3.2/1.4 [1.9/11.4| 7.8/1.0]0.7/0.8] 0.5 0.5

Notes:

A sample name corresponds to a specific transect location, a profiling location, or multilevel sampler location.

The "SW" added to locations simply indicates it was a surface water sample.
® The river stage measured at time of sampling or that same day. Elevation is relative to mean sea level.
€ There are two detection limits for 1,1DCE, tDCE, cDCE, and VC. The first one listed is for samples
collected before 6/98 and the other is for after.
2 Compound was also found in equipment blank at a higher concentration than the reported sample results
ND = None detected (below detection limit)
- = Not sampled or information not available
Grab = grab sample using a VOC vial
Profiler = pumped using Waterloo Profiler
Mini-profiler = sample pumped using mini-profiler
Multilevel = Sample collected from MLS sampler port exposed above the streambed
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Table 2-5 Summary of water quality and sediment criteria to protect freshwater aquatic life

Compound| USEPA toxicity Canadian USDOE preliminary

guidelines for criteria for no remediation goals for

freshwater* adverse effect | ecological endpoints®
for freshwater®
Acute® | Chronic® Surface Water |Sediment

ps_le pglL ug/L ugIL &Ig
PCE 5280 840 110 98 3.2
TCE 45000 21900 20 470 52.0
11DCE 11600° - - 25 35
cDCE 11600° - - 590° 0.4"
tDCE 11600° - - 590° 0.4"
VC - - - 782 -
Notes:

A USEPA (1986). Because of insufficient data to develop criteria, the vaiues presented
represent lowest observed effect ievels determined by EPA

8 Acute toxicity exposure is defined for short term exposures

C chronic toxicity exposure is defined for long term exposures

P the value for the summation of all three dichloroethylene isomers

& CCME (1993). Values are interim guidelines for long-term no-effect levels

 From Efroymson (1997). PRGs are upper concentration limits for specific chemicals in
specific environmental media that are anticipated to protect human heaith or the environment

€ value is for "1,2-dichloroethene" and not specifically assigned to a particular isomer in water
H Value is for "1,2-dichloroethene” and not specifically assigned to a particular isomer in sediment
- Insufficient data to set guideline or criteria
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Figure 2-1. Site location map ( a ) within Ontario, ( b ) within the Pine River watershed, and
( ¢) in the vicinity of the dry cleaning facility and showing the PCE groundwater plume.
[Figure (b ) was modified from Nottawasaga Valley Watershed Management Plan (1996)].
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Figure 2-2, Data location map for installations near the river‘(large scale).
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EAST Groundwater WEST
Flow Divide

—p — — ——
Confined Sand Aquifer

— — —_— —

EAST Groundwater WEST
Flow Divide
AlZ Ground SurfaceNZ 2 | als N
| Water Table | _ ' - - = o=
- -
Sand Aquifer
— — —

AQUITARD © = I -
. R —
Former river i

Confined Sand Aquifer—/ \channel deposxts
- — ’

Figure 2-4. Schematic of hypothesized near river geology and groundwater flow
direction. (a ) The aquitard is still intact and groundwater in the confined aquifer
does not discharge to the river and the flow divide is only in the unconfined system.
(b ) A former stream channel has eroded through the aquitard and groundwater flows
up to the river from the confined aquifer and the groundwater flow divide is centered
in the river (e.g. flow from the east must discharge to the east half of the river).
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Figure 2-5. (a) Site map showing outline of PCE groundwater plume and line of
geologic cross section. ( b ) Geological cross section from the dry cleaner to the Pine
River. Stratigraphic layers are labeled in accordance with Writt (1996).
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Figure 2-7. ( a) GPR wtransect along river transect 16-16W, ( b) Geologic cross-section
along transect 16-16W, ( ¢ ) GPR transect along 6-6W, (d ) Geologic cross-section along
6-6. The GPR survey and river stage were measured on October 15, 1998.
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Figure 2-8. ((a ) Potentiometric contour map of seasonal low water levels in the confined
aquifer on November 5, 1998, showing discharge to the river. ( b ) Contour map

of maximum PCE concentrations in groundwater at each vertical profile location which
shows two high concentration plume cores. Water quality data collected by Pitkin (1994),
Writt (1996), Levenick (1998), Guilbeault (1999), and this study.
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Figure 2-9. (a ) Location of levelloggers that recorded water levels in the river at PRP1 and
in the confined aquifer at AW1. (b ) Water levels in river and AW1 from 7/1/98 to 7/1/99.
( ¢ ) Upward hydraulic gradient between the river and AW1 during the same time period
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Figure 2-10. Summer streambed temperatures measured at a depth of 0.3 m on July 28 to 29,
1998, showing 3 high groundwater discharge locations. Open circles indicate locations

of temperature measurements along transects.
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Figure 2-11. (a) Plan-view of total VOCs concentrations expressed as equivalent PCE in
streambed at a depth of 0.3 m in August 1998. (b) Cross-section view of PCE concentrations

along Transect S sampled with Waterloo Profiler in July-August 1996. ( ¢ ) Cross-section view
of PCE concentrations along BML transect sampled March 1999. Figures are at same 1:1 scale.
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Figure 2-12. Total VOCs expressed as equivalent PCE concentrations (ug/L) for MLS
and BML points sampled in March 1999 along ( a ) transect 6-6W and ( b ) transect 16-16W.
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Figure 2-13. Total VOCs expressed as equivalent PCE concentrations (png/L) for Waterloo
Profiler points along transect 24-22W in July and August 1996.
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Figure 2-16. Streambed water concentrations (August 1998) versus streambed temperatures
(July 1998) for (a) PCE and ( b) total VOCs expressed as equivalent PCE. Closed circles
indicate VOC contamination detected at the location. Open circles means no VOCs were
detected and are plotted at the detection limit.



CHAPTER 3.

DELINEATING AND QUANTIFYING GROUNDWATER DISCHARGE

ZONES IN A RIVERBED USING STREAMBED TEMPERATURES, MINI-

PIEZOMETERS, AND PORE WATER SAMPLING
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3.1 ABSTRACT

Streambed temperature mapping, hydraulic testing of mini-piezometers, and geochemical analyses of
interstitial water of the streambed were used to delineate the pattern of groundwater discharge in a
streambed and to develop a flux-based conceptual model for groundwater/ surface-water interaction
where a tetrachloroethene (PCE) groundwater plume discharges to a river. Slug testing and
potentiomanometer measurements at 34 streambed mini-piezometers showed that groundwater
discharge ranged from 0.03 to 446 L/m’d (but possibly as high as 7060 L/m?d at one location) along a
60 m long by 11 to 14 m wide reach of river. Mapping of streambed temperatures at a depth of 0.2 m
- on a1l by 2 m grid indicated that the reach was dominated by groundwater discharge and indicated 3
main areas of high groundwater discharge as well as areas of little or no discharge. Relatively little
downwelling or hyporheic flow was observed at the site (less than 12% of the total area) and these areas
were primarily identified using chloride concentrations to indicate the presence of surface water in the
streambed. A new and simple empirical method was developed that related fluxes obtained at mini-
piezometers to streambed temperatures. This relationship allowed flux to be calculated at the hundreds
of finely-spaced temperature measurement locations where no piezometers were located. Complex but
similar plan-view patterns of flux weré derived for both summer and winter and showed that about 5 to
7% of the area accounted for about 21 to 24% of the total discharge. Using the quantitative flux data, a
new conceptual model for groundwater discharge was developed that was consistent with field data and
known mechanisms for flow within streambeds. Five different behaviors were identified based on the
magnitude and direction of flux across the surface of the streambed and include: short-circuit discharge
(e.g. high flow springs); high discharge (>200 L/m’d) associated with preferential flow paths; low to
moderate discharge (0 to 200 L/m?d); no discharge (e.g. horizontal hyporheic or groundwater flow); and
recharge (e.g. downwelling). Geological variations at depth played a key role in determining which

type of flow behavior occurred in-the streambed and where.
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3.2 INTRODUCTION

Determining groundwater flow direction and flux is essential for evaluating the transport, fate and
potential impact of groundwater plumes containing volatile organic compounds (VOCs) that discharge
to rivers or streams. Groundwater flow paths in the vicinity of a river are influenced by several factors
including: climate, hydrology, geology, geomorphology, and biology (Brunke and Gonser, 1997;
Winter et al., 1998). These factors may result in very complex flow paths and flux patterns for
discharging groundwater that vary spatially and temporally (Huggenberger et al., 1998; Baxter and
Hauer, 2000). However, hydrogeological investigations of VOC plumes discharging to streams or
rivers typically rely on relatively little and widely scattered data. Flux data are rarely collected on a
fine scale (meters to centimeters) to fully characterize the complexity in the streambed over the full area
of a discharging plume. Moreover, to accurately determine the contaminant mass flux through a
streambed, the groundwater flux data likely needs to be collected on a scale comparable to the spatial
variability in VOC concentrations in the streambed. Some of the techniques and equipment used to
quantify groundwater discharge to a river include: installing seepage meters or heat flow meters,
hydraulic testing of mini-piezometers, modeling of vertical streambed temperature profiles, performing
tracer tests, measuring differences in stream flow, and using flow and chemical hydrograph separation
methods. Unfortunately, to apply some of these methods on a centimeter to meter scale would require a
large amount of equipment or time or both and would make the characterization too expensive. In some
instances, installing a very large amount of equipment in the river will alter the flow in the system that
is being monitored and provide erroneous results. Other methods may accurately quantify the total
amount of groundwater discharging into the river but are unable to resolve the spatial distribution of
flux through the streambed. There is a need for a method to map groundwater fluxes through a
streambed that is simple, quantitative, unobtrusive (does not disturb the system), efficient, and fully
characterizes the spatial variation. Either a new method or a new approach that combines existing

methods is necessary.
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Relatively few published studies have used multiple investigation tools to characterize
groundwater/surface-water interactions, groundwater discharge, and the nature of VOC groundwater
plume discharges to a stream or river on a fine scale. Seepage meters and mini-piezometers were used
to characterize VOC plumes discharging to rivers (Avery, 1994; Norman et al., 1986; Hess et al.,
1989). Passive PETREX sampling tubes have been used to map VOC plume discharges to creeks
(Vroblesky et al., 1991) and in a marine coastal setting (Anderson and Church, 1998). Piezometers,
“peeper” diffusion samplers, and geochemical sampling have been used to investigate a VOC plume
discharging to a freshwater tidal wetland (Lorah et al., 1997; Lorah and Olsen, 1999). Diffusion
samplers (Vroblesky et al., 1996) have been used to characterize VOC discharges to rivers (Savoie et
al., 1999; Lyford et al., 1999; Vroblesky and Robertson, 1996) and to a lake (Savoie et al., 2000).
Temporary water-sampling points, sediment sampling, and Ground Penetrating Radar (GPR) were used
to characterize a chlorinated solvent plume discharging to a lake (Lendvay et al., 1998). In general,
these studies have not mapped the groundwater flux through the streambed or lakebed in sufficient
detail to allow an accurate estimate of contaminant flux to be made even if the plan-view extent of the

plume in the streambed is relatively well defined.

