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"Essentially, all models are wrong, but some are useful."
-George E. P. Box
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Introduction and Motivation
Radioecology focuses on how radiation interacts with nature. Whicker and Schultz stated that
one of the primary subdivisions of radioecology was “radionuclide movement within ecological systems
and accumulation within specific ecosystem components such as soil, air, water, and biota”[1]. There
are different ways to accomplish this. Analysis of stable isotopes can be used as analogues for
radioactive isotopes without adding radioactive tracers to a system [2], or through observation of areas
contaminated with radioactive isotopes such as the Hanford Site in Richland, WA [3], [4], or Fukushima,
Japan [5].
Accidental releases of radioactivity, while detrimental to the general public, are a boon for
scientific research. They provide tracers that can be followed through the environment until they
naturally decay away, or disperse to levels not detectable above background. Waiting a period of time
after release before sampling, allows for equilibrium to be assumed between sources and sinks. This
assumption is key in radioecology, in that it allows for concentration ratios to be determined between
two compartments [4], [6]–[9]. Without this assumption, the mathematical calculations become much
more difficult [10].
This work builds a dataset specific to the long-lived radioactive isotope of carbon, carbon-14.
Carbon-14 was determined to be the limiting factor in that it would be emitted above regulatory limits
when the Yucca Mountain Repository was first proposed [11]. This is due to its movement through the
soils' vadose zone in a gaseous form, either as carbon dioxide or methane [12]. The dataset described in
this work will be independent from current models and allow for external validation of current models.
Validation can be completed in a few ways, internal and external validation, along with a few others,
such as regression modeling[13] and multivariate prognostic models [14].
Validation is the final step in a four step process of model creation. These steps are described
by Miller[15] as being;
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1) Construction of a conceptual model which describes the system and includes all of the important
processes and their couplings
2) Translation of the conceptual model into a mathematical model and coding in the form of a
computer program;
3) Verification of the numerical ‘correctness’ of the code;
4) Validation of the code’s ‘applicability’ to the system to assess its predictive capabilities.
Currently, best practice for determination of model parameters is laboratory based
experiments. The data collected from these experiments is valid, but always comes with the caveat of
being in a laboratory where specific items are controlled, meaning that variation which occurs naturally
may not be adequately represented. Intentionally allowing contamination to be spread in the name of
science is considered not acceptable, but when accidents happen, especially in locations that are not
inhabited, often the best course is in situ remediation[16]. It also allows over time for natural
equilibrium to be reached between the radioactive source and sink. In these instances, targeted
monitoring of radionuclide movement can build the knowledge base without disturbing landscapes or
increasing risk to the general populace.

3

Background Information
Carbon
Carbon is one of the building blocks of life [17], [18]. Organic life forms integrate carbon, along
with numerous other elements, through ingestion or photosynthesis and release it through respiration.
The cycle of carbon has been studied and described since the discovery of the relationship between
carbon dioxide concentration and the amount of heat retained by the atmosphere by Arrhenius in the
late 1890s [17], [18].
Carbon has two stable isotopes, carbon-12 (98.9% abundance) and carbon-13 (1.1%
abundance), along with a long lived unstable isotope (5730 year half life), carbon-14 (carbon-14, <0.1%
abundance) [19], [20]. Carbon has other identified possible isotopes but they have half lives that are
small enough that they quickly decay to other stable atoms and are not found in significance in the
environment [19]. Carbon-14 is created cosmogenically and is produced at a rate of 1406
terabecquerels (TBq, one Becquerel (Bq) being one decay per second) per year; this translates to 7.305
kilograms (kg) [21]. This process begins when an energetic particle from a cosmic source interacts with
an atom within the atmosphere releasing a free neutron (n) [22]. The neutron interacts with an atom of
nitrogen-14 (14N) and the resulting reaction is 14N(n,p)14C with the products being carbon-14 and a
proton (p, hydrogen) [23], [24]. After decay, the radiocarbon atom quickly forms carbon monoxide
(93% of the time) [25] before slowly oxidizing to carbon dioxide [26]. The reaction that occurs the
remaining 7% of the time is a direct conversion to carbon dioxide [27], though it has been suggested
that this reaction may occur more frequently [28].
Cosmic production is the primary source of radiocarbon, but there are other sources. Above
ground nuclear weapons testing in the 1950s and 1960s released an estimated 355,200 TBq (9600
kilocuries (kCi) or 18,500 kg) of radiocarbon before the Limited Test Ban Treaty was signed by nuclear
weapons states in 1963 [20]. Also, emissions from nuclear power plants are a third source of
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atmospheric carbon-14 [20]. In the atmosphere, carbon-14 released from nuclear power plants is
primarily in the form of carbon dioxide. This is due to the reaction of hydroxide radicals, also created in
the atmosphere, with carbon monoxide and hydrocarbons emitted from nuclear power plants [29].
The world contains 2.4x1024 grams(g) of carbon, of which only 4.1x1019 g is bioavailable
(0.0017%). The available carbon can be found in different "sinks" throughout the biosphere. The ocean
is the largest sink, containing 95% (38,000 gigatons) of bioavailable carbon. The next largest sink is the
terrestrial environment (2000 gigatons)[30]. The amount contained in soils and plants are nearly equal,
although the amount in plants varies annually due to plant respiration and photosynthesis. The
atmosphere is an active sink, and is also the primary pathway between the ocean and soil sinks. Due to
fractionation, the rate of emission of carbon-14 from the ocean to the atmosphere is 97.2% of the rate
of normal carbon-12 emission, but the dissolution rate of carbon-14 is 95.5% the rate of carbon-12
dissolution rate into the oceans. This results in a depletion of radiocarbon in all water reservoirs relative
to the atmosphere [20].
Additional carbon sinks include fossil fuels (4,130 gigatons) and the lithosphere (>75,000,000
gigatons) [30], [31]. These two sinks are not considered to be bioavailable due to their inactivity with
the rest of the biosphere. The geological cycle times are far longer than the comparable half life of
carbon-14. The primary pathway out of the lithosphere is lithospheric degassing, or the escapement of
carbon dioxide or methane from crystalline rocks within the lithosphere [12]. There are no other active
pathways out of these two otherwise inactive sinks.
The largest sink of bioavailable carbon is the oceans, where it can be found in differing forms.
Dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), and particulate organic carbon (POC)
are the three forms of the 38,000 gigatons of carbon found in the oceans and other liquid sinks [31]. DIC
consists of dissolved carbon dioxide, which readily exchanges to become bicarbonate (HCO3-), which can
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exchange back to carbon dioxide or to carbonate (CO32-) [30]. Dissolved organic carbon consists of long
and short organic molecules. The differential point between DOC and POC is an arbitrary value of 0.45
micrometers (µm)for the length of the molecule. Any molecules shorter than 0.45 µm is classified as
DOC and any longer than 0.45 µm are classified as POC. [32]
The movement of carbon between the saturated and unsaturated zone is primarily through off
gassing of dissolved carbon dioxide and methane[12], [33]. There is also transport of dissolved
compounds up the capillary fringe of the groundwater, but unless the groundwater becomes exposed,
the top of the capillary fringe will be the highest point of movement for a non-gas-phase molecule [34].
The fraction of carbon in soil does not have a uniform molecular structure, resulting in different
carbon sinks in the soil layers. These sinks vary in their biodegradability, limiting the mobility of carbon
in different soil layers [35]. The transfer of carbon within the soil horizon is primarily done in the topsoil
horizon (the top 30 cm or less). The interactions consist of transfer through leaching, erosion,
deposition, or by mineralization of carbon dioxide and methane into lower soil horizons [36].

Carbon-14 in Humans
Carbon-14 decays via beta (β) decay to nitrogen-14. The maximum energy released from this
process is 0.156 Megaelectron volts (MeV) with an average energy of 0.045 MeV released [19], [20].
The low energy of decay indicates that from an external dose standpoint, the effect of radiocarbon is
negligible, except at large dose ranges, as the maximum range of a carbon-14 decay is 0.28 millimeters
in tissue [23], [37]. Therefore the primary concern is from internal exposure scenarios.
When an atom of radiocarbon is incorporated into biologic structures, there is the possibility of
radioactive decay. This chance is calculated using a first order differential equation based on the
number of atoms present, and is shown in equation 1 below [23], [37] where N is the number of atoms
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present at time 0; λ is the constant of proportionality; dN is the change in the population; and dt is the
change in time.

= − ∗

(1)

By rearranging and integrating both sides of the equation, as shown in equation 2, the following
exponential decay formula, where N is the number of parent atoms present at time t; No is the number
of parent atoms at time 0; λ is the constant of proportionality; and t is time.
(2)

=

The activity, or number of decays during a set period of time, can be determined using a similar
formula because activity is directly related to the number of atoms present, through the constant of
proportionality λ, and can be calculated using the equation 3 [23], [37]. This formula is similar to
equation 2, except that activity has replaced the number of parent atoms, so A is activity at time t, and
Ao is activity at time 0.
(3)

=
In equation 3,

is the equivalent of a retention function, which can also be denoted as

( ) . Retention functions are used to calculate the residence time of a radioactive substance present
in the body, and the residence time of carbon varies based on the part of the body it incorporates into
[38]. Integrating the retention function over time, and multiplying by the initial activity gives the total
number of source decays within the body, Us.

=

( )

(4)
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The number of decays over a period of time can be used, along with the branching ratio (Br), the
tissue weighting factor (Wt), the absorbed fraction (AFi), the energy of decay(Ei), and the mass of the
target (m), to determine a radiation dose over a set period of time. [39]. The specific effective energy
(SEE) of each decay can be determined for internal dose calculations, using equation 5

=

∑

∗

∗

∗

(5)

The total number of decays over time, Us, can be applied along with the SEE and a unit
conversion factor (1.6 *10-10 ) to determine an internal dose in Gray (Gy) over 50 years. One Gray equals
one joule per kilogram [23], [37].

= 1.6 ∗ 10

(

∗

(6)

)

Different radiation types have different dose equivalents and are shown in the following Table
[40].
Table 1. Radiation Quality Factors
Type of Radiation
X-rays, Gamma, beta radiation
High energy protons
Neutrons of unknown energy
Alpha particles, multiple-charged particles, fission fragments and
heavy particles of unknown charge

Quality Factor (Wr)
1
10
10
20

The quality factors shown above are an attempt to normalize the effects of different radiation
types. Heavier particles cause direct damage to cell structures and DNA, while smaller particles cause
indirect damage, through ionization of particles within cells, that then cause damage within cells [1],
[10]. Cells are better able to repair indirect damage, explaining why larger particles have a higher
quality factor. An example of a direct effect is a DNA double strand break caused by high energy
neutrons, and an example of indirect effects is ionization of a water molecule to hydroxide within the
cell that then reacts with a cell structure [41]. The unit of dose equivalence is the Sievert and is
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determined by multiplying the absorbed dose (in Gray) by the radiation weighting factor (Wr), as shown
in equation 7 [23], [37].
,

=

∗

(7)

The radiation weighting factor for carbon-14 is 1, so the committed dose equivalent (CDE), in
Sievert (Sv), is equal to the absorbed dose in Gray.
From estimated releases to the atmosphere, doses can be calculated for the entire world. The
IAEA has completed this[42] and estimates that there is a worldwide collective dose of 200 man-Sv per
year. This ends up being below 1 µSv per person per year. This is minimal in comparison to the normal
US background radiation annual dose of 6.24 mSv calculated by the NCRP [43].

Carbon-14 in Plants
Carbon-14 is incorporated into plants through the same processes as stable carbon isotopes.
Photosynthesis is the primary method of carbon incorporation. Root uptake has also been shown to
occur, but the exact rate is still up for debate [44]–[49]. Plants have also been shown to differentiate
between carbon isotopes, preferring lighter carbon-12 over carbon-13 and even more so over carbon14. [50]. This is solely due to the one and two extra neutrons incorporated into the nuclei of carbon-13
and carbon-14. The additional neutrons reduces the velocity (v) of molecules with heavier isotopes
when at a similar energy level. This relationship is described using equation 8 [37].

=

1
2

(8)

Carbon diffuses into plants when stomata on leaves are open. Once inside a plant, it is
incorporated into cell structures and other molecules through photosynthesis and other processes.
When carbon-13 and carbon-14 are at levels that are higher than natural background levels, plants
become enriched in these isotopes of carbon. Enrichment also occurs as plants increase in height[51].
This is due to decreased water availability and increased energy from sun light.
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Figure 1. Graphic description of carbon incorporation into plants. Taken from O'Leary [50].

Current Modeling Practices
Typical methodologies for elemental transfer between soil and plants consist of concentration
ratios calculated by using a ratio of determined elemental concentrations of soil and the plants growing
in the soil. For elements where the primary absorption pathway is through the roots this method is
useful for the calculation of expected dose [49], [52], [53]. This method does not directly apply to the
transfer of carbon-14, as most carbon is incorporated into plants through the atmosphere [30].
The French Institute for Radiological Protection and Nuclear Safety (IRSN - Institut de
Radioprotection et de Surete Nucleaire) has created a radiocarbon transfer model, TOCATTA, based on
the SYMBIOSE software [54]. Input data for this model is atmospheric concentration of carbon-14 after
a release, though it can also be the activity in the vegetation canopy atmosphere or the concentration of
carbon-14 in irrigation water. The plant growth model is based on a typical harvest plant life cycle
(sowing, germination, growth, harvest). This approach maximizes the potential contamination received
by the plant. The model includes pasture grass as part of the growing system and is considered as the
cover crop in the system. The model was verified using air samples collected 1.5 meters above the
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ground. Grass samples were also collected and counted for carbon-14 using Liquid Scintillation Counting
(LSC) and Accelerator Mass Spectrometry [54].
IRSN has also written an updated version of TOCATTA, called TOCATTA-χ [55]. The original
TOCATTA model [54] was compared against a pasture simulation model (PaSiM) based on Swiss pastures
[56]. The inputs to PaSiM were a rolling 15 to 20 day average of the air concentration of 14CO2 instead of
a single data point per day. PaSiM also used atmospheric transfer coefficients (ATC), which are the ratio
between the air above the sample site and the release rate from the source stack. ATCs though, have
been proven to be nonlinear functions in relation to the distance between the source and the target
[55].
There are limitations associated with the TOCATTA-χ model [55] as it does not consider certain
aspects of a plants' lifecycle. The model does not consider different developmental states of plants or
the plant age. The model assumes that there is one layer within the plant canopy. Additionally, the
model does not consider different plant structures, as the plant is considered spilt into roots and shoots
portions. TOCATTA-χ does not account for water and nitrogen exchange between soils and roots, as it
does not consider soil within the model. The authors justified the lack of soil by determination of a
constant 420 Bq/kgC in the soil [54], leading to the conclusion that soils act as a buffer. The lack of soil
in the model means that water stress is not associated with photosynthesis.
In calculating the reported concentrations, TOCATTA calculates values directly based on
observations and interpolation between data points. PaSiM, which was integrated into TOCATTA-χ,
calculate concentration based on biodiversity and growth rate for each time step. The original TOCATTA
method gave output that was determined to show concentration peaks early in relation to observed
data. Also, the new TOCATTA- χ model shows smoother results due to decreased time steps [55].

