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ABSTRACT

- Laboratory and field results are used to assess how the selected sampling methodologies,
well types and well construction affect the findings of a monitored natural attenuation
assessment. Concentrations from two discrete interval well types and two discrete
interval sampling methods with sampling intervals of approximately 0.5 to 1.0 metres are

compared to bulk samples from three metre screened wells at two research sites.

A diffusion sampler design is developed; however it did not derﬁonstrate discrete interval
sampling due to well homogenization and partial equilibration issues. The BarCad
System is unable to collect discrete interval samples, as the water appears to move
through the sand annulus during sampling. The diffusion samplers and BarCad System do
collect samples representative of the well they are instailed in. The drive point wells
demonstrate the ability to collect discrete interval samples. The multilevel wells collect
discrete interval samples; however bentonite seal materials impact ion concentrations,

with elevated sulfate being the greatest concern.
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Chapter 1

Introduction

1.1 STATEMENT OF PROBLEM

At many Alberta oil wells, oil, gas and many of their by-products are extracted,
processed, handled and stored on site. Many of the upstream oil and gas sites have
some hydrocarbon impact to soil and groundwater due to the various activities
- that have occurred over the life of the site. The Alberta Energy and Ultilities Board
(AEUB) indicated that there were 37,000 active oil wells and almost 98,000
active natural gas in Alberta in 2005 (Alberta Energy and Utilities Board, 2006).
It forecasted that 2000 crude oil wells and over 12,000 natural gas wells would be
drilled per year. The Pembina Institute has estimated that there are over 34,000
inactive wells and 2,500 abandoned wells documented in Alberta (Pembina
Institute, 2002). As this estimate is conservative, the degree of hydrocarbon

impact on the province’s soil and groundwater is likely underestimated as well.

Contamination at upstream oil and gas sites can occur in many forms, with
differing effects. The most commonly encountered contaminants are salts and
hydrocarbons. Salt contamination comes from the brine formation water that often
accompanies the oil. This water accounts for up to 95% of the waste in most
oilfields (Pacific Northwest Pollution Prevention Research Center, 1993).
Hydrocarbon contamination often occurs during extraction and processing of the

oil and gas at the well site (Schneider, 2001).



The most common sources of contamination at upstream oil and gas sites include
(Canadian Association of Petroleum Producers, 1999):
e Sumps — drilling mud containing oil and other petroleum products
is often stored and eventually disposed of in an on-site sump (not a
current practice);
e Pits — flaring to a pit, often resulting in the discharge of
hydrocarbons (not a current practice);
e Dirilling — underground leakage during drilling due to faulty well
casings;
e Operations ~ spills and continuous leaks due to system
interruption or malfunction;
e Storage Structures — releases from faulty tanks, buildings and
prdcess equipment;
e Disposal — improper transport and disposal of oilfield wastes;
e Pipelines — leaking or failure of pipelines used to transport oil and

gas.

There is broad consensus that natural attenuation is an effective remediation
option in many cases where hydrocarbon contamination is present. However,
conventional monitoring technologies and practices do not adequately
characterize when natural attenuation is sufficient, and when a more active

remedial approach is needed.

1.2 THESIS RESEARCH OBJECTIVE

The objective of this research is to identify monitoring technologies that are better
able to distinguish between situations where natural attenuation can be used and
where conventional remediation approaches are more appropriate. Such
technology is necessary to maximize the appropriate use of natural attenuation in

the province.



1.3 RESEARCH FRAMEWORK

The CORONA (Consortium for Research on Natural Attenuation) research
program was created to investigate the use of natural attenuation as a remedial
option for hydrocarbon contamination at upstream oil and gas sites. It consists of
a variety of laboratory and field studies aimed at increasing the knowledge and
application of natural attenuation. As part of the CORONA program, this thesis
examines how selected sampling methodologies, well types and well construction
details impact the monitoring of natural attenuation. Slow groundwater recharge
and vertical heterogeneity in some typical Alberta soil profiles also affect the

ability to monitor accurately.

The CORONA program highlighted several emerging technologies capable of

discrete interval characterization of the groundwater system. These are:

Well Types - selected based on ability to provide discrete interval sampling at
flexible installation depths.
1. Solinst Continuous Multichannel Tubing (CMT) Multilevel
Well (www.solinst.com); and
2. Geolnsight Drive Point Wells (www.geoinsightonline.com).
Sampling Methods - selected based on ability to collect discrete interval samples
from within three metre screened monitoring well.
1. Diffusion sampling using dialysis membrane (Membrane
Filtration Products Inc., www.membrane-mfpi.com); and
2. BESST BarCad System (www.BESSTINC.com).

Field tests compared these technologies to conventional three metre screened

wells for their ability to show the natural attenuation trends of a site.

At the time that the research was conducted, a dialysis membrane diffusion
sampler was not commercially available to sample for hydrocarbon contamination
encountered at upstream oil and gas sites. Background research was conducted to

determine whether samplers built for previous research were appropriate for our


http://www.solinst.com
http://www.geoinsightonline.com
http://www.membrane-mfpi.com
http://www.BESSTINC.com

purposes, and, insofar as they were not appropriate, what alterations needed to be
made (Chapter 2). This was necessary in order to include the sampler in the
comparison of new technologies to the conventional three metre screened wells

(Chapter 3).

1.4 MONITORED NATURAL ATTENUATION
1.4.1 Introduction

The term “natural attenuation” refers to the ability of a groundwater system to
control the spread of a petroleum plume by means of physical, chemical and
biological processes that exist naturally within soil and groundwater systems
(USEPA, 1999). Naturally occurring microorganisms and bacteria may be
responsible for degrading contamination, but their ability to treat hydrocarbon

contamination has only been thoroughly investigated in the last 25 years.

Microbial breakdown has been used for many years in wastewater treatment.
Treatment plants discharge a permitted amount of organic waste to surface bodies
of water, allowing naturally existing microorganisms to degrade the waste while
ensuring oxygen concentrations in the water are not depleted (Minnesota
Pollution Control Agency, 2007). The use of drainfields in rural septic systems is
a common example of using microorganisms in the soil to treat wastewater, and is
similar to the processes observed in natural attenuation of hydrocarbons within

the subsurface.

Monitored natural attenuation (MNA) typically involves assessment of dissolved
hydrocarbon concentrations and geochemical indicators (i.e., sulfate, manganese,
iron, etc.) through groundwater sampling. This indirectly indicates on-site
microbial degradation of hydrocarbons (Wiedemeier et al., 1999). MNA has
several advantages and disadvantages (USEPA, 1999) that must be carefully
considered when evaluating its effectiveness as a remedial option in a given

situation.



Advantages

No subsurface disturbance (e.g., excavation changing local hydrogeology);
No waste requiring disposal (at landfills, through deep well injection, etc.);
Reduced risk of human exposure;

Reduced risk of disturbances to ecological receptors;

Reduced risk of cross-media transfer of contaminants (common in ex-situ
treatment);

Potential for application to part or all of a site (depending on site conditions
and remediation objectives);

Use in conjunction with, or as follow-up to, other active remedial measures
(e.g., removal of source of contamination prior to MNA implementation);
and

Potentially lower overall remediation costs compared to other active

remediation options.

Disadvantages

Performance monitoring generally more extensive and possibly longer than
under active remedial measures;

May be more complex and costly to clearly demonstrate that natural
attenuation is occurring;

Toxicity and/or mobility of contaminant degradation products may be of
greater concern than the initial contaminant;

Institutional controls may be required for long-term protection of site (e.g.,
groundwater drinking ban);

Potential for continued migration and cross-media transfer of contaminant;
Hydrogeological and geochemical conditions amenable to natural attenuation
may change over time, resulting in remobilization of stabilized contaminants
or metals (e.g., arsenic); and

Extensive education required to gain public acceptance of MNA as an

effective remedial option.



1.4.2 Basic Processes of Natural Attenuation

As this research program focuses on the effects of sampling technologies in a
MNA context, natural attenuation will be explained only briefly to assist in
framing the research. As defined earlier, natural attenuation involves physical,

chemical and biological processes (USEPA, 1999). The physical processes

involve:

Dispersion - wherein pollutant decreases in concentration as it travels
through the aquifer, mixing with clean water infiltrating from
surface or groundwater that flows into the impacted area
(Bear, 1979).

Sorption - wherein contaminant partitions between aqueous phase and

soil matrix. This process is controlled by the organic carbon
content of soil (Karickhoff, 1981). Sorption retards
contaminant migration, but desorption can later counteract
this (Patrick et al., 1985).

Volatilization - wherein contaminant compounds are transported from soluble
groundwater plume into vadose zone soil gas through the
capillary fringe (McAllister and Chiang, 1994). However,
volatilization results in minor reduction of contaminant mass,
resulting, for example, in total mass loss of no more than 5% for

benzene (Chiang et al., 1989).

Physical processes reduce contaminant concentration in groundwater, but do not
degrade contaminaﬁt mass. Chemical processes are often limited, involving
stabilization of certain biological process products through reaction with
inorganic materials in the groundwater system (Wiedemeier et al., 1999).
Research by Kemblowski et al. (1987) and Salanitro (1992) indicates no evidence
of the chemical transformation of aqueous benzene, toluene, ethylbenzene and
xylenes (BTEX) in groundwater. Therefore, reduction of the contaminant mass

occurs predominantly through biological processes.



Biological processes involve microorganisms and bacteria that naturally inhabit
the subsurface environment and use the hydrocarbon as an organic substrate.
These microorganisms and bacteria actively degrade the contamination into less
harmful end products (USEPA, 1996). For example, the aerobic and anaerobic
biodegradation of BTEX in groundwater (Mikesell et al., 1993), leaves only
carbon dioxide and water (McAllister and Chiang, 1994). During microbial
degradation, the breakdown of organic substrate (e.g., contaminant, natural
organic matter) results in energy (i.e., electrons) being transferred to subsurface
system elements to maintain the energy balance (Langmuir, 1997). The elements

accepting the energy are known as Terminal Electron Acceptors (TEAs).

During microbial degradation of organic contaminants, TEA utilization reactions
occur in sequence, from those providing the most energy to those providing the
least (Langmuir, 1997), causing the groundwater system to progress from aerobic
(oxygen rich) to anaerobic conditions (Azadpour-Keeley, 1999). These sequences
are known as the redox ladder, and the general half reaction sequences are

indicated in Figure 1.1.

As quantifying microbial populations is expensive and often inaccurate, MNA
programs must rely on indirect methods to demonstrate that microbial
biodegradation of the contamination is occurring. This involves measuring the
dissolved TEA concentrations (oxygen, nitrate, iron, manganese, sulfate and
methane) at all on-site monitoring wells (Wiedemeier et al., 1995). If natural
attenuation is occurring, the following trends are expected for the various
geochemical parameters and these are demonstrated in Figure 1.2 (Wiedemeier et
‘al., 1999):

As aerobic biodegradation occurs:
e Dissolved oxygen concentrations decrease below background

concentrations.



As anaerobic biodegradation occurs:
e Nitrate and sulfate concentrations decrease below background
concentrations;
e Soluble manganese and iron increase within the plume above
background concentrations; and '
e Sulfide and methane concentrations increase within the plume

above background concentrations.

A groundwater monitoring program demonstrating these geochemical trends, in
conjunction with decreasing hydrocarbon constituent concentrations, indicates
that MNA would likely be an effective remedial option. To better demonstrate the
by-products of the various redox reaction sequences, the expected degradation
sequence for a generic organic compound (CH;O) to the basic end-product carbon

dioxide (COy) is outlined in Figure 1.3 (Christensen et al., 1994).

1.4.3 Application
1.4.3.1 General

To properly assess if MNA is appropriate for a given situation, it is necessary to
determine the concentrations and distribution of the contaminants, as well as how
" they have moved and will move in the subsurface environment. Contaminants
move through the subsurface in two ways: as free product (light non-aqueous
phase liquid (LNAPL) contaminant) floating along the water table, or as dissolved
constituents in a groundwater plume, which are more mobile and of greater

concern (USEPA, 1999).

Natural attenuation efficiency is measured by comparing contaminant transport
rates to biodegradation rates (Landmeyer et al., 1998). If the former are slower,
then the contaminants are likely to degrade to safe concentrations before reaching
points of contact, and natural attenuation is a viable option. This comparison also
involves assessing the hydrogeological (e.g. groundwater flow rates),
geochemical (e.g. TEA properties of the aquifer material), physical (e.g.
adsorption), microbial (e.g. biodegradation rates) and receptor (e.g. points of

contact) constraints of the system (Chapelle et al., 1996, Wiedemeier et al., 2006).



To clearly demonstrate that MNA can achieve remedial objectives for a site,

certain actions must be taken (Wiedemeier et al., 2006).

1. Characterize contaminant impacts and demonstrate that the plume is stable
or shrinking.

2. Demonstrate that microbial activity indicative of natural attenuation is
occurring on site and by-products of degradation are not harmful.

3. Continually monitor to ensure natural attenuation is achieving site cleanup

objectives over time.

The first activity of any remedial program is to investigate and characterize the
contamination source by determining the form, distribution and concentrations of
contaminants throughout the subsurface environment (USEPA, 1988). If MNA is
to be utilized, it is imperative to demonstrate that a contaminant plume is stable or
shrinking over time, with no unacceptable impact on environmental receptors

(Azadpour-Keeley, 1999).

Natural attenuation is most effective at remediating dissolved contaminants and
not free product (USEPA, 1999), so it is important to remove, as much as
possible, the free product sources that may be contributing dissolved
hydrocarbons to the subsurface environment. Following characterization, most
MNA programs or remedial cleanup operations remove the contamination source,
(e.g., leaking underground storage tank, contaminated flare pit), as it continually

replenishes dissolved contaminants that may cause plume growth (USEPA, 1999).

To demonstrate that a plume is stable or shrinking, a monitoring well sampling
program must completely delineate contaminant impacts and define the extent of
the plume. The monitoring well network (Figure 1.2) required to demonstrate the
feasibility of MNA as a remedial option is made up of performance monitoring
wells (which monitor hydrocarbon concentrations and geochemical data trends in
and adjacent to the plume) and contingency wells (which monitor plume growth)

(Wiedemeier and Haas, 2002). Figure 1.2 shows an example layout and expected



data trends of a monitoring well network used for MNA of a LNAPL plume. Any
MNA monitoring well program should consist of at least (Wiedemeier et al.,

1999):

¢ One well near the release source;

¢ Several performance monitoring wells along the longitudinal axis of
the contaminant plume;

e One upgradient well (background); and

e Several wells along the outer boundary of the contaminant plume

(sentinel or contingency wells) that monitor plume growth.

Monitoring well screens must intersect the stratigraphic interval within which the
contaminants are known to be migrating. As contaminant concentrations can vary
vertically throughout the subsurface, monitoring wells should be screened at
different depth intervals throughout the plume to allow vertical characterization.
This also allows both lateral and vertical plume geometry to be determined within

the subsurface at the site.

Microbial reduction of the relevant contaminant must also be demonstrated for
MNA. It has been thoroughly documented that microbes can degrade organic
matter such as hydrocarbon contaminants to less harmful end-products
(Azadpour-Keeley, 1999). Microbiological laboratories directly measure
microbial populations of iron-reducing and sulfate-reducing bacteria, but these
processes are not widely accepted as a means to demonstrate natural attenuation.
Instead, microbial degradation is monitored indirectly by measuring contaminant
daughter products, electron acceptors, metabolic byproducts and general water
quality parameters (Wiedemeier and Haas, 2002). This typically involves
measuring concentrations of dissolved oxygen, nitrate, iron (III), sulfate and
carbon dioxide within and outside the contaminant plume. These represent
naturally occurring electron acceptors commonly used in microbial metabolism.
The water quality parameters of alkalinity, oxidation-reduction potential (ORP),

pH, temperature and conductivity should be measured (Wiedemeier et al., 1995).

10



It must be shown, through continual monitoring, that MNA continues to achieve
clean up objectives for a site. Concentrations of contaminants and associated
daughter products should be monitored over time to determine plume stability and
distribution of any toxic by-products (Wiedeméier et al., 2006). Other factors to

consider in long-term monitoring programs include (Wiedemeier at al., 1995):

e seasonal fluctuations in groundwater levels, causing more of the
contaminants to be in contact with the groundwater and higher
dissolved concentrations to exist;

e changes in groundwater geochemistry, causing mobilization of
undesirable inorganic substances or creation of harmful
intermediate degradation by-products; and

e complete TEA utilization, leading to decreased microbial

degradation rates.

Quarterly sampling during the first year may confirm plume direction and better
establish baseline contaminant flow conditions and potential seasonal variability
(Wiedemeier and Haas, 2002). Monitoring plans should have flexibility to
decrease monitoring frequency once natural attenuation is progressing as expected

and increase under unexpected conditions (e.g. plume migration) (USEPA, 1999).

Natural attenuation is not always the most effective treatment for groundwater
contamination. For example, where contamination is expanding faster than
biodegradation can occur, where potential drinking water sources can be impacted
by the contamination plume, or where biodegradation end-products of
contamination are toxic or cannot be biodegraded, contaminants must be treated

or removed by engineered systems to eliminate exposure to them (McAllister and

Chiang, 2002).

11



1.4.3.2 Thesis Research Considerations

The glacial tills common in most of Alberta have slow groundwater movement
and high concentrations of sulfate and organic material. As such, most of the
groundwater systems at these sites are anaerobic. Under these conditions, aerobic
respiration (dissolved oxygen utilization) and anaerobic denitrification (nitrogen
feduction) may occur naturally without being measured. These reductive reaction
sequences often do not play a part in the natural attenuation of hydrocarbon
contaminants. As a result, biodegradation relies heavily on the anaerobic,
reductive reactions of manganese, iron and sulfate. These geochemical
parameters are focused on in this thesis research program, as both sites have

glacial till soils with anaerobic conditions due to slow groundwater flow rates.

Most monitoring programs involve collecting groundwater samples from 0.05 m
diameter PVC wells, often with 3 m screened sections intersecting the water table.
This is where LNAPL contamination is expected. Three metre screens are
common because that is a standard length for PVC pipe. Well screens are created
simply by cutting this pipe with a specific slot size to allow water to enter and
prevent soil material ingress. Many wells are sampled using dedicated sampling
methods, including bailers or inertial Waterra pumps (foot valve and tubing).
Within the environmental monitoring industry in Alberta it is common practice to
purge up to three well volumes before sampling, based on the three to five
volumes recommended by United States federal regulatory programs (USEPA,
1988). Originally intended as a guideline, three to five well volumes has become a
rule in the industry (Barcelona et al., 2005), as values of water quality parameters
were often found to stabilize after less than six well volumes were purged (Gibb

et al., 1981).

Low-flow purging methods are increasingly used to collect samples to reduce the
volume of purge water requiring disposal. These techniques may more accurately
measure representative geochemical parameters (Parker, 1994). Puls and Paul
(1995) demonstrated that contaminant concentrations and water quality

parameters equilibrate with less than 7.5 L and 10 L of purge volume,
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respectively. Parker (1994) found that purging techniques and collection methods
used at the time could negatively impact results, through, for example, oxidation/

precipitation of inorganics (e.g., iron, sulfide, etc.) and volatilization of organics.

Through multi-layer sampling in conventional wells, Puls and Paul (1997)
demonstrated that contaminant distribution and mass varied vertically throughout
the subsurface. This research indicates that “traditional” sampling methods
provide misleading information on distribution and mass and can miss the
presence of contamination altogether. As contaminant concentrations and
geochemical parameters relevant to MNA can vary over small depth intervals,
effective discrete interval sampling is needed. This was an underlying focus in the

development of this thesis research program.

1.5 GEOCHEMICAL TRENDS OF INTEREST FOR MONITORED
NATURAL ATTENAUTION (MNA)

To assess the various sampling technologies’ ability to accurately measure
parameters of interest to a MNA program, there are a couple of key processes of
interest that must be first understood prior to critically assessing the data
collected. Of particular interest are the iron, manganese and sulfate
concentrations, in correspondence with the hydrocarbon concentrations, that are
being measured across the site. The importance of these results and the expected
trends are briefly described below (Langmuir, 1997) so that this information can

be used in interpreting the results measured by the various technologies.

Metals

Iron, and to a lesser extent manganese, are common components of the
mineralogy encountered in the subsurface throughout the world. Both manganese
and iron are geochemical indicators of natural attenuation, as both of these metals
act as electron acceptors to the microbes. The microbe utilizes these TEA metals
to accept the electrons involved in the oxidation of a carbon substrate food source
(organic matter), which in many instances is dissolved hydrocarbon
contamination since it is readily available and the low-end hydrocarbon fractions

(BTEX constituents) are easily broke down.
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Elevated dissolved concentrations of these metals in groundwater above natural
levels measured in non-impacted, background wells often indicate microbial
degradation activity in the subsurface. Commonly encountered iron reduction in
the subsurface environment involves highly amorphous iron oxyhydroxides in a
solid phase (as coating on mineral grains) changing from Fe** (the form of iron
measured in the laboratory metals analysis and presented in this study) to Fe** as
it accepts an electron during hydrocarbon degradation. The manganese reduction
follows a similar process, changing from Mn** (MnO,) to Mn®* as it accepts

electrons during microbial biodegradation of the hydrocarbon constituents.

Sulfate

Sulfate reduction works on a similar principle as outlined for the metals, however
it is typically utilized once most of the manganese and iron have been consumed
by microbial degradation. It is common to observe both reductive processes
occurring at the same time within an impacted area given the right conditions. The
sulfate can accept eight electrons from the bacteria, typically of the genus
Desulfovibrio or Desulfotomaculum, when it is being reduced to assist in the
degradation of the carbon source, in this case the hydrocarbon contaminant. This
reduction process converts the sulfate into an aqueous dihydrogen sulfide (H,S)

compound or if in the presence of iron can result in iron sulfides.

The presence of dissolved sulfate in the groundwater system comes from the
dissolution of sulfate from mineral sources; a common source on the Prairies
coming from the dissolution of gypsum (calcium sulfate) within the surficial soils
by infiltration (Van Stempvoort et al., 1994). Sulfate concentration trends in natural
attenuation are the opposite of those for the metals, where the sulfate
concentrations will be considerably lower in an area that the sulfate is being
utilized for microbial degradation of hydrocarbon impacts. As a result, higher
sulfate concentrations will be measured in background wells and locations where

there is no or very limited hydrocarbon degradation occurring.
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Hydrocarbons

The benzene, toluene, ethylbenzene and xylenes (BTEX) and CCME petroleum
hydrocarbon Fraction 1 minus BTEX (PHC F1-BTEX), are the typical
hydrocarbon constituents that are monitored as part of a MNA program. These
hydrocarbon constituents are presented in this study, as they are the most readily
available due to their mobility and are the most easily consumed by the microbes
as a substrate during microbial degradation. The hydrocarbon constituent
reduction is a key component in assessing the effectiveness of a MNA program,
as these dissolved hydrocarbon concentrations must remain stable or decrease

over time for MNA to be considered a feasible remedial option.

It is known for both research sites that the hydrocarbon contaminant source being
investigated is a light non-aqueous phase liquid (LNAPL). The low-end
hydrocarbon fractions (F1 fractions) slowly dissolve into groundwater when in
direct contact with the LNAPL contaminant or due to infiltration through the
source zone. The LNAPL contaminant floats on the water table causing higher
dissolved concentrations within the sample intervals that intersect the water table.
Since the subsurface stratigraphy is dominated by clayey silt and silt at the sites,
the dissolved concentrations do not readily move downward through these
formations and tend to migrate laterally near the water table. Therefore lower
concentrations should be measured within deeper intervals where the groundwater
is not in contact with free product and the small amount of groundwater that

migrates downwards is likely diluted.

Knowing this, higher manganese and iron concentrations are expected at shallow
depths where hydrocarbon impacts have been noted at the sites. It would be
expected that the metals concentrations would decrease with depth or as the
sample locations move further from the free product source, as the hydrocarbon
concentrations would decrease in these situations. Contrarily, the sulfate
concentrations would be expected to be lower near the source and increase in
concentration as the sample locations move closer to non-impacted, background

conditions.
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Note: Natural attenuation indicators are in bold in the redox reaction sequences.

Figure 1.1. Redox ladder indicating redox potentials and redox reaction
sequences (Modified from Azadpour-Keeley et al., 1999 and
Langmuir, 1997).
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Figure 1.2. Recommended groundwater monitoring well network for
demonstrating natural attenuation [(a) plan view (b) cross-
sectional view] and geochemical data trends within and outside
plume (Modified from Wiedemeier et al., 1999).
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Stoichiometric reactions for different redox environments for a
model compound (CH,O0) at pH of 7.

Oxygen Reduction,
Aerobic Respiration CH;0 + 02 = CO; + H,0
Denitrification 5CH,0 + 4NOs + 4H" — 5C0O; + 2N, + 7H,0
Manganese Reduction CH,0 + 2MnO; + 4H* — CO, + 2Mn** + 3H,0
Iron Reduction CHO + 4Fe(OH); + 8H' — CO, + 4Fe** + 11H,0
Sulfate Reduction 2CH,0 + SO + H' - 2CO, + HS™ + 2H,0
Methanogenic,
Fermentative CH,0 — CH3COOH — CHy4 + CO;,

Note: These processes are microbially mediated. Natural attenuation indicators are in

bold in the redox reaction sequences.

Figure 1.3. Redox reactions involved in degradation of organic matter in
different redox environments (Modified from Azadpour-Keeley et
al., 1999).
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Chapter 2

Diffusion Sampler Development and Application
for Monitored Natural Attenuation
at Upstream Oil and Gas Sites

2.1 INTRODUCTION

Diffusion is a molecular-scale process of spreading due to concentration gradient

and random motion, with movement from areas of high concentration to areas of

low concentration as all matter seeks a state of balance (Bedient et al., 1997).

Diffusion is the dominant transport mechanism where groundwater velocities are

very low, as in tight soils like clays (Bedient et al., 1997). Diffusion sampling

works on the fundamental principle that all aqueous systems approach chemical

equilibrium due to diffusive and osmotic flux gradients that exist in all

groundwater systems.

Diffusion sampling has several key advantages compared to other sampling

methods (Vroblesky, 2001):

Diffusion samplers equilibrate with monitoring well groundwater throughout
installation, so sample results are time averaged rather than point-in-time
concentrations.

Diffusion samplers can be installed within the well screen where
groundwater continually flows, so purging and the associated disposal cost
of this groundwater is eliminated.

Diffusion sampler membrane is a filtration material so it eliminates the time
and cost of filtering groundwater samples for analysis, such as dissolved
metals.

Because the sample is sealed inside the membrane during retrieval, oxidation
and volatilization effects due to atmospheric exposure is limited.

Diffusion samplers can be fabricated for installation in pre-existing wells
and implemented in various ways depending on the requirements of the

sampling program.
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e Diffusion samplers can measure vertical concentration profiles in
groundwater (Ronen et al., 1986; Kaplan et al., 1991; and Dasika and
Atwater, 1995).

2.2 BACKGROUND
2.2.1 Diffusion Sampler Historical Research

Diffusion sampling relies on groundwater and the water in the sampler reaching
geochemical equilibrium across a porous membrane (Imbrigiotta et al., 2002).
Possible diffusion membrane materials include: cellulose acetate, polysulfone,
polyethylene, polycarbonate, nylon and regenerated cellulose. The use of
diffusion sampling technology to collect in-situ water samples for analysis of
chemical concentrations was initially studied by Hesslein (1976) and Mayer

(1976) using cellulose acetate dialysis membrane.

A variety of diffusion membrane materials and diffusion sampler designs have
since been investigated for their ability to measure both inorganic and organic
concentrations in groundwater. The historical research on the various diffusion

materials investigated in this thesis are detailed below.
Cellulose Acetate Dialysis Membrane

Hesslein (1976) developed a diffusion sampler using cellulose acetate dialysis
membrane to measure dissolved phosphate and methane concentrations in
sediments. It was placed over the open end of an acrylic plastic container filled
with deionized water and fastened in place with a thin acrylic sheet and nylon
screws. Prior to installation, the dissolved gases were removed by placing the
sampler in a closed bath of degassed distilled water. The diffusion samplers were
allowed to equilibrate for a week in the sediment before being removed and
sampled using a syringe. The results demonstrated variations in phosphate and
methane concentration over the 5 cm depth intervals to a depth of 35 cm. Mayer
(1976) conducted a similar study using this membrane to sample dissolved silica

concentrations in lake water and sediments.
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Vroblesky et al. (2002) used cellulose acetate dialysis membrane samplers to
collect representative samples of inorganic constituents from groundwater in
wells and a discharge zone beneath a stream. They were fabricated using
pretreated high-grade tubular dialysis membrane with a molecular weight cutoff
of 8,000 Daltons. The membranes were designed to collect 350 mL samples by
filling 60 cm long membrane sections with deionized water and tying both ends in

knots.

The membrane sampler had a PVC pipe inside the membrane for rigidity and a |
low density polyethylene (LDPE) mesh on the outside for abrasion protection.
The diffusion samplers were deployed by attaching them to 6 mm diameter rigid
polyethylene tubing. Similar inorganic concentrations were measured for samples
from cellulose acetate dialysis membranes installed in the monitoring wells and

those from low-flow sampling at similar depths.
Low Density Polyethylene Membrane

Vroblesky (2001) investigated the field application of polyethylene samplers to
collect groundwater samples containing VOC concentrations (BTEX and several
chlorinated compounds). The samplers were fabricated by heat sealing one end of
the 10 cm flat width polyethylene tubing, filling it with deionized water, and heat
sealing the other end with no headspace in the bag. The samplers could then be

cut to any length to accommodate the desired amount of sample volume.

The diffusion samplers were placed inside LDPE mesh tubing for protection and
positioned in the well using a weighted line or fixed pipe. The results indicated
that polyethylene diffusion bag samplers may be a cost effective method to obtain
representative VOC concentrations within a monitoring well; however, the
research indicated that dissolved inorganic constituents cannot be accurately

sampled by this membrane technology.
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Nylon-Screen Samplers

Vroblesky et al. (2002) also used nylon-screen samplers to collect representative
samples of inorganic constituents from groundwater in wells and a discharge zone
beneath a stream. The nylon-screen samplers consisted of fastening a 125 or 250
micron mesh nylon screen over the mouth of a 30 mL polyethylene sampling jar
while submerged in deionized, deoxygenated water. Three to four of these nylon-
screen samplers were deployed in a monitoring well with the opening facing
down at a half to one inch spacing inside a low density polyethylene mesh. The
sample was collected for analysis by retrieving the nylon-screen samplers from
the well, removing the caps and pouring the contents into sample bottles. The
inorganic solute concentrations in these samples were similar to those collected

by low-flow sampling from similar depths.

Regenerated Cellulose Dialysis Membrane

Regenerated cellulose dialysis membranes filled with deionized water were used
in laboratory and field research to sample concentrations of various inorganic
species. Numerous dialysis membranes installed at close intervals within a well
screen demonstrated the membrane’s ability to effectively sample inorganic
concentration changes over small depth intervals (Ronen et al., 1986; Dasika and
Atwater, 1995). Imbrigiotta et al. (2002) used regenerated cellulose membranes in
bedrock wells to monitor several chlorinated VOCs, calcium, chloride and
alkalinity and found no statistical difference when compared to low-flow
sampling techniques from the same wells. Inconsistent variations among dialysis
membrane iron concentrations called into question how representative these
samples were. Ehlke et al. (2004) observed equilibration within seven days for
inorganic constituents and three days for various VOCs in a laboratory study

using regenerated cellulose dialysis membranes.

2.2.2 Selection of Diffusion Sampler Material

Vroblesky et al. (2002) field research using nylon-screen and dialysis membrane
samplers was among the earliest to measure several key inorganic constituents in

groundwater wells. Most previous inorganic research involved sampler
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installation directly in sediments (Hesslein, 1976; Mayer, 1976; Bottomly and
Bayley, 1984). The inorganic constituents tested included arsenic, calcium,
chloride, iron, manganese, sulfate and dissolved oxygen, all of which are
important in MNA programs. For a MNA program at upstream oil and gas sites,
the diffusion sampling technology must be able to collect representative samples

of dissolved cations, anions, metals and all hydrocarbon constituents.

Previous research by Vroblesky (2001) indicated that polyethylene membrane
diffusion samplers are incapable of collecting water samples containing dissolved
inorganic species. As there are many inorganic parameter trends that must be
demonstrated for MNA to be an accepted remedial option, these samplers were
not considered for this research program. Commercial laboratories request several
hundred millilitres of sample volume to analyze for the various parameters of
interest in a MNA program, so the diffusion sampler must be capable of retrieving
this volume. Although Vroblesky et al. (2002) demonstrated that the nylon screen
samplers collected representative samples, too many samplers would be required
to obtain the necessary volume. A sample depth interval containing enough 30
mL samplers to get the requested sample volume for commercial laboratory
analysis would be too large to represent discrete interval sampling. Thus, the

nylon-screen sampler is not efficient enough for this research program.

The dialysis membrane technology was judged to be most appropriate for this
study since it can measure both inorganic and organic constituents and can be
fabricated to supply the necessary sampling volume. Two types of dialysis
membranes were available based on previous research efforts: cellulose acetate
(Hesslein, 1976; Vroblesky et al., 2002) and regenerated cellulose (Ronen et al.,
1986; Ehike et al., 2004). The regenerated cellulose dialysis membrane is more
durable than the cellulose acetate and more chemically compatible for most

environmental applications (Ehlke et al., 2004).
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2.2.3 Research Considerations for Diffusion Sampler Application

As mentioned in Chapter 1, there is no previous published research on the
application of diffusion samplers to assess MNA in hydrocarbon-contaminated
groundwater. Previous research had mostly studied volatile organic compounds
(VOCs) in groundwater (Kaplan et al., 1991; Vroblesky, 2001; Imbrigiotta et al.,
2002) or dissolved inorganic constituents in riverbed and lakebed sediments
(Hesslein, 1976; Mayer, 1976). Vroblesky et al. (2002) indicated that in field
installed monitoring well dialysis samplers, most contaminants should equilibrate
within two week. However, little research was found on equilibration times for
dissolved organic compounds common to upstream oil and gas sites, other than

VOCs. These times are measured in this thesis.

Limited research had been done on diffusion sampling of inorganic constituents
(Dasika and Atwater, 1995; Imbrigiotta et al., 2002; Vroblesky et al., 2002).
However, further work was necessary to successfully apply the process to those

constituents relevant to MNA.

Another concern was the membrane could serve as a carbon source to microbes in
the groundwater environment, leading to membrane degradation (Vargo et al.,
1975). This could limit the dialysis samplers’ time in the well, possibly preventing
constituent equilibrium. Additional research was necessary to determine if a
representative sample of the formation water could be obtained before membrane

integrity was compromised.

Vroblesky et al. (2002) hypothesized that if a dialysis membrane diffusion
sampler was installed in a high concentration salt solution, osmotic forces could
cause water loss from the sampler. However, further research was needed to
determine if salt, at various concentrations, causes water loss from a regenerated
cellulose dialysis membrane sampler. Vroblesky et al. (2002) suggested that a
rigid pipe be installed inside the membrane to prevent it from collapsing as water

is drawn from it in an attempt to achieve osmotic equilibrium.
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2.3 METHODS

A detailed description of the components, fabrication, installation and sample
retrieval of the regenerated cellulose dialysis sampler (with photos) can be found
in Appendix A. Hence forth dialysis membrane diffusion sampler will be referred
to simply as “diffusion sampler” and dialysis membrane diffusion sampling as

“diffusion sampling”.

2.3.1 Field Diffusion Sampler Development

A design similar to the dialysis membrane sampler used by Vroblesky et al.
(2002) was selected for the diffusion sampler in this study. Membrane Filtration
Products Inc. in Seguin, Texas provided 10 m of pretreated “CelluSep H1”
regenerated cellulose membrane with a flat width of 77 mm and a molecular
weight cutoff of 8000 Daltons (Part No. 0810-76, US$178 in June, 2003).
Membrane pretreated to remove any impurities was more expensive than dry
membranes, but easier to use. The membrane was stored in a solution of
ethylenediaminetetra acetic acid (EDTA) and methanol, and must be kept at 4°C
to minimize biological degradation during shipping and storage (Membrane

Filtration Products Inc., 2003).

The 8,000 Daltons molecular weight cutoff was chosen because it worked well for
determining inorganic concentrations for Vroblesky et al. (2002). The 77 mm flat
width tubing was selected because it provided the maximum sample volume,
which was necessary so all groundwater parameters of interest in the MNA
program could be analyzed by the commercial laboratory. The membrane was cut
into 75 cm lengths to ensure that the samplers were 60 cm long after the ends

were sealed, providing a sufficient volume of water for analysis.

Our design omitted Vroblesky et al.’s (2002) LDPE protective mesh around the
membrane during installation. This minimized new material entering the
monitoring well and prevented chemical compounds sorbing from or leaching into
the sampled groundwater, which could impact the sample results. To provide

abrasion protection for the dialysis membrane, it was placed inside a 65 cm length
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of PVC pipe. As it was the same material as the existing well casing, the PVC
should have minimal impact on the sample results. A 37 mm inner diameter (ID)
pipe was the largest that could be installed in the 50 mm ID well screen. The pipe
had 9.5 mm holes drilled throughout it to expedite dialysis membrane

equilibration.

In this study, one end of the dialysis tubing was knotted and the other was sealed
with a capped brass sampling nozzle (Figure 2.1) connected using O-rings for
easy sampling. Initial designs relied on piercing or cutting the end of the dialysis
membrane to collect the sample water inside, however this proved inefficient as
flow was difficult to control, resulting in loss of the limited sample volume. The
brass sampling nozzle design allowed the equilibrated water within the membrane

to be easily poured into the laboratory sample bottles without wastage.

After sealing, the membrane was slid into the protective PVC pipe and filled with
deoxygenated, deionized water through the nozzle. Deoxygenated water was used
because Vroblesky et al. (2002) reported that samplers containing aerobic water
underestimated dissolved iron concentrations due to oxidation and precipitation of
iron. Iron is an important MNA geochemical indicator, so accurate measurement
is necessary. The samplers in our research were then stored in PVC canisters

filled with deionized, deoxygenated water for storage and transport to the site.

2.3.2  Field Diffusion Sampler Installation

To measure vertical heterogeneity in groundwater constituents, seals were
developed between each sampler (Figure 2.2) to isolate them vertically within the
well screen. The seals were fabricated from a rigid PVC disk and a flexible PVC
geomembrane, so as not to introduce new materials into the well. The rigid PVC
disk was slightly smaller in diameter than the monitoring well ID, and the flexible
PVC membrane was cut to a diameter slightly larger than the monitoring well ID.
The flexible PVC membrane was placed on the end of the dialysis sampler pipe,
with the rigid PVC disk directly on top of the membrane, and this was fastened in

place using cable ties.
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A rigid system of PVC pipe (Figure 2.3) was created to push the samplers to the
desired sampling depth. An initial design using rope and a weight was unable to
overcome the seal friction on the well casing walls. The rigid system consisted of
19 mm ID PVC pipe cut into lengths that ensured the samplers were at the correct
depth. The pipe was connected to the diffusion sampler end seals using cable ties.
The samplers were installed with the nozzle end facing upward to eliminate

sample leakage if the o-rings did not seal properly.

Just before field installation, a nylon rope was tied to the top of the rigid PVC
riser pipe and pinched in the well cap to keep the rigid system at the desired
sampling depth. To retrieve the samplers, the pipe was pulled out of the well with
the rope, and the diffusion samplers were freed from the rigid riser and spacer
pipe by cutting the cable ties. The groundwater sample was obtained by cutting
the end seal cable ties, unscrewing the brass nozzle cap and pouring the water into

the laboratory sample bottles.

The samples were compared to Waterra samples from the same well to check
their representativeness. The Waterra sampler consisted of the inertial Waterra
foot valve connected to the end of rigid, Teflon-lined PVC tubing. Waterra
sampling was conducted by purging three well volumes before groundwater
samples were collected. In most sampling instances, the Waterra sample was

collected within two hours of retrieving the diffusion samplers from the well.

2.3.3  Site Descriptions

The research was conducted at two upstream oil and gas sites in Alberta. Site 1
was a decommissioned well site and flare pit located in the northwest of the
province, while Site 2 was a natural gas processing facility located in the
southeast. Detailed site descriptions including site plans and borehole logs are in

Appendix B.
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2.34 Laboratory Experiments

Field research conducted by Vroblesky et al. (2002) demonstrated that diffusion
samplers and low-flow sampling from the same well yield groundwater samples
with similar inorganic concentrations, but much of these data were obtained using
nylon-screen samplers and not dialysis membrane samplers. Thus, further tests
were required to determine appropriate equilibration time for organic and
inorganic compounds, and to assess equilibration rates for inorganic compounds
to determine how long the diffusion samplers need to be installed in the field. The
laboratory research studied the effects of varying ionic charges on equilibration
rates and the potential for water loss due to osmotic gradients (in saline
groundwater environments) and hydraulic gradients (seasonal water table

fluctuations).

Thus, this program studied the ability for diffusion samplers to sample the
inorganic and organic constituents expected in the MNA field program. A detailed

description of all the laboratory studies can be reviewed in Appendix C.

2.34.1 Dissolved Hydrocarbon Equilibration Study

The laboratory study involved suspending dialysis membranes in 1.5 L vessels of
groundwater taken from a hydrocarbon-impacted well from one of the sites. The
vessels had zero headspace. The 77 mm flat width regenerated cellulose dialysis
membrane contained a 15 cm long, 19 mm ID PVC pipe filled with deionized,
deoxygenated (as per ASTM# D854) water. Clamps sealing the ends of the

dialysis membrane were removed to retrieve the sample water in the membrane.

To better simulate conditions expected in a monitoring well in the field, the
vessels were kept in the dark and stored at approximately 4°C. The water in the
vessel and the membrane was analyzed at two, four and six weeks for benzene,
toluene, ethylbenzene, xylene (BTEX) and Canadian Council of Ministers for the
Environment (CCME, 1996) petroleum hydrocarbon F1 fraction (Cs to Cjo) minus
BTEX (PHC F1-BTEX). The dialysis membranes were visually inspected for

degradation during each sampling event.
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2.3.4.2 Effect of Monovalent and Divalent Salts Study

Research using monovalent and divalent dissolved salts investigated the effects of
ionic charge on equilibration time and the impact of salinity concentration on
dialysis sampler water loss. Monovalent sodium chloride and divalent calcium
sulfate were used because they were prominent in the historical sampling data
from the sites. Five sodium chloride solutions ranging from 50 to 5000 mg/L and
five calcium sulfate solutions ranging from 100 to 2000 mg/L. were created in

airtight vessels to prevent evaporation.

Two 77 mm flat width membrane samplers filled with deionized water were
suspended in each vessel. One was sealed by tying both ends and weighed
periodically to examine dialysis sampler mass loss. A clamp on the second
membrane was removed to measure electrical conductivity (EC); similar EC
values in the vessel and the sampler indicated equilibration. Another vessel filled

only with deionized water acted as a control for the mass water loss experiment.

2.34.3 Hydraulic Gradient and Evaporation Study

During some field events, the water table in the well dropped below the diffusion
sampler due to seasonal fluctuations, and significant water loss was observed
from the dialysis membranes. The author hypothesized that water loss occurred
through two processes: hydraulic head difference and evaporation. The quantity
of the loss was tested by studying diffusion samplers under three conditions
described below. Three diffusion samplers were fabricated in the same manner as
if to be installed in the field, except both ends of the dialysis membrane were tied
to eliminate leakage since no sampling was to occur during this experiment. Each
sampler was weighed and suspended in a 50 L water reservoir. Two were situated
in the laboratory under ambient atmospheric conditions similar to the sampling
well headspace, with one installed just below the water surface and the other half-
submerged. A third membrane was half—submerged in a cold room at 4°C and
100% humidity where little to no evaporation was expected. This comparison

assisted quantifying the evaporation rates for the ambient condition samplers.
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Water was added throughout the experiment to keep the water’s surface at the
same height. This ensured equal membrane exposure in both environments. Each

diffusion sampler was weighed periodically throughout the experiment.

2.4 RESULTS
24.1 Laboratory Experiments
2.4.1.1 Dissolved Hydrocarbon Equilibration Study

The results of the dissolved hydrocarbon equilibration study are contained in
Table 2.1, and are plotted for comparison in Figure 2.4. The week four sample
was analyzed for total purgeable hydrocarbons instead of the CCME F1 fraction
(Cs to Cyp). Therefore, it cannot be compared directly with the PHC F1 — BTEX

values for week two and week six.

The results demonstrate that BTEX equilibration occurs between weeks two and
four. The BTEX and PHC F1-BTEX concentrations in the sampler are 35 to 45
percent lower than the vessel concentrations at two weeks and 15 to 20 percent
higher than the vessel concentrations after four weeks. At six weeks, there is no
consistent pattern of which concentration is higher, but they are within 20% of

each other.

Hydrocarbon contaminated water had no visual degradation effects on the dialysis
membrane. Inspection of the membrane after removal from the vessels revealed

little change besides a slight orange discoloration.

2.4.1.2 Effect of Monovalent and Divalent Salts Study

The author investigated significant water loss from the samplers due to osmotic
gradients (Table 2.2), and the time required for inorganic salts to equilibrate
across the membrane (Table 2.3). Both the mass water loss from the initial
membrane mass (Eq 1) and the EC variation between the membrane and vessel

(Eq 2) are expressed in terms of percent difference:
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_______________ x 100% [Eq 1]

where: My, = membrane mass for time t

My; = initial membrane mass

............... x 100% [Eq 2]

where: ECg; = electrical conductivity in the sampler for time t

ECy, = electrical conductivity in the vessel for time t

Valency and concentration of the salt solution have no impact on mass water loss
from the membranes, as mass loss only ranges from 5 to 10 percent of initial
membrane mass after 70 days for all salt solutions (Figure 2.5). Salt
concentrations have no impact on equilibration time, as the EC in the dialysis
membranes equilibrate with the vessel within the first 24 to 48 hours (Figure 2.6,

Figure 2.7).

2.4.1.3 Hydraulic Gradient and Evaporation Loss Study

Mass loss results for the dialysis samplers are plotted in Figure 2.8. Sampler mass
measurements were discontinued once they stabilized. Mass water loss
dramatically increased when a portion of the sampler was above the water
surface. At ambient temperature and humidity, the sampler installed just below
the water surface lost 19.2 grams (4.1% of the initial mass) over 28 days, while
the half submerged sampler lost 401.3 grams (95% of the initial mass). As the
19.9 grams remaining at the end of the experiment in the half submerged sampler

was the mass of the moist dialysis membrane, nearly all water was lost.

The half submerged sampler in the 100% humidity cold room lost 182.5 grams
over 65 days, at which point the mass stabilized and the experiment was
discontinued. The water level in the sampler stabilized after dropping to the level

in the reservoir, so only the mass below the water surface remains in the sampler.
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This is a mass loss of 42% of the original sampler mass, or half the mass loss
observed for the half submerged sampler in ambient conditions. The rate of mass
loss in this sampler is much slower than the half submerged sampler under

ambient conditions, shown by the flatter slope of the line in Figure 2.8.