Based on a review of groundwater flux mechanisms and available streambed characterization tools
(summarized later), it was hypothesized that, if existing characterization methods were combined on a
relatively fine scale, then both a qualitative and quantitative understanding of groundwater discharge
into a river could be achieved. Temperature methods, hydraulic testing methods using piezometers, and
measurement of pore water geochemistry (using permanent and temporary sampling devices) were ail
used to provide information regarding the magnitude and location of groundwater discharges in a
streambed for a site where a tetrachlorethene (PCE) plume discharges to a river. It was hypothesized
that indications of groundwater flux inferred from plan-view mapping of streambed temperatures couid
be empirically related to quantitative measurements of fluxes obtained by hydraulic testing of mini-

piezometers to provide a simple, quantitative, and unobtrusive method to fully characterize the spatial
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variability of the groundwater discharge. It was also thought that this new method and an integrated
approach would allow for the development of a conceptual model for groundwater discharge for the site
that was based on the magnitude and direction of flow. The results of this study have important
implications for the design and interpretation of streambed monitoring programs for discharging plumes

and our overall understanding of groundwater discharge.

3.2.1 Concepts of Groundwater / Surface-Water Interactions

A summary of existing concepts for groundwater/surface-water interactions is provided below as
background and a basis for appreciating the scale of observation necessary to characterize certain
physical flow processes. In the past, large portions of a stream or river (i.e. entire reaches) have been
conceptualized as: “gaining” where groundwater discharges into the surface water; “losing” where
surface water flows down into the subsurface deposits; and “through flow” where groundwater enters
the stream on one side of the river and the surface water exits the river and enters the subsurface on the
other (Bear 1979, page 52). Another type of interaction is called the “zero exchange” (Woessner,
1998) or “paraliel flow” reach (Woessner, 2000) where no vertical exchange of water occurs across the
streambed. Vertical hydraulic gradients between the river and the underlying deposits are usually used
to classify these reaches; however, the terminology does not provide an indication of the magnitude of

the flux.

Groundwater/surface-water exchange can also occur on a scale of meters to centimeters as a resuit of
variations in streambed topography. Topographic changes in the top of a streambed and in the
elevation of the water surface can both result in surface water entering the streambed at “downwelling”
zones and reemerging with groundwater at “upwelling” zones. Downwelling of surface water often
occurs at the heads of riffles and subsequent upwelling of this water occurs at the downstream end of
the riffle usually at the head of the next pool (Williams, 1993; Boulton, 1993; Harvey and Bencala,

1993). Surface water can also flow laterally into the adjacent stream banks at the head of a riffle, travel
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essentially parallel to the river in the stream bank as “substream flow”, and then return to the stream at
the end of the riffle (Harvey and Bencala, 1993). Small changes in streambed topography from a
concave surface to a convex surface can also result in an interchange of water between the bed and the
stream (Vaux, 1968). Even very small bedforms, such as triangularly shaped sediment sandwaves
(ripples), can result in “convective bed transport” (Thibodeaux and Boyle, 1987; Savant et al., 1987) or
“pumping” as it has also been referred to (Elliot and Brooks, 1997a and 1997b). Convective bed
transport is the movement of surface water through and beneath the bedform as a result of pressure
variations caused by the water flowing over the surface of the bedform. Migration of bedforms along
the streambed can also trap and release surface water as interstitial fluid and this process is referred to
as “turnover” (Elliot and Brooks, 1997a and 1997b). In instances where surface water is entering the
streambed, it means that groundwater can not directly discharge into the stream at those locations and it
is diverted eilsewhere, potentiaily making it more difficult to locate groundwater discharge zones
(Conant, 2000). Surface water displacing groundwater can also occur on a much larger scale of entire
reaches during storm events or spring runoff when rapid and large increases in river stage relative to
adjacent aquifer water levels can result in “bank storage” along long stretches of a river. During bank
storage, surface water temporarily enters the adjacent banks and underlying streambed deposits and is

released back to the river when the river stage drops (Todd, 195S; Squillace, 1996).

In the above discussions, water has been classified as either groundwater or surface water, but
interstitial water in a streambed can be a mixture of the two. In many studies, a zone of interstitial
water in the streambed and adjacent banks has been found to contain surface water or a mixture of
groundwater and surface water that is referred to as the “hyporheic zone” (White 1993; Hendricks and
White 1991; Triska et al., 1993; Williams 1989; Stanford and Ward, 1988). Ecologists consider this
zone to be a unique ecotone which contains a distinct set of riverine biota that has adapted to this
particular subsurface environment. Triska et al. (1989) divided this zone into an upper “surface”

hyporheic zone containing more than 98% surface water and a lower “interactive” hyporheic zone
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containing between 10 and 98 % surface water, but there is no one set of hydrological, chemical,
zoological and metabolic criteria that has been agreed upon to delineate the hyporheic zone (White
1993; Williams 1989; Hakencamp et al., 1993; Valett et al., 1993). Nonetheless, in most studies the
hyporheic zone is spatially limited to no more than a few meters or centimeters from the river channel
(Hill and Lymburner, 1998; Williams 1993; Triska et al., 1989 and 1993; Castro and Homberger,
1991), yet in one highly permeable braided stream environment it was found 2 km away from the
channel laterally (Stanford and Ward, 1988). In the instance of hyporheic mixing, groundwater

discharge reaches the surface water of the stream channel in a diluted form.

There is a need for a conceptual model and investigative approach that acknowledges all these
mechanisms and characterizes both the type and the magnitude of these fluxes. Despite the variety of
mechanisms described above, the discharge of groundwater to a river is really only a function of two
factors: the hydraulic gradient at the location and the hydraulic conductivity of the subsurface deposits.
The challenge is to investigate a site on a scale that adequately characterizes the possible range and

scales of discharge behavior.

3.2.2 Review of Methods For Measuring Groundwater Discharge

Many different methods of determining groundwater discharge were reviewed and assessed for possible
use in this study. Since the intent was to use multiple techniques and to have a relatively large number
of measurements using a small spacing, it was desirable to select methods that would not appreciably
alter or disturb the flow over or within the streambed. Other desired features included being relatively
inexpensive and resistant to flood damage or vandalism. The methods considered included seepage
meters, Darcy flux calculations based on hydraulic conductivity and hydraulic head data from
piezometers, geochemical sampling of natural waters, tracer tests, heat flow meters; temperature

monitoring, and non-invasive geophysical methods. A summary and description of some of these
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investigation tools can be found in Carr and Winter (1980), EPA (1991, 1990, 2000) and Wolf et al.

(1991).

Seepage meters are commonly used in lake studies and in some river studies to directly measure
groundwater discharge flux at specific locations (Lee 1977; Lee and Cherry, 1978; Carr and Winter,
1980; Shaw and Prepas 1990a and 1990b; Avery, 1994). However, seepage meters can be difficuit to
use correctly (Blanchfield and Ridgeway, 1996; Belanger and Montgomery, 1992; Shaw and Prepas,
1989) and are not recommended in rivers where surface water flow velocities exceed 0.2 m/s (Lee and
Cherry, 1978), and water quality samples collected from them may not be representative of the
groundwater (Belanger and Mikutel, 1985). These devices were not used for this study because at low
river stage the flow velocities were as high as 0.66 m/s and there was concern the devices would either
be eroded away, vandalized, or the topography of the devices themselves would cause local

disturbances in the water flow within the streambed (e.g. convective bed transport).

In river and stream studies, groundwater flux is often calculated using data from piezometers installed
in shallow streambed deposits and Darcy’s Law (Lee and Cherry 1978) and sometimes piezometers are
used in conjunction with seepage meters (Lee and Hynes, 1977; Lee and Cherry 1978; Woessner and
Sullivan, 1984; Cruickshank et al., 1988). The piezometers can be inexpensively installed and, if
designed properly and used in moderate numbers, they will not appreciably disturb the flow in the river.
Groundwater flux estimates can be made based on hydraulic conductivity measurements obtained from
slug testing of the piezometers and measuring hydraulic head differences between the streambed and

river. This method was included in this study because it can be quantitative and inexpensive.

Contrasts between the natural geochemistry of surface water and groundwater have also been used to
delineate groundwater discharge areas, or calculate the degree of substream mixing using an end

member mixing model (Mengis et al., 1999), or to map the lateral or vertical extent of the hyporheic
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zone (Williams 1989, Hendricks and White, 1991 and 1995; Plénet and Marmonier 1995). Interstitial
water samples from the deposits beneath the stream are analyzed for parameters that are unique to either
surface water or groundwater or is present at a substantially different concentration in one or the other.
Ideally the parameter used should be relatively conservative and the respective concentrations in
groundwater and surface water should be uniform. These types of investigations have used natural
parameters such as chloride, isotopes such as O'® (Hinton et al., 1994) and deuterium (Turner and
Macpherson, 1990), and radon (Yoneda et al. 1991). Analyses of the surface water and groundwater at
the study site during the spring run-off showed that O'® contrast between the waters was too low for use
in this study. Chloride, sodium, nitrate, specific conductance, and dissolved oxygen concentration
contrasts were relatively high but only chloride was considered conservative enough to use as an

indicator in this study.