11
The lack of pathway from soil to atmosphere to plants is also a problem with other modeling
programs. RESRAD combines the transfer of carbon-14 from soil and atmosphere into a single equation.
The method is different when considering different soil source sizes. Thus, the calculated value for a
finite source is always determined to be smaller than that for an infinitely sized source. This is due to
the atmospheric concentration being assumed to be in equilibrium with infinitely sized sources. The
evasion of carbon dioxide from soils is also considered by RESRAD with different soils holding different
constants. Loamy and clay soils are considered equal, sand and organic soils are considered equal,
although the evasion rate from water and carbonate soils have unique constants [49].
After specific variable manipulation, the equation condenses the atmospheric sources and soil
sources into a single input coefficient. This final equation contains variables for the concentration of
carbon-14 in plants, the fraction of stable carbon in plants, the fraction of carbon derived from air, the
fraction of carbon derived from soil, the carbon-14 air concentration, and the carbon-14 soil
concentration. This model does not consider the soil to root transfer that has been determined to
occur, which may be between 0 and 10 percent [44]–[49].
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Figure 2. RESRAD version 6.5 carbon-14 input requirements [49]
There are programs that model carbon transport without considering radiocarbon. The
CoupModel is a free modeling program that uses Darcy's law, Fourier Series equations, and the
conservation of mass [57], [58] for carbon transport modelling. Darcy's law is applied to the flow of
fluids that are linearly dependent on pressure gradients and gravitational forces [59]. The Fourier Series
is a converging sum of periodic functions used for solving heat transfer [60]. The Swedish Nuclear Fuel
and Waste Management Co. (SKB) has used CoupModel in the past to model perspective storage sites
[61]. The model has built-in soil profiles available that can be selected from, but are focused on
European landscapes [57].
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Sampling Environment
Local Geology
The Canadian Shield, also known as the Precambrian Shield or Laurentian Plateau, was the first
part of the North American continent to be raised above sea level nearly 2 billion years ago. Primarily
composed of granite, there are also Precambrian intrusions of igneous and metamorphic rock [62], [63].
Between 1.6 million and 10 thousand years ago, expansion and contraction of glacial ice scoured clean
exposed rock surfaces, so the established soils are relatively new, geologically speaking [64]. Soil
formation is controlled by the exposed bedrock available as a source term and is shown in Figure 3. The
Chalk River Labs are located on a Humo-Ferric Podzol, due to the conifer and deciduous forest
vegetation that dominates the area [65]. A description of the sampling location is presented in a
following section.

Figure 3. Soil types found throughout Ontario, taken from Pereira et al. 2000. [62]
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Local Biology
The biological environment of Ontario is dominated by forested regions, though there are
farmlands sprinkled throughout the more southern regions. The following descriptions are based on the
Ontario Ministry of Natural Resources website [66]. The Deciduous Forest is found in the most southern
region of Ontario and consists of black walnut, butternut, tulip, magnolia, black gum, different types of
oak, hickories, sassafras, and red bud trees. There are also shrubs present through the forests. The
Deciduous Forest then changes into the Great Lakes-St. Lawrence Forest to the north. The Great LakesSt. Lawrence Forest consists of coniferous eastern red pine, white pine, along with the eastern hemlock,
and white cedar. Deciduous trees can also be found in the Great Lakes-St. Lawrence Forest and are
predominately yellow birch, red and sugar maples, basswood, and red oak. Boreal forests are the most
populous forests found in Ontario, being 58% of the forest. The conifer species found are black spruce,
white spruce, jack pine, balsam fir, tamarack, and eastern white cedar. The Hudson Bay Lowlands cover
the northern border of Ontario. Being the closest to the arctic, the area is classified as a subarctic
barrens. Treed areas consist of only 25% of the Hudson Bay Lowlands, with the trees being tamarack,
black spruce, white birch, dwarf birch, and willows. The wetland area of the Hudson lowlands is made
up of treed and open muskeg areas, muskeg being synonymous to bogland. Muskegs are acidic
wetlands with very low dissolved oxygen below the water surface, preventing decomposition of
submerged materials. The distribution of forest is shown in Figure 4, taken from the
Ontario Ministry of Natural Resources[66].

Figure 4. Distribution of Forest in the Provence of Ontario, Canada [66]
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Provincial Meteorology
The contamination found within Duke Swamp is spread by ground water. The groundwater is
fed from an average annual rain fall of 800 millimeters, including an equivalent of 190 mm of rain that
falls as snow during the winter months [67]. The breakdown of annual rainfall is shown in Figure 5. The
latitude of Chalk River Laboratory is 46° N, barely further north than Corvallis, Oregon. However, Chalk
River lacks the moderating presence of a nearby ocean that keeps the temperature from fluctuating
throughout the year in Corvallis. Fluctuations in temperature affects the amount of snow that falls in
Chalk River. The average temperature of Chalk River is shown in Figure 6. Also, only 380 mm of the
rainfall is incorporated into the Chalk River groundwater due to evapotranspiration [68]. Based on data
compiled from 1971 to 2000, the predominate wind direction is East at 10.7 km/hr. Conversely, the
predominate direction of wind gusts is West [69].

Figure 5. Average rainfall and number of rainfall days [70]
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Figure 6. Average high and low temperature at Chalk River[70]
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Chalk River Laboratory Facilities
Atomic Energy of Canada Limited
Chalk River Laboratories
Atomic Energy of Canada Limited (AECL) began as a joint venture between Canada and Great
Britain in an attempt to design a nuclear reactor during the early 1940s. They were successful in this
endeavor and were the first group to build a reactor that went critical outside of the United States, the
Zero Energy Experimental Pile. In 1952 the Chalk River Laboratories (CRL) were founded at Chalk River,
Ontario.
There are numerous facilities and laboratories at CRL, most of which are devoted to research
and development of commercial power and waste treatment problems. A 2005 review of the ecological
effects of CRL by Hart and McKee [16] provided a list of the facilities housed at CRL. These facilities are
listed in Table 2.

18
Table 2. Facilities on AECL Chalk River Laboratory Grounds
Nuclear Facilities
NRU Reactor
(1957 - )
Mo-99 Production Facility
(2005 - )
MAPLE1 and MAPLE2 reactors
(2000 - )
New Processing Facility (NPF)

Waste Treatment Centre
(1997 - )
Universal Cells
Fuels and Materials Cells
Recycle Fuel Fabrication Labs
(1970 Nuclear Fuel Fabrication Facilities
Tritium Laboratory
CECEUD Facility

Heavy Water Upgrading Plant
(1998 - 1999)
ZED-2 Reactor
Health Physics Neutron Generator
(1961 - )

Built is 1957 and still operating, up to 135 Megawatt Thermal. A
heavy water reactor used for engineering experiments.
Used for production of Tc-99 medical isotope.
Two low level pool type reactors built for production of medical
isotopes
Used in conjunction with MAPLE1&2 for production of medical
isotopes Tc-99 and Xe-133. It is intended to replace the Mo-99
Production Facility.
Processing facility for radioactive wastes generated within CRL.
Heavily shielded facilities used for experimental manipulation,
examination, and testing of highly radioactive materials.
Built for examination and metallurgical testing of fuel cells and
reactor components.
Designed for creation of CANDU reactor fuel elements
Assembly facility for all fuel assemblies and Mo-99 targets used in
NRU and MAPLE1 reactors.
Primary research and development associated with heavy water
and tritium control in CANDU reactors.
The Combined Electrolysis Catalytic & Exchange
Upgrading/Detritiation facility demonstrated the combined
electrolysis catalytic and exchange of heavy water and tritium.
Current in a safe shutdown mode.
Processed heavy water to meet quality standards for use within
CANDU reactors.
Experimental Facility that operates at very, very low energies (less
than 200 watts) for reactor physics experiments on fuel types.
Tests responses of neutron dosimeters to fast neutrons

In addition to the research and design facilities located on the AECL CRL grounds, there are
waste storage facilities, each known as a separate Waste Management Area (WMA), and a complete list
as described by internal[71], [72] and external [16] reports from AECL is shown in Table 3.
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Table 3. Descriptions of Waste Management Areas
WMA - A
WMA - B

WMA - C

WMA - D
WMA - E
WMA - F
WMA - G
WMA - H
Liquid Dispersal
Area
Waste Tank Farm
Acid, Chemical,
Solvent Pits
Glass Block Sites
Thorium Pit
Nitrate Plant

Soil trenches used for the storage of solid and liquid wastes. Used from 1946 to
1955.
Contains unlined soil trenches used for solid waste storage from 1953 to 1963,
asphalt lined/capped trenches storing intermediate level waste, concrete
structures used to store materials required modest shield, and tile holes to store
highly radioactive materials
Trenches constructed in 1963 for storage of low level medical and industrial
waste. First covered with uncontaminated backfill, since covered with biological
barrier
An above ground storage area for large equipment known or suspected of
contamination.
Used from 1977 to 1984 to store slightly contaminated soil and building materials.
Used from 1976 to 1979 for storage of contaminated soils not generated at AECL.
Contaminates include radon-226, uranium, and arsenic.
An above ground storage area for irradiated fuel from the Nuclear Power
Demonstration power reactor located at Rolphton, Ontario.
Constructed in 2000 to as an above ground storage facility for low level
radioactive waste.
Directly adjacent to WMA-A, used to disperse low level radioactive wastewater
from NRU and NRX reactors located on site.
Established in 1961 to store high and intermediate level wastes generated at CRL.
Used from 1982 to 1987 and found just north of WMA-C, areas were used to store
inactive acids, chemicals, and organic solvents.
Experimental sites for storage of vitrified fission product waste.
Used from 1955 to 1960 as a disposal site for thorium, U-233, and mixed fission
products from a U-233 extraction facility.
Used from 1953 to 1954 to decompose ammonium nitrate in active waste
solutions, until an accidental discharge of untreated waste directly to the soil.
The building was buried along with Sr-90 and Cs-137 that has since reached the
groundwater.

Leakage from the storage facilities, in addition to direct contamination, has resulted in
contaminated groundwater plumes within the CRL grounds. They are summarized in the Table 4 [68],
[71]–[73].
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Table 4. Radioactive Groundwater Plumes within AECL Chalk River Grounds
Drainage Basin

Area

Source of Contamination

Perch Lake

WMA-A

Sand Trench and Reprocessing
solutions
Chemical Pit and active drain
discharges
Reactor Pit #1

LDA

Reactor Pit #2 and rod bay water
discharges

Maskinonge Lake

Ottawa River

WMA-B

Sand Trench
Sand and Asphalt Trenches

Glass Block
Experiment
WMA-C

Vitrified waste

Nitrate Plant

Reprocessing wastes

Thorium Plant

Direct discharge of reprocessing
waste
NRX rod bay leak

Plant Site,
Controlled Area 2

Mixed-low level wastes

NRU Building from rod bay or piping
from NRU to Liquid Disposal Area.
Leaks from old active drain system

Main Plume
Contaminates
Sr-90, Cs-137
Extent 38,000 m2
Sr-90, Co-60,
Extent 8,000 m2
Sr-90
Extent 9,000 m2
Tritium
Extent 200,000 m2
Sr-90
Extent, 18,000 m2
Tritium
Sr-90
Extent 8,500 m2
Sr-90
Extent 3,000 m2
Tritium, C-14
Extent 38,000 m2
Sr-90, Cs-137
Extent 16,000 m2
Sr-90
Extent 6,000 m2
Tritium, SR-90
Extent 28000 m2
Tritium,
Extent 24,000 m2
Tritium and/or Sr-90
that merge with
NRX/NRU plumes

The groundwater flow of Duke Swamp is interesting that in it does not flow towards the nearby
Ottawa River. The groundwater is rain fed and sourced from Lake 233. It then flows downhill away
from Ontario River. The groundwater flow is best summarized by Figure 5. The listed waste
management areas are shown in green, with the WMA of interest, WMA-C, being just south of Lake 233,
in the center. The groundwater flows at a rate of 150 meters per year, which is a residence time of two
years between intrusion at Lake 233 and resurfacing in Duke Swamp.
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Figure 7. Groundwater flow and drainage areas for Duke Swamp and surrounding areas. Taken from Hart and McKee 2005 [16]
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Introduction to Duke Swamp Sampling Area
Duke swamp is located just west of the AECL Chalk River Laboratory campus , in Ontario Canada.
The swamp is 0.102 square kilometers in size. There is radioactive groundwater contamination within
Duke Swamp, the source of which is from Waste Management Area C [51]. Waste Management Area C
(WMA-C) is a low level solid waste storage location on the grounds of Chalk River Laboratories (CRL).
The waste storage site is a 120 meter by 340 meter rectangle with trenches dug four to six meters deep
for waste storage. The stored waste in Waste Management Area C is primarily from CRL, though there is
also industrial, medical, and research waste from throughout Canada [68]. The contamination found in
Duke Swamp is due to groundwater runoff from WMA-C and, is shown in Figure 6. The inputs to the
swamp are primarily tritium and carbon-14, and these have been monitored at a point along the
swamp’s drainage stream, Duke Stream. When monitoring first started, cobalt-60 was determined to be
present in Duke Stream, but has since decayed [51], [68].
In 1983, a polyethylene cover was placed over WMA-C to prevent inflow of the annual 380
millimeters of rain that incorporated into the groundwater. This has had decided impact on the inflow
rate of contaminants from WMA-C to Duke Swamp and also the Bulk Storage Area. The Bulk Storage
area also receives groundwater input from WMA-C and has a determined residence time of six years
[68]. After the cover construction was completed, the activity of tritium sampled at the output of the
Bulk Storage Area has been decreasing at a rate faster than that of typical tritium decay, signifying a
decrease in the inflow of contaminated groundwater from WMA-C [68].
Chalk River Laboratories is also the home of the Nation Reactor Universal (NRU) reactor. The
NRU first came online in 1957 and has three main purposes: production of industrial and medical
radioisotopes, neutron beam research, and engineering research for Canada Deuterium Uranium
(CANDU) power reactors [74]. It is also a source of airborne carbon-14, in the form of carbon dioxide.
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The air concentration due to release from the NRU stack is no more than twice global background for
14

CO2 [75].