2.4.2 Field Testing Program
2.4.2.1 Field Installation Considerations

Diffusion sampler results were compared to inertial Waterra sampler results (the
system historically used at this site) to ensure that the former were representative.
The results from the two discrete interval diffusion samplers and the Waterra

sampler are plotted for the October and February sampling events at both sites.

The discrete interval seals and the diffusion sampler installation method were
modified to try to make the sampling as effective as possible. The October
diffusion samplers at Site 1 used ropes between the samplers with a weight at the
bottom to pull the samplers to the desired sampling depth. The rope threaded
through the hole in the center of the seals, which were held in place by knots on

each side of the seal. The rope was then fastened to the diffusion samplers.

The rope installation design may have allowed the seals to rotate from the
intended horizontal position, allowing the water to flow vertically within the well
during the sampler installation period. Consequently, the diffusion samplers may
or may not have sampled a discrete interval. They were lowered until the mark on
the rope was at the top of the well casing, indicating that the top sampler was at
the correct depth. However, it was uncertain if the bottom sampler was
immediately beneath the top sampler or at the intended sampling depth, because

seal friction may have prevented the weight from pulling it to the correct depth.

To overcome these uncertainties, a rigid system was developed (Section 2.3.2). It
ensured that the seals create a discrete interval within the well screen for the
diffusion sampler, and that the lower sampler was at the intended depth. The rigid
system was used for October at Site 2 and for all February sampling events, so

these samples may be more representative of discrete intervals.
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The data used to compare the dialysis membrane diffusion samplers and Waterra
sampler include selected dissolved cations, anions, metals and hydrocarbon
constituents in groundwater. The selected cations (sodium, calcium and
magnesium) are common in soil, providing an indirect indication of the soil
mineralogy (Langmuir, 1997). The anions selected are bicarbonate, sulfate and
chloride. Bicarbonate provides an indication of the buffering capacity (Bedient et
al.,, 1997), and sulfate is a geochemical indicator of natural attenuation
(Thorstenson et al., 1979; Chapelle and Lovley, 1990). Chloride is a non-reactive,
stable anion providing insight into groundwater flow and mixing (Wiedemeier et
al., 1995). The selected metals (iron and manganese) are both geochemical
indicators of natural attenuation (Vroblesky and Chapelle, 1994; Azadpour-
Keeley et al., 1999; Wiedemeier et al., 2006). The selected hydrocarbon
constituents are benzene, ethylbenzene, total xylenes and CCME F1 fraction. The
toluene values are not presented because the concentrations measured are all

below the reliable detection limit at the sites studied.

2.4.2.2 Assessing Variability of Sample Results

When comparing field research data to assess the ability to collect representative
samples, an amount of acceptable variability must be established. Houghton and
Berger (1984) indicated the order of analytical bias ranged from +/-10 to 50%,
however, improvements in analytical equipment and procedures has improved
accuracy. Barcelona and Helfrich (1986) documented analytical errors for volatile
organic compounds of up to 20%. The Quality Assurance Program of approved
commercial laboratories often allows variability within the Quality Control Limits
of up to +/-20% for many of the parameters analyzed. Where duplicate analyses
are conducted on certain parameters as part of a laboratory’s Quality Assurance
program, the acceptable relative percent difference (RPD) variability allowed in
the results is 20% for many constituents (Maxxam Analytics, 2003). This is based
on the sensitivity of current laboratory equipment and techniques, which can
measure very low concentrations for many parameters (especially for

hydrocarbon constituents). As a result, remnants of previous analysis at the
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laboratory or any small variation in sample collection or preparation can cause
substantial variability in sample results. This must be considered when comparing

low hydrocarbon concentration sample results.

Variability is also common among parameters measured in the field (pH, EC,
temp, etc.), even when samples are collected at the same time. Barcelona et al.
(1984) indicated systematic errors related to sampling mechanisms can reduce
accuracy by two to three times that of analytical procedures, and can result in
sampling bias from +/-5 to 20%. Barcelona et al. (1985) suggested sampling
mechanisms for collecting groundwater samples were among the most error-prone
elements of monitoring programs. Parker (1994) stated that sampling methods and

devices can greatly impact sample integrity.

This suggests that up to 40% of variability in sample results may be due to factors

independent of the sampling method.

2.4.2.3 Field Data Comparison

A detailed comparison of the diffusion sampler and Waterra sampler results and
the supporting figures are provided in Appendix D. Depth intervals varied
between sampling events due to fluctuations in the water table. These discrete
depth intervals are indicated on the y-axis of the sample result figures in
Appendix D for the October and February sampling events. Notable results are

summarized below for each site.

Site 1

Diffusion samplers were installed in well 03-MW1. Unfortunately no Waterra
sample was obtained in October. While diffusion sampler results cannot be
compared to Waterra sample for October, the two diffusion samplers can be

compared to examine discrete interval sampling.

The results of the diffusion samplers are almost identical for all sampling events,
with concentrations varying by less than 20% between the two sample depth

intervals. The only notable variation is in the February iron concentrations (Figure
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D3), which varies by 35%. However this is insignificant as the concentration
difference is less than a 2 mg/L. The February Waterra results closely match those
for the diffusion samplers for most parameters. The only parameters that vary

notably for the Waterra sampler are (Figure D3 and D4):

¢ the iron concentration is over twice that for the diffusion samplers;

o the ethylbenzene and xylenes concentrations are three times larger than
those for the diffusion samplers; and

o the F1-BTEX concentration is six times larger than that for the diffusion

samplers.

Site 2

Sampling was conducted at two locations: near well 34 (closest to the source) and
near well 35 (farthest from the source). Regarding the October sampling period,
the diffusion samplers were installed after the Waterra sample was collected and
were sampled 21 days later. The October diffusion samplers were fabricated in
the field using deoxygenated water that was transported in airtight, zero
headspace bottles to limit atmospheric interaction, and were only stored for
several hours before installation. The February diffusion samplers were fabricated
in the laboratory at the University of Alberta and stored in the transport containers

two days prior to installation.

Well Cluster 34

Samples were collected from well 34-MW1. The diffusion samplers demonstrate
increasing cation and anion concentrations with depth for both the October and
February, however the largest variation is 39% for the February calcium
concentrations. The Waterra cation and anion concentrations closely match those
for the deep diffusion sampler in both October and February, however the
Waterra sulfate concentrations (Figure D6) are four times those for the diffusion

samplers for both sampling events.
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The diffusion sampler metal results are similar for both depth intervals during
both sampling events. The Waterra metal results are always higher than those for
the diffusion samplers, the most notable being the October iron concentrations,
which are twice as large (Figure D7). The diffusion samplers demonstrate an
unexpected increasing concentration with depth for all hydrocarbon constituents
in both October and February. The Waterra hydrocarbon results closely match
those for the deeper diffusion sampler, however the October F1-BTEX
concentration is over 2.5 times larger than the closest diffusion sampler result

(Figure D8).

Well Cluster 35

Samples were collected from well 35-MW1. The diffusion samplers measure
almost identical cation and anion concentrations for both October and February.
The Waterra cation and anion results closely match those for the diffusion
samplers, with the largest variation (40%) for the October calcium and
bicarbonate results. The diffusion sampler metal results closely match for October
and February. The Waterra sampler has the highest metal results for all sampling
events. The October manganese and February iron concentrations for the Waterra
sampler are over twice and over two and half orders of magnitude larger than
those for the diffusion samplers respectively (Figure D11). These are the most

notable differences.

For both sampling events, the diffusion samplers demonstrate expected decreasing
concentrations with depth for all hydrocarbon constituents. The Waterra
hydrocarbon results are similar to those for the diffusion samplers, with the
October results being lower then both diffusion samplers and the February results
matching closely with the deeper diffusion sampler. The exception is the Waterra
F1-BTEX concentration in October, which is three times larger than that for the

diffusion samplers (Figure D12).
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2.5 DISCUSSION
25.1 Laboratory
2.5.1.1 Dissolved Hydrocarbon Equilibration Study

Previous research by Vroblesky et al. (2002) indicated that most contaminants
should equilibrate in dialysis samplers within two weeks. In this laboratory study,
equilibration occurs within the dialysis membranes after two to four weeks (Table
2.1). The 15 to 20% variation in the week four concentrations is within the
generally accepted (+/-20%) analytical variance on duplicates. However, it must
be noted that week four concentration values are higher for the dialysis sampler
than for the vessel. This indicated that equilibrium likely occurred before the

week four sample was collected.

Visual inspection of the membrane over the duration of the experiment showed no
observable degradation over six weeks. The Vargo et al. (1975) study of microbial
growth on regenerated dialysis membrane placed in surface waters demonstrated
that the dialysis tubing collapses due to microbial degradation after nine days in
20°C water. An identical study in 1°C to 4°C surficial waters found significant
microbial growth on the membrane after 17 days, equivalent to Day 5 or 7 of the
20°C study, However, the membranes had not collapsed by the end of the

experiment.

The lack of membrane degradation or bacterial growth over the six week
experiment in this study may be due to the colder groundwater (approximately
4°C) having limited nutrients compared to the surficial water used by Vargo et al.
(1975). Also, sunlight may have caused increased microbial growth on the
membrane in the surficial waters. The combination of colder groundwater
temperature, decreased nutrient availability and no sunlight likely limits microbial

activity in the groundwater system that is responsible for membrane degradation.
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The interesting slight orange discoloration on the dialysis membrane is believed
to be an iron precipitate, most likely a reaction of dissolved iron (Fe’*) with
oxygen. The deoxygenation process used in the experiment only decreased the
dissolved oxygen (DO) to about 4 mg/L, or 2 mg/L higher than the formation
water. The slight negative surface charge on the dialysis membrane (Ehlke et al.,
2004) may develop a weak bond with the positive charge of the dissolved iron.
The DO concentration gradient likely causes DO to pass outward through the
membrane, and the DO reacts with the weakly bonded dissolved iron. This orange
material easily sloughed off the outside of the membrane and collected at the
bottom of the vessel, even when the vessel was carefully handled. The amount of

precipitate was similar in most of the vessels.

The hydrocarbon equilibration observed over approximately three weeks led to
the installation of diffusion samplers for three weeks at the field sites. The lack of
membrane degradation over the six week laboratory study portends no adverse
impacts for the field research program. The laboratory experiment provided
confidence that the field dialysis samplers could collect representative

groundwater samples.

2.5.1.2 Study on Effects of Monovalent and Divalent Salts

The small water loss from the dialysis membranes when installed in the various
salt concentrations demonstrates that salt has a minor effect on mass loss. The
1000 mg/L sodium chloride solution had the largest mass loss (9.3%), which was
minimal volume loss considering these samplers were installed for more than
three times the duration of the field application (68 days vs 21 days). As the
dialysis membrane can be fabricated to collect sufficient volume for the suite of
sample analyses, the water loss due to salt does not impede representative
sampling. The fact that the control’s mass loss (4%) was only slightly lower than

all membranes’ mass loss (5 to 10%) likely indicates other causes of mass loss.

Water loss ranges from just 5 to 10% for the various salt concentrations and
valence states. The amount of water initially in the dialysis membrane does not

impact water loss. The largest sampler (67.7 g), in 1000 mg/L sodium chloride
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solution, has the highest mass loss (9.3%), whereas the smallest sampler (40.5 g),
in the 10 mg/L calcium sulphate solution, has the second highest mass loss
(7.9%). The two duplicate dialysis membranes in the 2000 mg/L calcium sulfate
solution have similar mass losses, demonstrating consistency and reliability in the
results. The experiment demonstrates that water loss is not dependent on the size
of the dialysis membrane or the concentration or valence of the salt- being

sampled.

The results demonstrate that equilibration occurs quickly for simple salt ions, with
most membranes equilibrating within 24 hours (Figures 2.6 and 2.7). Valence and
salt concentration has no apparent effect on equilibration time. To more
accurately determine equilibration times, more freqhent measurements are
required in the first 24 hours. It is concluded that simple ionic species in
formation water do not dictate sampler installation time, as the water in the

samplers equilibrates within 48 hours.

The small water loss in the high concentration salt solutions, even without internal
rigidity in the dialysis membrane, is likely due to rapid equilibration. Small ions
of dissolved inorganic salts easily pass through the membrane, rapidly
equilibrating. This decreases or eliminates the concentration gradient, possibly

causing membrane water loss.

2.5.1.3 Hydraulic Gradient and Evaporation Study

This laboratory study found that a half submerged diffusion sampler in ambient
conditions lost all water within 23 days, and in two phases. First, the membrane
water level dropped to the reservoir water surface. This is likely a combination of

hydraulic gradient and evaporation effects. Then, water loss continued, possibly

due to suction and evaporation effects. Both phases are described below.

Hydraulic gradient water loss occurs when the water in the sampler is above the
surface of the water source being tested, forcing water out through the membrane

pores due to head gradients. Evaporation water loss is caused by a moisture
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gradient across the portion of the membrane exposed to the atmosphere. Complete
water loss from the portion of the membrane below the water surface is likely due
to wicking water from inside the sampler via the membrane, causing the sampler
to shrivel. An initial lack of membrane headspace may cause suction, drawing
water from below the surface and keeping the membrane moist. This likely
continues until the water inside the membrane runs out, drying out the membrane,

at which point the membrane ends becomes brittle.

As per Figure 2.8, phase one (hydraulic gradient and evaporation) occurred in 10
days for the half submerged sampler under ambient conditions, resulting in 197 g
of water loss (19.7 g/day). Phase two (evaporation) occurred from Day 10 to Day
23, resulting in 204.3 g of water loss (15.7 g/day). In comparison, the fully
submerged sampler lost 19.2 g of water (0.7 g/day) over 28 days under ambient

conditions.

To verify the postulated explanation for these findings and to quantify the water
loss during the two phases, another sampler was half submerged in a 100%
humidity moisture room at 4°C. With limited evaporation, the author hypothesizes
that water loss occurs only though hydraulic head effects in phase one and does

not occur in phase two.

The author hypothesizes that more hydraulic head water loss occurs when there is
larger head acting downward in the porous membrane (i.e., increased initial water
loss and less as the head decreases). The data supported this, with the highest loss
(6 g/day) during the first seven days, decreasing to 1.2 g/day for Day 44 to Day
65, when the experiment was terminated due to limited water loss. As evaporation

was limited, the hydraulic head effect on water loss was slow. In comparison, the

half submerged sampler in ambient air conditions lost all water in 23 days.

For the first seven days, under ambient conditions water loss was 19.7 g/day and 6
g/day in the cool, 100% humidity atmosphere. This demonstrates that evaporation

effects were responsible for two thirds of the mass loss in phase one and all mass
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loss in phase two under ambient conditions. These findings illuminate the amount
of water loss that may occur if the water table drops below the top of the sampler,

and demonstrate that evaporation is the dominant reason for water loss.

2.5.2 Field Performance
2.5.2.1 Considerations of Sampling Method Differences

Results from Waterra and diffusion samplers were compared from three wells for
the October and February sampling events. Several sampling method differences
must be addressed. Firstly, the Waterra sampler obtains a point in time sample,
which is representative of groundwater for that particular date, while diffusion

samplers collect a time averaged sample.

At the research study sites the groundwater flow velocities ranged from <1 to 5
m/yr. At these flow velocities, the groundwater would migrate <6 to 29 cm
through the well screen over the 21 day installation. The variability of the
groundwater constituent concentrations over this distance was expected to be
small because diffusion was the dominant migration mechanism at these
velocities. Therefore, concentration gradients are small and presumably would not

cause variation in sample results.

Another difference is the sampler position in the well. For the diffusion samplers,
effective end seals restricted vertical water movement in the well screen, allowing
discrete interval sampling. However, for the slow groundwater velocities at the
research sites, collection of discrete interval samples may be hampered by
diffusion through the sand annulus around the well screen. A Waterra sample is
typically represehtative of the most conductive layer(s) that the sand annulus
intersects. However, if it is collected more quickly than the formation can produce
the groundwater, then the sample is a mixture of formation water and water from
the sand annulus and well casing (Puls and Paul, 1995), which may not be

representative.
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The Waterra sample was collected with as little drawdown as possible. Thus, it
was likely representative of the most conductive layer(s) intersecting the well
screen, since recharge was dominated by these intervals. As the discrete interval
where the diffusion samplers were installed may not include the depth of the most

conductive layer(s), diffusion sampler results and Waterra results may differ.

The last difference is the effect of well purging. Since the diffusion samplers
equilibrate with formation water for 21 days as it passes through the well screen,
no purging was required. Standard practice before collecting a Waterra sample is
to purge three well volumes or purge the well dry. Improper purging in low flow
formations like the sites may drop the water level in the well and induce flow
from many hydraulically conductive geological formations that the 3 m screen

intersected.

Drawdown caused by purging may expose the well screen to the atmosphere,
causing oxidation and volatilization. Thus, concentrations of sulfides, metals, and
VOCs could be lower in Waterra and bailers samples than in diffusion samples.
As it was impractical to operate the Waterra sampler while a water level indicator
was in the well, the water level was not monitored. Thus, drawdown impacts on

Waterra results were uncertain.

2.5.2.2 Findings from Sample Results Comparison

Despite the rigid installation system with seals above and below the discrete
intervals being sampled, concentrations of relevant parameters varied
insignificantly, probably due to the similarly low hydraulic conductivities of the
formations (At Site 1, the shallower sampler was in silty clay and the deeper
sampler was in silt. At Site 2, both samplers were in silt). The results collected
from the two diffusion sampler depth intervals closely match the Waterra cation

and anion results during most sampling events.

This explanation appears incorrect for drive point wells installed within a metre of
diffusion sampler wells. At both sites, concentrations varied with depth over

similar discrete intervals. As the samplers were pushed to depth, the well water
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was likely mixed and homogenized by moving around the seals and through the
sand pack throughout the sample intervals. Powell and Puls (1997) noted similar
mixing throughout the well during pump insertion, resulting in unpredictable
geochemical data. The 15.2 cm sand annulus and low groundwater flow rate at the
sites (6 to 17 cm over the 21 day installation period) caused 1/3 to 1 well volume
of displacement over the installation period. This limited displacement of
homogenized well water by representative formation water, combined with the
potential vertical diffusive flux discussed previously, may be responsible for the

similar concentrations.

Concentrations of relevant MNA parameters were similar in both diffusion
sample intervals, but differed from Waterra sample from the same well. During
some of the sampling events differences were most notable in iron and F1-BTEX
concentrations, and to a lesser extent sulfates. The differing results between the

diffusion and Waterra samplers are developed below.

Iron

Iron concentrations measured by the diffusion samplers during all sampling
events at both sites ranged from 35% (October, Well Cluster 35) to 2.5 orders of
magnitude (February, Well Cluster 35) lower than the Waterra iron results from
the same well (Figure D11, Appendix D). This may have been due to incomplete
equilibration, iron oxidation due to higher DO concentrations in the diffusion

samplers or a combination of these two factors.

To assess incomplete equilibration by the diffusion samplers, Fick’s Law was
used to develop a sampler equilibration time calculation for any dissolved
constituent in formation water adjacent to the diffusion sampler (Sanford et al,
1996). Details and assumptions made in these calculations are listed in Appendix
E. A range of diffusion coefficients for typical commercial passive diffusion
samplers (Divine and McCray, 2004) were used because this information was not

available for this study’s dialysis membrane.
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When the Waterra iron concentration is applied as the formation concentration
variable (Cr), the calculation demonstrates that iron may not fully equilibrate in
the samplers, depending on which effective diffusion coefficient is used. Only
values from the higher end of the range for typical commercial passive diffusion
samplers (5x107  cm®fs) yield calculations close the Waterra sampler

concentrations.

If incomplete equilibration is fully responsible for the difference in iron
concentrations measured by the diffusion sampler and the Waterra sampler, this
indicates a diffusion coefficient for the dialysis membrane near the low end of the
range (0.5x107 cm?s). This is based on the iron concentrations calculated for this
coefficient being closest to the concentrations measured by the diffusion samplers
in the field. For example, for the diffusion coefficient 0.5x107 cm?/s, the
calculation yields 3.93 mg/L for February at Site 1, and the diffusion samplers
measured 3.4 mg/L. and 5.2 mg/L.

The effective diffusion coefficient for the membrane was not specified by the
manufacturer, so the expected equilibration rate cannot be calculated with any
certainty. The partial equilibration of iron indicated by this calculation is not
observed for the other ions in this study. As the diffusion samplers measure cation
and anion concentrations similar to the Waterra sampler, indicating complete
equilibration, it appears that partial equilibration of iron through the membrane is

not likely responsible for the lower iron concentrations.

The lower concentrations were likely due to iron oxidation by dissolved oxygen
(DO). Although every effort was made to prevent DO from entering the diffusion
samplers during preparation and storage, the transport containers were unable to
seal out atmospheric gases completely. The transport container DO concentration
was 1.5 to 3 mg/L prior to sampler installation in February at Site 1, which was
elevated from <1 mg/L at the laboratory. Since DO concentration in the formation
water was less than in the membrane, iron may have precipitated out as iron

oxide.
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The orange precipitate that formed on the dialysis membrane during the
laboratory hydrocarbon equilibration study suggests oxidation of dissolved iron.
Any orange on the field sampler membranes confirming iron oxidation was
occurring may have sloughed off during sampler retrieval. Iron oxidation would
continue until all excess DO in the membrane is consumed and then iron comes
into equilibrium. Groundwater flow rates at the research sites (2 to 5 m/yr) only
corresponded to 1/3 to 2 well volumes of formation water moving through the
well screen during the 21-day installation. This may not provide sufficient
dissolved iron to completely consume the DO in the membrane and cause
equilibration. Because of oxidation, diffusion sampler iron concentrations may
only partially equilibrate over the installation period, making them significantly

lower than the Waterra sampler concentrations from the same well.

Waterra iron concentrations more than two orders of magnitude greater at Well
Cluster 35 (Site 2) in February are likely due to higher initial DO concentrations
in the samplers because of different sampler preparation. This is supported by the
diffusion samplers measuring identically low iron concentrations for both depths,

indicating similarly high initial DO concentrations in both samplers.

In October, diffusion samplers were fabricated in the field several hours prior to
installation, whereas in February, they were fabricated in the laboratory two days
prior to installation. Thus, it was expected that the October sampler DO remains
at the concentrations similar to those in the laboratory (<1 mg/L). The deionized
water used to fabricate the diffusion samplers in October was transported to the
field in airtight, zero headspace bottles. DO concentrations were less than 1 mg/L
in the airtight bottles during fabrication. The DO of the sampler storage container
water could not be tested, as the water was inaccessible before installation and

was lost during field installation.

As diffusion sampler DO concentrations should be similar to the formation
concentrations in October, minimal iron was expected to oxidize, as it
equilibrated within the membrane. Even if DO concentrations slightly increased

during several hours of on-site storage, the higher iron concentrations at Well
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Cluster 35 would consume the DO quickly and allow equilibration. This is
supported by the diffusion samplers measuring the highest iron concentrations of
any location in the research study, varying by less than 30% from the Waterra

sample from the same well.

In contrast, the February diffusion samplers were in transport containers two days
before installation. Their results were three orders of magnitude lower than the
Waterra iron result. As the February Waterra sampler measured an iron
concentration similar to October, the February iron concentration was likely
representative and the diffusion iron results were likely impacted by elevated DO

concentrations in the samplers.

The DO could not be measured for the February Site 2 installation event.
However, at Site 1 the DO after one day of storage was between 1.5 and 3 mg/L,
so the DO concentration in the February samplers may be up to twice this amount
(3 to 6 mg/L). The groundwater flow at Site 2 moved insufficient volume to

consume the elevated DO in the diffusion samplers over the 21-day installation.

As the diffusion samplers were installed over similar depth intervals for both the
October and February sampling events, the higher initial DO concentrations likely
explain the significantly lower iron concentrations compared to the February
Waterra result. The iron results clearly demonstrate the need to completely
deoxygenate the water in the diffusion samplers and maintain this DO
concentration until installation, otherwise the diffusion samplers will not collect
representative metals samples. This is imperative when sampling low flow
formations with installation periods of three to four weeks, as is the case at these

sites.

To prevent microbial degradation, the membrane was stored in ethylene
diaminetetra acetic acid (EDTA), a complexing agent for a variety of metal
compounds (van den Berg, 1995; Sillanpaa and Oikari, 1996; Inoue et al., 1999).
The research membrane was designed for sensitive dialysis applications where
low amounts of heavy metals may be encountered (Membrane Filtration Products

Inc., 2003). Thus, it should have no adverse effect on constituent sampling.
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Despite following the manufacturer’s directions for rinsing the membranes, it was
impossible to determine if all EDTA was removed from the membrane prior to
fabricating the diffusion samplers. Thus, it was possible that some EDTA reacted
with the dissolved iron and decreased the iron concentrations being sampled. At
Well Cluster 35 in October, the sampler was fabricated in the field the day before,
leaving minimal time for remnant EDTA to leach away. Despite that, this location
shows the highest iron concentrations in the study, suggesting EDTA has

insignificant impact on a diffusion sampler’s ability to sample iron.

F1-BTEX

The diffusion samplers measured lower F1-BTEX concentrations than the
Waterra sampler from the same well and had similar concentrations for both
diffusion sample intervals. The difference was most notable for the February
event at Site 1, where the diffusion F1-BTEX concentrations were almost an order
of magnitude lower (Figure D4, Appendix D). It was also notable during the
October event at both Well Cluster 34 and 35 (Site 2). As the Waterra F1-BTEX
concentration for Site 1 in February seemed elevated, the other wells in the cluster
were reviewed. The next highest concentration was the bailer sample (5.6 mg/L),
typically between 1 to 2 mg/L. This suggested that the elevated F1-BTEX

Waterra result may be anomalous.

Comparing the Waterra F1-BTEX results for August (23.8 mg/L) and February
(13.9 mg/L), a decreasing concentration trend over time was established for all
hydrocarbon constituents. This suggested that a source of free phase hydrocarbon
was slowly being removed over time. The exact source responsible for the
elevated hydrocarbon concentrations was not known, however the borehole log
for this well (Figure B2, Appendix B) noted dark staining from 1.96 to 2.43
metres below ground surface. This indicates a LNAPL smear zone created by
seasonal fluctuations in groundwater elevation. Groundwater in contact with free
phase residuals from this interval may have provided the elevated F1-BTEX

results.
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As the LNAPL likely migrated through the most conductive layer, the Waterra
sampler would likely draw groundwater from this conductive interval during
purging and sampling that is in contact with the free phase residual. Powell and
Puls (1997) indicated that long well screens intersecting variable stratigraphy
draw water preferentially into the well during purging and sampling from the
higher permeability flow zones. Preferential recharge of groundwater from the
interval containing LNAPL could be responsible for the higher hydrocarbon

concentrations detected by the Waterra than by the diffusion samplers.

As the Site 1 groundwater surface dropped from 1.2 m to 3.4 m below ground
surface from August to February, the degree of contact between groundwater and
the LNAPL smear zone was expected to decrease. The free phase residuals in the
smear zone may be the source of the elevated hydrocarbon concentrations, and
exposure to the smear zone due to groundwater level fluctuations may be the
reason for the observed decrease in F1-BTEX concentrations from August to
February. The February Waterra sample had a noteworthy hydrocarbon odour and

a slight sheen, indications of contact with free phase contaminant.

Similar decreasing trends from October to February were observed for F1-BTEX
Waterra results at both Site 2 well clusters. The borehole logs indicated black
staining and hydrocarbon odour from 1.5 to 3.8 metres at Well Cluster 34 and
from 2.1 to 3.7 metres at Well Cluster 35 (Figure B4 and B5, Appendix B). As the
groundwater surface at Site 2 dropped to near three metres below ground surface
in February, the most conductive layer that provides the Waterra sample may
come from a smaller portion of the smear zone compared to October, resulting in

the lower F1-BTEX concentration.

The diffusion samplers were installed for both sampling events at discrete sample
intervals below (Site 1) or near the bottom (Site 2) of the darkly stained interval
noted in the borehole logs. This may be partly responsible for the lower F1-BTEX
concentrations compared to the Waterra sampler. Because the diffusion sampler

discrete intervals do not intersect groundwater from this stained interval, or only
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do so at the bottom portion (which may be in direct contact with the residual free
phase hydrocarbon in the smear zone), the diffusion samplers may show lower

hydrocarbon concentrations.

No diffusion samplers at any studied location measured a F1-BTEX concentration
higher than 2 mg/L (Site 1, February), even though bailer and Waterra samples
from similar three metre screened wells typically showed concentrations ranging
from 5 to 10 mg/L. This may be attributed to partial equilibration due to the
longer, complex chains of the F1 hydrocarbon fraction. Product information
provided by Membrane Filtration Products Inc. (2003) indicated that the size and
three-dimensional shape of a molecule (molecular weight cutoff) determine if it

will pass through a membrane.

As some of the larger F1 hydrocarbon chains may not easily enter the small pores
of the dialysis membrane, only a portion of the dissolved F1 fraction may pass
through the membrane over the duration of installation. This would lead to partial
equilibration of these hydrocarbon constituents, resulting in lower F1-BTEX
concentrations for the diffusion samplers. This may explain why the diffusion
samplers can collect representative concentrations for benzene, ethylbenzene and
xylenes, as these are smaller compounds, but only partially equilibrate with the F1
hydrocarbon fraction, leading to lower concentrations. Unfortunately, the
formation water used in the dissolved hydrocarbon equilibration study had low F1
fraction concentrations (<1 mg/L), so the results could not address this

hypothesis.

When the diffusion samplers’ F1-BTEX results are compared with the results
from the discrete interval wells installed over similar intervals at both sites, the
F1-BTEX concentrations are similar for all three well cluster locations. This tends
to indicate that the diffusion samplers may be collecting representative discrete
interval hydrocarbon results, and that the Waterra F1-BTEX results are dictated

by an interval not intersected by the discrete interval samplers.
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Sulfate

The sulfate concentrations measured by the diffusion samplers for both sampling
events at both research sites were similar for both depth intervals. Well Cluster 34
(Site 2) was the only sample location with significant observed differences in
results, with Waterra sulfate results over three times larger than the diffusion
results (Figure D6, Appendix D). Differences in the sulfate results are likely

caused by differences between the two sampling methods.

Gypsum dissolution (calcium sulfate) from surficial minerals (Van Stempvoort,
1994) resulting from snowmelt infiltration is likely largely responsible for
calcium and sulfate concentrations in the groundwater. The gypsum dissoliition is
expected to move downward through the soil as a slug input since snowmelt
infiltration is rapid. As Site 2 sees limited precipitation, there is not continual
gypsum dissolution by infiltration, and the dissolved calcium and sulfate
concentrations may vary significantly over time. This trend was measured in the
adjacent discrete interval well types installed in the study of alternative sampling

technologies (Chapter 3).

Slug input is expected to have higher concentrations at the leading edge of the
migration and decreasing concentrations at the tail end due to dispersion and
dilution. The sulfate data from Well Cluster 34 supported this because the
Waterra and diffusion concentrations in February were both 3.5 times lower than
in October; this indicated that October was sampling from somewhere in the

centre of the slug input and February from the tail end.

The diffusion samplers most likely measured lower sulfate concentrations due to
sulfate reducing bacteria activity in the subsurface. The MW1 borehole log
(Figure B4, Appendix B) noted a hydrocarbon sheen, odour and dark grey
staining from 1.5 to 3.8 metres. The staining likely indicated a reductive state. It
may be sulfides produced from sulfate reduction, formed by bacteria degrading
the hydrocarbon contamination over this depth interval. The installation of both
diffusion samplers in this highly reduced interval may explain the lower sulfate

concentrations in the diffusion results,
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The discrete interval wells measuring very low sulfate concentrations over similar
depth intervals supports the hypothesis of sulfate reduction at the shallower depth
interval. The remaining well type intervals demonstrated increasing sulfate
concentration with depth. As the Waterra sample was collected from a three metre
screen installed to 4.6 metres below ground surface, it may have been collected
from (a) hydraulically conductive layer(s) deeper than the reductive layer. This
may explain the higher concentrations measured by the Waterra, as purging and
sampling may draw in groundwater from conductive layer(s) intersecting the

bottom portion of the well screen where sulfate reduction was minimal.

The diffusion samplers’ sulfate concentrations were elevated compared to those
from the discrete interval wells at similar depths. This was likely due to well
volume homogenization during diffusion sampler installation, developed in detail
for the iron results. As groundwater flow was likely insufficient to completely
displace the higher sulfate inputs (resulting from well homogenization) with the
lower concentrations expected for the discrete interval, the diffusion samplers
likely only partially equilibrated. This is supported by similar sulfate
concentration measurements from the diffusion samplers for both depth intervals
in October and February, when the discrete interval wells demonstrated a clear

increase in concentration over similar depth intervals.

Based on the available data, it appears that variability between Waterra and
diffusion sampler sulfate concentrations may be due to a combination of
infiltration effects, sulfate reduction and the inability to completely overcome

well homogenization impacts.

General Trends

Diffusion sampler concentrations at Well Cluster 34 (Site 2) all increase by 20 to
275% over the two depth intervals for both sampling events. The exceptions are
sulfate and metal concentrations. The Waterra and deeper diffusion sampler
results are similar in both October and February (less than 20% variation), except

for the sulfate (75%) and iron (40%) concentrations for both events and the
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calcium (35%), manganese (30%) and F1-BTEX (65%) in October. Result
variance between sampling methods for these parameters is greater in October
than in February. This could be due to the length of time between Waterra and
diffusion sampling in October (21 days). In contrast, February samples were
collected on the same day. This hypothesized time effect more likely explains the

calcium and manganese differences.

The more significant differences for sulfate, iron and F1-BTEX appear dependent
on depth. In this study, the 15 to 18% concentration increases in chloride support
this, as this stable ion does not usually vary in concentration over different depths
in uniform formations. The concentration increases are also evidence of diffusion

samplers’ ability to collect discrete interval samples.

However, this is brought into question by hydrocarbon constituent concentrations
that increase with depth at this site (Figure D8, Appendix D). Concentrations of
LNAPL contaminants like this are expected to decrease with depth.

The Waterra sample more closely matches the deeper diffusion sample for both
events (except regarding sulfate and metals). This indicates that the most
conductive Waterra-sampled layer(s) likely exist(s) within the depth interval at
which the deeper diffusion sampler was installed (2.7 to 3.4 metres below ground
surface). This also demonstrates the seal’s ability to create discrete sample
intervals, as the shallow diffusion sampler has a lower concentration, leading to

the unexpected trend of increasing hydrocarbon concentration with depth.

All hydrocarbon constituent concentrations in diffusion samples at Well Cluster
35 (Site 2) decrease with depth. This is true in both sampling periods, but more
apparent in February. As the contaminant plume is a LNAPL that floats atop the

groundwater surface, this decreasing trend is also expected.
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2.6 CONCLUSIONS
2.6.1 Laboratory Research
The results from the laboratory experiments demonstrate:

e Salt equilibrates within the first 24 to 48 hours.

e Water loss due to various salt concentration gradients ranging from 5 to 10
percent after 70 days. However, this has no effect on collecting a
representative sample.

¢ Jonic charge, salt concentration and sampler size have no apparent impact on
the equilibration time or water loss from the diffusion sampler.

e Equilibration for BTEX and F1-BTEX occurs between two and four weeks;
approximately three weeks.

e Visual inspection of membrane indicates no degradation over the six week
study.

e Partial membrane exposure above the groundwater surface during sampling
causes significant water loss in samplers, with evaporation having the
greatest impact.

e Wicking action in a partially exposed membrane draws water above the
water surface to evaporate and can result in limited or no sample volume
after a 21 day installation. This illustrates the importance of diffusion

samplers remaining below the water surface for the duration of sampling.

2.6.2 Field Research

The field research at two upstream oil and gas sites investigated the diffusion
sampler’s ability to collect representative samples ‘for parameters of interest in a
MNA program. It also examined the diffusion sampler’s ability to measure how
vertical concentrations change with depth in a three metre well screen. Waterra
and diffusion sampler results from the same well at three locations (two sites) and
over two periods demonstrated similar concentrations for most parameters
analyzed. Significant differences were observed between the metals and F1 —

BTEX concentrations in certain instances at both sites.
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The variability in the metals’ concentrations, most notable for iron, demonstrate
the importance of deoxygenating the diffusion sampler water to concentrations
similar to the well. Elevated diffusion sampler DO concentrations show low metal
concentrations. This is likely the result of incomplete equilibration due to

oxidation, causing precipitation of dissolved metals from solution.

F1 — BTEX concentration variability may be due to partial equilibration, as some
of the longer F1 hydrocarbon structures are too large to enter the pores of the
dialysis membrane. However, discrete interval well hydrocarbon results closely
match those from the diffusion samplers over similar depth intervals, suggesting
that the latter collected representative discrete interval samples. Results indicate
that these discfete intervals may not have incorporated the conductive layers that

provide the higher F1-BTEX concentrations measured by the Waterra sampler.

The ability to measure and demonstrate discrete vertical variations in groundwater

concentrations at the research sites is controlled by two factors:

1. Nature of Stratigraphy:
The screen intervals of the wells were installed into uniform stratigraphy, Site
1 being silt and silty clay and Site 2 being silt. Uniform stratigraphy should
have similar geochemistry throughout that interval, making vertical
concentration differences difficult to demonstrate for many parameters.
However, vertical differences for dissolved hydrocarbon concentrations are
not dictated by stratigraphy, but are controlled by the physical characteristics
of the contaminant (i.e., LNAPL contamination is expected to have higher
dissolved hydrocarbon concentrations near the groundwater surface and

decrease with depth).

As a result, dissolved hydrocarbon is an effective measure of a diffusion
sampler’s ability to detect vertical concentration differences. The
concentrations are found to vary with depth at two of the three well locations
for both sampling events, most notably at Well Cluster 35. This suggests that
the diffusion sampler is capable of measuring vertical concentration

differences in the groundwater.
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2. Groundwater Flow Rates:
Low flow formations do not displace well contents homogenized during
sampler installation, thus impeding characterization of discrete intervals
samples. This demonstrates the importance of groundwater movement
sufficient to displace at least one well volume with groundwater from the
formation. Faster groundwater flow rates (and replacement of mixed well
water with representative groundwater) were likely responsible for
concentration differences between the diffusion sampler intervals for most

parameters at Site 2, especially at monitoring well 34-MW1.

Chloride concentrations (a non-reactive, stable ion) differ by 9 to 18%
between diffusion sampler depth intervals at Site 2 (except for October at 35-
MW1) compared to a 2.5% difference at Site 1 where groundwater movement
was slower. This demonstrates the diffusion sampler’s ability to collect
discrete interval samples and to measure vertical concentration differences
for most cation and anion parameters (where variations in groundwater
conditions exist and groundwater flow rates can overcome well volume

homogenization).

The research demonstrates that diffusion samplers effectively collect
representative groundwater samples to assess MNA feasibility at upstream oil and
gas sites. They can be fabricated for installation in existing monitoring wells and
éan measure vertical concentration profiles if properly installed under favourable
site conditions. No obvious membrane degradation was observed after 21 days in
the field, indicating that diffusion samplers made from regenerated cellulose
dialysis membrane are sufficiently robust to collect groundwater samples within a
hydrocarbon plume. A significant potential application for diffusion samplers is in
low flow environments, where conventional sampling methods involving purging
may compromise sample integrity due to mixing with atmospheric gas during
recharge. The diffusion sampler’s quick installation, quick retrieval and ease of

sampling make it cost effective for collecting representative groundwater samples.
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Table 2.1. Purgeable concentrations inside the dialysis membrane and mesocosm

over time.
Parameter Sample Concentration (mg/L)
Type Week 2 Week 4 Week 6
Benzene Sampler 0.034 0.096 0.0506
Vessel 0.057 0.08 0.056
Toluene Sampler <0.003 <0.002 <0.0009
Vessel <0.004 <0.002 <0.0007
Ethylbenzene Sampler 0.096 0.287 0.0481
Vessel 0.173 0.23 0.0584
Xylene - Total Sampler 0.47 1.35 0.21
Vessel 0.85 1.10 0.25
PHC F1 - BTEX | Sampler 0.6 5.9 <0.1
(C6-C10) Vessel 0.9 4.9 <0.1

* Analyzed for total purgeable hydrocarbons, but not PHC F1 - BTEX, so Week 2 and 6 results
cannot be compared directly to these values.

Table 2.2. Mass water loss from initial membrane mass (%) with time due to salt
gradient. [Eq 1]
Salt Conc. | Day1l | Day2 | Day5 | Day7 { Day Day Day

Type | (mg/L)| (%) (%) (%) (%) 15 42 68
(%) (%) (%)

NaCl 50 -3.2 4.4 -5.2 -5.4 -6.0 -7.9 -7.9
NaCl 500 -1.7 -1.8 -2.0 2.2 -3.1 -3.8 -5.1
NaCl 1000 -4.3 -4.9 -6.4 -6.7 -71.5 -8.7 -9.3
NaCl 5000 -1.6 -1.6 2.4 -2.7 -3.3 -4.6 -5.4

CaSO, 100 | 30 | 33 | 41 | 46 | 54 | 67 | 13
CaSO, | 500 | 29 | 29 | 40 | 45 | 53 | 60 | 74
CaSO, | 1000 | 26 | 29 | 38 | 43 | 52 | 67 | 76

23 | 25 | 30 | 38 | 43 | 54 | 55
CaSOs | 2000 T34 [ 39 | 47 | 54 | %66 | 69

Control - -0.9 -1.3 -1.4 -1.9 -2.4 3.6 -4.0

Table 2.3. Electrical conductivity difference (%) between dialysis membrane and
vessel with time. [Eq 2]

Salt Concentration Day 1 Day 2 Day 5 Day 7

Type (mg/L) (%) (%) (%) (%)
NaCl 50 1.2 2.3 0.2 3.9
NaCl 500 -5.6 -1.5 -3.0 -0.2
NaCl 1000 -3.3 2.3 -1.1 -1.7
NaCl 5000 -9.3 -3.4 -4.7 -1.6
CaS0O, 100 -5.5 2.5 0.0 -0.6
CaSO, 500 -8.2 -2.1 -2.5 -0.4
CaS0, 1000 -8.4 -3.4 -3.9 -0.7
CaSOy 2000 -5.6 -2.0 -2.5 -1.3
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Figure 2.1. Diffusion Sampling Nozzle
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Flexible PVC Membrane

Figure 2.2. Diffusion Sampler End Seal

How End Seal Creates Discrete Intervals Within Monitoring Wells:
Flexible PVC membrane is cut slightly larger than the inner diameter of the
monitoring well. The PVC membrane is placed between the diffusion sampler
pipe and a rigid PVC disk and is held tightly on the end of the diffusion
sampler pipe using the cable tie. As the end seal is pushed to depth, the
flexible membrane flexes slightly to allow it to enter the well, however if the
sampler is lifted slightly when at the desired depth the flexible PVC membrane
seals against the walls of the monitoring well casing. This creates a seal that
prevents water from moving vertically within the well and allows a discrete
interval sample to be collected from within the well screen.
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Figure 2.3. Rigid Diffusion Sampler System.
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Chapter 3

Comparison of Sampling Well Types and Sampling
Methodologies for Application of Monitored Natural Attenuation
at Upstream Oil and Gas Sites

3.1 INTRODUCTION

Polyvinyl chloride (PVC) monitoring wells are commonly used to assess
groundwater contamination from various activities in the upstream oil and gas
industry. These wells are cost effective, easy to install, and the equipment
required for installation is readily available. However, this well type has known
limitations. Slotted well screens are typically installed in three metre lengths, thus
possibly intersecting several groundwater formations with varying geochemical
characteristics and degrees of contaminant impact. This can lead to cross
connection of aquifers by the well screen and contamination dilution within the

well screen.

In cross connection, harmful contaminants can impact a clean groundwater
aquifer, leading to a larger problem. Contamination dilution can occur when a
highly contaminated formation and a clean formation are both intersected by the
well screen. In some instances, a clean formation can input much more water into
the well screen than a highly contaminated one, diluting concentrations of harmful
constituents to below regulatory limits. This may obscure the risk of contaminant
exposure, which may still be present if one is exposed to only the highly

contaminated formation.

Many recent innovations overcome the limitations of traditional three metre
screen monitoring wells. Such technologies include wells with discrete sampling
intervals and sampling systems that can collect discrete interval samples from
traditional three-metre well screens. Accurate vertical characterization is
necessary to understand and better predict the movement and potential impact of

contamination in the subsurface.
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After investigating available options, several promising discrete interval sampling
technologies were selected for this study. From the discrete interval sampling
wells commercially available, the Continuous Multichannel Tubing (CMT)
Multilevel Well (Solinst) and Drive Point Well (Geolnsight) were selected. From
the sampling systems capable of discrete interval sampling in a three-metre well
screen, the BarCad System (BESST, Inc.) and diffusion sampling using dialysis
membranes were selected. This research compares these alternative sampling
technologies to the bailer and Waterra sampling methods used on conventional

three-metre screen monitoring wells.

Monitoring is the essential component of monitored natural attenuation (MNA),
since the field data has to be able to accurately establish MNA as effective. The
ability to detect and characterize discrete zones of oxidative and reductive natural
attenuation indicators is important, as is the ability to effectively demonstrate
contaminant reduction over time. The alternative discrete interval sampling
technologies studied were selected because they were most likely to accurately
characterize natural attenuation indicators vertically and better demonstrate
contaminant reduction in the groundwater system. The focus of this research was
to assess the alternative technologies' accuracy in measuring relevant MNA
parameters, by comparing them to common sample collection methods at two

field research sites.

3.2 BACKGROUND

3.2.1 Sampling Technologies

At each well nest location, two types of discrete interval monitoring wells and two
conventional monitoring wells were installed around an existing conventional
monitoring well. This enabled comparisons of different sampling methods and

well types.
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3.2.1.1 Well Types Investigated

Both the Solinst Continuous Multichannel Tubing (CMT) Multilevel Well system
and the Geolnsight Drive Point Well system provided discrete interval sampling
and flexible installation depths. Both were installed at depths similar to the

nearby conventional three metre screen wells.

Detailed descriptions of all investigated well types, including advantages and

disadvantages are included in Appendix A.

3.2.1.2 Sampling Methods Investigated

Peristaltic pump sampling was applied to discrete interval wells. The BarCad
System and dialysis membrane diffusion samplers were applied to three-metre
screen wells. Results of these alternative methods were compared to those for the
conventional bailer and the Waterra inertial pump on three-metre screened wells.
This was done to assess the feasibility of discrete interval sampling, a necessary

tool of MNA.

Bailer, Waterra and peristaltic pump sampling will be described briefly, as their
use is common and well researched (Parker, 1994; Puls and Barcelona, 1995; Puls
and Paul, 1997). Detailed descriptions, including advantages and disadvantages,
of all sampling methods investigated in this field research program are in

Appendix A.

3.2.2  Site Descriptions

The research was conducted at two upstream oil and gas sites in Alberta. Site 1
was a decommissioned well site and flare pit located in northwestern Alberta. Site
2 was a natural gas processing facility located in southeastern Alberta. Detailed

site descriptions including site plans and borehole logs are in Appendix B.

3.2.3  Previous Research on Alternative Sampling Technologies

As many of the investigated sampling technologies were new, there was limited

published research or background information on them. Since this research
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focused on the abilities of the selected alternative sampling technologies, the more
plentiful background on the common sampling methods and three-metre screen

well will not be presented.