In some studies, a tracer has been added to the surface water to assist in delineating the hyporheic zone.
Tracers used include chloride (Castro and Homberger, 1991; Triska et al., 1989 and 1993; Munn and
Meyer 1988), and dyes (Vervier et al., 1993). Tracers have also been injected into the groundwater and
the subsurface flow path monitored as it discharges to a stream (Harvey and Bencala, 1993), a drainage
ditch (Meigs and Bahr, 1995), or lake (Lee et al., 1980). The amount of surface water tracer necessary
for the large volume of flow in the river, possible problems obtaining regulatory approval, and large
amount of subsurface monitoring equipment needed were deterrents to using a surface water tracer.
However, because the spatial distribution of the PCE groundwater plume was so well characterized at
the study site (see Chapter 2), PCE and its degradation products were effectively used as groundwater

tracers in this study.

Natural temperature variations have also been successfully used to determine locations of groundwater
discharge and to quantify fluxes. The theory underlying use of streambed temperatures as an indication

of groundwater discharge flux in streambeds is summarized by Lapham (1989) and is based on the
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interaction between heat conduction processes and advection of water. Relationships between vertical
streambed temperature distribution and the magnitude of groundwater flow are relatively well
understood. For example, during summer the heat of the river water conducts downward into the river
through the porous media while the cooler groundwater flowing upward carries the heat back out of the
subsurface by advection. The resulting temperature distribution in the streambed is a function of these
competing processes. Where discharge of water is very slow, the heat can penetrate deeper than where
discharge is large, so sediments in low discharge zones should be warmer than those in high discharge
zones areas (Figure 3-1). Where surface water downwells, the temperature in the streambed should be
essentially the same as the surface water above. In northern temperate climates, groundwater
temperatures tend to remain fairly constant and are about equal to the mean annual air temperature
(about 10 °C), whereas surface water temperatures in streams and rivers can range from 0 °C in winter
to over 20 °C in the summer. Areas of high groundwater discharge can be found in the bed of a lake or
river by locating relatively cold zones in the bed during the summer or relatively warm zones in the bed
during the winter. Streambed temperature has also been used qualitatively to identify areas of
groundwater discharge (upwelling) into surface water or surface water infiltration (downwelling) into
the streambed deposits (White et al., 1987; Hendricks and White 1988; Evans et al., 1995; Sillman and
Booth, 1993; Maddock et al., 1995). Modeling vertical profiles of temperature in deposits beneath a
stream has been performed to determine rates of vertical groundwater flow into surface water (Lapham,
1989; Fryar et al., 2000) or quantify surface water infiltrating into the subsurface deposits (Constantz
and Thomas, 1996; Constantz, 1998; Sillman et al.,, 1995; Bartolino and Niswonger, 1999).
Temperature methods were also selected for use in this study, because they are inexpensive, qualitative,
and quantitative. Heat-flow meters that determine the velocity and direction of groundwater flow by
introducing a pulse of heat and monitoring the temperature (Kerfoot, 1984; Ballard, 1996) were not

used in this study because they are expensive, relatively large in size, and would disturb the system.
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Geophysical investigations have been used to directly and indirectly indicate locations of groundwater
discharge zones. A sediment probe which measures the conductance of sediments (i.e. pore water and
solid material) while dragged through them has been used to directly locate groundwater discharge
zones in lakes (Lee, 1985; Lee and Welch 1989; Vanek and Lee, 1991; Harvey et al.,1997) and wide
rivers (Lee et al., 1997; Lee and Bianco, 1994). In cases where the conductance of the groundwater is
sufficiently different than the surface water, it allows for the direct detection of the groundwater
discharge. A preliminary survey with a sediment probe at the study site did not detect significant
contrasts in conductance so this method was not pursued further. Other geophysical methods based on
detecting electromagnetic (EM) anomalies of a plume were considered, but the method was not selected
because the PCE groundwater plume did not have a uniform or strong EM signature. GPR (Naegeli et
al,, 1996; Beres and Haeni, 1991; Haeni, 1996; Lendvay et al., 1998) and Continuous Seismic
Reflection (Haeni, 1996) have been used as a non-invasive ways of characterizing the geological
materials beneath a river or lake and can be used to infer either potential preferential groundwater flow
paths or barriers to flow. GPR had already been successfully used at this site and was quite useful for
defining the extent of low hydraulic conductivity semi-confining deposits beneath the river (see Chapter

2).

3.2.3 Description of the Site

Field investigations focused on a 60 m long section of the Pine River in Angus, Ontario, Canada, where
a dissolved-phase PCE groundwater plume discharges to the river (Figure 3-2). The hydrogeological
instrumentation installed along this reach of river for this study are shown in Figure 3-3. Flow in the
river at this location ranges from 1.4 to 2.0 m’/s in the summer (see Chapter 2) with an estimated 100
year flood flow of 99.8 to 101.4 m’/s (Burkard 1990). The specific reach of interest is relatively
straight and approximately 11 to 14 m wide. In the summer the river has an average depth of 0.5 m
with a maximum depth of about 1.1 m. The surficial geology of the streambed is primarily fine sand

with downstream areas having accumulations of sand with gravel or cobbles. In many areas the
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surficial fluvial sands are underlain by semi-confining deposits consisting of up to 3.1 m of silts, clays,
and peats. A GPR investigation and coring of the streambed showed that the semi-confining deposits
are apparently absent near the center and western side of the stream. Below the semi-confining deposits
are the very-fine to fine sands of a confined aquifer. See Chapter 2 and Writt (1996) for a further
description of the geology at the site. PCE contaminated groundwater travels from beneath a dry
cleaning facility 195 m away through this confined aquifer (Pitkin 1994; Writt, 1996; Guilbeault, 1999)

and ultimately discharges through the streambed and into the river.

Hydrogeological investigations of the site (Chapter 2) concluded that this portion of the river is
primarily a gaining reach and that the semi-confining deposits have a substantial influence on where the
plume is able to discharge into the river. Water levels in the top of the confined aquifer versus those in
the river indicate large upward hydraulic gradients (0.29 to 0.42 m/m) which means that the potential
for upward flow at the site is strong and is apparently hindered by the low hydraulic conductivity
deposits. In general, groundwater flows to the river from both sides which indicates the plume should
discharge to the river, and water quality sampling of the aquifer on the opposite side of the river
confirms this finding. However, the streambed is dominated by discharge from the east and minor
amounts of PCE contamination were even observed to reach the far side of the river at one or two

sampling points.

Sampling of the interstitial water of the streambed at 80 locations at a depth of 0.3 m in August 1998,
showed that an area of about 469 m® was contaminated by the groundwater plume. This area was 2.9 to
3.2 times larger than the cross-sectional area of the plume in the aquifer beneath the east bank of the
river. The area where the plume discharged not only contained PCE but also large amounts of products
of anaerobic degradation of PCE including trichloroethene (TCE), cis-1,2-dichloroethene (¢cDCE), 1,1-
dichloroethene (11DCE), trans-1,2-dichloroethene (tDCE), vinyl chloride (VC), ethene, and ethane.

The concentrations in the streambed changed by a factor of 100 to 10,000 over a lateral distances of 1 to
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3.5 m. Unless groundwater flux is determined on an equal or smaller laterai spacing, it is unlikely that

accurate estimates of contaminant mass discharge can be obtained.

3.3 FIELD METHODS

3.3.1 Streambed Temperature Measurements

Temperature measurements were used to provide a qualitative indication of groundwater discharge
locations in the riverbed. The investigations included monitoring of groundwater and surface-water
temperatures, plan-view mapping of streambed temperatures in both winter and summer, and vertical
profiling of streambed temperatures. Groundwater and surface water were monitored using waterproof
StowAway® TidbiT® -5 °C to +37 °C range temperature loggers (Onset Computer Corporation,
Pocasset, Massachusetts). River water temperatures were monitored at a 15 minute interval starting on
August 4, 1997 and ending November 17, 1999. Groundwater temperatures in the confined aquifer at
the base of drivepoint well AW-1 were monitored on 15 minute to 1 hour intervals starting on July 9,

1998, and ending November 17, 1999. Measurements were accurate to within about 0.1 to 0.2 °C.

By mapping the streambed temperatures in plan view at a uniform depth below the streambed, it was
felt that a qualitative understanding of groundwater discharge patterns could be achieved. The
streambed was mapped both in summer and winter when the difference in temperature between the
groundwater and the surface water were the largest and patterns of discharge would be easiest to
determine. Temperatures were measured using a Barnant Model 600-8525 Handheld Thermister
Thermometer (Barnant Company, Barrington, Illinois) equipped with a stainless steel YSI Model 418
reusable temperature probe (YSI Incorporated, Yellow Springs, Ohio). The probe was accurate to
within 0.1 °C. The probe was fixed to the end of a 1.8 m long, 0.009 m outside-diameter (OD)
stainless-steel tube to aid in inserting it into the streambed, but the YSI probe was not very rugged and

several were broken during the course of this study. The probe was inserted to a depth of 0.2 m at each
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location except at a very few locations where obstructions or cobbles or gravel limited the depth of
installation to 0.15 m. Information collected at each location included streambed temperature, the time
of the measurement, depth of the water, streambed geology, and notes regarding channel features or
debris. The measurements were generally made on a | m spacing along transects located perpendicular
to the river flow. The distance between each transect was about 2 m. By using a measuring tape
extended between transect stakes on opposite banks (which were surveyed), the resulting measurement
locations on the 1 m by 2 m grid were accurate to within about 0.1 m laterally. Transect locations are
used to identify locations and an example of the naming convention is as follows. Location 6-6W 4.5
m indicates the transect is approximately 6 m downstream (north) of the King Street bridge (shown in
Figure 3-3) and the point is 4.5 m west of stake 6 (on the east bank) toward stake 6W (on the west

bank).

The summer mapping of streambed temperatures was performed on July 28 and 29, 1998, and consisted
of about 383 measurements for the reach of river extending from transect -4 - -4W under the King
Street bridge downstream to transect 44-44W. Streambed temperature measurements were also
repeated along transects -4 - -4W, 10-10W, and 28-28W during the mapping to examine the
reproducibility of the measurements over time. River stage elevations remained virtually constant at
184.52 to 184.49 m (all elevations are in meters above mean sea level) during mapping. Thus the
discharge condition for groundwater was essentially constant suggesting that vertical groundwater flow

remained unchanged during the mapping.