Figure 8. Groundwater runoff from Waste Management Area C at Chalk River Laboratories. Taken from
Hart and McKee 2005. [16]
During the groundwater characterization a soil profile was constructed, and is shown in Figure 9.
The drainage from WMA-C is directly controlled by the geologic structure. The bedrock controlled basin
has thin, bouldery glacial till directly over top of it. The glacial till comprises the bottom of nearby Lake
223 and WMA-C. Along with glacial till, a range of sand types (very fine to medium fine on the
Wentworth scale[76]) comprise the rest of the soil. The significant groundwater flow split, shown in
Figure 6, is caused by a clayey silt stratum that is adjacent to and beneath Duke Swamp but should have
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no bearing on the ability to obtain results. The contents of the swamp are primarily fibrous sphagnum
peat, which can be up to three meters thick [68].

Figure 9. Geographic cross section from Lake 233 to Duke Swamp, including water table. Taken from
Killey et al, 1998 [68]

Groundwater Contaminants
The contaminants found within the groundwater are primarily organic compounds labeled with
carbon-14. These contaminants are chloroform, dichloroethane, trichloroethene, and xylene [77], [78].
The rate of movement by a chemical by groundwater through soil can be described using a dissociation
constant (Kd value)[79]. The rates of sorption of these chemical based on Kd value [3], [80], [81] indicate
that these should still be the primary carbon-14 contaminants found within the groundwater flowing
into Duke Swamp. All of these chemicals are converted through various pathways and intermediaries
before being reduced to carbon dioxide[77].
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Explanation of Sampling Locations
Sample Site Selection
Groundwater monitoring has occurred previously in the project area [16], [51], [68], [82], [83].
As such, groundwater sampling locations have been established prior to this project. Established
groundwater wells were decided upon as the project's sampling points. In the first year of sampling,
fifteen locations were selected for analysis. Prior to any sampling at each location, an AMS soil gas
sampling tip was installed at half of the groundwater depth. This occurred at every sampling location,
except one. Location 210 was in Duke Swamp. Within the swamp, the groundwater reaches the surface
resulting in an elimination of soil vadose zone, removing the possibility of soil gas sampling.
The initial fifteen sampling locations were chosen due to their proximity to the known
groundwater plumes shown previously in Figure 6 [16]. In the second year of sampling, seven additional
sampling locations were chosen because they were outside the known groundwater plumes. The
sampling locations are identified by the preexisting groundwater well identification number. They are
part of the C-series boreholes located on CRL grounds [68], [75]. The wells are shown in Figure 8. From
this point forward, the sampling locations will be identified by their well number, and be referred to as
wells.
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Figure 10. Locations
tions sampled each year labeled by Well number
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Figure 11. Aerial representation of sampling locations labeled by well number.
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Methods
Detailed explanations of all methods and equipment used during this project can be found in
Appendix A.

Sample Collection
All samples from each site were collected during the same sampling period, so all data points
from a single location are linked temporally as well as geographically.

Groundwater Sampling
Determination of the depth to the groundwater was completed using a Solinst Water Level
Meter1. It is a conductivity probe attached to a measuring tape. Once the tip of the probe comes in
contact with water, the meter beeps and the water level can be read off of the measuring tape. Each
borehole is not flush with the ground so the "stickup" (height above ground level) height, as listed on
AECL documents, was subtracted from the total length. There are many different types of wells located
in Duke Swamp, so they are not all identical. The wells range from single 1 1/4" PVC pipes, to 4" PVC
lined boreholes containing multiple 1/8" to 1/4" tiered sampling wells.
A GeoTech Geopump2 was used for collection of groundwater. A 1/4" plastic tube was fed down
the determined sampling tube and attached to the Geopump. Groundwater samples were collected
after purging twice the volume of the sampling tube. The volume was calculated by determining the
depth from the surface of the groundwater and using the diameter of the sampling tube to find the
cylindrical volume. The amount removed at each location is listed under the variable name Purge. After
the purge amount had been removed, 100 ml samples were obtained and stored in 125 ml Nalgene
bottles. One ml of 10% saturated NaOH solution was added to each bottle to prevent loss of carbon

1
2

Solinist Canada Ltd. Model 102
TM
Geopump Persitatltic Pump Series II, Geotech Environmental Equipment Inc., Denver Colorado
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from degassing due to temperature fluctuations before samples would be stored in a dark refrigerated
walk in storage room.

Figure 12. Different types of installed groundwater wells, primary sampling tubes (left) and multilevel
samplers in a 4 inch borehole (right).

Groundwater DIC and DOC Determination
For determination of the DIC and DOC content of the groundwater, 10 ml aliquots were given to
AECL laboratory staff for analysis.

Groundwater Activity Determination
The groundwater carbon-14 activity determination was performed using AECL standard
procedures. The process involved ultraviolet oxidation of organic compounds and capture of the
evolved gas in Ultima Gold liquid scintillation cocktail. The analysis apparatus is shown in Figure 13. The
samples were analyzed using a liquid scintillation counter 3.

3

Perkin Elmer TriCarb 2700 TR LSC, Waltham, MA
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Figure 13. Oxidization, evolution, and capture of all carbon (DIC and DOC) from groundwater.

Determination of Soil Gas Carbon Dioxide and Combustible Gas Concentrations
To determine the soil gas gaseous concentrations of carbon dioxide and combustible gases, soil
gases were pumped into a sealed two liter container that contained a pSense Portable CO2 Meter[84]
and TPI HXG-2D Sensit Combustible Gas Detector[85]. Using the principles of positive pressure, it can be
readily assumed that the atmosphere within the sealed container is representative of that at the soil gas
sampling location. Both sampling meters were turned on and placed inside the container. The probes
were allowed to sit within the container for two minutes. This amount of time was sufficient for each
probe to automatically calculate an average soil gas concentration within the container.

Vadose Zone Carbon Collection
After a sampling site was selected, a soil-gas sampling tip was placed at depth that was
calculated as 50% of the water depth. The water depth was determined at each point using a
conductivity probe. The probe was inserted down the primary borehole at each location. Each borehole
is not flush with the ground so the stickup amount, as listed on AECL documents, was subtracted from
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the total length. Using a hand held rotary hammer and an extendable drill bit, a two inch borehole was
drilled into the ground until the desired depth had been reached and a soil-gas sampling tip was put in
place after being attached to a length of 1/8" polyvinyl tubing. The full length was measured then fed
into the two inch borehole. The soil from the borehole was backfilled into the hole. The polyvinyl
tubing remaining above ground was measured. The length was recorded and subtracted from the total
length attached to give the sampling depth.
The method of soil-gas collection is similar to that of groundwater collection. A Geotech
Geopump was used for sample collection. The Geopump input was connected to the sampling tube and
the volume of the sample train was voided twice prior to sampling.
There were two different soil gas collection methods used during this project

Year 1
In year one of sampling, the soil gas was collected in five liter tedlar® sample bags. After
collection, the soil gas samples were taken back to the lab and bubbled through 100 ml of 10% saturated
NaOH; this is shown in Figure 14. The soil gas samples were captured after the first bubbling and then
bubbled through the NaOH solution again. After the second time through the NaOH solution, the
concentration of carbon dioxide was determined in similar manner as out in the field. This sampling
method had over a 90% capture rate of carbon dioxide as measured by measuring the soil gas
concentrations prior to bubbling and post bubbling.
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Figure 14. Soil gas sampling method from year 1 using 5 liter tedlar® bags.

Year 2
In the second year of sampling, the soil gas samples were captured in NaOH solution in the field.
The Geopump output was connected to a 30 inch tall bubbling column with an inner diameter of 5/8
inch. The column contained 100ml of 10% saturated NaOH. The input was connected to a rock fish
bubbler that sat at the bottom the column. The column output was then connected to an overflow
bottle that captured any spillover from the bubbler. This sampling method had over a 99% capture rate
of carbon dioxide as determined by measuring the soil gas concentrations prior to bubbling and post
bubbling.
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Figure 15. Soil gas capture device and schematic used during year two.

Multilevel Sampling
At two sampling locations, sample points 8 and 369, additional soil gas sampling tips were
installed. Seven additional soil gas sampling tips were installed in a row including the original soil gas
sample tip installed in year 1 of sampling. The new tips were placed 50 centimeters apart to depths of
25 cm, 50 cm, 75, cm, 100 cm, 150 cm, 200 cm, and 500 cm. The position of each sample tip is shown in
Figure 16. The tips were placed at a distance such that sampling at one tip would not encroach upon
another sampling location. This was determined by calculating the radius of the sampling volume, 5
liters. Using the equation for the volume of a sphere and the porosity of soil [16], the sampling radius
was determined. The nearest linear distance between two sampling points was 70 cm, which was far
enough that sampling volumes would not overlap and would also have an additional buffer zone. These
samples were collected in the same manner as all other soil gas samples.

34

Figure 16. Placement of multilevel soil gas samplers.

Vegetative Sampling and Processing
Plant Selection
For vegetative
egetative samples, each location sampled during the first year of sampling, 2013
2013, was
photographed prior to sampling. After observation, a plant determined to be present at each location
was chosen as the vegetation to be sampled. The vegetation was later
later determined to be a member of
the Bracken (Pteridium)) genus of ferns [86].
Samples were chosen based on their proximity to the soil gas and groundwater sampling points.
The above ground portions of the ferns were collected and, if necessary,
necessary, the roots were removed. TThe
samples were then placed in pre-massed
massed plastic bags for mass determination. Samples were then
placed in the freezer for storage until drying.
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Drying and Preparation
Plant samples were transferred to 400 ml beakers for drying. The beakers were placed in a
drying oven which was set at 55 degrees Celsius. The plants were dried for 96 hours or until they
reached a steady weight. The samples were allowed to cool to room temperature and were then
massed again.
Samples were then crushed using gloved hands to fit the entire sample into a Black & Decker
coffee grinder. The samples were powdered using the coffee grinder, placed in resealable polyvinyl
containers, and then stored in the freezer for later use.

Bomb Combustion
In order to analyze the carbon-14 incorporated into the plants, one and a half gram portions of
the plant samples were converted entirely to carbon dioxide using Parr combustion bombs4. The
portion of plant material was placed in a metal crucible and magnesium ignition wire was fed through
the sample. The apparatus was assembled with a beaker containing 100 ml of 10% saturated NaOH
solution in the bottom. The atmosphere of the combustion bomb was purged using 100% oxygen gas
and then pressurized using pure oxygen to 20 atmospheres. The bomb was ignited using an electric
ignition device. After confirmation of ignition, the bomb rested 30 minutes for the released carbon
dioxide to dissolve into the NaOH solution. The trapping solutions were placed in 125ml Nalgene bottles
and stored overnight in a refrigerator prior to the next step.

4

Model 1121, Parr Instrument Company, Moline, IL

36

Figure 17. Left - Plant sample (1.5 g) prepared for bomb combustion. Right - Parr combustion bomb.

Acid Stripping
The final step in preparation prior to analysis was transferring the carbon from the NaOH
trapping solution into a Carbo-Sorb® and Permafluortm liquid scintillation cocktail5. Ten milliliters of
each solution were placed in a 50 ml centrifuge tube, which was placed in an ice bath to aid in carbon
dioxide trapping efficiency. The NaOH trapping solution was placed in an Erlenmeyer flask that had
been modified to include an inlet for nitrogen sweep gas. The top of the flask was connected to a
modified separatory funnel that contained 9M sulfuric acid which was added dropwise until the NaOH
trapping solution had been neutralized. The carbon dioxide evolved during the 15 minute titration was
swept into the scintillation cocktail using pure nitrogen gas. After the base had been neutralized, one
more milliliter of acid was added to ensure removal of any dissolved carbon. The apparatus was purged
with the nitrogen flowing for another 5 minutes for any remaining carbon to be captured by the
scintillation cocktail.

5

Permaflour ID:6013187, Carbo-Sorb ID: 6013729, Perkin Elmer, Waltham, MA
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Figure 18. Acid stripping setup (left) and schematic(right).

Soil Gas and Plant Carbon-14 Activity Determination
Activity of carbon-14 was determined using a liquid scintillation counter6.

Standards
Five standards were also run in each batch of samples that were counted using the Quantulus
LSC.


A blank consisting of only Carbo-Sorb® and Permafluortm scintillation cocktail.



Two carbon spiked blanks created using bomb combustion of polyvinyl beads, one of which was
spiked with a known quantity of National Institute of Standards and Technology (NIST) standard
4222C, carbon-14 hexadecane solution.



A background standard created using bomb combustion of dehydrated milk produced within the
province of Ontario.



And finally, a blank using "dead" carbon evolved from limestone.
All standards were created using bomb combustion and acid stripping, or modified versions if

certain parts were not necessary for creation of the standard.
6

Wallac 1220 Quantulus, Perkin Elmer, Waltham, MA
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Data
The dataset is listed in tabular form in Appendix A.
The following table contains all of the variables evaluated during analysis.