The background for diffusion sampling is thoroughly developed in Section 2.2. A
case study involving the CMT Multilevel Well demonstrated its ability to
characterize a MTBE plume in young alluvial sediments containing clayey sand
and gravel intervals (Solinst, 2003). A leak from an underground storage tank was
detected by measuring low concentrations in a private industrial well located
down gradient from the tank. Thirteen CMT wells were installed to an average
depth of 15 m midway between the tank and the impacted well to transect the
dissolved plume. Measured groundwater elevations confirmed the hydraulic
gradient, and groundwater sampling identified a thin, narrow plume. Non-detect
MTBE values in adjacent wells ensured complete plume delineation. The case
study demonstrated the ability to accurately characterize a thin contaminant plume
both horizontally and vertically using a CMT Multilevel Well, which would not

be possible using a conventional three metre screen monitoring well.

No, background case study information was discovered for the BarCad System or

Drive Point Wells.

3.2.4  Basis for Sampling Technology Comparison

As sampling and analysis for MNA is expensive, little money was spent on the
extensive replicate sampling required for statistical comparisons. Thus, the
research strictly compared the technologies. Historically, the well type applied in
many upstream oil and gas groundwater monitoring programs has been the three-
metre screen PVC monitoring well. The most frequently installed are two inch (5
cm) inner diameter PVC with either a 10 or 20-slot screen and a filter pack
thickness between 2 to 4.5 inches (Aller and Gardner, 1993; Puls and Paul, 1997).
The U.S. EPA’s standard operating procedure for groundwater sample collection
from low flow monitoring wells was developed for sampling a screen length of 10

feet (3 metres), as this is most common (U.S. EPA, 1996).
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The bailer or Waterra inertial pump are the common samplers for three-metre
screen PVC wells (Parker, 1994). Research by Connelly (1993) of Wisconsin
landfills found 89% of monitoring wells used bailers. A handbook for subsurface
assessment of contaminated sites prepared by the Canadian Council of Minister of
the Environment (CCME) also indicated that bailer and Waterra were common

sampling methods for these wells (CCME, 1994).

3.2.5 Sources of Variability

Potential sources of variability must be investigated to properly evaluate the

sample results.

Laboratory Analysis

Houghton and Berger (1984) indicated that the order of analytical bias ranged
from +/-10 to 50%. However since that time, improvements in analytical
equipment and procedures have improved the accuracy of analysis. In a certified
laboratory’s Quality Assurance Program, it is common to accept control sample
variability of up to +/-20% from the calibration curve value for many analyzed
parameters. Barcelona and Helfrich (1986) documented analytical errors for
volatile organic compounds of up to 20%. Where duplicate analysis is conducted
as a part of the laboratory’s Quality Assurance program, the acceptable relative
percent difference (RPD) variability allowed for most analytes and media is
typically 20% (can be higher for certain constituents and certain circumstances)

(Maxxam Analytics, 2003).

Most commercial laboratories in the industry accept this degree of variability as
they use similar methods and equipment to conduct the analysis and provide
almost identical analytical results (part of the CAEAL certification is to be able to
achieve this replication). The acceptable variability for a particular analyte and
media is based on a database of historical variability observed for duplicate and
calibration standard analysis of that analyte or media, so there is no governing

literature to reference for this information.
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This level of variability is accepted based on the sensitivity of current laboratory
analytical equipment and techniques, which are capable of measuring very low
concentrations for many parameters (especially hydrocarbon constituents). In
such cases, any small variation in sample preparation or remnants of previous

analysis in the analyzer can result in unacceptable variability in sample results.

Sample Collection

The sampling process can impact variability in results. Considerable effort was
made to ensure samples were representative and limited in variability. A single
person collected samples for all well types and methods during each sampling
event to ensure consistency. Dedicated tubing and sampling devices prevented
cross contamination, and where the same device was used to collect two different
samples (BarCad System), it was thoroughly cleaned between collections. The
samples were collected at similar rates and water levels were monitored where

possible to ensure drawdown did not expose the well screen to the atmosphere.

Even with the best sampling protocols, there is always some inherent variability
in samples. Even when samples are collected at the same time, variability in
results for parameters measured in the field is not uncommbn (e.g., pH, EC,
temp). Barcelona et al. (1984) indicated that systematic errors related to sampling
mechanism can reduce accuracy by two to three times more than analytical
procedures, and can result in sampling bias of +/-5 to 20%. Barcelona et al.
(1985) suggested that groundwater sampling mechanisms were among the most
error-prone elements of monitoring programs. Parker (1994) stated that sampling

method and device can greatly impact sample integrity.
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3.3 METHODS
3.3.1 Comparison Method for Sample Variability

The sample results are presented in terms of relative percent difference (RPD).
The milligram per liter (mg/L) concentration difference over which the sample
values vary is also presented to facilitate comparison. The RPD is a United States
Department of Energy approved measure of sample analysis precision and helps
assess whether sample measurements are within acceptable limits (U.S.
Department of Energy, 2002). The equation for determining RPD is:

I X -X;, |

130N e — x 100%
Xavc

where: X, and X, = analytical sample values being compared

Xave = mean value of X; and X,

Due to their close proximity, the different well types and sampling methods were
believed to be collecting from the same groundwater. Barcelona et al. (1984)
indicated that systematic errors related to sampling mechanisms can reduce
monitoring data accuracy two to three times more than errors in analytical
procedures. Therefore, most of the variability observed in parameter
concentrations may be attributed to the sampling technologies inability to collect

representative samples.

Assuming that the technologies were collecting duplicate samples, an RPD value
was calculated to assess if the variability between two sample results was
acceptable. An alternative technology RPD value was calculated by comparing
the parameter concentration for each alternative technology to that measured by
the common sample collection method (three metre screened PVC well sampled

by bailer or inertial Waterra foot valve and tubing).

Where there was more than one result, the average RPD for the alternative
technology results was compared to the average RPD for the common sample

collection results.
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Where only one common sample collection result exists (i.e., October event at
Site 1 had only bailer results), the average RPD result from another sampling
event (e.g., February event at Site 1 had three common sample collection results)
is used. An example RPD calculation using sample results from the field research

is demonstrated in detail in Appendix E.

The ability of alternative sampling technologies to accurately measure
groundwater relevant MNA parameters is assessed by comparing RPD values
calculated for the alternative technologies to industry-allowed RPD limits. Also,
comparing average RPD values for the various common collection methods to

those for each alternative technology helps determine the variability of the results.

A high average RPD value for the results of the common technology suggests
considerable variability between the common sample collection methods (e.g.,
between bailer and Waterra, etc.). This likely indicates high variability and will
likely result in higher RPD values for the alternative technology results. In these
circumstances, average RPD values higher than the allowable limits described

below may be acceptable, due to inherent variability in measuring this parameter.

3.3.2 Acceptable Variability for Sample Results

No clear legislation or reputable documents were uncovered dictating the degree
of acceptable variability allowed between samples for any given parameter.
Therefore, for the purposes of this research program, the degree of acceptable
variability will be assessed using the relative percent difference (RPD) between
the analytical results. Since there is no way to justify a specific cutoff value for

acceptable variability, a scale of variability ranges was adopted.

The two previously described sources of variability common in a sampling
program (laboratory analysis and sample collection) are typically responsible for
the majority of variability observed in duplicate analysis results. Thus, the
variability of sample analytical results with less than 30% RPD is often deemed

acceptable. As +/- 20% variability is acceptable for laboratory analysis for most
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parameters, and sample collection may affect the results +/- 10%, the acceptable
RPD between sample results could be as high as 60%. Therefore, variability from
30% to 60% may be acceptable depending on the circumstances. Determining this

requires careful interpretation of the results.

For this research, the following scale will be utilized to assess variability between

the analytical results:

Less than 30% RPD - Acceptable variability.
30% to 60% RPD - Variability may be acceptable.
Greater than 60% RPD - Unacceptable variability.

It must be considered that certain parameters are more unstable and thus may
have more inherent variability than others. For example, concentrations of metals
and hydrocarbons are more likely affected by poor sampling practices than are
ionic parameters (i.e., the cations and anions in this program). Ionic parameters
like magnesium, sodium or chloride are stable in groundwater and not easily
affected during collection. Oxidizing the sample during collection can result in
lower concentrations of metals. Excessive agitation during collection can cause
volatilization of the dissolved hydrocarbon constituents and lower hydrocarbon
concentrations. Therefore, for the hydrocarbon and metals parameters, the degree
of acceptable variability is higher due to many factors other than the sampling

technology itself.

Acceptable variability in the industry is based on the sensitivity of parameters to
analytical and sampling procedures. For inorganic parameters like metals and
sulfides, RPD variability of less than 50% between duplicate samples is deemed
acceptable in most groundwater monitoring due to the difficulties of effectively
sampling these parameters in the field. Organic constituents (i.e., benzene,
ethylbenzene, xylenes, etc.) collected in a field sampling program are more
susceptible to adverse microbial activities and volatilization and can be measured

at very low concentrations where minor concentration differences can cause large
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variability. As a result, variability of less than 80% between duplicate samples is
often accepted. This must be considered when comparing the variability of the

results of different sampling techniques used in this field research program.

Where available, the relative percent difference (RPD) between the bailer and
Waterra sample collection methods is uséd as a gauge of the degree of variation in
the analytical results. The average RPD results from these common sample
collection methods assists in assessing the acceptability of the variability in the
alternative sampling technology’s results. If the variability between the common
results is high for a particular parameter, then the same is likely true for the
alternative technology, and the range of acceptable variability is likely higher for

this parameter.

3.3.3 Parameters Compared

Many parameters are analyzed in a thorough MNA program. For conciseness and
ease of comparison, several relevant parameters are presented that assist in

assessing MNA at the sites. These include:

Cations: sodium, calcium and magnesium
e Common cations encountered in soil, providing an indirect

indication of the soil mineralogy (Langmuir, 1997).

Anions: bicarbonate, sulfate and chloride
e Bicarbonate provides an indication of the buffering capacity
(Bedient et al., 1997).
e Sulfate is a geochemical indicator of natural attenuation
prevalent in Alberta (Thorstenson et al., 1979; Chapelle and
Lovley, 1990).

e Chloride is a non-reactive, stable anion providing insight

into groundwater flow and mixing (Wiedemeier et al., 1995).
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Metals: iron and manganese
e Both metals are geochemical indicators of natural
attenuation (Vroblesky and Chapelle, 1994; Azadpour-
Keeley et al., 1999; Wiedemeier et al., 2006).

Hydrocarbons: benzene, ethylbenzene, total xylenes and CCME F1-BTEX
e These hydrocarbon constituents dissolve into the
groundwater and become mobile, which can be monitored to
characterize the contaminant plumé dimensions (Wiedemeier
et al., 1999).
* Toluene values are not presented in this research because the
concentrations measured wefe all below the reliable

detection limit at the sites studied.

3.3.4 Sampling Technologies Comparison at the Research Sites

3.3.4.1 Comparison of Well Types

In this section, the discrete interval wells (Solinst Multilevel Well and Geolnsight
Drive Point Wells) are compared to the conventional wells (5§ cm diameter, 3 m
screened PVC monitoring wells). When comparing the conventional wells, note
that although the screened portion of the well is often three metres in length, the
screen was situated to straddle the seasonal groundwater table. Thérefore, the
interval over which groundwater can be drawn and sampled exists from the water
table at the time of sampling to the base of the well, which is less than three

metres.

Both discrete interval wells had small diameters, with the drive point well having
a 2.06 centimetre inner diameter (ID) and the multilevel well having a 1.05
centimetre ID. These wells were sampled with a peristaltic pump using 0.635 cm
OD Teflon lined tubing. The conventional monitoring wells were sampled using

bailers and Waterra samplers.
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To allow for easier comparison between the various sampling technologies, the
following notaﬁons are adopted for all three well cluster study locations. The
multilevel and drive point well results are consecutively numbered with
increasing depth interval (i.e. ML1 and DP1 being the shallowest sample interval
and ML4 and DP4 being the deepest). As there was only one bailer sample
collected from an existing well at Site 1 and Site 2, this is referred to as the “bailer
sampled well”. As there were Waterra samples collected from two conventional
well types during certain sample events, for clarity the Waterra sampled wells are

referenced by the well name during sample result comparison (i.e., MW1, MW2).

3.34.1.1 Site1

At this site there were a total of eleven sampling wells in the research well nest
(Figure B1): four DP wells, one ML well with four sampling intervals and three
conventional monitoring wells with three-metre screens. The bailer sample was
collected from an existing well (BHO1) installed in 1997 with a screened depth
from 0.6 to 3.5 m. The Waterra samples were collected from two newly installed
prepak three-metre screen monitoring wells (MW1 and MW2), where MW1 had a
screened interval from 1.5 to 4.8 m and MW2 from 1.3 to 4.3 m. The sample
depth intervals for these three-metre screened wells depend on where the

groundwater surface intersected the well screen at the time of sampling.

October

No Waterra samples were collected during the October sampling event. The only
common sample collection method was the bailer sampled three-metre screen
PVC well (BHO1). Therefore, the alternative sampling technologies results can be
compared against the bailer sample result obtained, and no RPD value can be
calculated for the common sample collection results for comparison against the

alternative sampling RPD results.

It must also be considered when comparing the alternative well type results to the
common sample collection result, that the multilevel wells ML3 (3.7 to 4.4 m)
and MIL4 (5.0 to 5.4 m) and the drive point well DP3 (3.8 to 4.7 m) have deeper
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sample intervals than the bailer sampled well (2.0 to 3.5 m). These deeper sample
intervals may have different geochemical characteristics and this can be

responsible for differences observed in the analytical results.

This consideration becomes very important in light of immediate drawdown being
detected in well DP4 when pumping a deeper well (02BH02) ten metres to the
east of the nested wells. When pumping ceased the two wells recharged similarly.
As the screened intervals for 02BHO02 (5.28 to 7.00 m) and DP4 (5.24 to 6.15 m)
had deeper sample intervals and drawdown was not noted in any of the other DP
well sample intervals, it is believed that well DP4 was sampling from a deeper,
confined aquifer. This is supported by the stratigraphy noted in borehole log
MWI1 (Figure B2) having a wet silty sand layer (5.03 to 5.49 m) between a silt
layer above and a silty clay layer below. The geochemical sample results
collected for DP4 also indicate that this well is likely sampling from a separate
aquifer, as the groundwater geochemistry data varies significantly compared to
the other well types measuring shallower intervals. Therefore the sample results
of well DP4 cannot be compared fairly with the other well types and will not be

included in the comparison of the various well types.

As the screened interval of well ML4 (4.98 to 5.38 m) also partially falls into the
upper portion of the silty sand layer, it too may be sampling from the confined
aquifer to some extent. Unfortunately the drawdown for ML4 was not measured
during pumping, which could have confirmed this fact. Therefore it is uncertain to

what extent ML4 may be impacted, if at all, by the deeper confined aquifer.

February
During this sampling event there were two Waterra samples (MW1 and MW2)

collected in addition to the bailer sampled well, so the common sample collection
average RPD value can be calculated for the two inch, three-metre screen PVC
monitoring wells using the results collected by these two sampling methods. This
assumes that the spatial variability between these three wells within a one-metre

radius has no effect on the concentrations measured. It is noteworthy that the
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Waterra wells sample deeper intervals (MW1 from 3.2 to 4.3 m and MW2 from
3.2 to 4.8 m) in comparison to the bailer sampled well (3.0 to 3.5 m), so the

geochemistry may be different at these deeper depth intervals.

The deeper sample intervals of the Waterra sampled wells allowed for better
comparison of common sample collection results with all sample depths for the
alternative well types versus having only the shallower sample interval of the
bailer sampled well in the October event. Multilevel well ML4 (5.0 to 5.4 m) was
the only alternative well type that existed at a depth interval deeper than that
intersected by the Waterra sampled well MW2 and this fact must be considered

when comparing the results.

Because groundwater levels dropped to approximately three metres below ground
from near two metres in the October sampling event, no samples could be
collected for ML1 and DP1 and therefore no results are presented for these wells.
Due to a laboratory error and insufficient volume to conduct another analysis, the
routine analysis could not be conducted for ML3 so there are no cation or anion
results to present. However, the metals and hydrocarbon constituent

concentrations were sampled and are compared.

3.34.1.2 Site2

At this site only the October sampling event results are presented, as samples
were collected using all the various technologies. The sampling technologies
being studied were installed in clusters at two different locations (Figure B3) and
are compared in terms of Well Cluster 34 and Well Cluster 35. Each well cluster
had a total of seven sampling wells: three DP wells, one ML well with four

sampling intervals and three conventional wells sampled by bailer and Waterra.

The bailer and Waterra sampled wells had screened intervals that intersected all
depth intervals investigated by the discrete well types (drive point and multilevel
wells), therefore the sample results can be representative of one depth interval or a

combination of intervals and this must be considered when comparing the data.
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The results collected by the conventional well types are used to determine an
average common sample collection concentration, which is then used in the RPD

comparison of all well types.

Well Cluster 34

The bailer sample was collected from an existing three-metre screen well (93-P-

34) with a screened interval from 2.2 to 5.2 m. The Waterra samples were
collected from two newly installed prepak three metre screened monitoring wells
(MW1 and MW2), where MW1 had a sample interval from 2.1 to 4.6 m and
MW?2 from 2.2 to 4.6 m. For the October sampling event the water table dropped
below the depth of wells ML1 (1.5 to 2.1 m) and DP1 (1.2 to 2.0 m) so no

samples could be collected for comparison.

Well Cluster 35

The bailer sample as collected from an existing three metre screen well (93-P-35)

with a screened interval from 2.2 to 5.3 m. Two Waterra samples were collected
from this well cluster during the October sampling event. The Waterra samples
were taken from the newly installed prepak three-metre screen monitoring wells
MW1 (2.7 t0 5.3 m) and MW2 (2.6 to 5.3 m).

3.34.2 Comparison of Sampling Methods

The alternative sampling methods that were examined in this field study were the
BarCad system and dialysis membrane diffusion samplers. The BarCad system
and diffusion samplers were selected because of their potential to collect discrete
interval samples from within a conventional three-metre screen well. These two
methods sampled from the conventional three-metre screen monitoring wells. To
assess the ability of these alternative samplers to collect representative
groundwater samples, the sample results are compared to the common sample

collection methods (bailer and Waterra samplers).

To allow for easier comparison between the various sampling technologies, the
following notations have been adopted for all three study locations. As there was

only one bailer sample collected from the existing conventional well, this is
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referred to as the “bailer sample”. As both the BarCad system and diffusion
samplers collected samples from only two depths within the same designated
wells, the sample results are referenced by either shallow or deep and the
technology name (i.e., shallow BarCad sample, deep diffusion sample). As there
were two Waterra samples collected during certain sample events, for clarity the
Waterra samples are referenced by the well name during sample result

comparison (i.e., MW1, MW2, etc.).

Due to freezing temperatures making the operation of the BarCad system difficult,

the BarCad was only sampled in October at both research sites.

33421 Sitel
The dialysis membrane diffusion samplers were installed in well MW1 and the

BarCad system sampled from well MW?2.

October
During this sampling event no Waterra data was collected. Therefore, the bailer
was the only sampling method available for comparison to the two BarCad and

two diffusion samplers for October.

The diffusion samplers were installed from 3.1 to 3.7 m (shallow interval) and 4.1
to 4.7 m (deeper interval) and the BarCad system sampled from 2.7 to 3.7 m

(shallow interval) and 3.3 to 4.3 m (deeper interval) during this event.

February
No BarCad samples were collected for this sampling event. Therefore, the

diffusion samples were the only alternative sampling method to be compared to
the common sample collection methods for this sampling event. The diffusion
samplers were installed from 3.1 to 3.7 m (shallow interval) and 3.8 to 44 m

(deeper interval) in February.

Waterra samples were collected in February, which in combination with the bailer
sample allowed the establishment of a common sample collection average RPD

value.
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3.3.4.2.2 Site 2

The sampling methods were implemented in two clustered locations (Figure B3)
and are compared in terms of Well Cluster 34 and Well Cluster 35. At each well
cluster the dialysis membrane diffusion samplers were installed in well MW1 and

the BarCad system sampled from well MW?2.

Although samples were collected using the BarCad system for two depth intervals
at each well cluster in July at this site and in October at Site 1, the shallow sample
does not represent a discrete interval. The BarCad System had only a packer
above the ceramic filter, and no packer beneath, so the shallow BarCad sample
can come from any conductive interval along the depth of the three-metre well
screen in which it is installed. Therefore, the shallow BarCad sample was no
different than collecting a sample using a common sample collection method (i.e.,

bailer or Waterra) for this well.

The BarCad System may have created a discrete interval within a three-metre
screen only when the ceramic filter was lowered to the lower portion of the well
screen and the packer was inflated; assuming that there is no water movement
around the packer through the sand pack. This isolated the bottom metre of the
well screen, causing sample water to be drawn from this depth interval. As a
result, only the deeper BarCad sample was collected in October at both well

clusters, as this method of installation may collect a discrete interval sample.

The bailer sample was collected from an already existing conventional well and
the Waterra samples were collected from newly installed prepak conventional
wells at each well cluster. The bailer and Waterra samples came from
conventional wells having screened intervals that intersected all the sample depth
intervals investigated by the discrete interval sampling methods, therefore the
sample results may represent one depth interval or a combination of intervals and
this must be considered when comparing the data. The results collected by the
bailer and Waterra are used to determine the average RPD result for the common
sample collection methods, which is then used in the RPD comparison of all

sampling methods investigated.

85



Well Cluster 34
~The bailer sample was collected from well 93-P-34 (2.2 to 5.2 m) and two

Waterra samples were collected from wells MW1 and MW2. The diffusion
samplers were installed from 2.0 to 2.7 m (shallow interval) and 2.7 to 3.3 m

(deeper interval) and the BarCad system sampled from 3.6 to 4.6 m at Cluster 34.

Well Cluster 35
The bailer sample was collected from well 93-P-35 (2.8 to 5.3 m) and two

Waterra samples were collected from wells MW1 and MW2. The diffusion
samplers were installed from 2.7 to 3.4 m (shallow interval) and 3.4 to 4.0 m

(deeper interval) and the BarCad system sampled from 4.3 to 5.3 m at Cluster 35.

3.3.5 Sample Collection

For the three metre screen wells, dedicated bailer and Waterra samplers were
used. For the CMT multilevel wells and Geolnsight Prepak Drive Point wells,
dedicated 6.4 mm tubing and a peristaltic pump were used for each channel of the

multilevel well and for each drive point well.

The first volume of water collected by the bailer was discarded to rinse the bailer
of anything that may have come into contact with it since the last sampling event.
During sampling, the water was removed from the bottom of the bailer using a
flow-controlling device to minimize spray and aeration. The estimated rate of

bailing was 2 to 3 L/minute.

The Waterra sampler was installed to the bottom of the well and oscillated until
all silty material from the well bottom exited the top of the tubing. The
groundwater sample was then collected by decanting out approximately the top
one-metre of water in the tubing. The tubing was then oscillated again until the
water reached the top, where it was again similarly decanted. This process was
repeated until sufficient volume was retrieved for the suite of analysis. The
pumping rates ranged from 0.2 L/minute in slow producing wells to 0.5 L/minute
in faster producing wells. Between sampling events the Waterra sampler was

stored with the foot valve at the top of the monitoring well.
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The multilevel wells were purged at approximately 0.15 to 0.2 L/minute to
remove any stagnant water within the well, ensuring the tube bottom was placed
10 to 15 cm above the sample port to prevent the inlet from being exposed to the
atmosphere if the water level in the well was drawn down. In faster producing
formations where drawdown to the tube bottom could not be achieved, the water

was purged until approximately three well volumes were removed.

The multilevel wells were allowed 0.5 to 1 hour to recharge before sampling.
During sampling the sample tubing was lowered to the middle of the well screen.
The water level was monitored with a water level indicator to prevent drawdown
into the screen interval during sampling. The groundwater sample was collected at

a rate of 0.075 to 0.15 L/minute, depending on the rate of well recharge.

For the drive point wells the stagnant water above the screen interval was purged
in a similar fashion as the multilevel wells, ensuring that the base of the sampling
tube was above the well screen. The wells were purged at a rate of 0.1 to 0.15
L/minute. The wells were allowed 0.5 to 1 hour to recharge before sampling. The
wells were also sampled from the middle of the well screen while the drawdown
was monitored to ensure the screen was not exposed to the atmosphere. Sample

collection was conducted at a rate of 0.1 to 0.15 L/minute.

The BarCad sample port was installed at approximately 0.3 to 1 m below the
static water table for the shallow sample and near the well bottom during the deep
sample collection. This was accomplished by inflating the packer so that the
ceramic filter containing the sample port (located beneath the packer) was at the
desired depth. The drawdown was monitored for the deeper installation to ensure
that the water sample was coming from the formation and not from above the
packer through the sand annulus. The drawdown for the shallow installation could
not be monitored because the water level was below the packer. The sampling rate
was dependent upon the well’s ability to recharge, and sampling was intermittent,
so it was difficult to measure the flow rate. It was estimated that samples were

retrieved at approximately 2 L/minute.
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For all water samples collected for metals analysis, except the diffusion samplers,
the water passed through a dedicated 0.45 micron cartridge filter to remove any
colloidal iron. The sample was then preserved using a 0.1 Molar nitric acid
solution to ensure the iron remained in solution until laboratory analysis. The
BTEX/F1 vials were filled to zero headspace and contained sodium thiosulphate

to prevent any microbial degradation during transport and storage.

3.3.6 Method of Comparison of Sample Results

As the research focuses on comparing alternative sampling technologies for MNA
assessment, the sample results obtained by each sampling technology are plotted
against each other to allow comparison (Appendix G). To evaluate whether the
differences in the sampling results are caused by the different sampling
technologies, the confounding effects must be minimized. Individual sampling
technologies were sampled by the same person during each sampling event. The
lateral variability between wells was minimized by situating the wells in a cluster
so the wells were no more than one and half metres apart horizontally. To
eliminate any potential time dependent effects on the results, the results from each

technology are plotted for each separaté sample event.

To develop and address any depth trends for the discrete interval sampling
technologies, the results are split according to the selected geochemical
groundwater parameters (cations, anions, metals and hydrocarbons). To examine
the effectiveness of the sampling technologies to collect representative samples,
the discrete interval results are also compared with the three-metre screen well
results (concentrations may be representative of a preferential discrete interval or

a combination of intervals that the three-metre screen intersected).

3.3.7 Material Impacts of Bentonite Seals on Water Chemistry

In response to measuring elevated sulfate ion concentrations in the multilevel
wells, the impact of bentonite seal material on water chemistry was investigated.
The materials investigated were bentonite grout, chips and pellets used during the

field installations.
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In sterile, 0.5 L soil sampling jars, 50 g of bentonite chips and pellets were
separately placed into 350 g of deionized water. In the same manner, 250 g of
bentonite grout was placed into 250 g of deionized water. The jars were capped
and the bentonite was allowed to hydrate at room temperature for 40 days. Over
the 40 days the deionized water in each jar was allowed to equilibrate with the
ions that dissolved from the different bentonite materials. At day 40, the
supernatant liquid was collected using disposable pipets. The sample volumes
collected were 270 mL, 100 mL and 70 mL for the bentonite grout, chips and
pellets, respectively. These volumes were analyzed at Maxxam Analytical

Laboratories for cations, anions and metals.

3.4 RESULTS
3.4.1 Laboratory Research

3.4.1.1 Impact of Bentonite Seal Materials on Water Chemistry

Table 3.1 summarizes the analytical results for the parameters selected for
comparison in this research program. The bentonite pellet impacts are of most
interest to this research program since the pellets were used to seal above and
below the sand annulus surrounding the screen portion of the multilevel wells.
This screened interval was very short (approximately 35 mm) so the ratio of the
volume of bentonite seal to the sand annulus was much larger for the multilevel
wells. Also the bentonite seal was closer to the well intake compared to the other
well installations. The only well type that was not sealed using this bentonite
material was the drive point wells because these wells came with a prefabricated
powdered bentonite sleeve above a foam packer, which sealed the annulus above

the screened interval.

The bentonite pellets analytical results indicate concentrations of cations, anions
and iron that may impact the ability to accurately measure these parameters in the
groundwater formation at the sites. The largest concentrations measured are
sulfate (1720 mg/L), sodium (783 mg/L) and bicarbonate (107 mg/L). However,
the magnesium (5.0 mg/L), calcium (16.8 mg/L), chloride (14.5 mg/L), and even
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the iron (1.26 mg/L), may have sufficiently elevated concentrations to impact the
ability to accurately sample groundwater with low concentrations of these
parameters, as is the case at Site 1. The only parameter that is not likely to impact
sample results is manganese (0.090 mg/L). Barcelona and Helfrich (1986)
similarly determined that contamination from cement grout seals significantly

affected dissolved inorganic constituent from background concentrations.

Of greatest concern, from an MNA perspective, is the high sulfate concentration.
The elevated sulfate concentration measured for the CMT multilevel well samples
obscures the amount of sulfate reduction, making it difficult to demonstrate that

this fundamental redox reaction is occurring in the MNA sampling program.

3.4.2 Field Research
3.4.2.1 Comparison of Sampling Technologies Results

The results from the various alternative sampling technologies and common
sample collection methods (5 cm diameter, 3 m screened PVC monitoring wells
sampled by bailer or Waterra) are compared in both tables and figures. The tables
(Appendix F) and figures (Appendix G) include the data for October and February
at Site 1 and October for Well Cluster 34 and 35 at Site 2.

Although the Site 1 data are temporally different, February data are presented
because there was no Waterra sample collected for the October sampling event
and it was desirable to ensure that all sampling technologies were compared. The
February data can not be solely used for comparison because the BarCad System
was not used in February due to difficulties in operating this equipment in

freezing temperatures, so it is necessary to use both data sets.

The following sections outline the general trends and findings observed in the

field results for the various sampling technologies investigated at both sites.
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3.4.2.1.1 Inherent Variability of Groundwater Geochemistry

Although the affects of lateral heterogeneity were thought to be minimized by
placing the various well types in a 1.5 m radius cluster, there is field result

evidence indicating there was inherent variability occurring over these small

lateral distances. The data that most clearly demonstrates this includes:

1. As the Waterra sampled wells at both research sites were sampled using the
same sample method over similar sample depths it is expected that the sample

results would match closely, however this is not the case for the following

parameters, and demonstrates the inherent variability that exists.

The Site 1 ethylbenzene, total xylenes and PHC F1-BTEX
concentrations in February have RPD values of 53%, 57% and
129% respectively for Waterra sample MW1 and MW2 (Table
F4), with the PHC F1-BTEX having unacceptable variability
(>60% RPD) since the concentrations are over four times

different from each other (Figure G24).

At Site 2, the Well Cluster 34 iron and benzene have unacceptable
RPD variability of 90% and 80% respectively (Table F11 and
F12), with the iron (Figure G32) and benzene (Figure G33)

concentrations varying by nearly 2.5 times for both parameters.

The sulfate, iron and PHC F1-BTEX concentrations at Well
Cluster 35 (Site 2) have unacceptable variability of 182%, 128%
and 104% respectively (Table F14, F15 and F16), with the sulfate
(Figure G41), iron (Figure G44) and PHC F1-BTEX (Figure G48)
varying over one order of magnitude, almost 5 times and over 3

times respectively.
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2. Chloride is a stable anion that is not expected to vary much over small
distances in the subsurface, however considerable variability was measured by

the various technologies at Site 2.

e At Well Cluster 34 the chloride concentrations (Figure G30)
range from 20 mg/L (DP2) to 113 mg/L (ML2), with both these
samples coming from a similar sample depth interval. The RPD
value of 139% (Table F10) for these two wells demonstrates the

significance of this range in concentrations.

e At Well Cluster 35 the chloride concentrations (Figure G42)
range from 27 mg/L (DP3) to 78 mg/L (bailer sampled well),
which is significant since the RPD value is 97% (Table F14).
Even the common sample collection from the 3 m screened wells
over similar depth intervals (2.6 to 5.3 m) varies from 47 mg/L to

78 mg/L and has RPD values up to 52% (significant variability).

3.4.2.1.2 PrePak Drive Point Wells (Geolnsight)

For almost every parameter and location investigated the drive point wells
measure concentration differences over the different sample depth intervals,
however for many parameters it is difficult to conclude if the differences are
representative of depth dependent trends or inherent variability in sampling. There
are several parameter results where the variability appears to indicate that

concentration variation trends are being measured with depth.

1. Although the following cation results demonstrate significant variability for the
different sample depth intervals, the trends with depth are not obvious.
e The Site 1 October and February sodium concentrations have
RPD values that vary up to 144% (Table F1) and 92% (Table F5)
respectively, however in both instances there is no clear trend

with depth developed (Figure G3 and G15).
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o At Well Cluster 34 at Site 2, the calcium RPD values vary by
132% (Table F10), however with only two sample depths it is
difficult to definitively conclude if the increasing trend with depth

is representative (Figure G26).

2. Although similar trends with depth are noted for most anions sampled at both
research sites, the sulfate and chloride results are the only parameters

demonstrating significant variability over the different sample depth intervals.

o The Site 1 October and February sulfate concentrations have RPD
* values that vary from 125% to 184% (Table F2) and by 187%
(Table F6) respectively, with the largest concentration being
measured in the deepest sample interval in both sample events

(Figure G5 and G17).

o At Site 2, the Well Cluster 34 and Well Cluster 35 sulfate RPD
values vary by 199% (Table F10) and from 81% to 196% (Table
F14) respectively, with a significant increase in concentration

with depth in both cases (Figure G29 and G41 respectively).

o At Site 2, the chloride concentrations for Well Cluster 34 and
Well Cluster 35 have RPD values varying by 96% (Table F10)
and up to 66% (Table F14) respectively, with Well Cluster 34
having an increasing concentration (Figure G30) and Well Cluster

35 having a decreasing concentration with depth (Figure G42).
3. The following metals variability is noted at the research sites.

e In October, the Site 1 iron RPD values vary up to 193% (Table
F3), however it is uncertain if the shallow interval (DP1) being
almost two orders of magnitude higher than the other intervals

represents a trend with depth or erroneous data (Figure G8).

\
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e At Well Cluster 34 (Site 2) the manganese RPD values vary by
168% (Table F11), however the shallow interval (DP2) iron
concentration being over an order of magnitude lower may be
erroneous since it is significantly less than the next lowest value

for the bailer sampled well (Figure G31).

e The iron RPD values for Well Cluster 35 (Site 2) vary from 108%
to 180% (Table F15), having a strong decreasing concentration
with depth trend by decreasing over an order in magnitude

(Figure G44).

4. The hydrocarbon constituents demonstrate a decreasing concentration with
depth trend for almost every sampling event, however the following
hydrocarbon results have variability that indicates this trend with depth is

significant at the research sites.

e In October, the Site 1 benzene, ethylbenzene, total xylenes and
PHC F1-BTEX RPD valucs vary up to 133%, 180%, 178% and
172% (Table F4) respectively, with the ethylbenzene (Figure
G10), total xylenes (Figure G11) and PHC F1-BTEX (Figure
G12) concentrations decreasing almost 1.5 orders of magnitude

with depth.

o At Well Cluster 34 (Site 2) the benzene, ethylbenzene, total
xylenes and PHC F1-BTEX RPD values vary by 192%, 102%,
176% and 120% (Table F12) respectively, with the benzene
(Figure G33), ethylbenzene (Figure G34), total xylenes (Figure
G35) and PHC F1-BTEX (Figure G36) concentrations decreasing

from over 4 times to 1.5 orders of magnitude with depth.

e The benzene, ethylbenzene, total xylenes and PHC F1-BTEX
RPD values for Well Cluster 35 (Site 2) vary up to 197%, 197%,
199% and 169% (Table F16) respectively, with the benzene
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(Figure G45), ethylbenzene (Figure G46), total xylenes (Figure
G47) and PHC F1-BTEX (Figure G48) concentrations decreasing

from 1 to over 2 orders of magnitude with depth.

5. During most sampling events the highest metals and hydrocarbon
concentrations were sampled by the drive point wells where the water table

intersects the well screen.

e In October at Site 1, the shallow drive point well (DP1 from 2.1 to
3.0 m) fell near the water table (near 2 m) and measured iron
(Figure G8) almost two orders of magnitude and ethylbenzene
(Figure G10) and total xylenes (Figure G11) concentrations over

an order of magnitude larger than the DP2 interval (2.8 to 3.7 m).

e At Well Cluster 34 (Site 2) the shallow well DP2 (2.2 to 3.0 m)
intersected the water table (2.2 m) and measured benzene (Figure
G33), ethylbenzene (Figure G34), total xylenes (Figure G35) and
PHC F1-BTEX (Figure G36) concentrations three times to 1.5
orders of magnitude larger than the deepest interval DP3 (3.2 to
4.0 m).

e At Well Cluster 35 (Site 2) the shallow well DP1 (2.2 to 2.9 m)
intersected the water table (2.7 m) and measured iron (Figure
G44), benzene (Figure G45) and total xylenes (FigureG47)
concentrations two to three times larger than the next deepest

interval DP2 (3.3 to 4.0 m).

34.2.1.3 CMT Multilevel Wells (Solinst)

Similar to the drive point wells, the multilevel wells often measure concentration
differences over the different sample depth intervals investigated. As the
bentonite seal material used to seal the small multilevel sample intervals elevated

ion concentrations, this makes it difficult to assess if the differences measured for
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these parameters are representative of depth dependent trends. The parameter
results demonstrating significant variability and any notable trends are developed

below.

1. The multilevel well cation and anion results are often higher compared to the
other sampling technologies results over similar sample intervals. This effect is
more apparent at Site 1 due to lower background ion concentrations, however
sodium and sulfate are notably elevated for all sample events at both research

sites.

e At Site 1 in October all ML2 cation and anion concentrations
(except bicarbonate) are elevated by almost double the other
multilevel wells and even higher than the other sample technology
results (Table F1 and F2). However, the difference is most
notable for the sodium (Figure G3) and sulfate (Figure GS)
concentrations, as these parameters are 3 times higher than the

next highest result (RPD over 80% and 107% respectively).

e Again in February (Site 1) most ML2 cation and anion
concentrations (except bicarbonate) are twice as large compared
to the other multilevel wells and even higher than the other
sample technology results (Table F5 and F6). However, the
difference is most notable for the sodium (Figure G15) and sulfate
(Figure G17) that are three times and almost 3 orders of
magnitude larger than the next highest result for the other

sampling technologies (RPD over 105% and 194% respectively).

e At Site 2, the Well Cluster 34 calcium (Figure G26) and sulfate
(Figure G29) concentrations are higher than the other sampling
technologies over similar sample depth intervals. Also the ML2
chloride (Figure G30) concentration is almost double all other

results (RPD of >50%, Table F10).
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e At Well Cluster 35 (Site 2) the sodium (Figure G39) and sulfate
(Figure G41) concentrations are higher than the other sampling
technologies over similar sample depth intervals, with ML3
having significantly elevated concentrations as indicated by
sodium RPD values over 113% (Table F13) and sulfate RPD
values over 164% (Table F14).

2. Similar to the cations and anions, the metals variability is more notable at Site

1, however there are trends noted at both research sites.

e During both sampling events at Site 1 the mangahese
concentrations are elevated compared to the other well types and
the iron concentrations demonstrate a decreasing concentration
with depth. The elevated manganese concentrations are most
notable for ML2 in October (RPD values >50%, Table F2) and
for ML2 and ML3 in February (RPD values >88% and 57%
respectively, Table F6). Although the multilevel iron
concentrations are higher than the drive point wells over similar
depth intervals, the iron decreases an order of magnitude (Figure
G8) and four times (Figure G20) with depth in October and
February respectively, similar to the trends with depth for the
drive point wells. Although the February ML2 iron concentrations
seem elevated compared to the drive point results (as indicated by
RPD values >80%, Table F6), it appears to be representative as it
matches closely with the common sample collection results (RPD

values <25%).

o The Well Cluster 34 (Site 2) multilevel manganese and iron
concentrations are elevated compared to the drive point results
(RPD values >70% and >50% respectively, Table F10), however
they are in the same order as the common sample collection

results so they are likely representative. The multilevel iron
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results demonstrate a decreasing concentration with depth trend,
with almost an order of magnitude decrease occurring from ML3

to ML4 (Figure G32).

e Although the Well Cluster 35 multilevel manganese and iron
results are quite variable (higher for manganese and lower for
iron) compared to the drive point wells over similar depth
intervals (RPD values >30% for both parameters, Table F15), the
multilevel wells have the same trends with depth as the drive
point wells for both metals (Figure G43 and G44). The only
difference is ML4 (from a depth interval not intersected by any
other well types) has concentrations that are unexpectedly high
for that depth interval and match poorly with the trends
established by the other multilevel and drive point wells, as
supported by the manganese and iron RPD values for ML4 being
>91% and 573% respectively.

4. The hydrocarbon constituents demonstrate an expected decreasing
concentration with depth trend for almost every sampling event, however the
following hydrocarbon results have variability that indicates this trend with

depth is significant at the research sites.

e With the exception of benzene having an unexpected increasing
concentrations with depth trend during both sample events, the
hydrocarbon results for all multilevel wells demonstrate a
significant decreasing concentration with depth trend, as indicated
by the RPD values ranging from 54% (benzene) to 189% (total
xylenes) in October (Table F4) and 50% (PHC F1-BTEX) to
156% (ethylbenzene) in February (Table F8). The significanbce of
this decreasing trend can be seen by the concentrations varying
from 3 times for PHC F1-BTEX in February (Figure G24) to
almost 2 orders of magnitude for ethylbenzene (Figure G10) and

total xylenes (Figure G11) in October.
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e All hydrocarbon parameters at Well Cluster 34 (Site 2)
demonstrate the expected decreasing concentrations with depth
trend, although it is not as apparent due to similar concentrations
being measured over adjacent depth intervals (indicated by RPD
values (Table F12) of 5% for benzene, and 11% for total xylenes
and PHC F1-BTEX). The decreasing concentration with depth
trend is most apparent for ethylbenzene (Figure G34), which

gradually decreases over one order of magnitude with depth.

e With the exception of an unexpectedly elevated ML4 results,
Well Cluster 35 (Site 2) benzene (Figure G45), ethylbenzene
(Figure G46) and total xylenes (Figure G47) concentrations have
the expected decreasing concentration with depth. The decrease is
most apparent between the ML1 and ML2 sample intervals,
differing by over an order of magnitude and the RPD values
(>170% for these three parameters, Table F16) demonstrate the
significance of this trend. Although not as apparent due to an
anomalously high ML2 result (RPD >126% so significant), the
PHC F1-BTEX concentrations decrease with depth as expected
(Figure G48).

5. During most sampling events the highest metals and hydrocarbon
concentrations were sampled by the multilevel wells where the water table

intersected the well screen, as is the case for the drive point wells.

e In October at Site 1, the shallow multilevel well (ML1 from 1.7 to
2.3 m) intersected the water table (near 2 m) and measured iron
(Figure G8) almost one order of magnitude and ethylbenzene
(Figure G10), total xylenes (Figure G11) and PHC F1-BTEX
(Figure G12) concentrations 2 to 4 times larger than the ML2
interval (2.5 to 3.2 m) that is below the water table.

e In February (Site 1), due to the water table dropping to near 3

metres, the trend is not as apparent as in October. Multilevel well
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ML2 (2.5 to 3.2 m) intersected the water table and has iron
(Figure G20), ethylbenzene (Figure G22), total xylenes (Figure
G23) and PHC FI1-BTEX (Figure G24) concentrations

approximately 2 to 3 times larger than the next interval ML3.

e The metals and PHC F1-BTEX results at Well Cluster 34 (Site 2)
do not support this trend, however the shallow well ML2 (2.6 to
3.1 m) did not intersect the water table (2.2 m) during this event
and may be responsible for this. The benzene (Figure G33),
ethylbenzene (Figure G34) and total xylenes (Figure G35)
concentrations do follow the trend, being over 3 times to over an
order of magnitude larger than the next deepest interval ML3 (3.5
to 4.1 m).

e  With the exception of an anomalously high ML2 PHC F1-BTEX
concentration, at Well Cluster 35 (Site 2) the shallow multilevel
well ML1 (2.6 to 3.3 m) intersected the water table (2.7 m) and
measured manganese (Figure G43), benzene (Figure G45),
ethylbenzene (Figure G46) and total xylenes (Figure G47)
concentrations over an order of magnitude larger than the next

deepest interval ML2 (3.7 to 4.3 m).

34.2.14 Conventional Well Types & Common Sample Collection Methods

This section demonstrates the findings and trends that occur when a conventional
3 m screened well was sampled using the common sample collection methods
bailer and Waterra inertial foot valve. The following notes the substantive trends

that exist based on the data collected using these technologies.
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1. Although the bailer and Waterra samples were collected from 3 m screened
wells over similar sample depth intervals, the results of these common sample
collection methods vary significantly for particular parameters. This variability
often reflects that the sample is representative of a small interval of that 3 m
screened well or mixing of the intervals over which the well screen exists
(averaging effect).
¢ In October the bailer sampled well results at Site 1 closely match

the average of the wells DP1 and DP?2 for several parameters.

» An average of the DP1 and DP2 magnesium and calcium
concentrations is 5.9 and 29 mg/L respectively (Table F1),
which closely compares with the concentrations measured by
the bailer (5.5 and 27 mg/L.).

» DP1 and DP2 bicarbonate and chloride average concentrations
are 131 and 4.9 mg/L respectively (Table F2) and closely
compares with the bailer concentrations (120 and 4.7 mg/L).

» The average manganese and iron concentrations for DP1 and
DP2 are 0.75 and 2.1 mg/L respectively (Table F3), which
closely compares to the bailer results (0.72 and 3.1 mg/L).

» Average DP1 and DP2 ethylbenzene and PHC F1-BTEX
concentrations of 0.08 and 2.2 mg/L respectively (Table F4),
closely match the bailer results (0.05 and 2.1 mg/L).

o At Well Cluster 34 (Site 2) the bailer sampled well appears to be
representative of a shallow depth interval, as the results closely
match with many DP2 (2.2 to 3.0 m) results.

» This is most apparent for similarly low magnesium (Figure
G25), calcium (Figure G26) and sulfate (Figure G29)
concentrations, as the bailer and DP2 results are nearly 25%,
50% and more than two orders of magnitude lower than the

other results respectively.
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» This is supported by the bailer and DP2 RPD values being
below 32% for these parameters (Table F9 and F10),
indicating the sample results match well, whereas most of the

other sampling technology RPD values are >60%.

At Well Cluster 34 (Site 2) the Waterra sampled well MW1
appears be representative of deeper depth intervals, as the cation
and anion results match closest with DP3.

» The RPD results for Waterra sampled well MW1 and DP3
(Table F9 and F10) are below 22%, indicating the cation and
anion results closely match for these wells.

> Waterra sampled well MW1 has the highest concentration for
every cation and anion compared to the other 3 m screened
wells and DP3 also has the highest concentrations for the
drive point wells, with these highest concentrations notably

matching for calcium (Figure G26) and sulfate (Figure G29).