The winter mapping of streambed temperatures was performed between February 18 and 20, 1999, and
consisted of 514 measurements for the reach of river extending from transect -4 - -2W under the King
Street bridge downstream to transect 56-56W. Streambed temperature measurements were also
repeated along transects 0-0W, 10-10W, and 14-14W during the mapping to examine the

reproducibility of the measurements over time. River stage varied between an elevation of 184.58 to

99



184.78 m, which is similar to the summer stage conditions. The change in stage during the winter
mapping may have changed vertical hydraulic gradients within the streambed, but it is not known to

what extent, if any, that groundwater flow through the streambed was altered.

At various times during this investigation, vertical profiles of streambed temperatures were obtained
using a multilevel temperature probe that could be driven into the desired depth. The probe consisted of
6 YSI model 401 temperature probes placed at a 0.1 m vertical spacing in milled slots along a 0.0254 m
OD solid aluminum pipe and connected to the Bamart Thermister using a 10 channel switching box.
Each thermometer tip was placed flush with the outside of the solid rod and a 0.01 m diameter space
was milled around each thermometer tip to so as to keep the tip from touching the aluminum and to
improve its contact with streambed water and sediments. The multilevel probe was generally driven
0.55 to 0.6 m into the streambed which allowed the top temperature probe to measure the surface water
temperature. The probe was then left to equilibrate for 10 to 15 minutes before readings were taken.
The multilevel probe could then be driven further into the streambed if desired. Vertical temperature
profiles were measured at total of 18 locations, but not during the summer or winter plan-view mapping
of streambed temperatures. A similar design for collecting multilevel temperatures with a driven probe

was described by Comer and Grenney (1977).

3.3.2 Mini-piezometer installations and slug testing

A total of 34 streambed piezometers, designated SP4 to SP37 were installed to obtain groundwater flux
information. Locations for the installations (see Figure 3-3) were chosen based on information obtained
from the summer streambed temperature mapping and from other existing streambed monitoring data.
Each piezometer consisted of a 0.75 m long, 0.021 m OD, schedule 80 PVC pipe, with a 120 um
stainless-steel mesh wrapped around a 0.1 m long perforated section of the pipe. The screened interval
was recessed such that the mesh was flush with the outside of the PVC pipe. The bottom of each

piezometer was capped with a threaded steel bolt, and a threaded male elbow connector was attached to
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the top of the PVC and connected to a 1.1 m long section of 0.0127 m OD polyethylene tube. To avoid
creating an oversized borehole that would have to collapse or be sealed to prevent unwanted vertical
flow along the annulus, piezometers were pushed by hand or driven into the streambed. The center of
piezometer screens were installed at a depth of 0.49 to 0.70 m below the surface of the streambed. The
piezometers were developed by surging and pumping and then capped to prevent flow of water in or out

of the tubes since the tubes were underwater and designed to lay flat on the surface of the streambed.

Slug testing and hydraulic head measurement of all piezometers were performed between November 3
and 6, 1998, except for SP34 and SP35 which were tested on December 10, 1998. Prior to each slug
test, the hydraulic head difference between the river and the piezometer was measured to within 0.001
m using a potentiomanometer similar to those described by Winter et al. (1988) and Lee and Cherry
(1978). A slug testing apparatus, consisting of a 0.038 m inside-diameter (ID) clear Plexiglas reservoir
tube mounted on a tripod, was used for each test. Falling-head slug tests were performed by
instantaneously releasing water from the filled reservoir and measuring the water level decline using a
Solinst Model 3001, M5 Levelogger™ (Solinst Limited Canada, Georgetown, Ontario, Canada). The
hydraulic conductivity for each test was calculated using slug testing analyses methods (Hvorslev,
1951), and combined with the hydraulic head data to calculate the vertical groundwater flux at each

piezometer location.

Since effective porosity is required to calculate average linear groundwater flow velocities, a time
domain reflectometery (TDR) survey was performed on December 10, 1998, to determine the in-situ
total water content of the top 0.2 m of the streambed at each of the 34 piezometer locations and at 21
additional streambed locations. A Tektronix Model 1502B Metailic TDR cable tester (Tektronix Inc.,
Beaverton, Oregon) was used along with a waterproof TDR probe and the data were analyzed using
WATTDR which is a Wave Form Acquisition and Analyses Program (Redman, 1998) that uses the

empirical relationship of Topp (1980) to relate water content to measured dielectric permittivity. Both
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measurements of porosity of repacked core samples (see Chapter 2) and the TDR results were used to

estimate the effective porosity of streambed deposits.

333 Geochemical Indicators and Streambed Sampling

Chloride and VOCs (i.e. PCE and its 7 anaerobic degradation products) were used as geochemical
indicators to determine if interstitial water found within the streambed represented groundwater, surface
water, or a mixture of the two. Field investigations were designed to characterize the aquifer

groundwater, the surface water, and the interstitial water of the streambed.

The lateral and vertical concentration distributions of chloride and PCE in groundwater adjacent to the
Pine River was characterized using the Waterloo Groundwater Profiler method (Pitkin et al., 1999) and
by installing and sampling bundled multilevel (BML) samplers similar to those described by Mackay et
al. (1986) and Bianchi-Mosquera and Mackay (1992). In July and August 1996, the Waterloo Profiler
was used to collect 175 samples for PCE and TCE analyses at locations AP40 to AP52 along the banks
of the river as shown in Figure 3-3. In January 1999, 12 BML samplers were installed along the banks
of the river (Figure 3-3) and subsequently sampled in March 1999. Each BML installation consisted of
7 to 11 sampling points with a 0.5 m vertical spacing. Approximately 106 groundwater samples were
collected from the BML samplers and analyzed at the University of Waterloo for PCE, TCE, 11DCE,
tDCE, ¢DCE, VC, ethene, and ethane using a Hewlett Packard Model 5890 Series II gas
chromatographs equipped with either an electron capture detector (ECD) or a photoionization detector
(PID) or using a Hewlett Packard Model 5790A gas chromatograph with a flame ionization detector
(FID). These analyses methods are described in more detail in Chapter 2. All BML samples were also
analyzed for chloride using an Orion Model 9617BN Combination Chloride electrode attached to an
Orion Model 420A meter (Orion Research Inc., Boston, Massachusetts). Approximately 36 chloride
samples from BML1, BML3, BML7 and BML11 were also sent to Philips Analytical Services (Halifax,

Nova Scotia, Canada) for chloride analysis (USEPA Method 325.1) using a Roche Cobas Fara/BMC
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Hitachi 911 Colorimetric Analyzer. Chloride concentrations determined using the electrode were

within -22 % to 35 % of the laboratory determined amounts and on average were within -1.9 %.

Surface water concentrations of chloride and PCE were generally obtained from grab samples taken just
above the top of the streambed. A summary of surface water analyses for PCE and its anaerobic
degradation products for samples collected between 1996 and 1999 can be found in Chapter 2. A

summary of chloride results can be found in Chapter 4.

The concentrations of chloride and VOCs in the interstitial water in the streambed were determined
using the Waterloo Profiler, mini-profiler, and multilevel samplers. The mini-profiler was a soil vapor
probe described by Hughes et al. (1992) that was modified to collect water. The mini-profiler is a
0.0064 m OD, 0.003 m ID stainless-steel tube, 1.8 m in length, having a 0.01 m long screen, located
0.025 m above the drive tip. The MLS samplers consisted of a stainless-steel type described by de
Oliveira (1997) and Barbaro (1999) that was modified for driving into the ground and a new PVC type
described in Chapter 2. Between July and November 1996, the Waterloo Profiler was used at 8
locations (PRP1 to PRP8) to vertically profile the water quality on a vertical interval of 0.1 to 1.0 m
down to a maximum depth of 8.5 m. Locations PRP1 to PRP4 were installed essentially in a line along
transect 24-22W. The mini-profiler was used at 11 locations (PRP7R, PRP8R, and PRP9 through
PRP17) to vertically profile the water quality typically using a 0.15 m vertical interval down to
maximum depth of 2.1 m. Four of the mini-profiler locations (PRP7R through PRP10) were instalied
in a line along transect 18—18W. Locations PRP7R through PRP13 were sampled between August 12
and 15, 1997. Locations PRP14 to PRP16 were sampled in October 1997, whereas location PRP17 was
sampled in June 1998. In October 1998, a total of 20 driveable multilevel samplers (MLS1 to MLS20)
were permanently installed at 10 locations. The sampling array had a vertical spacing of 0.15 to0 0.30 m
which extended to a maximum depth of 5.5 m. The MLS samplers were installed in a line along two

transects, 6-6W and 16-16W. Sampling of 41 MLS sampler points occurred in November 1998, and all
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139 MLS sampler points were sampled in March 1999. All water samples collected with the Waterloo
Profiler, the mini-profiler, and MLS samplers for and PCE and its degradation products. These samples

were also analyzed for chloride with the exception of the early Waterloo profiler sampling at PRPI

through PRP6.

The mini-profiler was also used to map the horizontal (plan-view) distribution of PCE and chloride
concentrations in the streambed. Between August 4 and 12, 1998, water samples were collected at a
depth of 0.3 m below the streambed at 80 locations using a mini-profiler. Samples were collected on
approximately a 2 by 4 m grid starting at transect -4 - -4W (beneath the King Street bridge) and ending
at transect 44 - 44W, with two additional samples collected on transect 52 - 52W. The intent was to
collect samples during summer low flow river conditions and the first 2 days of sampling did occur
when the river elevation was quite low, at 184.4 m. However, two rainfall events resulted in river
stages rising to as high as 184.8 m on day 7 before dropping back to 184.5 m at the end of the sampling.
Resampling of 7 locations showed that if vertical flow conditions had changed within the streambed,

the concentration had not been appreciably affected by the fluctuations in river stage.

3.4 RESULTS AND DISCUSSION

34.1 Streambed Temperatures

During the summer streambed temperature mapping in July 1998, surface water temperatures varied
diurnally, reaching a low of 16.5 °C and a high of 20.5 °C (Figure 3-4a) while the groundwater
temperature in the confined aquifer stayed constant at 9.8 °C. Measured streambed temperatures ranged
between 10.0 and 19.0 °C. Repeating streambed temperature measurements along three transects at
different times during the mapping, showed temperatures were mostly reproducible to within about 0.3
°C with a maximum difference of 0.6 °C (except at one point where it was 1.7 °C) even though the

surface water temperatures varied by 4.0 °C. Figure 3-4b shows streambed temperatures versus
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distance along transect -4 - -4W (under the bridge) and iliustrates how reproducible measurements are

even after 8.5 hours have elapsed and surface water temperatures have changed from 16.6 to 19.3 °C.

