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Abstract

Point Pelee National Park (PPNFj, located in Leamington, Ontario,
Canada experienced widespread application of DDT from 1950 until DDT was
banned in Canada in 1970. While DDT has not been applied at PPNP for over 30
years, recent studies have shown that the compounds DDT, DDE and DDD are
nighly persistent in shallow soils at PPNP and often exceed regulatory guidelines
set forth by the Ontario Ministry of the Environment and Environment Canada.
Field studv combined with numerical modelling was undertaken to assess the
concentrations ot DDT, DDE and DDD in groundwater and provide insight into
the fundamental processes controlling the persistence and migration of DDT
within former agricultural areas of PPNP. Results of one-dimensional pesticide
fate and transport modelling from 1950 to 2003 using LEACHMP show that
within former agricultural areas of PPNP, DDT is transformed primarily into
DDE under aerobic conditions. Within the Camp Henry Orchard (CHO), half-
lives for the production of DDE are 30 years. LEACHMP modelling showed that
adsorpiion was the most important process limiting DDT leaching to
groundwater. The depth to the water table was found to influence DDT
concentrations seen at the water table throughout former agricultural areas of
PPNP. and DDT is most likely leaching to the water table slowly over time. Two-
dirnensional saturated zone modelling using GW-WETLAND was used to test
various loading scenarios based on LEACHMP simulated fluxes across the water
tabie. Model cutputs illustrated the bidirectional movement of contaminants
toward both the marsh and Lake Erie, depending on the source location relative to
the groundwater flow divide. Simulations showed only groundwater from deep
within the aquifer would have elevated DDT concentrations in 2003 if DDT
leached to groundwater between 1950 and 1970. Conversely, if DDT began to
leach to groundwater in the 1990’s, the model predicted that DDT was not present
in desp groundwater in 2003. With continued loading, concentrations throughout
the aquifer will continue to rise into the future and discharge of DDT to the marsh
and Lake Erie will occur.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Approximately 70% of Point Pelee National Park (PPNP) is occupied by a marsh
that provides habitat for both resident and migratory wildlife populations. As an area that
1s important to migratory bird populations, the wetland at PPNP is recognized and
protected as a wetland of international importance under the RAMSAR convention
(Mitsch and Gosselink, 2000). Each year, over 300,000 people visit the Park, with the
majority of visitors coming to observe birds during the spring and fall migrations. In

addition to birds, a large population of butterflies migrate through PPNP during the fall.
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Many of the birds and wildlife within the Park rely on the rich habitat provided by the
marsh for both feeding and breeding.

PPNP has not always been a natural area. Extensive development, including
commercial establishments, agricultural activities, campgrounds, and numerous houses
and seasonal dwellings continued to exist within PPNP until the late 1970's. Between
1948 and 1970, the insecticide DDT was used within PPNP to control both pests within
the orchards and vegetable fields, and mosquitos within campgrounds, picnic areas, and
residentiai areas. DDT, also known by its chemical name dichloro-diphenyl-
trichloroethane is 4 hydrophobic and highly persistent organochlorine-based insecticide,
that kills botn target and non-target insects by attacking their nervous system. Because
applications of DDT at PPNP ceased in 1970, it was thought that DDT would no longer
be a problem at PPNP. However, when biologists from the University of Windsor
attempted to identify the causes for the decline in the Park's population of amphibians,
they noticed that spring peepers (Russell et al,, 1995), and green frogs (Russell et
al., 1997) exhibited unusualiy high concentrations of DDT. These findings are in
agreement with other research conducted within southern Ontario, which showed general
decline of amphibian and reptile populations resulting from DDT exposure (Gillan et
al., 1998; Herbert et al., 1993). Subsequent studies tracked the source of this DDT to the
soil within PPNP (Russell and Haffner, 1997), and showed that concentrations at several
areas of the Park exceeded Ontario Ministry of Environment and Energy (OMOEE)

guidelines of 1.6 pg/g for total DDT (OMOEE, 1997). Safety concerns relating to
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exposure to Park personnel and visitors resulted in the immediate closure of some public
facilities and prompted the need for additional studies.

In 1998, Parks Canada requested the assistance of Environment Canada's National
Water Research Institute (NWRI) to further quantify the extent of DDT contamination in
the soil (both spatially and with depth) in two high-risk areas of the Park; the old Camp
Henry and the Maintenance Compound, and in several shallow wells (sand points) used
as a source of drinking water. This study (Crowe, 1999) confirmed that DDT was present
at concentrations in shallow soil that often exceeded OMOEE guidelines for
recreational/parkland land-use, but contamination was confined to the uppermost 20
centimetres of the soil profile. Additional sampling programs were undertaken by NWRI
and PPNP to determine the spatial extent of the area of soil contamination, and these (see
review in Crowe et al., 2002) confirmed that DDT contamination is widespread but
limited to certain portions of the Park and that the soil contamination is confined to the
upper several centimetres of the soil profile. Concerns about DDT in groundwater supply
wells were addressed through analysis of groundwater samples taken at the tap;
concentrations of DDT were several orders of magnitude below former Canadian
Drinking Water Guidelines of 30 pg/L total DDT (CCREM, 1987). While the
groundwater guidelines for Total DDT were removed in 2002 (CCREM, 2002), they
serve as a reference point to which groundwater concentrations of Total DDT can be
compared. It should be noted that the primary reasons that guidelines pertaining to Total

DDT were removed relate to the lack of data on toxicity of DDT in groundwater to
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humans and the unlikely occurrence of DDT in groundwater because it was banned over
30 years ago and is no longer in use in Canada.

Recent studies by Crowe (1999), Crowe et al. (2002) and Marenco (2002) focused
on the reasons for the persistence of DDT in soil at PPNP and specifically, characterizing
DDT concentrations: (1) DDT concentrations by area and with depth, (2) past landuse
practices to DDT concentrations, and (3) the impact of soil and hydrology on DDT
concentrations and persistence. These studies determined that DDT, and its metabolites,
DDE and DDD, which are also harmful to the environment, are spatially highly variable
{over several orders of magnitude), but DDT is essentially confined to the A-horizon of
the soil profile where organic matter content is highest. High concentrations are prevalent
within the former agricultural areas, with very low levels in other land use areas. The
DDT metabolite DDD is a prominent degradation product within the marsh. DDE is the
main degradation product in the sandy soils that are never flooded by the marsh and the
water table is well below ground surface. Also, half-lives in transitional soils are much
shorter than half-lives in dry sand-dune soils.

The few analyses of DDT in groundwater below the former orchards (Crowe et
al., 2002) showed that although DDT was present in groundwater samples, concentrations
were very low. Both Crowe (1999) and Marenco (2002) suggested that DDT and its
metabolites were attenuated on organic carbon within the soil profile and postulated this
mechanism as a control on migration of DDT, DDE and DDD through the soil profile to
the water table. However, no studies have been undertaken to characterize the

mechanisms controlling DDT migration to the water table, present and historical fluxes at
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the water table (especially during the time DDT was widely applied), or if groundwater

presents a possible pathway for DDT loading to the marsh, lake and drinking-water wells.

1.2 Objectives and Hypotheses

With extensive DDT contamination in former recreational and agricultural areas
of the Park, contaminant leaching to groundwater and subsequent flow to the marsh could
represent a potentially important pathway for delivering DDT-contaminated groundwater
to the marsh, especially because some of these contaminated areas are often within a
hundred metres of the marsh. Also, because groundwater is the Park’s source of drinking
watet (through shallow sand points), groundwater flow to these wells could represent a
pathway for delivering DDT to people. As a result of the potential for exposure of DDT
to both humans and wildlife within PPNP, a thorough analysis of the behaviour of DDT
within the subsurface and potential DDT loadings to groundwater merits further

investigation.

The objectives of this thesis are:

1. To determine concentrations of DDT and its transformation products DDE and
DDPD in shallow groundwater at PPNP;

2. To determine the soil properties and hydrologic factors controlling leaching of
DDT and its transformation products to the water table through both (a) field
investigation, and (b) numerical modelling of DDT, DDE and DDD transport

within the subsurface at PPNP.
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The hypotheses used to test these objectives include:

1.

b

DDT concentrations in groundwater correspond to the DDT concentrations in the
overlying shallow soil; with concentrations in groundwater highest beneath soil
with the highest concentrations of DDT.

Mechanisms controlling DDT persistence and mobility at surface are the same
with depth and in groundwater; thus, relative proportions of the compounds DDT,
DDE and DDD are the same in surficial soil, the soil profile, and groundwater.
DDT concentrations in groundwater are higher under areas where soil organic
carbon concentrations are low, and concentrations in groundwater are lower
beneath soils having high levels of organic carbon.

Depth to the water table from ground surface (i.e., length of pathway for
leaching), is inversely related to concentrations of DDT in groundwater.

DDT concentrations in groundwater (i.e., below the water table) are lower due to
dilution from annual recharge fluxes across the water table and dispersive and
diffusive processes.

These objectives will be met through a combination of field, laboratory and

numerical modelling studies. The field studies will be undertaken for two reasons. First

soil and groundwater sampies will be collected to assess the extent of DDT contamination

within both the soil and groundwater. Secondly, soil samples will be collected for

physical analysis in the laboratory to determine soil characteristics, and field tests will be

conducted to determine the hydrologic properties of the field soils. Laboratory studies

will quantify the physical properties of the soil and DDT distribution with depth, and this

6
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data will then assist in the conceptualization of the soil profile for numerical modelling
purposes. Numerical modelling studies will focus on providing insight into the processes
controlling pesticide fate and migration in the subsurface, and estimate pesticide fluxes
across the water table. Numerical modeiling studies will be undertaken to determine if
DDT can migrate to the marsh by groundwater flow within the saturated zone, and if so,

to establish the migration times to the marsh-aquifer interface.

1.3 Geographical Setting

Point Pelee National Park (PPNP) cccupies the southern-most 12 km of Point
Pelee, which extends southward approximately 15 km into western end of Lake Erie
(Figure 1). It is located at 4638400 Northing and 366750 Easting (41°54’ North Latitude
and 82°22” West Longitude) and forms the southernmost point of mainland Canada. Point
Pelee is surrounded by Lake Erie on the west, south and east and abuts farmland to the
north. Approximately 70% or 1050 hectares of PPNP consists of a marsh that is separated
from lake Erie by barrier bars on the west and east sides of the marsh. The western barrier
bar increases in width from 70 m at the north end of the Park to over 800 m wide in the
south. The width eastern barrier bar is fairly constant at approximate 25 m.

Point Pelee was established as the first National Park in Canada in May 1918.
Numerous agricultural, recreational and commercial activities continued to exist, and in
some cases expanded within PPNP (Battin  and Nelson, 1978). Agriculture accounts for
some of the most widespread impacts as a result of both commercial vegetable growing

and fruit orchard operations (Figure 2). Some of the crops produced include beans,

7
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peppers, tomatoes, watermelons, strawberries, asparagus, tobacco, peaches and apples. By
1954, the apple, peach and asparagus demand had increased substantially and orchards
were once again expanded by 30.4 hectares from 20.2 hectares between 1955 and 1963
(Battin and Nelson, 1978). During the late 1960’s and throughout the 1970’s, Parks
Canada purchased much of the agricultural property within PPNP and the land was
allowed to regenerate naturally. (Battin and Nelson, 1978). Restoration of the natural
areas, including removal of non-native vegetation and animals, and reduction of the
human impact though removal of building, roads, power lines, etc. continues to this day.
Between 1918 and 1954, numerous homes, seasonal cottages and campgrounds
were built on the western barrier bar. During the 1970's Parks Canada purchased and
removed most of the homes and cottages. Today only two of the former cottages remain
within the Park, which are used to house research and park staff, (Harvey, personal
communication, 2003). During the 1930’s, some of the campgrounds were closed, and the
land allowed to regenerate naturally. Camping within PPNP was effectively eliminated in
1972, with only two group campsites capable of accommodating 90 people remaining in
operation. Only one of these campsites remains in use today, although it has since been

moved to another area of the Park.

1.4 Climate
Point Pelee is classified as a humid continental climate. According to Canadian
Climate Normals (Environment Canada, 2000), the mean annual temperature over the

period from 1971 to 2000 within the Park was 9.2°C £1.9°C, and the average annual
8



M.Sc. Thesis — R. Mills

McMaster University — School of Geography and Geology

precipitation was 908.3 mm of which 98.9 mm fell as snow. Because of the moderating
effects of Lake Erie that surrounds Point Pelee, PPNP has one of the warmest mean
January temperatures in all of Ontario. Accordingly, July mean temperatures are the
highest in the province as well and it receives the fewest days of precipitation in the
province with only 75 days of rain each year (Canadian Climate Normals, 2000,
Environment Canada). Monthly average temperatures and total precipitation based on
30-year data sets from 1971-2000 are presented in Table 1.

Table 1. 30-year average monthly temperatures and precipitation values for PPNP

(modified from Canadian Climate Normals, 2000, Environment Canada).

Monthly 30-Year
Average Average

Jan, | Feb. { Mar. | April| May | June | July | Aug. | Sept. | Oct. | Nov. | Dec.

Temp. (°C) 4536 13 [ 72 113711931223 1215|176 1L} 55 |-09 9.2
Precip. (mm) | 57.6 | 53.6 | 78.2 1 79.9 | 793 1 845§ 739 | 89.3 | 94.2 | 61.2 | 83.7 | 72.9 908.3

In addition, evapotranspiration can be highly variable in space within PPNP due to
both differences in depth to the water table as a result of elevation changes, and type of
vegetation growing on the land surface. The majority of evapotranspiration occurs

between mid-May and late-October (Crowe et al., 2004).

1.5 Geological Setting

The formation and evolution of the marsh and barrier bars comprising Point Pelee
are related to local geology, the postglacial history of lake level fluctuations in the
western basin of Lake Erie, and to long term isostatic rebound (Terasmae, 1970; Coakley,
1976; Trenhaile and Dumala, 1978; Coakley et al., 1998). Point Pelee developed at the

9
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location of the Pelee moraire that crosses Lake Erie to the south shore near Lorain, Ohio.
High water levels and counter-rotating long shore currents caused the progressive
shoreward migration of beach ridges and dune complexes on both sides of the Pelee-
Lorain meraine, where they eventualiv met. The ancestral Point Pelee is believed to have
extended much further south and east of its present position (Coakley, 1976). Its present
configuraticn of a central marsh and coalesced barrier beaches to the east and west was
initiated avound 3.5 ka B.P. presumably soon after the Nipissing “flood” event around
4 ka B.P. Since then, Point Pelee has retreated primarily on the eastern side and southern-
most point to where its present size is about two-thirds its oviginal size. There is evidence
of continuing accretion seen on the west-facing side as indicated by the sequence of
preserved beach ridges. The current rise and fail of lake levels, coastal currents, coastal
erosion and deposition continues to play a dominant role in the development of the
southernmost portion of Peint Pelee.