At Well Cluster 34 (Site 2) the Waterra sampled well MW2

results suggest mixing of the intervals over which the well screen

exists because the cation and anion results closely match the
average of the DP2 and DP3 results.

» Cations: The average DP2 and DP3 magnesium, calcium and
sodium concentrations are 187 mg/L, 83 mg/L. and 248 mg/L
respectively (Table F9), which closely match (less than 6%
variability) the Waterra MW2 concentrations (193 mg/L, 88
mg/L and 254 mg/L).

> Anions: The average DP2 and DP3 bicarbonate and sulfate
concentrations are 1580 mg/L and 215 mg/L respectively
(Table F10), which closely match (less than 6% variability)
the Waterra MW?2 concentrations (1670 mg/L and 224 mg/L).
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At Well Cluster 35 (Site 2) the Waterra sampled well MW2

appears to be representative of a mid-screen depth interval, as the

cation, anion and metals results closely match ML2 and DP2

results.

>

The RPD results for Waterra MW2 and ML2/DP2 (Table F13,
F14 and F15) are below 28%, indicating the cation, anion and
metals results closely match. The exceptions are DP2 sulfate
(78%) and manganese for ML2 and DP2 (95% and 125%), |
which are likely different due to the reduction processes
observed when natural attenuation is occurring.

Waterra sampled well MW1 and ML2/DP2 similarities are
most prevalent for the magnesium (Figure G37), calcium
(Figure G38), sulfate (Figure G41) and iron (Figure G44)

results.

At Well Cluster 35 (Site 2) the bailer sampled well and Waterra
sampled well MW1 closely match (RPD <30%) for the cation,

anion and metals results (except chlorides, RPD 52%) and appear

to be representative of shallower sample depth intervals, as their

concentrations more closely match the ML1 and DP1 results.

>

The chloride concentration (Figure G42) for the bailer
sampled well (78.3 mg/L) appears to be elevated, as the value
is almost twice the other 3 m screened well type results and
discrete well type results (supported by bailer RPD values
>36%, Table F14).

The remaining bailer and Waterra sampled well MW1 cation
and anion results' reasonably match ML1 and DP1 results
(most RPD values <50%, Table F13 and F14). The similarity
between these well results is most prevalent for the sulfate
results (<3 mg/L difference, Figure G41), even though the
RPD values are higher (20 to 126%) due to the large range of

variability seen for this parameter (3 orders of magnitude).
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» Although the metal RPD values for the bailer, Waterra
sampled well MW1, ML1 and DP1 results do not indicate that
these results reasonably match (RPD from 27% to 118%,
Table F15), when all manganese (Figure G43) and iron
(Figure G44) concentrations are compared, the bailer and
Waterra sampled well MW1 results match most closely with
the shallow interval ML1 and DP1 results due to the large

range in variability (1.5 orders of magnitude).

2. During most sampling events, conventional 3 m screened wells sampled by
bailer or Waterra show the highest metals and hydrocarbon concentrations of
all sampling technologies, representing the shallow groundwater MNA trends
expected for a LNAPL contaminant.

e At Site 1 in October and February, metal and hydrocarbon
concentrations sampled by bailer and Waterra samplers are
among the highest measured, and are closest to those for the
shallow discrete interval wells (ML1 and DP1 in October and
ML2 and DP2 in February). This is most notable for the iron
(Figure G8) and PHC F1-BTEX (Figure G12) results in October
and for the iron (Figure G20), ethylbenzene (Figure G22), total
xylenes (Figure G23) and PHC F1-BTEX (Figure G24) results in
February.

e At Well Cluster 34 (Site 2), metal and hydrocarbon
concentrations sampled by bailer and Waterra samplers are more
variable, most notably for manganese (RPD from 83% to 166%),
iron (RPD from 71% to 139%) and benzene (RPD from 80% to
145%) results (Table F11 and F12). It is noteworthy that the
bailer iron result (Figure G32) appears elevated, as it is over twice
as large as the next highest result (Waterra sampled well MW1)

and over three times larger than all other results.
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However, even with this variability the bailer and Waterra
samplers are among the highest measured, and are closest to those
for the shallow discrete interval wells (ML2 and DP2). This is
most notable for the benzene (Figure G33), ethylbenzene (Figure
G34), total xylenes (Figure G35) and PHC F1-BTEX (Figure
G36) results.

e At Well Cluster 35 (Site 2), metal and hydrocarbon
concentrations sampled by bailer and Waterra samplers are more
variable, most notably for iron (RPD from 28% to 143%), total
xylenes (RPD from 18% to 116%) and PHC F1-BTEX (RPD
from 104% to 191%) results (Table F15 and F16). It is
noteworthy that the bailer appears elevated for these results, with
the PHC F1-BTEX concentration (Figure G48) over 25 times all

other results being most notable.

However, even with this variability the bailer and Waterra
samplers are among the highest measured, and are closest to those
for the shallow discrete interval wells (ML1 and DP1). This is
most notable for the iron (Figure G44), benzene (Figure G45),
and PHC F1-BTEX (Figure G48) results.

3.4.2.1.5 Dialysis Membrane Diffusion Sampler

The diffusion samplers investigated the ability to sample discrete intervals within
a 3 m screened well. A Waterra sample MW1 was collected from the same well
for comparison at both sites. Although the samplers measured similar
concentrations for both depth intervals in many instances, there is some data that
appears to demonstrate discrete interval sampling. The following develops these

data trends.
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1. The diffusion samplers have similar concentrations for both depth intervals for
many of the parameters sampled at both sites and often closely match the
Waterra sample MW1 collected from the same well. In most cases the
diffusion samplers fail to demonstrate concentration differences measured by

the discrete interval well types installed over similar depth intervals.

e In October at Site 1, all concentrations are nearly identical for
both diffusion sampler depth intervals, the RPD values varying by
less than 18% (Tables F1 to F4) support this. The diffusion
samplers match poorly for most of the parameters compared to
the discrete well results over similar sample intervals (DP2, DP3,
ML3 and MILA), especially for the iron and hydrocarbon results.
This is most notable for iron (Figure G8), ethylbenzene (Figure
G10) and total xylenes (Figure G11), where both diffusion
sampler results are one to two orders of magnitude higher, and
fail to represent the lower iron and hydrocarbon concentrations

expected for this depth.

e At Site 1 in February, all concentrations are similar for both
diffusion sampler depth intervals, the RPD values varying by less
than 41% (Tables F5 to F8) support this. The diffusion samplers
match poorly for most of the parameters compared to the discrete
well results over similar sample intervals (DP2, DP3, ML3 and
MILA4), especially for the iron (Figure G20) and hydrocarbon
results where the diffusion samplers measure an opposite
increasing concentration trend with depth. This is most notable
for ethylbenzene (Figure G10) and total xylenes (Figure G11)
where both diffusion sampler results are two to ten times higher,
and fail to represent the lower iron and hydrocarbon

concentrations expected for this depth.
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The diffusion samplers cation and anion results closely match
Waterra sample MW1 results from the same well, the RPD values
(Table F5 and F6) less than 18% supports this (except for sulfate -
RPD of 63% and 90%, however concentrations only vary over 2
mg/L so this is likely insignificant variability too). The diffusion
sampler metal and hydrocarbon results are significantly lower
than the Waterra sample MW1, as RPD values (Table F7 and F8)
ranging from 35% to 159% indicates. The severity of the
hydrocarbon differences may be due to elevated Waterra MW1
concentrations, which is most notable for PHC F1-BTEX results
(Figure G24). This makes it difficult to state if the diffusion
samplers fail to collect samples representative of the well in

which they were installed.

At Well Cluster 34 (Site 2), all cation, anion and metal
concentrations are similar for both diffusion sampler depth
intervals, the RPD values varying by less than 24% (Tables F9 to
F11) support this. However, the diffusion samplers reasonably
match (RPD <60%) for many of the parameters compared to the
discrete well results over similar sample intervals (DP2, DP3 and
ML2), except for diffusion calcium, sulfate and manganese results
that fall in the middle of the other results. The sodium results
(Figure G27) most clearly demonstrate how well both diffusion
samplers match the discrete interval results over similar sample

depths.

The diffusion samplers cation, anion and metals results
reasonably match Waterra sample MW1 results from the same
well, with RPD values (Table F9 and F11) of less than 60%
(except sulfate is significanﬂy lower [Figure G291, RPD of 119%
and 121%). This indicates that at Well Cluster 34 the diffusion
samplers are collecting groundwater samples representative of the

well in which they were installed.
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e At Well Cluster 35 (Site 2), all cation, anion and metal
concentrations are similar for both diffusion sampler depth
intervals, the RPD values varying by less than 20% (Tables F13
to F15) support this. However, the diffusion samplers reasonably
match (RPD <60%) for many of the parameters compared to the
discrete well results over similar sample intervals (DP1, DP2,
ML1 and ML2), except for the diffusion sulfate, manganese and
iron results. The most notable of these is the diffusion iron results
(Figure G44) are significantly higher (RPD ranging from 11% to
128%) than the discrete well results over similar depths intervals.
This is surprising based on the difficulties the diffusion samplers

have sampling iron (developed in Chapter 2).

The diffusion samplers’ cation, anion and metals concentrations
poorly match the Waterra sample MW1 from the same well for
most parameters, with the diffusion samplers measuring lower
results for all parameters. The opposite trend was observed for the
hydrocarbons, with the diffusion sampler results being larger than
the Waterra sample MWI1. This indicates that the diffusion
samplers do not appear to be collecting groundwater samples

representative of the well in which they were installed.

2. There are occasions where the diffusion samplers measure more significant
differences in concentration between the two depth intervals sampled. These
results may demonstrate the ability to collect discrete interval samples and are

developed below.

o At Well Cluster 34 (Site 2), the diffusion sampler hydrocarbon
results demonstrate a significant increasing concentration with
depth trend, with the benzene (Figure G33) and PHC F1-BTEX
(Figure G36) almost doubling and the ethylbenzene and total

xylenes (Figure G34 and G35) almost tripling in concentration

108



with depth. The significance of these differences is seen in the
RPD values ranging from 53% for benzene to 96% for
ethylbenzene (Table F12).

The increasing hydrocarbon with depth trend is contrary to the
decreasing concentration with depth trend demonstrated by the
discrete interval well types for all hydrocarbon parameters and the
expected decreasing hydrocarbon concentration with depth for a
LNAPL contaminant. This suggests that the diffusion samplers
are not collecting samples representative of the discrete depth

intervals over which they have been installed.

At Well Cluster 35 (Site 2), the diffusion sampler hydrocarbon
results demonstrate a decreasing concentration with depth trend,
which is expected for the LNAPL contaminant at this site.
Although the difference in hydrocarbon concentrations is not
clearly significant (RPD >60%) based on RPD values ranging
from 20% to 46% (Table F16), these results reasonably match the
differences measured by the drive point wells (DP1 and DP2)
over similar depth intervals (RPD ranging from 18% to 53%).
This is most apparent for the benzene (Figure G45) and PHC F1-
BTEX (Figure G48) results. Considering the cation and anion
results also closely match (RPD <26%, except sulfate), this
suggests that the diffusion samplers may be collecting

representative discrete interval samples.

It must also be considered that wells ML1 and ML2 have
considerable hydrocarbon concentration differences over similar
sample depth intervals that are not observed for the diffusion
sampler results, with the RPD values for the diffusion samplers
and MLI1/ML2 indicating this significant variability (RPD
ranging from 12% to 187%). Also the diffusion samplers measure

increasing metal concentrations with depth, contrary to the
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expected decreasing trend for a LNAPL contaminant and the
trend that the discrete interval wells indicate. This information,
and the fact that the differences of the diffusion sampler
concentrations over both depth intervals is not clearly significant
(RPD <60%) for all parameters, brings into question if the
diffusion samplers are able to collect representative discrete

interval samples.

3.4.2.1.5 BarCad System (BESST, Inc.)

The BarCad System’s ability to collect discrete interval samples was assessed in
this field study by situating it at two different depth intervals within a 3 m
screened well. After determining that the shallow installation could collect
samples from any depth throughout the 3 metre screen interval and was not
collecting a discrete interval sample (two sample depth intervals only conducted
in October at Site 1), only the deeper sample interval was sampled during the
other sampling events. Due to freezing temperatures making sampling difficult,
no samples were collected in February. A Waterra sample MW2 was collected
from the same well for comparison at both sites. The trends in the data are as

follows.

1. When the BarCad System was installed over two depth intervals in the same 3
m screened well (October, Site 1), it failed to demonstrate the ability to collect

representative discrete interval samples.

e The BarCad cation and anion concentrations are similar for both
depth intervals, as the RPD values vary by less than 24% (Table
F1 and F2). This is most apparent for sodium (Figure G3) and
sulfate (Figure G5), where discrete interval well results vary
significantly over similar depths in comparison to almost identical

BarCad results.

e Although the BarCad metal and hydrocarbon results (RPD ranges
up to 168%, Table F3 and F4) appear to have significant
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2. When the BarCad System was only installed at the lower depth interval (Site
2), it failed to collect a sample representative of the depth interval over which it
was installed. However, the BarCad results closely match with the Waterra

sample from the same well, indicating that the BarCad collects a sample

variability (RPD >60%), both measure an increasing
concentration with trend that contradicts the discrete interval
wells decreasing trend, which is expected for the LNAPL
contaminant at site. The elevated deeper BarCad sample always
appears representative of the shallowest discrete interval well type
that intersected the water table. This inability to collect
representative discrete interval samples is most apparent for
ethylbenzene (Figure G10), total xylenes (Figure G11) and PHC
F1-BTEX (Figure G12) results.

Unfortunately a Waterra sample was not available for comparison
from the same well that the BarCad System was installed in to
determine if the BarCad samples are representative of the well

from which they were collected.

representative of the well it was installed in.

At Well Cluster 34 (Site 2), although the BarCad cation and anion
results reasonably matches (RPD <15%, Table F9 and F10) the
discrete interval wells for most parameters (except calcium and
sulfate), the metals and hydrocarbon results are elevated for the
depth interval at which it was installed and vary significantly
(RPD ranges 45% to 195%, Table F11 and F12) from the discrete
interval well results over similar depths (ML3, ML4 and DP3).
This inability to collect a representative discrete interval sample is
most apparent for ethylbenzene (Figure G34), total xylenes
(Figure G35) and PHC F1-BTEX (Figure G36), as the BarCad
concentrations are two times to over one order of magnitude

higher than the ML3, ML4 and DP3 results.
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The BarCad cation, anion and metal results closely match the
Waterra sample MW2 from the same well (RPD <38%, Table F9,
F10 and F11), which indicates that the BarCad is collecting a
sample representative of the well it was installed in. Although the
hydrocarbon results are more variable (RPD ranges from 12% to
88%, Table F12), the BarCad measures higher concentrations
representative of a shallow interval near the water table and
reasonably matches the higher concentrations measured by the
conventional 3 m screened wells. The benzene (Figure G33) and
PHC F1-BTEX (Figure G36) results for the BarCad and Waterra
sample MW2 most clearly demonstrate for the hydrocarbon
results that the BarCad is collecting a sample representative of the
well, especially since these sampling methods from the same well

measure the two largest PHC F1-BTEX concentrations.

At Well Cluster 35 (Site 2), the BarCad results match poorly with
the discrete interval well results over similar depth intervals (ML3
and DP3) for almost all parameters measured, with the RPD
values ranging from 11% to 196% (Table F13, F14, F15 and
F16). This is most apparent in the elevated BarCad metal and
hydrocarbon results for the depth interval at which it was
installed, where BarCad results are one and half times (PHC F1-
BTEX, Figure G48) to over two order of magnitude (benzene,
Figure G45) higher than the discrete well type ML3 and DP3
results. This appears to indicate that the BarCad is collecting
groundwater from near the water table, as the higher BarCad
metals and hydrocarbon concentrations are representative of
trends expected for groundwater in close contact with the LNAPL

contaminant.
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Other than iron results that reasonably match (RPD of 52%), the
BarCad cation, anion and metal results closely match the Waterra
sample MW2 from the same well (RPD <20%, Table F13, F14
and F15), which indicates that the BarCad is collecting a sample
representative of the well in which it was installed in. This match
is most prominent for the sulfate (Figure G41) and iron (Figure
G44) results because these results match closely considering the
wide range of concentration variability measured by all
technologies (two to four orders of magnitude). With the
exception of a lower BarCad PHC F1-BTEX result, the BarCad
and Waterra sample MW?2 reasonably match (RPD <39%) and
provide further support that the BarCad is collecting a
representative sample from the well. Although the BarCad PHC
F1-BTEX result is a third of the Waterra sample MW2 from the
same well, this difference is likely insignificant considering that
the concentrations measured for this parameter ranges over two

orders of magnitude.

3.5 DISCUSSION
3.5.1 Interpretation of Well Construction Impacts

A typical monitoring program often involves the use of conventional three-metre
screen monitoring wells for collecting groundwater samples. The well
construction in this application was similar for each well, and the well screen
existed over a deep groundwater interval, therefore the bentonite seal impacts in
this application would likely be minimal and undetected. In this research,
different well types were installed, therefore the method of well construction may
have a more notable impact on the sample results obtained. Bentonite pellets were
used to create a seal to the surface above the sand annulus that surrounds the well
screen for all wells, except the drive point wells, so this material was of greatest

interest since it was in direct contact with the groundwater that was sampled.
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The impact of bentonite seal material on water geochemistry was investigated
because the multilevel wells measured unexplainably elevated concentrations for
several MNA parameters. As many of the factors known to cause variability were
minimized (i.e., spatial, temporal, etc.), the observed impacts were likely
associated with the well construction details for the different well types. As a
result, the bentonite seal materials used to create the discrete sample intervals
were tested to assess the extent that these materials may have influenced the

geochemistry of pore water in direct contact with the bentonite.

The laboratory experiment found that sodium and sulfate dissolution from the
bentonite pellets results in very high concentrations in the water adjacent to the
bentonite. Bicarbonate, calcium, chloride and iron were also measured at
concentrations that may notably impact sample results. Molar ratio calculations of
the cation and anion concentrations collected during the bentonite laboratory
experiment indicated the strongest speciation was sodium sulfate (molar ratio of

0.95).

The multilevel well’s unique well construction allows multiple depths to be
sampled within a single borehole by means of careful placement of sand intervals
and bentonite seals. In this research program, typically the bentonite seal between
the sand pack sample intervals was 0.4 metres (Figure 3.1). The typical sand pack
height around a port was 0.6 metres, however in some instances the sand pack
was as small as 0.15 metres high (Site 2, Cluster 34, ML4). Thus the volume of
water within the sand interval around each multilevel port was small, therefore
this volume may not adequately dilute the elevated ion concentrations from the

bentonite pellets.

The volume of groundwater in the typical 0.6 m sand pack around the multilevel
well was approximately 4.02 liters (see Sand Pack and Well Volume Calculation
in Appendix E for details), whereas the largest well volume for a multilevel well
was 0.45 Liters (MLA4, Site 2 Well Cluster 35) and the smallest was 0.050 Liters
(ML1, Site 2 Well Cluster 35). The act of purging three well volumes from the
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small multilevel well channel’s volume (0.45 L x 3 = 1.35 L for largest well
volume) would only draw in sample water from the sand pack around the port,
which may contain elevated ionic concentrations from being in contact with the
bentonite seal material. In the case of the largest well volume (0.45 L), a total of 9
well volumes (4.02 L in sand pack + 0.45 L in well = 8.93 ~ 9 well volumes)
would need to be purged in order to completely remove the volume of irﬁpacted
water (4.02 L typically) within the sand pack and draw in representative
groundwater from the adjacent formation. As this is for the largest well volume,
the other multilevel wells would require even greater well volumes be purged to
remove the bentonite impacts (4.02 L in sand pack + 0.050 L in well = 80.4 ~ 81

well volumes for the smallest well volume).

The multilevel wells at most locations measured elevated ion concentrations
compared to the other well types, especially for sodium and sulfate. This was
most apparent at Site 1, where the background concentrations for these parameters
were relatively low in the groundwater. Molar ratio calculations of the elevated
ion concentrations measured at many multilevel well locations demonstrate strong
speciation between the sodium and sulfate, likely indicating that the elevated

concentrations are the result of bentonite seal impacts.

It is believed that as the bentonite hydrated, the ions in the bentonite are released
into the groundwater that fills the pore spaces. The dissolution creates a
concentration gradient between the elevated concentrations within the pore spaces
and the Jow concentrations in the adjacent groundwater within the sand pack
around the sampling port. This diffusive gradient causes ions to move into the
sand pack annulus and elevate the groundwater concentrations being measured for
that sample interval. .This is believed to be responsible for the elevated inorganic

concentrations measured by the multilevel wells in this research program.

At the research sites in this study the groundwater flow was very slow, < 1 to 5
m/year, which exacerbates the elevated concentration problem because the

dissolved ions released from the bentonite were not readily flushed from the sand
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annulus around the well screen. It is expected that over time the inorganic results
for the multilevel wells will drop to the levels measured by the other well types,
as the finite mass of ions in the bentonite will be depleted by the groundwater that
passes through the sand pack. This trend was most evident at Site 1, with the
sodium and sulfate impacts at the most elevated multilevel well (ML2) measured
a decline in concentrations since the well’s installation. The sodium most clearly
demonstrated the dissipating inputs over time, as the concentrations decreased by
a half at each sample event from 167 mg/L in August, to 83 mg/L in October to
46 mg/L in February. The decreasing trend was also noted for ML4 at this site.

Also for most ports, except the bottom port, the sample volume within the sand
interval was impacted by the bentonite seal both above and below it, thus
increasing the likelihood that the sample being collected was impacted by the
elevated concentrations coming from the bentonite. Comparatively the three-
metre screen well had 3.3 metres of sand with 30 centimetres of bentonite pellets
above it, so dissolved ions from the bentonite would be diluted by the large

volume of water in the sand pack around the screened interval.

The multilevel well dissolved ion concentrations from the field tests were not
elevated to the extent measured in the laboratory experiment. Ion dissolution from
the bentonite is a slow process, so the rate of groundwater flow through the
discrete interval sand pack controls the bentonite impacts on the ion results. In the
laboratory study the deionized water was in continual contact with the bentonite
pellets, which allowed more complete ionic equilibrium to be reached between the

two materials.

This would suggest that a multilevel well sample interval that has slower
groundwater movement through the sand pack should measure higher dissolved
concentrations compared to an interval with a faster groundwater flow rate. This
was observed at Site 1, where ML2 sodium and sulfate concentrations were over
three times larger than the other multilevel wells. During purging and sampling of

the multilevel wells, ML2 recharged at a much slower rate. Two days was often
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required to collect the minimum sample volume necessary for the suite of

laboratory analysis, whereas the other wells could be sampled the same day as

purging.

In some instances, ionic concentrations sampled by the multilevel wells were
higher than the concentrations in the laboratory study. This was observed in
October for ML.2 at Site 1, where the calcium concentration was close to double
the other multilevel wells. The laboratory experiment indicated a 16.8 mg/L
increase in calcium, whereas the field data appeared to be elevated by
approximately 35 mg/L compared to the other concentrations measured. As ML2
had bentonite above and below the sample interval, the groundwater sample
collected from the sand annulus may be impacted by both seals and result in
higher ionic concentrations being measured. It is also possible that the calcium
increase could be the result of the higher calcium concentrations that exist within
this depth interval. The sulfate concentration is also elevated at ML2, so a
possible source may be gypsum dissolution from snowmelt or introduction into

this interval during well construction.

Molar ratio calculations using the ion concentrations do not indicate strong
speciation between calcium and sulfate, however since high concentrations of
sulfate are introduced by the seal material, this likely puts the molar ratio out of
balance. The exact reason for the higher ionic concentrations, in this case calcium,
cannot definitively be determined. It is likely that one of these possibilities, or a

combination of them, is responsible for the unexpectedly elevated ion results.

The findings of this study demonstrate how well construction can have an
unanticipated impact on the sample results obtained. The different size sand packs
where samples were collected is the likely explanation for the multilevel wells
sample results being noticeably impacted, while the three-metre screen wells are
not. As the multilevel well inorganic results are elevated in many cases, likely due
to bentonite impacts, the variability in the multilevel inorganic sample results
(especially cation and anion) will not be discussed further during the comparison

of the discrete interval well types. As it is expected that the bentonite would not
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have any direct influences on organic concentrations, the multilevel wells
hydrocarbon results are discussed. However, it must be considered that the
elevated sulfate concentrations provided by the bentonite seal material may act as
additional terminal electron acceptors for sulfate reducing microbes that
breakdown the dissolved hydrocarbon constituents in the immediate vicinity of

the well.

3.5.2 Summary of General Findings from Sampling Results Comparison

The key findings observed for the various sampling technologies studied in this
field research program are:

i. In most instances the multilevel and drive point wells measure
changing concentration profiles with depth, with the metals and
hydrocarbon results typically decreasing with depth.

ii.  The multilevel wells measure higher concentrations of inorganic
constituents compared to the other well types, most notably for
sodium and sulfate concentrations.

ili.  There is considerable variability between the conventional well type
results for the sulfate, metals and hydrocarbon results (key
parameters of interest in a MNA program); this is ‘most notable at
Site 2 where the conventional well types appears to represent
different sample depth intervals.

iv. The cation and anion results for the three-metre screened .
conventional wells appear to be representative of mixing of the
entire sample interval over which the well screen is installed,
however the metals and hydrocarbon results are typically
representative of the upper portion of the well screen.

v.  The highest hydrocarbon concentrations, and in most instances the
metals, are measured in the wells where the water table intersected
the well screen. Typically the conventional well types measure the
highest concentrations compared to the alternative well type

technologies.
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Vi,

Vii.

viii.

ix.

At Site 1, the diffusion samplers measure concentrations similar to
the common sample collection results from the same or adjacent
wells and do not demonstrate discrete interval sampling, as the
diffusion samplers have almost identical concentrations for the
different depth intervals over which the samplers were installed
when the discrete interval well types demonstrated differences.

At Site 2, the diffusion samplers measure concentration differences
for the sample depth intervals investigated; having similar
concentrations to the discrete interval well types installed over
similar depth intervals. Many parameters have depth dependent
trends based on differences in the diffusion samplers results for the
two depth intervals over which the samplers were installed, which
appears to indicate the diffusion sampler’s ability to collect depth

discrete samples.

However, the depth trends in the diffusion sample results are
contrary to the trends expected within a LNAPL plume (iron and
hydrocarbon results for Well Cluster 34) and the variability observed
in the diffusion sampler results over the two depth intervals are
within the acceptable range for duplicate sample results for most
parameters. This provides contradictory evidence that the differences
in concentration over the two sample depth intervals is the result of
variability in sampling these parameters and may not be the result of
the diffusion samplers ability to collect depth discrete samples.

The Site 2 diffusion sampler’s results reasonably match the common
sample collection results for the same or adjacent wells for most
parameters; indicating the diffusion samplers collected samples
representative of the well in which the samplers were installed.

In the only sampling event where the BarCad System collected
samples from different depth intervals (October at Site 1), the
BarCad System was unable to demonstrate the ability to collect

discrete interval samples. This is also supported by the BarCad
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System results varying considerably from the results of the discrete
interval well types collected over similar sample depth intervals in
the other sampling events.

x. The BarCad System results closely match the common sample
collection results from the same well for most parameters measured

in this study; this is most notable for Site 2.

3.5.3 Comparison of Sampling Technologies Results

This section provides generalized comments on the material presented in Section
3.4.2.1. The subsections discussed below mirror that used in Section 3.4.2.1, such
that the results material used to develop the following discussion material can be

referenced in Section 3.4.2.1 and is not presented again here.

3.5.3.1 Inherent Variability of Groundwater Geochemistry

Characterizing and understanding the trends of the geochemical parameters of
interest in a natural attenuation program is complex and challenging. Even
though wells were installed in a one-metre radius cluster, there is still notable
variability in some of the field data. This is underscored by the variability of
chloride concentrations measured at each well cluster, as chloride is a stable ion
with low reactivity that is not expected to vary significantly laterally or with
depth. In most cases, this variability was likely due to vertical concentration
differences. In a few other cases, it was likely due to horizontal heterogeneity

inherent in the stratigraphy.

Existing borehole logs indicate that the wells were installed in uniform formations
(silty clay at Site 1 and silt at Site 2). However, the geochemistry measured in
each well indicates narrow, discontinuous, and highly conductive layers that
intersect the well screens. The layers also vary in depth within the well clusters.
Thus, some sample results may be influenced by several layers. It is difficult to
conclude if data variation is due to inherent variability in the subsurface or to

limitations in sampling technology.
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Although both sites indicate expected natural attenuation trends, Site 2 better
demonstrates expected plume trends. Wells at Cluster 35 measured the highest
hydrocarbon concentrations, indicating that they were near the leading edge of the
LNAPL contaminant plume. The corresponding increase in metals and decrease
in sulfate, which are terminal electron acceptors during microbial degradation, are
both observed at this location. Well Cluster 34 measures lower hydrocarbon
concentrations because it is further downstream in the plume. As expected,
metals concentrations are correspondingly lower and sulfate concentrations higher
than in Well Cluster 35. The accurate characterization of such trends is vital to

demonstrating that natural attenuation is effectively remediating the plume.

3.5.3.2 PrePak Drive Point Wells (Geolnsight)

The drive point wells best demonstrate decreasing hydrocarbon concentrations
with depth at both sites, and thus the ability to collect representative discrete
interval samples. The trend is most evident at Well Cluster 35 (Site 2) where
hydrocarbon concentrations decrease by one to two orders of magnitude over the
different sample intervals. The corresponding decrease in iron concentrations
with depth is also clearly demonstrated. The drive point well's most obvious
demonstration of discrete interval sampling was at Site 1, where the deepest drive
point well (DP4) was found to be sampling from a different aquifer than the other
well types in the cluster. The ability to isolate the different aquifer was
determined when water levels dropped in the drive point well, and in no other
wells in the cluster, during a pump down test on another deep well located
approximately five metres away. This well's geochemical trends were also very

different, further supporting this finding.

Unlike the multilevel wells, the drive point wells were not impacted by bentonite
seal construction because they have prefabricated bentonite seals that were
separated from the sample interval by a foam bridge. This yields representative
results for the cation and anion parameters and the development of accurate trends

over depth.
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The drive point wells intersecting the water table measured lower PHC F1-BTEX
concentrations than the three-metre screened wells. A probable explanation is the
drive point screened intervals do not intersect the entire depth that the three-metre
screened wells do. It is therefore possible that the drive point wells do not
intersect all the same conductive layers, resulting in lower hydrocarbon
concentrations. However, the exact reasons are difficult to determine based on

the lack of historical field data for comparison.

3.5.3.3 CMT Multilevel Wells (Solinst)

The multilevel well data illustrates the extent to which behtonite placement during
well construction can impact results. A laboratory study of the bentonite seal
material used in the field research indicated that significant concentrations of
some ions were dissolving from the bentonite into the adjacent water. Most
elevated were sodium and sulfate, with calcium, iron, bicarbonate and chloride
dissolving at notable concentrations too. Although accurately measuring all the
above-mentioned parameters is important, the sulfate is of greatest concern as it is

a geochemical indicator of natural attenuation.

Elevated sulfate concentrations can obscure the extent of the microbial activity,
and can also act as a terminal electron acceptor in the microbial degradation of
hydrocarbons.  This may result in non-representative, lower hydrocarbon

concentrations due to enhanced hydrocarbon degradation.

The most likely reason for the multilevel well cation and anion results being
notably impacted, while the other well types are not, is the small discrete
sampling intervals that can be created using this well type. This small sample
volume within these discrete intervals, combined with low on-site groundwater
flow, does not displace the dissolved ions that diffuse into the sample volume
from the bentonite seal material. This results in elevated cation and anion
concentrations compared to most of the other wells. The bentonite seal impacts
on sample results were most apparent at Site 1, where groundwater flow rates

were slower and background sulfate concentrations were lower.
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In some circumstances, where background ion concentrations are high enough not
to be obviously skewed by bentonite seal impacts (Site 2), the multilevel wells
collect representative data and sample discrete interval concentration changes. At
both sites, these wells demonstrate obvious decreasing trends in iron and
hydrocarbon concentrations with depth. They sampled isolated discrete intervals
at Well Cluster 35 (Site 2), where ML4's geochemical parameters did not follow
the trends established by the other discrete interval well types, indicating
installation at a depth interval with different geochemistry (similar to that of DP4

known to be in a separate confined aquifer).

The multilevel well sample intervals intersecting the water table measure
benzene, ethylbenzene and total xylenes concentrations similar to those from the
conventional 3 m screencd wells, however PHC F1-BTEX concentrations are
considerably lower at most well clusters. This is most apparent at Site 2, where
PHC F1-BTEX concentrations are five times lower than the conventional wells.
When the multilevel well is compared to the drive point wells over similar depth
intervals, the PHC F1-BTEX concentrations are almost identical at both sites.
This is probably due to the small multilevel well sample intervals not intersecting
the most conductive layers that carry the higher hydrocarbon concentrations. As
the conventional well screen was continuous over three metres, it likely does so

and thus provides higher values.

Although the multilevel and drive point wells often measure comparable
concentrations over similar depth intervals, the former has one additional
limitation with respect to discrete interval sampling. Because it was installed in a
single borehole, enough bentonite had to be placed to create a proper seal that will

prevent discrete sample intervals from being interconnected. Thus, some depth

intervals were not sampled, possibly missing the most conductive layer.
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In comparison, the drive point wells were installed in separate boreholes. Thus,
the direct push well screens can be installed in a cluster to overlap and capture
any conductive layers in the subsurface. Being able to sample the entire depth
improves the ability to determine concentration profiles, which are key

requirements for detailed understanding of a site's natural attenuation processes.

3.5.3.4 Conventional Well Types & Common Sample Collection Methods

The data from conventional well types and common sample collection methods
indicate an averaging effect of the input of several conductive layers intersecting
the well screen or represent only a particular portion of the formation that the 3 m
screen intersects. The conductive intervals with the highest concentrations dictates
what depth interval the well appears to be sampling for the various parameters
measured and it may appear that the well is representative of different depth
intervals depending which parameter is being reviewed. This is apparent in the
Waterra samples from Well Cluster 34 (Site 2), which indicate the 3 m screened
wells (MW1 and MW2) are collecting samples representative of deeper
formations. However, these wells still measure high iron and hydrocarbon

concentrations, representative of shallow intervals.

At both sites, the 3 m screened wells have the highest metals and hydrocarbon
constituent concentrations. In most cases, this demonstrates the inability to assess
the concentration gradient across the entire depth of the well screen. Discrete
interval sampling technologies indicate that iron and hydrocarbon concentrations
decrease with depth and that the metals and hydrocarbon concentrations measured
by the 3 m screened wells are representative of a small upper portion of the well
screen. Therefore, unless alternative discrete interval sampling technologies are
implemented, it is difficult to determine whether inherent variability in the
sampling methods is responsible for the differences in results or if the samples are
from different depths within the subsurface where concentration gradients may
exist. The 3 m screened wells fail to determine the depths to which hydrocarbon
impacts are occurring, whereas this can be determined by the discrete interval

well types.

124



This demonstrates the necessity of effective discrete sampling technologies to
clarify trends in data and the variability that is occurring between the common
sample collection methods. Without them, data variability makes detailed
understanding of contaminant distribution and the geochemical processes very
difficult. A more general understanding of natural attenuation over site-scale

distances can however still be developed using these conventional well types.

3.5.3.5 Dialysis Membrane Diffusion Sampler

The dialysis membrane diffusion sampler's ability to accurately characterize
cation and anion concentrations at depth is dependent on the stratigraphy and
groundwater flow rates of a site. As the samplers were generally installed in 3 m
screened wells in uniform stratigraphy (Silt and silty clay at Site 1 and silt at Site

2), the cation and anion geochemistry is often similar throughout the interval.

However, the field research demonstrates that groundwater flow rates have the
greatest effect on accurate sampling of cation and anion concentrations. The seals
used to create the discrete sample intervals homogenized the well volume during
installation. As flow rates (less than 1 to 5 metres/year) were insufficient to
displace the homogenized well volume over the period that the diffusion samplers
were installed, the samples were taken from the same homogenized ground water
and show similar concentrations for the different depth intervals. This is most
evident at Site 1, since groundwater flow rates were slowest. The cation and
anion concentrations measured in October and February are nearly identical for
both depth intervals, even though the discrete interval well types indicate

differences over similar depth intervals.

However, if the diffusion samplers are carefully installed and the discrete
intervals intersect layers with higher conductivity, they can collect representative
samples and demonstrate discrete interval sampling. This was the case for Well
Cluster 34 at Site 2, where the diffusion samplers demonstrated increasing cation
and anion concentrations with depth. This was also measured by the discrete

interval drive point wells. The diffusion sampler results are representative of their
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depth interval, as the diffusion cation and anion results (except those for sulfate)
match closely with the drive point well (DP2) and multilevel well (ML2) installed

over a similar depth interval.

The ability to collect representative metals concentrations in the groundwater, and
demonstrate discrete interval sampling, is controlled by the amount of dissolved
oxygen in the diffusion sampler at installation, and the installation duration. The
dissolved oxygen in the diffusion samplers reacts with dissolved metals as the
groundwater enters the dialysis membrane. This causes the metals to oxidize and
precipitate out of solution, resulting in the measurement of non-representative,
low metals concentrations. Eventually the iron will entirely consume the finite
oxygen in the membrane, and the dialysis membrane will equilibrate, allowing

collection of a representative dissolved metals sample.

However, this did not occur at the sites because slow flow rates provided
insufficient groundwater for equilibration over the installation period. Thus, the
dissolved oxygen concentrations in the membrane were not overcome.
Depending on the initial concentration of dissolved oxygen in the membrane and
the groundwater flow rate, various degrees of equilibration were observed for the
diffusion sampler's metals results. Partial equilibration is evident in the February
results at Site 1 and for Well Cluster 34 at Site 2, as metals concentrations
measured by the diffusion samplers are approximately half those measured by the
Waterra sampler from the same well and the other common sample collection

methods at those well clusters.

Groundwater metals concentrations also affect accurate metals sampling using the
diffusion samplers, as higher concentrations more quickly consume the dissolved
oxygen in the dialysis membrane. This was the case for Well Cluster 35 (Site 2)
at the leading edge of the condensate plume where metals concentrations were the
highest of all locations studied. The iron concentrations measured there by the
diffusion samplers demonstrated the most iron equilibration of all the metals

samples collected by the diffusion samplers at both sites.
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The metals results measured by the diffusion samplers at all locations illustrate
the importance of maintaining low dissolved oxygen levels in the dialysis
membrane prior to installation if equilibration times are a limiting factor. Lower
dissolved oxygen means that fewer metals must be consumed before equilibrium
is achieved and a representative sample is collected. This is most critical in low
flow situations because consumed metals are not replenished quickly enough to

consume the dissolved oxygen, yielding lower metals concentrations.

The ability of the diffusion samplers to characterize hydrocarbon concentrations
over depth is similarly dependent on the groundwater flow rate. Because the well
volume is homogenized by the mixing of seals during installation, the
groundwater flow rate within the created discrete depth interval must be sufficient
to displace the homogenized well volume. As the groundwater flow rate was
slowest at Site 1, the hydrocarbon results measured by the diffusion samplers
were nearly identical for both sampling depths even though the discrete interval
wells clearly demonstrated decreasing hydrocarbon concentrations over this
depth. The ability to collect discrete interval hydrocarbon concentrations was
more apparent for Well Cluster 35 at Site 2, where the diffusion samplers
demonstrated decreasing hydrocarbon concentrations with depth and had
concentrations closely matching the drive point wells that were installed over

similar depth intervals.

The diffusion samplers appear to not effectively measure PHC F1-BTEX
concentrations, as they always measured concentrations less than 2 mg/I. when
the results for the 3 m screened wells are several times larger. The exception is
the October sampling event at Site 1, because PHC F1-BTEX concentrations
measured by the bailer are lower during this sampling event (2.1 mg/L). In this
situation, the diffusion samplers and other shallow discrete interval well types
have similar PHC F1-BTEX concentrations. A possible explanation for low PHC
F1-BTEX concentrations for the diffusion samplers during most sampling events
may be that the pore size of the dialysis membrane is too small to allow the larger

F1 hydrocarbon molecules to fully equilibrate within the short installation times.
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3.5.3.6 BarCad System (BESST, Inc.)

Due to the complexity of collecting samples using the BarCad system, limited on-
site data was collected to assess its ability for discrete interval sampling within 3
m screened conventional wells. It should be noted that the BarCad System is
primarily intended to remain at a dedicated discrete depth interval by placing a
sand annulus around the ceramic filter at the desired depth and using bentonite or
cement to seal it there. It is not usually intended to create a discrete sample

interval within an existing 3 m well screen.

Cold weather prevented collecfion of February BarCad data at Site 1. Only a
deep BarCad sample was collected at Well Cluster 34 and Well Cluster 35 in
October (Site 2). It was determined that the BarCad system cannot create a
shallow discrete sample interval unless a packer is installed beneath the ceramic
filter, as the shallow sample could come from any interval along the three-metre
screen below. As a result, only a deep discrete interval was sampled by placing
the filter at the bottom of the well and using the packer above to attempt to create
a discrete interval within the three-metre screen. However, as the packer can only
create a seal within the well itself and not within the adjacent sand annulus, the
groundwater from above the packer can migrate through the sand pack. This can
prevent the creation of a discrete interval within the screened portion of the well

unless the sampling rate is equal to or less than the recharge rate.

The field research clearly demonstrates that groundwater flow rates control the
ability to sample discretely within the three-metre screened portion of the
conventional well. The BarCad system sampled by applying compressed gas, but
low flow formations like those at both sites do not have sufficient recharge
volume to allow this. Applying compressed gas to the sealed head space forces
readily available groundwater above the packer to be drawn down through the
sand annulus, hindering discrete interval sample collection. As groundwater
moves through the sand annulus, samples are collected from the same conductive

layer(s) that would be sampled by common sample collection methods, and are
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independent of the depth interval established by the packer. As a result,
concentrations are similar for any sampled depth interval and are similar to

Waterra samples collected from the same well.

The field data at both well clusters demonstrate similar concentrations for the
different depth intervals investigated. A comparison of the BarCad results for the
various parameters to those from the discrete interval wells indicates that the
BarCad results are clearly representative of a deep conductive layer at Site 1 and
an intermediate layer for Well Cluster 35 at Site 2. Groundwater within the well
moving through the sand annulus during sampling is most evident in the BarCad
hydrocarbon results at Site 1 when two depth intervals were attempted within the
3 m screen. The higher BarCad concentrations being measured by the deeper
interval, representative of a sample collection from groundwater near the water
table, is likely from the sample being drawn down within the sand annulus from
near the water table. This occurs because the low groundwater flow rates at this
site cannot provide water at a sufficient rate to prevent draw down within the well

and sand annulus.

The well recharges before the shallow sample is collected, as the BarCad
equipment must be cleaned between sample collections to prevent cross
contamination. During this time, the well is likely recharged by groundwater
from the more conductive layer in the deeper portion of the well screen where
hydrocarbon concentrations  are lower, diluting the well's hydrocarbon
concentration. This results in lower hydrocarbon concentrations being sampled
by the shallow BarCad sample and an increasing hydrocarbon concentration with

depth trend, contrary to that expected for a LNAPL contaminant.

Based on this data and these site conditions, the BarCad system does not
conclusively demonstrate effective discrete interval sampling from within the
three-metre screened portion of a conventional well. However, at Site 2 the
BarCad System does collect samples representative of the 3 m screened well in

which it is installed.
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3.6 CONCLUSIONS

The following outlines the conclusions of the field sampling program.

3.6.1

ii.

iii.

iv.

3.6.2

it.

iii.

General

Subsurface geochemical conditions at hydrocarbon impacted sites were

complex, making natural attenuation difficult to detect and characterize.

Even when lateral distances between wells were small, inherent
heterogeneity over these small distances can lead to variability in sample

results.

Although formation geochemistry was expected to be similar over its
depth, narrow, discontinuous, highly conductive layers control the results

obtained.

The expected natural attenuation trends for LNAPL contaminants were

noted at both research sites.

Conventional Well Types and Common Sample Collection Methods

The conventional well types sampled by the common sample collection
methods were often representative of a small interval or an average of

several conductive layers that the 3 m screen intersected.

For the 3 m screened wells the metal and hydrocarbon results were
controlled by the fact that the water table (where LNAPL contaminant

concentrations are highest) intersected the 3 m screen.

Although 3 m screened wells did not vertically characterize the
groundwater in which they were installed, they could determine when

natural attenuation was occurring at a particular sample location.
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3.6.3

il

3.6.4

3.6.5

il

3.6.6

ii.

CMT Multilevel Wells (Solinst)

The multilevel wells demonstrated how bentonite seal material used to
create discrete intervals can impact sample geochemistry, especially where

background concentrations are low and groundwater flow rates are slow.

Although ionic concentrations were impacted in this research, the
multilevel well appeared to be able to characterize discrete vertical
variations. This was most notable for hydrocarbons, where concentrations

decreased with depth at most sites studied.

PrePak Drive Point Wells (Geolnsight)

The drive point wells characterized vertical concentration variations for
most studied parameters and effectively characterized natural attenuation

trends at both research sites.

BarCad System (BESST, Inc.)

System complexity made sample collection difficult. The system freezes
in cold weather due to intermittent sample retrieval in low flow

groundwater systems.

The BarCad system failed to collect discrete interval samples from within
a 3 m screen due to the movement of well water through the sand annulus.
It did not accurately characterize natural attenuation trends any better than

conventional bailer and Waterra samplers from a 3 m screened well.

Dialysis Membrane Diffusion Sampler

Because low flow formations did not displace well water homogenized
during installation, the diffusion samplers did not demonstrate the ability

to collect discrete interval samples in most cases.

During installation, dissolved oxygen concentrations in the diffusion
samplers were higher than those in the groundwater formation. This

caused unrepresentatively low iron concentration measurements.
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iii. Lower PHC F1-BTEX concentrations were measured because these

compounds may be too large to pass through the membrane.

iv.  Further research is required on these two outstanding issues before this

technology can be widely adopted.

v. With faster groundwater flow rates, the diffusion samplers yielded more
representative discrete interval samples and better characterized natural

attenuation trends.

Dialysis membrane diffusion samplers and Geolnsight drive point wells show
promise for distinguishing between situations where natural attenuation can be
used and where conventional remedial approaches are more appropriate. Such
technologies are necessary to maximize the appropriate use of natural attenuation

in the province of Alberta.
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Table 3.1 Parameter of Interest Concentrations for Seal Material

Grout Cement | Chipped Bentonite | Bentonite Pellets

Magnesium (mg/L) <0.2 55 5.0

‘| Calcium (mg/L) 39.5 1.1 16.8
Sodium (mg/L) 2740 191 783
Bicarbonate (mg/L) 4760 <0.5 107
Sulfate (mg/L) 97.2 143 1720
Chloride (mg/L) 8.4 0.3 14.5
Manganese (mg/L) <0.004 0.037 0.090
Iron (mg/L) <0.01 13.2 1.26
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Figure 3.1. Multilevel Well Borehole Log (Site 2, Well Cluster 35)
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Chapter 4

Summary of Conclusions for Various Sampling Technologies
Research and Recommendations for Future Research

4.1 SUMMARY OF CONCLUSIONS
4.1.1 Laboratory Research

A number of laboratory studies undertaken during this research program increased
understanding of the sampling technologies prior to field application. They
determined potential causes of variation in analyte concentrations observed in the
field data. A summary of the conclusions of each of these studies is as follows.
(Note: In this chapter the term “diffusion sampler” refers specifically to the
dialysis membrane diffusion sampler and the term “diffusion sampling” to

dialysis membrane diffusion sampling.)