Variable name
Plant.Bq.g.C
Sample.Depth
CO2
Comb.Gas
Water.Depth
Purge
Water.Bq.L
Gas.Bq.L
DOC
DIC
Dry.Mass
Wet.Mass
Year
Type

Table 5. All variables evaluated during analysis.
Units
Description
14
-1
C Bq g C
Carbon-14 activity per gram carbon of plant matter
m
Soil gas sampling depth from the surface
ppm
Soil gas carbon dioxide concentration
ppm
Soil gas combustible gas concentration
m
Depth to groundwater from soil surface
Amount of water removed from groundwater well
ml
prior to taking a sample
14
C Bq L-1
Groundwater carbon-14 activity
14
C Bq L-1
Soil gas carbon-14 activity
-1
mg L
Groundwater dissolved organic carbon content
-1
mg L
Groundwater dissolved inorganic carbon content
g
Mass of sampled plant after 96 hours of drying
g
Mass of plant sample
1st/2nd
Factor variable indicating sampling year.
Factor variable indicating expected groundwater
Type/Control
source of carbon-14

Modification of Data Points
Year 1 Data
The following data points were modified prior to analysis. The data points for 2013 plant
carbon-14 activity and soil gas activity were efficiency corrected using the average efficiency (64.35%)
from three detector runs in 2014 as it was probable that the determined efficiency of 30.76% was
incorrect.
Combustible gas concentrations were not recorded in the first sampling year. The values
recorded in 2014 were added to the 2013 dataset so that sample points were identical year to year.
This method of replacement was also used for the groundwater activity, as the 2013 activity analysis of
groundwater yielded no useable results due to incorrect procedures.
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Removal of Atmospheric Background Carbon
For determination of radiation activities above expected background, the Ontario provincial
background carbon-14 specific activity was removed from the response variable (Plant.Bq.g.C). The
sampling locations were considered to only be contaminated from emissions from WMA-C due to all
other sources being downwind of the predominant wind direction. The value removed was determined
from previous reports of background levels [11], [51] and was 0.248 Bq/g C. Any data point that became
negative was set to zero to show excess carbon-14 activity.

Spatial Representation of Data
The following maps show to location of the data used during analysis. They show the spatial
variation within variables. The maps are listed below for convenience.

Year 1 (2013)
Figure 19.
Figure 20.
Figure 21.
Figure 22.
Figure 23.
Figure 24.
Figure 25.
Figure 26.
Figure 27.
Figure 28.

Carbon-14 activity after subtracting local background of plants sampled in 2013
Carbon-14 activity determined for plants sampled in 2013
Depth of Groundwater at each sampling point in 2013.
Dissolved Inorganic Carbon concentration of groundwater sampled in 2013
Dissolved Organic Carbon concentration of groundwater sampled in 2013
Depth of soil gas sampling tips of 2013.
Soil gas carbon-14 activities determined in 2013 in Bq/L.
Carbon dioxide concentrations of soil gas sampled in 2013
Mass of plants sampled in 2013 after drying.
Mass of plants sampled in 2013 before drying.

Year 2 (2014)
Figure 29.
Figure 30.
Figure 31.
Figure 32.
Figure 33.
Figure 34.
Figure 35.
Figure 36.
Figure 37.
Figure 38.
Figure 39.
Figure 40.

Carbon-14 activity after subtracting local background of plants sampled in 2014.
Carbon-14 activity determined for plants sampled in 2014.
Depth of Groundwater at each sampling point in 2014.
Dissolved Inorganic Carbon concentrations of groundwater sampled in 2014
Dissolved Organic Carbon concentrations of groundwater sampled in 2014
Groundwater carbon-14 activity determined in 2014
Depth of soil gas sampling tips of 2014.
Soil gas carbon-14 activities determined in 2014 in Bq/L.
Carbon dioxide concentration (ppm) of soil gas sampled in 2013
Combustible gas concentration of soil gas sampled in 2014.
Mass of plants sampled in 2013 after drying.
Mass of plants sampled in 2013 before drying.
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.
Figure 19. Carbon-14 activities after subtracting local background of plants sampled in 2013

Figure 20. Carbon-14 activity determined for plants sampled in 2013
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Figure 21. Depth of Groundwater at each sampling point in 2013.

Figure 22. Dissolved Inorganic Carbon concentration of groundwater sampled in 2013
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Figure 23. Dissolved Organic Carbon concentration of groundwater sampled in 2013

Figure 24. Depth of soil gas sampling tips of 2013.
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Figure 25. Soil gas carbon-14 activity determined in 2013 in Bq/L.

Figure 26. Carbon dioxide concentration of soil gas sampled in 2013
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Figure 27. Mass of plants sampled in 2013 after drying.

Figure 28. Mass of plants sampled in 2013 before drying.
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Figure 29. Carbon-14 activity after subtracting local background of plants sampled in 2014.
-
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Figure 30. Carbon-14 activity determined for plants sampled in 2014.
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Figure 31. Depth of Groundwater at each sampling point in 2014.
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Figure 32. Dissolved Inorganic Carbon concentration of groundwater sampled in 2014

49

Figure 33. Dissolved Organic Carbon concentration of groundwater sampled in 2014.
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Figure 34. Groundwater carbon-14 activity determined in 2014
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Figure 35. Depth of soil gas sampling tips of 2014.
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Figure 36. Soil gas carbon-14 activities determined in 2014 in Bq/L.
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Figure 37.. Carbon dioxide concentrations (ppm) of soil gas sampled in 2014.
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Figure 38. Combustible gas concentrations (ppm) of soil gas sampled in 2014.
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Figure 39. Mass of plants sampled in 2014 after drying.
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Figure 40. Mass of plants sampled in 2014 before drying.
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Graphical Representation
The data was observed graphically, comparing the explanatory variables to the response,
Plant.Bq.g.C. The explanatory variables compared to the determined plant carbon-14 specific activities
are shown in Figure 41.

Figure 41. Raw data compared to response variable, Plant.Bq.g.C colored to show differences between
sampling years
The same observation was completed against the plant carbon-14 activity after correction for
atmospheric carbon. In every graph, there are two outliers, and they represent data points found at
groundwater well 210. The high carbon-14 activities are expected from sampling points surrounded by
carbon escaping from the groundwater.
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Figure 42. Raw data plotted against atmospheric background corrected Plant.Bq.g.C
In both datasets, there is a noticeable difference between change in carbon dioxide levels is
apparent (and significant, two sample t-test p-value = 7.948E-05). This could be due do the either the
different time of year sampling occurred, a change in the carbon dioxide detector used to determine the
numbers, or a combination of both.
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Figure 43. Raw data with sampling point 210 removed.
Comparisons of Figures 41 and 42 with Figure 43 shows that the sampling point within the Duke
Swamp has an impact on final results.

Data Transformation During Analysis
To perform linear regression analysis, it is assumed that there is a linear relationship between
explanatory variables and the response variable. Literature has suggested that environmental data is
often represented by a log-normal distribution[53], [87]. In a log-normal distribution, log represents the
natural log(ln) and not the log base 10 (log10)of a number and from this point forward log will represent
a natural log. As this dataset does contain zeros, taking the natural log of zero results in an undefined
answer as the function is only continuous for x>0 [88]. Variables that included zeros were transformed
using the natural logs, but a constant was added to every variable before transformation. In this
instance, the constant was one. Adding one keeps the number line rooted at zero, while compressing
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larger numbers [89], [90]. Interpretation of transformed data can only be applied to the median as the
natural log also changes the distribution of the mean.
To visualize the relationship between predictors and response, the data was observed using the
R packages ggplot2 [91] and grid[92]. Through this work, localized trends were observed using LOESS
(LOcal regrESSion) regression. LOESS is a non-parametric regression used to visualize localized trends
within a dataset. An example of a sigmoid curve is shown in Figure 44 with a linear fit(left) and a LOESSfit (right).

Figure 44. Linear (left) and LOESS (right) fit of sigmoid curve.
Using R, the following four relationships were observed: non-transformed predicators against
the non-transformed response, non-transformed predicators against the natural log transformed
response, natural log transformed predicators against the non-transformed response, and natural log
transformed predicators against the natural log transformed response. Observation of the full dataset,
along with any subsets, was completed prior to any statistical analysis using the grid package of the base
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R code [92]. Grouped observation allows for detection of yearly shifts in the data, along with any
potential data trends.
The transformed variables are also visually represented in Figure 45.

Figure 45. Fully transformed dataset. The transformations are labeled on the axis of each graph.
Sample point 210 was also removed after all the data points had been transformed. The data is
shown again, without data point 210 in Figure 46 below. This allows for visualization of the remaining
data on a smaller scale.
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Figure 46. Fully transformed data without sampling point 210.

Observation along an East-West Transect
The plant carbon-14 activity was also observed spatially. When considered along a horizontal
cross section the data points fall into four clumps. From east to west these are , close to WMA-C, within
the forest, near Duke Swamp, and within Duke Swamp. The carbon-14 plant activities show increased
values at either edge of the transect and a dip within the forest. This is observed in a generalized
manner in Figure 47. It also shows generalized carbon activities in plants (green), soil gas(red) , and
groundwater(blue) of the four clumps mentioned previously.
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Figure 47. A generalized linear interpretation of the data from source to release point.
After calculating the linear distance from Duke Swamp to the sampling point the data was split
into two different subset, as the plant carbon activity decreased from Duke Swamp to zero in the center
of the forest, and as the plant carbon activity increased from zero within the forest to near the release
point of WMA-C. These subsets are referred to FromSwamp and FromWMAC and are depicted in Figure
48. Visualization of these subsets can be in Figure 60 in the discussion section of this paper.
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Figure 48. Subsetting data spatially to determine trends of Plant.Bq.g.C from Duke Swamp to 0 (left) and
from 0 to WMA-C. (right)

Multilevel Sampling Results
The two multilevel samplers put in place at locations 8 and 369 were each sampled once. The
activities determined are listed in Table 6.
Table 6. Soil Gas Activity Vertical Profile.
Sample
Carbon-14 Bq/L
Sample
Carbon-14 Bq/L
0.000185*
0.019691
8-A
369-A
0.000792*
0.001862
8-25
369-25
0.001039*
0.00215
8-50
369-50
0.000319*
0.007119
8-75
369-75
8-100
0.000525*
0.007634
369-100
0.000597*
0.007387
8-150
369-150
0.023714
0.00537
8-200
368-200
0.329867
0.005576
8-356
369-356
8-500
2.279455
369-500
0.026286
*The minimum detectable activity of these samples is 0.001353 Bq/L.
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Analysis
Statistical Analysis
The statistical computing software R [92] was used to perform all statistical analyses.

Analyzed Data Subsets
The data were grouped into several subsets to compare possible differences within the data.
Along with the full and partially transformed full dataset, subsets of the first and second year were
compared, control and test well subsets were compared, sample points where only excess plant activity
was found were grouped together, and east and west spatial subsets were compared.
Table 7. Wells contained within subsets observed and analyzed during this project.
Subset
Full Non corrected Dataset
Full Dataset
Ideally Transformed
Test
Control
First Year
Second Year
From Swamp
From WMAC
Active Only
No 210

Contains Wells
All wells
All wells
All wells
8,10,11,12,13,111,113,115,210,211,212,213,214,215,369
129, 130, 131, 132, 133, 134, 135
8,10,11,12,13,111,113,115,210,211,212,213,214,215,369
All Wells
8,10,11,12,129,133,210,211,212,213,214,215,369
8,11,13,111,113,115,369
10,111,113,115,210,211,212,213,214,and 215 (2013 only)
All Wells except 210

Removal of Collinear Variables
Prior to linear regression of a dataset, collinear variables were removed using the fmsb package
[93] in R. Datasets with collinear variables can yield models that return no statistically significant
variables [94]. Determination of and removal of collinear variables was determined through the use of
variance inflation factors (VIF) [94].
Prior to performing VIF analysis on the predictor values, the predictors Type and Year were
removed from the table, along with the response variable, Plant.Bq.g.C. The Type and Year predictors
are factor variables and were not included in this analysis. Stepwise removal of collinear variables was
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performed using VIFs, removing the predictor with the largest VIF. This was performed iteratively until
all remaining predictors had an associated VIF below the removal threshold of 10.
The purpose of VIF analysis prior to regression, is to decrease the effect individual predictors
have on the overall standard error of a regression coefficient. The VIF threshold value of 10 was chosen
as an upper limit as literature [95] suggests this is the maximum desirable value for a VIF. The value of a
VIF is indicative of the increase in a regression coefficient's variance due to collinearity between
variables. The value of a VIF is associated with the square root of the multiplicative increase in the
standard error of each variable in reported regression model. As such, a VIF of 9 would indicate the
standard error of the coefficient would be 3 times higher than expected. Decreasing the standard error
is important, as the predicator variable selection method for best fit models takes into account the
standard error of potential predictors.
Overall there were two sets of predictors that were removed most frequently. The first set,
plant dry and wet mass, are highly correlated. Plants are usually between 65% and 80% water, so drying
of plants should result in a dry mass that is highly correlated to the wet mass, as was the case. For this
dataset the correlation between wet and dry mass is 0.98, which is very tightly correlated. The second
set of variables that are closely correlated are Sample.Depth and Water.Depth. During original planning
the target soil gas sampling depth was planned to be half of the groundwater depth at each sampling
location. This depth was not always possible, so the tips were placed as close as possible to the desired
value, resulting in a correlation of 0.73. Though not as closely correlated as a plant's wet and dry mass,
it is still a strong correlation. Overall of the subsets observed during analysis, either Wet.Mass or
Dry.Mass was removed from every subset and Sample.Depth or Water.Depth was removed from over
half of the analyzed subsets. This is appropriate, without removal the same data being represented
twice in a model. So removing one variable or the other does not remove the data from the selected
analysis.

67

Multiple Linear Regression
Using R [92], multiple linear regression was performed using the leaps package [96]. The leaps
package performs exhaustive searches based on the number of variables included in the model. It does
not take into account different model selection methods, such as AIC, BIC, and Mallows Cp, among
others [97]. These informational criterion are model selection methods that calculate a value for each
model. Models with additional variables are added a penalty, that prevents over fitting of models [97].
These can be quickly calculated using functions within the plyr package [98] in R. For this analysis, the
Bayesian Information Criterion (BIC) and Mallow's Cp were calculated for every reported model. The
models with the lowest BIC and Mallow's Cp values were determined. If the models were identical, it
was assumed that represented the best fit model of the dataset. If the models were dissimilar, they
were compared using an extra sum of squares F-test.
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Comparison of Year 1 to Year 2
Between the two sampling years, an ecological barrier was put in place over WMA-C. The
barrier is intended to prevent the intrusion of rain water through the waste containing vadose zone and
carry contaminants to the groundwater. Prevention of waste movement is ideal, but does pose a threat
to future collection of data if removal of inputs is rapidly shown to affect other model compartments.