During the winter mapping in February 1998, surface water temperatures varied over a relatively small
range (0 to 1.6 °C) during the three days of mapping (Figure 3-5a) while groundwater temperatures in
the confined aquifer were constant at 10.7 °C. Measured streambed temperatures ranged between 0.4
and 9.3 °C. Repeating streambed temperature measurements along three transects at different times
during the mapping, showed streambed temperatures were generally reproducible to within about 0.3
°C with a maximum difference of about 1.1 °C. Figure 3-5b shows streambed temperatures versus
distance along transect 10 - 10W and illustrates how reproducible the measurements are even after 16.5

hours have elapsed and surface water temperatures have changed from 1.5 to 0 °C.

Figure 3-6 shows the resuits of the summer and winter mapping of streambed temperatures. Both maps
show streambed temperatures that vary over a 9 °C range and have locations where temperatures varied
by 2 °C or more over lateral distances of 1 m or less. Distinct areas of groundwater discharge are
visible as relatively cool areas (less than 16 °C) in the summer map and as warmer areas (greater than 3
°C) in the winter map. Areas of higher groundwater discharge (i.e. temperatures less than 13 °C in
summer and greater than 6 °C in winter) are very localized and range in size from about 0.5 to 8.8 m®.
The locations and shapes of the temperature anomalies in the two maps are remarkably similar. Most of
the areas of higher discharge are observed within 34 m of the bridge and little indication of high
groundwater discharge is found further downstream. Three main discharge areas are apparent from the
temperature data. The “eastern-shore” discharge zone is about a 1 to 3.5 m wide area extending along
the eastern shore at a distance of about 20 to 33 m downstream of the bridge. The “west-central”
discharge zone is an irregular shape that is a 6.5 m wide area extending from the western shore toward

the center of the river at a distance of about 19.5 m to 30 m downstream of the bridge. The elongated
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“south-central” discharge zone is located near the center of the river, and is about 10 m wide beneath
the bridge where it occupies nearly the entire eastern half of the river, but narrows to about 3 to 4 m
wide in the center of the river at a distance of 12 m downstream. In both maps there is also a “low-flow
band” about 1.7 to 4 m wide that separates the eastern-shore and west-central discharge zones and
separates part of the south-central discharge zone from the eastern shore. The low-flow band starts at a
distance of about 11 m downstream from the bridge and connects with a larger area of low flow located

downstream of the 34-34W transect.

Although the winter and summer maps have very similar patterns of temperature anomalies, the winter
map shows more of the fine details of the discharge zone. For instance, the winter map shows slightly
warmer streambed temperatures along nearly the entire western shore (indicating discharge) anda 1 m
wide by 8 m long colder zone (low flow area) just downstream of the bridge and west of the south
central discharge zone. The winter map was less subject to short-term and long-term transients in
surface water temperatures. Not only did the stream temperature stay more constant during the winter

mapping, but it had been between 0 and 2.7° C for the two months prior to the mapping, which included

about 30 consecutive days at 0° C.

The effect of diurnal changes in surface water temperatures on vertical profiles of temperature in the

streambed was examined because it can be used to help design and interpret streambed temperature
mapping. For example, Figure 3-7a shows streambed temperatures changed 0.6 °C at a depth of 0.1 m
but only 0.2 °C at a depth of 0.2 m over a S hour period at PRP9 on August 14, 1997, in response to the
1.1 °C change in surface water temperature shown in Figure 3-7b. For this reason, the probe was
inserted to a depth of 0.2 m during the later plan-view mapping to lessen the effect of short-duration
variations in surface water temperature during the 2 to 3 days of mapping. A probe depth of 0.1 m was

too shallow and subject to unacceptable diurnal variations during a first attempt at mapping performed
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in 1997. A depth of 0.3 m would be less susceptible to temporal variations but it was too rough on the
probe and it was difficult to insert it that deep everywhere. The technique developed to map the
streambed temperatures in plan view provided good results which is evident from the similarity of
repeated measurements along selected transects in summer and winter (Figures 3-4b and 3-5b). The
multilevel temperature probe was not extensively used because it left holes that might not collapse
completely which could then serve as preferential pathways for the discharge of contaminated

groundwater and because it took too much time to obtain a set of stable readings.

3.4.2 Piezometers, Slug Testing and Darcy’s Law Calculations

The use of piezometers, slug testing, and water level measurements to calculate groundwater discharge
using Darcys Law is a relatively standard technique in hydrogeological investigations and is commonly
described in textbooks such as Freeze and Cherry (1979). Horizontal and vertical hydraulic
conductivities (K; and K, respectively) were calculated using an anisotropic ratio for the deposits and
the Hvorslev (1951) case G, variable-head and time-lag equations. An anisotropic ratio of 1.25 was
used when calculating K; and K, values. The ratio was determined from 167 permeameter tests of
streambed sands by dividing the arithmetic mean hydraulic conductivity by the harmonic mean value
for the samples (see Chapter 2). At 5 locations, the slug tests could not be run for a long enough time to
allow hydraulic conductivity to be calculated using the time-lag equation. Hydraulic conductivity
values from the more complete set of variable-head analyses were used and corrected to 10 °C (to

facilitate comparison) and are summarized in Table 1Q.

The slug tests resulted in an average K value for streambed sands of 1.62x102 cm/s and an average K,
of 1.24x10% cm/s which corresponded rather well to the average permeameter test values determined in
Chapter 2 of K, 1.68x102 cm/s (i.e. the arithmetic mean value Ka) and K, of 1.34x10 cm/s (i.e. the
harmonic mean value Ky). The hydraulic conductivities for streambed sand were in the range for fine

sand and similar to the average hydraulic conductivity values (i.e. the geometric mean value Kg) of
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1.25x107 to 1.43x10 cm/s for the underlying aquifer. Testing of the piezometer and slug testing
apparatus indicated that the three hydraulic conductivity values in Table 1Q which are higher than
2.2x107? cm/s may be lower than the actual in situ values for the deposits, because of head losses caused
by the testing equipment. The slug testing results for the silts and clays of the semi-confining deposits
resulted in an average K; value of 2.98x10™ cm/s and an average K, value of 2.28x10™ cm/s. These
values are skewed to the high side of the range by one or 2 measurements but still are in the general
range of the average permeameter test K, value of 1.66x10™ cm/s (i.e. the arithmetic mean value) and
K, of 7.61x10”° cm/s (i.e. the harmonic mean value). Perhaps more representative values for the slug
testing of the semi-confining deposits are the mean K, of 6.90x10° cm/s and the minimum K, value of
4.44x10° cm/s. The semi-confining deposits have hydraulic conductivities that are considerably lower
than the underlying and overlying sands and limit the amount of vertical groundwater flux that can

occur in an area.

The hydraulic head differences between the streambed and the river were measured at each piezometer
using a potentiomanometer during conditions representative of low river flow conditions (see Table 3-
1). The November 1998, hydraulic head measurements observed at SP4 to SP37 were measured during
a uniformly low river stage condition of 184.50 to 184.54 m. The exception was that a river stage of
184.62 m occurred during measurements at SP34 and SP35 on December 10, because the river was still
declining from a flood peak elevation of 185.12 m that occurred on December 7. In general, these
levels compare well with the 184.49 to 184.52 m stage during the summer temperature mapping and the
184.58 to 184.78 m stage during the winter mapping. At all piezometers the observed head differences
indicated upward flow of water but at some locations the difference was only 0.002 m over a vertical
distance of 0.63 to 0.67 m. The median head difference was 0.01 m and the average difference was
0.023 m. The maximum head difference of 0.233 m occurred at SP34, located at 28-28W 2.0m. The
vertical hydraulic gradients between the center of the piezometer screen and the top of the streambed

ranged from 0.003 to 0.405 m/m (see Table 3-1). These observed hydraulic gradients were assumed to
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be representative of the conditions during the summer and winter mapping of streambed temperatures
and are fairly representative of conditions during the low river stages that occur from May-February.

However, the vertical gradients within the streambed would likely change in response to large flooding

events and the spring run-off.

Porosity measurements of streambed deposits made using TDR ranged between 42.1 and 71.7 %. The
average porosity for sand, silt, and clayey-silt were 44.5, 47.5, and 559 %, respectively.
Measurements of porosity on repacked streambed samples during permeameter testing was 39.6 % for -
sand and 62.6 % for the clayey-silt (see Chapter 2). The somewhat higher porosities for the TDR
results for the sands are believed to be a better representation of the less compacted shallow in-situ
streambed deposits than the results of the permeameter testing method that requires tight repacking of

the sample for testing. The porosity values representative of each location are shown in Table 3-1.

Vertical groundwater flux q, was calculated at each piezometer location using Darcy’s Law, K, values,
and vertical hydraulic gradients (see Table 3-1). Values of q, ranged from 0.029 to 445.7 L/m’d (liters
per square meter of streambed, per day) with the exception of SP34 which had a q, of 7060 L/m*d. In
general, the lowest flux values are associated with locations where clayey semi-confining deposits are
believed to be present beneath the stream and where the low-flow band is indicated by the temperature
mapping. The highest q, values are associated with the three discharge areas indicated by the
temperature mapping. The flux value at SP34 is much higher than any other value. Temperature
mapping clearly shows SP34 in the center of the south-shore discharge area, but the surficial deposits at
SP34 contain silts and clays which would tend to suggest low flux conditions. Near this location the
streambed was also observed to have a high discharge arestian spring where the sand appeared to be
. “dancing” or “boiling”. It is likely that the SP34 piezometer screen intersected a spring conduit or sand
deposits within the silty-clay deposits, which would explain both the high gradient and hydraulic

conductivity observed. To calculate the fluxes in Table 1Q, the deposits were assumed to be
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homogeneous between the screen location and the top of the streambed, which was reasonable based on
investigations of the sandy streambed deposits; however, this assumption might not be true at SP34. It
is unclear if the value of flux obtained at SP34 is a true representation of the actual flux at that location.
It also should be remembered that each calculated hydraulic conductivity value is assumed to be
representative of all the deposits between the piezometer screen and the river, but is essentially a point
measurement which is representative of the deposits immediately adjacent to the screen. The results of
permeameter testing (see Chapter 2) showed this assumption of representativeness was valid at 10 of
the 12 core locations shown in Figure 3-3. At locations where hydraulic conductivities of the deposits
varied significantly over the distance between the river and the piezometer screen, the screen was

located where it was representative of the lowest hydraulic conductivity for the interval.