4.1.1.1 Dissolved Hydrocarbon Equilibration Study

Most of the previous diffusion sampling research involved sampling inorganic
constituents within surface water and sediments, with limited research on
organics. Previous organic studies focused on the ability to sample simple
hydrocarbon constituents (i.e., volatile organic compounds) within water,
however no research had been conducted on larger organic molecules (i.e.,
petroleum hydrocarbons). Thus, a laboratory study was undertaken to assess the
dialysis membrane’s ability to sample dissolved hydrocarbon constituents from
formation water from one of the field research sites. The integrity of the dialysis
membrane was assessed throughout the laboratory study, to ensure that it

withstood the possible microbial degradation during installation.
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The findings of this laboratory study is outlined in Chapter 2, however a summary
of the conclusions is as follows:
e Equilibration for BTEX and F1-BTEX occurred between two and four
weeks; at approximately three weeks.
e Visual inspection of membrane integrity indicated no degradation over

the six week study.

4.1.1.2 Effect of Monovalent and Divalent Salts

In response to mass water loss from the diffusion samplers during several field
applications at the research sites, a laboratory study was conducted to assess ionic
charge effects on equilibration time and the impact of salinity concentration on
dialysis sampler water loss. It was hypothesized that osmotic gradients caused by
higher salt concentrations outside the membrane were drawing water out of the
membrane in an effort to reach equilibrium. The detailed findings of this
laboratory study are outlined in Chapter 2, however a summary of the conclusions
is as follows:

e Both sodium chloride (NaCl) and calcium sulfate (CaSQOg4) salts
equilibrated within the first 24 to 48 hours.

e Water loss due to various NaCl and CaSOy salt concentration gradients
ranged from 5 to 10 percent after 70 days, however this has an
insignificant effect on obtaining a representative sample.

¢ Jonic charge, salt concentration (NaCl and CaSQs) and sampler size
had no apparent impact on equilibration time or water loss from the
sampler.

e Salt concentrations (NaCl and CaSO,) were not responsible for the

water loss observed during the field application.
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4.1.1.3 Hydraulic Gradient and Evaporation Study

The diffusion samplers experienced significant water loss when it was partially
exposed above the groundwater surface during sampling (due to dropping
groundwater levels). It is hypothesized that water loss under these conditions is
due to hydraulic head difference and evaporation, so the extent of water loss
caused by these two processes was investigated. The findings of this laboratory
study is outlined in Chapter 2, however a summary of the conclusions is as

follows:

e Partial membrane exposure above the groundwater surface during
sampling caused significant water loss in samplers, with evaporation
having the greatest impact.

e When a membrane is partially exposed above the water table, wicking
action draws the water within the membrane above the water table.
The resulting evaporation can cause limited or no sample volume after
a 21 day installation. This illustrates the importance of diffusion

samplers remaining below the water table for the duration of sampling.

4.1.1.4 Bentonite Seal Material Impacts on Water Chemistry Study

The impact of bentonite seal material on water chemistry was investigated
following detection of elevated sulfate concentrations in the multilevel wells at
the field research sites. The materials investigated were bentonite grout, chips and
pellets, as all were used during field installations of the research site monitoring
wells. The bentonite materials were allowed to hydrate with deionized water and
then the water was collected and analyzed for numerous inorganic parameters to
assess the materials’ impact on the results obtained during the field research

program.
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The findings of this laboratory study is outlined in Chapter 3, however a summary
of the conclusions is as follows:

¢ Each bentonite material was found to have elevated concentrations of a
number of the analytes of interest.

e Bentonite pellets (used to seal most of the monitoring wells) had
elevated concentrations of cations, anions and iron, adversely
impacting their accurate measurement.
> Concentrations of sulfate, sodium and bicarbonate were most

elevated.

» When background concentrations of magnesium, calcium,
chloride, and iron are low, bentonite pellets may impede
accurate measurement.

e Elevated sulfate concentrations prohibit accurate measurement of
sulfate reduction, which is vital to monitored natural attenuation
(MNA).

4.1.2 Field Research

The field research compared two discrete interval well types and two discrete
interval sampling methods to conventional monitoring technologies for their
ability to collect representative groundwater samples. These comparisons focused

on analytes relevant to MNA.

The sampling well types were:
> Solinst Continuous Multi-channel Tubing (CMT) multilevel well
> Geolnsight Prepak drive point well

The sampling methods (collected from a 3 m screened monitoring well) were:
> BESST BarCad System |

» dialysis membrane diffusion sampler
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To limit sample variability caused by heterogeneity in the subsurface, all
sampling technologies were installed in well clusters within one and half metres
of each other. What follows is a summary of conclusions reached based on the
field data collected from the two research sites, covering all investigated sample

technologies.

4.1.2.1 Conventional Well Types and Common Sample Collection Methods
The conventional well type investigated in this field research program was a
three-metre screened monitoring well. The well was sampled using two common
methods: bailer, and inertial sampling using a Waterra foot valve. Details of the
research carried out on the conventional well type and common sample collection
methods are described in Chapter 3, however a summary of the conclusions is as
follows:
e The conventional well types and sampling methods appeared to
indicate an averaging effect of the input of several conductive layers
that intersected the well screen at various depths.
¢ The conventional wells had higher metals and hydrocarbon constituent
concentrations compared to all of the alternative sampling
technologies, and were representative of the upper reaches of the well
screen. This demonstrates an inability to assess the concentration
gradient across the depth interval of the three-metre screen well.
e Unless alternative discrete interval sampling technologies are
implemented, it is difficult to determine whether variability in results
is due to the inherent variability of the sampling methods or if it is
because the samples are from different depths within the subsurface

where concentration gradients may exist.

4.1.2.2 CMT Multilevel Wells (Solinst)
The CMT multilevel well was selected for its ability to separate up to seven sand

pack sample intervals within one borehole using bentonite seals. Details of the
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research carried out using the CMT multilevel well type are described in Chapter
3, however a summary of the conclusions is as follows:

o The multilevel well field data illustrated the extent to which bentonite
placement during well construction impacts the concentrations
measured. The most notable impacts were observed for sodium and
sulfate.

o The elevated concentrations of sulfate were of greatest concern
because these can obscure the sulfate reduction that is one indicator of
MNA. If the additional sulfate acts as a terminal electron acceptor,
results may show non-representative, lower hydrocarbon
concentrations due to potentially enhanced hydrocarbon degradation.

e The small sample volume within the discrete interval, combined with
slow groundwater flow at the research sites, did not displace the
dissolved ions that diffused into the sample volume from the bentonite
seal material, resulting in elevated cation and anion concentrations
compared to most of the other wells.

e At locations where background cation and anion concentrations were
high enough not to be skewed by the impact of the bentonite seal, the
multilevel well demonstrated the ability to collect representative data
and can sample discrete interval concentration changes.

e The multilevel wells at both sites demonstrated decreasing
concentrations of iron and hydrocarbon as depth increased, thus
demonstrating discrete interval sampling.

e Measured concentrations of benzene, ethylbenzene and total xylenes in
multilevel wells intersecting the water table were similar to the

conventional well type results.

4.1.2.3 PrePak Drive Point Wells (GeolInsight)
The drive point wells were selected because they come pre-packaged with all the
materials required to easily create discrete interval sampling wells using readily

available direct push drill equipment (i.e., bentonite sleeve, sand pack within a
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stainless steel mesh, foam bridge, etc.). Details of the research carried out using
these well types is described in Chapter 3, however a summary of the conclusions
is as follows:

e The drive point wells demonstrated the ability to collect accurate
discrete interval samples, definitively meéasuring the decreasing
hydrocarbon concentrations with depth at both research sites.

o The drive point wells were not impacted by bentonite seal construction
because they had prefabricated bentonite seals that were separated
from the sample interval by a foam bridge. Thus, they measure
representative cation and anion concentration trends with depth.

e The drive point wells that intersected the water table had lower PHC

F1-BTEX concentrations than the conventional well types.

4,1.2.4 BarCad System (BESST, Inc.)

The BarCad System was selected for its ability to collect discrete interval samples
from within a three-metre screened monitoring well while preventing them from
coming into contact with the atmosphere. The sample was collected by applying
an inert gas to the well headspace. Minimizing atmospheric contact is particularly
important for monitoring wells in low recharge environments like both research
sites. Sample collection using an inert gas should minimize volatilization of
dissolved hydrocarbon constituents during sampling and limit the introduction of
oxygen caused by sample retrieval. This should yield more representative
hydrocarbon and metals sample results. Details of the research carried out using
the BarCad System is described in Chapter 3, however a summary of the
conclusions is as follows:

o As the system freezes at ambient temperatures below 0°C, the BarCad
System was not used and is not recommended for cold weather
sampling.

e A shallow discrete sample interval could not be created by the BarCad
system in a 3 m long screen unless a packer was installed beneath the

ceramic filter, as the shallow sample could come from any depth
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interval along the well screen. Consequently, only deep discrete
intervals were sampled by placing the ceramic filter at the bottom of
the well with the packer above.

e Where two depth intervals were sampled (Site 1), similar
concentrations were observed for the different depth intervals
investigated.

e Because the packer can only create a seal within the well itself and not
within the sand annulus adjacent to the well screen, the groundwater
from above the packer can migrate through the sand pack in such a
way that the BarCad System fails to sample discrete intervals within
the screened portion of the well.

e Groundwater flow rates controlled the ability to sample discretely
within the three-metre screened portion of a conventional well, as low
flow formations provided insufficient recharge to allow sampling with
this system.

e The BarCad System results were similar to the conventional results
from the same well, as the samples were collected from the same
conductive intervals.

e Collecting representative volatile hydrocarbon samples was difficult
using the BarCad System because they were compromised by an
aerosol effect that occurred when the last of the groundwater.within the

well was delivered with a pulse of the compressed gas.

4.1.2.5 Dialysis Membrane Diffusion Sampler

The diffusion samplers were the only selected technology able to collect time
averaged discrete interval samples rather than point-in-time samples. Regenerated
cellulose dialysis membrane material was used to fabricate the diffusion samplers
because this material had demonstrated the ability to measure dissolved volatile

hydrocarbon and dissolved inorganic concentrations in previous research studies.
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Details of the research carried out using the diffusion samplers is described in
Chapter 2 and 3, however a summary of the conclusions is as follows:

e Accurate measurement of cation and anion concentrations at different
depth intervals depends on stratigraphy and groundwater flow rates.

e The seals used to create the discrete sample intervals in the well
screens homogenized the well volume during installation, yielding
similar results for both depth intervals for most sampled parameters.
The low groundwater flow rates at the research sites did not displace
the homogenized groundwater during the 21 day installation period.

e The ability to accurately sample metals concentrations in the
groundwater appeared to have been controlled by the amount of
dissolved oxygen (DO) in the diffusion sampler at the time of initial
installation. High DO concentrations within the diffusion samplers
may have precipitated out metals through oxidation. This can result in
non-representative, low metals concentrations for the diffusion
samplers.

¢ Low groundwater flow rates provided insufficient quantities of metals
to consume the initial DO inside the dialysis membrane. Thus, various
degrees of equilibration were observed for the diffusion sampler’s
metals results.

e Results for metals illustrate that:

» if metals concentrations are naturally low, or

> if groundwater flow rates are too slow to consume initial DO
concentrations inside the diffusion samplers,

it is important to maintain low dissolved oxygen concentrations in the

dialysis membrane prior to installation when equilibration times are

short.

e The diffusion samplers were able to accurately measure concentrations
of dissolved benzene, toluene, ethylbenzene and xylenes (BTEX),
however diffusion samplers poorly characterized PHC F1-BTEX

where concentrations were higher (greater than 2 mg/L). The pore size
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of the dialysis membrane may be too small to allow the larger F1
hydrocarbon molecules to completely equilibrate.

o If the diffusion samplers are carefully installed and the discrete
intervals intersect higher conductivity layers, the samplers can collect
representative samples and demonstrate discrete interval sampling.

¢ During the field installation of the diffusion samplers, no degradation

was observed in the dialysis membrane of any samplers.

4.2 AUTHOR’S OPINION ON THE APPLICATION OF SAMPLING
TECHNOLOGIES

Based on the installation and use of the various sampling technologies, the author

provides the following comments for consideration by those considering applying

the technologies within a groundwater monitoring program.

4.2.1 Conventional Well Types and Common Sample Collection Methods
The following comments apply to sampling with a bailer or Waterra foot valve
from a three-metre screened conventional well.

¢ Both the bailer and Waterra sampling methods can significantly agitate
the groundwater sample if care is not taken during collection. Agitation
can cause low metals concentrations due to oxidation and low
hydrocarbon concentrations due to volatilization. The way that field
personnel collect the sample critically influences the results, which are
in turn vital in demonstrating that natural attenuation is effectively
remediating the site.

e Dedicated bailer and Waterra samplers should be stored with great care
between sampling events. It is not clear what impact leaving bailers or
Waterra tubing in the well water between events has on groundwater
geochemistry. Bailers should be stored upside down within the well
between sampling events. This way, if they fall in, they do not change
the water level when retrieved, allowing accurate measurement of

groundwater surface elevations.
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4.2.2 CMT Multilevel Wells (Solinst)
The following comments apply to the use of the CMT well at both sites.

e The CMT Multilevel well is a continuous tube along which seven

sampling intervals can be developed at the desired depths (can be

hundreds of feet long). As a result, the tubing is coiled during shipping

and storage and is difficult to straighten prior to installation, even after

following the manufacturer’s direction to lay it flat in the sun.

Consequently, in this field research program, the multilevel wells were

installed with varying degrees of bend.

* A special tool kit is required to create the sampling ports, and plugs are

placed in the continuous tubing to create the discrete sample intervals.

This kit must be purchased, as it cannot be rented. Thus, several well

installations must be carried out to make the purchase worthwhile.

e Short saniple intervals (< 60 cm) require particular attention during

sand and bentonite placement, as it is not easy to fix a sample port that

has been mistakenly sealed off with improper bentonite placement. For

this research program, nylon mesh socks were fabricated and attached

to the multilevel well. This ensured that these intervals were properly

achieved at the desired depths, since the soil was sloughing in when

the well was being placed into the borehole. However, this procedure

was very slow and tedious.

e Due to the narrow channels in the well, field personnel must have a

narrow diameter water level tape to measure the depth to groundwater.

Many of these tapes lack clear sub-centimetre markings (usually half

metre intervals), potentially causing inaccurate measurement of

groundwater elevations. These measurements are needed to determine

groundwater flow direction. The narrow channels also make it

impossible to have the water tape and peristaltic tubing in the well at

the same time, so drawdown within the well during sampling cannot be

monitored.
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The limited diameter of the channels within the multilevel well makes
peristaltic pump sampling the only reasonable sampling method for
this well type (Waterra foot valves and tubing can be purchased to fit
the channels, but such narrow tubing would likely make sample
collection difficult). As the peristaltic pump works by putting a
vacuum on the groundwater to draw it up the tubing, suction lift limits
its use to sampling groundwater shallower than ten metres. This limits
the field capabilities of this sampling method and possibly the
application of the multilevel well, since this well type does not have
many other sampling methods.

The limited well volume in low flow formations makes it very difficult
to conduct sample analysis for the large suite of parameters in a MNA
program. This limited volume would also make it very difficult to
sample the well using a Waterra foot valve (if this method was
selected) because there would be insufficient groundwater to fill the
tubing and the water would likely have to be decanted to collect the

sample.

4.2.3 PrePak Drive Point Wells (Geolnsight)

The following comments apply to the use of drive point wells at both sites.

The expanding foam bridge prevents the well from remaining at the
intended depth during rod retraction. The rod must be uncoupled, and
the well pushed to the intended depth until the foam bridge exits the
bottom of the drive rod. This cannot be done in sloughing soils.

The above noted process of installation makes it difficult to achieve the
desired sample depth intervals if the soil is susceptible to sloughing
(i.e., coarse grain sands, etc), as the annulus created by the push rods
would be filled in by the soil during retraction, and the drive point well
could not be pushed to the desired depth.

Prepak bentonite powder was provided with the drive point wells in a

paper sleeve wrapped around the riser pipe. Care was taken when
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handling and placing the drive point well into the drive rods during
installation, as the paper was prone to tearing.

e The diameter of the drive point wells allowed both the water tape and
peristaltic tubing in the well at the same time. Thus, drawdown within
the well could be monitored during sampling to ensure that the low
flow sampling was drawing water from the formation and not from the
well itself.

o Limited well volume (relative to five centimetre diameter, three-metre
screened conventional wells) in low flow formations may hinder
sample analysis for the large suite of parameters in a MNA program.
This was encountered in one of ten drive point wells installed at both
research sites. Thus, with carefully monitored low flow sampling,
sufficient volume should be available under most groundwater flow

conditions.

4.2.4 BarCad System (BESST, Inc.)
The following comments apply to the operation of the BarCad System at both
sites.

e As the BarCad System utilizes a compressed inert gas for sample
collection.(in this case, nitrogen was used), the field personnel must
have Transportation of Dangerous Goods (TDG) certification and
understand the requirements for storage and transportation of a
compressed gas cylinder (i.e., the cylinder must be upright).

e As one BarCad System was used to sample all locations, it had to be
carefully cleaned and rinsed between sample collections. The large
number of components (ceramic filter, stainless steel sample port,
number of tubing connections, etc.) made this difficult and time
consuming in the field. Cost permitting, the author suggests dedicating
a BarCad System to a single well.

e The sealed headspace of the three-metre screened monitoring well

allows sampling using compressed gas, but does not allow monitoring
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of drawdown using a water level tape. This results in an aerosol effect
during sampling with the BarCad System, possibly causing oxidation
of metals and volatilization of dissolved hydrocarbons. The aerosol
effect occurs when the compressed gas applied to the headspace
reaches the sample port, violently ejecting the groundwater sample as a
mist from the end of the sample tubing.

e Two field personnel were often required due to the complexity of the
system (several valves that require careful monitoring to prevent the

aerosol effect).

4.2.5 Dialysis Membrane Diffusion Sampler
The following comments apply to diffusion samplers created and applied at both
sites.

o As diffusion sampling using dialysis membrane was not commercially
available, the diffusion samplers had to be fabricated by the author,
requiring considerable time prior to field installation. Particular care
was taken to ensure the delicate membrane did not tear during
fabrication, installation or sample retrieval.

e Despite best efforts to minimize them, DO concentrations can impede
accurate metals sampling. This may have to be overcome for diffusion
samplers to be effective in future MNA programs.

e Despite design advances during this research, a simpler and more
effective method must be developed to extract the groundwater sample
from the dialysis membrane to make this technology viable. Protection
required around the membrane during installation limits the volume of
groundwater that can be collected. A method eliminating waste and
spillage is needed.

e The final diffusion sampler design could collect discrete interval
samples, but creating discrete installation takes a great deal of time and

effort. A simpler design is needed for industry adoption.
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e As future research resolves outstanding issues, the author believes that
diffusion sampling technology will be effective. Its greatest potential
would be in quarterly groundwater monitoring programs, where
diffusion samplers are simply replaced every four months and
submitted for analysis. This takes advantage of the technology’s
unique time-averaged sampling. This application also eliminates
purging and issues of the proper disposal of contaminated groundwater

created by this practice.

4.3 RECOMMENDATIONS FOR FUTURE RESEARCH

The following items are recommended for future research.

4.3.1 Diffusion Sampler Research
Although it appears that diffusion samplers are capable of sampling most MNA
indicators and hydrocarbon constituents, unresolved issues still require further

study.

1) It is difficult to ensure that the water in the diffusion sampler has
DO conditions similar to the surrounding formation water. Low
iron concentrations in some diffusion results compared to Waterra
results suggested insufficient equilibration time and the need to
deoxygenate the diffusion sampler water. However, if the sampler
could be installed for longer so that the DO is consumed and the
metals subsequently equilibrate, perhaps deoxygenation could be
eliminated, making the sampler cheaper and more efficient. Its
ability to effectively measure metals and the effect of different
dissolved metals and DO concentrations on the time required for

complete equilibration should also be assessed.

2)  Currently, the dialysis membrane can obtain representative samples
within three to four weeks without signs of deterioration. It would
be beneficial to understand if deterioration may be an issue after
three months (quarterly monitoring) typical of most MNA

programs.
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3) Before this application could take place, research would have to
show that dialysis membrane could equilibrate with groundwater
having high concentrations of dissolved F1 hydrocarbon
constituents, as the field diffusion samplers measured low F1-

BTEX concentrations at both study sites.

4) Investigate the ability to use the diffusion sampler as a dedicated
sampler, which could be labeled for its well location, taken back to
the laboratory to be refilled and cycled back into the well at the
next sampling event. This would be dependent upon the durability

of the dialysis membrane.

4.3.2  Other Research Areas
In response to the bentonite seal material impacts noted in the research program,

the following should be investigated.

1)  The multilevel wells at the two research sites should continue to be
monitored to:
a) Measure how long it takes for the inorganic constituents to
reach natural, background concentrations, and;
b) if the multilevel well yields representative discrete interval

samples at that time.

2)  More detailed investigation into the potential impacts of bentonite
seal materials on the samples collected from other well types, and

how best to minimize those effects.

3) The extent that the elevated sulfate concentrations (additional
TEAs) in bentonite seal material causes hydrocarbon degradation

(enhanced reduction potential).
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APPENDIX A:

Researched Sampling Technologies
Detailed Descriptions
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Diffusion Samplers

Why Particular Technology Selected

Advantages:

o versatile, can be fabricated to fit inside traditional monitoring wells;

¢ provides a time-averaged water sample because diffusion gradients cause
the sampler to approach equilibrium as formation water flows through the
screen;

¢ require no purging because samplers are placed within the screened portion
of the well where formation water flows, so collects sample in low flow
formations where minimal well recovery prevents purging and sampling;

e multiple samplers can be installed and separated by seals to determine
varying concentrations with depth in a well; and,

¢ groundwater does not mix with atmospheric gas, even in low flow wells.

Disadvantages:

o dialysis membranes are delicate and require careful sampler construction;

o if redox reactions occur in the well or the sand annulus around the well that
are not occurring in the adjacent formation, the diffusion sampler will
collect groundwater that is not representative of the formation

o extra effort is required to prepare deoxygenated water and store samplers in
low oxygen environment; and,

o limited state of current knowledge regarding the use of dialysis membranes
to sample groundwater contaminants.

Sampler Materials

Dialysis Membrane

The regenerated cellulose dialysis membrane (below) was purchased ($178 U.S.
for 10 m roll) from Membrane Filtration Products Inc (MPFI) in Seguin, Texas,
U.S.A.. The CelluSep H1 77 mm flat width membrane with a molecular weight
cutoff of 8000 daltons was selected because it eliminated any pretreatment
requirements and would provide sufficient tubular sample volume for the suite of
analysis to be conducted. The CelluSep H1 pretreated membrane guarantees the
removal of all metals, which is important when iron and manganese are key
parameters to be measured. The membrane was prepared as per the directions of
the manufacturer; the membrane was soaked in distilled water for twenty minutes
and then rinsed with clean distilled water before the membrane was used.

Dialysis Membrane Filled With Water
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End Seals

To ensure discrete interval sampling, seals were created to prevent vertical flow in
the monitoring well so only formation water at the depth of interest would
equilibrate with the dialysis membrane as it passed through the well screen. The
seals consist of a rigid PVC sheet cut to a diameter slightly smaller than the
monitoring well diameter and a flexible PVC membrane material that has a
diameter slightly larger than the monitoring well diameter. A hole, smaller than
the head of a cable tie, is drilled in the center of both PVC materials and a cable
tie is threaded through the holes. The rigid PVC disc should be nearest the head of
the cable tie and the PVC membrane should be threaded on last.

The seals work by allowing water to flow by the flexible PVC membrane as it is
pushed to the desired sampling depth. When the desired depth is reached the
connector pipe is pulled up slightly and the flexible PVC membrane falls against
the walls of the monitoring well, sealing the sampler in an interval of the screen.

Sample Water

The sample water was deionized water, which was selected because the sampler
will be sampling various ionic species in the groundwater environment and must
be free of any levels initially so a representative sample can be obtained. To
prevent the oxidation of contaminants as they enter the diffusion sampler from the
anaerobic groundwater system, deoxygenated water was used in the membrane.

Deionized water was deoxygenated by placing it into a watertight cylindrical cell
that had a nitrogen gas bottle attached to the bottom of the cell. The nitrogen gas
(N,) was applied at a pressure that created bubbles that gently rose to the water
surface in the cell in approximately one second. The gas was able to escape the
cell through a tube connected to an opening situated near the top of the cell so the
rate of nitrogen application could not be to fast as large bubbles would displace
water out the tube. A stirrer in the bottom of the cell helped to disperse the
nitrogen gas bubbles to maximize the amount of oxygen being stripped. The
deoxygenation process was carried out for twenty minutes, at which point the
dissolved oxygen was less than 1 mg/LL (measured using Chemets Dissolved
Oxygen Ampoules).

The deoxygenation process works by nitrogen stripping the oxygen from the
deionized water. The nitrogen gas is applied at a high rate that forces the
dissolved oxygen out of the water, thereby deoxygenating it. To ensure the water
was completely deoxygenated, it was created at the University of Alberta in the
laboratory and stored in zero headspace amber jars until the dialysis sampler was
fabricated in the field.

Sampler Description

The diffusion sampler is a simple fabrication, consisting of dialysis membrane
and PVC pipe sized to fit inside the monitoring well to be sampled. Monitoring
wells with an inner diameter of 50 mm were installed at the field sites, so a 38
mm inner diameter PVC pipe was purchased to provide maximum sample volume
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while still being able to fit inside the well. The PVC pipe was cut to the length of
the desired sampling interval (for this research it was 65 cm long) and cleaned
with soapy water before being rinsed. To allow equilibration of the membrane
with the formation water, 9.5 mm holes were drilled every 38 mm throughout the
entire length of the pipe at 90° intervals around the circumference of the pipe. The
dialysis membrane was cut into 75 cm lengths, the extra length is to tie a knot on
one end and to connect a capped brass sampling nozzle using o-rings on the other
end to seal the membrane. The membrane is pulled into the PVC pipe using a
string lightly tied to the nozzle, where it is filled with sample water through the
nozzle.

B iffusi Sampl Ready For Installation \

Two cable ties are fastened through holes in the end of the 65 cm long PVC pipe
to act as an anchor for the seal. The cable tie through the PVC materials is then
looped around the anchor cable ties on the end of the PVC pipe and than threaded
back through the hole in the middle of the PVC materials (below left), The cable
tie is then threaded through the head of the cable tie and another cable tie is
placed inside this loop to allow quick attachment of the connector pipe just before
installation. The cable tie is than pulled tight, connecting the PVC materials
tightly against the PVC pipe and holding the connector pipe cable tie in place
until installation (below right).

Anchor Cable Ties with Fastened End Seal with Connector Pipe
PVC Materials Cable Tie
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The diffusion samplers are gently placed into airtight PVC canisters filled with
deionized, deoxygenated water so to have minimal headspace. These canisters
allow transportation to the site if the sampler can not be fabricated in the field or
storage of the field fabricated sampler until it can be quickly installed in the
desired monitoring well.

Sampler Installation

The diffusion samplers are pushed to the desired sampling depth in a conventional
50 mm inner diameter, 3 m screened pre-pack monitoring wells using a rigid
system of PVC connector pipe. The rigid connector pipe system consisted of
cutting a 19 mm inner diameter PVC pipe to reach from the top of the monitoring
well to the first desired sampling depth and to a length that would place the
second sampler at the desired sampling interval below the top sampler. The
connector pipe was fastened to the samplers by threading the connector cable ties
on the end seals through two holes on the end of the connector pipe and pulling
the cable tie tight (below). Any excess cable tie was cut to prevent it from
hooking on the well during installation.

Connector Cable Tie Fastening Connector Pipe to Diffusion Sampler

The diffusion samplers can be installed by two methods. The first method is to
remove all the diffusion samplers to be installed at the same time and fasten them
to the connector pipe using the cable ties on the end seals before installing the
entire rigid system. The second method is to construct the rigid system as it is
being placed into the well, where each diffusion sampler would be removed from
the storage canister as its sampling depth interval is encountered.

The dialysis samplers were installed with the nozzle end upWard to eliminate the

possibility of the sample volume leaking out if the o-rings did not seal the dialysis
membrane properly. Once the rigid sampler system is at the desired depth, at
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which point the connector pipe should be even with the top of the well, a rope
should be tied through the top of the connector pipe. The rope should be pinched
in the well cap to ensure the diffusion samplers remain at the desired depth in case
the seals do not maintain this position.

When the samplers are to be retrieved for sample collection, the rope should be
held as the well cap is taken off. The PVC connector pipe is then pulled from the
well and the cable ties fastening the connector pipe should be cut to free the
diffusion samplers for sampling. The end caps are removed by cutting the cable
tie holding the seal in place. The diffusion sample is then collected by removing
the brass nozzle cap and pouring the water from the dialysis membrane into the
various sample bottles as required.

N, TN :
Diffusion Water Sample Being Poured Through Brass Nozzle During Sample Collection
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PrePak Drive Point Well (Geolnsight)

Why Particular Technology Selected

Advantages:

e Small sample interval allows better characterization of changes in
groundwater geochemistry with depth;

e quick and easily installed monitoring well that provides discrete interval
sampling (0.7 m);

e system contains prefabricated sand filter and primary annular seal, thereby
reducing time, material and transport costs for bentonite and sand
placement;

o small annular space during well installation and quick expansion of annular
seal allow rapid grouting to surface (minimize cross connection of
aquifers); and,

e use of hydraulic drive point installation involves minimal waste and
cuttings generation and the equipment is readily available.

Disadvantages:
¢ small volume of water available for sampling in slow recharge sediments;
e many wells may be required to characterize large depth intervals;
e soil is not logged or sampled, therefore the installation depth has to be
selected based on nearby borehole data; and,
e limited to 19 mm diameter monitoring well because equipment required to
push larger diameter drive points is not cost effectively available.

Sampler Description

The Geolnsight PrePak Well Screen consists of a 0.76 m long 0.25 mm slotted
Schedule 40, 20.5 mm ID, PVC pipe that has a 20 by 40 silica sand pack
surrounding the pipe and the sand is contained by means of a 65 mesh stainless
steel screen. Above the prepak well screen is an expandable foam bridge that
expands to fill the annular space when the push rods are retracted and prevents
any grout intrusion into the screen interval when the well is grouted to surface,
thereby allowing the well to be grouted immediately. Above the expandable foam
is another 0.76 m long Quick Seal Sleeve (Schedule 40, 20.5 mm inner diameter
PVC pipe surrounded by a paper sleeve filled with a mixture of silica sand,
granular bentonite and accelerator) that is threaded onto the Prepak Well Screen
and foam bridge. The paper contains the mixture until it is placed inside the push
rod at the desired depth and when the push rod is retracted the Quick Seal Sleeve
comes into contact with water causing the bentonite to swell up to 2.8 inches,
tearing the paper and sealing the annular space. This eliminates the potential for
vertical flow in the annular space from water producing formations above the
prepak screen. These pipe sections are then connected to riser pipe that brings the
sampling system to the surface with a two foot stick up. The above mentioned
components can be seen below in the schematic diagram (Figure Al).
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Figure Al. Well Component Diagram

Source: www.geoinsightonline.com/about_small diam wells/advantages.html

Sampler Installation

A typical drill truck outfitted with the accessories required to hydraulically drive 5
cm outside diameter hollow steel drive rod was used for this well installation.
Expendable drive points are placed beneath the push rods, allowing the rods to be
driven into the ground to the desired sampling depth. Once the rods have been
driven to the desired depth, the prepak well screen is prepared to be slid down the
inside of the push rods. A Push-In Screen Plug is placed into the bottom of the
PrePak Well Screen to prevent any sediment from entering into the well when the
push rod is retracted. The PrePak Well Screen, expandable foam bridge and Quick
Seal Sleeve are connected together and then placed inside the push rods. Riser
pipes of five or ten feet are then connected to sampler as it is lowered to the
bottom of the push rods and then is cut off with a two foot stick up. The push rods
are then retracted and for the initial retraction the riser pipe is checked to ensure it
is not being pulled up with the retracting push rod. Once it known that the riser
pipe is not moving, the push rod is completely removed. After allowing several
hours for the bentonite sleeve to expand, the borehole annulus was filled with
bentonite chips at Site 1 and bentonite grout at Site 2.
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CMT (Continuous Multichannel Tubing) Multilevel Well (Solinst)

Why Particular Technology Selected

Advantages:

cost effective because bundle type installation enables up to seven discrete
sampling intervals in one borehole;

short sampling intervals and small sand pack (as small as 10 cm);

sampling ports can be cut at any depth along the tube;

assuming a good annular seal, discrete depth sampling requires only one
hole, thus spatial heterogeneity is not an issue;

small diameter sampling channels mean low purge volumes;

hollow stem drill equipment is readily available, enabling geologic
characterization and port depth selection; and,

system can be fabricated in the field using sampling depths chosen based on
geologic data obtained during drilling.

Disadvantages:

for each additional port in a borehole, installation time and care increases as
more precise sand and bentonite intervals are required;

shorter sand intervals give less room for error in bentonite placement;
obtaining sufficient sample volume in low flow formations is difficult with
small diameter sampling channels and sample intervals; and,

small diameter sampling channels require small diameter level indicators
and sampling equipment.

Sampler Description

The CMT Multilevel System is a seven channel continuous extruded pipe that is
shipped in a large coil for fabrication on site. The seven channels consist of six
polygonal shaped channels surrounding a central circular channel that is 3/8 (9.5
mm) of an inch in diameter. The tubing has a total diameter of 1.7 inches (43 mm)
and the polygonal channels are about 7/16 inch (11 mm). An illustration of the
CMT Multilevel tubing is provided in Figure A2.

The CMT Multilevel System (Figure A3) consists of:

a seven channel continuous extruded pipe (six polygonal shaped and a
central circular);

e a port cutting guide;
e port seal plugs and torque screwdriver (used to fix plugs);

stainless steel mesh and clamps (prevents the ingress of sediment into the
sampling ports);

Guide Point Port Assembly and clamps (prevents sediment from entering
bottom of tube and is tapered to prevent snagging during placement); and,
centralizers and clamps (ensures tubing is centered during well
construction).
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Figure A2. CMT Multilevel Tubing
Source: www.solinst.com/Prod.html

The CMT tubing is sent in a coil and must be straightened out in order to mark the
depths at which the sampling ports will be situated. Once the port depths and the
total depth of the well have been marked, the tubing is cut. A port cutting guide is
then slid onto the tubing and positioned over the shallowest marked sample port,
where it is looked into position by anchoring bolts. Three 3/8 inch diameter holes
are cut into channel one of the tubing using the port cutting guide. A pair of tin
snips is used to cut out the plastic between the top two 3/8 inch holes, thereby
creating a sampling port for channel one (care must be taken in this process not to
cut into an adjacent channel).

A plug is then slid into the channel through the cut port and positioned between
the sampling port and bottom hole, as demonstrated in Figure A4. The plug is
then torqued with a torque screwdriver in order to plug off the remainder of the
channel that exists below in the tubing. The bottom hole acts as a vent to reduce
the bouyancy on the well during installation by allowing air to escape from
beneath the plug as the system is lowered into place. Finally a 8 by 6 inch
stainless steel mesh is wrapped around the tubing over the port and vent hole in
order to prevent the ingress of sediment into the sampling well. The mesh is
fastened in place using Oetiker pliers to lock three clamps into position.

The above process is then repeated in the other channels in a clockwise direction
at the other sampling port depths. Once all the sample ports have been cut, plugs
are placed in the bottom of the well where the tubing was cut to total well depth.
The plugs are only placed in the bottom on channels that have had a port and plug
inserted at the desired sampling depth, the remainder are open to allow water to
flow through them as the tubing is lowered into the borehole. A Guide Point Port
Assembly is than attached to the end of the tubing, allowing sampling through a
stainless steel mesh covered port that prevents any sediment from entering the
bottom of the tubing.
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The Point Port Assembly helps guide the tubing down the borehole as it is tapered
to prevent snagging. The assembly is then fastened to the end of the tubing using
two clamps and the Oetiker pliers. A base plate can be attached to the Guide Point
Port Assembly to anchor the bottom of the CMT during well construction.
Centralizers are then wrapped around the tubing at ten foot (3 m) intervals and
fastened using two clamps. The centralizers ensure that the tubing is centered
during well construction and have low profile fins to prevent any obstruction of
sand or bentonite pellets as they are poured from the surface. The CMT Multilevel
Well is now ready for placement in the borehole. The various components
discussed can be observed in Figure A3.

Plan View of
’ CMT Tubing
Centralizer
/

""“;Ridge

s+ Guide Point Port & Anchor Channel
" Opening

Cover

= Plug instailed
in channel

Air Vent
"~ Hole

Port Seal Plugs Numbered Wellhead

Figure A3. CMT System Components Figure A4, Port Configuration
Source: www.solinst.com/Prod.html Source: www.solinst.com/Prod.html

Sampler Installation

A 135 mm ID hollow stem auger was used at the sites as the boreholes refused to
stay open as a result of the geology when a solid stem auger system was
attempted. At Site 1 the CMT Multilevel Well discrete sampling intervals (0.6 m)
were established by carefully pouring sand and bentonite from surface and
measuring depths to get the desired sampling intervals, similar to traditional
sampling well construction.

At Site 2, sloughing of native soil during auger retrieval threatened to
compromise the isolation of discrete sampling intervals. As a result nylon mesh
socks were sewn and then slid onto the tubing where they were filled with the
appropriate sand and bentonite chips as to create the desired sampling intervals
(see Figure AS). The nylon socks were held in place by cable tying them at each
end of the socks at the desired depths. The tubing and nylon mesh socks were then
lowered through the hollow stem auger to the desired depth and once the
bentonite hydrated the sampling intervals were established and then the borehole
was chipped to surface. '
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Figure AS. CMT Multilevel Well Installation with Nylon Mesh Socks

165



BarCad System (BESST, Inc.)

Why Particular Technology Selected

Advantages:

e system operation precludes mixing of groundwater and atmospheric gas
(especially oxygen) during purging and sampling;

e system may be used as dedicated well sampler or moved between wells;

¢ system can provide discrete interval samples at various depths in one well;

e uses an inert gas drive system to retrieve samples (no suction depth
limitation);

e inert gas limits oxidation of samples and minimizes volatile organic carbon
(VOC) loss in the closed system; and,

s small internal storage minimizes purge volume.

Disadvantages:

e requires compressed gas, as well as transport certification;

e complicated system with a series of valves to control gas flow requires
careful operation;

e requires careful gas pressure control by a skilled operator;

e poor gas pressure control may lead to aerosol effect on sample and result in
VOC loss and metals oxidation;

e packer system does not prevent vertical mixing, if the sample is collected at
a rate greater than aquifer recharge, via preferential movement through the
sand-filled annulus outside the well screen; and,

e sampling time requirement is lengthy when used for multiple depth
sampling due to additional system cleaning and assembly between depths.

Sampler Description (Figure A6)

The BarCad System consists of an inner stainless steel screen that is surrounded
by a porous ceramic to filter the formation water as it is drawn into the screen
during sampling. The porous ceramic section is 2.5 feet (0.76 m) long and uses
standard pipe threading to connect to the reminder of the system. Above the
porous ceramic sampler is a two foot (0.6 m) long expandable packer on the
outside of a 3 inch (19 mm) metal pipe. The packer is connected to a tank of
compressed gas at the surface by tubing that run along the outside of the riser
pipe. The % inch metal pipe fastens to the ceramic on the bottom and % inch (19
mm) riser pipe above it via a threaded connection. Riser pipe is connected until
sufficient pipe has been added to get the ceramic sampler to the desired depth. A
thin two foot (0.6 m) long stainless steel tube is attached to Teflon-lined tubing
and lowered inside the riser pipe until it is inserted into the inner screen chamber
inside the porous ceramic. The Teflon-lined tubing is cut to the length of the top
riser pipe and is then connected to the bottom of well head adapter using a
SwageLok fitting. The well head adapter is then threaded onto the top riser pipe,
creating an airtight seal. The inert gas tank is then fastened to the gas input
connection, the gas is then turned on and the BarCad System is ready to sample.
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Figure A6. BarCad System Schematic Diagram.
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Sampler Installation

The BarCad System was implemented in the newly installed two inch (5 cm)
monitoring well monitoring well with a ten foot (3 m) pre-packed screen installed
at the desired sampling depth by means of solid stem augering. The porous
ceramic and gas line are connected to the packer and then lowered into the two
inch (5 cm) well. Five or ten foot (1.5 or 3 m) long riser pipe are connected as the
system is lowered until the ceramic sampler is at the desired depth. The gas line is
then connected to the tank and pressurized gas is forced into the packer to seal the
monitoring well off at the discrete sampling depth. This allows formation water to
be sampled from that particular depth by applying inert gas inside the % inch (19
mm) pipe headspace below the well head adapter, thereby pushing the formation
water in the well below the packer and the adjacent formation to the surface to be
sampled. The gas being applied to the headspace inside the % inch (19 mm) pipe
is controlled by a valve on the well head adapter so that when the water in the
well is being drawn down to near the bottom of the stainless steel sampling tube
the valve can be opened. The pressure in the head space is released so that the
well can recharge and more sample can be taken again once the groundwater level
reaches static conditions. A schematic diagram of the basic sampling process can
be viewed in Figure A7 to assist in understanding the BarCad System.
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Figure A7. BarCad Systematic Process Diagram (BESST Inc., 2003)
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Conventional Three Metre Screen Monitoring Well

Why Particular Technology Selected

Advantages:
e simple, quick and easily installed monitoring well;
e well known and accepted throughout the environmental industry;
¢ allows soil classification and ideal placement of sample interval based on
this classification; and, ,
e equipment is economically and readily available to install wells.

Disadvantages:
¢ three metre screen interval can dilute contaminant concentrations and make
vertical characterization of contamination difficult;
¢ three metre screen interval has potential to interconnect separate aquifers if
improperly installed; and,
e for deeper installations, requires large amounts of bentonite seal material to
fill annulus created by drilling.

Sampler Description

This well type is typically sampled using either a bailer or a Waterra inertial foot
valve attached to tubing; both are commonly accepted methods used to collect
samples in groundwater monitoring programs. These sampling methods will be
discussed in more detail in the Sampling Methodologies section. The
conventional monitoring wells were constructed using 3 m long, 5 cm inner
diameter (ID) slotted PVC pipe and solid PVC riser pipe. These wells had pre-
packed well screens, which consisted of 5 cm ID slotted PVC pipe inside a 10 cm
ID with Sil 30 sand in the space between. The annulus around the pre-pack well
screen was backfilled with sand to 0.3 m above the well screen, then a seal was
created using 0.3 m of bentonite pellets above the sand. The remainder of the
annulus was backfilled to surface with bentonite chips to prevent surface
infiltration. The pre-existing three metre screen monitoring wells were
constructed in the traditional manner; using 5 cm ID slotted pipe for the screen
interval and solid pipe to the surface, with sand over the screen interval and a
chipped bentonite seal to surface.

A solid stem auger was used where the borehole remained open (Site 1), whereas
a hollow stem auger was used for sloughing soils (Site 2). These drilling methods
provided soil samples that were then used to classify the geology with depth and
to select the installation depths for the discrete interval sampling wells. The
monitoring well depths were generally selected to have the groundwater surface
elevation within the three metre screen interval.
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Peristaltic Pump

Why Particular Technology Selected
Advantages:

e samples can be collected at controlled rates because the pump maintains

continual suction pressure on the water and can be operated at different
speeds. This is valuable in low flow formations because the water can be
retrieved at a rate similar to the ability of the well to recharge; and,

discrete interval samples can be obtained because the rigid tubing can be
positioned at any depth within the well screen and the sample can be drawn
at a slow rate.

Disadvantages:
e compared to bailers and Waterra pumps, there is a substantial initial capital

cost;

applying a suction to the water causes negative pressure that may draw
dissolved gases out of solution, resulting in the volatilization of VOC'’s to
some extent; and,

during well recharge in long screen wells, water may flow in via the highest
conductivity layer causing mixing in the well.

Sampler Description

The peristaltic pump works by placing semi-rigid tubing into the sample well to
the desired depth and connecting this tubing to flexible surgical tubing, that is
threaded around the drive gear on the pump (Figure A8). When the pump rotates
the gear it compresses the flexible surgical tubing, pinching the tubing between
the gear and a plastic device that holds the tubing. As the pump rotates along the
surgical tubing it creates suction behind it, which draws the water up the semi-
rigid tubing. As the pump rotates, continually compressing the tubing, it maintains
suction on the water in the tubing so that it can be brought to the surface to be

sampled.
Drive
Gear
Flexible
Surgical
Tubing
Semi-Rigid
Tubing

%
Figure A8. Peristaltic Pump.
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Bailer

Why Particular Technology Selected

Advantages:

very simple; and,
fairly inexpensive and can be disposable, however it is often dedicated to
one well.

Disadvantages:

standard practice for bailer samples is to purge three well volumes before a
sample is collected and this purging can expose the well screen to the
atmosphere, resulting in oxidation of metals and volatilization of VOC’s;
and,

a sample obtained using a bailer is a mixture of water from the conductive
layers that intersect the well over the entire screened interval.

Sampler Description

The bailer consists of a thin, rigid PVC tube with a ball that covers a narrow
opening in the bottom during sample retrieval. The sampling process is as
follows:

the bailer is attached to a rope with sufficient length to reach below the
groundwater level in the monitoring well;

the bailer is slowly lowered into the groundwater and as it sinks the plastic
ball lifts off the opening allowing water to flow in the bottom;

the bailer is allowed to sink until the desired depth is reached and sufficient

'sample volume enters the bailer tube;

the rope is retrieved causing downward pressure on the plastic ball over the
opening so the sample can be brought to the surface.
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Waterra Inertial Foot Valve and Teflon-lined Tubing

Why Particular Technology Selected

Advantages

very simple;

fairly inexpensive and can be disposable, however it is often dedicated to
one well; and,

skillful operation of a inertial waterra pump can retrieve a water sample
from a discrete interval within the well screen.

Disadvantages:

The up and down action of an inertial Waterra sampler can agitate the water
sample if not operated carefully, possibly resulting in oxidation of metals,
volatilization of VOC’s and generating turbid samples; and,

during well recharge in long screen wells, water may flow in via the highest
conductivity layer causing mixing in the well.

