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Executive Summary

This report describes the results of extensive field and analytical studies that have
quantified the discharge of groundwater to the areas in Onondaga Lake where a sediment cap
will be placed as part of the remedial activities undertaken to meet the requirements of the
Record of Decision for the Onondaga Lake Bottom Subsite. The current rates of groundwater
discharge in Remediation Areas A and E and the northern section of Remediation Area C, which
are similar to discharge rates expected after placement of the cap, have been delineated based on
the analysis of chloride depth profiles at more than 250 locations within and in the vicinity of
these Remediation Areas. In Remediation Area B, Remediation Area D, and the southern
section of Remediation Area C, the rates of groundwater discharge after placement of the cap
will be significantly lower than current rates as the result of the construction and operation of a
hydraulic containment system along the shoreline. Groundwater discharge rates after placement
of the cap in these remediation areas were calculated based on groundwater flow rates upward
through the underlying regional confining unit (the silt and clay unit).

This report describes a number of methods that were implemented in the field to estimate
groundwater discharge rates, which are commonly referred to as upwelling velocities. The
evaluation of upward groundwater velocity through the sediment based on the change in chloride
concentrations with depth in sediment pore water was determined to be the best method for
quantifying current upwelling velocities in the Remediation Areas. This report describes the
theoretical bases for the use of this method to estimate upwelling velocities and describes the
extensive data collected on chloride concentrations in sediments to accurately delineate the
current distribution of upwelling velocities within the Remediation Areas.

The upwelling velocities within the Remediation Areas are low. The median upwelling
velocities in Remediation Areas A, B, C and E are significantly less than 2 cm/year, though
upwelling velocities greater than 32 cm/year were observed in some locations. In Remediation
Area D and the southern section of Remediation Area C, calculated upwelling velocities with the
cap in place are less than 2 cm/year, and in the eastern portion of Remediation Area D calculated
upwelling velocity with the cap in place are less than 1 cm/year. In Remediation Area B, with
operation of the anticipated hydraulic containment system, calculated upwelling velocities are
also less than 2 cm/year.

The data and evaluations described in this report provide an excellent foundation for the

design of the remedy for Onondaga Lake. The upwelling velocities that are described in this
report will be utilized in the chemical isolation model for purposes of cap design.

ES-1
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Section 1
Introduction

This technical report describes groundwater discharge to the areas in Onondaga Lake
where a sediment cap will be placed as part of the remedial activities undertaken to meet the
requirements of the Record of Decision for the Onondaga Lake Bottom Subsite. The areas where
a sediment cap will be constructed have been geographically grouped into five sub-areas termed
Remediation Areas A through E. The locations of the Remediation Areas, which have a total
area of about 400 acres, are shown on Figure 1.

Groundwater discharge to Onondaga Lake has been evaluated in detail because
groundwater flux through lake sediments can remobilize and transport contaminants in the
sediments into the upper layers of the cap. As a result, understanding the groundwater discharge
that will occur through the sediment cap after placement is essential for predicting the long-term
performance of the sediment cap. In the analytical and numerical models developed to simulate
the performance of the sediment cap (e.g., see Appendix B), the parameter describing the rate of
groundwater discharge is referred to as the “Darcy velocity”. The Darcy velocity is the rate at
which groundwater moves upward through the sediment cap. The Darcy velocity is frequently
called the “upwelling velocity”. The upwelling velocities that are described in this report have
been used as inputs to the chemical isolation model used for cap design (see Appendix B).

In Remediation Areas A and E it is anticipated that groundwater discharge through the
cap will be similar to that which is occurring today. As a result, evaluations of groundwater
discharge following construction of the cap have focused on understanding and quantifying
existing rates of groundwater discharge. Onshore from Remediation Area D and the southern
section of Remediation Area C, a hydraulic containment system is currently being installed along
the shoreline that will reduce the groundwater discharge in these areas to negligible levels. A
hydraulic containment system is also anticipated along the shoreline adjacent to Remediation
Area B as a component of the remedial action for Wastebeds 1-8 (Figure 1).

In Remediation Area B, Remediation Area D, and the southern portion of Remediation
Area C evaluations of groundwater discharge following construction of the cap have focused on
understanding that component of groundwater discharge that will not be captured by the
hydraulic containment systems and continue to discharge through the cap following completion
of the remedy. The existing rates of groundwater discharge in these remediation areas provide
almost no information on the amount of groundwater discharge that will occur following
construction of the hydraulic containment system. Therefore, numerical and analytical
techniques have been used to quantify the groundwater discharge rates after construction of the
hydraulic containment system and the sediment cap in Remediation Area B, Remediation Area D
and the southern section of Remediation Area C.
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A detailed description of groundwater flow to Onondaga Lake is contained in Appendix
D: Part A to the Onondaga Lake Feasibility Study (FS) titled “Groundwater Flow to Onondaga
Lake” (Parsons 2004). In addition, following publication of the FS, the United States Geological
Survey (USGS) published an analysis of groundwater flow in the unconsolidated sediments
underlying Onondaga Lake and the contiguous glacial valleys (Yager and others 2007). The
major findings of these studies are summarized in this report and the reader is referred to these
previous studies for more detailed information.