Recent studies by Coakley et al. (1998) identified four major sedimentary units;
three within the barrier bar and one within the marsh. The lower-most unit is a clay-rich
till which forms the moraine on which Point Pelee was formed. A fine-grained, grey
glaciolacustrine sand rests on the clay-till but it is present only south of the Marsh
Boardwalk site. The upper-most sediments comprising the barrier bar are a shoreface
sand and gravel and an aeolian (dune) sand. The poorly sorted shoreface sand and gravel,
composed of essentially the same material found along the present beach, varies in
thickness from 7 m at the beach to ! m adjacent to the marsh. An aeolian (dune) sand

derived from the shoreface sand and gravel, varies in thickness from O m at the beach to

10
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& m within the largest dunes, and overiies the shoreface sand. The base of the raarsh is

composed of an organic marsh deposit (gyitja and peat), which sits on top of the clay-till.
The spatial distribution of these sediment umits are shown in Figure 3. The

surface of the till slopes southward from an elevation of ~172 m a.s.l. at the Park Gate

transect to 164.5 m a.s.l. at the DeLaurier transect. South from here, the surface of the till

is apparently flattened by erosion. The glaciolacustrine sand is absent from the eastern

and ncrthern portion of Point Pelee. Tts top surface is essentially level at an elevation of

169.5 m asl, and its absence corresponds to where the surface of the till exceeds an

alevation of 165,

~1

m a.s.l. It absence from the northern portion of Point Pelee and its
tevel surtace suggests that it is an erosional remnant of a once-extensive deposit. The
acclian and shoreface sands are present along the entire length of the western barrier bar,
and rest on the glaciolacustrine sand, or directly on the till where the glacioiactustrine
sand is absent. The eievation of the base of the aeolian sand rises towards the west to the
present day high waterline. Although there was an overall rising trend in Lake Erie levels
from 10 ka B.P., two major intervals in which the lake levels were at a stand-still are
documented by the sediments at Point Pelee. First, the surface of the till below the south
end of Point Pelee was eroded by waves to a planar surface at about 164 m a.s.l. Second,
the upper portion of the glaciolacustrine sand was also eroded by wave action forming a
planar surface at an elevation of approximately 169.5 m a.s.l. The initial deposition of

the sand and gravel forming the barrier bar commenced at the same time as the formation

of the marsh.
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Recent aeolian processes have generated sand dunes up to 5 metres above ground
surface, with relatively uniform soil properties. Studies within PPNP have shown that the
dune sediments are typically 99% sand and 1% silt and clay, with a mean grain size of
470 pm. The sand contains 60% quartz, 25% limestone as well as smaller amounts of

Ca-plagioclase, magnetite, epidote, amphibole and kyanite (Ptacek, 1998).

1.6 PPNP Soils

A coil survey of PPNP was undertaken in 1939 as part of a soil survey of Essex
County and the soils within PPNP were classified as Eastport sands within the Regosolic
Seil Order of the Canadian System of Soil Classification throughout both the eastern and
western barrier bars {Richards et al., 1949}, Soils bordering the marsh near the eastern
extremity of the western barrier bar have been classified as Marsh soil under the Organic
Soil Order. The Eastport sand profile exhibits little horizon differentiation, but is
described as: one-half inch organic a horizon; a thin grey A horizon approximately 5 cm
thick; a yeliow B horizor less than 2 ¢ in thickness; and grey sand, which is the parent
material. The presence of buried soil horizons was also suggested (Richards et al., 1949).
Seils within the Camp Henry orchard have been classified as Melanic Brunisols

according to Badley (2003), based on a 1.5 m by 3 m by 1 m deep soil pit excavation.

1.7 PPNP Groundwater
Groundwater levels within the barrier bars at Point Pelee National Park have been

monitored by the NWRI for over 10 years, providing an assessment of the groundwater
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flow regime (Crowe et al., 2004; Crowe and Shikaze, 2004). The seasonal effects of
precipitation and evapotranspiration exert controls on the groundwater flow regime.
During the spring, the water table rises substantially due to infiltration of spring rains and
snow melt {Crowe et al., 2004), and the water table declines throughout the remainder of
the year due to evapotranspiration and drainage of groundwater towards the lake and
marsh (Figure 4b). The lowest water table elevations occur between November and
January. Also, rapid but short term rises of the water table are also seen in response to
rain storm events during the spring, summer and fall, especially where the water table is
very shallow.

Both lcng-term and seasonal fluctuations in the surface levels of Lake Erie and the
Potnt Pelee marsh have a major tmpact on the groundwater flow regime within the barrier
bars (Crowe et ai., 2004). Water levels of beth Lake Erie anc the marsh rise in the spring
to essentially the same elevation, decline throughout the remainder of the year
(Figure 45). The seasonal fluctuation of the lake is approximately 0.5 - 0.7 m, while the
marsh only fluctuates approximately 0.1 - 0.2 m. This difference in surface elevations
between the lake and the marsh imposes a hydraulic gradient on the groundwater flow
regime within the barrier bar and influences the direction of groundwater flow. However,
the magnitude of this imposed hydraulic gradient, and corresponding groundwater
velocities, are a function of the width of the barrier bar; they are reduced as the width of
the barrier bar increases (Crowe et al., 2004). Groundwater levels follow the long-term
changes in marsh levels. The lowest marsh and water table elevations occurred during

1999, 2001, and 2002. The highest marsh and water table elevations occurred during
13
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1996 and 1997. Thus, between 1994 and 2003 the water table fluctuated over a range of
almost 1.0 m, the marsh ranged over 0.9 m and Lake Erie fluctuated over 1.6 m in
elevation.

Where the barrier bar is relatively narrow (i.e., < ~350 m wide) the influence of
the seasonally changing lake and marsh levels is the dominant factor affecting the
groundwater flow regime. During the spring and early summer, when the lake and marsh
levels are essentially the same, groundwater flows towards the marsh. However, from
late summer to winter, when the lake level falls below that of the marsh, groundwater
flows towards the lake. Thus, the changes in the relative elevations of the lake and marsh
cause a seasonally oscillating direction of groundwater flow, with the hydraulic gradient,
and herce groundwater velocily decreasing as the barrier bar width increases. As the
barrier bar becomes wider, the infiltration rather than lake and marsh levels dominates the
groundwater flow regime and groundwater flow velocity is relatively slow with
essentially no flow reversal in wider areas of the western barrier bar. When the barrier
bar is relatively wide (i.e.,, > ~350 m wide) the influence of the infiltration becomes
significant relative to the seasonally changing lake and marsh levels in affecting the
groundwater flow regime. The width of the barrier bar reduces the hydraulic gradient
such that it has a minor impact on the direction of groundwater flow and groundwater
velocity. Here the groundwater regime is characterized by a central groundwater divide
with groundwater on either side of the divide flowing continuously towards the lake and
the marsh throughout the year (Crowe et al., 2004). This assessment is supported by a

stable oxygen isotope profile both with depth and over time and the determination that the
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largest infiltration of precipitation occurs during spring melt according to analyses of
samples from nearby multi-level sampling wells (Huddart et al., 1999).

All study sites considered in this thesis are within areas of PPNP where the barrier
bar 1s sufficiently wide such that the groundwater regime is dominated by infiltration and
there is essentially no seasonal flow reversal in the direction of groundwater flow.

Sands and gravels within PPNP have calculated mean hydraulic conductivities of
6.7x10 cm/s for a study site close to the marsh on the western barrier bar (Ptacek, 1998).
Another study reported conductivities of 2.52x10° cmy/s for aeolian sand, 2.57x107 cr/s
for shoreface sands, 4.17x10° cov/s for lacustrine sands and 1.9x10™ cr/s for marsh
sediments (Crowe et al., 2004). Saturated hydraulic conductivity of the sands have been
measurzd using slug tests and ranged from 107 to 10 cm/s, declining slightly to the east

corresponding to an increased clay content (Crowe and Ptacek, 1995).

1.8 DDT

When referring to the technical grade DDT insecticide that was sold
commercially, the cornmon name “DDT” will be used within this manuscript. The proper
chemical name fo? the compound is dichloro-diphenyl-trichloroethane. Although the
commercially available product consisted of up to 15 separate chemical constituents
(Sayles et al., 1997), most commonly, technical grade DDT contained active ingredients
in the following proportions: 77% p,p-DDT, 14.9% o,p-DDT, 0.3% p,p’-DDD, 0.1%
0,p’-DDD, 0.1% p,p -DDE, 4% o,p -DDE, and up to 4% unidentified compounds (EHC

83, 1989). The terms ZDDT, EDDE and £DDD will be used to refer to the sum of the
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op’ and p,p’ isomers of DDT, DDE and DDD, respectively, iIn addition, the terms
“DDE-X" and “DDD-X" will be used to refer to the degradation products of DDE and
DDD, respectively. A compiete list and definition of terms used to refer to DDT and its

transformation products is presented in Equations 1 through 7.

2DDT =Sum of 0, -DDT and p,p -DDT (D

2DDE = Sum of 0,p -DDE and p,p -DDE » @)

2DDD = Sum of 0,p -DDD and p,p’-DDD (3)

Tora!l DDT =XDDT + £DDE + ZDDD 4)

s

7%DDT = A~~:EQT x 100% %)
Total DDT

Y%DDE = —222% L 100% (6)
Total DDT

%DDD = -2 100% %)
Total DDT

During the early 1940's DDT was extensively used in agriculture as an insecticide
and for pest control (e.g., lice, mosquitoes, spruce bud worm, etc.) because of its
effectiveness, low cost, long-term persistence and thus, minimal need for repeated
applications (Coulston, 1989; Wayland et al., 1991). Rachel Carson’s 1962 book Silent
Spring drew considerable attention to the persistent and bioaccumulative nature of DDT

compounds, and to the deleterious effects DDT was having on humans and wildlife
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through exposure to contaminated food sources (Boul, 1994). The sales of DDT reached a
maximum in 1969 in Ontario (Harris and Miles, 1975), when DDT use was severely
restricted by the federal government in 1969. This eventually led to a ban in 1985, with
the agreement that all cutstanding stocks would be used or otherwise disposed of by
December 31, 1990 (Environment Canada, 1997). Today, DDT is often found in soils in
areas where it has been applied in the past (EPA, 1986; Aigner et al., 1998).

Within Canada, DDT is regulated under the Pest Control Products Act and as
such, the use or sale of DDT in Canada represents a violation of the Act (PMRA, 1986).
[n addition, any export of DDT requires the appropriate authorities to be notified under
the Caradian Environmental Protection Act (CEPA). Today, DDT is on the list of Tier 1
Substances and as such, is targeted for virtual elimination under the Canada-Ontario
Agreement Respecting the Great Lakes Basin Ecosystem (1994) committed to restoring
degraded areas; preventing and controlling pollution and conserving and protecting
ecosystem health (Environment Canada, 1996).

DDT is still applied as an insecticide in developing nations to control mosquito
populations and reduce deaths by malaria and Dengue fever. But it is targeted for
elimination as part of many other treaties and agreements worldwide. In 1999,
representatives from 110 countries met in Geneva and decided that use of DDT for
agricultural purposes should be ceased immediately and its use for malaria control should
be phased out in the near future. In addition, the World Wildlife Fund (WWF) proposed
a target date for elimination of DDT use of 2007 to encourage funding for the

development of alternatives to DDT (Hileman, 1999).
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1.8.1 Properties of DDT

The behaviour of DDT and its metabolites in the subsurface is ultimately a result
of its chemical and physical properties. Biological activity within the soil also affects the
persistence of DDT and the formation of metabolites DDE and DDD. Some of the most
important properties governing the behaviour of DDT include tfansformation/degradation
rates, solubility, vapour pressures, octanol-water partion coefficient (Kq) and organic
carbon partition coefficient (K,). These are the primary factors affecting the mobility
and persistence of DDT within a soil profile and thus influence leaching rates through the

soi! profile and pesticide fluxes across the water table.

1.8.2 Transformation of DDT

DDT is transformed to its primary metabolites, DDE and DDD along several
degradation pathways that depend on soil redox and microbial conditions. The specific
pathways have been observed to follow from DDT — DDE — DDD or from DDT —»
DDD directly as observed by Corona-Cruz and others (1999). Earlier research also
claimed that both DDE and DDD could be formed concurrently (Guenzi and Beard,
1968). Following the transformation and/or degradation of DDT compounds, metabolites
may be remobilized and either (1) be mineralized; (2) re-incorporated into soil organic
matter or (3) released into solution leading to plant uptake or leaching to groundwater
(Gevao et al.,, 2000). Generally, degradation proceeds most quickly in anaerobic

environments, and much slower in aerobic environments.
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In asrobic soils, DDE is the main dehydrochlorination product of DDT with little
DDD forming (Spencer et al., 1996; Guenzi and Beard, 1968; Farmer et al., 1974; Boul et
al., 1994). This reaction involves the loss of hydrogen chloride from DDT to form DDE
through chemical reactions (Lichtenstein et al., 1971; Nash and Woolson, 1967; Parr et
al., 1970) and/or via bacterially mediated processes (Guenzi and Beard, 1976).

DDD is the primary degradation product of DDT under anaerobic reducing
conditions (Guenzi and Beard, 1968; Leahy and Brown, 1994; Parr et al., 1970), and the
formation of DDE is not favoured (Farmer et al., 1974; Boul et al., 1994). This reaction
involves the loss of a chlorine atom and reduces toxicity (Parr et al., 1970). It is
important to note that the further degradation products of DDE and DDD are themselves
rapidly degraded and less toxic.

The degradation half-life for DDT has been found to range from less than 10 years
to greater than 40 years (Crowe et al., 1999), depending on soil conditions and climate.
The range of half-lives reported in the literature are presented in Table 2. Nash and
Woolson (1967) found a mean half-life of 10.5 years, with the longest half-life being 35
years in temperate agricultural soils in Maryland, USA. Another study by Dimond and
Owen (1995) reported half-lives of 20-30 years for forest soils in Maine. Also Oliver et
al. (1989) postulated both aerobic and anaerobic decay was occurring and estimated DDT
half-lives of 14 to 21 years in Lake Ontario sediments.

Recent studies by Crowe (1999) have proposed that the degradation pathways and
estimated half-lives of DDT at PPNP are influenced by soil conditions. Based on the

relative proportions of DDT, DDE and DDD, Crowe (1999) proposed a half-life of less
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than 10 years in moist, organic rich soil adjacent to the marsh (maximum %DDT
remaining in soils of <50%,) and a half-life of more than 40 years in dry, sandy soil in the
sand dunes far from the marsh (maximum %DDT was >90%). After evaluation of an

extensive number of DDT analyses conducted on soil within PPNP, Crowe et al. (2002)

Table 2. Examples of reported half-lives for transformation of DDT, DDE and DDD.

t“z(;,rl:)D % t”z(;r[:)D E | tin (yrls))DD Reference
20-30 - - Dimond and Owen (1995); forest soils
10.5-35 - - Nash and Woolson (1967); temperate agricultural soils
14 -21 - - Oliver et al. (1989); Lake Ontario sediments
SHORT SHORT 23 Guenzi and Beard (1976): anaerobic soils
LONG LONG <0.08 Guenzi and Beard (1976): aerobic soils
<10 - LONG Crowe (1999); PPNP organic soils
> 44 LONG - Crowe (1999); PPNP dry sandy soils
30 LONG LONG Marenco (2002); PPNP dune soils (0-5 cm)
15 LONG LCNG Marencoe (2002); PPNP transitional soils (0-5 cm)
8 | LONG LONG Marenco (2002); PPNP organic transitional soils (0-5 cm)

SHORT and LONG refer to the rates of transformation/degradation relative to those measured in the study as they were not estimated
or measured directly, but were referred to as “short” or “long” within the discussion section.

reported a linear 1:1 transformation of DDT to DDE in most areas of the park, with very
little DDD produced outside areas covered by marshy sediment and marshy soils. This is
in agreement with other studies of orchard soils reporting aerobic soil environments
promoted DDT degradation to DDE rather than DDD (Kuhr et al., 1974; Lichtenstein et
al., 1971). Marenco (2002) found that half-lives varied with depth in the soil profile and
relative position to the marsh. DDT half-lives in soil at a depth of 0-5 cm were 30, 15 and
8 years at the sand-dunes soils, transitional soils and organic-rich transitional soils,

respectively. At a depth of 10-15 cm, half-lives were shorter; about 15 years at both the
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sand dune soils and transitional soils, and 6 years at the organic-rich transitional soils.
Marenco (2002) confirmed that DDT degradation rates and pathways were related
primarily to soil-moisture environments. In the transitional and organic-rich transitional
soils below 175.3 m above sea level (a.s.l.), where the water table was close to ground
surface and the soil is frequently flooded by the marsh, DDT degraded anaerobically to
DDD preferentially. In the sand dune soils, at elevations above 175.3 m a.s.], where
seasonal flooding did not occur, DDT degraded to DDE preferentially through aerobic

pathways.

1.8.3 Attenuation of DDT

Lichtenstein (1971) postulated that DDT would be retained in shallow soils much
longer in areas rich in organic matter, while Bailey and White (1964) reported increased
adsorption of DDT by organic matter with increasing contact time. Numerous studies
have been undertaken in the laboratory targeted at determining the sorption properties of
DDT, which ultimately controls the leaching of DDT under field conditions.