Sampler Description

The Waterra inertial sampler consists of a foot valve connected to Teflon lined
tubing that brings the water sample to the surface. The sampling process is as
follows:

the foot valve is attached on the end of semi-rigid, Teflon lined PVC tubing,
which has been cut to a length approximately 1 to 2 m longer than the total
well depth; '

the tubing is lowered into the well until it reaches the bottom;

¢ water enters the PVC tubing because lowering the foot valve forces a plastic

ball to come off a narrow opening at the bottom of the foot valve, allowing
the water to enter the tube;

when the tube is lifted, the water inside the tube forces the plastic ball onto
the opening, containing the water within the tubing;

the tubing is then repeatedly lifted and lowered approximately six inches
until the water is pumped to the surface to be sampled.
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APPENDIX B:

Research Site Descriptions
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TWO UPSTREAM OIL AND GAS RESEARCH SITES
Site 1 - Decommissioned Well Site and Flare Pit

Site 1 is located in the wetter conditions of the northern boreal forest of
northwestern Alberta and is a decommissioned well site and flare pit. Figure B1
shows a plan view of the site. The brush has been cleared from most of the site
and only small shrubs and tall grasses remain, except for a small cluster of trees
located south of the base of the hill. The flare pit was situated on the crest of the
hill and has been excavated and backfilled with clean soil to remove the source of

contamination.

The monitoring wells are located to the south of the old flare pit on the side and at
the base of the hill, which is approximately 7.5 m below the crest of the hill. The
cluster of wells being investigated in this research is highlighted in the detailed
enlargement in Figure B1 to more clearly display the well positions. The diffusion

samplers were installed in well 03-MW1.

The stratigraphy for well 03-MW1 is shown in Figure B2. Clayey silt was
observed to a depth of 0.91 metres (m) with iron oxide staining (mottling)
beginning at 0.15 m, indicating moist (but not saturated) conditions throughout
the year. Below 0.91 m is silty clay to a depth of 3.98 m which is alternately
mottled (iron oxide staining) and gleyed (grey, reduced soil), with the latter
indicating saturated conditions for the majority of the year. The soil was saturated
below a depth of 1.52 m at the time of drilling. As the monitoring well was
screened to straddle the groundwater table, the well screen was installed from
1.83 to 4.83 m below ground surface because the alternating iron mottling and
gleying at approximately 3 m indicated this to be the seasonal groundwater

surface.

Beneath the silty clay is silt containing some fine grained sand lenses to a depth of
5.03 m. These lenses may be preferential flow paths for both water and

contaminants. There is silty sand below the silt from 5.03 to 5.49 m. This silty
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sand has coarse grained sand and gravel lenses through which the greatest amount
of water may move as it is likely the preferred flow path for the entire
stratigraphy. This is underlain by silty clay to a depth of 6.25 m. The silty clay at
this depth is very stiff and likely acts as a limited permeability layer to water flow.
The reddish brown colour of the soil and the iron oxide staining indicates that this
layer is not continuously saturated due to the tight nature of the clay. As the
groundwater level has been historically measured between 0.55 to 2.95 m below
ground surface and the silty ¢i.: layer has evidence of not being continuously
saturated (mottling), this indicates the likely existence of a perched water table

above the silty clay layer.

A thin layer of grey silt containing brown sandy lenses was observed below this
clay layer before bedrock was encountered at a depth of 6.40 m. The brown sandy
lenses likely move water through this silt layer, indicating the likely presence of a
lower aquifer beneath the low permeability silty clay layer. Typical of silt and
clay soils, the groundwater at Site 1 moves at a very slow rate of 1 to 3 m/yr (J.
Armstrong, personal communication, June 10, 2003) and generally flows in a
southwest direction across the site. The contaminant encountered on site is flare
pit residue, which floats atop the water table and is dark brown to black in color.
Laboratory analysis of a free product sample from the site indicated a wide

variety of compounds that range from approximately Cy4 to Cao.
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Site 2 — Natural Gas Processing Facility

Site 2 is located in southeastern Alberta in the drier short-grass prairie zone and is
at a natural gas processing facility. The site is nearly level and the vegetation is
primarily prairie grass. At this site there are two well nest locations (Well Cluster
34 and Well Cluster 35) within the condensate-contaminated groundwater plume,
shown in Figure B3. The wells used in the diffusion sampler study are 34-MW1
and 35-MW1. The stratigraphy at well 34-MW1 is documented in Figure B4.

Silt was observed for the entire depth of 4.64 m. From 1.53 to 3.81 m the soil is
wet, stained dark grey and has a distinct hydrocarbon odour, indicating the range
of the top of the water table and the location of the main zone of contarhination.
The monitoring well was screened from approximately 1.6 to 4.6 m below ground
surface to intersect the groundwater surface that was present in the silt layer. The
stratigraphy at well 35-MW1 is shown in Figure B5. There is silt to a depth of
0.76 m overlying silt and sand to a depth of 3.96 m. From 2.13 to 3.96 m the soil
is wet, stained dark grey and has a distinct hydrocarbon odour, indicating the
range of the top of the water table and the location of the main zone of
contamination. The monitoring well was screened from approximately 2.2 to 5.2
m below ground surface to intersect the groundwater in the silt and sand layer.

Beneath 3.96 m was silt to the bottom of the borehole at 6.22 m.

Groundwater at this site moves slowly (2 to 5 m/yr) to the west (J. Armstrong,
personal communication, June 10, 2003). Condensate comprises low molecular
weight hydrocarbon compounds (Cs to C;;) removed from natural gas after
production. Condensate contaminant encountered at this site floats atop the water

table and ranges from a light amber color to clear.
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APPENDIX C:

Laboratory Experiment Descriptions
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LABORATORY STUDY - Ability of Dialysis Membrane to Sample
Hydrocarbon Contaminated Groundwater

Objective

To investigate the potential for dialysis membrane degradation by formation water
containing a variety of contaminants. The contaminants of concern are the
hydrocarbon fraction, so a sample with elevated hydrocarbon levels was used.
The timeframe of potential dialysis membrane degradation was also of interest, as
this would dictate the length of time the samplers could remain in the wells. The
sampler must remain in the well for a sufficient period of time to collect a
representative sample of the formation water before membrane integrity is
compromised in order to be an effective sampling device.

Sampler Material Preparation

A 1.9 centimetre (34 inch) inner diameter (I.D.) solid PVC pipe was cut into 14
centimetre lengths and than sanded to smooth each end. The PVC pipe was
cleaned using soapy water and then soaked in distilled water to remove any
potential contaminants. All PVC pipe pieces were created from the same three
metre length of pipe to ensure similar characteristics (ie., sorption, leaching, etc.)
for each macrocosm.

A 6.35 millimetre (¥4 inch) drill bit was used to drill holes into the PVC pipe at
one 2.5 centimetre increments (5 holes were drilled straight through the pipe and
another 4 holes straight through the pipe at 90° to the first holes — a total of 18
holes were drilled in each PVC pipe). The holes were then sanded to ensure a
smooth surface so the dialysis membrane would not be punctured during sampler
preparation. The holes were drilled to facilitate equilibration between the water in
the macrocosm and water inside the dialysis sampler.

The dialysis membrane, a 50 millimetre flat width regenerated cellulose dialysis
tubing, was selected as it was the largest available at the time and would provide
the largest sample volume for analysis. The dialysis membrane was purchased
from Membrane Filtration Products Inc. (MFPI). The dialysis membranes were
cut into 25 centimetre lengths; the excess length was to seal the ends of the
membrane with a stainless steel U-clamp. The membranes were soaked in
distilled water for 20 minutes to remove any remnants of the preservative solution
that the dialysis membrane was stored in. The dialysis membranes were then
rinsed using fresh distilled water and were then ready to create the sampler. The
soaking and rinsing of the membrane was done in accordance with the directions
provided by MFPI. The U-clamps used to seal the ends of the sampler were also
cleaned with soapy water and then left to soak in distilled water until the sampler
was created to limit any contamination by the clamps.
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Canning jars were selected for the macrocosm because they provided an airtight
seal, limiting oxidation of the formation water during the experiment. The
canning jars consisted of the fastener, the sealer lid and 1.5 liter glass jars. All the
jars were cleaned with soapy water, then rinsed thoroughly and dried. The jars
were then placed in an oven at 300°C for 30 minutes to ensure complete
sterilization before being used in this experiment.

Experiment Water Preparation

The formation water used in the macrocosms was obtained from a well (Site 1)
where high levels of hydrocarbon contamination were known to exist from
historical sampling data. The water was collected using a dedicated bailer and
stored in a two liter zero headspace amber jar to minimize any volatilization,
oxidation or any other degradation processes. The jars were kept in a cooler with
ice to ensure the groundwater sample remained near 4°C during transported to the
University of Alberta, where the sample was stored in a 4°C cold room until the
experiment was conducted. The formation water collected was selected because it
contained the highest hydrocarbon levels expected in the field so if dialysis
membrane degradation did not occur under these conditions than it was believed
that membrane degradation would not be a concern during the sampling program.

The formation water was in an anaerobic state as a result of hydrocarbon
degradation. Therefore, the dialysis sampler water needed to be anaerobic and
deionized to ensure that no reactions occur during equilibration through the
membrane, which would give non-representative results. For this reason,
deionized water was deoxygenated in accordance to ASTM# D854. The
deoxygenation involved placing the deionized water into an airtight cell that had a
vacuum pump attached to the headspace. The applied backpressure vacuum of 10
to 15 inches of mercury would draw the dissolved oxygen out of the deionized
water. To assist dissolved oxygen removal, a stirring device at the bottom of the
cell circulated the water and forced any bubbles to the headspace for removal. The
deionized water was subjected to this process for 30 minutes, as specified by the
standard.

Sampler Fabrication

The 14 centimetre length of 1.9 centimetre (3 inch) I.D. PVC pipe was positioned
inside the dialysis membrane as close to the central location as possible (equal
amounts of unsupported dialysis membrane remained on both sides of the pipe,
approximately 5.5 centimetres). The PVC was positioned by gently rolling the
cylindrical dialysis membrane onto the pipe because the skin friction was to great
if the pipe was slid into the membrane (this led to tearing of the membrane and
the use of the rolling method).

Once the PVC pipe was in position, one end of membrane was folded in a manner

to create a leak-proof seal and was then clamped with a U-clamp. The dialysis
sampler was then carefully filled with the deoxygenated water through the
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unsealed end until the sampler was full and free of air bubbles. The membrane
was then sealed using a twisting method (pinch the open end and spin the sampler
several times) before being U-clamped to prevent unraveling. The folding method
was not employed on this end as it would trap air in the dialysis sampler,
introducing unwanted air into the system. As all the deoxygenated water was used
to construct the dialysis samplers, the dissolved oxygen concentrations were
unable to be measured.

Fabricated Sampler with U-clamps

Experiment Procedure

The formation water was poured into the macrocosm until a meniscus formed,
this ensured that no headspace was available for potential volatilization or
oxidation. The prepared dialysis samplers were then lowered into the formation
water using a string tied to one of the U-clamps. Two samplers were placed in
each macrocosm to provide enough sample volume to analyze hydrocarbon
concentrations. The samplers were lowered to the point where it remained
suspended in the formation water, making sure not to touch the bottom or sides of
the macrocosm. This was done to simulate the conditions expected to be
encountered when the sampler is installed in a well. The string was then draped
over the edge and the sealer lid was placed on the macrocosm, thereby keeping
the sampler suspended in its final position. Plastic saran wrap was placed over the
top of the macrocosm as an addition barrier and then the fastener was screwed
tightly onto the macrocosm to secure the sealer lid and saran wrap in place for the
experiment duration.
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Macrocosm with Sampler Installed

This process was repeated until three macrocosms were created. All the
macrocosms were then placed into a cardboard box and then sealed with tape to
simulate the dark conditions of a well; limiting light exposure that may cause or
inhibit membrane degradation. The box was then placed into the cold room at
around 4°C to simulate the groundwater temperatures at the research sites.

The macrocosms were left undisturbed for a period of two, four and six weeks, at
which time the macrocosms were opened for sampling. The upper clamp that was
used to suspend the sampler was removed and then the membrane contents were
carefully decanted into 40 mL. BTEX/PHC F1 (BTEX = benzene, toluene,
ethylbenzene, xylene and PHC F1 = petroleum hydrocarbon fraction 1) zero
headspace sample vials. Formation water from the same macrocosm was also
poured into another set of 40 mL BTEX/PHC F1 zero headspace sample vials for
analysis. The analysis was conducted by Maxxam Analytical, as per the
remainder of the sampling for the CORONA project. Limited sample volume was
available from the dialysis sampler so only one BTEX/ATF1 vial could be
obtained (Maxxam usually requires the submittal of two vials for analysis).This
sampling was conducted at the designated time intervals to determine whether
hydrocarbon equilibration had occurred between the macrocosm and the dialysis
sampler, as indicated by similar hydrocarbon concentrations in the membrane and
the macrocosm.
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LABORATORY STUDY - Effects of Monovalent and Divalent Salts
on Diffusion Samplers

Background

A water loss phenomenon was encountered during field installation of the
diffudion samplers. The dialysis membrane was filled in the laboratory with
deionized, deoxygenated water before being transported to the site for a 21 day
installation. When certain samplers were retrieved it was discovered they had lost
water, in some cases there was only approximately 30 millilitres of water. The
water loss was most dramatic in the shallowest dialysis sampler and decreased
with depth.

Further literature review revealed that if dialysis membrane were installed in a
high concentration salt solution, water loss could result. The high concentration
salt solution will attempt to reach equilibrium by drawing water from the
membrane into the salt solution. If a rigid structure is not placed inside the
dialysis membrane to prevent the membrane from shrinking as water is drawn out,
then the membrane could lose all of its water in an attempt to equilibrate with the
salt solution.

Objective

The study was conducted to:
e To determine if a salt concentration gradient effect could be responsible for
the water loss observed in the field diffusion samplers.
e Examine if valency has an impact on water loss from the diffusion samplers.
e Determine the equilibration time for simple inorganic salt ions into dialysis
membrane samplers.

Method

Two salt types were selected to investigate the possible valency effects on water
loss and to determine the time required for equilibration to occur. The monovalent
salt chosen was sodium chloride, commonly known as table salt. The divalent salt
used was calcium sulphate, better known as gypsum. In each salt solution two
dialysis samplers were suspended in the jar, ensuring not to touch the sides or
bottom of the jar where non dissolved salt could impact the membrane. The first
dialysis membrane was tied shut on both ends and was used to measure mass loss
over the experiment duration. The second membrane was tied on the one end and
clamped on the other end so it could be retrieved, unclamped and an clectrical
conductivity (EC) measurement taken inside the membrane.

EC was used to determine when equilibration occured because EC measures the
solutions ability to conduct an electrical charge, which depends on the
concentration of ions in solution that help carry the charge. When the EC is the
same inside the membrane and the jar, equilibration has been achieved. The
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sample vessels were opened periodically and the mass loss dialysis membrane
was removed, patted dry and weighed to determine the mass. At the same time the
equilibration membrane was opened to measure EC to determine the extent of
equilibration.

Sampler Material Preparation

Dialysis membranes were cut into two different lengths depending upon the
parameter that was being measured. The membranes examining water loss were
cut into 20 centimetre lengths. The membranes measuring EC were cut to 15
centimetre lengths. The reason for the different dialysis length was more dialysis
membrane is needed to tie a knot than to seal the membrane with a stainless steel
U-clamp. The membranes were soaked in distilled water for 20 minutes to remove
any remnants of the preservative solution that the membrane was stored in. The
membranes were than rinsed using fresh distilled water. The soaking and rinsing
of the membrane was done in accordance with the directions provided by
Membrane Filtration Products Inc. (MFPI). The U-clamps used to seal the ends of
the sampler were cleaned using soapy water and left to soak in distilled water to
limit any contamination by the clamps.

One litre canning jars were selected as the vessel to install the dialysis membranes
in the salt solution since the seal would limit evaporation. The canning jars
consisted of the fastener, the sealer lid and one liter glass jars. All the jars were
cleaned with soapy water, then rinsed thoroughly and dried.

Experiment Water Preparation

Five concentrations for both salt types were prepared to ensure that expected field
concentrations would be bounded within the range of the concentrations studied.
The sodium chloride concentrations selected were 10, 50, 500, 1000 and 5000
milligrams per liter. The calcium sulphate concentrations selected were 10, 100,
500, 1000 and 2000 milligram per liter. All the salt solution concentrations were
created by weighing one liter of water (one kilogram = one liter) and weighing the
mass of salt required. The water was deionized to ensure that there were no ions
initially in the water which could change the EC and possibly impact the results of
the study. The salt was then placed into the liter of water and stirred until all the
crystals were dissolved. For the higher salt concentrations, heat was applied to the
water to facilitate complete dissolution of the salt crystals. This was necessary for
the higher concentration calcium sulphate solutions.

Sampler Fabrication
The mass loss dialysis samplers (20 centimetre long membrane) were simply tied
on one end and then filled with deionized water. The other end was then tied by

pinching the membrane below the water level in the membrane, spinning it
without trapping any air and then tying the membrane. The equilibration dialysis
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sampler (15 centimetre long membrane) was tied on one end and filled with
deionized water. In order to have the capability to measure EC, the sampler
needed to be opened at periodic intervals to place the EC probe in the water inside
the dialysis membrane. This was accomplished by spinning the membrane, as
described for the mass loss samplers, but instead of tying the membrane it was U-
clamped.

The test vessels were created by pouring the various one liter salt concentrations
into the one liter canning jars. The dialysis samplers were suspended in the
vessels by means of tying nylon fishing line to the clamp for the equilibration
membranes and the one of the knots for the mass loss membranes. The
membranes were suspended so not to touch the bottom or the sides of the jar and
were held in place by pinching the fishing line in the sealer lids. When the
membranes were placed in the vessels this displaced some salt solution, but a
meniscus was formed so no headspace existed when the sealer lids were placed on
the vessel. Saran wrap was placed over the sealer lids as an additional evaporation
barrier and then the fastener was placed on the jar as tight as possible to hold the
sealer lids and saran wrap. An additional vessel was created in the same manner,
except deionized water was used instead of a salt solution to act as a control for
the experiment. A duplicate mass loss sampler was installed in the 2000 mg/L
calcium sulphate solution to examine the variability between samplers in the same
solution.
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LABORATORY STUDY - Effects of Hydraulic Head and Evaporation
on Diffusion Samplers

Background

After determining that salt gradients were not responsible for the water loss
phenomenon occurring in the field diffusion samplers, a new hypothesis was
devised. It was discovered that the field samplers installed at intervals partially
above the water table had a severe water loss compared to samplers below the
water table. It was postulated that evaporation could be occurring in the well
headspace and hydraulic head of the water in membrane above the water table
may be responsible for the sample volume loss.

Objective

The study was conducted to:
e To examine the potential for sample volume loss due to hydraulic head and
evaporation effects.
e To determine if the water loss due to these processes was responsible for the
water loss effects observed in the field.

Method

The initial masses of two diffusion samplers (created as described in Appendix A)
were recorded and then hung from the ceiling into a 50 liter plastic barrel in a
room under normal atmospheric conditions. One sampler was positioned so its top
was just below the water surface and the other sampler had 25.5 centimetres
submerged (18 centimetre was above water) so it was approximately half
submerged. Hydraulic head is created by the 18 centimetre column of water
acting downwards in the dialysis membrane, which may drive the water out of the
membrane. The sampler remained in this position until the samplers were
retrieved from the barrel, patted dry and weighed to the nearest tenth of a gram to
determine the amount of water loss. The samplers were weighed daily for the first
four days and then every two to three days afterwards. To ensure that the one
dialysis sampler remained fully submerged and the hydraulic head pressure in the
half submerged sampler was the same, water was added to maintain a marked
initial water level. By recording the amount of water added to the barrel, the
evaporation rate could be approximated. This process was continued until the
mass of the sampler remained the same over a series of days, indicating no further
water loss.

To examine evaporation effects on the sampler, another dialysis sampler was
positioned so that it was submerged 25.5 centimetre below the same water surface
in a 100% humidity cold room. Every effort was made to simulate the conditions
of the half submerged sampler under normal atmospheric conditions: same plastic
barrel, same water in barrel and inside dialysis membrane, same water level, and

190



similar sampler design. In a 100% humidity room only minimal evaporation
should occur so the effects of hydraulic head on water loss could be examined.
The sampler was periodically removed, patted dry and its weight recorded to
determine the amount of mass water loss.

Sampler Material Preparation
The sampler material preparation can be reviewed in Appendix A.
Experiment Water Preparation

As the samplers were field samplers, the detailed description for the sample water
preparation can be reviewed in Appendix A. As the samplers were created for
field installation, the samplers were transported back from the field before being
used in this experiment. The diffusion samplers remained in storage containers for
about 24 hours before the experiment was initiated. The dissolved oxygen was
measured in the storage container water at approximately 2 mg/L, so the water
inside the samplers should be similar due to equilibration. The water used to fill
the plastic barrel was taken directly from the tap and was not treated in any
manner. The plastic barrel was washed and rinsed thoroughly to eliminate any
impact to the experiment results.

Sampler Fabrication
The diffusion sampler was fabricated as described in Appendix A, except no seals
were fastened onto the end of the sampler. Instead a cable tie is connected through

two holes in the end of the PVC pipe to tie a rope so the sampler can be
suspended from the ceiling into the plastic barrel.
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APPENDIX D:

Dialysis Membrane Diffusion Sampler
and Waterra Sampler Detailed
Field Data Comparison
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Site 1

Cation Comparison

Figure D1 compares the cation results for the diffusion samplers and Waterra
samples. For both the October and February sampling events the two diffusion
sampler results were nearly identical. The Waterra sample obtained in February
provided results that were nearly identical to the diffusion sampler results; the

cation concentrations varied by less than 1 mg/L.

Anion Comparison

Anion data are plotted in Figure D2. The anion concentrations for the two
diffusion samplers were nearly identical for the October sampling event. For the
February sampling event the chloride and bicarbonate concentrations were nearly
identical for both samplers, with the Waterra bicarbonate and chloride
concentrations being approximately 10% (17 mg/L) and 2% (0.1 mg/L) higher
than the diffusion samplers respectively. This difference is deemed insignificant.

The sulfate concentrations for both sampler types were 2.7 mg/L +/-1 mg/L.

Metals Comparison

A comparison of the metal concentration is shown in Figure D3. The metals
concentrations measured by the two diffusion samplers in October were nearly
identical. The February iron results for the two diffusion samplers were slightly
more variable than October, with a variation of 35% (1.8 mg/L). The Waterra
manganese and iron concentrations were both higher than the diffusion samplers.
The manganese was 40% (0.5 mg/L) higher and iron was nearly 2.5 times larger

(10.5 mg/L) than the average diffusion sampler result (4.3 mg/L).

Hydrocarbon Comparison

The hydrocarbon comparison is shown in Figure D4. All the October hydrocarbon
constituent concentrations in the two diffusion samplers varied by less than 0.005
mg/L. The diffusion sampler concentrations were also very similar in February.
However, all the hydrocarbon results for the diffusion samplers were lower than

the Waterra sampler results, except for benzene which was nearly identical.
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Ethylbenzene and xylene concentrations were three times (0.05 mg/L) higher in
the Waterra samples. The Waterra sampler’s F1 — BTEX concentration was

approximately seven times (12 mg/L) higher than the diffusion samplers.
Site 2

Well Cluster 34

At this well cluster, samples were collected from well 34-MW1.

Cation Comparison

Figure D5 compares the cation results for diffusion samplers and the Waterra
samples. For both the October and February sampling events the diffusion
samplers measured increasing concentration with depth‘. In October the deeper
sampler was approximately 17 to 21% higher for the cations measured, with the
magnesium, sodium and calcium concentrations being 39 mg/L, 48 mg/L and 13
mg/L higher than the shallow sampler. In February the deeper sampler was
approximately 18% (56 mg/L), 24% (68 mg/L) and 39% (37 mg/L) higher than
the shallow sampler for the magnesium, sodium and calcium concentrations,

respectively.

The Waterra sample results were approximately 40 mg/L (13 to 36%) higher than
the deepest diffusion sampler for all the cation concentrations in October. In
February the Waterra magnesium and sodium concentrations fell between the
diffusion sampler concentrations. The Waterra calcium concentration was slightly
higher than the deeper diffusion sampler concentration. The cation concentrations

for the Waterra and deeper diffusion sampler varied by less than 10% in February.

Anion Comparison

Anion data are plotted in Figure D6. For both sampling events the diffusion
sampler’s bicarbonate and chloride concentrations increased with depth, however
the sulfate concentration was similar. The Waterra sampler again was within 10%
or less of the deeper diffusion sampler for the bicarbonate and chloride
concentrations for both sampling periods, however the sulfate concentration was

approximately four times larger than the diffusion samplers.
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Metals Comparison

A comparison of the metals concentrations is shown in Figure D7. The October
manganese and iron concentrations were nearly identical for the diffusion
samplers, and in February both metals varied by one mg/L or less. The Waterra
manganese concentrations were less than 1.5 mg/L higher than the diffusion
samplers for both October and February. The Waterra iron concentration for

October and February was almost twice the average diffusion sampler results.

Hydrocarbon Comparison

The hydrocarbon comparison is shown in Figure D8. In October and February the
diffusion samplers appeared to show a slight increase in concentration with depth
for all hydrocarbon constituents, however the increase with depth was more
apparent in the October sampling data. The Waterra results closely matched (less
than 25% variance) the deeper diffusion sampler; the exceptions were the October
F1 - BTEX varied by 65% (3 mg/L) and the February benzene was 50% (0.01
mg/L) different. '

Well Cluster 35

At this well cluster, samples were collected from well 35-MW1.

Cation Comparison

Figure D9 compares the cation results for the diffusion samplers and the Waterra
samples. The diffusion samplers were nearly identical (<8% variability) for both
the October and February sampling periods except the calcium concentrations in
the deeper sampler was 11% higher in October and 16% higher in February (9 and
15 mg/L). The October Waterra sample results were higher (18-43%) than the
diffusion sampler for all cations, however the February results were nearly
identical to the deeper diffusion sampler concentrations (<7% difference). There
was no indication from the sample results of any vertical concentration

differences within this well.
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Anion Comparison

The anion results are plotted in Figure D10. The sulfate and chloride
concentrations were nearly identical for the diffusion samplers for both October
and February. The diffusion samplers bicarbonate concentrations demonstrated an
increasing concentration with depth, with an increase of 7% in October and a 12%
in February. The Waterra sampler matched closely for both sampling events,
except in October the bicarbonate concentration was approximately 40% (400
mg/L) higher. The Waterra and deepest diffusion sampler were nearly identical

again for the February sampling period.

Metals Comparison

A comparison of the metals concentration is shown in Figure D11. The October
and February manganese concentration matches well (<0.7 mg/L difference) for
both diffusion samplers considering the low concentrations measured. The
Waterra manganese concentration is nearly identical to the deeper diffusion
sampler in February, however the October manganese was 60% (2.7 mg/L) higher
than the diffusion sampler average. The diffusion sampler iron concentrations for
October and February matched closely. The October Waterra iron concentration
was approximately 30% (15 mg/L) higher than the diffusion samplers’ average
concentration. The February Waterra iron concentration was over two and half

orders of magnitude larger than the diffusion samplers (from 0.06 to 31 mg/L).

Hydrocarbon Comparison

The hydrocarbon comparison is shown in Figure D12. For both sampling events
the diffusion samplers demonstrate a decreasing concentration with depth for all
hydrocarbon constituents, with February (52 to 72%) having a more apparent
difference than October (18 to 38%). In October the Waterra sampler measured
lower hydrocarbon concentrations compared to both diffusion samplers (10 to
33%), with the exception of the Waterra F1-BTEX concentrations, which were
three times higher (4 mg/L) than the diffusion samplers. The February Waterra
and deepest diffusion sampler had nearly identical hydrocarbon concentrations (7

to 15% difference), however ethylbenzene varied by 38% (0.08 mg/L).
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Relative Percent Difference (RPD) Sample Calculations

The relative percent difference (RPD) was selected to evaluate the precision of
sample analysis and to assess whether the sample measurements are within
acceptable limits (U.S. Department of Energy, 2002). The RPD equation utilized

is as follows:

I X=X |
130X C/) F R — x 100%
Xave

where: X; and X; = analytical sample concentrations being compared

Xave = mean concentration of X; and X,

To apply the RPD calculation above to sampling data collected by the alternative
sampling technologies it is assumed that X is the concentration for the alternative
technology and X3 is one of the industry standard concentrations for the parameter
being compared. As the different well types were installed within close proximity
(approximately one metre) of each other, this calculation assumes that lateral
spatial variability in analyte concentration is negligible, thus the RPD represents
the variébility between the different technologies and this can be used to assess
the ability of the alternative technology to accurately measure groundwater

concentrations.

To demonstrate the numerical use of the RPD equation using the sample data

collected from the research sites, the following example has been calculated:

The bicarbonate results for the depth interval 3 to 4 metres at Site 1 for the
February sampling event (Table 3.15) are:

Bailer sampled well 3.0to3.5m) = 198 mg/L
Waterra sampled well (3.2t04.3 m) = 152 mg/L
Waterra sampled well (3.2t0 4.8 m) = 180 mg/L
Diffusion sampler (3.1 to 3.7 m) = 162 mg/L
Diffusion sampler (3.8 to 4.4 m) = 164 mg/L
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The RPD calculation and comparison for the shallow diffusion sampler (3.1 to 3.7
m) follows:

X, in the RPD calculation is the bicarbonate concentration for the alternative
sampling technology, which in this case is the shallow diffusion sampler (3.1 to
3.7 m).

X1 = 162 mg/L

X, is the bicarbonate concentration for the industry standard. In this case there
are three concentrations that X, may take in the RPD calculation.

The first option for X; is the bailer bicarbonate concentration:
X2=198 mg/L
As aresult, the X,y value is:
Xave = (X1 +X2) /2 = (162 mg/L + 198 mg/L) / 2 =180 mg/L
Thus the RPD value for the bailer sampled result is: |
1 X=X | 162 mg/L - 198 mg/L |

RPD, (%) = ------====n=nnu- X 100% = ---- ———- x 100% = 20.0%
}(ave1 180 mg/L

The second option for X, is the Waterra (3.2 to 4.3 m) bicarbonate concentration:
X7 =152 mg/L
As a result, the X,y value is:
Xavee = (X1 +X2) /2 =(162 mg/L + 152 mg/L) / 2 = 157 mg/L
Thus _the RPD value for the shallow Waterra result (3.2 to 4.3 m) is:
I X -X, | | 162 mg/I. — 152 mg/L |

1350 N O/ T —— x 100% = ---- ceeeeee- X 100% = 6.4%
Xave2 157 mg/L
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The third option for X, is the Waterra (3.2 to 4.8 m) bicarbonate concentration:
X, =180 mg/L
As aresult, the X,y value is:
Xavee = (X1 +X2) /2= (162 mg/L + 180 mg/L) / 2 = 171 mg/L
Thus the RPD value for the deeper Waterra result (3.2 to 4.8 m) result is:
11X, =X | 162 mg/L — 180 mg/L |

1235 DI () [ P—— X 100% = ------- x 100% = 10.5%
)(avc3 171 mg/L

So the RPD for the shallow diffusion sampler (3.1 to 3.7 m) becomes:

RPD; + RPD, + RPD; 20.0% + 6.4% + 10.5%
RPDaye (%) = - = -=123%
3 3

In order to assess if the diffusion sampler RPD value is reasonable or acceptable,
it should be compared to the RPD for the industry standard results. As a result the
industry standard RPD must be calculated and this is done by:

There are three industry standard results to be compared, so for the first RPD
calculation X is the bicarbonate concentration for the bailer sampled well:

X, = 198 mg/L

X5 is the bicarbonate concentration for the shallow Waterra sampled well (3.2 to
4.3 m):

X5 =152 mg/L
As a result, the X, value is:
Xave' = (X1 +X2) /2= (198 mg/L + 152 mg/L) / 2 = 175 mg/L
So the first RPD value for the industry standard results is:
I XX, | | 198 mg/L — 152 mg/L |

RPD) (%) = —-ommmeemmmmemee x 100% = - rmeemmmeene X 100% = 26.3%
)(avcl 175 I’Ilg/L
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For the second RPD calculation, X; now becomes the bicarbonate concentration
for the shallow Waterra sampled well (3.2 to 4.3 m):

X = 152 mg/L

And X; becomes the other bicarbonate concentration for the deeper Waterra
sampled well (3.2 to 4.8 m):

X2 = 180 mg/L
As a result, the X, value is:
Xaver = (X1 +X2) /2 = (152 mg/L + 180 mg/L) / 2 = 166 mg/L
So the second RPD value for the industry standard results is:
I X -X | | 152 mg/L — 180 mg/L |

10 DI () E R —— x 100% = - x 100% = 16.9%
Kave’ 166 mg/L

For the third RPD calculation X; once again becomes the bicarbonate
concentration for the bailer sampled well:

X;= 198 mg/L

And X, remains the bicarbonate concentration for the deeper Waterra sampled
well (3.2 to 4.8 m):

X, =180 mg/L
As a result, the X, value is:
Xaves = (X1 + X3) /2 = (198 mg/L + 180 mg/L) / 2 = 189 mg/L
So the second RPD value for the industry standard results is:
I X -Xs | [ 198 mg/L — 180 mg/L |

RPD3 (%) = ----meemmzemee x 100% = - x 100% = 9.5%
Xave 189 mg/L.
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So the RPD for the industry standard results becomes:

RPD, + RPD; + RPD; 26.3% +9.5% + 16.9%
RPDgve (%) = - = -=17.6%
3 3

The fact that the average RPD for the diffusion sampler (12.3%) is lower than the
average RPD for the industry standard results (17.6%) indicates that the
bicarbonate concentrations measured by the shallow diffusion sampler were
representative and that the diffusion sampler was capable of accurately measuring
bicarbonate within the groundwater.

Sand Pack and Well Volume Calculations

To accurately calculate the volume of the sand pack around the well, the volume
of space that the well itself occupies must be calculated and subtracted from the
volume of the borehole that the well was installed. This is done as follows:

The outer diameter of the multilevel well is 1.7 inches = 0.04318 metres.

Area =11 x r* = I x (0.04318 m/2)*
Area = 0.001464 m?

As the typical sand pack height is 0.6 metres, the volume becomes:

Volume = Area x Height = 0.001464 m®x 0.6 m
Volume = 0.0008763 m’

Knowing that there is 1000 Liters of water per one cubic metre (m®) we get a
volume in liters of:
Volume = 0.0008763 m3 x 1000 L/m
VOlumC(weu) =0.8786 L

Assuming that a six inch borehole would exist for the well to be installed if a six
inch solid stem auger or the inner diameter of an eight inch hollow stem auger

were used, the following borehole area can be calculated:

6 inches = 0.1524 metres.

Area =TI x 1> =1 x (0.1524 m/2)?
Area =0.01824 m’
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For the typical sand pack height of 0.6 metres for the multilevel well installation,
the volume for the borehole becomes:

Volume = Area x Height = 0.01824 m* x 0.6 m
Volume = 0.01094 m’ x 1000 L/m
Volume(Borehole) =10.9448 L

To determine the volume of the sand pack that exists around the well, the two
volumes must be subtracted to give:
Volumesand pack) = Volumesorehote) - Volume weiy
Volume sang pack) = 10.9448 L. — 0.8786 L

Volume(sand Pack) = 10.06 L
Assuming a void ratio of 0.4 for the sand used in well construction, the volume
available for groundwater to occupy becomes:

Volume(Gmundwater) = Volume(Sand Pack) X 04=1006Lx04

Volume(Gmundwater) =402L

To determine the range of volumes that exist within the multilevel wells at both

sites, the groundwater must be reviewed to assess within which wells the smallest
and largest volumes exist. The groundwater data is as follows:

Site Well ID Water Level ~ Well Depth  Height of Water in Well
(mTOC) (mTOC) (m)
1 ML1 2.45 2.89 0.44
MIL2 2.46 3.73 1.27
ML3 4.06 4.94 0.88
MI1A4 4.06 593 1.87
3 34-ML2 2.64 3.55 0.91
34-ML3 2.64 4.55 1.91
34-MLA4 2.64 5.29 2.65
3 35-ML1 3.06 3.46 0.40
35-M1.2 3.06 4.44 1.38
35-ML3 3.06 5.44 2.38
35-M14 3.06 6.58 3.52

Note: mTOC = metres below top of casing
Height of Water in Well = Well Depth — Water Level
October groundwater data was used as this was presented at both sites
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The largest volume that would exist within one of the %2 inch channels would be
for the channel with the largest Height of Water in Well. For all the locations
investigated during this research program, this existed for ML4 at Well Cluster 35
at Site 3 (3.52 m).

As the well diameter is 0.5 inches = 0.0127 metres, so the area becomes
(assuming circular well for ease of calculation):

Area =TI xr* =II x (0.0127 m/2)>
Area = 0.0001267 m*

The largest well volume would be for the largest Height of Water in Well, which
occurred at ML4 of Well Cluster 35 at Site 3, which gives the following volume:

Well Volume argesr) = Area x Height = 0. 0001267 m?x3.52m
Well Volume argesty = 0.0004459 m’ x 1000 L/m
Well Volumeargesy =0.4459 L=0.45L

The smallest well volume would be for the smallest Height of Water in Well
value, which occurred at ML1 of Well Cluster 35 at Site 3 (0.40 m), which gives
the following volume:

Well Volume arges) = Area x Height = 0. 0001267 m’ x 0.40 m

Well Volume argessy = 0.00005067 m® x 1000 L/m
Well Volumeargesy = 0.05067 L = 0.050 L
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lonic Diffusion Calculations

Research using a variety of dissolved gases found that the following equation could numerically estimate the rates of
equilibration when compared against the results of several experimental trials. As a result, the equation was utilized to assess
the rate of equilibration for dissotved iron during the field installation. The assumptions made in the numerical caiculation have
been described below.

Cs(t) = Cr*H [1-gnt OmAMVm LY (Sanford et al., 1996)

where: Cs(t)= concentration within sampler at time t after deployment {M/L?]
Cr= concentration in formation water (M)
Dm= effective constituent diffusion coefficient for membrane [L¥/T]
H= solute dimensionless Henry's Law Constant [unitless]
A= surface area of diffusion membrane [L?)
t= time deployment [T}
Vm= volume of membrane {L%]

Lm= membrane thickness [L]
Note: M=mass L=length T=time
Typical commercial passive diffusion sampler Dm ranges are: Dm= 0.5x107 t0 5x107 cm%s  (Divine and McCray, 2004)

As the sampler is filled with water, Henry's Law Constant goes to unity ~ H=1 (Divine and McCray, 2004)

The volume of the membrane is limited by the protective PVC pipe that surrounds it in the sampler.
The PVC pipe has 1.5 inch inner diameter (1.1610 inches from pipe chart = 4.0894 cm)

Area= M*F?
= M*(4.0894/2)°
= 1313 cm?

The membrane was approximately 60 cm in length, so the volume is:
Vm= Area x Length
= 13,1343 x 60
= 788.06 cm®

Nominal membrane thickness for 6000 to 8000 MWCO membrane is 87 um, so:
Lm= 0.0087 cm

The surface area of the diffusion membrane (uncovered) would be 770.83 m¥, but the protective PVC pipe around the
membrane had 0.95 cm holes drifled throughout the pipe to allow equilibration. So the total surface area of membrane exposure
is approximately:

A= 3544 cm® (Based on 50 holes drilled into the PVC pipe to allow equilibration)

The diffusion samplers Were usually installed for about 21 days.
1= 1814400 seconds

The iron concentrations measured by the Waterra sampler from the same well as the diffusion samplers were installed were:

Location Date Iron Conc. Corresponding Dialysis Iron Conc.  Sampler 1 Sampler 2

Site 1 Feb 105 mgt 34 52 mg/L

Site 2

Well Cluster 34 Oct 101 mgl 5.4 5.7 mg/lL
Feb 33 mglL 22 1.1 mg/L

Well Cluster 35 Oct 49.4 mgL 338 37.7 mg/L
Feb 31.1 mg/lh 0.086 0.07 mg/L

The Waterra iron concentrations wifl be used for Cr values in the equation.

The Cs(t) for the various Cr values over the range of diffusion coefficients available are as foliows:
Location Date Cr Cs(t) for Dm=0.5x10-7 cm?/s Cs(t) for Dm=5x10-7 cm®/s
Site 1 Feb 10.5 mg/L 3.9 mgL 10.4 mg/L
Site 2
Well Cluster 34 |Oct 10.1 mg/L 3.8 mg/L 10.0 mg/L
Feb 3.3 mgt 1.2 mg/L 3.3 mg/t
Well Cluster 35 10ct 49.4 mg/L 18.5 mg/L 48.9 mg/L
Feb 31.1 mg/L 11.6 mg/L 30.8 mg/L
References

Divine, C.E. and McCray, J.E. 2004, Environmental Science and Technology. 38: 1849-1857.
Sanford, W.E., Shropshire, R.G. and Solomon, D.K. 1996. Water Resources Res. 32 (6): pg 1635.
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APPENDIX F:

Sampling Technology Summary
Result Tables for Selected Parameters
of Interest in a MINA Program
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Summary Data Result Tables

The tables (Table F1 to F16) have the data split for the selected sampling events
into the different parameters of interest to a MNA program: cations, anions,
metals and hydrocarbon results. To assess the ability of the alternative sampling
methods and well types to measure discrete depth intervals, the sample results
should be compared over short depth intervals (2 to 3 metres, 3 to 4 metres and 4
to 6 metres). This method of comparison reduces the likelihood that vertical
variations in the groundwater geochemistry are responsible for the sample
variability; therefore the differences in the sample results in each table should

likely be caused by the sampling method or well type being compared.

The common sample collection methods (5 ¢cm, 3 m screened PVC monitoring
wells sampled by bailer and Waterra samplers), span two or more sampling
intervals. Therefore, these samples may have come from a particular depth
interval or a combination of depth intervals. This is because there is no control
over the zone from which the groundwater recharges within the screened portion
of the well during purging and sampling. This fact must be considered when
comparing data collected from these well types or sampling methods because this
may be the explanation for the results matching well with other sampling

technologies for one depth interval and not another.
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Table F1. October Cation Sample Results Comparison (Site 1).

MAGNESIUM
Calculated Relative Percent Ditference (RPD) Result [%]
C Group Method Well Type Sa":“le I,lgl;')ervul Con(C;:,th;tbn Alternative Sampling Technologies Industry Standard Technology
MLt ML2 M3 ML oP1 oP2 oy | Shalow | Deeper | Shallow | Deeper Baller Industry Standard Ave.
Dt Dift. BarCad | BarCad
Common Sample .
Collection Baiter 3ms 20 35 5.7 %0 s1 45 30 EX] 5 16 16 20 0 o
ML 17 23 7 0 7 £ 24 8 54 7 3 3 [} 1 22 22
Peristattic ML2 25 32 15 7 [} 44 50 64 114 86 76 76 n 73 90 90
ML3 a7 44 96 30 44 0 6 22 80 46 36 36 30 31 51 51
Alternative Well Types Mt4 5.0 5.4 90 24 50 6 0 16 75 40 23 29 24 25 45 45
DP1 21 30 77 8 ] 22 16 0 3] F3 14 14 E) 10 36 £
Peristaltic oP2 2.8 a7 41 54 14 80 75 61 0 a8 48 48 54 52 3 33
oP3 38 4.7 60 17 86 46 40 25 38 0 11 1 17 15 5 5
Diffusion (Shaflow) 3m S 31 37 67 6 76 36 29 14 48 (] 0 0 3 4 16 16
Alternative Sampling | Diffusion (Deep) ams 4.1 47 67 6 76 36 29 14 48 " 0 0 6 4 16 16
Methods BarCad {Shallow) ms 27 37 71 [} 7 30 24 [ 54 17 [3 6 0 1 22 22
BarCad (Doep) 3m$s 33 43 7.0 1 73 31 25 10 52 15 4 4 1 0 20 20
CALCIUM
Calculated Relative Percent Ditference (RPD) Result [%)]
C Group Method Well Type Sam(ple 'm)"“' cm‘zmb" A ing Technolog Industry Standard Technotogies
Shallow Deeper Shatlow Deeper
ML mL2 ML3 mL4 oP DP2 DP3 Diff. Dift. BarCad BarCad Baiter Industry Standard Ave.
Comman Sample i ams : 6 2. 7 27 o o
Conection Bailer m 2.0 as 26 30 % 51 42 38 2 4 4 2 21
MLt 17 2.3 35 0 72 23 13 8 55 26 3 3 9 3 30 30
Peristaic ML2 25 3.2 74 72 0 51 60 64 18 93 77 74 79 74 96 96
ML3 a7 4.4 44 23 51 0 10 15 7% 48 29 26 a2 26 51 51
Alternative Well Types ML4 5.0 5.4 40 13 60 10 0 5 67 39 18 16 22 16 42 42
] FX] 30 38 ) 64 15 5 0 €2 34 13 (K] 7 1t 38 38
Peristattic opP2 28 a7 20 55 115 75 67 62 0 30 49 52 46 52 26 26
DP3 38 4.7 27 26 a3 48 39 34 30 0 20 23 17 23 4 4
Diffusion (Shafiow) 3m$S 31 3.7 33 3 77 28 19 14 49 20 [ 3 3 3 24 24
Aernative Sampling | Ditfusion (Deep) ms 4.1 47 34 3 74 26 16 1" 52 23 3 0 6 [ 27 27
Methods BarCad (Shallow) ms 27 a7 32 9 79 32 22 17 46 17 3 6 0 6 21 21
BarCad (Deep) 3ms 33 43 34 3 74 26 16 11 52 23 3 0 6 0 27 27
SODIUM
Calculated Relative Percent Ditterence {(RPD) Result [%]
r Group Metrod|  weit Type s'"""‘( mb;':)""" c“‘fm“" A Sampling Technologi y Standard Technolog
Shaliow | Deepe: Shallow { Deeper
ML1 ML2 ML3 MLe DP1 DP2 oP3 Ditt, Ditt. Barcad | Bartad Ballor Industry Standard Ave.
Common Sample Bail ams 20 5 3 79 1 156 27 2 14 a " 59 0 o
Collection iter m . a 45 139 1 58 5 46
(K] 17 23 25 0 107 4 36 124 138 11 134 133 111 100 139 139
Peristaltic ML2 25 32 83 107 [ 74 79 173 179 ] 178 177 168 164 179 179
ML3 a7 4.4 38 41 74 0 5 146 157 30 154 153 136 128 158 158
Alternative Well Types ML4 50 5.4 36 36 79 5 0 144 155 25 152 151 133 125 156 156
DP1 PX) 30 59 124 173 146 144 0 25 130 19 17 20 34 27 27
Peristaltic pP2 28 a7 46 138 179 157 155 25 0 144 6 8 44 57 2 2
oP3 38 47 28 11 99 30 25 130 144 0 140 139 118 109 145 145
Diffusion (Shallow) 3mS 31 37 4.5 134 178 154 152 19 3 140 0 2 38 52 9 3
Alternative Sampling |  Diffusion (Deep) ams 4.1 47 5.0 133 177 153 151 17 8 139 2 0 36 50 3] 1"
Methods BarCad (Shatiow) ms 27 a7 7.2 11 168 136 133 20 44 118 ag 36 0 14 46 46
BarCad (Deep) 3mS a3 43 8.3 100 164 128 125 34 57 109 52 50 14 0 59 59
Note: three meter well (five PVC).