The average linear vertical groundwater velocity (v,) for each piezometer location was calculated using
K., hydraulic gradient, and porosities in Table 3-1. For the purpose of the calculation, porosities from
TDR data were assumed to equal the effective porosity, which means the calculated velocities may be a
little lower (e.g. 0 to 25 %) than is actually the case. Velocities ranged from 6.4x10~° to 1.0 m/d, with
the exception of location SP34 that was 13.81 m/d. Assuming the deposits at each location are uniform
and 2 m thick, the time for water to travel vertically though the deposits would range from a maximum
of about 86 years in the semi-confining deposits to 0.5 days in the sands and would take only 3.5 hours

using the v, for SP34. For comparison average linear horizontal velocities (vy) in the aquifer sands east

of the river ranged between 0.51 and 0.58 m/d.

3.4.3 Calculating Flux by Combining Streambed Temperature and Piezometer Data

The purpose of combining the streambed temperature data with the flux estimates made at piezometer
locations was to develop a mathematical relationship between temperature and flux. The relationship
could be used to calculate vertical flux where only temperature data were available, thereby converting

the large amount of streambed temperature data into quantitative flux data. Using this relationship
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would avoid the time and expense of installing and slug testing hundreds of piezometers which
otherwise would be needed to obtain the same amount of spatial resolution as the temperature data. The
streambed’s response to surface water temperature changes is likely to be relatively uniform across the
site since much of the streambed is dominated by sandy deposits which also means the thermal
properties of the subsurface materials would be relatively constant. These conditions meant a simple
empirical relationship could be derived instead of using more complicated numerical and analytical

approaches.

Groundwater flux values from Darcy’s Law calculations using piezometer data were plotted against
streambed temperatures determined for each piezometer location for the summer and winter mapping
(Figure 3-8a and 3-8b, respectively). Streambed temperatures were not always measured exactly at the
piezometer locations during the mapping so they were linearly interpolated from the nearest two
measurements along the transects. The interpolated streambed temperatures were also used to
temperature correct the hydraulic conductivity values from the slug testing results in Table 3-1 in order
to better reflect the in-situ water viscosity conditions at the time of the temperature mapping. In both
summer and winter there is a clear relationship between streambed temperature and flux. As
anticipated, in summer the fluxes increase as streambed temperatures decrease and in winter the fluxes
increase as streambed temperature increase. Vertical lines on Figures 3-8a and 3-8b also show the
range of surface water and groundwater temperatures observed during the mapping since they represent

the thermal boundary conditions for the system.

A second-order polynomial was fitted to the streambed temperature versus flux data in Figure 3-8a and
3-8b and the equations and least squares value (R?) for each fit is shown. The fits do not include the
very high flux data from piezometer SP34. The empirical relationship seems to provide a reasonable fit
to the rest of the data between the temperature extremes. Some scatter in the data occurs for each curve

and is probably an artifact of streambed temperatures responding to changes in surface water
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temperatures that occurred either prior to or perhaps during mapping. The scatter may also be a resuit
of having to interpolate streambed temperatures to get temperatures at piezometer locations. Changes in
surface water temperature are thought to cause the poorer polynomial fit for the summer data (R*= 0.66)
versus the winter data (R*= 0.81) because larger variations in antecedent surface water temperatures
occurred in summer in comparison to the winter. Some of the outlying points on the graphs have been
labeled with the corresponding piezometer names. Most of the piezometer locations indicated as
outliers (i.e. SP14, SP21, SP32) as well as SP34, have hydraulic conductivities higher than the reliable
limit of the slug testing apparatus. If the high hydraulic conductivities calculated were a result of an
undetected leak in the sampling apparatus, the true hydraulic conductivities and fluxes would be lower
than the calculated value, meaning the points would likely fall closer to the fitted curve than shown in

the figures.

The groundwater fluxes for the summer and winter conditions (Figure 3-9a and 3-9b, respectively) were
calculated using the equations shown in Figures 3-8a and 3-8b and the streambed temperature
measurements at each location in Figures 3-6a and 3-6b. The calculated fluxes for the summer data
ranged between -24.8 and 577.0 L/m*d and were between -10.3 and 587.1 L/m’d for the winter. The
range of flux values and general pattern of flux is nearly the same for the winter and summer survey.
The three main discharge zones indicated by the temperature surveys (i.e. the southern-shore, west-
central, and south-central discharge zones) and the low flow band are clearly visible in both Figures 3-
9a and 3-9b. The winter flux pattern shows these discharge zones more distinctly than the summer
data. In winter the south-central and west-central discharge zones are nearly connected and the low
flow band is larger and wider than in the summer. The overall discharge during the winter is lower than
in the summer because lower temperatures result in lower hydraulic conductivities in the streambed. A
drop in temperature from 16 to 1 °C reduces the hydraulic conductivity by about 50 %. The effect of
temperature on flux is more clearly seen when the size of the areas enclosed by the 0 and 50 L/m’d

contours (Figures 3-9a and 3-9b) are compared. The median discharge in summer is 61.9 L/m?d which

112



is about 34.4% higher than the median discharge in winter of 46.1 L/m’d when only the area mapped
during the summer survey is compared (transect -4 - -4W through 44-44W). The average discharge in
summer is 83.8 L/m?d, which is only 11.2 % higher than the 74.4 L/m’d for the winter. The closer
similarity between the average values compared to the median values is because the total discharge is
dominated by high flux areas where temperatures remain relatively constant. For example, in summer
an estimated 7.0 % (46 m?) of the total area of the streambed enclosed by the 200 L/m’d contour was
responsible for 23.5% of the total discharge (52.5 m’/d) for this 48 m long reach of river. In winter an
estimated 4.6% (32.4 m?) of the total area of the streambed enclosed by the 200 L/m’d contour was
responsible for 20.6% of the total discharge (44.0 m’/d) along the same reach of river. The total
groundwater discharge along this reach of river is similar to the estimated groundwater discharge of 1.1
to 1.5 m%d per linear meter of river reach calculated for a 14.7 km long portion of the Pine River
(including .the study reach)v using stream flow gauging data obtained from the Department of Fisheries

and Oceans (Brian Stephens, personal communication, 1998).

The empirical relationship developed to relate the streambed temperatures to flux resulted in a
consistent pattern in discharge and is a useful tool to determine flux for most of the temperature ranges.
The relationships did result in calculation of some negative fluxes, which indicates downwelling of
surface water into the subsurface. This type of flow is physically possible and even reasonable for the
riffle area located downstream of transect 34-34W where the negative values occurred. However, the
negative values may also be an artifact of the difficulty that the equation has when fitting the low flux
data in Figure 3-8a and 3-8b and then extrapolating the relationship for temperatures beyond those used
to derive the equation. An important limitation to the empirical relationship occurs when streambed
temperatures are nearly equal to either the groundwater or surface water temperature (i.e. the thermal
boundary conditions). At or near the boundary conditions the ground water flux may become
asymptotic and non-unique. For example, as flux increases the shallow streambed temperature at a

location may become essentially equal to the groundwater temperature, and even if the flux is then
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doubled or tripled the temperature will remain the same. If the value of q, at SP34 is correct then this
point may be on this non-unique portion of the curve since the temperature was essentially equal to the
groundwater temperature and the flux was so large. The same type of non-unique behavior can also
occur when downwelling of surface water causes shallow streambed temperatures to equal surface
water temperatures and, in that instance, doubling of the recharge flux rate would not alter the
streambed temperature either. The empirical approach may also not be valid or applicable in areas
where flow in the streambed is horizontal, since an underlying assumption of the method is that flow is
vertical. Other underlying assumptions are that the groundwater temperatures in the underlying aquifer
are essentially constant and that surface water temperatures are spatially uniform (although they can

change temporally) within the river reach.

3.4.4 Geochemical Indicators in Water

Chloride was used as a geochemical indicator to distinguish areas of groundwater discharge from areas
where surface water was present in the streambed. The average chloride concentration for 25 surface
water samples coilected between 1996 and 1999 was 14.1 mg/L and ranged from 12.8 to 17.4 mg/L.
The relatively constant concentration of chloride was consistent with surface water samples collected
from a location 213 m upstream of the site on approximately a monthly basis since 1966 as part of the
Ontario Ministry of the Environment and Energy (MOEE) Water Quality Monitoring Program (MOEE,
1996). The 78 chloride analyses performed by MOEE between 1988 and 1996 averaged of 13.9 mg/L
with a standard deviation of 3.6 mg/L. In contrast to the constant surface water concentrations,
analyses of groundwater samples from the BML installations in March 1999, using the chloride probe
indicated concentrations ranged between 34 and 237 mg/L on the east side of the river and between 17
and 280 mg/L on the west side of the river. The probe values were consistent with the laboratory
analyses of 44 samples in the groundwater plume, which averaged 130.1 mg/L and varied from 36.8 to
207 mg/L. Figure 3-10b is a cross-section view showing the chloride concentrations detected in the

BML samplers in the aquifer on the east side of the river in March 1999. Figure 3-10a shows the
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results of sampling the streambed interstitial water at a depth of 0.3 m in August 1998, which detected
concentrations of 14.5 to 177 mg/L. The distribution of chloride concentrations in the streambed did
not correspond very well with the concentration pattern in the aquifer because the source of chloride
probably originates from road salting, agricultural activities, or septic tanks which have concentrations
that vary in time and space. This variability means chloride concentrations could not be used to reliably

infer flow paths from the aquifer into the streambed.