DDT has been reported in the literature as a compound representing the extreme
case of long-term hysteretic sorption within the subsurface (Carter and Suffet, 1982;
Champion and Olsen, 1971; Lichtenstein et al., 1971; Chiou et al., 1986; Guenzi and
Beard; 1967). DDE binds more strongly to organic matter in soils than DDT or DDD
(Ball and Roberts, 1991; Brusseau et al., 1991; Champion and Olsen, 1971). Thus, DDE

1s more resistant to leaching through the soil profile. Research continues at the field scale
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using aged DDT/sediment mixtures and using fresh DDT to generate sorption isotherms
in the laboratory (Kan et al., 1998; Van den Hoop et al., 1999).

While some of the more recent research has focused on using extractability of
DDT from soils as an indication of bioavailability to organisms (Kan et al., 1998; Reid et
al., 2000), other focus has been given to implications for site remediation (Piwoni and
Keeley, 1990; Cornelissen et al., 2000). Partition coefficients are a good indicator of the
potential for leaching of pesticides to the water table. More specifically, the octanol-
water (K,yw), organic matter (Kom) and organic carbon (K,) partition coefficients are used
as an indicator for the leaching potential of DDT. Within the literature, the range of
reported partition coefticients is quite large as illustrated in Table 3, because K, is
dependent on both K, and percent organic carbon, which are highly variable themselves.

Pontolillo and Eganhouse (2001) undertook an extensive quality assurance and
quality control (QA/QC) evaluation of reported sotubility and Koy values for DDT, DDE
and DDD, with recommended values being marked with an asterisk in Table 3. They
evaluated over 700 publications and stated that the best available K, values were those
measured by de Bruijn et al. (1989) as the K, values for DDT, DDE and DDD were
determined by the same laboratory and verified (Pontolillo and Eganhouse, 2001).

At PPNP, because no correlation between organic carbon content of soil and DDT
concentrations in soil was observed, Crowe et al. (2002) suggested that given the very
low levels of DDT, not all of the adsorption sites on the organic carbon are filled and
thus, soil organic carbon content is not a predictor of DDT concentration in shallow soil.

Although the K, values that received the highest QA/QC ranking according to Pontolillo
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Tabie 3. Examples of log Ko, log Kom and log K, values for DDT. DDE, and DDD.

DDT DDE DDD Reference
Log Koy (-) 6.914" 6.956" 6.217" De Bruijn (1989)°
“ 533 - - Gustafson (1989)
“ 6.307 - - Brooke et al. (1990)
6.36 - - Chicu (1982)
6.91 6.51,6.00 6.02, 5.87 Howard and Meylan (1997)
5.98 - - Laskowski et al. (1982)
Log Ko (cm’/g) 5.38 4.70 = Sabljic (1984)
Log K, (cm’/g) 5.35 - 5.18 Meylan et al., 1992 (estimated)
4.7,5.19 5.19 Sabljic (1984)

* Received the highest QA/QC ranking aiter extensive evaluation by EPA: Pontolillo and Eganhouse (2001).

and Eganhouse (2001), the values may not be representative of PPNP soils. It is
important to recognize that the values that received the highest ranking are also the

highest values and represent the strongest sorpticn to soil.

1.8.4 Solubility of DDT

A wide range of solubility values for DDT, DDE and DDD have been reported in
the literature, although values are usually only fractions of a milligram per litre at 25°C.
Despite the fact that over 100 publications have looked at DDT dissolution and phase
distribution, none received the highest ranking by Pontolillo and Eganhouse (2001). In
addition, the solubility of DDD has rarely been investigated. Low solubility ultimately
limits the amount of crystalline DDT that enters solution, which subsequently undergoes
volatilization and sorption. Because only dissolved DDT is able to migrate vertically
through the soil profile, when concentrations in shallow soils are high, leaching is

restricted by solubility.
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Guenzi and Beard (1967) were one of the first to study DDT leaching through
porous media and found DDT remained in the upper regions of the soil column regardless
of the volume cf water applied for a variety of soil types including sandy loams, silty
loams and ciays. They concluded that the primary factor limiting DDT mobility was its
extremely low solubility (Guenzi and Beard, 1967). The solubility of DDT, DDE and

DDD are presented in Table 4 accompanied by their sources.

Table 4. Examples of solubility values reported in the literature for DDT, DDE and DDD.

DDT DDE DDD Reference

S @ 25°C : .
(ma/L) 0.04 . Chiou (1977)
0.005" . . Chiou (1981)°

Pontolillo and Eganhouse (2001);

GAR01E~ A2l BedLL = 1.4 ) synthesis of over 195 references

0.085 0.14 0.1 Howard and Meylan, 1997

U.S. EPA, 1997; Howard and Meylan,
1997

* Received the best QA/QC ranking after extensive evaluation by EPA: Pontolillo and Eganhouse (2001).

“ 0.0025 0.12 0.09

1.8.5 Volatilization of DDT

Generally volatilization in temperate climates is quite low; however, in tropical
climates DDT volatilization can contribute to significant losses from shallow soils (Boul,
1994). It has also been shown that the addition of water to a soil can dramatically
increase the volatilization of DDT compounds (Spencer et al., 1996). Another important
trend is that DDE has a higher vapour pressure than DDT or DDD and as a consequence,

it is lost more readily through volatilization in well-aerated soils (Spencer, 1975). The
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vapour pressures, calculated vapour densities and Henry’s Law constants are presented in

Table 5 for DDT, DDE and DDD.

Table 5. Examples of reported values of vapour pressure (V,), vapour density (Vg), and
Henry’s Law partition coefficient (Ky) for DDT, DDE and DDD.

DT DDE DDD Reference
A% . N . a y R Howard and Meylan,
(m;’r) 1.6 x 107 @25°C 6.0 x 10° @25°C 1.35x 10° @25°C 1957 4
. 1.1x107@25°C | 6.2x 10° @25°C 1.94x 10° @2sec | Howard 1“9“57‘“"yla“’
v Calculated from
- 3.1x 10° @25°C 1.0 x 10* @25°C 1.2 x 10”° @25°C Howard and Meylan,
(mg/L) 1997
K, (atmm¥/mol 5.9x 107, 1.8x 107, 4.0x10%, Howard and Meylan,
e Ltmmyent o) 83x10° 2.1x 107 8.17x10° 1997

1.9 DDT in Soil

When DDT was first discovered, its long-term persistence was considered one of
its most desirable attributes, reducing the number of applications required to ensure
effective control of pests. This resistance to transformation and degradation is the
primary reason why DDT contamination remains an issue today. The average DDT
content for U.S. soils has been reported to be 0.168 g/m2 for agricultural soils and
0.00045 g/m* for non-agricultural forest soils in Pennsylvania where DDT was known to
have never been applied (Woodwell, 1971). It is important to recognize that
measurements are rarely taken from agricultural areas where long-term use had not
occurred (i.e., grain and fodder crops) and thus, the agricultural soil averages are likely
biased to higher concentrations as a result of contamination concerns. Edwards (1970)

reported an average value of 2 ppm in agricultural soils. Lichtenstein et al. (1971) studied
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persistence and vertical distribution of organochlorine pesticides both 10 and 15 years
after a single application of DDT on a field plot in Wisconsin and found that cultivation
practices led to enhanced disappearance of organochlorine pesticides with only 10.6% of
the Total DDT remaining in loam soil 15 years after application. Kuhr et al. (1974) found
that 12 years after the last application of DDT, over 70% of the Total DDT residues
persisted as DDT in the upper layers of the soil profile in former orchard areas of New
York State, and that DDE concentrations almost always exceeded DDT concentrations in
shallow soil horizons. Nash and Woolson (1967) also studied DDT disappearance at the
field scale and found 39% of the applied DDT remained 17 years after application on
sandy loam soils in Maryland. Tarrant et al. (1972) reported that following aerial
application of DDT by helicopter, essentially no percolation of DDT occurred after 36
months in forest soils receiving 20 inches of annual rainfall in Oregon, U.S.A. Soil
organochlorine pesticide concentrations have also been measured in the soils of the U.S.
corn belt from 1995-1996 and determined mean values of 9.6 ng/g Total DDT, with a
maximum of 11846 ng/g (Aigner et al., 1998). Harner et al. (1999) determined that DDT
concentrations were log-normally distributed in 36 Alabama farm soils and found that
DDT concentrations were not related to organic carbon content of the soil. They also
found mean DDT/DDE ratios ranging from 0.39 to 1.5 illustrating the role of degradation
and differing application histories. Marenco (2002) and Crowe et al. (2002) also found
that DDT concentrations were log-normally distributed at PPNP and there was no

positive correlation between concentrations and organic carbon content.
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Although DDT was used over broad areas in North America, both in the
agricultural and residential environments, background DDT concentrations in Southern
Ontario soils are generally below 10 parts per billion (Webber and Singh, 1995). Harris
and Sans (1971) found that organochlorine pesticides including DDT residues were most
persistent in orchard areas, followed by vegetable growing areas, tobacco fields and other
field crops based on a study of 16 farms in south-western Ontario. Surveys of apple
orchard soils in Southern Ontario have found concentrations approaching 43 ppm
(Webber, 1994); with one study site being located between Windsor, Ontario and PPNP.
During the early 1970’s, Frank et al. (1976) reported a mean Total DDT concentration of
43.3 ppm for shallow soils from 0-15 cm below surface in 31 apple orchards located in
Ontario and 5.83 ppm for soils from 15-30 cm below surface, and 9.22 ppm for peach
orchards, all located in Ontario (Frank et al., 1976). Total DDT concentrations ranged
from 1.33 to 334 ppm and the same authors also showed higher DDT concentrations in

samples taken near tree trunks compared to samples equidistant from two trees.

1.10 DDT in Surface Water

During the 1970’s, several studies focusing on DDT in surface waters and bottom
sediments in southern Ontario were conducted and found that although DDT had not been
applied in recent years, it was readily detected. Concentrations in southern Ontario
streams between 1975 and 1977 revealed a range of concentrations for Total DDT from
<0.4 ng/L to 347 ng/L, with a mean of 6.7 ng/L for 1976 and a mean of 7.7 ng/L for 1977,

with International Joint Commission (IJC) objectives of 3 ng/L being exceeded 40.6% of
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the time (Frank et al., 1982). DDT was present in 93% of 949 stream waters analyzed
between 1975 and 1977, with some of the highest concentrations in both of these studies
being réported in Essex County which encompasses PPNP (Frank and Braun, 1981).
They also determined that the majority of loss of DDT from watersheds occurred during
the first 4 months of each year studied corresponding to spring melt and runoff events and
found no decline in pestiéide loads from year to year, indicating substantial storage of
DDT in soil within the watersheds (Frank et al., 1981). This tailing effect is consistent
with the findings of Harris and Miles (1975) who studied organic soils in central Ontario,
Frank {1981) who studied DDT loading in the Grand and Saugeen river basins for
1975-1977, and Oliver et al. (1989) who investigated Lake Ontario sediments. Frank
(1981) also noted an increased pesticide loading to surface waters in areas having a sandy
soil texture. Local streams were also examined as part of the same study and found that
residue concentrations peaked in the spring months when discharge volumes were highest
and peaked at 45 ppt as a result of spring thaw, runoff, cultivation of the land and
spraying of crops. It was also found that rainfall and runoff were not the primary controls
on stream residue concentrations because residue concentrations declined during the
summer despite heavier rainfall (Frank et al., 1974). Long Point Bay in Lake Erie has

also been studied, having a mean of 12.5 ppt Total DDT in 1971 (Frank et al., 1974).

1.11 DDT in Groundwater
Studies of DDT in groundwater have focus on quantifying the contamination of

drinking water supply wells for both private residences and municipalities in agricultural
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arcas. DDT and its degradates were reported to range over three orders of magnitude in
wells from just above detection limits (Kolpin et al., 1998) to an unusually high
maximum value of 402 pg/L from point source contamination at an undisclosed location
in the United States (Goodrich et al.,, 1991). Another point-source contamination
problem in the Southeastern Coastal Plains, U.S.A. showed DDT and DDE
concentrations of 1.5 and 0.5 ppb six months after construction and backfilling with
contaminated soil, with concentrations in water declining within the year to between 0.1
and 0.3 ug/L over the remaining 4 years (Lewallen, 1971). During the 1990’s, 4 of 97
wells sampled ir: Nosth Carolina found concentrations of DDT and its degradates to be
between 0.01 and 0.06 pg/L, although they were detected less frequently than in the
1960’s (Wade et al., 1998). More recently, the United States Geological Survey (USGS)
sampled 303 drinking water wells twice in 1991 across 12 states and revealed that the
highest DDE concentrations in groundwater were found in areas where soil was sandy
with a maximum observation of 0.05 ug/L (Kolpin et al., 1996). A comprehensive survey
of groundwater conducted by the USGS encompassing 2485 sampling sites across the
United States between 1992 and 1996, revealed a maximum DDE observation of
0.006 pg/L, being detected in 3.3% of the wells sampled (Kolpin et al., 2000). Hallberg
(1989) reported average concentrations of DDD, DDE and DDT to be 3.0 ug/L, 5.0 ug/L
and 20.0 pg/L in California during 1986.

Within Ontario, several studies have been undertaken at provincial, regional and

local scales. Areas that experienced intensive cropping and orchard activity in Southern
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Ontario have been studied in the past and it was found that Total DDT levels in shallow
well water ranged from 0 to 2000 ng/L with a mean of 6.7 ng/L. (Frank et al., 1982).
Watersheds draining the tobacco belt bordering Lake Erie in southern Ontario were
studied in the early 1970’s and found that mean soil concentrations of Total DDT were
2.33 to 3.44 ppm and calculated a half-life of 3 to 4 years for DDT in the sandy loams
that dominate these watersheds (Frank et al., 1974). As part of the same study, 14
shallow wells were sampled for organochiorine residues and found three containing Total
DDT residues of 4, 40 and 50 ppt. DDT was also found in two of six spring-fed ponds
sampled at 1 and 50 ppt, and four of nine surface-fed farm ponds sampled at 9, 35, 60 and
80 ppt. Mean Total DDT residues were calculated to be 6.7 ppt in shallow wells, 8.5 ppt
in spring-fed ponds and 20 ppt in surface-fed ponds (Frank et al., 1974). They also
concluded that volatile losses to air were insignificant during their study and that air
transport was primarily due to spray drift and particulate transport by wind. Water
samples were also collected from 11 wells located in an area of intensive vegetable
production on an organic soil in Simcoe County, Ontario during 1981 and 1982. In
addition, samples from 91 wells from farms on mineral soils across Ontario were
analyzed from 1981 to 1984 for pesticide residues aimed at determining if normal field
use of pesticides contaminated well waters. The study found that in all cases, no DDT
residues were detected in well water samples (IDL <0.005 pg/L) (Frank et al., 1987a).
An accompanying study by the same authors found that a DDT spill nearby a drilled well
in Ontario resulted in residue concentrations of 0.5 and 2.1 ug/L 4 days after the spill

occurred (Frank et al., 1987b). A study by Goss et al. (1998) showed almost 40% of the
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wells they tested in both summer and winter exceeded regulatory limits for pesticides in
drinking water. Pesticides were detected in 7.4% of 1175 wells tested in the winter in
Ontario, with 11.5% of the wells showing measurable pesticide concentrations in the
summer of 1991, however no DDT residues were detected in any of the wells tested.
They also reported increased contamination of wells located in permeable sands and
gravels, with a rapid decrease in contamination in finer textured soils (Goss et al., 1998).
The occurrence of contamination was also related directly to type, depth and age of the
well. A continuation of this study utilized multi-level sampling wells and found very few
pesticide detections during the 2 years following their installation in 1991, with no DDT

residues being detected (Rudolph et al., 1998).
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Figure 1. Location of Point Pelee National Park including marsh overlay on aerial
photograph taken in 2000.