The analyses of groundwater discharge described in Appendix D of the FS indicated that
in areas offshore of where a hydraulic containment system would be constructed upwelling
velocities would be less than 2 cm/year with the containment system in operation. Upwelling
velocities in Remediation Areas A and E, where a hydraulic containment system would not be
constructed, were estimated during the FS to be higher in near shore areas. Upwelling velocities
in Remediation Area A ranged from 300 cm/year within 20 feet of the shoreline to less than 2
cm/year beyond 700 feet from the shoreline, and upwelling velocities in Remediation Area E
ranged from 70 cm/year near the shoreline to less than 2 cm/year beyond 300 feet from the
shoreline.

This report primarily focuses on the studies and investigations that have been conducted
since the FS was completed to better quantify groundwater discharge to the five remediation
areas. Seepage meters and chloride-depth profiles of the sediments were the field methods
employed in the Pre-Design Investigations (PDI) to quantify groundwater discharge rates. These
methods and the results of these methods are described in this report as well as other methods
that were considered to quantify groundwater discharge rates. In addition, as part of the Pre-
Design Investigations, a large number of borings have been advanced into the sediments beneath
the Remediation Areas. The data from these borings have provided a much better understanding
of the characteristics of the sediments and the thickness and continuity of the major stratigraphic
units. This information has allowed the development of a better understanding of groundwater
flow within the sediments.

The chloride-depth profile method was judged to be the most reliable and accurate
method for quantifying the relatively low groundwater discharge rates through the sediments in
the Remediation Areas. This method relies on the observation that the pore waters in the
sediments beneath Onondaga Lake have significantly higher chloride concentrations than the
lake water as the result of natural brines beneath the lake and migration of brines from the
wastebeds along the shoreline of Onondaga Lake. As a result, there is a significant chloride
concentration gradient from the sediments to the lake. The change in chloride concentration with
depth below the lake/sediment interface provides information on the rate of upward groundwater
flow through the sediment.

The chloride-depth profile below the sediment-water interface if there is no upward
groundwater flow through the sediment is linear as a result of diffusion. If there is upward
groundwater flow, the chloride depth profile is convex, with the convexity a function of the

2
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Section 2 of this report describes groundwater conditions in the Remediation Areas,
Section 3 describes measurements of Upwelling Velocities, Section 4 presents the upwelling
velocities, and compares methods for estimating upwelling velocities, Section 5 describes
analyses of upward groundwater flow through the silt and clay unit, and Section 6 describes an
evaluation of uncertainty in calculated upwelling velocities.
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Section 2
Groundwater Conditions in Remediation Areas

Geologic Setting

Onondaga Lake overlies a deep, northwest-trending glacial trough in the Vernon Shale,
the bedrock formation beneath and in the vicinity of the lake. A schematic block diagram of the
southeastern end of the lake, which illustrates the trough, is shown on Figure 2. The trough
averages about 300 feet deep along the axis of the lake and is filled primarily with
unconsolidated, fine-grained sediments, although a coarse grained unit typically occurs overlying
till near the base of the unconsolidated sediments. The thickness of the unconsolidated sediments
decreases rapidly away from Onondaga Lake, except in the valleys of the main tributaries, which
are also underlain by unconsolidated sediments. The stratigraphic sequences observed in most
borings advanced beneath the lake and adjacent upland areas are similar:

Surficial sediments typically described as silt with fine sand and fill material;
Gray clayey marl, gray-brown clayey silty marl (marl unit);

Brown-gray clay, gray-brown silt and clay (silt and clay unit);

Gray-brown silt with sand layers (fine sand and silt unit);

Sand sometimes with gravel (sand and gravel unit);

Red till, dense clay and silt with sand and gravel (till unit); and

Green, red and gray shale (bedrock).

The silt and clay unit is an important confining unit or aquitard that impedes upward
groundwater flow to the lake. This unit has vertical hydraulic conductivity of about 10”7 cm/sec.
This unit has been interpreted to be continuous beneath the entire lake, consistent with the
interpretation in the USGS report by Yager and others (2007). A thickness map of this unit
based on interpretation of boring logs is shown on Figure 3.