DP - indicates drve point well type.
Ditf, - indicates difusion sampler.

1. See Appendix E for a detailed example RPD calculation.
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Table F2. October Anion Sample Results Comparison (Site 1).

BICARBONATE
. Calculated Relative Percent Difference (RPD) Result [%)]
¢ Group Method |  Welt Type s'"“’(m'::;')“"" °°"(°°’*"°)"°" A ive Sampling Technolog; Industry Standard Technology
o Shallow | Decper | Shaliow | Deeper
MLt M2 M3 MLa ] pP2 DP3 g peinglll [l o o Bailer Induslry Standard Ave.
Common Sample .
by Bailer 3ms 20 35 120 24 39 32 3 36 28 39 20 20 21 27 ° 0
MLT 7 73 15 ) i3 3 7 2 &) % r} 3 3 3 24 22
Perisiatic ML2 25 32 178 15 0 8 8 3 & 1 19 20 8 13 39 39
ML3 37 44 165 8 8 0 1 4 8 8 12 12 1" 5 32 32
Alternative Well Types MLd 5.0 5.4 164 7 8 1 0 5 57 9 i1 12 10 4 31 31
DP1 21 30 72 12 3 2 B [ 3] 3 76 6 75 g 36 36
Pevistaftic DP2 28 37 908 51 65 58 57 62 [) 65 47 47 8 53 28 28
DP3 38 47 179 16 1 8 9 4 65 0 20 20 13 13 39 39
Diffusion (Shaliow) 3m S 31 17 137 r 9 12 ] 3 a7 20 0 T 1 7 %0 20
Alernative Sampling Dittusion {Deep) 3m$ 4.1 4.7 146 5 20 12 12 16 a7 20 1 0 1 7 20 20
Methods BarCad (Shallow) 3ms 27 a7 148 3 18 1 10 15 48 19 1 1 0 6 21 21
BarCad (Deep) 3m§ 33 43 157 3 13 5 4 9 53 13 7 7 6 0 27 27
SULFATE
Calculated Relative Percent Ditference (RPD) Result [%]
c Group Method]  Well Type Sampie Interval | Concentration Alternative Sampling Technologies Industry Standard Technofogies
(moes) (el MLt M2 M3 ML4 oP1 oP2 ppg | Shallow | Deeper | Snallow | Deeper Bailer Inctustry Standard Ave
Dift, oitt. | BarCad | BarCad i -
%"m;“"'e Bailer ans 20 s 0.1 199 200 200 200 T 100 194 133 143 196 197 0 0
LT 17 23 %0 [ 1% 58 3 180 157 47 1% 795 56 710 99 799
pesistatic M2 25 32 206 148 0 107 111 198 200 191 199 198 187 183 200 200
ML3 37 44 %.0 8 107 0 7 194 19 172 198 197 159 150 200 200
Alternative Well Types ML4 50 54 87.0 62 11 7 0 194 199 170 198 197 157 147 200 200
DF1 21 30 3 189 198 194 193 0 3 138 £ 74 156 3 7 i
Peristaltic op2 28 a7 03 197 200 199 198 125 0 184 50 67 189 191 100 100
DP3 38 47 7.1 147 191 172 170 138 184 0 174 169 39 61 194 194
Diftusion (Shatow) 3mS 3t 37 05 1% 199 756 198 CJ ) 74 0 ) 762 86 3 733
Alternative Sampling | Dittusion (Deep) 3ms 41 47 06 195 199 197 197 74 67 169 18 0 178 183 143 143
Methods BarCad (Shailow) 3ms 27 37 105 126 197 159 157 156 189 39 182 178 [ 24 1% 196
BarCad (Deep) 3ms 33 43 133 110 183 150 147 164 191 61 186 183 24 0 197 197
CHLORIDE
Calculated Relative Percent Difference (RPD) Resuit %]
c Group Method | wen Type Samplie Intercal | Concentration Alternative Sampling Technologies 1 Y Standard Technologies
(e (ot MLt w2 MU ML ) oP2 opg | Shalow | Deeper [ Shallow | Deeper Bailer Industry Standard Ave
Oitt. Ditt. | BarCad | BarCad i .
‘Common Sample . 4 0
e o Baiter ams 20 3s 47 12 67 29 2 1 7 2 a 7 2 6 0
WLt 77 23 57 ] ) 0 3 B 26 77 74 26 21 K] i3 19
Pedstatic ML2 25 32 24 49 0 39 46 54 72 65 71 72 69 61 67 67
M3 37 44 63 10 s [ 7 15 36 27 33 3% 3 23 29 29
Alternative Well Types ML 5.0 54 59 3 46 7 8 9 29 21 27 29 25 17 23 23
OP1 23 30 54 B 54 15 3 0 P 7] 6 20 3 8 T4 T3
Perisiafiic DP2 28 37 44 26 72 36 29 20 [) 9 2 o 4 13 7 7
DP3 38 47 48 17 65 27 21 12 9 0 6 s 4 4 2 2
Diffusion (Shafiow) 3mS 31 37 35 24 71 3 27 8 2 s S 2 2 T 3 3
Alternative Sampling Ditfusion (Deep) ms 4.1 4.7 a4 26 72 36 29 20 0 9 2 0 4 13 7 7
Methods BarCad (Shaliow) ams 27 37 46 21 69 3 25 16 4 4 2 4 0 8 2 2
BarCad (Deep) ms 33 43 50 13 61 23 17 8 13 4 1 13 8 0 6 6
Note:  3m S - indicates that the well type is an industry standard three meter well (five PVC).

ML - indicates mullilevel well type.

opP

icates drive point well type.

Diff. - indicates ditfusion sampler.
1. See Appendix E for a detailed example RPD calculation.
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Table F3. October Metals Sample Results Comparison (Site 1).

MANGANESE

Calculated Relative Percent Difference (RPD) Result [%)

c Group Method|  Wel Type s‘"‘("':::)’"" °°"(°:‘::l’_')'i°" Alternative Sampling Technologies Industry Standard Technology
mi —— e
Shallow | Deeper | Shallow | Deeper . N L,
ML1 ML2 ML3 ML4 Pl DP2 DP3 Difs. Dift. BarCad | Barcad Bailer y Ave|
Common Sample _ ot LUCEE WAL R
Collection Bailer ams 20 35 o.zi 95 129 78 68 4_".) 57 59 44 39 73 78 0 !
(K] 17 2.3 2.03 0 49 21 32 59 134 136 57 62 27 21 95 95
Peristaltic ML2 25 3.2 334 49 0 68 78 101 157 158 99 103 73 68 129 129
ML3 37 4.4 1.65 21 68 0 12 40 122 124 a7 a3 6 1 78 78
Alternative Well Types ML4 5.0 5.4 1.47 32 78 12 0 29 114 16 26 31 5 i 68 68
DP1 21 3.0 1.10 59 101 40 29 0 93 95 3 3 34 39 42 a2
Peristaltic DP2 28 37 0.40 134 157 122 114 93 0 3 95 91 118 122 57 57
DP3 38 4.7 0.39 136 158 124 116 95 3 [ 97 93 120 123 59 59
Diffusion (Shallow) 3mS 31 3.7 113 57 99 37 26 3 % 97 0 5 31 37 a7 a3
Alternative Sampling | Ditfusion (Deep) ams 4.1 47 1.07 82 103 43 31 3 91 93 5 0 37 42 39 39
Methods BarCad (Shallow) ams 27 37 1.55 27 73 6 5 34 18 120 3 a7 0 6 73 73
BarCad (Deep) 3mS 33 4.3 1.64 21 68 1 11 39 122 123 37 42 6 0 78 78
IRON
Calculated Relative Percent Difference (RPD) Result {%]
¢ Group Method]  Welt Type 5‘"‘(’::::')"“‘ cm;mm" Alternative Sampling Technologies industry Standard Technologies
Shallow | Deeper { Shallow | Deeper
ML1 ML2 MLI ML4 DP1 oP2 DP3 Dit. Ditt. BarCad | BarCad Bailer | Industry Standard Ave|
m"&!‘ﬁ;‘j‘g"‘"p"’ Baiter 3ms 20 35 3.09 57 120 180 180 28 191 189 s2 98 22 28 0 0
ML 1.7 23 5.54 0 151 189 189 30 195 194 A1 48 76 30 57 57
Peristaltic ML2 25 32 0.77 151 0 13t 131 137 167 158 166 169 105 136 120 120
ML3 37 44 0.16 189 131 0 0 185 78 56 193 193 176 185 180 180
Alternative Well Types ML4 5.0 5.4 0.16 189 131 0 0 185 78 56 193 193 176 185 180 180
DPt 21 3.0 4.1 30 137 185 185 [ 193 191 69 75 43 1 28 28
Peristaltic oP2 28 37 0.07 195 167 78 78 193 0 25 197 197 189 193 191 191
DP3 3.8 47 0.09 194 158 56 56 191 25 0 196 196 186 191 189 189
Diffusion (Shallow) 3mS 31 37 8.40 a1 166 193 193 69 197 196 0 ) 109 69 92 92
Aftemnative Sampling | Diffusion (Deep) ms 4.1 47 9.08 48 169 193 193 s 197 196 8 0 114 76 98 98
Methods BarCad {Shallow) ms 27 37 2.48 76 105 176 176 49 189 186 109 114 0 a9 22 22
BarCad (Deep) 3m S 33 4.3 . 4.08 30 136 185 185 1 193 191 69 76 49 0 28 28
Note:  3m S - indicates that the well type is an industry standard three meter well {five di; PVC).

ML - indicates multilevet wel! type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampier.

1. See Appendix E for a detailed example RPD calculation.
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Table F4A. October Hydrocarbon Sample Results Comparison (Site 1).

BENZENE
Calculated Relative Percent Difterence (RPD) Result [%)
c ison Group Method]  Well Type s’"‘(”’!":;’;‘)e“’“' C°"(°:$S“,°“ Alternative Sampling Technologies Industry Standard Technology
ML1 ML2 ML3 ML4 oP1 oP2 DP3 s';"'f‘."" D‘;:_‘" i':g:: ::fg:; Bailer |industry Standard ave|
C°"ggﬁgjznm"'e Bailer ams 20 35 00027 1 63 158 168 30 148 18 2 23 30 1 [ 0
(K] 17 23 0.0030 [ 54 154 765 0 53 124 5 3 a0 ) il K
Peristaltic ML2 25 32 0.0052 54 [} 127 143 89 17 153 33 42 89 54 63 63
ML3 37 44 0.0233 154 127 0 30 168 193 188 148 149 168 154 158 158
Alternative Well Types ML4 5.0 54 0.0315 165 143 30 0 176 195 191 160 161 176 165 168 168
OF1 P 30 0.0020 a0 £ 768 176 0 133 % 55 52 T 20 30 30
Peristaltic DP2 28 37 0,0004 153 171 193 195 133 [} 55 159 158 133 153 148 148
DP3 3.8 4.7 0.0007 124 153 188 191 96 55 0 133 132 9 124 118 118
Biffusion (Shalow] 3mS 31 37 0.0035 5 39 48 160 3 159 133 [ 3 55 5 26 76
Alternative Sampling Diffusion (Deep) 3ms 4.1 47 0.0034 13 4?2 149 161 52 158 132 3 ] 52 13 23 23
Methods BarCad (Shallow) ams 27 37 0.0020 40 89 168 176 0 133 9% 55 52 [ 40 30 30
BarCad (Deep) 3mS 3.3 43 0.0030 0 54 154 165 40 153 124 15 13 40 0 11 11
ETHYLBENZENE
Calculated Relative Percent Difference (RPD) Resuit [%]
Comparison Group | Sampling M Well Type Sa"lﬁ:i:’;)e"““ °°":;:I'L";“°" Alternative Sampling Technologies Industry Standard Technologies
ML1 ML2 ML3 ML pP1 oP2 pP3 s';;'f"f’w D;‘;"".e' SB:‘:(';::’ g::::; Bailer lindustry Standard Ave.
| BarCad | BarCad
C""&’&‘:g;s:“"e Bailer ams 2.0 3s 0.052 75 70 125 185 % 125 147 57 51 63 84 0 0
MLT 77 23 0315 O] 129 62 193 79 162 173 3 27 124 70 75 75
Peristaltic ML2 25 32 0.025 129 0 70 170 144 70 103 115 112 8 134 70 70
ML3 3.7 a4 0012 162 70 0 143 1”7 [} 40 154 152 77 165 125 125
Alternative Well Types M4 5.0 5.4 0.002 193 170 143 0 195 143 120 192 191 172 194 185 185
BT 2.1 30 0154 23 142 71 195 0 7 180 ) 3 740 9 95 35
Peristaltic DP2 2.8 37 0.012 162 70 0. 143 m ° 40 154 152 77 165 125 125
DP3 38 27 0.008 174 103 40 120 180 40 0 168 167 109 176 147 147
Diffusion (Shailow) 3IMS 31 37 0.093 ;3 175 54 792 39 154 768 ] € 710 Kl 57 57
Alternative Sampling | Diffusion (Deep) ams 41 a7 0.088 27 112 152 191 55 152 167 6 0 106 36 51 51
Methods BarCad (Shatiow) ams 27 37 0.027- 124 8 77 172 140 77 103 110 106 0 130 63 63
BarCad (Deep) 3ms 3.3 43 0.127 10 134 165 194 13 165 176 31 36 130 0 84 84
Note: 3m § - indicates that the well type is an industry standard three meter well {five , PVC).

ML - indicates multiievel well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix E for a detaited example RPD calculation.
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Table F4B. October Hydrocarbon Sample Results Comparison (Site 1).

TOTAL XYLENES

Calculated Relative Percent Ditterence (RPD) Resuit (%)}

Comparison Group | Sampling Method|  Welt Type s""‘(::;“:)e"a' °°“(:"g;’_a)"°“ Alternative Sampling Technologies industry Standard Technologies
Deeper Deeper .
MLt mL2 ML3 ML4 oP1 DP2 oP3 ooy o | Baon | o Bailer Industry Standard Ave|
C‘"“c"[‘l‘l’;‘cfi:""‘p'e Bailer ams 20 35 0,040 89 46 86 172 111 96 133 81 78 46 97 0 0
ML 17 23 5104 [ 122 147 189 30 153 71 5 3 122 T £ 59
Peristatic ML2 25 32 0.025 122 0 4 157 139 56 103 17 14 0 129 6 46
ML3 37 44 0.016 147 44 0 137 159 13 67 142 140 4 152 86 86
Atternative Well Types ML4 5.0 5.4 0.003 189 157 137 0 192 129 91 188 187 157 130 172 172
DP1 21 3.0 0.140 30 133 159 192 0 764 78 38 2 139 19 EEE) T
Peristaltic DP2 28 37 0014 153 56 13 129 164 0 55 149 147 56 157 9% 96
DP3 3.8 47 0.008 171 103 67 91 178 55 0 169 168 103 174 133 133
Diffusion (Shaliow) 38 31 37 G095 g 17 142 168 38 149 769 ] rl 77 20 B B
Altemative Sampling | Ditfusion (Deep) 3ms 41 47 0.091 13 114 140 187 a2 147 168 4 0 114 24 78 78
Methods BarCad (Shallow) 3ms 27 37 0.025 122 [ 4 157 139 56 103 17 14 0 129 6 46
BarCad (Deep) 3m S 3.3 43 0.116 11 129 152 190 19 157 174 20 24 129 0 97 97
PHC F1-BTEX
Calculated Relative Percent Difterence (RPD) Result [%}
Comparison Group | Sampling Method]  Well Type s‘"‘&::;:‘)""" c°";:$:"°“ Alternative Sampling Technologies Industry Standard Technologies
ML ML2 ML3 MLS DP1 oP2 op3 | Shatlow | Deeper | Shallow | Deeper Bailer Industry Standard Ave.
Diff. Ditt. | Barcad | Barcad
Common Sample Bailer 3ms 20 | 35 21 10 % % 182 25 27 165 10 10 150 50 0 0
Coltection
ML 77 23 79 0 Bl & 780 £3 7 162 ] [} 145 59 10 0
Peristaltic M2 25 32 08 8t 0 0 156 109 67 120 81 81 9 126 Y 90
ML3 37 44 08 81 0 0 156 109 67 120 81 81 91 126 90 90
Alternative Well Types ML 50 5.4 0.1 180 156 156 0 186 176 67 180 180 100 189 162 182
DF1 21 30 27 S 703 109 785 ] 5 72 35 35 60 £ 25 %
Peristaltic DP2 28 37 18 17 67 67 176 51 [ 156 17 17 137 75 27 27
DP3 38 47 02 162 120 120 57 172 156 0 162 162 40 178 165 165
Biftusion (Shallow) ImS 31 37 19 ] 81 B1 180 35 7 162 ) 3 T3 53 0 0
Alternative Sampling | Diftusion (Deeg) ams 41 47 19 0 81 81 180 35 17 162 0 0 145 59 10 10
Methods BarCad (Shallow) ams 27 37 03 145 9 91 100 160 37 40 145 145 0 168 150 150
BarCad (Deep) 3mS 33 43 35 59 126 126 189 26 75 178 59 59 168 0 50 50
Note:  3m S - indicates that the well type is an industry standard three meter screened well {five centimeter diameter, PVC).

ML - indicates muttilevel well type.
DP - indicates drive point well type.
Ditf. - indicates diffusion sampler.

1. See Appendix E for a detailed example RPD calculation.
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Table F5. February Cation Sample Results Comparison (Site 1).

ML - indicates multilevet wel type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix E for a detailed example RPD calculation.

MAGNESIUM
Calculated Relative Percent Difference (RPD) Result [%]
i Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampting Method Well Type Sam(?':::;t)erval Con(c'::;lrjhon Lo 9 y Indguslry
Shallow | Deeper N Waterra | Waterra
ML2 ML3 ML4 DP2 oP3 Oift. Dift, Bailer friveh w2 SlaAl:’:ard
Bailer 3mS 3.0 35 9.6 61 - 14 84 69 22 25 0 29 42
mm&ﬁ;‘j:"'e Waterra - MW1 3m 'S - MW1 32 48 7.2 86 - a2 59 42 7 4 29 [) 13 28
Waterra - MW2 3m S- Mw2 3.2 43 6.3 96 - 54 47 29 20 17 42 13 0
ML2 25 32 18 0 - 48 129 117 80 82 61 86 96 81
Peristaltic ML3 37 44 - - - - - - - - - - - -
Alternative Well Types ML4 5.0 54 11 48 - 0 95 80 35 38 14 42 54 37
- oP2 28 37 3.9 129 B 95 0 19 66 63 84 59 47 64
Perisiaitic DP3 338 47 47 117 - 80 19 0 48 46 59 a2 29 47
Alternative 5amp ing [ Diffusion (Shatlow) 3m$s 3.1 3.7 7.7 80 - 35 66 48 [1] 3 22 7 20 16
Methods Diffusion (Deep) 3ms 38 44 7.5 82 - 38 63 46 3 0 25 4 17 15
CALCIUM
Calculated Retative Percent Ditference (RPD) Result {%)
i Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampling Method Well Type Sample Interval | Concentration ping 9 ibd L
(mbgs) (mg/) Shaliow | Deeper Waterra | Waterra Industry
ML2 ML3 ML4 DP2 DP3 DIift, Dift, Bailer MW MW2 SIAAI:I:ard
Bailer 3mS 3.0 35 434 68 - 11 80 65 16 17 0 19 34
“"&’;‘::Cﬁ;’:'p'e Waterra - MW1 3m S - MW1 32 a8 36.0 84 - 2 64 8 3 1 19 o 15 23
Waterra - MW2 3m S -Mw2 3.2 4.3 30.9 96 - 44 50 34 18 17 34 15 0
ML2 25 32 881 0 - 58 130 120 81 83 €8 84 96 83
Peristaltic ML3 37 4.4 - - - - - - - - - - - -
Alternative Well Types ML4 5.0 54 48.4 58 - 0 89 75 26 28 11 29 44 28
Peristattic DPZ 2.8 3.7 18.6 130 - 89 [3] 17 66 65 80 64 50 64
bP3 3.8 4.7 22.0 120 - 75 17 0 51 50 65 48 34 49
Alternative Sampling | Diffusion (Shatlow) 3ms 3.1 37 371 81 - 26 66 51 0 2 16 3 18 12
Methods Ditfusion (Deep) 3ms$s 38 44 36.5 83 - 28 65 50 2 0 17 1 17 12
SODIUM
Caiculated Relative Percent Difference (RPD) Result [%}
i Alternative Samnpling Technologies Industry Standard Technologies
e Group Method Well Type Sample Interval | Concentration pling g ry 9
(mbgs) (molt) Shallow | Deeper Waterra | Waterra Industry
ML2 ML3 ML4 DP2 DP3 Ditt. Dift, Bailer MW w2 Sl.::;ard
Bailer 3m S 3.0 35 57 155 - 141 9 84 15 13 ) 13 13
Co 'c'z,"’;‘jz;""'e Watera- MW1 | 3m S- Mw1 32 48 65 150 - 134 22 73 2 o 13 0 o 9
Waterra - MW2 3m S - Mw2 3.2 4.3 6.5 150 - 134 22 73 2 0 13 0 0
ML2 25 32 45 0 - 31 159 105 149 150 155 150 150 151
Peristaltic ML3 3.7 4.4 - - - - - - - - - - R .
Alternative Well Types ML4 5.0 54 33 31 - 0 146 81 133 134 141 134 134 136
- OP2 28 3.7 52 159 - 146 0 92 24 22 9 22 22 18
Peristattic DP3 38 47 14 105 - 81 92 0 72 73 84 73 73 77
Alternative Sampiing ] Ditfusion (Shaliow) 3m S 3.1 3.7 6.6 149 - 133 24 72 ] 2 15 2 2 [
Methods Diftusion (Deep) 3m S 3.8 44 6.5 150 - 134 22 73 2 0 13 0 0 4
Note:  3m S - indicates that the well type is an industry standard three meter 1 well (five . PVC).
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Table F6. February Anion Sample Results Comparison (Site 1).

BICARBONATE

Calculated Relative Percent Ditference (RPD) Result {%]

ML - indicates multileve! well type.
DP - indicates drive point well type.
Dift. - indicates diffusion sampler.

1. See Appendix E for a detailed example RPD calculation.

i Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampling Method Well Type Sam(;:'l‘:nsl)erval Con(c:::;hon pling 9 ry Indg Sty
Shallow | Deeper _ Waterra | Waterra u
ML2 ML3 ML4 DP2 DP3 Ditt. Dift. Bailer w1 W2 S'a;:;ard
e
Common Sample Baiter 3m$S 30 3.5 198 11 - 19 75 45 20 19 0 10 26
Collection Waterra - MW1 3m S-MW1 32 4.8 180 2 - 9 67 36 11 9 10 0 17 18
Watena - MW2 3m S - MW2 3.2 4.3 152 15 - 8 51 19 6 8 26 17 0
ML2 25 3.2 177 0 - 8 65 34 9 8 " 2 15 8
Peristaltic ML3 37 4.4 - - - - - - - - - - - -
Altemative Well Types ML4 5.0 5.4 164 8 - 0 58 27 1 0 19 9 8 12
. . DP2 28 3.7 90 65 - 58 0 33 57 58 75 &7 51 64
Peristaltic DP3 38 47 125 34 - 27 33 0 26 27 4 36 19 34
Alternalive Samping | Diffusion (Shallow) 3mS 31 3.7 162 g - 1 57 26 0 ] 20 17 (3 12
Methods Ditfusion (Deep) 3m$S 3.8 4.4 164 8 - 0 58 27 1 4] 19 9 8 12
SULFATE
Calculated Relative Percent Difference (RPD) Resuit [%}
i Altemative Sampling Technologies Industry Standard Technologies
c son Group Method Well Type Samg;lgr;t)erval COI‘I(C:\:;[&;IO" pling g Yy Im?us"y
Shallow | Deeper N Waterra | Waterra
ML2 ML3 ML DP2 DP3 Dift. Diff. Bailer w1 MW2 sn:::am
Baiter 3m$ 30 3.5 0.1 200 - 200 0 187 189 186 0 179 173
Comcr(r;?;l;:r]nme Waterra-MW1 |  3mS- MW1 32 48 18 197 - 192 179 50 69 40 179 0 2 126
Waterra - MW2 3m S - MW2 32 4.3 1.4 198 - 194 173 73 90 63 173 25 0
ML2 25 3.2 257 [] - 97 200 195 194 196 200 197 198 198
Peristaltic ML3 37 44 - - - - - - - - - - - -
Alternative Well Types ML4 5.0 5.4 89 97 - 0 200 187 184 188 200 192 194 195
Peristaltic DP2 28 3.7 0.1 200 - 200 0 187 189 186 0 179 173 117
DP3 338 47 3.0 195 - 187 187 0 21 11 187 50 73 103
Alternative Sampling ] Diffusion {Shaliow) 3mS 31 3.7 3.7 194 - 184 189 21 4] 31 189 69 90 116
Methods Ditfusion (Deep) 3mS 38 4.4 2.7 196 - 188 186 11 31 0 186 40 683 96
CHLORIDE
Calculated Relative Percent Ditference (RPD) Result [%]
i Alternative Sampling Technologies Industry Standard Technologies
e ison Group Method Well Type Sample Interval | Concentration pling g ry g
(mbgs) (mat) Shallow | Deeper Waterra | Waterra | [P9ustY
ML2 ML3 ML4 DP2 DP3 Dift. Diff. Bailer w1 MW2 Sta‘::ard
Bailer 3mS 30 35 68 23 - 16 39 23 3 39 0 37 29
Co C?fl’gcf;g:‘""'e Waterra - MW1 3m S -Mw1 az 48 a7 59 . 21 2 8 4 2 37 0 8 24
Waterra - MW2 3mS - MW2 32 43 5.1 51 - 13 10 0 13 10 29 8 0
M2 25 3.2 86 0 - 39 61 51 63 61 23 59 51 44
Peristaltic ML3 3.7 44 - - - - - - - - - - - -
Alternative Well Types MLd 50 5.4 5.8 39 - 0 23 13 25 23 16 21 13 17
et DP2 28 37 46 61 B 23 0 10 2 0 39 2 10 7
Penstaltic DP3 38 4.7 5.1 51 - 13 10 0 13 10 29 8 0 12
Alternative Sampling | Diffusion (Shallow) ImS 341 37 4.5 63 - 25 2 13 0 2 41 4 13 19
Methods Diffusion (Deep) 3mS 3.8 44 4.6 61 - 23 0 10 2 0 39 2 10 17
Note: 3m S - indicates that the well type is an industry standard three meter screened well (five centimeter diameter, PVC).
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Table F7. February Metals Sample Results Comparison (Site 1).

MANGANESE
Calculated Relative Percent Difference (RPD) Result [%)
) Sample Interval | Concentration Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampling Method Well Type
(mbgs) (mo/t) Shallow | Deeper Waterra | Waterra Industry
ML4 DP: P. i
M2 | MLS 2| O o | oit. | B2 [ mws | mwz |standard Avel
Bailer 3m$S 3.0 35 126 112 85 33 105 96 74 61 0 17 22
C°"g2|‘|’:;::p'e Waterra - MW 3mS - MW1 3.2 48 1.06 123 99 49 9 83 59 45 17 ) a9 26
Waterra - MW2 3m S - MW2 3.2 4.3 157 96 66 11 120 112 92 80 22 39 0
ML2 2.5 32 4.48 -0 35 88 168 164 154 148 112 123 96 111
Peristaltic ML3 3.7 44 313 35 0 57 156 151 137 129 85 99 66 83
Alternative Well Types ML4 5.0 5.4 175 88 57 0 127 120 100 89 33 49 11 31
Pedistaltic DP2 2.8 37 0.39 168 156 127 0 12 39 53 105 92 120 106
DP3 3.8 4.7 0.44 164 151 120 12 0 27 41 96 83 112 97
Alternative Sampling | Diffusion (Shallow) 3m$§ 3.1 3.7 058 154 137 100 39 27 0 14 74 59 92 75
Methods Diffusion (Deep) 3mS 3.8 44 0.67 148 129 89 53 41 14 0 61 45 80 62
IRON
Calculated Relative Percent Difference (RPD) Result [%]
| X Sample Interval | Concentration Alternative Sampiing Technologies Industry Standard Technologies
Comparison Group | Sampling Method Well Type (mbags) (mg/l)
Shallow | Deeper N Waterra { Waterra Industry
ML2 ML3 ML4 DF2 DP3 Ditt. oir. | B¥e | mwr MW2 |Standard Ave/
Bailer 3mS 3.0 35 9.37 14 91 126 93 119 93 58 0 11 15
C°"g2|(|’:dsizrple Waterra - MW1 3m S - MW1 3.2 48 1050 25 100 133 101 126 102 68 11 ) 26 17
Waterra - MW2 3m S - MW2 32 4.3 8.07 1 79 116 80 109 81 44 15 26 0
ML2 25 3.2 8.16 0 80 117 81 109 82 45 14 25 1 13
Peristattic ML3 37 4.4 350 80 0 49 2 38 3 39 9 100 79 90
Alternative Well Types ML4 5.0 5.4 213 117 49 0 47 12 46 83 126 133 116 125
Peristaltic DP2 2.8 3.7 344 81 2 47 0 36 1 40 93 101 80 91
DP3 3.8 4.7 2.39 109 38 12 36 0 35 74 119 126 109 118
Alternative Sampling | Diffusion (Shallow) 3m$s 3.1 3.7 341 82 3 46 1 35 o] 41 93 102 81 92
Methods Diffusion (Deep) 3m S 3.8 4.4 5.18 45 39 83 40 74 41 0 58 68 44 56
Note:  3m S - indicates that the well type is an industry standard three meter screened well (five centimeter diameter, PVC).

ML - indicates multileve! well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix E for a detailed example RPD calcuiation.
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Table F8A. February Hydrocarbon Sample Results Comparison (Site 1).

BENZENE

Sampie Interval

Concentration

Calculated Relative Percent Difference (RPD) Resuit [%]

Alternative Sampling Technologies

Industry Standard Technologies

Comparison Grouy Sampling Method Well T
" i P TP (mbgs) (mafL) ML2 ML3 ML4 pP2 DP3 Shallow | Deeper Bailer Waterra | Waterra Industry
Diff. Diff. Mw1 MW2 [Standard Ave.|
Bailer 3m$§ 3.0 3.5 0.0038 93 T 93 161 160 127 57 53 0 18 1
C°’E’2;§;§{T”'G Waterra - MW 1 ImS- MW1 32 4.8 0.0030 106 107 167 153 116 40 35 18 0 29 19
Waterra - MW2 3m S - MW2 3.2 4.3 0.0040 84 85 157 164 133 67 62 11 29 0
ML2 25 3.2 0.0098 0 1 109 184 170 132 129 93 106 84 94
Peristaltic ML3 3.7 4.4 0.0099 1 0 109 184 170 133 130 93 107 85 95
Alternative Well Types ML4 5.0 5.4 0.0334 109 109 0 195 191 177 176 161 167 157 162
Peristaltic DP2 2.8 3.7 0.0004 184 184 195 0 67 133 136 160 153 164 159
DP3 3.8 4.7 0.0008 170 170 191 67 [ 86 90 127 116 133 125
Alternative Sampling | Ditusion (Shallow) 3m$s 31 3.7 0.0020 132 133 177 133 86 0 5 57 40 67 55
Methods Diftusion (Deep) 3mS 3.8 44 0.0021 129 130 176 136 90 5 0 53 35 62 50
ETHYLBENZENE
Calculated Relative Percent Difference (RPD) Result [%]
: Sample Interval | Concentration Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampling Method Well Type (mbgs) (mg/L)
Shallow | Deeper . Waterra | Waterra Industry
ML2 ML3 M4 DP2 pP3 Diff. pitt. | 22 | awe Mw2 |Standard Ave.
Bailer 3m$S 3.0 35 0.0597 40 144 170 167 169 79 76 0 23 31
C°"g2:"2c§::p'e Watera - MW1 am S - MW1 32 48 0.075 61 154 175 173 175 97 95 23 0 53 36
Waterra - MW2 3m S - MW2 32 4.3 0.044 9 126 160 156 159 50 48 31 53 0
ML2 25 32 0.0399 0 121 156 152 155 42 40 40 81 9 36
Peristaltic ML3 37 44 0.0038 121 0 67 58 65 91 93 144 154 126 141
Alternative Well Types ML4 5.0 5.4 0.0049 156 67 0 10 2 137 138 170 175 160 168
Peristaltic DP2 28 3.7 0.0054 152 58 10 0 8 131 133 167 173 156 165
L DP3 3.8 4.7 0.0050 155 65 2 8 0 135 137 169 175 159 168
Alternative Sampiling | Diffusion (Shallow) 3mS 3.1 37 0.0260 42 91 137 131 135 0 3 79 97 50 75
Methods Diffusion (Deep) 3m S 38 4.4 0.0267 40 93 138 133 137 3 0 76 95 48 73
Note:  3m S - indicates that the well type is an industry standard three meter screened wel {tive centimeter diameter, PVC).

ML - indicates muiltilevel well type.
DP - indicates drive point well type.
Diff. - indicates ditfusion sampler.

1. See Appendix E for a detailed example RPO calculation.
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Table F8B. February Hydrocarbon Sample Results Comparison (Site 1).

TOTAL XYLENES

Comparison Group

Sampling Method

Well Type

Sample Interval

Concentration

Calculated Relative Percent Difference (RPD) Result [%)

Alternative Sampling Technologies

Industry Standard Technologies

(mbgs) (mg/L) ML2 ML3 ML4 DP2 DP3 Shaliow | Deeper Bailer Waterra | Waterra Industry
Ditf. Dift. MW1 Mw2 {Standard Ave.
Bailer 3mS 3.0 35 0.0388 10 103 151 163 180 60 55 0 57 1
C°"é";‘"2§2:‘"p'e Waterra - MW1 3mS - MW1 32 48 0.0700 66 140 171 179 189 108 104 57 0 57 38
Waterra - MW2 3m S - MW2 3.2 4.3 0.0390 10 104 151 164 180 60 55 1 57 0
ML2 2.5 3.2 0.0352 0 96 147 160 178 51 46 10 66 10 29
Peiistaltic ML3 37 4.4 0.0124 96 0 79 104 144 51 56 103 140 104 115
Alternative Well Types ML4 5.0 5.4 0.0054 147 79 0 32 92 118 121 151 171 151 158
Peristaitic DpP2 28 3.7 0.0039 160 104 32 0 64 137 140 163 179 164 169
DP3 3.8 4.7 0.0020 178 144 92 64’ 0 165 167 180 189 180 183
Alternative Sampling | Diffusion (Shallow) 3mS 3.1 3.7 0.0210 51 51 118 137 165 0 5 60 108 60 76
Methods Diffusion (Deep) 3m S 3.8 4.4 0.0221 46 56 121 140 167 5 0 55 104 55 71
PHC F1-BTEX
Calculated Relative Percent Difference (RPD) Result [%]
Sample Interval | Concentration Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampling Method Well Type (mbgs) (man)
Shallow | Deeper . Waterra | Waterra Industry
ML2 | ML3 | ML4 | DP2 | DP3 | o | ot | B | mwr | mw2 [standard Ave,
Baiter 3mS 3.0 35 586 145 167 180 150 167 (KK 95 0 85 60
Congﬁgcﬁg:'p'e Waterra - MW1 3m S - MW1 3.2 4.8 13.9 176 186 192 178 186 159 150 85 0 129 92
Waterra - MW2 3m S - MW2 3.2 4.3 3.0 108 143 164 116 143 61 40 60 129 0
ML2 2.5 32 0.9 0 57 100 12 57 58 76 145 176 108 143
Peristattic ML3 37 44 05 57 0 50 46 0 105 120 167 186 143 165
Alternative Well Types ML4 5.0 54 0.3 100 50 0 91 50 137 148 180 192 164 178
Peristaltic DP2 2.8 3.7 08 12 46 9N o] 46 67 86 150 178 116 148
DP3 3.8 4.7 0.5 57 0 50 46 0 105 120 167 186 143 165
Alternative Sampling [ Diffusion (Shallow) 3m S 3.1 3.7 1.6 56 105 137 67 105 0 22 111 159 61 110
Methods Diffusion (Deep) 3m S 3.8 4.4 2.0 76 120 148 86 120 22 0 95 150 40 95
Note:

3m S - indicates that the well type is an industry standard three meter screened well (five centimeter diameter, PVC).

ML - indicates multilevel well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix E for a detailed exarmpie RPD calcutation.
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Table F9. October Cation Sample Results Comparison (Site 2 - Well Cluster 34).

MAGNESIUM
Calculated Relative Percent Difference (RPD) Result [%)
nterval ncentrat Alternative Sampling Technologies Industry Standard Technologies
Comparison Group Sampling Method Weill Type Sanzplel ) L) Ca (mglt) ront ping 9 y g
- Shallow [ Deeper . Waterra | Waterra Industry
ML2 ML3 MLS DP2 oP3 Ditt, it § Barcad | Bailer | "CUT w2 IStandard Ave,
Bailer 3mS 22 52 155 17 29 3 12 a 7 17 32 . 34 22
C°'“C";f:cs,::‘“°'° Waterra - MW1 3mS -MW1 21 46 219 17 6 2 % 7 @ 18 3 34 [) 13 2
Watenra - MW2 3m S - MW2 2.2 46 193 5 7 25 34 20 29 5 10 22 13 Q
M2 2.6 EX] 184 0 12 30 29 25 23 7 5 17 7 g 13
Peristattic ML3 35 a1 207 12 0 18 M 13 36 12 3 29 & 7 14
ARemnative Wefl Types ML 45 46 248 30 18 9 58 5 53 30 15 46 12 25 28
Peristaltic 0F2 2.2 30 137 29 41 58 [ 53 5 20 a3 12 a6 34 37
DP3 3.2 40 236 25 13 5 53 0 48 25 10 41 7 20 23
" " Bittusian {Shallow) 3mS 2.0 2.7 144 24 36 53 5 a8 0 24 39 7 a 29 26
A"e"‘::: Sampling Ditfusion (Deep) 3ms 27 33 183 1 12 30 29 25 24 ° 15 17 18 5 13
BarCad 3mS 3.6 4.6 213 15 3 15 43 10 39 15 0 32 3 10 15
CALCIUM
Calculated Relative Percent Difference (RPD) Resuit [%]
i Al i Technolog Industry Standard Technologies
Comparison Group Sampling Method Well Type San:pnl‘:;\)eml Cnr::eml a)hon —— oy o9
Shallow | Deeper . Waterra | Waterra industry
ML2 mL3 ML4 DP2 DP3 Ditt, it | BarCad | Baiter | "Ll MWz |Standard Ave.
Bailer 3mS 22 52 393 56 149 158 32 112 39 58 85 ] EJ 77
Common Sampie Walerma - MW1 3mS -MW1 21 | a6 111 a8 69 ) 119 22 63 43 13 % 0 2 65
Waterra - MW2 3mS - MW2 22 4.8 880 23 88 116 102 44 43 21 10 77 23 o
M2 26 31 69.7 0 106 130 84 66 18 ? 33 56 36 23 2
Peristattic ML3 35 41 227 106 0 37 156 49 19 104 80 0 63 88 99
Aftemative Well Types ML4 45 4.6 329 130 37 0 168 82 140 129 109 158 99 116 124
Peristatic DP2 22 30 284 84 156 168 © 132 69 86 110 32 119 102 2]
DP3 32 4.0 138 66 a9 82 132 0 82 64 34 112 22 44 59
- " Diffusion (Shallow) 3m S 20 2.7 58.0 i 19 140 69 82 © 21 51 39 53 4 18
A"e"“h;';’f Samping Ditusion (Deep) 3ms 27 | 33 714 2 104 129 86 64 21 0 39 sa s 2 »
ods BarCad 3m$S 38 16 974 33 80 109 110 34 51 31 0 85 13 10 36
SODIUM R
Calculated Relative Percent Difference (RPD) Result [%]
ratio Alternative Sampling Technologies Industry Standard Technologies
ComparisonGroup | Samgling Method Wwell Type s""?’"':);e"“" c""(‘:::n_) " prng o9 ry 009
Shallow | Deeper . Waterra { Waterra Industry
ML2 ML3 ML4 oP2 oP3 DIL. o, | BarCad | Bailer | " o w2 [Standard aved
Bailer 3mS 22 52 262 7 12 25 18 3 0 9 70 0 22 3
C°'"C':f.’;‘cf‘i::'°'° Waterra - MW1 3mS- MW 21 46 327 15 10 3 0 16 32 13 12 2 [ 25 17
Waterra - MW2 3m S- MW2 22 46 254 10 15 28 15 9 7 12 13 3 25 Q
M2 26 31 281 0 5 i3 25 1 17 2 3 7 I3 10 i
- Peristattic ML3 35 41 295 5 0 13 30 6 21 3 2 12 10 15 12
Atemative Well Types ML4 45 46 337 18 13 0 43 19 34 16 15 25 3 28 19
Peristaftic oP2 22 30 218 25 30 43 0 24 ] 27 28 18 0 15 25
DP3 32 40 278 1 [ 19 24 0 16 3 4 6 16 9 10
N ' Diffusion (Shatlow) 3mS 2.0 27 238 7 21 34 g 16 0 18 20 10 32 7 i3
A >
emi:':f,f:smp""g Dittusion (Deep) ams 27 a3 286 2 3 16 27 3 8 o 1 9 13 12 1
BarCad 3ms 36 46 290 3 2 15 28 4 20 1 0 10 12 13 12
Note:  3m S - indicates that the well type is an industry standard three meter screened well (five centimeter diameter, PVC).

1. See Appendix E for a detailed example RPD cakculation.

ML - indicates muttilevel well type.
OP - indicates drive point well type.
Dif. - indicates diffusion sampler.
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Table F10. October Anion Sample Results Comparison (Site 2 - Well Cluster 34).

BICARBONATE
Calculated Relative Percent Ditference (RPD) Result [%]
erval trati Alternative Sampling Technologies Industry Standard Technologies
ComparisonGroup § Sampling Method Well Type San(p"::::) ! Con(c': o) ron phng c9 - ndustry S g
M2 | w3 | me | ope | ppa | Shallow| Desper | oo coi | Bailer | WOterra| Waterra|  industry
Diff. Ditt. Mw1 MW2 |Standard Ave)
Bailer 3IMS 2.2 52 1520 17 0 8 11 7 13 T 3 0 15 g
C"'"C";"':dss‘“p'e watera -Mw1 | 3ms-mw1 2.1 46 1840 2 19 27 30 2 a 8 13 19 ) 10 13
Waterra - MW2 3m S - Mw2 22 46 1670 7 9 18 20 7 22 2 3 9 10 0
ML2 26 31 1800 0 17 25 28 0 29 3 5§ 17 2 7 9
Peristaltic ML3 35 4.1 1520 17 0 8 11 17 13 i3] 6 0 19 9 9
Atemative Well Types ML4 4.5 4.6 1400 25 [} 0 3 25 4 19 15 8 27 18 18
Peristatic DP2 22 3.0 1360 28 ] 3 0 28 i 22 17 E5] 30 20 21
DP3 3.2 4.0 1800 0 17 25 28 0 29 3 11 17 2 7 9
Attermative Sampling | DHfuSIon (Shalow) ImS 2.0 2.7 1340 29 3 4 7 29 0 248 i 3 3 22 22
Methods Dittusion (Deep) ams 2.7 33 1700 6 1 19 22 6 24 0 5 3] 8 2 7
BarCad 3mS 36 4.6 1620 1 6 15 17 1 19 5 0 6 13 3 7
SULPHATE
Calculated Relative Percent Difference {RPD) Result [%])
entrati Alternative Sampling Technologies industry Standard Technologies
Comparison Group | Sampling Method Well Type San:ple Im)erva! COn::m g"_)m" ping o9 Y °9
Shallow | Deeper . Waterra | Waterra industry
M2 | M3 ML4 DP2 oP3 Ditt, e, | Barcad | Baiter | T Ll MW2  IStandard Ave.
M E—— e -
Common Sample Bailer Im S 2.2 52 12 88 199 200 18 199 195 795 198 [} 199 198
Collection Waterra - MW1 3m § - MW1 2.1 4.6 379 197 52 109 199 12 121 19 60 199 0 51 149
Waterra - MW2 3m S - MW2 2.2 4.6 224 195 97 140 198 63 82 80 9 198 51 [
M2 26 31 33 [ 198 799 102 197 187 188 94 88 157 195 160
Peristattic ML3 35 4.1 648 198 0 66 199 41 150 148 104 199 52 97 116
Atemative Wel Types ML4 4.5 4.6 1280 199 66 0 200 100 173 172 145 200 109 140 150
Peristatic 0P2 2.2 30 10 702 199 200 [ 199 196 196 198 78 199 158 138
0P3 32 4.0 429 197 41 100 199 Q 129 127 71 199 12 63 91
" : Diffusion (Shallow) ms 2.0 2.7 932 187 150 173 196 129 0 3 75 195 121 a2 133
A"""i;’:f,f:;""""g Dittusion (Deep) 3ms 27 33 %3 188 148 172 196 127 3 0 72 195 119 80 ey
BarCad 3m S 36 4.6 205 194 104 145 198 71 75 72 ) 198 60 9 89
CHLORIDE
Calculated Relative Percent Difference (RPD) Resuit [%}
Interval | Concentration Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampling Method Well Type San;plel ) | (molL) pling 9 Y 9
Shallow | Deeper Waterra | Walerra Industry
ML2 ML3 ML4 DP2 OP3 Ditt, ot | Barced | Bailer | T MW2 JStandard Ave.
Bailer ImS 22 52 591 63 9 14 57 7 10 25 ) [ 5 7
Camcn;::ds_:"mple Waterra - MW1 Ims - Mw1 21 46 690 s 26 2 109 7 6 10 12 15 0 8 10
Waterra - MW2 3m S - MW2 22 4.6 63.6 56 17 7 103 9 2 18 4 7 8 0
M2 26 31 713 0 71 55 139 (3 53 39 55 ] 18 E3 56
Peristaltic ML3 35 41 53.8 7 0 23 %0 8 19 35 13 9 26 17 17
Atemative Wetl Types ML4 4.5 4.6 67.9 50 23 0 108 15 4 12 10 14 2 7 7
Perisiafic DP2 22 3.0 204 139 90 708 () 96 105 116 700 g7 709 108 103
DP3 3.2 4.0 58.3 64 8 15 96 0 11 27 5 1 17 9 9
N - Dfusion (Shallow) 3mS 20 2.7 651 54 19 ) 705 T ) 6 3 10 6 2 3
Al
"e"‘:":,:::' 0ig | "Dittusion (Deep) 3ms 27 33 763 39 35 12 116 27 16 0 2 25 10 18 18
. BarCad 3m S 3.6 46 61.3 59 13 10 100 5 [ 22 0 4 12 4 6
Note:  3m S - indicaies that the well type is an industry standard three meter well (five PVC).

ML - indicates muttilevel well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix £ for a detailed example RPD calculation.
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Table F11. October Metals Sample Results Comparison (Site 2 - Well Cluster 34).