32



M.Sc. Thesis — R. Mills
McMaster University — School of Geography and Geology

Historic Landuse at Point Pelee
Point Pelee National Park Canadi

Restoration of Human Impacted Areas

s T A O . LANDUSE
- " N2 S’F 7 [ Cottage
_2000 Sleepy Hollow X : ‘
X ] ,”’ by | Fishery 5
: } ‘ Orchard
N ParkFaciy
‘ Vegetable/Field
0 0375 075 1.5
Kilometers
Map Preparcd by.
Matthew Smith
GIS Speciahsi, PPNP
Mar 22/02 \!
PLE Sy —
Bl G5 G Canadi

Figure 2. Historical landuse at PPNP highlighting former agricultural areas (prepared by
Matthew Smith, Parks Canada, 2002).
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Figure 3. Geological cross-sections through the western barrier bar at PPNP (modified
from Coakley et al., 1998).
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Figure 4. Seasonal fluctuations of (a) Point Pelee marsh and Lake Erie, (b) the water table
at NWRI’s Camp Henry transect and (c) daily total precipitations measured at the PPNP
weather station from 1994 to 2004. July 2002 and May 2003 sampling dates are shown

as red lines.
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CHAPTER 2: FIELD AND LABORATORY METHODS

Field and laboratory work was conducted over a period of two field seasons. The
first field program was undertaken to better understand the relationship between DDT in
soil and DDT in the underlying groundwater at several sites throughout former orchard
areas of PPNP, and to guide future detailed sampling programs. This study was conducted
over a period of five weeks during June, July and August 2002. The second field
program, conducted during May 2003, was undertaken to gather information on both soil

DDT concentrations and soil/hydraulic properties with depth and groundwater samples at
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three selected sites within the park to support ore-dimensional modelling of pesticide
leaching from surface to the water table. The various types of samples collected and the

analyses conducted in the field and laboratory are presented in Table 6.

Table 6: Parameters mieasured in the field and laboratory during 2002/2003.

Parameter Measured Field Laboratory
Depth to water table X
Field-saturated hydraulic conductivity X
Groundwater concentration of DDT, DDE and DDD X
So1l concentration of DDT, DDE and DDD X
Gravimetric soil moisture X
| Volumetric soil moisture X
Buik density of soil X
% Organic matter X
% Organic carbon X
Particle size analysis (soi! texture) X
%% Porosity X

2.1 Field Methods

2.1.1 Site Selection

Locations of the sampling sites for the initial assessment of DDT contamination
were selected within areas that were known to have different depths to the water table.
The sites were also chosen based on areas known to have elevated concentrations of Total
DDT within the shallow soil environment as reported in previous studies (Russell and
Haffner, 1997; O'Connor Associates, 2001; Crowe et al., 2002). Selection of sites based
on this methodology permitted the testing of the relationship between DDT

(concentrations, relative proportions) in soil and groundwater and the depth to the water
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table. Soil and groundwater samples were taken from 12 sites during July and August
2002 (Figure 5). Ten sites were located within four former orchards; Camp Henry
Orchard, DeLaurier Orchard, Sleepy Hollow Orchard, and Anders Orchard. Two
additional sites were located outside of former orchard areas including one in a marshy
soil environment and one in a natural vegetated area; both had not previously been
occupied by agriculture or housing. Samples from an undisturbed natural sand-dune area
provided background DDT concentrations in soil and groundwater. Only one sample
from the natural sand-dune area was obtained because several analyses of soil within the
natural areas existed (Crowe et al., 2002) and these analyses showed that concentrations
of DDT were barely detectable. A single groundwater sample, collected at the water
table, was obtained at each of the 12 sites. Replicate groundwater samples, spaced about
S m from the nitial gréundwater sample were also taken at four sites to define the local
variability of DDT concentrations in groundwater, giving a 16 groundwater samples
(Table 7).

Previous studies (Marenco, 2002) showed that concentration of Total DDT and
compounds DDT, DDE and DDD in soil at PPNP varies by several orders of magnitude
within several metres of each other. Further, this degree of variation has been shown to be

represented on the 10 cm scale within the former Camp Henry Orchard (Badley, 2003).
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Table 7. Groundwater samples and replicates collected during July 2002.

Sample L.D. UTM’s - NAD 83 Land Use Area
' Easting Northing

PPGW-01 373411 4646568 Former Orchard
PPGW-02 373696 4646029 Former Orchard
PPGW-03 374034 4645595 Former Orchard
PPGW-04 374347 4644358 Former Orchard
PPGW-05 374308 4644652 Former Orchard
PPGW-06 374076 4645083 Former Orchard
PPGW-07 373917 4645864 Former Orchard
PPGW-08 374441 4644708 Former Orchard
PPGW-09 373630 4646475 Natural Marsh Area
PPGW-10 374006 4645684 Former Orchard
PPGW-11 373519 4646608 Former Orchard
PPGW-12 373360 4646475 Natural Dune Area
PPGW-01-R 373412 4646577 Former Orchard
PPGW-02-R 373697 4646025 Former Orchard
PPGW-03-R 374029 4645596 Former Orchard
PPGW-04-R 374333 4644914 Former Orchard

Therefore, in order to obtain a representative soil concentration for comparison between
concentrations in the soil and concentrations in groundwater, multiple soil analyses were
required at each groundwater sampling site. Six of the groundwater sampling sites were
located in close proximity to multiple previous soil samples collected within 100 metres
of the sites and no further soil samples were collected. But at the remaining six of the
groundwater sampling sites, only one previous soil analysis had been performed, and thus
two replicate soil samples were collected here. The location of all soil samples (12 for
this study, 56 from previous studies) used in this analysis, including those collected
during the summer 2002 sampling program, are summarized in Table 8.

The following year (May 2003), a detailed study of physical and hydraulic

properties of the soil with depth was undertaken to provide information to be used in
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Tabie 8. Surficial soil sarples collected within the vicinity of the study area.

Corresponding Sample [.B. UTM’s - NAD 82 Land Use Area Source of Data
GW Samiple Northing Fasting
PPGW-0! S grid (S-1) 4646547 ; 373429 Former Orchard Marenco (2002)
S grid {S-2) 4646550 373432 Former Orchard Marenco (2002)
S gnd (S-3} 4646548 373433 Former Orchard Marenco {2002}
S grid (S-4) 4646544 373439 Former Orchard Marenco (2002)
S grid (S-5) 4646540 373434 Former Orchard Marenco (2002)
S grid (S-63 4646538 373437 Former Orchard Marenco (2002)
S grid (S-7) 4646538 373443 Former Grchard Marenco (2002)
S grid (S-8) 4646535 373442 Former Orchard Marenco {2002)
S grid (S-9) 4646534 373431 Former Orchard Marenco (2002)
S grid (S-10) 4646533 372446 | Former Orchard Marenco (2002)
PGW-02 PP-DDT-S05 4646034 373719 Former Orchard Crowe et al. (2002)
PP-DDT-523 4646034 373703 Former Orchard Current Study
PP-DDT-S24 4646026 373702 Former Orchard Current Study
PPGW-G3 0OC- 5805 4645594 374042 Former Orchard | O’Connor + Assoc. (2001)
SHPLT1Y02-1 4045589 374030 Former Orchard | Crowe (2002), pers. comm.
gHPLTiYOQ-Z 4645584 374029 Former Orchard | Crowe (2002), pers. comm.
| SHPLT1YQ2-3 4645389 374029 Former Orchard | Crowe (2002), pers. comm.
SHPLTIY(2-4 4645588 374032 Former Orchard | Crowe (2002), pers. comm.
SHPLTI1Y02-3 4645586 374027 Former Orchard | Crowe (2002), pers. comm.
PPGW-04 GC-8508 4644937 374348 Former Orchard | O’Connor + Assoc. (2601)
AQOPLT1YDZ-1 4644913 374322 Former Orchard | Crowe (2002), pers. comm.
AOPLTLY(2-2 4644911 374329 Former Orchard | Crowe (2002), pers. comm.
AOPLT1Y02-3 4644908 374326 Former Orchard | Crowe (2002), pers. comm.
AQPLTIY02-4 4644913 374327 Former Orchard | Crowe (2002), pers. comm.
AOPLT1Y02-3 4644915 374325 Former Orchard | Crowe (2002), pers. comm.
PPGW-0S 0OC-SS10 4644653 374302 Former Orchard { O’Connor + Assoc. (2001)
PP-DDT-S25 4644652 374307 Former Orchard Current Study
PP-DDT-526 4644668 374320 Former Orchard Current Study
PPGW-06 PP-DIDT-502 4645068 374114 Former Orchard Crowe et al. (2002)
PP-DDT-S27 4645078 374076 Former Orchard Current Study
PP-DDT-S28 4645076 374077 Former Orchard Current Study
PPGW-07 OC-SS04 4645820 373934 Former Orchard | O’Connor + Assoc. (2001)
PP-DDT-S29 4645901 373829 Former Orchard Current Study
PP-DDT-S38 4645900 373833 Former Orchard Current Study
PPGW-08 0C-S309 4644710 374446 Former Orchard | O’Connor + Assoc. (2001)
PP-DDT-S31 4644721 374459 Former Orchard Current Study
PP-DDT-S32 4644722 374458 Former Orchard Current Study
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Table 8. (cont.).

Corresponding” | Sample LD. UTM’; - NAD 83 Land Use Area | Collected This Study
GW Sample MNorthing Easting

PPGW-09 PP-DDT-S0i 4646246 373600 Natural Marsh Crowe et al. (2002)
CHM-!{ 4646452 373628 Natural Marsh Marenco (2002)
CHM-2 4646454 373643 Naturai Marsh Marenco (2002)
CHM-3 4646456 373636 Natural Marsh Marenco (2002)
CHM-4 4646459 373641 Natural Marsh Marenco (2002)
CHM-5 4646463 373629 Natural Marsh Marenco (2002)
CHM-6 4646464 373636 Naturai Marsh Marenco (2002)
CHM-7 4646465 373645 Natural Marsh Marenco (2002)
CHM-8 4646467 373626 Natural Marsh Marenco (2002)
CHM-9 4646468 373642 Natural Marsh Marenco (2002)
CHM-10 4646470 373631 Natural Marsh Marenco (2002)

PPGW-10 RR-i4 4645451 374003 Former Orchard | Russell + Haffner (1997)
PP-DDT-S33 4645676 374025 Former Orchard Current Study
PP-DDT-S34 4645682 374020 Former Orchard Current Study

PPGW-11 M-1 4646614 373526 Former Orchard Marenco (2002)
M-2 4646613 373527 Fermer Orchard Marenco (2002)
M-3 4646613 373534 Former Orchard Marenco (2062}
M-4 4646612 37353¢ Former Orchard Marenco (2602)
M-5 4646609 373534 Former Orchard Marenco (2002)
M-6 4646610 373543 Former Orchard Marenco (2002)
M-7 4646603 373528 Former Orchard Marenco (2002)
M-8 4646604 373539 Former Orchard Marenco (2002)
M-9 4646604 373540 Former Orchard Marenco (2002)
M-10 4646596 373540 Former Orchard Marenco (2002)

PPGW-12 PE-DDT-S07 4644928 374237 Natural Dune Crowe et al. (2002)
PP-DDT-508 4645582 373808 Natural Dune - Crowe et al. (2002)
PP-DDT-S09 4645789 373715 Natural Dune Crowe et al. (2002)
PP-DDT-S10 4646137 373514 Natural Dune Crowe et al. (2002)
PP-DDT-S11 4646506 373342 Natural Dune Crowe et al. (2002)
PP-DDT-512 4644750 373975 Natural Dune Crowe et al. (2002)
PP-DDT-S13 4644478 374018 Natural Dune Crowe et al. (2002)

modelling efforts aimed at elucidating the principal mechanisms controlling the migration
of DDT from surface to groundwater within PPNP. Three study sites within former
orchard arcas of the park were selected based on, first, elevated concentrations of Total

DDT within shallow soil and groundwater identified during the July 2002 field program,
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and second, varying depths to the water table. The three chosen study sites were within
Camp Henry Orchard (CHO), Sleepy Hollow Orchard (SHO) and Anders Orchard (AO)
(Figure 5). At each site a 0.75 m by ~1.5 m soil sampling pit was dug from surface to the
water table. Samples at incremental depths were collected for laboratory analysis of soil
and hydrologic properties. A groundwater sample was collected immediately below each

pit and labelled CHO-PIT1-GW, SHO-PIT1-GW, and AO-PIT1-GW.

Table 9. Soil and groundwater pits sampled during May 2003.

CHG-PITI-GW PPGW-01 373386 4646581 Former Orchard
SHO-PITI-GW PPGW-O.’? 374020 4645591 Former Orchard
AO-P(TI-GW PPGW-05 374305 4644675 Former Orchard

All study sites were located using a handheld Garmin 12XL global positioning
systern {GPS). The positions were acquired in a NAD 83 datum and display the position
in universal transverse mercator (UTM) mode. The position of the south western corner
of each soil pit was then recorded, which constituted one end member of the pit face from
which soil samples were extracted. All samples were extracted in vertical profiles near
the south-west corner of each of the 3 soil pits, within a few centimeters of the recorded
GPS co-ordinates.

The elevation of the ground surface at the 12 groundwater sampling sites and the
three soil sampling pits were obtained from the 1987 topographic maps 1:3,000 Point
Pelee National Park 1:3,000 Map Series. Elevations were interpolated from the contour

lines, having a contour interval of 0.5 m, which are more accurate than GPS elevations.
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2.1.2 Soil Sampling Techniques and Pit Excavation:

All soil collected during July 2002 for analysis of DDT was sampled using the
following procedure. Latex gloves were worn at all times and changed frequently to
ensure no cross-contamination of samples occurred. A stainless steel trowel, rinsed with
a 50/50 mixture of residue analysis grade hexane/acetone, was used to first remove
vegetation and organic debris from the ground surface, and then obtain the uppermost 2 -
3 ¢cm of mineral soil. The trowel was rinsed with a 50/50 mixture of residue analysis
grade hexane/acetone before each sample was collected to ensure all DDT from the
previcus sample was removed. The soil was placed in 75 mL VWR® pre-rinsed amber
jars certified for organcchlorine pesticide analysis. All jars were rinsed immediately
before use with the same 50/50 solution of hexane and acetone and allowed to dry. The
soil was deposited in the jar and covered with aluminum foil that had been rinsed with the
hexane/acetone solution to ensure the sample did not make contact with the plastic lid.
The samples were labeled and stored for a maximum of one week prior to submission to
Environment Canada’s National Laboratory for Environmental Testing (NLET) in
Burlington, Ontario for organochlorine pesticide analysis.

During May of 2003, each pit was dug, samples taken and the pit refilled within a
12 hour period, as follows. The overlying grass was skimmed from the surface, set aside
and the bulk of the soil was removed from rectangular areas of approximately 75 ¢m by
150 c¢m to a depth where soil became moist (i.e., the capillary fringe). Digging, to define
the depth to the water table, was continued only at the end of the pit opposite to the

intended sampling face. Soil samples were then obtained at opposite end of the pit to
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eliminate the possibility that the digging process wouid contaminate the groundwater or
soil. Vertical samples were collected for the following analyses: (1) DDT concentrations;
(2) organic carbon content; (3) organic matter content; (4) grain size analysis;
(5) gravimetric and volumetric soil moisture; and (6) bulk density. Each of the DDT and
bulk soil samples was extracted from a 2 - 3 cm depth interval and roughly 10 cm by
10 cm horizontal area. All samples for each analysis type were taken immediately below
one another, forming a series of vertical profiles. The samples were separated laterally by
a maximum of 15 cm and the sampling interval with depth was varied according to field
observed condilions to target different soil horizons. A more frequent sampling interval
was adopted in the organic rich zone near the surface, with less frequent sampling from
the bottom of the organic rich layer to the water table. Additional samples were collected
to characterize features of interest as they were observed in the soil profile. The samples
collected for each type of analysis and the depths of sampling are presented in Table 10.
A total of twenty-seven 60 mlL soil samples were collected from the three
sampling pits for pesticide analysis; 14 from the CHO pit, 6 from the SHO pit, and 7 from
the AO pit. Prior to sampling, a stainless steel trowel was rinsed with a 50/50 mixture of
residue analysis grade hexane/acetone. The trowel was inserted horizontally into the soil
profile to yield a sample from a discrete vertical interval of 2 - 3 cm, which was placed in
a labelled pre-rinsed amber jar and capped with aluminum foil and the lid. Subsequent
samples were collected immediately below one another and the samples were stored in a

cool place for a maximum of one week prior to being frozen awaiting analysis at NLET.
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Table 10. Samples collected and the sampling intervals at soil sampling pits.