PCE and its degradation products were used as tracers for groundwater flow from the east since little or
no VOCs were found to the west or in surface water. PCE was detected in surface water in only 8 of 71
samples and at concentrations of 3.1 pg/L or less with the exception of one sample that had 23.2 pg/L.
TCE was detected in 5 samples at concentrations of 3.2 pg/L or less but thought to be from incomplete
decontamination of sampling equipment. No other degradation products were detected in any of the
samples. Concentrations of PCE in groundwater on the east side of the river varied between none
detected and 8707 pg/L in samples collected using the Waterloo Profiler and BML samplers. A PCE
concentration in the aquifer of 22,376 ug/L was also detected in the plume at a location within 41 m of
the river (Writt, 1996). Figure 3-11b shows PCE concentrations in cross-section view for BML points
in the aquifer. Sampling the shallow streambed interstitial water at a depth of 0.3 m in August 1998
(shown in Figure 3-11a) detected high concentrations of VOCs with a maximum concentration
equivalent to 10,323 pg/L. of PCE. The presence of VOCs in the streambed indicated that most of the
groundwater discharge in the streambed along this reach of river originates from the aquifer on the east
side of the river. Vertical profiles of VOC concentrations beneath the river collected with the Waterloo
profiler, mini-profiler, and from sampling the MLS locations were used to resolve the groundwater flow
paths from the aquifer up to the streambed. Groundwater discharge does not appear to be exactly
vertically upward into the river even over the last 1.5 m of the flow path, but instead the plume travels

obliquely upward at a 25 to 30 degree angle in order to discharge to the river (see Chapter 2).
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Water samples from the streambed that contain chloride concentrations below the lowest observed
groundwater concentrations of 17 and 34 mg/L (for the west and east side of the river, respectively) can
be inferred to contain some portion of surface water while those detecting VOCs contain some portion
of groundwater. Chloride analyses of the interstitial streambed water at a depth of 0.3 m in August
1998, showed only 9 of 76 samples within the 13.9 to 34 mg/L range and of those locations 32-32W
10.9 m and 36-36W 13.5 m were the only two containing VOCs (see Figure 3-10). At two locations,
the samples were collected in an apparent downwelling zone just up stream of a partially buried log. In
three other instances (including the two VOC detections), the samples were collected from deposits
containing sand, gravel, and cobbles which may have been acting as preferential zones for downwelling
and/or horizontal hyporheic flow. The four other water samples were collected above or just within the
top of the low-hydraulic-conductivity semi-confining deposits where the interstitial water was likely
isolated from discharging groundwater. Despite a rise in river stage during the August 1998, sampling
event that could have caused surface water to flow into streambed deposits, there is little definitive
evidence of hyporheic mixing at a depth of 0.3 m below the streambed. However, interpreting
concentrations higher than 34 mg/L is problematic. For example, a chloride concentration of 59.4 mg/L
in the streambed could represent pure groundwater or be a mixture of two parts 14.1 mg/L surface water
and one part 150 mg/L groundwater. Because of the large range in both chloride and PCE
concentrations in groundwater, no attempt was made to use them in an end-member mixing model to

estimate relative percentages of groundwater and surface water in the interstitial water of the streambed.

One clear example of surface water penetrating to a depth of 0.6 m below the streambed was observed
in sands above the semi-confining deposits at 18-18W 4.35 m (PRP7). In November 1996, Waterloo
profiling at location PRP7 showed the 0.6 m of sands overlying the semi-confining deposits contained
no VOCs and had less than 17.3 mg/L chloride at depths of 0.15, 0.30, and 0.45 m and only 29.6 mg/L

at a depth of 0.6 m. Resampling the sands 0.25 m away with the mini-profiler at location PRP7R in
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August 1997, showed almost the exact same concentrations of chloride with depth. Each sample also
contained very low concentrations of VOCs (less than 8 pg/L) but this is believed to be from
insufficient decontamination of sampling equipment. The water in the streambed may have originated
as downwelling surface water with subsequent horizontal flow downstream within these sands which
are geologically isolated from the underlying aquifer by the clay. Alternately, the surface water might
have been entrapped surface water contained in newly deposited sands. On more than one occasion
during this study the sands at the PRP7 location were observed to be eroded almost completely away
right down to the top of the silty-clay semi-confining deposits, but later new sands were deposited in
their place. Depending on how long the profiling occurred after redeposition, the small flux of
groundwater flowing vertically up from silts and clays may not have had enough time to displace the
entrained surface water and the interstitial water could be analogous to “turnover” water described by

Elliot and Brooks (1997a).

3.4.5 Streambed Topography

Changes in the topography of the streambed and stream surface have been shown to result in
downwelling of surface water into streambed deposits on both large and small scales. Evaluations of
topographically induced flow patterns generally use many of the techniques described above in order to
verify the flow. The horizontal and vertical spacing of measurements in this study were designed to
detect larger scale topographic effects but were not intended to detect very small effects (e.g. 0.01 to
0.10 m deep flow paths) similar to those described by Thibodeaux and Boyle (1987), Savant et al.
(1987) and Elliot and Brooks (1997b). The temperature surveys and flux calculations suggested
possible downwelling in the river downstream of transect 34-34W, where a small drop in streambed and
river stage creates a 16 m long riffle. The chloride analyses also indicated two localized downwelling
areas because of buried logs or other obstructions. In general, topographic effects do not result in very
much downwelling or hyporheic zone mixing, and overall, hyporheic mixing is seldom seen at this site,

at least not at a depth of 0.3 m.
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Streambed topographic measurements made during temperature mapping were also reviewed to identify
possible preferential groundwater discharge zones. Upwelling of groundwater usually occurs at the
base of deep pools, but there were no particularly deep pools at the site, and only minor variations in
stream depth (see Figure 3-12). A comparison of flux versus depth showed no direct correlation. High
discharge areas in Figures 3-9a and 3-9b were associated with both shallow and deep areas of the river
in Figure 3-12. For example, the south-central discharge area spans both shallow and deep locations,

yet an equally deep location immediately to the east was not a high discharge location.

3.5 CONCEPTUAL MODEL FOR GROUNDWATER DISCHARGE

The detailed groundwater flow and flux information obtained from using multiple characterization
methods at this site were generalized into a conceptual model for discharge. This model focuses on
quantifying flow across the streambed surface and is oriented more toward subdividing groundwater
discharge behavior than to determining different types of surface water infiltration into the streambed.
The model not only provides a framework for categorizing and evaluating discharges at other sites, but
also provides a basis for eventually calculating contaminant mass fluxes to surface water and

interpreting geochemical conditions within the streambed (see Chapter 4).

Five basic types of groundwater discharge behavior have been identified and are shown schematically
in cross-section view in Figure 3-13. The 5 types are also summarized in a plan view in Figure 3-14
and summarized in Table 3-2. Type 1 behavior is the “short-circuit discharge”; Type 2 is the “high
discharge” zone; Type 3 is the “low to medium discharge” zone; Type 4 is the “no discharge” zone;
and Type 5 behavior is the “recharge” zone where surface water flows down into the streambed
deposits. Types 1, 2, and 3 represent subdivisions of what has normally been defined as “gaining”
stream zones. Type 4 includes the zero exchange reach (Woessner 1998) and parallel flow reach

(Woessner, 2000) and horizontal groundwater and hyporheic flow. Type 5 essentially lumps together
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processes which previously have been referred to as “losing” stream zones, such as downwelling

portions of substream flow and convective bed transport.

3.5.1 Type 1: Short circuit discharge

Type 1 discharge behavior, or short-circuit discharge zones are very localized points of high discharge
such as artesian springs and “pipe” flow. At these locations natural (or man made) conduits exist in the
subsurface deposits that essentially represent shortcuts that allow groundwater from depth to rapidly
reach the surface water and short circuit the normal flow path though the porous media. A discussion
of the formation and origin of springs can be found in text books such as Todd (1980, pages 47-50).
The springs at the Angus site are thought to be the result of artesian flow along small scale geclogical
heterogeneities in the low hydraulic conductivity semi-confining deposits such as sand stringers,
fractures, root holes, or even man made holes. At spring locations “dancing™ or “boiling” sand can be
seen as the high discharge of groundwater fluidizes the streambed deposits. The size of these
discharges are usually relatively small in sand and gravel unconsolidated deposits, and less than 0.05 m

in diameter at Angus, which made them difficult to find.

Three springs were found at the site (see Figure 3-14), the largest of these was Spring A located 0.5 m
south of 30-30W 1.85 m. The per-unit-area flows from these short circuits can be orders of magnitude
greater than those from the other types of discharge. For example, using data from the nearby
piezometer SP34 (presumed to have intersected a spring conduit), the vertical flux is at least 7060
L/m’d. The artesian flow from 2 0.038 m ID temporary casing at PRP1 (prior to grouting the borehole)
where profiling piefced through the semi-confining deposits in the vicinity of the 30-30W spring, was
estimated be about 31.8 L/min (45,850 L/d). Such high fluxes result in high flow velocities and short
groundwater residence times within the streambed deposits on the order of minutes to hours. The
nearby Spring C on the shoreline had a flow of less than | L/min and was considerably smaller than at

Spring A. The on-shore spring B near the base of the King Street bridge also had much lower flows
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and was associated with a seep area that may have been created when bridge construction pierced the
semi-confining deposits. Other springs may have been present beneath the river at the west-central and
south-central discharge zones but were not identified visually or by using temperature measurements.
The temperature of spring waters were between 9.9 and 10.2 °C and nearly identical to the deeper
aquifer groundwater. Although, the total area of the streambed having Type 1 discharges between
transects 4 - -4W and 56-56W was less than 0.0003%, Type 1 discharges can represent discrete points

of high volume discharges of contaminated aquifer water directly into the surface water.

3.5.2 Type 2: High discharge

Type 2 discharge behavior, the “high discharge” zone, are areas of preferred groundwater flow where
high hydraulic conductivity deposits in the streambed connect the underlying high-hydraulic-
conductivity aquifer deposits directly to the river. Groundwater flows through these deposits as easily,
or more easily, than the underlying aquifer deposits, generally resulting in high per-unit-area
discharges. Channel lag deposits or sand and gravel deposits associated with a prior location of a river
channel can also be preferential flow paths or serve as geological windows through surrounding lower
hydraulic conductivity fluvial deposits. High hydraulic gradients can also cause high discharge
upwelling at topographic changes in the streambed or river surface and at the base of pools. Type 2
discharge can occur over large areas of the streambed, depending on the geological setting. At these
types of locations shallow streambed temperatures will correspond more closely to groundwater
temperatures than to the surface water temperatures and vertical groundwater flow velocities will be

similar to flow velocities in the aquifer.