MANGANESE

Calculated Relative Percent Difference (RPD) Result [%]

i Alternative Sampling Technologies Industry Standard Technologies
Comparison Group ] Sampling Method Weil Type Sam(;:'l‘zlgr:)e rval Con((::;lt:t;hon pling 9 n lndg vy
ustry
Shallow | Deeper Waterra | Waterra
» ML2 ML3 ML4 DP2 DP3 Dft, Dift. BarCad | Bailer MW MW2 Sh;r:lc:ard
Bailer 3ams 22 5.2 0.336 119 171 172 143 63 150 152 139 0 166 126
1
C°"(’:'2:|’:cﬁ;"p ° waterra-MW1 | amS - Mw1 21 46 3.590 92 18 2 194 139 43 a7 63 166 0 83 125
Waterra - MW2 3m S - MW2 22 4.6 1.480 11 98 100 185 79 45 50 23 126 83 0
ML2 2.6 3.1 1.330 0 106 108 184 70 55 60 34 119 92 K] 74
Peristattic ML3 3.5 4.1 4.300 106 0 4 195 148 59 54 79 171 18 98 96
Afternative Well Types ML4 45 4.6 4.460 108 4 0 195 150 63 57 82 172 22 100 98
Peristattic DP2 22 3.0 0.056 184 195 195 0 168 191 191 188 143 194 185 174
DP3 3.2 4.0 0.644 70 148 150 168 0 113 117 98 63 139 79 94
. ) Diffusion {Shallow) 3ms 20 2.7 2.330 55 59 63 191 113 0 6 22 150 43 45 79
A"emi}l:ﬁ‘f:smp"”g Diffusion (Deep) ams 27 33 2470 60 54 57 191 117 6 0 28 152 37 50 80
BarCad 3mS 3.6 4.6 1.870 34 | 79 82 188 98 22 28 0 139 63 23 75
IRON
Calculated Relative Percent Difference (RPD) Result [%]
i Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampling Method Welt Type San\(;:;i;r;t)ewal c°"(°':$[a)h°" ping °9 v lndgustry
Shaliow | Deeper . Waterra | Waterra
ML2 ML3 ML4 DP2 DP3 Dift. Dif, BarCad Bailer Mw1 Mw2 St;r::ard
Bailer 3mS 2.2 5.2 21.2 97 94 175 146 132 119 115 156 0 71 139
C°"‘C'2f;:£§r':‘p'e Waterra - MW1 3mS - MW1 21 a6 10.1 32 27 151 102 79 61 55 18 71 0 %0 100
Waterra - MW2 3m S - MW2 2.2 4.6 3.82 63 67 93 15 13 34 40 38 139 90 0
ML2 2.6 3.1 7.31 0 5 136 76 50 30 24 95 97 32 63 64
Peristaitic ML3 3.5 4.1 7.66 5 0 138 80 55 35 29 98 94 27 67 63
Alternative Well Types ML4 4.5 4.6 1.40 136 138 0 81 103 118 121 60 175 151 93 140
Peristaltic DP2 22 3.0 3.29 76 80 8t 0 28 49 54 23 146 102 15 88
— DP3 3.2 4.0 4.37 50 55 103 28 0 21 27 50 132 79 13 75
) ) Diffusion (Shallow) 3mS 2.0 2.7 5.40 30 35 118 49 21 0 6 70 119 61 34 71
A"em:;:;‘fdasmp"“g Diftusion (Deep) 3ms 27 33 5.72 24 29 121 54 27 6 0 75 115 55 40 70
BarCad 3mS 3.6 4.6 2.61 95 98 60 23 50 70 75 0 156 118 38 104
Note: 3m S - indicates that the well type is an industry standard three meter screened well (five centimeter diameter, PVC).

ML - indicates multileve! well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix E for a detailed example RPD calculation.
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Table F12A. October Hydrocarbon Sample Results Comparison (Site 2 - Well Cluster 34).

BENZENE

Comparison Group

Sampling Method

Well Type

Sample Intervai

Concentration

Calculated Relative Percent Difference (RPD) Result [%]

Alternative Sampling Technologies

Industry Standard Technologies

(mbgs) (mg/L) Industry
Shallow | Deeper . Waterra | Waterra
ML2 ML3 ML4 DP2 DP3 Ditt. Ditf. BarCad Bailer MW1 NW2 St:l::lard
Bailer 3mS 22 5.2 0.0380 153 182 181 27 194 138 104 171 0 92 145
C°"‘C’2]‘l’2cfi’§r"“p'e Waterra - MW1 3msS - MW 21 46 0.0140 a5 154 152 70 184 67 15 129 92 0 80 106
Waterra - MW2 3m S - MW2 2.2 4.6 0.0060 18 108 104 131 164 15 67 67 145 80 0
ML2 26 3.1 0.0050 0 94 90 141 157 33 82 50 153 95 18 89
Peristaltic ML3 35 4.1 0.0018 94 0 5 177 100 118 148 50 182 154 108 148
Altemative Well Types ML4 45 4.6 0.0019 90 5 0 175 104 115 145 45 181 152 104 146
Peristatic DP2 22 3.0 0.0290 141 177 175 0 192 122 83 163 27 70 131 76
DP3 3.2 4.0 0.0006 157 100 104 192 0 168 181 133 194 184 164 180
. ) Diffusion {Shallow) 3mS 2.0 2.7 0.0070 33 118 115 122 168 0 53 80 138 67 15 73
I i ]
Altemate Sameing | biffusion (Deep) 3ms 27 | 33 0.0120 82 148 145 83 181 53 0 120 104 15 67 62
BarCad 3mS 3.6 4.6 0.0030 50 50 45 163 133 80 120 0 171 129 67 122
ETHYLBENZENE
Calculated Relative Percent Difference (RPD) Result [%]
i Alternative Sampling Technologies Industry Standard Technologies
Comparison Group } Sampling Method Well Type Sam(;:z:;l)erval Con(;oe';;[a)lfon ping °9 v l:dguslry
- Shallow | Deeper Waterra | Waterra
ML2 ML3 ML4 DP2 DP3 Dift. Dift. BarCad | Bailer w1 MW2 StaAr:ldeard
Bailer 3mSs 2.2 5.2 0.459 26 124 180 23 84 99 3 13 0 21 48
C°”é'2|‘|’2cﬁ§:°'e Waterra - MW1 3m S - Mwi1 2.1 46 0.564 45 136 184 2 100 114 24 a3 21 0 28 32
Waterra - MW2 3m S - MW2 2.2 4.6 0.750 71 150 188 26 120 131 51 60 48 28 0
M2 2.6 3.1 0.355 0 107 175 48 62 78 22 13 26 45 71 48
Peristaltic ML3 3.5 4.1 0.107 107 i} 127 137 54 37 122 116 124 136 150 137
Altemative Well Types ML4 4.5 4.6 0.024 175 127 0 184 155 147 180 178 180 184 188 184
Peristattic DP2 22 3.0 0.577 48 137 184 0 102 115 26 36 23 2 26 17
DP3 3.2 4.0 0.187 62 54 155 102 0 19 81 73 84 100 120 102
) ! Diffusion (Shallow) 3mS 2.0 2.7 0.155 78 37 147 115 19 0 96 89 99 114 13t 115
A"emi;;";:;mp"”g Diftusion (Deep) ams 27 33 0.444 22 122 180 26 8t 96 [ 10 3 24 51 %
BarCad 3mS 3.6 4.6 0.403 13 116 178 36 73 89 10 0 13 33 60 35
Note:  3m S - indicates that the well type is an industry standard three meter screened well {five centimeter diameter, PVC).

ML - indicates multiieve! well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix E for a detailed example RPD calculation.
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Table F12B. October Hydrocarbon Sample Results Comparison (Site 2 - Well Cluster 34).

TOTAL XYLENES

Sample interval

Concentration

Caiculated Relative Percent Difference (RPD) Result [%]

Alternative Sampling Technologies

Industry Standard Technologies

.Com arison Grou, Sampling Method Well T
° P P vPe (mbgs) (mglt) Shatlow | Deeper Waterra | Waterra Industry
ML2 ML3 ML4 DP2 DP3 Dift. Dift. BarCad Bailer MW1 Mw2 Stz::liard
Bailer 3mS 22 5.2 4.20 72 184 186 3 175 80 2 94 0 7 8
I
Cmggf,’:cﬁz:p © Waterra- MW1 3m'S - MW1 2.1 46 3.90 66 183 185 10 173 73 10 88 7 0 1 6
Waterra - MW2 3m S - MW2 2.2 4.6 3.86 65 183 184 11 173 72 11 88 8 1 0
ML2 2.6 31 1.97 0 168 171 75 150 8 74 26 72 66 65 68
Peristaltic ML3 35 4.1 0.17 168 0 1 184 46 165 184 159 184 183 183 183
Atemative Well Types ML4 4.5 4.6 0.16 171 11 0 186 57 168 186 163 186 185 184 185
peristaltic DP2 2.2 3.0 4.31 75 184 186 0 176 82 0 96 3 10 11 8
DP3 3.2 4.0 0.28 150 46 57 176 0 147 176 138 175 173 173 174
. . Diffusion (Shallow) 3m§ 2.0 27 1.81 8 165 168 82 147 0 81 18 80 73 72 75
I
Aternatlve Sampind | Diftusion (Deep) ams 27 | 33 429 74 184 186 0 176 81 0 96 2 10 11 7
BarCad 3mS 3.6 4.6 1.51 26 159 163 96 138 18 96 0 94 88 88 90
PHC F1-BTEX
Calculated Relative Percent Difference (RPD) Result {%)]
Sampl [ i Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampling Method Weil Type (mb;r:)erval (mglL) ping o9 ikl ; f -
ndustry
Shallow | Deeper . Waterra | Waterra
ML2 ML3 ML4 DP2 DP3 Dift. Dift, BarCad Bailer W1 MW2 StaAr:I:ard
Bailer 3m$S 22 5.2 5.2 135 141 192 147 185 141 101 38 0 6 49
C°’2";§2§:;"p'e Waterra - MW1 3m'S - MwW1 21 46 49 132 138 192 144 184 138 97 43 6 0 55 37
Waterra - MW2 3m S - MW2 22 4.6 8.6 158 162 195 166 191 162 134 12 49 55 -0
ML2 26 3.1 1.0 0 1 164 22 133 1 52 153 135 132 158 142
Peristaltic ML3 35 4.1 0.9 11 0 160 12 127 0 62 158 141 138 162 147
Aftemative Well Types ML 4.5 4.6 0.1 164 160 0 156 67 160 178 195 192 192 195 193
Peristattic DP2 22 3.0 0.8 22 12 156 0 120 12 72 162 147 144 166 152
DP3 3.2 4.0 0.2 133 127 67 120 0 127 158 190 185 184 191 187
: ! Ditfusion (Shaliow) 3mS 2.0 2.7 0.9 11 0 160 12 127 0 62 158 141 138 162 147
I
Anem:;'e"tif;mp "9 | Diffusion (Deep) ams 27 a3 17 52 62 178 72 158 62 o 127 101 97 134 11
BarCad 3m S 3.6 4.6 7.6 153 158 195 162 190 158 127 0 38 43 12 31
Note:  3m S - indicates that the well type is an industry standard three meter screened well (five centimeter diameter, PVC).

ML - indicates multileve! wefll type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampier.

1. See Appendix E for a detailed example RPD calculation.
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Table F13. October Cation Sample Results Comparison (Site 2 - Well Cluster 35).

MAGNESIUM

Calculated Relative Percent Ditference (RPD) Result {%]

Alternative Sampling Technologies Industry Standard Techn ies
Comparison Group | Sampling Metnod Well T Sample interval § Concentration pling oQ) Y olog
(mbgs) (mol) Shajlow | Deeper Waterra | Waterra Industry
ML1 M2 ML3 nLd [ P2 pP3 i, ot | Barcad | Baver | "Ll w2 su:f:m
Baiter 3m S 28 53 82.9 35 53 121 50 53 6 3 53 [ 58 ) Iz} 58
Samp
c"mc'gl‘l’:db TP | waterra - Mwe 3m §- MW1 27 53 720 21 39 12 ar 20 32 17 a0 1 45 14 0 45 39
Waterra - MW2 3m S - Mw2 26 53 45.7 24 6 77 8 5 13 29 5 12 0 58 45 o
M1 26 33 582 ) 18 % 6 19 [} 5 19 12 24 35 21 24 27
Peristaltic ML2 3.7 43 484 18 0 81 2 1 7 23 1 6 6 53 39 6 a2
ML3 a7 5.2 204 % 81 [ 83 81 87 100 81 86 76 121 12 77 103
Alternative Well Types ML4 5.9 6.2 495 16 2 83 [ 3 5 21 3 4 8 50 37 8 a2
BP1 22 29 280 9 1 81 3 ) B 24 0 7 5 53 40 5 33
Peristaltic oP2 a3 a0 519 " 7 87 5 8 ° 16 8 1 13 46 a2 13 30
DP3 4.2 5.0 60.9 5 23 100 21 24 16 0 24 17 29 31 17 29 25
- [ Difusion (Shatiow) 3m S 27 34 480 9 1 81 3 0 [ 24 (4 7 5 53 %0 5 33
A"e'"i;::ms:s’"p""g Ditfusion (Deep) ams 34 40 514 12 6 86 4 7 1 17 7 o 12 a7 a3 12 3t
BarCad 3mS 43 5.3 455 24 6 76 8 5 13 29 5 12 0 58 45 0 35
CALCIUM
Calculated Relative Percent Difference (RPD) Result {%]
i Alternative Sampling Technologies Industry Standard Technologies
Comparison Group ] Sampling Method ‘Well Type Sample Interval | Concentration ping o9 akd s
(mbgs) (mon) Shatiow | Deeper Waterra | Waterra Industry
MLY M2 ML3 ML4 [ oP2 DP3 Dt Dy, | BarCad | sater | Ll w2 snaArzam
. Bailer 3mS 78 53 85 I3 54 05 6 73 %6 ES) 84 78 72 0 27 84
i
c""‘gﬁgasi:‘:"" ® | waterra- MW1 3m S - MW1 2.7 5.3 141 19 72 84 19 49 74 6 61 50 a7 27 [ 60 57
Waterra - MW2 3mS - Mw2 26 5.3 75.6 42 13 27 42 12 15 55 0 1 14 84 60 0
ML 26 3.3 116 [ 54 67 ] 30 56 g a2 31 29 a6 19 42 36
Peristaltic M2 3.7 4.3 66.4 54 0 14 54 25 2 67 13 2 27 94 72 13 60
ML 4.7 5.2 577 67 14 0 67 39 12 79 27 33 40 105 84 27 72
Alternative Well Types ML4 5.9 6.2 116 0 54 67 0 30 56 14 42 31 29 a6 19 42 36
DR 72 2.5 856 30 25 39 30 (] 27 3 13 T 2 73 s 12 [
Peristaltic oP2 33 4.0 65.2 56 2 12 56 27 [ 68 15 26 29 % ‘74 15 61
DP3 42 5.0 133 14 67 79 14 43 68 0 55 44 42 33 6 55 31
" | Diffusion (Shaltow) 3mS 27 34 755 a2 13 37 a2 13 i35 55 9 il 4 87 61 ) 8
i
A"e’"al;:‘if:smp 9 | Dittusion (Deep) ams 3.4 4.0 84.6 31 24 38 3t ) 26 4“4 1 0 3 74 50 " 4
BarCad 3mS 43 5.3 87.0 29 27 40 29 2 29 42 14 3 0 72 a7 14 44
SODIUM
Calculated Reiative Percent Difference (RPD) Result [%]
Alternative Sampling Technologies Industry Standard Technologies
parison Group | Sampting Method Well Type Sample Interval | Concentration pling log! y og
(mbgs) mo) Shallow | Deeper Waterra | Waterra | 19USYY
MLt ML2 M3 ML4 oP1 pP2 pP3 it oitr, | Barced | saiter [ “EUC w2 smAr:am
Batler 3MS 28 53 137 21 37 136 20 32 2 35 19 18 7 © 1 3
m;ﬁ::i:rp'e Waterra - MW 1 'S -Mw1 27 53 139 19 3% 125 19 a3 4 3% 2 20 6 1 0 4 3
Waterra - MW2 am S - Mw2 26 5.3 144 16 33 133 15 3% 7 a0 24 23 2 5 4 0
WL 2.6 33 169 0 17 124 1 52 23 55 0 39 4 2t 13 3 5
Pedistattic e 3.7 43 200 17 0 13 w 67 40 70 3 55 31 a7 36 a3 35
ML3 47 5.2 722 124 13 o 124 152 137 153 146 145 132 136 135 133 135
Altemative Well Types ML4 5.9 6.2 168 1 17 124 0 51 23 54 39 38 13 20 19 15 18
DP1 22 2.9 100 52 67 152 51 Q) 25 0 13 13 E) 32 ES) 36 34
Peristattic oP2 33 40 134 23 w© 137 23 29 [ 33 17 16 9 2 4 7 4
DP3 42 50 9% 55 70 153 54 4 33 0 16 17 42 35 36 40 37
- | Diffusion (Shaflow) an S 27 3.4 113 a0 56 146 39 3 7 6 [ 1 26 19 21 24 21
I SO
A"e'"::';z’sm PI9 | Ditiusion (Deep) ams 34 40 114 19 55 145 38 13 16 17 1 0 25 18 20 23 2
BarCad 3ms 43 53 147 14 31 132 13 38 9 42 2 25 0 7 6 2 5
Note:  3m S - indicates that the well type is an industry standard three meter screened well (five centimeter diameter, PVC).

ML - indicates multilevel well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix E for a detaited example RPD calculation.
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Table F14. October Anion Sample Results Comparison (Site 2 - Well Cluster 35).

BICARBONATE

Calcuiated Relative Percent Ditference (RPD) Resuit [%

C Alternative Sampting Technotogies Industry Standard Technologies
Comparison Group | Sampling Method | Well Type s‘";f“";":)e“’" P piing g uld 9
Shallow | Deeper Waterra | Waterra Industry
ML M2 ML3 ML DP1 oP2 DP3 i, ot | Barcad | Baiter | " Ol w2 | Standard Ave.
Baier 3m S 28 53 1250 6 3 35 32 42 a3 8 57 59 a5 ° 3 a7
C""‘c";fé‘cfbar""” Waterra - MW 1 amS-MW1 27 53 1150 7 22 31 2 34 %0 60 50 4 41 8 0 39 32
Waterra - MW2 3mS -Mw2 26 5.3 772 32 17 9 16 5 0 22 1 4 2 a7 39 0
(UK} 26 33 1070 0 5 23 7 27 33 ) a3 36 34 16 7 32 18
Peristatic M2 37 43 919 15 0 8 2 12 18 38 28 21 19 a1 22 17 23
ML3 47 5.2 845 23 8 0 7 4 9 31 20 13 1 39 31 9 26
Aftemative Wet Types ML4, 59 6.2 902 17 2 7 [ 11 16 38 26 20 18 32 24 16 24
DPi 22 29 B2 27 12 B T Q) 5 27 6 ] 7 a2 3 B 37
Peristaltic oP2 3.3 4.0 770 33 18 9 16 s 0 22 1 4 2 a8 a0 0 29
DP3 42 5.0 617 54 39 31 38 27 22 0 1 18 20 68 60 22 50
" - Difusion (Shallow) 3mS 27 34 692 a3 28 20 26 16 ikl 7 6] 7 9 57 50 T 39
Me'“:;;f:;"""‘“ Ditfusion (Deep) ams 34 40 741 3 21 13 20 9 4 18 7 0 2 51 43 4 33
BarCad 3m$ 43 53 756 34 19 1 18 7 2 20 9 2 0 49 a1 2 31
SULFATE
Calculated Relative Percent Difference (RPD) Result [%]
Alternative Sampling Technologies industry Standard Technologies
Comparison Group § Sampling Method Well Type San}?nl:::;er val Con::meua)!lon ping °9 i 9
Shaliow | Deeper Waterra | Watefra Industry
4
ML1 ML2 ML3 ML DPt oP2 oP3 vy ot | BarCed | Baiter | VO w2 |Standare ave.
Bailer 3m S 28 53 08 32 182 200 197 126 165 199 120 120 82 0 12 184
C‘""C’zl‘;‘cfg,:“"‘e Waterra - MW1 3m'S -MW1 27 53 08 20 179 200 197 18 161 199 127 127 180 12 a 182 126
Waterca - MW2 3m S - Mw2 26 53 19 178 13 193 142 138 78 178 196 196 9 184 182 0
MLt 26 33 T1 ? 175 200 1% 104 153 199 38 138 176 32 20 V78 77
Peristattic ML2 a7 43 17 175 0 194 148 130 67 181 195 195 4 182 179 13 125
ML3 a7 5.2 1140 200 194 0 164 199 197 111 200 200 194 200 200 193 198
Altemative Wek Types ML4 59 6.2 112 196 148 164 0 188 172 98 199 199 146 197 197 142 179
DP1 22 29 35 104 130 199 88 T B 196 78 178 133 28 118 138 37
Peristatic DP2 33 4.0 8.3 153 67 197 172 81 0 190 191 191 70 165 161 78 135
DP3 42 50 327 199 181 111 98 196 190 0 200 200 180 199 199 178 192
" ) Diftusion (Shatiow) 3mS 27 34 0.2 138 195 200 759 78 191 200 0 0 795 20 727 196 148
Alter ":::;Sj;""'“g Difusion (Deep) ams 34 40 02 138 195 200 199 178 191 200 0 0 195 120 127 196 128
BarCad ims 43 53 17 176 4 194 146 133 70 180 195 195 0 182 180 9 124
CHLORIDE
Calculated Relative Percent Difference (RPD) Resuit {%]
Comparison Group | Sampling Method well Type 5""‘(";":::;'"' C°"f"9;,‘|’_ﬂ)"°" Alternative Sampling Technologies industry Standard Technologies
Shallow | Deeper Waterra | Waterra Industry
ML1 ML2 ML3 MLa oP1 oP2 DP3 vy o, | Barcad | Bailer | YUK w2 |standarg Ave.
Baer 3m S 28 53 78.3 36 62 75 a7 37 55 97 54 53 54 D 52 29
Commonsampe | watera - Mw1 am S - Mw1 27 | s3 46.1 17 1 2 s 15 4 52 2 2 3 52 [} 3 35
Waterra - MW2 3m S - MW2 26 53 47.8 13 15 29 2 12 7 55 5 s 6 49 3 0
MLT 26 33 54.4 0 28 2 12 T 20 67 19 8 g 36 7 13 22
Peristatic M2 37 43 at1 28 0 14 16 27 8 a1 9 10 9 62 1 5 29
M3 a7 52 3.6 a2 14 0 30 41 22 27 24 24 23 75 26 29 43
Aftemative Well Types ML4 59 6.2 . 48.4 12 16 30 0 10 9 56 7 6 8 47 s 2 18
OP1 22 23 537 1 27 a4 0 ] 79 66 7 17 8 37 5 12 22
Peristatic oP2 a3 40 444 20 8 22 9 19 a a8 2 2 1 55 a 7 22
DP3 42 50 272 67 41 27 56 66 48 0 50 50 49 97 52 55 68
" Difusion (Shallow) Im S 27 34 a5 iE] ) 22 7 7 2 50 0 7 1 54 2 3 20
A"emﬁzf:;"p"‘“ Ditfusion (Deep) an's 34 40 4s.4 18 10 24 6 7 2 50 1 0 1 53 2 5 20
BarCad mS 43 53 448 19 9 23 8 18 1 a9 1 1 0 54 3 6 21
Note:  3m S- indicates that the well type is an industry standard three meter screened well (five centimeter diameter, PVC).

ML - ndicates multitevel wet type.
DP - ndicates drive point well type.
DH. - indicates ditusion sampler.

1. See Appendix € for a detaied example APD calculation.
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Table F15. October Metals Sample Results Comparison (Site 2 - Well Cluster 35).

MANGANESE

Caiculated Refative Percent Difference (RPD) Result [%]

[ C i Alternative Sampling Technologies Industry Standard Technologie:
Compari Group pling Method Well Type Interval pling g y C gies
(mbgs) {maL) Shaillow | Deeper Waterra | Waterra Industry
) ML1 ML2 ML3 ML4 pP1 DP2 DP3 Dif. pifr. | BarCad | Bailer | "loll w2 Sl:r:,c:ard
Bailer 3m S 28 5.3 381 54 136 13 20 106 155 135 80 62 40 [} 17 60
C°mc';?2c§2nmp'e Waterra - MW1 3m S-MW1- 27 53 451 38 144 124 36 18 162 144 93 77 56 17 0 75 50
Waterra - MW2 3m S- MW2 2.6 5.3 2.06 105 95 64 41 55 125 94 23 2 20 60 75 0
ML 26 3.3 6.64 0 160 145 72 140 173 160 121 107 90 54 38 105 66
Peristaltic ML2 37 43 073 160 0 37 124 46 42 1 77 93 10 136 144 95 125
ML3 a7 5.2 1.06 145 37 0 99 10 76 36 43 62 82 13 124 64 100
Alternative Well Types ML4 59 6.2 3.13 72 124 99 0 91 147 124 62 a4 21 20 36 41 32
DP1 22 29 117 140 46 10 91 0 84 45 33 53 74 106 118 55 93
Peristaltic pP2 33 40 0.48 173 42 76 147 84 0 43 110 123 136 155 162 125 147
DP3 4.2 5.0 0.74 160 1 36 124 45 43 0 76 92 110 135 144 94 124
" " Ditfusion (Shallow) 3am S 27 34 1.64 121 77 43 62 33 110 76 0 20 43 80 93 23 €5
A"e'"i;';’;f:s'“ Ping 1 " pitrusion (Deep) ams 34 | 40 201 107 93 62 4“4 53 123 92 20 0 23 62 7 2 47
BarCad 3mS 4.3 5.3 2.53 90 110 82 21 74 136 110 43 23 0 40 56 20 39
IRON
Calculated Relative Percent Difference (RPD) Result [%]
. 3 Sample Interval | Concentration Alternative Sampling Technologies Industry Standard Technologies
Comparison Group g Method Well Type
{mbgs) (moll) Shailow | Deeper Waterra | Waterra Industry
ML1 MmL2 ML3 ML4 DP1 DP2 DP3 Ditf, Dift. | BarCad | Bailer MW w2 SlaAl::ard
Baiter 3ms 28 53 656 117 155 197 170 54 141 188 64 54 165 0 28 143
Cﬂ'&z‘jzf""p'e Waterra - MW1 3m S - MW1 27 5.3 494 97 143 196 162 27 126 185 38 27 154 28 0 128 100
Waterra - MW2 3m S - MW2 26 5.3 10.9 45 28 184 70 110 4 139 102 110 62 143 128 0
MU 26 33 172 0 71 190 106 75 41 159 65 75 92 117 a7 45 86
Peristaltic ML2 3.7 43 8.22 71 0 180 44 129 32 123 122 128 25 155 143 28 109
ML3 47 5.2 0.44 190 180 0 169 195 185 127 195 195 174 197 196 184 193
Alternative Well Types ML4 5.9 6.2 5.25 106 44 169 0 151 73 91 146 151 19 170 162 70 134
] 22 29 37.8 75 129 195 151 0 108 180 11 0 142 54 27 110 64
Peristaltic DP2 3.3 4.0 11.3 41 32 185 73 108 0 141 100 108 56 141 126 4 90
DP3 4.2 5.0 1.97 159 123 127 91 180 141 0 178 180 106 188 185 139 171
- ) Diffusion (Shallow) 3m S 2.7 34 338 65 122 195 146 11 100 178 0 - 1 137 64 38 102 68
A"emﬁ';;f:smp""g Diffusion (Deep) 3ams 34 40 377 75 128 195 151 0 108 180 1" 0 142 54 27 110 64
BarCad 3m S 4.3 53 6.37 92 25 174 19 142 56 106 137 142 0 165 154 52 124
Note:  3m S - indicates that the well type is an industry standard three meter screened well {five centimeter diameter, PVC).

ML - indicates multilevel well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix E for a detailed example RPD calculation.




8€T

Table F16A. October Hydrocarbon Sample Results Comparison (Site 2 - Well Cluster 35).

BENZENE

Calculated Relative Percent Difference (RPD) Result [%)]

Industry Standard Technologies

ML - indicates muitilevel well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix E for a detailed example RPD calculation.

i Alternative Sampling Technologies
Comparison Group § Sampling Method Well Type Sample Interval | Concentration ping °9
(mbgs) (mal) Shallow | Deeper Waterra | Waterra Industry
ML1 ML2 ML3 ML4 DP1 DP2 DP3 Dift, pitt, | Barcad | Bailer w1 W2 S'aAr::ald
Common Sample Bailer 3mS 238 5.3 0.120 16 166 181 181 22 30 197 40 21 12 o 18 6
Collection Waterra - MW1 3mS - MW1 2.7 53 Q.100 34 160 177 177 40 12 196 57 39 6 18 [4 25 16
Waterra - MW2 3m S - MW2 26 5.3 0.128 10 168 182 182 16 36 197 34 14 19 6 25 1]
ML 26 33 0.141 0 171 184 184 3 45 197 24 5 28 16 34 10 20
Peristallic ML2 37 43 0.011 171 0 59 59 173 156 167 177 172 162 166 160 168 165
ML3 4.7 5.2 0.006 184 59 0 0 185 175 143 187 184 179 181 177 182 180
Alternative Well Types ML4 5.9 6.2 0.07010 67 146 168 168 73 24 194 88 7 4 52 35 58 49
DP1 22 2.9 0.150 6 173 185 185 [ 51 197 8 1 34 22 40 16 26
Peristaltic DP2 33 4.0 0.089 45 156 175 175 51 [4 196 68 50 17 30 12 36 26
DP3 4.2 5.0 0.001 197 167 143 143 197 196 0 198 197 196 197 196 197 197
) ! Diffusion (Shaliow) 3mS 27 3.4 0.180 24 177 187 187 18 68 198 0 20 52 40 57 34 43
A"e'"?;’;’;g:smp""g Diffusion (Deep) ams 34 40 0.148 5 172 184 184 1 50 197 20 0 3 21 39 14 25
BarCad 3m$S 43 5.3 0.106 28 162 179 179 34 17 196 52 33 0 12 6 19 12
ETHYLBENZENE
Calculated Relative Percent Difference (RPD) Result [%]
i Alternative Sampling Technologies industry Standard Technologies
Comparison Group | Sampling Method Well Type Sam(;:rl‘:nst)erval Con(c"e‘;;lr;tlon pn9 9 y Indgustry
Shallow | Deeper . Waterra | Waterra
ML1 ML2 ML3 ML4 DP1 oP2 DP3 Diff. pifr. | Barcad | Baiter | "L 0 MW2 SlaAr:lc:ard
Bailer 3mS 28 5.3 0.680 80 187 191 191 34 59 198 69 703 89 0 11 55
Common Sample | watera-Mw1 | ams-mwi | 27 | 53 0.196 29 157 1w | 10 84 62 194 51 1 28 m 0 65 7
Waterra - MW2 3m S - MW2 26 5.3 0.386 28 177 184 184 22 4 197 16 55 39 55 65 0
MLT 26 3.3 0.292 0 170 180 180 49 24 196 12 29 12 80 39 28 49
Peristaltic ML2 37 4.3 0.023 170 0 39 39 181 176 152 174 161 167 187 157 177 174
ML3 4.7 5.2 0.016 180 39 0 0 187 184 132 182 173 177 191 170 184 182
Alternative Welt Types ML4 59 6.2 0.034 159 36 73 73 174 167 165 163 147 154 181 141 168 164
DP1 22 2.9 0.480 49 181 187 187 0 26 197 37 75 59 34 84 22 47
Peristaltic DP2 33 4.0 0.371 24 176 184 184 26 [ 197 12 52 35 59 62 4 4
DP3 4.2 5.0 0.003 196 152 132 132 197 197 0 196 194 195 198 194 197 196
) N Diffusion (Shallow) amS 27 34 0.330 12 174 182 182 37 12 196 0 40 2% 69 51 16 45
A“e'":;';’;f:smp""g Diffusion (Deep) 3ms$ 34 4.0 0219 29 161 173 173 75 52 194 @ 0 17 103 11 55 56
BarCad 3mS 43 5.3 0.260 12 167 177 177 59 35 195 24 17 0 89 28 39 52
Note:  3m S - indicates that the well type is an industry standard three meter screened well {five centimeter diameter, PVC).
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Table F16B. October Hydrocarbon Sample Results Comparison (Site 2 - Well Cluster 35).

TOTAL XYLENES

Sample Interval

Concentration

Calcuiated Relative Percent Difference (RPD) Resuit [%]

Alternative Sampling Technologies

industry Standard Technologies

Comparison Grou Sampling Method Well T
i ? P vee (mbgs) (mgil) Shallow | Deeper Waterra | Waterra Industry
ML1 ML2 M3 MLa DP1 oP2 OP3 it o | Barcad | Baiter | "0 50 P Sl:r::ard
Bailer mS 78 5.3 70.300 T4 195 197 197 28 129 199 5 @ 26 ] 16 03
c“’é"&‘,’;’cﬁzn’"p'e Waterra - MW1 3m S - MW1 27 5.3 2740 3 182 187 187 % 21 196 7 3 16 116 0 18 79
Waterra - MW2 3m S - Mw2 26 5.3 3.280 15 185 189 189 81 38 197 61 15 34 103 18 0

ML 26 33 2810 0 162 188 188 94 23 56 72 ] 9 T4 3 i3 !

Poristalic ML2 a7 43 0.131 182 0 37 a7 193 178 135 192 187 179 195 182 185 187

ML3 a7 5.2 0.090 188 37 0 0 195 185 111 194 191 185 197 187 189 191

Alternative Well Types MLa 59 6.2 0.132 182 1 38 38 193 178 135 192 187 179 195 182 185 187

DP 22 29 7750 T} 193 795 195 [ 11 99 23 8 08 28 96 81 (3]

Peristaltic DP2 33 4.0 2230 23 178 185 185 111 0 195 93 53 4 129 21 38 62

DP3 42 5.0 0.026 196 135 111 11 199 195 0 198 197 196 199 196 197 197

- [ Dfiusion (Shaliow) 3mS 37 34 6.140 74 192 3 154 23 53 98 0 % 50 51 77 & 63

A"emi:;';f:smp""g Ditfusion (Deep) ams 34 40 3.830 3 187 191 191 68 53 197 46 0 49 a2 33 15 47

BarCad 3mS 43 5.3 2.330 19 179 185 185 108 4 196 90 29 0 126 16 34 59

PHC F1-BTEX -
Calculated Relative Percent Difference (RPD) Result [%)]
i Alternative Sampling Technologies Industry Standard Technologies
Comparison Group | Sampling Method Well Type Sample Interval | Concentration pling g Y g
(mbgs) (mgfL) Shailow | Deeper Waterra | Waterra Industry
ML ML2 mML3 MLa DP1 pP2 DP3 it onr | Barcad | Bailer | "0 SR | VO SlaAr:’d:rd
Bailer 3nS 38 53 76 1% 18 98 98 ) 95 59 e 54 57 0 72 91
C““c"&‘l’:j;"p'e Waterra - MW 1 3m S - MwW1 27 53 57 151 a 174 174 130 140 193 100 130 162 172 o 104 156
Waterra - MW2 3m S - Mw2 26 5.3 1.8 77 64 127 127 40 57 179 5 40 100 191 104 0

ML 26 33 0.8 0 126 7 &7 0 PR 156 31 20 ) 196 151 77 741

Peristalic ML2 37 43 a5 126 0 159 159 98 1 189 59 o8 141 182 48 64 98

ML3 a7 52 0.4 67 159 0 0 100 86 120 130 100 40 198 174 127 166

Alternative Well Types ML4 59 62 03 91 168 29 29 120 108 100 145 120 67 198 180 143 174

DP1 22 29 12 0 ) 150 00 ] 8 169 35 0 57 194 ES) 0 21

Peristaitic DP2 3.3 40 1.0 22 11 8 8 18 0 164 62 18 50 195 140 57 131

DP3 42 50 0.1 156 189 120 120 169 164 0 180 169 143 199 193 179 191

" | Dffusion (Shaliow) 3m s 27 34 19 a1 59 130 30 75 ) 780 0 3 104 E) 00 5 3%

Al
"e'"‘:;::‘fgsmp"“g Dittusion (Deep) 3ms 34 40 12 40 9 100 100 0 18 169 45 0 67 194 130 40 121
BarCad 3ms 43 53 06 29 141 40 40 67 50 143 104 67 0 197 162 100 153
Note:  3m S - indicates that the well type is an industry standard three meter screened well (five centimeter diameter, PVC).

ML - indicates multileve! well type.
DP - indicates drive point well type.
Diff. - indicates diffusion sampler.

1. See Appendix £ for a detailed example RPD calculation.




APPENDIX G:

Sampling Technology Figures for
Selected Parameters of Interest in a
MNA Program
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Sampling Technology Figures

The figures have been plotted for each MNA parameter of interest for October
and February at Site 1 (Figures G1 to G24) and for October at Site 2 for Well
Cluster 34 and 35 (Figure G25 to G48). This figure format allows the ability of
the alternative well types and sampling methods to collect discrete interval
samples to be assessed. MNA parameter concentrations measured by all
technologies are compared over various sample depth intervals on a single plot;

allowing depth dependent trends to be observed.

The plots have an abbreviated sampling technology name and the depth interval
over which the sample was collected along the y-axis. The abbreviations used are
ML (multilevel well), DP (drive point well), Bail (bailer sampled three metre
screen well), Wat. (Waterra sampled three metre screen well), BC (BarCad
System) and Diff (diffusion sampler). For the common sample collection
methods having wells with longer screened intervals, the sample depth interval
indicated along the y-axis shows the upper limit of the sample interval to be the
depth where the water surface existed within the screened portion of the well at
the time of sampling. This was the sample interval indicated because this was the
depth interval over which the sample could have been collected, as the sample

could not have come from the entire three metre screen interval for the well.
All the plots have a logarithmic x-axis because of the large variations in

concentrations measured for many of the parameters. The concentration values

have been added to the right of the bar for easier comparison.
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Figure G1.

10
Concentration (mg/L)

Magnesium Concentration Comparison
(October, Site 1)

100

LEGEND
ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G2. Calcium Concentration Comparison

(October, Site 1)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G3. Sodium Concentration Comparison

(October, Site 1)

100

LEGEND
ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)




19 4

ML1 (1.7t02.3 m) ptss e SR e LI ae 153 A
ML 2 (2.5 10 3.2 M) [ e e A 178
ML3 (3.7t04.4 m) [ioE A ‘ o 165
ML4 (5.0t05.4 m) (e B 164 Alternative
Sampling Well
Types
DP1(21t03.0m) H 172
DP2 (2.8103.7m) (Ao
DP3 (3.8 10 4.7 m) [ 179 Y,
Common
; ] Sample
Bail 2.0 10 35 m) |
ail (2.0t 3.5m) | 120 Cotloation
R ~
BC (2.7 t03.7m) p e : T Rl 148
BC(3.3t04.3m) KK & 157 Alterative
1 Sampling
1 i S . Methods
Diff (3.1 to 3.7 m) D , . ' 147
Diff (4.1 to 4.7 m) ' His6 |
1 10 100 1000
Concentration (mg/L) TEGEND

u . . . ML = Multilevel Wells (Peristaltic)
Figure G4. Bicarbonate Concentration Comparison |op =Drive Point Wells (Peristaltic)

. Bail = Bailer (3 m screen)
(October, Site 1) BC = BarCad System (3 m screen)
Diff = Diffusion Sampiler (3 m screen)
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Figure G5. Sulfate Concentration Comparison

(October, Site 1)

LEGEND
ML = Muitilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen}
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G6. Chloride Concentration Comparison
(October, Site 1)

LEGEND
ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G7. Manganese Concentration Comparison
(October, Site 1)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Iron Concentration Comparison

(October, Site 1)
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ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G9. Benzene Concentration Comparison

(October, Site 1)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G10. Ethylbenzene Concentration Comparison
(October, Site 1)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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. . . ML = Multilevel Wells (Peristaltic)
Figure G11. Total Xylenes Concentration Comparison |op = orive Point Wells (Peristatic)

. Bail = Bailer (3 m screen)
(OCtOber, Site 1 ) BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G12. PHC F1 - BTEX Concentration Comparison
(October, Site 1)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G13. Magnesium Concentration Comparison
(February, Site 1) |

ML = Muitilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)

Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G14. Calcium Concentration Comparison
(February, Site 1)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

Diff = Diffusion Sampler {3 m screen)
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Figure G15. Sodium Concentration Comparison
(February, Site 1)

ML = Multilevel Wells (Peristattic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

Diff = Diffusion Sampler (3 m screen)
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Figure G16. Bicarbonate Concentration Comparison
(February, Site 1)

ML = Multilevel Wells (Peristaitic)

DP = Drive Point Wells (Peristaitic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

Diff = Diffusion Sampler (3 m screen)




86T

ML2 (2.5 to 3.2 m) 2
ML3 (3.7 to 4.4 m)

ML4 (5.0 to 5.4 m)

DP2(28t03.7m) B
DP3 (3.8 to 4.7 m)

Bail (3.0 to 3.5 m)
Wat. MW1 (3.2 t0 4.8 m)

Wat. MW2 (3.2t0 4.3 m)

Diff (3.1t0 3.7 m)
Diff (3.8 to 4.7 m)

i / e risesdda 257 |
89 Alternative
Sampling Well
Types
J
\
Common
Sample
Collection
J
Alternative
Sampling
Methods
0.01 0.1 1 10 100 1000
Concentration (mg/L) LEGEND

Figure G17. Sulfate Concentration Comparison
(February, Site 1)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer {3 m screen)

Wat. = Waterra (3 m screen)

Diff = Diffusion Sampler (3 m screen)
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Figure G18. Chloride Concentration Comparison
(February, Site 1)

ML = Mulitilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristattic)

Bail = Bailer (3 m screen)
Wat. = Waterra (3 m screen)

Diff = Diffusion Sampler (3 m screen)
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Figure G19. Manganese Concentration Comparison
(February, Site 1)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaitic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

Diff = Diffusion Sampler (3 m screen)
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Figure G20. Iron Concentration Comparison
(February, Site 1)
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ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer {3 m screen)
Wat. = Waterra (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G21. Benzene Concentration Comparison
(February, Site 1)
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ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
Wat. = Waterra (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G22. Ethylbenzene Concentration Comparison
(February, Site 1)
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ML = Multilevel Wells (Peristaitic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

Diff = Diffusion Sampler (3 m screen)
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Figure G23. Total Xylenes Concentration Comparison
(February, Site 1)
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ML = Multilevel Wells (Peristaitic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

Diff = Diffusion Sampler (3 m screen)
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Figure G24. PHC F1 - BTEX Concentration Comparison
(February, Site 1)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

Diff = Diffusion Sampler (3 m screen)
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Figure G25. Magnesium Concentration Comparison
(October, Site 2 - Well Cluster 34)

ML = Muitilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G26. Calcium Concentration Comparison
(October, Site 2 - Well Cluster 34)

LEGEND
ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
Wat. = Waterra (3 m screen)
BC = BarCad Systermn (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G27. Sodium Concentration Comparison
(October, Site 2 - Well Cluster 34)

LEGEND
ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G28. Bicarbonate Concentration Comparison
(October, Site 2 - Well Cluster 34)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaitic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G29. Sulfate Concentration Comparison
(October, Site 2 - Well Cluster 34)
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ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)

Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)

Diff = Diffusion Sampler (3 m screen}) J
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Figure G30. Chloride Concentration Comparison
(October, Site 2 - Well Cluster 34)

ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bait = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)

Diff = Diffusion Sampler (3 m screen)
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Figure G31. Manganese Concentration Comparison
(October, Site 2 - Well Cluster 34)

ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)

Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G32. lIron Concentration Comparison
(October, Site 2 - Well Cluster 34)

LEGEND
ML = Multilevel Wells (Peristaitic)
DP = Drive Point Welis (Peristaltic)
Bail = Bailer (3 m screen)
Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G33. Benzene Concentration Comparison
(October, Site 2 - Well Cluster 34)

Bail = Bailer (3

ML = Multilevel Wells (Peristattic)
DP = Drive Point Wells (Peristaitic)

Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)

m screen)
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Figure G34. Ethylbenzene Concentration Comparison
(October, Site 2 - Well Cluster 34)
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ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G35. Total Xylenes Concentration Comparison
(October, Site 2 - Well Cluster 34)
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ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)



file:///iglL

LLT

ML2 (2610 3.1 m) [t N
ML3 (3.5t04.1m) B
ML4 (4.5t04.6 m) [ Alternative
> Sampling Weil
Types
DP2(2.2t0 3.0 m) B
DP3(3.2t04.0m) § P,
. "N
Bail (2.2 to 5.2 m) 5200 Common
Wat. MW2 (2.2t0 4.6 m) 8600 >~ Sample
lecti
Wat. MW1 (2.1 to 4.6 m) 4900 P Collection
BC (3.6 t0 4.6 m) 7600 h
Altermative
Sampling
Diff (2.0 to 2.7 m) Methods
Diff (2'7 to 3.3 m) : : . . ) 1l709 i LA L i 2 L L Lt bt 2 J
10 100 1000 10000 100000
Concentration (ug/L) LEGEND

Figure G36. PHC F1 - BTEX Concentration Comparison

(October, Site 2 - Well Cluster 34)

ML = Multilevel Wells (Peristaitic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G37. Magnesium Concentration Comparison
(October, Site 2 - Well Cluster 35)
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Figure G38. Calcium Concentration Comparison
(October, Site 2 - Well Cluster 35)
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Figure G39. Sodium Concentration Comparison
(October, Site 2 - Well Cluster 35)

1000

LEGEND
ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G40. Bicarbonate Concentration Comparison
(October, Site 2 - Well Cluster 35)

ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)

Diff = Diffusion Sampler (3 m screen)
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Figure G41.

Concentration (mg/L)

Sulfate Concentration Comparison
(October, Site 2 - Well Cluster 35)

ML = Multitevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G42. Chloride Concentration Comparison
(October, Site 2 - Well Cluster 35)
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ML = Muitilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G43. Manganese Concentration Comparison
(October, Site 2 - Well Cluster 35)

ML = Multilevel Wells (Peristaitic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC =BarCad System (3 m screer)
Diff = Diffusion Sampler (3 m screen)
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Figure G44. Iron Concentration Comparison
(October, Site 2 - Well Cluster 35)
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ML = Multilevel Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G45. Benzene Concentration Comparison
(October, Site 2 - Well Cluster 35)
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ML = Multileve! Wells (Peristaltic)
DP = Drive Point Wells {Peristaltic)

Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G46. Ethylbenzene Concentration Comparison
(October, Site 2 - Well Cluster 35)
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ML = Multileve! Wells (Peristaltic)
DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)
Wat. = Waterra (3 m screen)
BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G47. Total Xylenes Concentration Comparison

(October, Site 2 - Well Cluster 35)
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ML = Muitilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)
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Figure G48. PHC F1 - BTEX Concentration Comparison

(October, Site 2 - Well Cluster 35)

ML = Multilevel Wells (Peristaltic)

DP = Drive Point Wells (Peristaltic)
Bail = Bailer (3 m screen)

Wat. = Waterra (3 m screen)

BC = BarCad System (3 m screen)
Diff = Diffusion Sampler (3 m screen)