Hydrogeologic cross sections through Remediation Areas A, D and E are shown on
Figures 4 to 6 and locations of these sections are shown on Figure 1. These cross sections, at a
minimum, depict the silt and clay unit and overlying sediments. Where information is available
in the vicinity of these cross sections on the geologic units below the silt and clay unit, this
information is also shown. The sections are annotated with notes from the boring logs regarding
lithologic observations within each of the geologic units. In general the marl is described as silt
and/or silt and clay though in some logs the marl was noted as consisting of gravel and/or sand
sized sediments. In Remediation Area D, relatively thick deposits of Solvay waste and other
materials contained within the In-Lake Waste Deposits overlie the marl unit (Figure 5).
Additional hydrogeologic cross sections are contained in Attachment I.
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Onondaga Lake and Groundwater Flow

Onondaga Lake, oriented along a northwest-southeast axis, is approximately 4.5 miles
long and 1 mile wide. The lake has a mean depth of 36 feet and a maximum depth of 65 feet
which occurs in the southern part of the lake. The average lake level during the past 20 years was
362.9 feet above mean sea level (AMSL),* based on records from the USGS gage on Onondaga
Lake. The surface area of the lake at this elevation is approximately 4.5 square miles, and the
volume is approximately 34,600 million gallons. Surface water inflows and outflows from the
lake average about 470 cubic feet per second based on average flows between 1998 and 2002
(Onondaga County 2003). The groundwater component of the lake water budget is small,
estimated to be less than 0.5 percent of surface water inflows (Parsons 2004). Precipitation on
the lake and evaporation from the lake are approximately equal; therefore, the net of
precipitation and evaporation is small. The average residence time of water in the lake is
approximately 100 days.

Regional groundwater flow in both the bedrock and the unconsolidated sediments is
towards the valleys of the major tributaries of the lake. Groundwater discharge areas include
seven major tributaries: Ninemile Creek, Geddes Brook, Harbor Brook, Bloody Brook,
Onondaga Creek, Saw Mill Creek, and Ley Creek. Groundwater flow towards and into the lake
originates primarily as precipitation that infiltrates into the unconsolidated sediments bordering
the lake. Because the saturated unconsolidated sediments are restricted to a relatively narrow
band on either side of the lake, the total recharge area is relatively small, and as a result, recharge
to and discharge from the unconsolidated sediments is relatively small. Most of the groundwater
in the unconsolidated sediments that flows toward the lake discharges to the tributaries and to
drains along the shoreline, with the remainder discharging in near-shore areas of the lake. This
occurs, in part, because of the thickening wedge of fine-grained, low-permeability materials
beneath the lake and because of dense sodium-chloride brines in the unconsolidated sediments
beneath the lake.

Most of the groundwater discharge that occurs to the lake is the result of groundwater
flow through the marl and overlying units from the upland areas. These units are typically fine
grained, though there are some sand stringers or lenses, as shown on the hydrogeologic cross
sections. As a result, groundwater flow rates through these units are not large and most of the
groundwater discharge occurs near shore in the littoral zone.

In addition, some groundwater discharge to the lake occurs as the result of upward
groundwater flow through the silt and clay unit from the deeper permeable units. The sand and
gravel unit and the overlying fine sand and silt unit are the primary deeper permeable units.
These units are primarily recharged where they subcrop around the perimeter of the lake.
Groundwater levels in the sand and gravel along the lakeshore are typically well above the lake

! Vertical datum referenced to the North American Vertical Datum of 1988 (NAVD 88).
5
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level indicating the potential for upward groundwater flow. The vertical hydraulic conductivity
of the silt and clay unit is estimated to be 107 cm/sec or less and thus the total upward
groundwater flow through this unit is very small. The potential upward groundwater flow
through the silt and clay unit is described in detail in Section 5.0.

The presence of natural sodium-chloride brines in the unconsolidated sediments beneath
the lake complicates the understanding of local groundwater flow conditions. These brines are
believed to have originated primarily from the dissolution of soluble minerals in the
unconsolidated glacial sediments in the Onondaga Trough that originated from bedrock scour
caused by glacial advance and retreat. Yager and others (2007) stated: ““The halite brine in the
Onondaga Trough probably formed through dissolution of halite and gypsum beds that were
exposed in the Syracuse Formation through erosion by glacial ice.” In the past, discharge of
brines at salt springs was reported to have occurred around much of the shoreline of the southern
basin of the lake (USGS 2000). These discharges likely occurred in areas where the silt and clay
unit thinned or disappeared along the shoreline. The natural discharge of brines has ceased due to
extraction of brines from wells along the shoreline. From 1797 to 1917, over 11.5 million tons
of finished salt were produced from the springs and wells along the southern shoreline of the lake
(USGS 2000). This represents the salt content from the constant production of 500 gallons per
minute (gpm) of brine with a chloride concentration of 60,000 mg/L over this period. The
production of these brines most likely decreased groundwater pressures in the more permeable
zones beneath the lake.

In addition to the natural sodium-chloride brines, there are natural mixed cation brines in
the bedrock. These brines formed by the dissolution of evaporate beds within the VVernon Shale
and overlying bedrock units. These brines are enriched in calcium, magnesium, and bromide
relative to the sodium-chloride brines. In addition to the natural brines, some brines in
groundwater result from seepage from the wastebeds. These brines are comprised primarily of
sodium, calcium, and chloride. The wastebed brines typically have sodium to calcium ratios that
are less than 1, whereas the natural sodium-chloride brines have sodium to calcium ratios that are
greater than 10. The mixed cation brines typically have sodium to calcium ratios in the range of
1.4 to 4. The mixing of relatively fresh groundwater, natural sodium-chloride brines, natural
mixed cation brines, and brines from the wastebeds have created a wide variety of groundwater
quality types in the vicinity of Onondaga Lake. The distribution of groundwater quality provides
information on groundwater migration and origin.