Year to Year correlation
Initially, certain variables were compared yearly using correlation and are shown in Table 8. The
constant variable sample depth, the factor variables Year and Type, and non-yearly related variables
plant wet and dry mass, and combustible gas levels were not compared.
Table 8. Year to year correlation of variables
Variable
Correlation
CO2
0.571
Water Depth
0.964
Purge
0.167
Plant Bq/g C
0.927
Gas Bq/L
0.800
DOC
0.886
DIC
0.010
A high year to year correlation indicates a lack of change from the first and second sampling
year. It confirms the assumptions that there would be little change in the water depth, soil gas activity
and plant activity levels. The high year to year correlation of DOC is indicative of slow moving organic
compounds that may have been released from WMA-C, or were brought along with groundwater that is
sourced from Lake 233.

Comparison of Response Variable
The plant carbon-14 specific activities were separated into two samples based on year and
compared using a two sample t-test. The results show that there is no significant difference between
years of the raw non background corrected data (Welch Two Sample t-test p-value = 0.33), or the
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background corrected data (Welch Two Sample t-test p-value = 0.25). Additional tests that removed the
activity outliers also confirmed there was no significant difference of plant carbon-14 specific activity.
Additionally, the variable Year was regressed against the response variable, Plant.Bq.g.C, both
background corrected and not. Neither model indicated that the variable year was a significant
predictor of plant carbon-14 activity.
Table 9. Summary of Model Plant.Bq.g.C ~ Year
> summary(Y1vY2_Corr)
Call:
lm(formula = Plant.Bq.g.C ~ Year, data = Data)
Residuals:
Min
1Q
Median
-0.38128 -0.17689 -0.17689

3Q
0.03561

Max
2.52152

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
0.3813
0.1395
2.734 0.00976 **
Year2nd
-0.2044
0.1809 -1.130 0.26618
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Residual standard error: 0.5402 on 35 degrees of freedom
Multiple R-squared: 0.0352,
Adjusted R-squared: 0.00763
F-statistic: 1.277 on 1 and 35 DF, p-value: 0.2662
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Comparing Test vs. Control
In the second year of sampling, sampling points outside the known groundwater plume were
added to the sampling list. These are sampling points 129, 130, 131, 132, 133, 134, and 135. Initial
comparison of the two groups was completed using Welch's two sample t-tests. The significant
difference was observed in both non background corrected (Welch's two sample t-test p-value = 0.012)
and background corrected (Welch's two sample t-test p-value = 0.0012) carbon specific activities.
Correcting for carbon-14 background activity transforms all of the control values to zero. This
results in linear regression being unable to be performed on the corrected control subset so analysis was
only completed on the non background corrected Control and Test subsets.
Fitting a regression model proved problematic for the Control subset, as there were only seven
data points for fifteen variables. Any correlation between variables caused dramatic increase in
calculated variable inflation factors. In addition to removing the variables Type, Year, and Plant.Bq.g.C
from the dataset prior to calculation of VIF, Sample.Depth and Dry.Mass were removed as well. This
reduction in starting terms meant that the only remaining terms for selection were Comb.Gas,
Water.Depth, Water.Bq.L, Gas.Bq.L, and DIC. Only, the intercept showed significance during analysis,
which is indicative of natural background being present and no source of extra carbon. This is shown in
Table 10.
Table 10. Non Background Corrected Best Model of Control Subset
> summary(NC)
Call:
lm(formula = Plant.Bq.g.C ~ 1, data = NControl)
Residuals:
Min
1Q
Median
-0.023529 -0.018429 -0.007729

3Q
0.000421

Max
0.067271

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) 0.13183
0.01178
11.2 3.03e-05 ***
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Residual standard error: 0.03116 on 6 degrees of freedom
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Fitting a regression model to the Test subset did not have the problems related to the Control
subset. After VIF analysis, the variables Sample.Depth and Dry.Mass were removed before regression.
The determined best model from the Test subset only included one predictor variable, Water.Depth.
The model is shown in Table 11.
Table 11. Non Background Corrected Best Model of Test Subset
> summary(NT_1)
Call:
lm(formula = Plant.Bq.g.C ~ Water.Depth, data = NTest)
Residuals:
Min
1Q
Median
-0.62060 -0.25401 -0.09262

3Q
0.22082

Max
1.65413

Coefficients:
Estimate Std. Error t value
(Intercept) 1.49862
0.20176
7.428
Water.Depth -0.15828
0.03024 -5.234
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01

Pr(>|t|)
4.34e-08 ***
1.46e-05 ***
‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 0.4427 on 28 degrees of freedom
Multiple R-squared: 0.4945,
Adjusted R-squared: 0.4765
F-statistic: 27.39 on 1 and 28 DF, p-value: 1.464e-05

Plots of the residuals and normality indicate that the model is acceptable, and does not violate
the assumptions of constant variance, linearity, or normality. These plots are shown in Figure 49.

Figure 49. Check of constant variance (left), linearity (middle), and normality (right) for determined best
model of the Full Non background corrected Test dataset.
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Full Dataset
To begin regression analysis, Plant.Bq.g.C was regressed against a full model that included all
other variables as predictors. As shown in Table 12, a regression of the full dataset returns a model with
no significant variables.
Table 12. Non background corrected regression model
> summary(NonC_fit)
Call:
lm(formula = Plant.Bq.g.C ~ Sample.Depth + CO2 + Comb.Gas + Water.Depth +
Water.Bq.L + Purge + Gas.Bq.L + DIC + DOC + Type + Wet.Mass +
Dry.Mass + Year, data = NonCorrected)
Residuals:
Min
1Q
Median
-0.60337 -0.16339 -0.00393

3Q
0.19342

Max
1.17084

Coefficients:
(Intercept)
Sample.Depth
CO2
Comb.Gas
Water.Depth
Water.Bq.L
Purge
Gas.Bq.L
DIC
DOC
TypeTest
Wet.Mass
Dry.Mass
Year2nd

Estimate Std. Error t value Pr(>|t|)
1.019e+00 6.983e-01
1.459
0.158
-1.879e-01 1.893e-01 -0.993
0.331
-4.322e-05 4.944e-05 -0.874
0.391
-2.193e-03 2.700e-03 -0.812
0.425
-3.003e-02 7.020e-02 -0.428
0.673
-2.503e-05 2.020e-04 -0.124
0.902
2.876e-05 5.371e-05
0.535
0.597
2.356e-01 2.181e-01
1.080
0.291
1.755e-02 1.845e-02
0.951
0.351
3.315e-02 2.473e-02
1.341
0.193
1.701e-01 4.255e-01
0.400
0.693
5.025e-03 1.740e-02
0.289
0.775
-8.275e-03 7.122e-02 -0.116
0.909
-4.439e-01 3.480e-01 -1.276
0.215

Residual standard error: 0.4242 on 23 degrees of freedom
Multiple R-squared: 0.6481,
Adjusted R-squared: 0.4493
F-statistic: 3.259 on 13 and 23 DF, p-value: 0.006501

Calculating the variables inflation factors of numeric predictors shows that the variable
Dry.Mass has a VIF higher than the desired threshold of 10. All VIFs for the dataset are shown in Table
13. Iterative calculation of VIFs shows that all remaining VIFs are below the removal threshold of 10.
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Table 13. Variable Inflation Factors for numeric predictors of the Full Dataset.
> vif_func(func)
var
vif
Sample.Depth 5.174
CO2
2.849
Comb.Gas
1.979
Water.Depth 4.376
Purge
1.525
Water.Bq.L
1.713
Gas.Bq.L
1.565
DOC
1.665
DIC
1.598
Dry.Mass
13.944
Wet.Mass
13.690
removed:

Dry.Mass 13.944

Removing the Dry.Mass predictor and regressing Plant.Bq.g.C against the remaining predictors
also does not return any significant variables.
Table 14. Non background corrected reduced regression model (No Dry.Mass).
> summary(NonC_DM)
Call:
lm(formula = Plant.Bq.g.C ~ Sample.Depth + CO2 + Comb.Gas + Water.Depth +
Water.Bq.L + Purge + Gas.Bq.L + DIC + DOC + Type + Wet.Mass +
Year, data = NonCorrected)
Residuals:
Min
1Q
-0.61481 -0.16002

Median
0.00633

3Q
0.19026

Max
1.17910

Coefficients:
(Intercept)
Sample.Depth
CO2
Comb.Gas
Water.Depth
Water.Bq.L
Purge
Gas.Bq.L
DIC
DOC
TypeTest
Wet.Mass
Year2nd

Estimate Std. Error t value Pr(>|t|)
1.010e+00 6.801e-01
1.485
0.150
-1.840e-01 1.825e-01 -1.008
0.323
-4.473e-05 4.672e-05 -0.957
0.348
-2.256e-03 2.589e-03 -0.871
0.392
-3.093e-02 6.831e-02 -0.453
0.655
-2.388e-05 1.976e-04 -0.121
0.905
2.804e-05 5.225e-05
0.537
0.596
2.408e-01 2.090e-01
1.152
0.261
1.754e-02 1.806e-02
0.971
0.341
3.382e-02 2.354e-02
1.437
0.164
1.743e-01 4.151e-01
0.420
0.678
3.134e-03 6.052e-03
0.518
0.609
-4.249e-01 3.009e-01 -1.412
0.171

Residual standard error: 0.4154 on 24 degrees of freedom
Multiple R-squared: 0.6479,
Adjusted R-squared: 0.4719
F-statistic: 3.681 on 12 and 24 DF, p-value: 0.003191
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A plot of the residual vs. fitted values of the model, also indicates that the assumption of
linearity may be violated. This indicates that transformation may be required. The normality plot also
shows outliers at either end of the dataset.

Figure 50. Residual vs. Fitted Plots (left) and Normality plot of Residuals (right) from Full Model .
Using the leaps package of R [96] to find best potential models then calculating their BIC and CP
statistics returns two potential best models, one with three variables (Sample.Depth/Gas.Bq.L/DOC) and
one with a single variable(Sample.Depth). Fitting both models and comparing them using an extra sum
of squares F-test to compare the reduced model to the full model. A threshold of significance was
chosen to be p-value ≥ 0.05. A comparison between the two best models determined by BIC and CP is
shown in Table 15, and uses an extra sum of squares F-test.
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. Table 15. Comparison of two best models chosen by BIC and CP
> Models_NonC_1 <lm(Plant.Bq.g.C~Sample.Depth+Gas.Bq.L+DOC,data=NonCorrected)
> Models_NonC_2 <-lm(Plant.Bq.g.C~Sample.Depth,data=NonCorrected)
> anova(Models_NonC_1,Models_NonC_2)
Analysis of Variance Table
Model 1: Plant.Bq.g.C ~ Sample.Depth + Gas.Bq.L + DOC
Model 2: Plant.Bq.g.C ~ Sample.Depth
Res.Df
RSS Df Sum of Sq
F Pr(>F)
1
33 5.1893
2
35 6.2876 -2
-1.0983 3.4922 0.0421 *
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

The extra sum of squares F-test shown in Table 15 returns a p-value of 0.0421, indicating that
including the terms Gas.Bq.L and DOC in are significant, and should be included in the model. The
determined best model is shown in Table 16.
. Table 16. Summary Table of Best fit Model
> summary(Models_NonC_1)
Call:
lm(formula = Plant.Bq.g.C ~ Sample.Depth + Gas.Bq.L + DOC, data =
NonCorrected)
Residuals:
Min
1Q
-0.67291 -0.21295

Median
0.02608

3Q
0.15145

Max
1.59266

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
1.16008
0.21186
5.476 4.53e-06 ***
Sample.Depth -0.32961
0.05943 -5.547 3.67e-06 ***
Gas.Bq.L
0.29107
0.15219
1.913
0.0645 .
DOC
0.03491
0.01662
2.100
0.0435 *
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Residual standard error: 0.3965 on 33 degrees of freedom
Multiple R-squared: 0.5589,
Adjusted R-squared: 0.5188
F-statistic: 13.94 on 3 and 33 DF, p-value: 4.886e-06

Checking the fitted vs. residual and normality plots, shown in Figure 51, shows that the
assumption of constant variance is still not met, though the normality plot is more acceptable.
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Figure 51. Residual vs. Fitted (left) and Normality Plots(right) from the best fit model of the Non
Corrected dataset.
Also of interest is a plot of the residuals against the explanatory variables. What is desired is
constant spread of the residuals when compared against explanatory variables. In Figure 52, one of
three explanatory variables, DOC, shows constant spread when compared to the residuals. The variable
Gas.Bq.L is probably acceptable, but shows impact of outliers. The third variable, Sample.Depth, shows
curvature, indicating a lack of linearity.