[Type of Analysis’ Sample Size Sampling Depths (cm)
CHO SHO AO
10, 20, 30, 40, 50, 60, 80, 0, 10, 20, 30, 40, 60 0, 10, 20, 30, 40, 60, 80
pOT 60mL 190, 120, 140, 60, 180, 200
10, 20, 28, 30, 40, 50, 60, | 0, 10, 20, 30, 40, 50, 60, { 0, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 110, 120, 70, 80 70, 80, 90, 100
760.C. BSml 17130, 140, 150, 160, 170,
180, 190, 200
10, 20, 30, 40, 50, 60, 80, | 10, 20, 30, 40, 60, 8¢ | 10, 20, 30, 40, 60, 80, 90
%0.M. 100- 150 g | 100, 120, 140, 160, 180,
190, 200
B.D./V.SM./ 60 o’ 10, 20, 30, 50, 80, 120, 10, 20, 30, 40, 60 10, 20, 30, 40, 60, 80
G.S.ML 160, 200
Porosity 50 cm® 10, 20, 30, 50, 80, 120, 10, 20, 30,.40, 60 10, 20, 30, 40, 60, 80
160, 200
Particle size ) 10, 20, 30, 40, 50, 69, 80,1 10, 20, 30, 40, 60, 80 10, 20, 30, 40, 60, 80, 90
analysis 100 - 150 g | 100, 129, 140, 16C, 180,
- 190, 200

An additional 41 samples were collected in labeled 15 mL vials from the three
detailed sampling sites for organic carbon analysis; 21 samples from the CHO pit, 9 from
the SHO pit and 11 from the AO pit. Each vial was pressed into the soil profile at the
pre-determined depth, removed and the cap was replaced. Samples were stored in a cool
place awaiting analysis at NLET.

Nineteen core samples of 60 cm® were collected from three study locations using
stainless steel coring rings, which were approximately 3.3 cm height and 4.8 cm inside
diameter with one end beveled to ease sample collection. These samples were to be used
in the determination of gravimetric/volumetric soil moisture and bulk density. The
samples were wrapped in Saran Wrap at the time of sample collection and inserted in
labelled Ziploc bags awaiting analysis at the McMaster University laboratory.

Additional bulk sediment samples were collected from the excavated soil pits at

10 cm intervals near the ground surface and at 20 centimetre intervals deeper in each
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profile for use in organic matter analysis and grain size analysis. In total, 27 bulk samples
were collected; 14 from the CHO pit, 6 from the SHO pit and 7 from the AO pit.

Samples were returned to the McMaster University laboratory and analyzed.

2.1.3 Groundwater Sampling:

Once the site had been located, the vegetation overlying the groundwater sampling
point was removed and set aside. Each of the groundwater samples collected during July
2002 used: a temporary well technique, whereby a borehole was dug using a 10-inch
manuai post hole digger from the ground surface to a depth of approximately 20 - 50 cm
above the water table. Digging was stopped based on observed soil moisture conditions
and did not penetrate more than a few centimetres below the top of the capillary fringe.
Boreholes were not dug to the water table in order to prevent potentially contaminated
surficial soil from reaching the groundwater table and contaminating samples. All
sampling equipment was rinsed with a 50:50 solution of residue analysis grade n-hexane
and acetone to remove any traces of organic contaminants from the apparatus prior to
sampling. Latex gloves were worn at all times and changed frequently to ensure no cross-
contamination of samples occurred. A stainless steel drive point was driven to
approximately 0.25 - 0.50 m below the water table, the sampling point protector was
retracted 10 - 15 cm to expose the well screen and facilitate extraction of the groundwater
sample through 1/4 - inch Teflon tubing using a Masterflex Model 07571-00 peristaltic
pump. A 20 litre groundwater sample was collected instead of traditional one litre

samples in order to lower the detection limit of the DDT analyses to the ng/L range from
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the ug/L. range. This allowed for a much more accurate quantification of DDT
‘concentrations in groundwater, as DDT is typically present in the sub-microgram range.
During the 2003 sampling, once the depth of the water table had been located, the
peristaltic pump tubing and temporary stainless steel drive point assembly were cleaned
with a 50/50 mixture of residue analysis grade hexane and acetone in order to remove any
pre-existing organic compounds from the apparatus. A new piece of Teflon tubing and
pump tubing was used for each sample. The drive point was subsequently driven to
approximately 10 cm below the known level of the water table and retracted 5-7 cm to
expose the screen through which samples were drawn. The Masterflex Model 07571-00
peristaitic pump was tumed on at a flow rate of 5 mL/min to develop the well and
sampling was begun afier 1-2 minutes of pumping, or when the groundwater being
pumped was observed to be free of particulate matter. The 4 L amber glass bottles were
pre-rinsed in the laboratory according to the standard protocol outlined by NLET
Container Washing Procedure Method #9 (NLET, 2002). Samples were collected in five
VWR Trace-clean amber bottles certified for organochlorine pesticide residue analysis.
The bottles were 4 litres in size and samples were collected immediately below the profile
from which soil samples were to be extracted, yielding a total of 20 L of groundwater
from each of the three sites. As each labeled bottle became full, aluminum foil rinsed
with hexane/acetone was placed over the top of the bottle, the bottle was capped and
Parafilm was used to seal the bottle. No air space remained at the top of each bottle.
Each of the five bottles per sampling site was filled until 20 L of groundwater had been

extracted when the drive point was removed such that soil sampling could be undertaken.

47



M.Sc. Thesis — R. Mills

McMaster University — School of Geography and Geology

The bottles were labeled and stored for a maximum of four days at room temperature
before submission to the National Laboratory for Environmental Testing, Environment

Canada, Burlington, Ontario, for analysis.

2.1.4 Depth to Water Table Measurements:

The depth from surface to the water table was obtained each time a groundwater
sample was extracted. The following method was used during the July 2002 sampling
program. Once the groundwater sample had been extracted, the manually augered hole
was deepened until ponded groundwater was observed. This ponded groundwater was
allowed to equilibrate for a minimum of 15 minutes. The water table depth was measured
by lowering a measuring tape down the hole until it reached the water table. This yielded
a depth to the water table for each of the 16 groundwater samples.

During 2003 detailed pit sampling, the depth to groundwater was obtained by
digging to the water table at the end of the pit opposite that from which soil and
groundwater sampling would be conducted. Again, ponded water was permitted a
minimum of 15 minutes to equilibrate before a measurement of the distance from surface
to groundwater was made using a measuring tape. This procedure was repeated at each of
the three soil pits, giving a total of three depths to the water table in 2003.

The elevations of the ground surface at each of the groundwater sampling sites
and the three soil sampling pits were estimated from the topographic maps, with a

0.5 metre contour interval, of PPNP (Point Pelee National Park 1:3,000 Map Series,
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1987). Using UTM coordinates measured in the field, the sites were plotted on the maps,
and the ground surface elevations were interpolated from the contour lines

Additional water table well data was obtained from three well transects extending
across the western barrier bar at PPNP; Park Gate transect, Northwest Beach transect and
Camp Henry transect. These wells, which were installed in 1994 and have been
monitored monthly since that time, were used to characterize groundwater flow within the
barrier bars {(Crowe et al., 2004). The long-term water levels from wells located along the
Camp Henry transect provided information on seasonal and annual trends in water table

fluctuatiors within PPNP for the current study.

2.1.5 Hydraulic Conductivity Measurements:

Measurements of in-situ field saturated hydraulic conductivity were made using a
model 2800KI Guelph Permeameter manufactured by Soilmoisture Equipment Corp. It is
a constant-head device that operates on the Mariotte siphon principle and provides a
quick and simple method to calculate hydraulic conductivity in the unsaturated zone in
the field. After each of the three pits had been excavated and the samples of groundwater
and soil had been taken, hydraulic conductivity measurements were made at the end of
the pit opposite the sampling face to eliminate the possibility that the soil profile had been
disturbed. The measurements were taken approximately 50 centimetres from the edge of
the pit to ensure a representative reading. After assembling the Guelph permeameter and
the soil auger, a hole was augered to the desired depth below surface and sized properly

with the sizing auger attachment. The well prep brush was then used to remove any
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smear layer present within the well and the permeameter was mounted on the tripod to
provide support. Refore filling the reservoir and making measurements, the reservoir
valve was rotated to the 12 o’clock position that activated both the inner and outer
reservoirs, The permeameter was then filled with water using the plastic water container
and hose attachment provided and the fill plug was replaced in the filling hole.
Subsequently, the permeameter was lowered into the prepared well hole and the water
outlet tip was re>sted on the bottom of the hole, taking care not to disturb the sides of the
open well. For deep measurements, the tripod was not necessary and thus, the
permeameter was held in a vertical position using only the tripod bushing.

The air inlet tip was then slowly raised using the upper air tube to the 5 cm
marking on the weil head scale to achieve 5 cm of ponded head in the well. The water
level in the reservoir was then recorded at 30 second or 15 second time intervals at the
discretion of the operator to allow for a sufficient number of observed water level
measurements for each trial. Repeated measurements were made until a constant rate of
fall over three consecutive readings was achieved, or the water within the reservoirs was
depleted. The upper air tube was then moved to the zero position to stop flow and the
reservoir was then refilled as described above and the well was deepened for the
following measurement. Field saturated hydraulic conductivity (K;) was calculated using

the one ponded-height analysis technique (Elrick et al., 1989) using:

K Q

Y s
+m

8)
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where: Q =R, x A4 &)

H ia 1([754
{2.074 1 0.093H /4 |

(10)
and where (O is the volumetric flux of water (cm3/s), H is the height of ponded water in
the weli (cm), C is the dimensionless well shape factor, a is the radius of the well (cm),
R; 1s the steady-state rate of fall of water (cm/s), and A is the area of so1l through which
infiltration of water takes place (cm?). The two-ponded height method was not used as
additional encapsulation of air within the soil adjacent to the well has been shown to
substantially reduce the seconded ponded head measurements and can result in a negative
Ky (Elrick et al., 1989).

Several permeameter readings were taken with depth at each soil pit, producing a
total of 14 measurements; seven at CHO pit, three at SHO pit, and four at AO pit.
Readings were made beginning with the shallowest depth and after each measurement,
the well was deepened to the required depth, where a new measurement was made.
Because the Guelph Permeameter is only capable of extending 75 cm below the surface,
prior to making readings .below 60 cm the soil near the ground surface was excavated.
During the excavation of the surficial soil, the soil auger was placed in the hole to prevent
backfilling of the well. Care was taken to ensure that the soil was not disturbed and that

excavation was kept to a minimum. Following the last reading, all excavated soil was

placed back into the pit and the surficial vegetation replaced.

51



M.Sc. Thesis — R. Mills
McMaster University — School of Geography and Geology

2.2 Laboratory Methods:

2.2.1 Groundwater Analysis for DDT, DDE and DDD:

Groundwater samples were stored in a cool location and submitted for analysis
within 4 days of sample collection. After the groundwater samples were delivered to
Environment Canada’s National Laboratory for Environmental Testing (NLET), samples
were analysed accordiﬁg to NLET Method Number 03-3251 (NLET, 2002). The method
was modified to analyse 20 litre samples instead of the 1 litre samples normally used in
order to lower instrument detection limits for each compound (Table 11). Extraction of
organochlorines from the groundwater samples was performed using a Goulden Large
Volume Extractor and 250 mL of dichloromethane at a feed rate of 500 mL/minute. Each
sample maintained contact with the dichloromethane in the mixing chamber for about
4 minutes, on average. The extract was then dried, concentrated, cleaned up and
fractionated on a 3% (w/w) deactivated silica gel column. It was then reconcentrated to a

final volume of 1 mL prior to analysis. Dual column capillary gas liquid chromatography

with dual electron capture detectors was used for quantification of DDT and Dieldrin.

Table 11. NLET detection limits (IDL) for 1 L and 20 L water and soil analyses.

0,p-DDT | pp’-DDT | o,p’-DDE | pp’-DDE | o,p’-DDD | p,p’-DDD
1-Litre IDL (ng/L) 0.75 1.30 - 1.28 - 2.24
20-Litre IDL (ng/L) 0.15 0.17 0.88 0.08 0.88 0.38
Soil IDL (ng/g) 4.85 2.07 0.29 2.25 0.58 0.76
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2.2.2 Soil Analyses for DDT, DDE and DDD

Each of the DDT soil samples were analyzed at the National Laboratory for
Environmental Testing (NLET) following NLET Method Number 03-3751 (NLET, 2003;
Environment Canada, Burlington, Ontario) for analysis of organochlorine pesticides in
sediment samples. The analysis was modified from standard protocol to include the o,p -
and p,p’- isomers of DDT, DDE and DDD. Each 20 gram wet sediment sample was
ultrasonically extracted using a 1:1 mixture of pesticide grade acetone and hexane. The
concentrated extract was partitioned with water and back-extracted with dichloromethane.
The combined extract was then concentrated, cleaned up and fractionated on a 3% (w/w)
deactivated silica gel column. The sample was then reconcentrated to a final volume of
10 mL prior to analysis. Dual column capillary gas liquid chromatography with electron
capture detectors was used for analysis of organochlorines, typically yielding detection

limits between | and 5 ng/g.

2.2.3 Gravimetric Soil Moisture

The gravimetric soil moisture is expressed as mass of water per unit mass of dry
soil. Determination of gravimetric soil moisture, volumetric soil moisture and bulk
density was carried out using soil cores obtained from an undisturbed vertical profile
from the ground surface to the water table on one face of a dug soil pit using the most
common procedure as outlined in Methods of Soil Analysis — Part 1 (Klute, 1986). In the

laboratory, the samples were removed from the coring rings and placed in previously
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weighed and labelled aluminum dishes for drying. Wet sample weights were recorded
and samples were oven dried for 24 hours at 105°C and placed in desiccators containing
activated calcium chloride desiccant to cool. All sample weights were determined using
the same Mettler Tolede P(G5002-S Delta-Range® Balance and samples were dried in a
Fisher Scientific Isotemp Drying Oven. The samples were then reweighed and the

percent gravimetric soil moisture (&) calculated as:

M
.9g = (__ﬂ'e_f-Lmo (1)

M, )

where M- 15 the mass of water in the wet sediment and My, is the mass of the oven

dried sample (Klute, 1986).

2.2.4 Volumetric Soil Moisture
Using the same 19 soil samples as used to determine gravimetric soil moisture and
knowing the volume of the coring rings, the volumetric soil moisture (6,) was determined

using the following calculation (Klute, 1986):

v
8, = {*—)ﬂ 00 (12)

soil
where Ve 1 the volume of water in the wet sample and ¥,y is the volume of the core
sample (Klute, 1986). The volumetric soil moisture represents the volume of water
present in a given volume of soil. The wet soil samples were placed in clean, tared and

labeled aluminum weighing dishes and dried for 24 hours at 105°C and reweighed after
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cooling in desiccators. Using cores of a known volume of 60 cm’, the percent volumetric

soil moisture was calculated for each sample.

2.2.5 Bulk Density

Bulk density is used as an indication of soil structure and is defined as the mass of
dry soil per unit volume, which includes solid mineral matter, organic matter and pore
space. Bulk density (pp) was calculated for the same 19 soil core samples using the

following equation (Klute, 1986):

(M, "
Ps =7 (13)

soil

where My, is the mass of oven dried soil and ¥,y is the volume of the core sample. The
mass of oven dried soil was obtained during gravimetric soil moisture determination and

the known sample volume is 60 cm’.