Hydraulic Barrier System

A hydraulic containment system along the shoreline adjacent to Remediation Area D and
the southern section of Remediation Area C is an integral part of the lake remedy. This
hydraulic containment system consists of four primary elements: 1) an impermeable barrier or
wall seated in the upper portion of the silt and clay unit; 2) a gravel filled drain, completed to an
elevation that is several feet below the elevation of the lowest recorded lake level, with a
collection pipe embedded within, 3) wick drains within the lower portion of the fill and within

6
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the marl unit, 4) pumps to maintain the water level in the drain below lake level, and 5) a water
treatment facility. The hydraulic containment system is designed to capture the shallow
groundwater flowing towards the lake in the materials above the silt and clay unit. In addition,
the drains will capture some flow from the underlying units by increasing hydraulic gradients
across the confining unit. A schematic of the hydraulic barrier system is shown on Figure 7

A 2,850 foot section of the hydraulic containment system has already been completed
adjacent to the southern section of Remediation Area C and part of Remediation Area D
(Willis/Semet IRM Barrier Wall). The impermeable barrier in this area consists of a sealed joint
sheet pile wall. The water level in the drain of the completed portion of the system currently is
maintained at a level that is 0.5 feet lower than lake level. The final section of the 1.5-mile long
hydraulic containment system, which is to be built landward of Remediation Area D, is
scheduled for construction to begin in 2010.

A hydraulic containment system is also anticipated along the shoreline adjacent to
Remediation Area B as a component of the remedial action for Wastebeds 1-8. This hydraulic
containment system is anticipated to capture all shallow groundwater flowing towards the lake
and will extend northward from Ditch A for approximately 6,000 feet (Figure 1).

Groundwater Flow Model

A groundwater flow model has been developed to quantify the rates and direction of
groundwater flow in the unconsolidated materials and in the upper bedrock in the vicinity of
Onondaga Lake and to quantify groundwater discharge in the vicinity of Onondaga Lake.
Version 1.0 of the groundwater model is described in Appendix D to the FS (Parsons 2004). The
model domain encompassed an area of approximately 13 square miles surrounding the southwest
shoreline of Onondaga Lake. Since the FS was completed, the model domain has been expanded
to include all of Onondaga Lake and additional Honeywell properties south of the lake.
Revisions have been made to the model since the original version and it is currently being
updated with new data. This revised model, referred to as model Version 3.0, is anticipated to be
completed and approved by the NYSDEC in the spring of 2010.
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Section 3
Measurements of Upwelling Velocities

Three types of field methods were implemented in an attempt to quantify groundwater
discharge rates to the Remediation Areas in Onondaga Lake; 1) a piezometer-based method to
measure hydraulic heads in the sediment pore waters, 2) seepage meters to directly measure
groundwater discharge, and 3) measurement of chloride concentrations with depth below the
sediment-water interface to estimate groundwater flow rates through the sediments. The
piezometer-based method consisted of a network of piezometers with recording devices installed
within the lake sediments in late 2002 and monitored through July 2003 as part of a study known
as the Groundwater Upwelling Investigation (Parsons 2003). The intent of this method was to
measure upward hydraulic gradients within the lake sediments and to covert the hydraulic
gradients to upwelling velocities using estimates of the vertical hydraulic conductivity of the
sediments. Two seepage meter studies were conducted to evaluate the use of this method, which
directly measures groundwater discharge. An initial study was conducted with six meters in
2005 and a second study was conducted with thirteen seepage meters in 2007. Several field
methods were also evaluated to measure and/or estimate sediment chloride concentrations;
measurement of sediment conductivity using a direct push conductivity probe, Vibracore
sampling with centrifuging of sediment samples to obtain sufficient pore water for analysis of
chloride, and in-situ peepers. Each of the field methods implemented in an attempt to quantify
groundwater discharge rates is described below.

In addition to the quantitative methods implemented in the field, an additional method
was used to qualitatively screen the lake bottom for locations with potentially anomalous
groundwater discharge rates such as subaqueous springs and seeps. This method consisted of
towing a conductivity and temperature sensor near the lake bottom and analyzing the data for
anomalous temperature and conductivity readings that might potentially indicate areas of
elevated groundwater discharge. Two surveys were conducted: one in 2005 and a second in
2007. This qualitative investigation of groundwater discharge is described below followed by a
discussion of the quantitative methods.