Figure 52. Explanatory variables plotted against the residuals of the best fit model.
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Transformation
Regression was also performed after certain variables of the full data set were also transformed
using the natural logarithm. The variables CO2, DOC, DIC, Dry.Mass, and Wet.Mass were all
transformed by taking the natural logarithm, while the variables Sample.Depth, Comb.Gas, and
Water.Depth were all transformed using ln(x+1). Calculation of VIF determined that the variables
Sample.Depth and Dry.Mass were removed prior to regression of the transformed variables.
The best fit model included three variables log(CO2), log(Water.Depth+1), and Year. The
inclusion of the Year variable is surprising, as it was shown to not be significant by itself. The best fit
model is shown in Table 17.
Table17. Summary Table of Best fit Mode with Transformed Variables
> summary(Log_Full_2)
Call:
lm(formula = Plant.Bq.g.C ~ +log(CO2) + log(Water.Depth + 1) +
Year, data = Data)
Residuals:
Min
1Q
Median
-0.39875 -0.19827 -0.04571

3Q
0.17288

Max
0.78962

Coefficients:
Estimate Std. Error t value
(Intercept)
3.85982
0.64010
6.030
log(CO2)
-0.29152
0.08674 -3.361
log(Water.Depth + 1) -0.53499
0.11611 -4.608
Year2nd
-0.43271
0.12792 -3.383
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05

Pr(>|t|)
8.83e-07
0.00198
5.84e-05
0.00186

***
**
***
**

‘.’ 0.1 ‘ ’ 1

Residual standard error: 0.2892 on 33 degrees of freedom
Multiple R-squared: 0.7393,
Adjusted R-squared: 0.7156
F-statistic: 31.19 on 3 and 33 DF, p-value: 9.471e-10

The inclusion of the Year variable indicated a possible interaction between Year and the other
variables. Determination of the best fit model that included interaction terms between the model
above in Table 17 was also completed. The best fit model included significant interaction terms
between log(CO2) and log(Water.Depth+1), log(CO2) and Year, and log(Water.Depth+1 and Year. It also
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showed that the Year variable was not significant when these interaction terms are included. The model
is shown below, in Table 18.
. Table 18. Summary Table of Best fit Mode with Transformed Variables and Interaction Terms
> summary(LFI_1)
Call:
lm(formula = Plant.Bq.g.C ~ +log(CO2) + log(Water.Depth + 1) +
Year + log(CO2):log(Water.Depth + 1) + log(CO2):Year + log(Water.Depth +
1):Year, data = Data)
Residuals:
Min
1Q
Median
-0.25109 -0.09245 -0.04453

3Q
0.04520

Max
0.53232

Coefficients:
(Intercept)
log(CO2)
log(Water.Depth + 1)
Year2nd
log(CO2):log(Water.Depth + 1)
log(CO2):Year2nd
log(Water.Depth + 1):Year2nd
--Signif. codes: 0 ‘***’ 0.001

Estimate Std. Error t value Pr(>|t|)
5.16406
0.82094
6.290 6.21e-07 ***
-0.39578
0.12222 -3.238 0.00293 **
-3.63502
0.52068 -6.981 9.33e-08 ***
1.34503
0.98180
1.370 0.18087
0.32514
0.06043
5.380 7.96e-06 ***
-0.41741
0.14672 -2.845 0.00793 **
1.06925
0.19988
5.349 8.68e-06 ***
‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Residual standard error: 0.1861 on 30 degrees of freedom
Multiple R-squared: 0.9019,
Adjusted R-squared: 0.8822
F-statistic: 45.95 on 6 and 30 DF, p-value: 8.464e-14

Analysis of the residuals shows that the assumption of constant variance is met, in Figure 53.
While the model that shows the highest R2 term (0.8822), it does not meet all of the assumptions of
linear regression, specifically constant variance and normality, this is shown in Figure 54.

Figure 53. Residuals vs. Explanatory variables of best fit transformed interaction model.
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Figure 54. Linearity and Normality plots of best fit transformed interaction model.
Adding interactions to the model shows that interactions between year and log(CO2), year and
log(Water.Depth+1), and log(CO2) and log(Water.Depth+1) are significant. But, it also indicates that the
variable Year is no longer significant, as shown previously. The interaction between Year and CO2 had
been noted, and shown to be significant. Unfortunately, calculation of VIFs show that inclusion of
interaction terms has increased VIFs of every variable above the removal threshold of 10, and are shown
in Table 19.
. Table 19. VIFs of Best Fit model including Interaction terms.
> vif(LFT_1)
log(CO2)
log(Water.Depth + 1)
Year
log(CO2):log(Water.Depth + 1)
log(CO2):Year
log(Water.Depth + 1):Year

11.30068
82.88964
248.23391
84.41108
337.46055
42.41658

Removal of the Year variable, along with its interaction terms results in a model with no
significant variables or interaction terms between the remaining variables.
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Dataset without Sample Site 210
The dataset contains two outliers in the response variable, Plant.Bq.g.C. Both data points were
recorded at from plants sampled within Duke Swamp, at sample well 210. While the highest plant
carbon-14 activity was recorded at sampling point 210, the lowest data points of Water.Depth,
Sample.Depth, and CO2, were also recorded at sampling point 210. Removing sample point 210,
prevents interpretation from zeros that were intentionally added to the dataset and instead would only
allow for interpretation between the minimum and maximum values of the dataset. As sample point
210 was sampled both years, this means two sets of data points are removed, one from each year.
Calculation of VIFs indicate that only a single variable, Dry.Mass, is required to be removed from
the dataset prior to regression analysis. The best fit model was a model with 4 variable model of
Plant.Bq.g.C ~ intercept+CO2+Sample.Depth+Gas.Bq.L+DOC. Analysis of the residuals of the best fit
model show that the assumptions of constant variance (Figure 55) and linearity are violated (Figure 56).

Figure 55. Residual vs. Fitted of best fit model of dataset with sample point 210.
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Figure 56. Residual vs. Explanatory Variables Sample.Depth, CO2, Gas.Bq.L, and DOC of best fit model.
Transformation of the response variable, Plant.Bq.g.C, and explanatory variables Sample.Depth
and DOC using appropriate natural log transforms. Analysis of the residuals against the fitted value
showed that the constant variance assumption was violated and is shown in Figure 57. Plots of the
fitted vs. residual values show curvature, indicating a lack of constant variance.

Figure 57. Residual vs. Fitted values of the best fit model that does not include sampling point 210.
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The best fit model is shown in Table 20.
Table 20. Best fit model of subset not containing sampling point 210
> summary(No210_Year_1)
Call:
lm(formula = log(Plant.Bq.g.C + 1) ~ +log(Sample.Depth) + CO2 +
Gas.Bq.L + log(DOC), data = No210_Year)
Residuals:
Min
1Q
-0.22002 -0.05488

Median
0.01090

3Q
0.05230

Max
0.28759

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept)
1.549e-01 8.694e-02
1.782 0.08492 .
log(Sample.Depth) -2.640e-01 5.838e-02 -4.521 8.97e-05 ***
CO2
2.125e-05 7.670e-06
2.771 0.00950 **
Gas.Bq.L
1.658e-01 4.395e-02
3.773 0.00071 ***
log(DOC)
9.132e-02 2.638e-02
3.462 0.00163 **
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Residual standard error: 0.1143 on 30 degrees of freedom
Multiple R-squared: 0.617, Adjusted R-squared: 0.566
F-statistic: 12.08 on 4 and 30 DF, p-value: 5.733e-06

Discussion of Residual vs. Fitted Plot
The plot of the calculated residual and fitted values of the best fit model shown in previous
Figures 51, 55, and 57 show curvature. A decrease followed by an increase can be observed in all three
figures. It is most likely due to the fact that the response variable, the background corrected
Plant.Bq.g.C, has zeros spatiality distributed the middle of the sampling area. Showing no response to
changing variables will result in fitted values above the observed value and show a negative trend.
Because of the zeros, three more subsets were determined for analysis, spatially east and west, and a
subset that only included responses that showed plant carbon-14 specific activity above background
levels.
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Plant Activity Above Background
In many of the normality and residual plots shown previously, there are low activity values that
are skewing results. This is due to the inclusion of zero values for the dependant variable Plant.Bq.g.C.
A subset of the data to only observe data points linked with excess plant carbon-14 specific activity. The
data points included in this data set are 10, 111, 113, 115, 210, 211, 212, 213, 214, and 215(2013 only).
Calculation of VIF determined that the variables Sample.Depth and Wet.Mass were removed
prior to regression analysis. As these variables were all from within the Test data subset, the variable
Type was also dropped prior to analysis. The best fit model was determined to contain two variables,
Water.Depth and Gas.Bq.L. Analysis of the residuals shows curvature and is shown in Figure 58.

Figure 58. Check of constant variance (left), linearity (middle two), and normality (right) of best fit model
the Above Background subset, Plant.Bq.g.C ~Water.Depth+Gas.Bq.L.
The log(x+1) transformation of Plant.Bq.g.C and Water.Depth changes the residual plots to an
acceptable form. These are shown in Figure 59.

Figure 59. Check of constant variance (left), linearity (middle two), and normality (right) of best fit model
the Above Background subset, log(Plant.Bq.g.C+1) ~log(Water.Depth+1) +Gas.Bq.L.
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The best model is shown in Table 21.
Table 21. Active Only Best Fit Model
> summary(Active_1)
Call:
lm(formula = log(Plant.Bq.g.C + 1) ~ +log(Water.Depth + 1) +
Gas.Bq.L, data = Active)
Residuals:
Min
1Q
Median
-0.22817 -0.06571 -0.02398

3Q
0.04362

Max
0.27560

Coefficients:
Estimate Std. Error t value
(Intercept)
1.14466
0.08376 13.665
log(Water.Depth + 1) -0.51986
0.05057 -10.280
Gas.Bq.L
0.22594
0.05986
3.774
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05

Pr(>|t|)
3.06e-10 ***
1.87e-08 ***
0.00166 **
‘.’ 0.1 ‘ ’ 1

Residual standard error: 0.1268 on 16 degrees of freedom
Multiple R-squared: 0.8689,
Adjusted R-squared: 0.8525
F-statistic: 53.01 on 2 and 16 DF, p-value: 8.736e-08
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Comparison of East and West
Splitting the dataset into East and West subsets was completed after observing the data in a
generalized manner as shown previously in Figure 48. Removing local background from the plant
carbon-14 specific activity shows a delineation between plants with above background activity. Two
subsets were created to represent a decrease of excess plant activity away from WMA-C to zero within
the forest, and then an increase from zero to the site with highest excess activity, sampling point 210.
The subsets were determined by measuring the linear distance from the point with highest excess
activity and finding the nearest neighbor of the opposing cluster using ArcMap, then using that distance
as the radius of the subset. Any point within the radius was claimed as being part of the subset. For the
subset FromWMAC this distance was between sample wells 113 and 10 (164 meters), and for the subset
FromSwamp, this distancwas between sample well 210 to 113 (250 meters). The subset radii and
sample points contained within each are shown in Figure 60. There is overlap of certain sample points
that did not show carbon-14 activity over natural background and they are sample points 8, 11,12, and
369.

East to Zero (FromWMAC)
As stated in Table 7, this subset contains the data points from wells 8, 11, 13, 111, 113, 115, and
369. After removal of two predictors (Water.Bq.L and Dry.Mass) due to large VIFs, the plant specific
activity was regressed against the remaining predictors. The best model was determined to contain only
a single variable, Gas.Bq.L. Transformation of Plant.Bq.g.C and Gas.Bq.L were considered, but did not
improve the model in any significant way.
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Figure 60. Radius determining subsets showing decrease of plant carbon-14 activity as distance from WMA-C increases(blue) and decrease of
plant carbon-14 activity as distance from swamp increases (red).
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Figure 61. Fitted vs. Residuals of regression models of Plant.Bq.g.C ~ Gas.Bq.L
The best fit model, without transformation, is shown in Table 22.
Table 22. FromWMAC Best Fit Model
> summary(Models_FW2)
Call:
lm(formula = Plant.Bq.g.C ~ +Gas.Bq.L, data = FromWMAC)
Residuals:
Min
1Q
-0.28528 -0.03851

Median
0.00269

3Q
0.02163

Max
0.32296

Coefficients:
Estimate Std. Error t value Pr(>|t|)
(Intercept) -0.009476
0.045186 -0.210 0.83740
Gas.Bq.L
0.232790
0.056441
4.125 0.00141 **
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Residual standard error: 0.1307 on 12 degrees of freedom
Multiple R-squared: 0.5864,
Adjusted R-squared: 0.5519
F-statistic: 17.01 on 1 and 12 DF, p-value: 0.001409

West to Zero (FromSwamp)
As stated in Table 7, this subset contains the data points from wells 8, 10, 11, 12, 129, 133, 210,
211, 212, 213, 214, 215, and 369. Calculation of VIFs determined that the variables Dry.Mass and
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Sample.Depth were to be removed before regression analysis. The determined best model returned
contained two variables Water.Depth, and Type. The FromSwamp subset contains two sampling points
added in the second year of sampling as control data points. Removal of these points, 129 and 133,
returns a determined best model to contain only a single variable, Water.Depth. However, once again
analysis of the model's residuals shows curvature, indicating that the best fit model does not meet the
assumptions of constant variance, linearity, o r normality. These are shown in Figure 60.

Figure 62. Check of constant variance (left), linearity (middle), and normality (right) for best fit model of
the FromSwamp subset
Using the natural log transformation on both variables required addition of a constant to every
data point before transformation as the dataset contains zero for certain data points. The constant
added before transformation was 1. Observation of the residual plots in Figure 61 shows improvement
in linearity and constant variance.
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Figure 63. Check of constant variance (left), linearity (middle), and normality (right) for best fit model of
the FromSwamp dataset log(Plant.Bq.g.C+1) ~log(Water.Depth+1).

The best model is shown in Table 23.

Table 23. FromSwamp Best Fit Model
> summary(Models_FS1)
Call:
lm(formula = log(Plant.Bq.g.C + 1) ~ +log(Water.Depth + 1), data = FromSwamp)
Residuals:
Min
1Q
Median
-0.219470 -0.064445 -0.001494

3Q
0.055848

Max
0.298754

Coefficients:
Estimate Std. Error t value
(Intercept)
1.12740
0.08798
12.81
log(Water.Depth + 1) -0.52113
0.04878 -10.68
--Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05

Pr(>|t|)
4.22e-11 ***
1.03e-09 ***
‘.’ 0.1 ‘ ’ 1

Residual standard error: 0.1377 on 20 degrees of freedom
Multiple R-squared: 0.8509,
Adjusted R-squared: 0.8434
F-statistic: 114.1 on 1 and 20 DF, p-value: 1.03e-09
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Inclusion of Distance
Spatial observation of the data (Figures 19 and 29) shows two different clusters of plant carbon14 activity that is above natural background levels. Two distances were determined for each sampling
point. In addition to the distances calculesd for use in Figure 48, distance from the swamp, the distance
of each sampling point to WMA-C was also determined. These distances are listing in Table 24 below.
Table 24. Distance from Sampling Points and Duke Swamp and WMA-C (m)
Well
Duke Swamp WMA-C
Well
Duke Swamp
WMA-C
8
169
106
132
189
166
10
36
164
133
32
289
11
116
95
134
235
146
12
95
112
135
276
121
13
144
67
210
0
264
111
223
15
211
38
236
113
198
14
212
21
240
115
244
18
213
20
230
129
95
229
214
17
218
130
143
196
215
24
199
131
325
101
369
115
133

Regression of distance against plant activity showed that distance can be considered significant
individually. When squared distance terms were included, for each was shown to be significant as well.
Though when including distance and squared distance terms to the full model and selecting best fit
models, the predictors included were changed from the full models. This is due to the correlation
between distance and other variables already included in the models. As shown in Table 25, the
variables Sample.Depth and Water.Depth are tightly correlated to distance. This implies that the
information of distance is already included in the model by including information about the water table
of the location.
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Table 25. Correlation Between Distance from Duke Swamp and Other Model Variables
Variable
Duke Swamp
WMA-C
Sample Depth
0.823
-0.629
CO2
0.296
-0.400
Comb Gas
0.207
-0.312
Water Depth
0.637
-0.726
Purge
0.282
-0.271
Plant Bq/g C
-0.386
0.321
Water Bq/L
-0.122
0.218
Gas Bq/L
0.344
-0.549
DOC
-0.237
0.393
DIC
-0.066
0.193
Dry Mass
0.287
-0.130
Wet Mass
0.312
-0.056
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Best Model Determined for Each Subset.
Many subsets were observed during analysis, though not all were discussed during analysis. The
determined best model for each subset is shown in Table 26, along with any transformations, variables
removed due to high VIF, and overall adjusted R2 of each model.
Table 26. Best models determined using leaps and variables removed prior to analysis using VIF
Subset
Model
VIF Removed
Adjusted R2
Full Non corrected
Plant.Bq.g.C ~ Sample.Depth + Gas.Bq.L +
Dry.Mass
0.5188
Dataset
DOC
Full Dataset

Plant.Bq.g.C ~ +log(Sample.Depth + 1) +
Gas.Bq.