2.2.6 Organic Matter Content by Loss on Ignition

Organic matter loss on ignition was determined using the method described by
Sparks (1996). Crucibles were initially placed in a Fisher Scientific Isotemp muffle
furnace for two hours at 550°C to remove any organic matter residues and cooled in
desiccators. Once labeled, the crucibles were weighed and filled with between 100 and
150 grams of sediment and placed in the drying oven at 105° C for 24 hours to remove
any soil moisture. Samples were then removed from the oven, placed in desiccators to

cool and reweighed. They were then placed in the muffle furnace at 550° C for 16 hours
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to burn any organic matter contained within the samples. After cooling in desiccators, the

samples were once again weighed and the percent organic matter (%0OM) determined by:
M, -M
%OM = [MJxloo (14)
105

where M5 is the mass of dried soil and Mssy is the mass after burning off the organic
matter in the furnace. Each soil sample was retained for later use in grain size analysis.

Organic carbon (%60C) content of the same soil samples was calculated using the
equation developed by Olsen and Davis (1990):

%OM
1.724

%0C =

(15)

where %0M is the percent organic matter content as determined above.

2.2.7 Particle Size Analysis

Mechanical dry sieving was used to determine the grain size distribution for
27 samples at each of the three sites; 14 at the CHO pit, 6 at the SHO pit, and 7 at the AO
pit. Loose sedimeﬂt samples were collected at intervals of 10 ¢cm near the surface and
20 cm at depth, with additional samples collected where features of interest were seen in
the soil profile. Sub samples of between 100 and 150 grams of the loose soil samples
were oven dried and organic matter was removed in the muffle furnace during the
quantification of organic matter by loss on ignition. These same samples were processed
by mechanical sieving using a nest of 10 six inch diameter stainless steel sieves of 2000,

1400, 1000, 710, 500, 355, 180, 90, 45 and 20 pum sizes, as well as a bottom pan.
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Each sample was weighed prior to sieving, placed in the nest of sieves and shaken
for 10 minutes on a Humboldt Testing Equipment H-4325 mechanical sieve shaker that
had been secured to the laboratory bench. The fraction of sediment trapped within each
sieve (% Caught) was carefully transferred to pre-weighed weighing paper and the mass
recorded. By adding the masses of each size fraction, the total mass that passed through
the sieve nest was calculated and the percent caught by each sieve was determined using

the following equation (Klute, 1986):

% Caught = (%}d 00 (16)

t
where Ws is the mass of soil caught in each sieve, and W7 is the total mass of soil that

passed through the nest of sieves. The cumulative percent passing was calculated using:

Cumulative % Passin g = X — % Caught (17)

for each sieve, where X is the percent passing from the sieve above (100% initially). The
cumulative percent passing was plotted against the grain diameter on a log scale to
produce a grain size distribution curve. The % sand (2 mm to 50 um), % silt (50 um to
20 um) and % clay (< 20 um) were calculated from the data. The boundary between silt

and clay was defined as 20 um instead of 2 um due to a finer sieve being unavailable.
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2.2.8 Porosity
Through the measurement of bulk density of each of the core samples and the
estimation of particle and organic matter density, the porosity (77) of each of the core

samples was calculated as follows (Klute, 1986):

- Ps x100 18
7 UfMM X Lyim )+(f0M X Pom )} o

where pp represents the bulk density of the soil, fius represents the mass fraction of
mineral matter and foy is the mass fraction of organic matter, pyn, represents the particle
density of mineral matter and ppys is the density of organic matter. The density of mineral

matter was assumed to be 2.65 g/cm’ and the density of organic matter was assumed to be

1.6 g/cm® (Brady and Weil, 2002).
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Figure 5. Location of groundwater sampling locations (circles) and detailed soil sampling
pits (squares) sampled during this study.
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CHAPTER 3: FIELD AND LABORATORY RESULTS AND
DISCUSSION

Chapter 2 presents the results and the tnterpretation of the physical, hydrological,
and chemical analyses that were undertaken in the laboratory and in the field as discussed
in Chapter 2. The results of the analyses include concentrations of the DDT compounds
i soil and groundwater, physical properties of the soil, and hydrogeological

characieristics of the study sites. The interpretation of these analyses provides an

overview of the spatial distribution of DDT 1n soil and groundwater, the relationship
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between concentrations of DIT in surficial soil and at the underlying water table, and the

processes affecting the fate and migration of DT within the subsurface.

3.1 Soil Classification

The type of soil depends on parent material, mineral content, organic matter
centent, grain-size distribvtion, extent of soil development, and land-management history.
Photographs of the soil nrofiles at the CHO, SHO and AQ sampling pits and their
interpreted soil horizons are presented in Figure 6.

At CHO, a 7 cm thick dark brown Of-fibric soil layer consisting of slightly
decemposed organic matter and numerous roots is present, underlain by a 30 - 35 cm
thick very dark brown Ah horizen consisting of well-sorted medivin-grained sand and
aburdant rcots of varving thickness. Extending from 30-35 cm to 80-90 cm is a medium
brown Bm horizon consisting of a well-sorted medium sand. Infrequent tap roots extend
over I m into the protile. The C horizon, of unknown thickness, represenied the bottom
layer of the profile and cons:sted of fight brown well-sorted medium to coarse grained
aeolian sand. The water table was located at 2.00 metres below ground surface and the
capillary fringe was observed to be approximately 20 cm thick.

At SHO, a 5 cm thick dark broewn Of-fibric layer consisting of moderately
decomposed organic matter and abundant fibrous plant roots is underlain by a 18 c¢cm
thick very dark brown Ah horizon consisting of medium grained weil-sorted aeolian sand

and numerous piant roots. Several snail shells were noted at ground surface, indicating
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scmewhat wetter surface conditions. Extending from 20 ¢cm to 75 cm is the mottled
brown and grey weakly gieyed Bmgj horizon consisting of well-sorted mecium to coarse
grained sand and very few rcots that extend up to a maximum of 5 ¢m into the top of the
Bmgj horizon. The water fable was located at 0.75 metres baiow ground surface and the
capiliary fringe was observed to be 15 cm thick.

At AQ, 2 5 cm thick Om-fibric layer consisting of slightly decomposed organic
maiter and aumerous Fgquisetun: roots represents the uppermost segment of the 15 cm
thick Ah horizon of medinm-dark brown, weil-sorted sand. Beneath that, the red-brown
and grey gleyed Bmgj horizon extended from 20 cm to the water table and consisted of
infrequent thick Fquisetum (herbaceous perennial plant) rhizomes penetrating to the
botiom of the profile. At the water table, another horizon of unknown vertical extent was
cncouatered consisting of weil-rounded, moderately sorted pebbles up to 3 mim in length.
The water table was located at (.88 metres below ground surface and the capillary fringe
was 12 cm thick.

The scil observed in the three test pits was classified according to the Canadian
System of Soil Classification. At all three soil pit excavation sites, there exists an Ah

1

horizon greater than 10 cm thick underlain by a Bm horizon that is more than 5 cm thick
and finally, a C horizon of undetermined thickness at all three profiies (CHO, SHO, AO),
meeting the reguirements of the Brunisolic Soil Order. Because each of the soil profiles

have an Ah horizon greater than 20 cin thick, the criteria for classification as a Melanic

Brunisol are met in all three locations. Further, at both SHO and AO, an indistinct gleyed
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B hornizon was present below the Ah horizon, leading to their classification as Gleyed
Meianic Brunisols. Thus, CHO was classified as a Melanic Brunisol and both SHO and
AQ vere classified as Gieyed Metae Brunisols.

The soil classifications described asove are contradictory to the profile described
by the 1938 Soii Survey of Essex County Report No. 11 {Richards et al., 1949), which

J J & X

1

Soii Order. Based ou the 1938 scil survey and observations within the Ah-horizon,

-

Maranes (2002) referred to the scil as a humic Regosnl (Regosolic Soil Crder). Badley

{2003y dug a 1.5 metre deep by 3 metre long trench and classificd the soil in the vicinity

ot CHO zs a Melanic Brunisol, which is in agreement with this study.

3.2 Seoil Texture and Structure
3.2.1 Grain size
From visual inspection ainne, the soils at the three field sites appeared similar in

iexiture. Particle-size analyses were performed on samples obtained from soil pits dug

o
e ?

D ground surface 1o the water table at CHO, SHO and AO. Samples were obtained at
10 ent intervals from ground surface to 40 cm depth, and at 20 cm intervals below that to
the depth of the water table. The grain-size distributions for the CHO, SHO arnd AQ
sampling pits are tabulsted in Table 12 and plotied in Figure 7. The percent sand varies
between 96.40% and 99.31%. The grawn size distribution for sand above 80 cm at SHO,

above 90 cm at AQ, and throughout the 200 cin prefile at CHO, represents that of
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Table 12. Results of pariicle size analysis, % organic matter and % organic carbon with
d

epth at CHQ, SHO 2ind AQ as determined from sampiing during May 2003.

! Sampie Mame | Horizon il)eptll (o) | Yo BSmzmd | % Silt Y% Clay | S%0OM {1LOY]) |%OC (irom %0M)
CHOPITI 010 | OFAR | 10 U g6aos | 2915 | 0682 3.120 1.80
CHO-PITI-020| Ak 20 56,745 | 2602 | 0.653 2,786 1.60
CHO2ITI010 ] Ak 30 97993 | 1430 | @527 0.925 0.53
CHO-PITI040 | Bm 40 98611 | 1077 | 0311 0.535 0.36
CHO-PITI-05| Bm 50 99.004 | 0803 | 6.153 0.551 0.32
CHO-PITI060 | 2 a0 50076 | 0802 | 0a22 0.492 0.28
CHO-PITI-080 | Bm 30 90.172 | 0706 | 0.122 0.509 0.29
CCHO-PITI-100 | ¢ (56 | 99.055 | 0842 | 0.103 0.506 0.29
CHO-PITI-120] C C12e ] 00305 | 0629 | 0.065 0.442 0.25
| cHO-PITI1an | ¢ 140 99224 | 0702 | 0.074 0403 | 0.23
| CHO-PITH-I60 | © 160 99293 | 0633 | c.074 0.473 0.27
CHO-PITI-180]  C 180 | 99300 | 0640 | 0.060 0.493 0.8
CHO-PITI-190 | € 90 | 99.196 | 0708 | 0.096 0.485 0.28
CHO-PITI200| C 200 99242 | 0704 | 0054 0473 0.27
! Mean 98.687 1.689 0.224 0.879 0.505
SHO-PIT1-010 | Of-Ab 10 97264 | 2205 | 0532 1502 0.86
SHO-PITLA20 L ah 20 1 97010 | 158y | 0507 1127 0.55
SHO-PITI-036 | Bim 30§ 98800 | 1090 | 0310 0.814 0.47
SHO-PITI-040 | Bm 40 | 98564 | 1152 | 0284 0.771 0.44
SHC-PITI-060 | Rm 6% 98764 | 1006 | 0.231 0.787 0.45
SHO-PITI-O80 | Bm | 80 58.051 | 1490 | 0.459 0.868 0.50
Miean ' 98.192 | 1421 | 0387 0.978 0.562
AO-PITI-010 | Of-Ah 10 907531 | 2104 | 0365 2.168 125
AO-PITI-020 | Ah-Bm | 20 97830 | 1798 | 0372 1.076 0.62
AO-PITI033 | Bm 30 | o9sms | rade | 0313 0.730 0.42
AO-PITI-040 | Bm 40 98.437 | 1266 | 0.243 0.697 0.40
| AO-PIT1-060 B 60 98.995 | 0.872 | 0.133 0.454 0.26
AO-PITI.O0 | Bm 80 98541 | 0988 | 0.170 0.542 0.31
AG-PITI-090 | B8m 90 99.059 | 0787 | 0.124 0.656 0.38
Mean 98430 | 324 | 0246 0.903 0.519
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medium-fine grained sand. The grain size distributions compare favourabiy to the aeolian
sand in Coaklev et al. (1998} who observed mediam grained, well scried sediments
(urumodal) with no pebbles or shells present and a median grain size of 1-2 ¢

(0.

| O]

5-0.45 gm). The deevesi samples at SHC (50 cm) and AO (90 cm) are coarser than
the rest of the profile and contain many peboies and are likely part of the shoreface sand

gravel deposited during formation of the barrier bar as described by Coakley et al. (1998).

3.2.2 Bulk density

Soil cores were collected in the field at 10 cm intervais vear the surface and at
grearer intervals (20-40 cm) deeper in the soil prefiles to facilitate bulk density
measurements and calculate porosity with depth at the three scil pits. Caiculated bulk
density values are presented in Table 13. The bulk density profiles with depth are
presented in Figure 8. Bulk density values among the three soil sarnpling pifs range from
£18 glem’ at ground surface to 1.60 gicr’ at 2 m depth. Each of the three profiles show
a consistent pattern {rom surface to depth, with low vaiues at the surface where organic
maiter content is highesi and a trapsition to higher bulk densities with depth, where the
soil is primarily minerai matter and under increasing sediment loads from above. Closer
to the water table, bulk densities again increase. Mean bulk densities were 1.41 g/cm’,
143 gem® and 142 giem® at CHM, SHO and AO, respectively. These values are
consistent with average bulk densities of 0.97 g/em’ for the Ah horizon and 1.47 g/em’

for the B horizon, reported by Badley (2003).
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Table 13. Gravimetric and voluinetric soil moisture contents, bulk densities, and porosity
with depth at CRO, SHO and AQ:

Samnpie Name Herizon ?:P:}h % GSM % V5M Bué}g;j?;;;ity Pﬂ(‘;,s) k4
-

CHO-PITI-010 Ah i0 10.960 12.900 1.18 55
—5{*10~P!Tl <020 Ah | 29 11.529 14.98% 1.30 50
CHO-2IT1-039 Ah | 0 $.359 11517 1.38 43
i CHG-PIT1-050 Bm 50 5.037 9.000 1.49 44
ChO-PITI-E80 Bm 86 3713 8.350 150 43
CHO-PIT-120 iy 120 5.675 8.130 1.44 46
CHO-PITI-160 < 160 5.937 8.667 l.4¢ 45
CHO-PITI-200 C 200 20.323 32.500 1.60 40
- viean i42 48
SHO-PITI-0 1O Ah Y] 5.711 8.853 1.32 30
S5HO-PITI-020 Bmg; 20 5779 7.867 1.36 48
SHO-PITI-N30 Bmgj 30 €.203 8.850 1.43 46
SHN-PITI-040 Bmngj 40 6.648 9.567 1.44 46
SHO-PITI.060 | Py 60 21.936 33.267 152 43
Mean | 141 46
AO-PITI0I0 | Al 10 L 7.689 H 9.450 1.23 53
AO-PIT1-020 Bingj 20 5.902 8.317 1.41 47
AQ-PIT1-030 Bimyj 30 5.293 7.733 1.46 45
AO-PITL-04 Brogj 49 5.220 7.817 1.50 43
AQ-PIT1-06G Bmgj 60 16.849 24.150 1.43 46
AOPITI080 | Bung R0 22.357 34.183 1.53 42
Mean i : } 1.43 46

3.2.3 Porosity

The porosity of a soil determines the maximum amount of water that can be held
iz a given volume of soil, Porosity was calcuiated from organic matter content and bulk
density using assumed particle densities of 1.60 g/cm’ for organic matter and 2.65 g/em’

for mineral matter {Brady and Weil, 2002}, Calculated porosity values for CHO, SHO

66



M.Sc. Thesis - R. Mills

McMaster University — Schee! of Geography and Geology

and AOG soil pits are ziso preseoted in Table 13 and porosity profiles are plotted in
gure 8. Porosity ranged from 53% at grouad surface at CHG to 42% at the water table

at AO and showed an inverse relationship with bulk density. Badiey (2003) found the

age poz’osii?! of the AR hernzon to be 50%, and 42.3% for the Bm horizon. The

average perosities at CHO, SEO ard AO are 40%, 47% and 4€%, respectivety, which are

ceusistent with Badlev (2003).