A number of other techniques for estimating groundwater fluxes were considered but
rejected as not feasible for use in Onondaga Lake. An excellent review of field techniques for
estimating water fluxes between groundwater and surface water has been published by the USGS
(Rosenberry and LaBaugh 2008). A technique frequently used for quantitatively estimating
groundwater fluxes is temperature. The seminal paper regarding this issue is Bredehoeft and
Papadopulos (1965) “Rates of vertical groundwater movement estimated from earth’s thermal
profile”. Temperature techniques for estimating groundwater velocities, as noted by Sayles and
Jenkins (1982), work best for upwelling velocities of greater than 50 cm/year. A recently
developed technique for using temperature to quantify groundwater discharge is based on

8
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collecting time-series data at various depths below the sediment-water interface and evaluating
how the temperature signal is attenuated with depth. A description of this method is contained in
Keery and others (2006). An evaluation of this method indicated that resolution of this method
was on the order of 200 cm/year. Recent advances in fiber-optic temperature sensing have
indicated the potential of this technique to accurately define temperatures at the sediment water
interface but the technique does not yet lend itself to the quantitative estimation of upwelling
velocities (Day-Lewis and others 2006).

Temperature and Conductivity Survey

Two temperature and conductivity surveys were conducted in the lake in an attempt to
identify areas of groundwater discharge. These surveys were designed to qualitatively identify
areas of groundwater discharge, but not to quantify the rate of groundwater discharge. The areas
of potential groundwater discharge identified by these methods were then investigated by other
methods in an attempt to quantify the discharge rates.

The first survey was conducted on September 7 and 8, 2005 using a Hanna S6T2
temperature and conductivity meter that was towed near the lake bottom from a slowly moving
boat. Measurements were conducted in transects along the shoreline east of Ninemile Creek and
conducted along the northern portion of the shoreline in Remediation Area E. The
measurements along the shoreline east of Ninemile Creek did not identify potential groundwater
discharge areas, as neither temperature nor conductivity changed significantly across the survey
transects. In Remediation Area E, one potential upwelling location, which was identified by an
approximately 1.5 degree F decrease in temperature and an increase in conductivity, was
observed. A seepage meter was located at the observed temperature and conductivity anomaly
(meter 60052 as described below).

A second and much more comprehensive temperature and conductivity survey was
conducted from April 24 to 26, 2007 in Remediation Areas A and E. For these surveys, a YSI
6600 series multi-parameter Sonde was used to measure water temperature, specific
conductance, salinity, dissolved oxygen, turbidity, and sensor depth. The sensor was mounted in
a custom built steel cage and towed with a 15-foot Jon boat as close to the bottom as possible.
As an initial calibration step, the unit was tested on a known brine spring in Onondaga Creek to
ensure it would identify a large anomaly in the groundwater discharging through the sediments.
This screening step was successful in identifying the location of a large spring in lower
Onondaga Creek. The survey was conducted by running transects approximately 25 feet apart
along the shoreline from water depths of about two feet to six feet. Figures displaying the
temperature and conductivity data collected during this survey are contained in Attachment II.
For the most part, the temperature and conductivity patterns are consistent and uniform with very
few anomalies suggesting potential groundwater discharge. One distinct anomaly of higher
conductivity was observed along the shoreline east of the mouth of Ninemile Creek and a
seepage meter cluster was located in this area (Seepage Meter Cluster 4-2 as described below).
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Another conductivity anomaly was observed adjacent to the shoreline east of Harbor Brook and a
seepage meter cluster was located in this area (Cluster 7-1 as described below).

Groundwater Upwelling Investigation — 2003

A groundwater upwelling study was conducted in Remediation Area A near the mouth of
Ninemile Creek and in Remediation Areas C and D in 2002 and 2003 (Parsons 2003). The study
consisted of vibrating wire piezometers emplaced in pairs at depths of 4.0 and 14.5 feet below
the sediment-water interface at three or four locations along each of six transects oriented
approximately perpendicular to the shoreline. The locations of the piezometers are shown on
Figure 8. Hydraulic pressures were recorded every twelve hours at these locations from
December 27, 2002 through August 1, 2003. An attempt was made to estimate vertical hydraulic
conductivity at each piezometer location from a slug test conducted within a solid steel casing
driven to a depth of 4.5 feet. These tests, because of the strongly stratified nature of the
sediments and the limited open area at the base of the steel casing, greatly overestimated the
actual vertical hydraulic conductivity of the sediment.

The data from the one transect with three sets of piezometers in Remediation Area A are
the only results from the upwelling investigation that are relevant to understanding upwelling
velocities following placement of a sediment cap (a hydraulic containment system will be
constructed at the other transect locations). The piezometer pairs in the transect in Remediation
Area A were located 25 feet, 538 feet and 1,011 feet from the shoreline. The sediments along
this transect are primarily silts with some sands and clays (refer to hydrogeologic cross-section
shown on Figure 4; cross-section trace is shown in Figure 1).

The average upward hydraulic gradient, during the period investigated, calculated as the
pressure head difference between the piezometers at a depth of 14.5 feet and the one at a depth of
4.0 feet ranged between 0.01 and 0.026 feet per foot at the three piezometer pairs (Attachment
I11). The estimated vertical hydraulic conductivity of the sediments between a depth of 4.0 feet
and 14.5 feet is approximately 10™ cm/sec. Based on this estimate of the hydraulic conductivity,
the upwelling velocity along the transect ranges from about 3 to 8 cm/year. There is a large
error associated with the hydraulic conductivity estimate and therefore there is significant
uncertainty regarding the estimated upwelling velocity using this method.