Dry.Mass

0.6625

Ideally Transformed

Plant.Bq.g.C ~ +log(CO2) + log(Water.Depth
+ 1) + Year

Sample.Depth
Dry.Mass

0.7156

Test

Plant.Bq.g.C ~ Water.Depth

Sample.Depth
Dry.Mass

0.4765

First Year

Plant.Bq.g.C ~ Water.Depth

Sample.Depth
Dry.Mass

0.4833

Second Year

Plant.Bq.g.C ~ Sample.Depth

Wet.Mass

0.4197

From Swamp

log(Plant.Bq.g.C + 1) ~ +log(Water.Depth +
1)

Sample.Depth
Dry.Mass

0.8434

From WMAC

Plant.Bq.g.C ~ +Gas.Bq.L

Water.Bq.L
Wet.Mass

0.5519

Active Only

log(Plant.Bq.g.C + 1) ~ +log(Water.Depth +
1) + Gas.Bq.L

Sample.Depth
Wet.Mass

0.8525

93

Discussion
Analytical Results
When viewed as a whole, the data suggests that plant carbon-14 specific activity has significant
relationships between carbon dioxide concentration and height of the soil vadose zone. The best fit
model showed a relationship between plant carbon-14 specific activity and water depth. However, the
residuals of the model, showed that zeros in the response variable, plant carbon-14 specific activity,
resulted in violations of the assumptions of linear regression. The zeros were due to removal of carbon14 specific background activity levels found naturally within the region. Analysis of the dataset without
background correct also showed violation of the assumptions of linear regression in the same manner.
It has been shown that a gap exists between carbon-14 specific activity levels that are above
natural background levels. This can be observed based on the background corrected plant carbon-14
specific activities shown in Figure 19 and 29 of the Data Section of this manuscript. The gap in excess
carbon-14 activity and the residual plots of linear regression of the full dataset suggests that there are
two different contamination pathways, splitting the data into near field and far field sections.
The first pathway is a direct pathway from the contamination source, Waste Management AreaC, through the soil gas and into the plants. The proximity of the plants to the contamination source
along with the increase in carbon-14 activities in the soil gas prohibits plants from selectively filtering
out carbon-14 used during photosynthesis due to an over abundance of the heavier isotope.
The second emission pathway is a delayed emission of contaminated carbon, after residence in
the groundwater system. Contamination swept into the groundwater by rainfall has a two year
residence time. Diffusion of contaminants out of the groundwater through the capillary fringe is
relatively slow [33]. In addition to that, rainfall that is continuous throughout the year [70], either as
rain or snow, suppresses contaminated groundwater, even further reducing the vertical mobility of
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dissolved carbon. Characterizing the groundwater plume was outside the scope of this project because
this study only considered water at the groundwater vadose zone interface; however previous work has
characterized the groundwater plume and has shown that contaminants migrate downward after
addition of rainwater from the surface [68], [77].
The difference between the two locations is illustrated by the difference in the best fit models
determined for each location, Plant.Bq.g.C~Gas.Bq.L for the East, and Plant.Bq.g.C~Water.Depth for the
West. As soil gas carbon-14 activity decreases away from the contamination source, so does plant
carbon-14 specific activity. Then as the soil vadose zone decreases and contamination becomes closer
to plants, so does the plant carbon-14 specific activity begin to increase again. This is illustrated in
Figure 64.

Figure 64. Two potential contamination pathways from WMA-C to plants.
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Model Interpretation
Statistical interpretation of the best fit models for the East and West subsets is completed
below. The model describing the soil gas carbon-14 concentration applies to the mean plant carbon-14
specific activity. Due to using the natural log transformation, the model describing the water depth
applies to the median plant carbon-14 specific activity.

WMAC Soil gas
There is significant evidence that the soil gas carbon-14 activity is related to the plant carbon-14
specific activity (p-value = 0.0014) in the subset of plants determined to be in proximity to Waste
Management Area C. It is also estimated that a one unit increase in soil gas carbon-14 activity causes a
0.233 unit increase in mean plant carbon-14 specific activity. This value has a 95% confidence interval
between 0.110 and 0.356.

Water Depth
There is significant evidence that the log water depth is related to the plant carbon-14 specific
activity (p-value = 1.03E-9) in the subset of plants determined to be in proximity to Duke Swamp. After
back transformation, it is also estimated that a one unit increase in log water depth causes a 0.406 unit
decrease in the median of log plant carbon-14 specific activity. This value has a 95% confidence interval
between 0. 343 and 0.464.
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Combination of Near and Far Field
Combination of the best developed statistical models can be modeled using simulation
software. Inclusion of variables that describe the amount of rain, groundwater residence time, and rate
of carbon diffusion allow for a very simple model is illustrated in Figure 65.

Figure 65. Simple transport model of carbon-14 activity to near and far field plants.
The model shown does not differentiate between root or leaf intake pathways. Also it does not
include the atmosphere or surface water as a carbon sinks. Transit of these sinks is needed to
accurately describe the transfer of carbon-14 from source to sink. This study did not quantify the
atmosphere, as it was assumed that any carbon-14 that was emitted to the atmosphere was rapidly lost
from the system. Additional analysis of the site could yield parameters necessary to model the sinks.
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Conclusions and Recommendations
Creation of new datasets for external validation of current transport modeling programs is
imperative for determination if models can successfully predict outcomes for different locations. This
study has created a dataset that has not been used to build any computational models and can be used
for external validation of models built on data from biologically similar locations.
In addition to being available for external validation, the collected data suggests two different
contamination pathways. Statistical analysis reveal different predictor values for indication of expected
plant carbon-14 specific activity. Near-field, plant carbon-14 specific activity was explained through
incorporation of contaminated soil gas emitted by Waste Management Area C. Far-field, plant carbon14 specific activity was explained best by distance to the surface of the groundwater from the top of the
soil. Both are linked to the physical movement of carbon through the vadose zone due to diffusion from
high concentration to low concentration.
The study location contains more information that can be determined through additional
experiments and sampling programs. Equipment is already in place, and should be taken advantage of
by the scientific community. In addition to sampling, determination of process based hydrological and
biogeochemical kinetic models should be undertaken. Creation of these models will answer how
carbon-14 distributes throughout the system.
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Appendix A - Raw Data

Well
8
10
11
12
13
111
113
115
210
211
212
213
214
215
369

Sample
Depth
(m)
3.58
1.62
3.46
2.01
3.45
3.53
3.52
3.73
0
3.23
2.42
1.79
1.77
2.4
3.56

CO2
(pp
m)
8327
9178
5995
5514
7214
9999
9999
8131
400
5119
4106
9566
4143
3711
9999

Comb
Gas
(ppm)
70
0
70
0
50
110
60
120
0
110
80
80
10
100
10

Water
Depth
(m)
7.04
2.58
7.2
5.08
10.21
8.03
7.66
6.73
0
6.27
4.75
4.03
4.16
4.23
8.06

Purge
(ml)
250
800
2000
400
1500
300
5400
300
0
200
300
400
300
300
400

Table A-1. Raw data from year 1 (2013)
Plant
DOC
DIC
(Bq/g Water
Gas
(mg/L (mg/L
C)
(Bq/L)
(Bq/L)
)
)
0.161
2.3
1.2662
0.67
16.47
0.928
2.3
0.2668
1.67
9.1
0.167
759.6
0.0292
1.53
7.73
0.189
2.3
0.153
1.76
2.21
0.124
2.3
0.0127
0.91
3.63
0.364
2.3
0.418
3.71
10.41
0.919
2.3
1.5259
2.32
12.85
0.345
2.3
0.1483
1.68
11.56
3.153
77.7
0
11.46 16.87
0.254 1990.0 0.0158
1.91
8.53
0.462
172.9
0.0073
12.8
14.83
0.760
2.3
0.0239 11.33 12.06
0.572
2.3
0.0092
7.73
9.24
0.463
2.3
0.0042
6.47
12.6
0.172
2.3
0.0503
0.55
11.92

Type
Test
Test
Test
Test
Test
Test
Test
Test
Test
Test
Test
Test
Test
Test
Test

Dry
Mass
(g)
9.31
8.48
6.28
4.45
3.41
10.05
8.59
16.01
7.82
12.40
5.04
6.86
5.00
9.40
13.67

Wet
Mass
(g)
41.59
35.13
20.34
19.24
11.47
37.87
24.96
46.80
40.02
46.45
20.36
26.28
19.37
39.17
52.13

Year
1st
1st
1st
1st
1st
1st
1st
1st
1st
1st
1st
1st
1st
1st
1st

Corrected
Activity
(Bq/g C)
0
0.678
0
0
0
0.114
0.669
0.095
2.903
0.004
0.212
0.510
0.322
0.213
0
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Table A-2. Raw Data from Year 2 (2014)

Well
8
10
11
12
13
111
113
115
129
130
131
132
133
134
135
210
211
212
213
214
215
369

Sample
Depth
(m)
3.58
1.62
3.46
2.01
3.45
3.53
3.52
3.73
2.3
3.55
5.21
4.77
1.32
4.06
4.05
0
3.23
2.42
1.79
1.77
2.4
3.56

CO2
(ppm)
3375
3476
3003
1403
2212
4596
426
3595
2945
3730
4321
2449
2762
3228
5648
400
1690
1980
1867
1159
1795
3224

Comb
Gas
(ppm)
70
0
70
0
50
110
60
120
0
30
60
40
0
20
0
0
110
80
80
10
100
10

Water
Depth
(m)
10.34
3.38
8.07
4.71
11.1
8.63
8.39
7.52
3.38
4.27
9.47
6.07
2.83
4.62
6.55
0
7.04
4.64
4.75
4.95
5.15
8.69

Purge
(ml)
2000
1600
3500
2750
1450
130
400
130
250
380
2000
8000
250
380
450
0
60
100
180
60
60
400

Plant
(Bq/g C)
0.170
0.709
0.148
0.167
0.116
0.368
0.653
0.373
0.133
0.115
0.132
0.124
0.199
0.108
0.112
1.751
0.282
0.462
0.650
0.893
0.063
0.096

Water
(Bq/L)
2.3
2.3
759.6
2.3
2.3
2.3
2.3
2.3
2.3
2.3
2.3
950.0
2.3
2.3
492.2
77.7
1990.0
172.9
2.3
2.3
2.3
2.3

Gas
DOC
DIC
(Bq/L) (mg/L) (mg/L)
Type
0.3299
3.5
18.5
Test
0.1067
4
22
Test
0.0291
1.8
21.9
Test
0.312
2.5
17.8
Test
0.0115
3.2
3.8
Test
0.8345
4.4
15.2
Test
1.9706
4
10.2
Test
0.3733
3.1
11.1
Test
0.0373
1.5
5.8
Control
0.0056
1.7
8.9
Control
0.0109 18.1
17.9 Control
0.003
3.3
17.4 Control
0.0219
2.3
11.5 Control
0.0032
2.7
10.1 Control
0.018
2.3
17.8 Control
0
7.8
16.7
Test
0.0233
4.4
28.4
Test
0.1927 12.6
15.2
Test
0.1189
7.6
16.6
Test
0.016
7
13.7
Test
0.0849
9.8
13.7
Test
0.1115
3.1
6.4
Test

Dry
Mass
(g)
3.00
3.40
3.90
3.07
2.20
4.79
14.19
9.04
10.70
5.25
5.57
10.05
18.43
7.96
11.21
1.74
3.27
2.24
3.13
1.00
4.89
4.48

Wet
Mass
(g)
21.46
24.31
24.50
16.44
13.28
33.81
76.80
49.09
54.14
34.80
33.21
57.06
81.28
42.31
54.94
13.47
23.97
18.72
22.78
8.76
34.57
30.36

Year
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd
2nd

Corrected
Activity
(Bq/g C)
0
0.459
0
0
0
0.118
0.403
0.123
0
0
0
0
0
0
0
1.501
0.032
0.213
0.400
0.643
0
0
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Appendix B - Methods
Groundwater Collection
The sampling wells at AECL are four inch diameter holes drilled to varying depths throughout the area.
Each well has variable sampling depths that are independent of each other. Each borehole has been
one and ten available sampling depths. The depth of each collection area has been recorded previously
and are listed in AECL documents.
The groundwater collection method followed the standard collection protocol listed at AECL. The depth
to the water table was determined using an electrical contact gauge(Solinst Water Level Meter Model
102). When the electrical contact touches water, the gauge alerts the user and the depth to the water
table can be recorded. This is done by reading the tick marks on the gauge. At certain boreholes, the
pole is not flush with the ground so the amount it proturdes above the ground must be subtracted from
the total length recorded. These distances are also listed for each bore hole on documents at AECL.
Once the depth has been determined, the corrected water removal tube is determined based by
rounding the water table depth number up to the nearest depth of measurement. A peristaltic Geotech
"Geopump" pump is then attached to the sampling tube. The pump is turned on and two times the
volume of standing water is removed from the sampling location. The discarded volume is determined
by the width of the sampling borehole and the height of the sampling column. After the discard volume
amount has been removed, the actual sample is stored in a 250 ml Nalgene bottle. In the lab, all the
samples are filtered, and 1 ml of saturated NaOH is added to prevent carbon loss as CO2. Once
processing has been completed, the samples are stored in a cold dark storage area until activity
determination.