3.3 Soil Organic Matter

Organic matter {OM) countent acts to increase the amount of water stored by a
given volume of soil and aiso increases the number of sites available for sorption of
organic moiecules including pesticides in the unsaturated zone. The %0OM as determined
by loss on ignivon and calcuiated pereent organic carbon (OC) are listed in Table 12.
The mean %OM is hughest at CHO (1.16%) and lowest at AO (0.94%), ranging from
G.45% (AD, 60 cm) to 3 o (CHO, 19 cm) for the three study sites. Within the Ah
herizons (4-20 cm), the mean %OM is highest at CHO (2.96%) and lowest at SHO
(1.21%). Within the B and C horizous (30 cm te bottom of pit), mean %0OM is lowest at
CHO (0.30%) and highest at SHO (0.84%). Badley (2003) found %OM values to range
from 2.4% to 14.5% near CHO, with an average of 7.05%. The %OM profiles for CHO,
SHO and AO are listed in Table 12 and presented in Figure 8. There is a sharp boundary

between the Ah and the B horizons exists at both CHO and AO, while a less defined
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beundary was observed a2t SHQ. In each case, the %OM was wiformly low throughout

the B and C norizons.

3.4 Soil Misisture

Moisturs content of a given soil controls both the rate of flow of water and solutes
vertically through the scil profile and it i1s & factor that in part determines the rate at which
a given pesticide will be metabelized by soil microorganisms and/or degraded chemicallv
{Marenco, 209Z; Guenzi and Beard, 1976; Spencer ct al., 1996}.

Gravimetric and volumetric soil moisture contents were determiined on the same
samples for which bulk density and porosity were measured and calculated. The
gravimetric water contcois and volumetric water contents obtained with depth are
presented for the CHCG, SHO and AO soil piis for May 12-14, 2003, respectively, are
listed in Table 13 and presented graphically in Figure 8. Gravimetric and volumetric soii
maoisture profiies are quite sinlar in shape at all 3 soil sampling pits, with volumetric scil
moisture values between 5 and 10% through much of the profile and a well-defined
capitiary tringe at depth. This is consistent with the similar soil textures and bulk density
values reported in Tavles 12 and 13, respectivelv. Badley (2003) found volumetric soil
moisture as determimed using time-domain reflectometry (TDR) to range from 2.5% to
15.9% within shallow soils near CHQ, which 1s consistent with the present study. In the
snallow portion of the three profiles, soil moisture is slightly elevated, corresponding to
the organic rich Ah torizon capable of storing more water than the B horizon.
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The capiliary fringe was observed to he 15-20 cm thick at al} three locations, with
large increases ir water content obscrved in the soil samples cbtained at the water table
for each of the three sites. The thunner capillary fringe at SHO is attributed to the slightly
coarser nature of the soils at SHO relative to the other sampling sites. At the water table,
volumetric scil moisture contents were 22.58% 2t CHG, 32.27% at SHO and 34.18% at
AQO, with corresponding porosities of 40%, 43% and 42%, respectively. The 7.5%,
9.73% and 7.82% differences between porosity and volumetric water content at the water
table can oc atiributed to entrapped air within the system as is often the case near the

water table in natural systems (Ronen et al., 1989).

3.5 Field-saturated Hydraulic Conductivity

The rate of movement of water through the unsaturated zone is ultimately
determined by the field saturated hydrauiic conductivity (Kg) and the degree of saturation
of the porous media, with water moving under the influence of hydraulic gradients.
K5 values were measurea at the three sampling pits (CHO, SHO and AO ) using a Guelph
Permeameter on May 12-14, 2003.  The caiculated field-saturated hydraulic
conductivities are tabulated in Table 14 and presented in Figure 8. Ky ranged over
approximately one order of magnitude from 3.44x 10 cr/s to 3.47x107 cm/s among all
three sites, with the iowest values at surface where organic carbon, silt and clay contents

are nghest. This range of values 1s shightly iower than previous work that reported field-

‘.

saturated hydraulic conductivities of ~5 x 10™ cin/s for the Ah horizon and ~1x107 cm/s
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Table 14, Field saturated Ky and 1og K with depth at CHO, SHO, and AD.

Sampie Mome Horizoa Dopth (cn) 7 K, (cm/s) log K (cnvs)
CHO-PITI-020 Ah | ) 3.4d ¢ 107 -3.46
CHC-P!T1-040 m ‘ 40 209x10° -2.68
CHO-PTT1-060 Bri T 60 2.13x 107 -2.67
CHO-DPITI-08G , 2m ; 3G 1.67 x 1y -2.77
THO-PITI-I00 , | s IESE TG -2.85
CHOPITI-[40 | 5 130 301%10° 252
| CHO-BIT1-139 ! C 180 344x 107 -2.46
Log Mean (46-180 cm) 2.20x 107 -2.66
SHO-PIT1-020 Bgj 20 1.07x 107 297
| SHG-PITi-040 Bingj 30 347 x 197 -2.46
SHO-PITELGGO Brngj 50 L45x 107 -2.61
Log Mlean (46-60 em) 292%x10° -2.54
i AQ-PiTT 020 Bmg; 20 1.04x 107 -2.98
AD-PITE-040 Bmgj 40 1.54 x 107 -2.81
, ADPITI050 Bmaj 60 Z48x 107 261
AD-BIT1-)80 g 80 141 x 107 -2.35
| Log Mean (40-80 ) i 1.75% 107 2.76

for the Bm horizon near CHO {Badley, 2003). Large reductions in Ky were observed for
the lowest sampling peints at SHO and AQ, btut not at CHO. Through comparison with
volumetric soll moisture prefiles, it was determined that the measurements corresponding
to SHO-640 and AQ-80 were taken near the capillary fringe and thus, were not obtained in
vnsaturated scils as required by the Gueiph Permieameter method. The decrease in Ky at
CHO from 66 te 100 cm is aiso explained by the mcrease in bulk density over the 50 to
120 cm interval, effectively reducing porosity and resulting in a lower Kg. Because Ky is
log-normally distributed, log-transformed Ky was used for statistical analyses. The

. . . . ., . . . 4
m-sitn Ky for the Ab horizen at aii three profiles were 3.44x107 cem/s at CHO,

7)



M.Sc. Thesis — R. Mills
McMaster University — School of Geography and Geology

1.07x107 cro/s at SHO and 1.04x107 cro’s ai AQ. The in-situ K of scils beneath the Ah

#

. - " o ~ ey e e Ly -1y »
horizon were 2202107 omy/'s a; CHO, 2.92xi0 ' em/s at SHO and 1.75%107 en/s at AO.

While roots were chserved mn all 3 soil profiles, making preferential pathways possible,
the hydrauiic conductivity data does not show this is occwiring. Althcugh the 3 sampling

piis were between 260 ang 1900 m apart, the ruean K values are essentially the same;

this 15 expected, given the common depositional enviropment of the barrier bar (Coakiey

)

et al., 1998; Crowe et al., 2004},

“3

3.6 Ground Sarface Elevation & Depths to Water Tablie

The proximity of the warer tabiz to ground surtace has two important implications
on levels of DT in soil and groundwater. First, the cleser the water table is tc ground

surface, tie shorter the distance (thickness of unsaturated zone) that DDT must leach to

degrades along an anaerobic pathway to RDD. However, in soiis where the water taole is
always weil below ground surface, DDT degrades aerobicaily to DDE (Marenco, 2002).

The elevation of the ground surface at the 12 groundwater campling sites, and the
taree soul sampiing nits were cbtained by interpolation from the 1:3000 Point Pelee Map
Series; these maps have a conteur interval of 0.5 m (Table 15). Surveyed ground surface
elevations presented by Marenco {2002) are copsistent with interpolated elevations within

CHO and at PPGW-01, PPGW-13, PPGW-1! and PPGW-09. Other groundwater

sampling lecations were 0o far from surveyed clevahions to make a direct comparison.
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While more expensive globai pesitioning svstems could provide better elevation
estimates in open areas (no tree cover), the system used for this study was restricted to
S 1e 16 metre accuracy.

The depth o the water table (Table 13) was measured concurrently with the
collection of every groundwater sample obtained for a DDT analysis in order to provide a
measure for assessing whether cr not the distance from surface to the water table was a
fector inrtuencing DDT nugration ic groundwater

Surface yopography does not have a major impact on the eievation of the water
tatie because of the high hydraulic copductivity of the sands in the barrier bars and
proximity 6f the surface water-groundwater interface at Point Peiee. Since 1994, the
difference in elevation cf the water table across the barrier bar at NWRI's Camp Henry
transect on any given day was never more than 235 cm and typically less than 10 cm.
Hence, the depth to water tabie 1s effectively proportional to the elevation of ground
suriace (Crowe et ai, 2004). Awmong the 12 groundwater sites sampled during July 2002,
the shallowest depth 1o the water table was 0.70 m at PPGW-09 (lowest ground surface

elevation of 174.9 m a.m.<.l.) which was closest to the marsh, and the deepest water table
was 2.70 m ar PPGW-(1 (highest ground surface clevation of 176.8 m a.m.s.l.) within the
area deminated by duns topography.

The depth to tie water table was also measured on May 12-14 2003 during the

excavation of the three soil sampling pits CHO, SHO, ard AO; these pits were located
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within a few metres of groundwaier sampiing sires

[ 3

PPGW-01, PPGW-03 and PPGW-05,

respectively, ang of the same ele

Table 1

=1

the groundwater samrles s

vation ( Table 15).

The depths to the water tabie during

5. Measured depths o the water table and estimated ground surface elevations for
tes and the ihree soil sampling pits.

; Sampling Locatien | Moasurement E Elevation of Depth to 1?!2'.*ati0i1 of };
; Daxe Ground Surface Water Table “Water Table
; {m arpsi) {m) (rn amsl)
PPGW.01 July &, 2062 176.8 2.70 174.10
PPGW-02 fuly 10, 2002 176.8 240 174.20
PPGW-02 suly 13, 2002 175.6 1.33 174.27
FPGW-04 i Juiy 17,2002 i 175.8 1.25 174.53
PFGW-05 T July 22,2502 175.7 .17 174.53
PRGW-G6 July 11,2002 176.0 1.50 174.50
PEGW-07 Suly 24, 2002 176.2 1.25 174.95
PPGW.-0K Julv 23,2002 1754 118 174.22
PPAW-09 " Juiv 18, 2002 749 0.70 17220
BPGW.I0 ety 16, 2002 s 1.23 174.27
PPGW-11 ly 33,2000 1 1756 T 7348 g
PPGW-12 july 222602 | 176.3 1.85 174.45
PPGW.1-R July 9, 2002 176.8 2.77 174.03 ]
PPGW-02-R f July 11,2002 176 2 2.68 174.12
PPGW-03-R suly 16, 2002 175.6 1.36 174.24
PPGW-04-R July 1§, 2002 175.8 1.30 174.50
CHO-PITI-GWI Mav 12,2003 176.9 2.00 174.90
| SHO-PIT-GWi May i3, 2005 175.6 0.75 174.85
;L AD-PITI-GW1 Miay 420035 175.7 0R8 174.82

May 2003 were ranct snailowe

spring smowmelt raized

the previous summer by

b

evapotranspiration.

i those measured in July 2002 because infiltration of

the water table during Mav 2003 which had been lowered during

Tue differences in water levels from

July 2602 to May 2003 were 0.70 m at CHO, (.58 m at SHO and 0.29 m at AO.
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The depth to the water table was not measured at the NWRI wells on the same
days as the depth to the water table was measured at the 12 groundwater sampiing sites
and the three soll sarapling pits. Measurements along NWRI's Camp Henry transect
were obtained on June 1§, 2002 2iving water table elevations of 174.504 to 174.589 and
on August L. 2002, giving water table clevations of 174.258 to 174.30Z m a.mu.s.l. Water
tabie elevations obtzinzd between Yuly 8 and July 23, 2002 at the 12 groundwater
sampling sites fall within the range of the NWRI groundwater elevations. Water table
measurements along the N'WRI Camp Heary transect were obtained on May 5, 2003,
giving slevations between 174.312 and 174.388 m arn.s.]. Although these water table
elevations are much lower than those measured at CHO, SHO and AO on May 12-14,
2003, 44.6 mm of precipitalion ie!l between the time of the water table measurements at
the NWRI wells and watzr table measurements at CHO, SHO and A (Figure 4).

Because the long-term elevauon of the water table near the sampling sites follows
the trends the warsh, high marsh levels induce a high water table, and low marsh levels
cause a low water table {Crowe et al., 2004). Between 1994 and 2004, the range of marsh
surface {Iuctuations was about | meire, from 174.1 to 175.1 m ams.l. (Figure 4).
Marenco (2002) stated areas of the Park whose elevaticn are below 173.1 m a.m.s.L
{e.g., PPXIW-09) have likely been flooded during pericds of elevated marsh levels in the
past. Marenco (2002) also suggested that because the water table is typically higher that
the elevation of the marsh, it is likely that during times of high marsh levels and with the

capillary f{ringe, soil profiles could be saturated up to 174.3 m a.m.s.l. Consequently
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the elevation of the marsh, it is likely that during times of high marsh levels and with the
capiliary fiinge, soil profiles could be saturated up to 174.3 m am.s.l. Consequently
UDT within the soil at elevations above 174.3 m a.m.s.]. predominantly follow an aerobic
cransformation pathway (Marenco, 2002). Conversely. if the DDT in the scil is below an
clevation of 174.3 m am.s.l, it is iikely that DDT could have undergone anaerobic
transformation at times in the past, with the frequency of anaerobic periods increasing as
the eievation decreases (Marenco, 2002). Thus, it is likely that an anaerobic
transiormation oceurs during neriods of high tmarsh levels at PPGW-0%, and aerobic

transformation dominates at the remainder of the sampling locations.

2.7 Statistical Analyses of Physical and Hydrelegical Seil Preperties

To sompare physical and hydrological soil properties of the three soil sampling
pits, ANOVA analyses were conducted e mploying T ukey-Kramer tests to determine i f
sig&iﬁcaﬁt differences exist among population means at the 95% level. Soil properties,
including gravimetric soil moisture, volumetric soil moisture, bulk density, porosity,
organic maiter content, and field-saturated hydraulic conductivity were statistically
comgared. No significant differences were tound at the 95% level of confidence between
the three pairs {CHO:SHO, CHO:AQ, SHO:AO). Thus, the physical and hydrological
propertics of the soil at the three sites were not found to be significantly different from

one another.
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3.5 DDT in Soil and Groundwater at PPNP
The assessiment of DDT in s0il and groundwater at PPNP is presented in three
pacts; (1) @ spatial assessment ¢ f DD 11 shailow soil based on the sampling p rogram
conducted during July 2002 throughout the park (sites PPGW-01 to PPGW-12) and the
assessment with depth cenducied at the three soil sampling pits (CHCO, SHO, AO) during
May 2903, (i) a spatial assessment of DDT in groundwater based on the groundwater
sampling program (PPGW-01 to PPGW-12) and at the three soil sampling pits, and
(i11) an assessment of the relationship between DDT in soil and DDT in groundwater.
The assessments in seil and groundwater were conducted using concentrations of
=DDT, ¥DDE, ZDDD and Total DDT. Further analyses were conducted using the
rejative proportions of ZDDT, EDDE and ZDDD. Relative proportions were calculated

as deiined in Chapter 1.