The piezometer-based method was determined not to be a reliable method for estimating
groundwater discharge rates to the lake. There were two main reasons why it was judged to be
unreliable: 1) there are no dependable methods for accurately and precisely estimating effective
vertical hydraulic conductivity of the sediments, and 2) it is difficult to obtain reliable estimates
of pore water pressures from the vibrating wire piezometers for reasons that could not be fully
explained. It is hypothesized that the accumulation of biogenically generated gas in the sand
packed interval in which the piezometers were placed led to anomalous pressure measurements.

10
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Seepage Meter Investigations

Two seepage meter investigations were conducted during pre-design investigations for
the Lake. One was conducted with six seepage meters as part of the Phase | Pre-Design
Investigations in 2005 and the second was conducted with 13 seepage meters as part of the Phase
111 Pre-Design Investigations in 2007. The seepage meters used in this study were an adaptation
of the type of seepage meter described by Lee (1977).> A useful review of seepage meters is
contained in Rosenberry (2005). These two seepage meter investigations are described below.

Seepage Meters — Phase | Investigation

The seepage meters used in the Phase | Investigation were constructed with two-foot
diameter PVVC housing and an interior acrylic dome. Each meter consisted of two sections: a
lower section that was installed into the sediment, and an upper section that housed the dome and
a thin-walled Teflon sample bag. The two sections joined at a sealed male-to-female fitting to
ensure that there was no leakage. The seepage meters were installed as a two-step process. First,
the lower section of the seepage meter was slowly pushed 12 to 18 inches into the lakebed. After
a stabilization period of at least 24 hours, the top and bottom sections of the meter were attached
with a gasket to create a water-tight seal and bolted together using threaded steel rods. Finally,
the four-liter measurement bags were prefilled with 60 ml of water and attached to the seepage
meters.

Three seepage meters were installed in Remediation Area A and three were installed in
Remediation Area E at the locations shown on Figures 9 and 11. One of the meters installed in
Remediation Area A was located adjacent to a piezometer pair installed as part of the Upwelling
Investigation described above. The meters in Remediation Area A were installed between 325
feet and 820 feet from shore, and the meters in Remediation Area E were installed between 200
feet and 430 feet from shore based on access and water depth constraints. The meters were
monitored approximately weekly from September 16 through November 15, 2005.

There was significant variability in the weekly measurements of upwelling velocities at
each of the meters, even though the piezometers indicated that hydraulic gradients were
relatively constant during the period of the study. An analysis of the data that were collected
indicates that the volume of water collected in the seepage meter bags was influenced by
multiple factors in addition to the ambient flux of groundwater through the sediments. As a
result, the groundwater flux through the sediments could not accurately be estimated directly
from the water that accumulated in the seepage meter collection bags. Initially following
seepage meter installation, gas production from decaying vegetation appears to have significantly

2 The use of seepage meters to investigate groundwater discharge to lakes in central New York is discussed in
Schneider and others (2004) and Sebestyen and others (2001).

11
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influenced the rate of water accumulation, and as a result, data from the early period are not
useful for estimating groundwater fluxes through the sediments. Settlement of the seepage
meters was also a major factor influencing the rate of water accumulation. In Onondaga Lake
where high winds and resulting waves impart forces on the meters, settlement is a major concern.
A very small amount of settlement results in a relatively large volume of water accumulation in
the collection bags relative to the amount of water accumulation from the ambient seepage flux.
The measured weekly upwelling velocities at the six seepage meters are shown on figures in
Attachment IV.

Lake levels were relatively stable and gas production, at five of the six meters, was
relatively constant during the period October 27 to November 15, 2005. Therefore, the amount of
water that accumulated in the collection bags during this period can be attributed both to
settlement (in part caused by wind and wave action) and ambient groundwater flux. Based on
data from this period, the median combined settlement-induced flux and groundwater flux at
each of the meters, with the exception of 60053 (SM-6) where gas production varied
significantly during this period, are the following:

40013 (SM-1) - 19 cmlyear,
40014 (SM-2) -4 cmlyear,
40015 (SM-3) - 44 cmlyear,
60051 (SM-4) -9 cm/year and
60052 (SM-5) — 10 cm/year.

These fluxes represent an upper bound estimate of the groundwater flux as it is likely that
the settlement induced flux was significant but insufficient reference data were available to
determine the exact amount of settlement.