Reagents


10% Saturated NaOH solution

Materials









Peristaltic Pump - Geotech "Geopump" with 12V battery adapter.
Graduated Cylinder - or any other volumetric measuring device
1/8" OD polyvinyl tubing
1/4" OD polyvinyl tubing
125mL Nalgene bottles
Solinst Water Level Meter Model 102
10% Saturated NaOH
12 volt car battery
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Groundwater Processing for Analysis
The apparatus consists of a coiled ultraviolet inside a reaction chamber with inlets for reagents, sodium
persulfate and phosphoric acid and an inlet and outlet for the nitrogen sweep gas. The sweep gas is
supplied by a nitrogen cylinder and regulator and can be finally adjusted by an inline flow meter. The
outgoing sweep gas is directed into a 10 ml polyvinyl centrifuge tube containing 10 ml of 1 N NaOH
where the desired oxidation product, carbon dioxide is absorbed, The temperature of the H2O trap is
decreased by adding NaCl to an ice water bath to decrease the water bath temperature to between -7°
C and -15°C. A 20 ml sample of groundwater is placed in the reaction vial and placed around the
ultraviolet light. Two ml of 20% H3PO4 and two ml of H2S2O8 is added to the sample using an 18 gauge
syringe. Turn on the flow of nitrogen gas so that two bubbles per second bubble through the trapping
solution. Turn on the ultraviolet light and let sit for 30 minutes. Remove 3 ml of the NaOH trapping
solution and place in a polyvinyl scintillation vial. Add 15 ml of UltimaGold scintillation cocktail.

Reagents










Saturated Sodium Hydroxide
1 N NaOH solution
Blank/Standard Water - 1 ml 1N NaOH in 250 ml double distilled deionized water.
Background - 1mL 1N NaOH in 10 ml double distilled deionized water.
10% Sodium Persulfate
20% Phosphoric Acid
NaCl (s) Inorganic 14C spike solution
Organic 14C spike solution

Materials









Silica gel
Glass Pasteur pipettes, long tip
15 ml polyvinyl centrifuge tubes
25 ml graduated cylinder
crushed ice
40 ml amber glass vial with septum lid - for storage of phosphoric acid
5 ml disposable Leur-loc syringe
18 gauge Leur-loc needle

Apparatus Parts











Reaction Vessel, Teledyne Tekmar #14-7020-024
Teflon inner cap, Teledyne Tekmar #14-7021-024
Metal over cap, Teledyne Tekmar #14-7022-080
Ultraviolet light, Teledyne Tekmar #14-7183-000
Ultraviolet light transformer, Teledyne Tekmar #14-7735-0000
Glass sparge tube, Teledyne Tekmar #14-7680-024
Mist trap, Teledyne Tekmar #14-9558-024
Septum x 4, Teledyne Tekmar #517-799
Nitrogen cylinder
Nitrogen regulator

102





Nitrogen flow meter
1/8" OD polyvinyl tubing
1/4" OD polyvinyl tubing
Retort Stand

Plant Sampling and Processing
Plant samples were collected at locations surrounding the soil gas sampling points. The sampling radius
was determined using the following assumptions, the soil bulk density of 2.65 g/cm3 the soil particle
density of 1.6 g/cm3. This gives a soil porosity of 40%. The goal was to collect vegetative samples within
a radius of 23 cm of the soil gas sampling area. When possible, this guideline was followed, otherwise
the vegetation nearest to the sampling column was collected. The plants were placed in labeled
premassed plastic bags, and massed upon returning to the lab. The samples were then dried in glass
beakers at 55 degrees Celsius for 96 hours. After drying, the samples were again massed. To prepare
for bomb combustion, the samples were ground using a Black and Decker coffee grinder. Once ground,
the plants were stored in resealable plastic vials.

Materials





500 ml glass beaker
VWR drying oven
Black & Decker coffee grinder
resealable plastic vials
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Bomb Combustion
To convert the solid plant samples to CO2, bomb combustion was used. This process used Parr
Combustion bombs. Two and half to three grams of each plant sample were placed in the ignition cup.
Magnesium ignition wire was then fed through two electrodes within the combustion bomb, and also
fed through the plant sample. At the bottom of the combustion bomb, a beaker was placed. The
beaker contained 100 ml of 10% saturated NaOH and a stir bar. The combustion bomb was assembled
so that it remained air tight. Two values are incorporated on the top of the bomb. Both were opened
and to one, a feeder line connected to an oxygen tank was attached. The valve on the oxygen tank was
opened and the atmosphere within the bomb was vented for 10 seconds. The second valve was closed
so that the pressure within the bomb grew to a minimum pressure of 20 atmospheres. At that time the
valve on the oxygen tank was closed, then the first valve on bomb was closed, the pressure within the
connection line was bled off using a quick release, and then the connector line was removed. The bomb
was placed in a hood behind cinderblocks and connected to an ignition device. After ignition, which is
confirmed by pressure increase from 20 atmospheres to roughly 50 atmospheres, the combustion bomb
was placed on a stir plate for 30 minutes. After 30 minutes, the pressure was slowly released using the
valves on top of the device. The NaOH solution was transferred to a 125 ml Nalgene bottle and stored in
a cold dark storage room until the next procedural step, carbon dioxide release.

Reagents



10% saturated NaOH
pure oxygen

Materials








Parr Combustion Bomb
150 ml glass beaker
stir bar
stir plate
magnesium ignition wire
electronic ignition device
125 ml Nalgene bottles
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Carbon Dioxide Releases
Conversion of carbon dioxide during bomb combustion by decreasing the pH of the trapping solution.
The trapping solution of 100 ml of is placed in a clean vented Erlenmeyer flask with a stir bar. This flask
was modified for this procedure in that the venting tube was placed in the wall and allowed a glass
Pasteur pipette to fit snugly inside. The pipette was attached to a nitrogen tank, via plastic tubing that
included a flow regulator. The flask was placed on a stir plate and fit with a glass connector that
included a side arm. To close the entire apparatus, a modified glass separatory funnel was placed on the
top. Attached to the sidearm of the glass connector was more plastic tubing that had a second Pasteur
pipette attached at the end. This pipette was placed in a premassed 50 ml centrifuge tube that
contained a mixture of Permafluor E+ and Carbo-Sorb E. The centrifuge tube was placed in an icy bath
to improve the capture of evolved carbon dioxide. To vent the reaction train, nitrogen gas was allowed
to flow from the tank to the output of the second pipette for 1 minute. The separatory flask was filled
with 9M sulfuric acid. This was added dropwise at a rate of one drop every 10 seconds. This was added
until gas evolution ceased. Then two more milliliters of acid were added. The apparatus was allowed to
stand for 5 minutes to allow the nitrogen sweep gas to continue flowing into the Carbo-Sorb/Permafluor
solution. The centrifuge solution was then massed again to determine the amount of carbon dioxide
capture by the solution. This was then transferred in a low background HDPE scintillation vial.

Reagents







9M Sulfuric Acid
Pure nitrogen gas
Silica gel
Carbo-Sorb E
Permafluor E+
Ice

Materials












Glass separatory funnel
Glass connector
Filtration flask
plastic tubing
Pasteur pipettes
glass wool
Gas flow regulator
50 ml centrifuge tube
Stir bar
Stir plate
low background HDPE scintillation vial
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Soil Gas Collection Tip Placement
Sample point placement
Soil gas samples were collected using AMS Soil Gas sampling equipment. The soil gas was collected
using sampling tips that were placed at depth using one of two methods.
Direct push method.
Direct placement of sample tip at the desired sampling depth. This involved using a slide hammer to
force the sampling tip to the desired sampling depth. Each sample tip was prepared by placing the sand
screen and plastic intrusion cover (that plastic doily). Then plastic tubing is attached to the sampling tip.
The tubing is measured and cut so that the total length is greater than the desired sampling depth by at
least 30 centimeters. This measurement is recorded. Four hollow tubes with connecting nuts are used
to drive the sample tip to the desired depth. Once the tip is in place, the hollow tubes are extracted
using the removal jack. After completion of equipment removal, the length of tubing remaining above
the surface is measured and subtracted from the total length to determine the true depth below the soil
surface.
The second placement method used a rotary hammer drill with an extendable two inch diameter drill
bit. Once the desired depth had been reached, the equipment used for the direct push method was
used to place the tip at the desired depth.

Equipment
Equipment for Direct Push method





















1 1/2" wild bore bit,
5/8" tip drive end,
four 3' GVP 5/8" extensions,
5/8" x 3' heavy-duty extendable tile probe base,
three 5/8" x 3' heavy-duty tile probe extension,
external drive adapter 3/4" ID,
SDS-Max drill adapter,
SDS-Max 1 1/2"carbide bit,
slide hammer,
slide hammer adapter 3/4" OD,
3/16" ID x 1/4" OD x 250' fluoropolymer tubing,
Removal jack,
AMS deluxe carrying case, (This has been "borrowed")
AMS GVP manual,
Extra equipment for drilling
Drill auger bit
Extendable drill bits
Bosch Rotary Hammer
2000W Generator
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Soil Gas Collection
The sample train was purge for 15 seconds by attaching the collection pump and running it at the
maximum speed for 15 seconds to clear the volume of the sample train twice. Due to the fast speed and
small volume, 15 seconds was calculated to be the length of time necessary for the deepest sampling
point to be considered uncontaminated by atmospheric intrusion. Samples were captured by bubbling
sample through 10% saturated NaOH solution (~100ml, 10ml Sat-NaOH, 90ml DDH20) and stored in
125mL Nalgene bottles until the carbon dioxide was release.
Carbon dioxide and combustible gas concentrations were measured using handheld devices. Both
sensing devices were placed inside a resealable bag. In this instance, a water hydration device (camel
back) was used. The gas inflow was attached to the drinking portion. The soil gas was pumped through
the bag for 5 minutes, after which the 5 minute carbon dioxide average concentration and combustible
gas concentrations were read and recorded.
The bubbler was created specifically for this procedure. The capture device was five eighths inch inner
diameter PVC piping with two end caps. The PVC was cut to a length of 30 inches, this is due to the
required inner volume needed of 100 cubic centimeters plus volume fluctuations due to bubbling. One
end was sealed with the other removable. In the removable cap, two quarter inch holes were drilled. In
the holes, quarter inch outer diameter was fed through one equal to the length of the device and the
other very near the top of the bubbling tube.

Reagents


10% Saturated NaOH solution

Materials









Geotech Geopump
Car Battery
Car battery converter for attachment to Geopump power cord.
125ml Nalgene bottles
Combustible gas meter
CO2 meter
Resealable container that can hold both sensing probes.
PVC bubbling device
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Groundwater Activity Determination
The activity of prepared groundwater samples was determined using a Perkin Elmer Tri-Carb 2700 TR
liquid scintillation counter. Each sample was counted along with two blanks and four spiked samples.
Two spiked samples were based on organic carbon, and two were based on inorganic carbon. Each was
created using the sample processes as the groundwater samples. The samples were counted for 15
minutes with desired energy window set for 2.0 to 95 keV.
The following equation was used for determination of the carbon-14 activity within each sample.
=

(

−
∗

)∗
∗ ∗

∗ 1000
∗ 60

Where:
CPMs- Sample Result from LSC in counts per minute
bkg - Mean background counts per minute
Eff - Counter Efficiency as a decimal
Vt - Volume of NaOH trapping solution (20 ml)
Vc - Volume of Counting aliquot (3 ml)
Vo - Volume of sample oxidized in Reaction Chamber (10 ml)
R - Mean Recovery Factor
The minimum detectable activity was determined using the following equation
(2.71 + 3.29 ∗

(60 ∗

∗

∗
∗

Where
bkg - Mean background counts per minute
bkgn - number of background counts
CT - Count time (min)
Eff - Counter Efficiency as a decimal
Vt - Volume of NaOH trapping solution (20 ml)
Vc - Volume of Counting aliquot (3 ml)
Vo - Volume of sample oxidized in Reaction Chamber (10 ml)

∗
∗

∗

)
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Soil gas and Plant Activity Determination
The soil gas and plant carbon-14 activities were determined using a Perkin Elmer Quantulus liquid
scintillation counter. The each sample was counted for three 60 minute counting cycles.
The lower level of detection was determined using the following equation.
=

2.706 + 4.653 ∗

Where
bkgn - number of background counts
t - time (180 minutes)
The minimum detectable activity was converted based on the type of sample analyzed, both soil gas and
plant
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Appendix C - Kriging Maps
The following maps were created using ArcMap version 10.2.2. From the raw data, Kriging was
performed. After observation of the data, two different layers were created using Kriging and compared
using root-mean-square prediction error, root-mean-squared standardized prediction error, and mean
prediction errors calculated during creation of the Kriging layers. The following maps are considered to
the best representation of the data.

List of Maps
Year 1 (2013)
Figure C-1. Corrected Plant Activity
Figure C-2. Non corrected Plant Activity
Figure C-3. Groundwater Depth
Figure C-4. Groundwater Dissolved Inorganic Carbon Content
Figure C-5. Groundwater Dissolved Organic Carbon Content
Figure C-6. Groundwater Carbon-14 Activity
Figure C-7. Soil Gas Carbon-14 Activity
Figure C-8. Soil Gas Carbon Dioxide Concentration

Year 2 (2014)
Figure C-9. Corrected Plant Activity
Figure C-10. Non corrected Plant Activity
Figure C-11. Groundwater Depth
Figure C-12. Groundwater Dissolved Inorganic Carbon Content
Figure C-13. Groundwater Dissolved Organic Carbon Content
Figure C-14. Groundwater Carbon-14 Activity
Figure C-15. Soil Gas Carbon-14 Activity
Figure C-16. Soil Gas Carbon Dioxide Concentration
Figure C-17. Soil Gas Combustible Gas Concentrations
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