High discharge zones were identified within the eastern-shore, west-central, and south-central discharge
zones previously shown in Figure 3-6a and 3-6b. In winter, the zones make up about 3.8% of the area
of the streambed between transects -4 - 4W and 56-56W. Groundwater discharge in these areas are

greater than 200 L/m?d and calculated to be as high as 587.1 L/md (excluding Type 1 discharges
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within these areas). The velocity of water flowing vertically through these deposits is approximately
0.52 to 13.8 m/d. These fluxes and velocities are equal to or higher than the 160 to 200 L/md flux and
0.51 to 0.58 m/d velocity for groundwater flowing horizontally through the confined aquifer toward the
river. Figures 3-15a and 3-15b shows (in cross section) a high discharge area along transect 6 - 6W and
the relationship between streambed temperature, observed flux (from piezometers), and flux calculated
for summer and winter, respectively. The high discharge zone occurs at a distance of S to 6 m in both
summer and winter and corresponds well to the location of observed temperature anomalies and where
the semi-confining deposits are absent at depth (Figure 3-15c). The calculated fluxes correspond
relatively well to the observed values obtained for piezometers SP8, SP9 and SP10 shown in Figure 3-
15C. Both the path of the PCE plume and the observed temperature distribution are consistent with
groundwater beneath the semi-confining deposits flowing out to a point of preferred discharge at a

distance of 5 to 6 m across the stream.

3.53 Type 3: Low to medium discharge

Type 3 is the “low to medium discharge” zone, consisting of low to medium hydraulic conductivity
deposits (relative to the aquifer deposit) or low hydraulic gradients or both. Lower fluxes areas may
also be caused by thin silt layers within or below otherwise high hydraulic conductivity sand deposits,
or sands underlain by semi-confining deposits, or fining upward sequences of sedimentary deposits

such as those associated with meandering streams.

Low to medium discharge zones dominate the site and make up about 76% of the streambed.
Groundwater discharge in these areas are between 0 and 200 L/m%d, and most of this zone has fluxes
between 0 and 50 L/m?d. Vertical groundwater flow velocities range from approximately 5x10~° to 0.5
m/d in this zone, so groundwater has a longer residence time in these areas than in Type 1 or 2 areas.
An example of a low to medium discharge zone is shown in Figures 3-16a and 3-16b where the

relationship between streambed temperature, observed flux from piezometers SP25 to SP29, and flux
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calculated along transect 18-18W is depicted for summer and winter, respectively. The streambed
temperatures tend to be closer to the surface water temperatures than the groundwater temperatures.
The calculated fluxes in winter correspond very well to observed fluxes (Figure 3-16b), but summer
calculations somewhat over predict the low observed fluxes and under predict the higher observed
fluxes (Figure 3-16a). In summer, the lowest observed fluxes (1.5 to 10.6 L/m?d) occur at a distance of
about 2 to 6 m where sediment coring and GPR show the semi-confining deposits are particularly clay
~ rich, but fluxes increase to 115.8 L/m%d at distance of 9.1 m (Figure 3-16c). In winter, higher
streambed ternperatures and higher calculated fluxes occur at about 12 m (Figure 3-16b) where a small
geological window occurs (Figure 3-16c). The 162 L/m%d value of flux calculated at a distance of 1.2
m may be associated with a weak spring or preferential pathway through the semi-confining deposits.
The plume discharge is consistent with this pattern of groundwater discharge. The most concentrated
part of the contaminant plume (about 6000 pg/L. of VOCs expressed as PCE) discharges at PRPSR at a
distance of 6.4 m while only trace amounts of contaminants are found at PRP7 and PRP7R at a distance
of about 4.3 m where the clay-rich semi-confining deposits are present. Contaminants have longer
residence times in the streambed along this transect than along 6-6W because they generally must pass

through lower hydraulic conductivity deposits.

3.5.4 Type 4: No discharge

Type 4 “no discharge” occurs when the vertical hydraulic gradient between the streambed and river is
essentially zero, meaning there is no driving force making the water in the streambed move vertically to
discharge into the river. Zero exchange reaches (Woessner, 1998) or parallel flow reaches (Woessner,
2000) are examples of where either surface water or groundwater maybe flowing within the streambed
parallel to the river but has no upward discharge component. Horizontal hyporheic flow also falls into
this category. Type 4 flow may occur in geologically uniform deposits if there is no vertical gradient
and groundwater flow is parallel to the stream channel. The flow can also occur where sandy

streambed deposits are geologically isolated from underlying groundwater system by a very low
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hydraulic conductivity layer which causes essentially no groundwater flow to enter the shallow
streambed deposits; hence, flow in these deposits is dictated by the horizontal hydraulic gradient of the
river. Type 4 flow can also occur when the horizontal hydraulic gradient of the river is high enough to
completely overwhelm the vertical gradient making water flow horizontally through streambed
deposits. This type of horizontal flow is more likely to occur in very high hydraulic conductivity

deposits like coarse sands and gravels than in lower hydraulic conductivity deposits.

Type 4 no-flow discharge behavior occurs at location PRP7 on transect 18-18W at 4.35 m (Figure 3-
16¢c). At this location the semi-confining deposit isolates the streambed sands from the underlying sand
aquifer. On two occasions near PRP7, surface water was detected to a depth of 0.45 m in the streambed
and none or only trace levels of VOCs were detected and thought to be from incomplete
decontamination of sampling equipment. At this location the interstitial water may have been the result
of entrapment during deposition (e.g. “turn-over”), or horizontal hyporheic flow through the
topographically high standing sand bar deposits. Other small scale horizontal flow zones may be
present at the site as part of small scale topographically induced convective bed transport which were
primarily inferred from the presence of very low chloride concentrations in streambed deposits. These
topographically induced Type 4 zones are shown in Figure 3-14 and one of which is associated with a
cobble bar on transects 34-34W and 36-36W. Streambed temperatures at Type 4 locations correspond
closely to surface water temperatures because vertical flow of groundwater is essentially zero, although
temperatures may also be influenced by transient effects and the duration and depth of horizontal
migration of the surface water through the deposits. Overall Type 4 areas account for about 3 % of the

area investigated.

3.5.5 TypeS5: Recharge
Type 5 “recharge” behavior occurs when hydraulic gradienis between the river and the streambed

indicate downward flow of surface water (i.e. the river water is recharging, or flowing into, the
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subsurface deposits). Recharge occurs most commonly when the river stage is higher than the adjacent
watertable and so the river will lose water to the subsurface deposits, which can be essentially entire
reaches of rivers in some cases. Several other processes can cause recharge on a small-scale, including

topographically induced downwelling, substream flow, and convective bed transport.

Recharge behavior was not directly observed at the site (i.e. all streambed piezometers showed upward
flow), but it can be inferred. For example, recharge likely occurred upgradient of Type 4 areas in order
for surface quality water to be present in the subsurface. Groundwater fluxes calculated using the
streambed temperature mapping (Figures 3-9a and 3-9b) also suggested recharge could be occurring
over a larger area of the riffle on the northern part of the site. Although the sand, gravel, and cobble
deposits and hydraulic gradients of a riffle might be conducive of this type of behavior, it was not
confirmed by geochemical or hydraulic measurements. So the Type S areas shown in this riffle zone in
Figure 3-14 might also be Type 4 behavior instead. Type 5 recharge areas account for 9% or less of the

area investigated.

3.6 CONCLUSIONS

Streambed temperature mapping, mini-piezometer installation and testing, and geochemical analyses of
streambed interstitial water provided both a qualitative and quantitative understanding of groundwater
discharge into a river from which a flux-based conceptual model for discharge through the streambed
was developed. Vertical groundwater flux estimates calculated using Darcy’s law, hydraulic
conductivities obtained by slug testing, and water level data measured at 34 mini-piezometers showed
the flux to range from 0.03 to 446 L/m’d but could be as high as 7060 L/m’d at one location. The
distribution of low-hydraulic-conductivity clayey-silt semi-confining deposits played a key role in
determining which areas were low flux versus high flux areas. Streambed temperature mapping
showed summer and winter patterns of temperature that were consistent with the mini-piezometer flux

results with high discharge locations being associated with relatively cool areas of the streambed in
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summer and the relatively warm areas of the streambed in winter. An empirical relationship was
developed between streambed temperatures and the fluxes determined at mini-piezometers which
allowed the large amount of finely-spaced streambed temperature data to be converted into flux data.
The second-order polynomial fit was relatively good over the range of streambed temperatures
observed, but the relationship becomes non-unique when streambed temperatures are essentially equal
to either the surface water or groundwater temperatures (i.e. at very high and very low fluxes). The
empirical fit was best (R’= 0.81) during the winter when the streambed temperatures were the least
affected by short-duration changes in surface water temperature. The geochemical data provided
valuable information regarding the origin of the interstitial water in the streambed that could not be
provided by the temperature mapping or hydraulic testing of the piezometers. Low concentrations of
chloride were used to infer the presence of surface water in the streambed while PCE and its

degradation products were used to infer the presence of groundwater from the east side of the river.

A conceptual model of groundwater discharge was developed that consisted of 5 basic types of
behavior, which, unlike previous models, subdivides the behaviors based on the relative magnitude of
fluxes. Type 1 behavior is the “short-circuit discharge”, which are relatively localized, high-discharge
springs. Type 2 is the “high discharge” zone (>200 L/m’d), which represent upwelling zones and
preferred groundwater flow paths through high hydraulic conductivity geological windows located
within otherwise low hydraulic conductivity streambed deposits. High discharge zones represented
only about 5 to 7% of the area of the streambed, but account for about 21 to 24% of the total discharge
to the river at this site. Type 3 behavior is the “low to medium discharge” zone (0 to 200 L/m%d),
consisting of lower hydraulic conductivity deposits or low gradients or both and makes up about 76% of
the streambed at this site. Type 4 behavior is the “no discharge” zone, where there is no vertical
discharge of water. This type of behavior was relatively uncommon at this site and was directly
observed as hyporheic flow and topographically induced convective bed transport at only at few

locations. Type S behavior is the “recharge” zone where surface water flows down into the streambed
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deposits. This behavior was not directly observed at any mini-piezometer location but can be inferred
to exist because surface water is present in the streambed. Both the conceptual model and empirical
approach to calculating fluxes are useful tools that can be applied to characterize and interpret other

sites, but care should be taken to recognize the underlying assumptions.
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