Seepage Meters — Phase 111 Investigation

The seepage meters used in the Phase | Investigation were redesigned for the Phase 111
Investigation based on issues identified with the original meters during the Phase | Investigation.
The meters were redesigned to reduce impacts of waves (e.g., wavebreaks, stabilization poles,
etc.) and to reduce settlement. In addition, large volume bags were used for sample collection
and control bags were used at each meter to assess outside factors influencing water
accumulation in the bags. The control bags were based on the design described in Cable and
others (2004). In addition, wave height was monitored to account for any influences caused by
wave action, centimeter scale measurements of meter elevations were made to assess settlement,
and water levels were monitored in the lake and in on-shore monitoring wells to assess changes
in horizontal gradients towards the lake during the investigation. A photograph of a redesigned
seepage meter is shown in Attachment IV.

Seepage meters were installed at five locations during the Phase Il Investigation; three in
Remediation Area A, and two in Remediation Area E. Multiple meters were used at each
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location to assess the reproducibility of results. At three of the locations, three seepage meters
were installed in close proximity to each other. At the other two locations, two meters were
installed in close proximity to each other. The seepage meters were located as follows:

e Cluster 4-1 was located near the shoreline approximately 900 feet east of Ninemile
Creek to evaluate a temperature and conductivity anomaly at this location. These
meters are labeled 40097, 40098, and 40122 on Figure 9.

e Cluster 4-2 was located about 1,300 feet east of Ninemile Creek to evaluate a
temperature and conductivity anomaly at this location. These meters are labeled
40095 and 40096 on Figure 9.

e Cluster 4-3 was located approximately 1,600 feet east of Ninemile Creek to evaluate
potential groundwater discharge from the distal end of a buried former channel of
Ninemile Creek. These meters are labeled 40099, 40100, and 40101 on Figure 9.

e Cluster 7-1 was located approximately 350 feet east of Harbor Brook to evaluate a
conductivity anomaly at this location. These meters are labeled 70067, 70068 and
70069 on Figure 11; and

e Cluster 7-2 was located approximately 1,000 feet east of Harbor Brook. These meters
are labeled 70065 and 70066 in Figure 11.

The seepage meters were monitored approximately weekly from June through August,
2007. The measured upwelling velocities at each of the seepage meter clusters are shown on
figures in Attachment IV.

The results of the Phase 11l seepage meter study indicated that seepage meters are not a
reliable method for measuring small upwelling velocities in Onondaga Lake. The results
indicated that seepage meters do not consistently provide a reliable estimate of the “true”
upwelling velocity. This conclusion is based on the following observations:

e The seepage meter data from the near-shore portion of Remediation Area A indicate
negligible groundwater discharge whereas other lines of evidence (pore water
chloride profiles and groundwater modeling) indicate that quantifiable groundwater
discharge is occurring.

e The upwelling velocities at seepage meter pairs and triplicates showed little
correlation between/among meters.

e The upwelling velocities calculated from the control bags were of the same order of
magnitude as the rates calculated from the meters. In addition, upwelling velocities
calculated from the control bags do not correlate temporally among locations.

13
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Overall, the lack of reproducibility between/among meters at the five cluster locations
indicated that the seepage meters were not a reliable method for estimating upwelling velocities
of the magnitude that occur in Onondaga Lake.

Chloride-Depth Profiles

Effler and others (1990) noted that chloride concentrations in the shallow sediments
beneath Onondaga Lake increased nearly linearly with depth. They noted that this indicated a
diffusive flux of chloride to the lake from a deep source of chloride. The source of chloride is
now understood to be halite brines within the glacial deposits that fill the Onondaga Trough and
brines from seepage from the wastebeds. TAMS (2002) noted that the chloride gradients
beneath Onondaga Lake were not truly linear and that the deviation from linearity could be used
to estimate the upwelling velocity.

The use of chemical concentration gradients in sediments to investigate upwelling
velocities was first reported in the literature in 1982 when two studies were published that
quantified upwelling velocities in the Pacific Ocean. One study used calcium and magnesium
ion gradients to quantify upwelling velocities in the range of 1 cm/year to 20 cm/year near the
Galapagos Islands, and the other study in the equatorial East Pacific Ocean quantified upwelling
velocities of about 20 cm/year using calcium ion gradients and the ratio of helium-4 to helium-2
(Maris and Bender, 1982; Sayles and Jenkins 1982). Additional studies that have described the
use of chemical concentration gradients in sediments to estimate upwelling velocities include
Berg and others (1998), Maris and others (1984), and Anati (1994). All of these studies have
indicated that the use of chemical concentration gradients is a useful method for quantifying
upwelling velocities that are less than approximately 50 cm/year. Groundwater flow rates
through lake sediments were evaluated using tritium and chloride concentration depth profiles in
sediments by Cornett and others (1989).

The section below describes the theoretical basis for the use of chemical concentration
gradients in sediments to estimate upwelling velocities, the field methods that were investigated
for measuring and/or estimating chloride concentrations in pore water, and the method of data
evaluation.

Description of Method

At steady state conditions, the governing equation for vertical migration of chloride by
advection with groundwater and diffusion is:

2
0=v® plt for 0<x<L 1)
OX OX

with the following boundary conditions:

c(x,0)=c,; c(0,t)=c,; and c(L,t)=c,

0
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where: ¢ = chloride concentration,
Co = chloride concentration at upper boundary;
cL = chloride concentration at lower boundary;
L = length of domain;
v = seepage velocity (Darcy velocity divided by porosity);
D = sum of diffusion and dispersion coefficients

An analytical solution to this equation developed by Al-Niami and Rushton (1977) was
used to solve Equation 1 and was implemented in a Microsoft Excel spreadsheet to analyze the
chloride depth profiles. The upwelling velocity was calculated by solving Equation 1 in an
iterative manner until there was a good correspondence between the calculated and the measured
chloride depth profile.

In evaluating chloride-depth profiles using Equation 1, it is important to note that the
steepest concentration gradients occur near the sediment-water interface. As a result, calculated
upwelling velocities are most sensitive to the chloride data collected near the interface. In
applying Equation 1 to the evaluation of upwelling velocities for purposes of this report, a
preference was given to using only data from the upper five feet to estimate the upwelling
velocity as deviations from linearity, if there were any, were most pronounced in this depth
range. All profiles, though, were analyzed using data from the upper five feet as well as data
from the entire depth profile, which typically consisted of data to a nominal depth of about 9 feet
below the interface.

Model Parameters

The use of Equation 1 to analyze steady-state concentration profiles requires the
definition of the parameter D, which is the sum of the diffusion and dispersive coefficients. The
parameter D is defined as:

D=wD"+a,v where: D" is the diffusion coefficient, e is coefficient 2)
related to tortuosity and «, is dispersion length.

The coefficient related to tortuosity is defined based on Boudreau (1996) as:
o=n/1-In(n?*)) where: nis the porosity. (3)

These parameters are a function of two characteristics of the sediment media, porosity
and dispersion length; and a function of the diffusion coefficient of chloride in pore water. For
purposes of the analysis of the chloride depth profiles from sediments of Onondaga Lake, the
following values for these characteristics were used:
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A porosity value of 0.65 was used for evaluation of chloride depth profiles from
Remediation Area C, a value of 0.75 was used for Remediation Area A, and a value of 0.70 was
used for Remediation Area E. Sediment porosity was measured at multiple depths at 64
Vibracore locations; the average porosity at these 64 locations is shown on Figure 12. The
available porosity data are listed in Attachment V.

The dispersion length was calculated using equation (26) in Neuman (1990), which was
developed to calculate the scale dependence of the dispersion length. This equation

is:a, =0.0169L"*, where L is length of the flow field in meters (note that equation requires that

L be in units of meters). For a flow field length of 5 feet the calculated dispersion length is about
0.1 feet. The use of this method to estimate the dispersion length and alternative methods for
estimating the dispersion length is discussed in detail in Attachment XI.

The effective diffusion coefficient for chloride was specified as 1.235 cm?/day based on
Felmy and Weare (1991) for a brine at 11° C.

An assumption implicit in the use of Equation 1 to estimate upwelling velocities is that
the chloride concentrations in the sediments are at steady state; that is concentrations are not
changing with time. A series of evaluations were conducted to determine the time required to
reach steady state in shallow sediments after the sediments were disturbed. The calculations
indicate that steady state is typically reached within a few decades. These calculations are
described in Attachment VIII. In addition, it is assumed that chloride is neither being produced
by dissolution nor lost by precipitation or sorption within the sediments. This is a valid
assumption in most of the Remediation Areas but in some locations, particularly in areas with In-
Lake Waste Deposits, it appears that this assumption may not be valid. As a result, this method
was not used to evaluate upwelling velocities in areas known to contain In-Lake Waste Deposits.

Measurement of Sediment Chloride Concentrations

The initial method used to measure sediment chloride concentrations was to collect cores
using the Vibracore method, section the cores into 1.0 foot intervals, centrifuge the cores, and
then analyze the pore water for chloride and specific conductance. After evaluation of the data
from the Phase | Pre-Design Investigation, it was determined that data at closer intervals was
required for accurate analysis of the chloride-depth profiles and in Phase Il the cores were
sectioned into 0.5-foot intervals. In Phase I11, the upper two feet of cores were sectioned into 0.2
foot intervals, but the pore water centrifuged from these small sections was only sufficient for
analysis of chloride and specific conductance. All other pore water samples from Phase 111 were
analyzed for common anions and cations, including chloride, and specific conductance. The
cation-anion balance and the correlation between specific conductance and chloride were used to
evaluate data quality.

In Phase 11, the use of diffusion samplers (peepers) also was investigated for obtaining
estimates of chloride concentrations in pore water. Fourteen extended peepers were installed at
the five seepage meter clusters to approximate depths of eight to nine feet. The stainless steel
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peepers consist of a series of cells spaced at 0.5 foot intervals that are filled with deionized water
and covered with a membrane. lons in the sediment pore water diffuse across the membrane and
the peeper is kept in place ideally until equilibrium is reached between the cell and the pore
water. The peepers in the Phase Il investigation were left in place for approximately one week
prior to retrieval. Pore water samples were collected from locations adjacent to each of the
peepers and the concentrations measured in th