3.8.1 DDT in Soils - Spatial Disiribution

Prior surveys of soil contamination within PPNP have determined that the primary
arcas of contamination lie within former orchard land-use areas, specifically within the
tormer Camp Henry Orchard, DeLaurier Orchard, Sleepy Hollow Orchard and A nders
Orchard (Crowe et al., 2002). All soil concentrations are reported to 3 significant digits
by NLET and thus, ali Total DDT ~oncentrations are reported in the same manner.
Concentrations of Total DDT in the 12 shallow soil samples collected during July 2002
ranged from 1.560 to 20,100 ng/g (Table 16). The highest average concentration was
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Table 16. Anaiviical results of DDT compounds in the shallow soil samples collected

during July 2002.
Soit Sample LD, 2,p-DLT | 5p-0DT | 0,p-DDE | p,p-DDE | 0.p-DBD | pp’-DDD | Totat DDT
(neig) (nglz) (ng/g) (ng/z) (nz'g) (ng/g) ng/g) |
PP-DDT-$23 104 %0 | 96 1,020 100 | 214 1,560
PP-DDT-S24 580 1,290 185 8,240 149 946 10,400
PP-DDT-S25 753 g 557 787 2,900 9.26 382 2,690
| PP-DDT-$26 TR D 985 2,130 1.7 1.8 2,870
PP.DDT-S27 1,230 358G 139 11,000 203 175 16,300
PP-DDT-S28 555 | 3,120 5R.5 7,520 76.1 140 11,500
PPDDT- S5 | 162 396 36.0 2,830 30.4 36.0 3,490
[ PPDDTSIG | 220 375 790 2.730 35.8 51.9 3,530
BP0 33 1,360 5570 120 12,300 164 250 19,800
PPDDT-S32 | 1,60 3,620 125 9,280 106 190 14,500
PP-DDT-533 L4710 4,130 108 10,300 135 188 16,300
PF-DDT-534 1,710 9,190 645 | 8,830 110 237 20,100

found within the former Camp ienry Orchard. These concentrations values and large
variability are consistent with the findings of Crowe et al. (2002) and Marenco {2002),
who reported concentrations of Tctal DDT in shallow soil in the former orchard areas
ranging from 215 to 87,500 ng/g, and from 5,590 to 316,000 ng/g, respectively.

Tota! DDT concentrations are highly spatially variable as a result of non-uniform
appiication rates, different degradation rates, and post-agricultural disturbances to the
soil. Thus, S€ additionzl soil analyses previously collected within a few metres of present
sites were pocled with the 12 samples discussed above, giving a combined total of 68 soil
analyses, were used in the anaiysis of DDT characteristics in the shallow soil above the
12 groundwater sampling locations. All 68 analyses, corresponding to each of the

12 groundwarer sampling sites, are presented in Table 17.
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The mean 30il concentrations of Total DDT at the 12 groundwater sampling sites
in the formier agricuitural areas raage from 2,700 ng/g to 79,400 ng/g, with the highest
concentration at the site coiresponding to PPGW-01 within the former Camp Henry
Orchard (Figure 9). The mean concentration ot Total DDT within the natural dune area
was orders of maguitude lower {15.6 ng/g near PPGW-12) than concentrations found in
the former agncultural areas. These resuits are consistent with Crowe et al. (2002) who
nofed concentrations of Tetal DDT in natural dune areas ranged from 4.9 ng/g to
15.5 ng/g. Thus, the natural dune area (PPGW-12) has little DT contamination at
surface even though it was less than 100 m from the most contaminated site {(PPGW-01).
Possisle explanations for the presence of DDT found in shallow soils within the natura!
dune arza inciude spray drift during application of DDT, and/or translocation of
contaminated sediments by aeolian transpoit processes. With the exception of the natural
dune site, every mean shallow soil concentration was well above OMOEE guidelines of
1500 ng/g, 1600 ng/g, and 2200 ng/g for DDT, DDE, and DDD, respectively, for
residential/parkland land use (OMOEE, 1997).

Although cencentrations of Total DDT are highly variable throughout PPNP, the
relative proportions of 2DDT, ZDDE, and DDD (%DDT : %DDE : %DDD) within each
soil sample, provides an indication of the consistency of degradation rates and pathways
throughout PPNP. %DDT and %DDE in soil at each of the 12 groundwater sampling

sites (Figure 10) range from 16.0% - 54.1% and 44.2% - 82%, respectively (Table 17).
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Table 17. ZDDT, ZDDE, ¥DDD, Total DDT and %DDT, %DDE, %DDD from shallow

(0-5 cm) soil samples adiacent to the 12 groundwater sampling sites.

Z0DT

ZDDE

LDDD

Total DDT

Location Sample Name (ng/3) (aw/2) (ng/g) (ng/g) %DDT | %DDE | %DDD
PrGw-i1 S grid (S-1) 67,600 36,200 991 125,000 54.2 45.0 0.8
Formear S grid (S-2) 43,700 58,309 2,840 105,000 41.7 55.6 2.7
Orchard | S grid (S-3) 5,050 9,760 252 15,000 33.5 04.8 1.7
2 S grid (8-4) 18,600 30,100 500 49,200 37.8 61.2 1.0
! S grid (S-5) 24,300 14,000 820 39,200 62.1 35.9 2.1
s grid (8-6) 57,400 37.260 -,000 98,600 £8.2 37.8 4.1
8 grid (8-7) 2,400 6,160 84.0 8,650 2738 713 1.0
S grid {5-8) 154,000 | 152,000 10,400 316,000 48.7 48.0 33
S gnd (S-9; 8,900 16,100 350 25,400 351 63.5 1.4
S grid (3-10) 4090 1 8,040 106 12,200 334 65.7 0.9
Mean 38,500 | 38,800 2,030 79,400 43.2 54.9 1.9
PPOW-02 PR-DDT-S03 18,600 24,300 1,570 44,500 41.8 54.6 3.5
Former PP.DDT-523 494 1,030 314 1,560 31.8 66.2 2.0
Crehard Fe.DDT-324 1,780 8,420 244.0 10,400 17.0 80.6 2.3
Mean 6.960 11,200 61 18,300 30.2 67.2 2.0
PPCWN3 GC-5303 22,100 33,306 423 55,900 39.6 59.6 0.8
Former SHPLTIY02-1 9,390 14,300 4,910 28,600 32.9 49.9 17.2
Grehard SHPLTIY02-2 | 15,500 18,700 1,500 35,700 43.4 52.4 42
SHPLTIY02-2 | 35,500 38,600 2,760 76,900 46.2 50.2 3.6
SHPLTIYOZ4 | 13,300 20,100 1,740 37,760 42.2 832 4.6
SHPLTIY02-3 15,160 18,800 719 34,600 43.5 54.4 2.1
Mean 18,900 24,000 2,010 44,900 41.3 53.3 54
.WPPGW-{M 0OC-55808 5,280 ;L 13,000 199 18,500 28.6 70.3 1.1
Former AOPLTIYO2-t | 28,100 18,100 1,450 47,700 58.9 38.0 3.0
Orchard ADPLTIYN2.2 6.680 11.800 1,520 20,000 334 59.0 7.6
_ AOPLTIVY(2-3 1,660 7,160 309 9,130 i8.2 78.5 34
AOPLTIYOZ-4 | 4450 5,100 4,180 13,700 325 37.2 304
AOPLTIY02-5 6,330 1,106 607 18,000 351 61.5 34
Mean 8,750 11,600 1,380 21,200 34.5 57.4 8.1
PPCW-05 PP-DDT-502 724 2,140 54.0 2,920 24.8 73.4 1.9
Former PP-DDT-527 4,816 11,100 378 16,200 295 68.2 2.3
Orchard PP-DDT-828 3680 7.580 216 11,500 32.1 66.1 1.9
Mean 3.070 5,930 2if 10,200 288 69.2 2.0
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Table 17 (cont’d),

Lecation | Sample Name )(:E/n)‘ 2;3;% ﬁg?;; TT;L‘;;“ %DDT | %DDE | %DDD
PPGW-07 | OC-SS04 460 | 2850 41 4350 | 335 | 655 | 09
Former | PP-DDT-S29 | 358 | 2,270 66 349 | 160 | 821 19
Orchard | PP-DDTS30 | 695 2,810 88 3590 | 194 | 782 | 24
Mean 304 | 2,840 6 3810 | 230 | 753 1.8
PPGW.08 | OC-S500 16,600 | 35200 | 260 50000 | 332 | 663 | 03
Former | PP-DOT-S31 | 6.930 | 12400 | 423 19,800 | 351 | 628 | 2.1
Orchard | PP-DDT-532 | 4,780 | 5,400 296 14500 | 330 | 650 | 20
] Mean 0430 | 18300 | 326 238100 | 337 | 647 16
PPGW.09 | PP-DDT-S01 | 69.0 599 37.0 1,160 60 | 865 | 75
Natural CHAM-1 290 | 3,710 19.0 1,760 17 | 973 L1
Marsh: CHM-2 i | 2,800 18.0 2,990 57 | m7 | 06
U CHMA3 630 | 2110 | 200 2200 29 | 962 | 09
CHM-4 129 2410 140 2,680 48 89.9 52
CHM-S 713 8410 | 800 9,210 77 | 914 | 09
CHM-5 154 2200 | 210 2,380 55 | 927 | 09
CHM-7 373 | 4000 16.0 4.290 64 | 933 | 04
CHM-8 2330 | 20,100 | 2520 | 33500 | 68 | 857 | 74
L oo e 1200 | 410 1,360 88 | 882 | 30
L CHM-10 99 | 5810 134 6,140 32 | 946 | 22
Mean 385 5,520 281 6,190 55 | o8 | 27
PPGW-10 RR-14 5660 | 9,700 212 15600 | 364 | 623 14
[ Fommer | PP-DDT-S33 | 5600 | 10400 | 323 16300 | 343 | 67 | 20
Orchard | DPP-DDT-534 | 10,900 | 8.500 347 20,100 | S41 | 442 17
Mean 7390 | 9,670 294 17300 | 416 | 567 17
PPGW-11 -l 446 | 4150 | 960 5690 | 253 | 730 1.7
Former M-z 2530 | 6,940 244 9720 | 260 | 715 | 23
Orchard w3 3950 | 7,230 13 11300 | 350 | 639 L0
M4 2550 | 5220 | 920 7860 | 324 | 664 (2
M-5 4580 | 10000 | 280 4600 | 314 | 685 | 02
M6 5250 | 12,000 | 250 17,600 | 301 | 685 14
M7 5300 | 8630 277 148006 | 399 | 583 19
V.8 2790 | 5820 | 113 8720 | 320 | 667 13
M0 3000 | 11000 | 117 15000 | 259 | 733 | 08
NCTO 4000 | 5,620 103 9720 | 412 | 578 L1
Mean 3650 | 7,670 134 11500 | 319 | 668 13
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Table 17 {(coni’d).

Locaticn Sample Name ZoDT IDDE EDDD | Total DDT | %DDT | %DDE | %DDD
L (ne/g) ng/g) (ng/g) (nz/g)

PPCVY-12 EP-DDT-307 7.92 1.3 0.90 20.7 38.2 57.1 4.5
Naiural PP-DDT-S08 6.16 11.3 <{.D.L 17.7 349 65.1 0.0
o Dunes PP-DDT-509 4.04 9.52 <L.D.L 13.7 29.6 70.4 0.0
PP-DUT-S10 374 6.32 <L.D.L 10.1 37.2 62.% 0.0
PP-DDT-Si! 0.9 9t 12 51 15.0 o01.4 3.6
PP-DDT-S12 23.0 4.43 <[.D.L 27.4 83.9 16.2 0.0
PP-DDT-S13 6.9% 841 .87 16.3 42.9 51.7 5.4
Mean 896 | 102 0.42 19.6 $31 | 550 19

The %DBDT znd %DDE 1o soil at each of the additional analyses range from
12.2-62.0% and 35.8 - 79.3%, respectively. %DDT and %DDE analyses are most
frequently between 30 - 35% and 55 - 75%, respectively for both. %DDD in all
68 samples is substaatially tower; < 3%. Thus, the analyses of the soil samples collected
during July 2002 are consistent with the analyses of the soil sampties previously collected
in the vicinity of the 12 groundwater sampling sites. The %DDT, %DDE and %DDD in
the natural due area (1.e., PPGW-12) is consistent with those in the former agricultural

—
{

areas {Table 7). Iiowever, although Total DDT concentrations are considerably lower in
the marshy sediments (i.e., at PPGW-09) vs. the former agricultural areas, the %DDT,
%DDE and %DDD organic-rich transitional soils are considerable difterent; 1.7 - 7.7%,
83.7 - 97.3%, and 0 - 7.5%, respectively. Thus, the distribution of %DDT : %DDE :

»%DDD throughout the former agricultural areas is quite consistent (Figure 10). This is

consistent with the conclusion of Marenco (2002) that degradation rates were faster
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within the orgamnic-rich transitional soils than within the higher-elevation soils of former
agriculturai areas.

A piot of %DDE vs. %DDT in the shailow soil in the vicinity of the
12 greundwater sampling sites {using ai! 68 surficial soil analyses) show that the majority
of the analyses of soils in the former agricultural, natural dune, and marsh aieas lie on a
1:1 line (Figure 11). The points on the %DDD vs. %DDT plot along the x-axis. This
indicates that the primary degradation pathway in shallow soil at PPNP 15 essentially a
1:1 conversicn of DDT to DDE ailong the aerobic pathway, with little production of
DDE. However, Figure 11 shows two clusters of points along the 1:1 transformation
line; the analvses of the agricultural soils are spread along the line from about 20% to
80% DDT, whereas the analyses of the organic-rich transitional soils are tightly grouped
near 9o to 109 DDT. This indicates that the rate of transformation of DDT to DDE is
faster in transitional soils (ground surface elevation <174.3 m a.m.s.l.) than the former
agricultural dreas (ground surface clevation >174.3 m a.m.s.l.). This is consistent with
findings of Crowe et al. (2002) and Marenco (2002) who also found this relationship

between %DDT, %DDE and %DDD.

3.8.2 DT in Soiis - Distribution with Depth
The analyticai resuits of the DDT compounds with depth at CHO, SHO, and AO
are presented in Table 18. Concentrations of XDDT, LZDDE, XDDD and Total DDT are

highest at surface and exhibit a rapidly decline with depth (Figure 12) of 3-4 orders of
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magnitude within the uppermost 40 c¢cm of the three soii profiles. Concentrations at the
surface of the soil profile at AQ are not as large as at “HO and SHO. However, the
mitial concentrations of DDT ut surface at AO were likely very similar to CHO and SHO
in the past to produce essentially the samie concentration profiles. Disturbances at the
surface subsequent to application of DDT {e.g.,, during removal of the trees in the
orchard) could have removed the uppermost layer of contaminated soil.

The total amount of DDT at each depth interval and the total mass of DDT in the
soil profile are iisted in Table 19. Total mass of DDT (M) Within each soil profile was
estimated by depth-weighted sum of the concentration at each profile assuming 2 unit soil
profile surface area of | cm’;

Mo = Cxzxp2, (14)
where Cy 1s the concentration of a given compound (rg/g) at a specific depth (d), z, is the
depth interval over which the concentration is assumed to represent (cm), and py is the
bulk density of the soil within each depth interval (g/cm’) as reported in Table 13.
Essentially ail of the mass of Total DDT (99.6% at CHO, 99.7% at SHO, 94.6% at AO) is
contaired within the uppermost 20 cm of the profile at each of the locations. This
correlates with the distribution of organic matter with depth (Figure 8), where the highest
concentrations of organic matter is within the upper 20 cm of the soil profile at all three
sites. This trend is consistent with the ability of organic matter to bind DDT compounds,

and thus limit leaching of DDT deeper within the soil profile and to the water table.
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Table 18. Analytical results of DDT conipounds in soil with depth below ground suiface

at CHO, SHO and AO.
Soil Sampie Depth | 0p-0DT | pp"DDT | 0p>DDE | pp DDE | 0p™DDD | pp*-DDD g‘g;‘
LD. {cm) (ng/g) ng/g) {ng/g) (ng/g) (ng/g) (ng/g) (nae)
CHO-PITI-000 0 2,820 15,500 121.3 12,900 793.53 1,430 33,600
CHGC-PITI-CI0 19 122 710 i1l 1,120 12.90 435.3 2,020
CHO-PIT1-020 20 <{DL 9.5G 0.17 228 <IDL <IDL 326
CHO-PIT-030 30 <iDL 8.77 0.04 i5.4 0.21 <IDL 24 .4
- CHO-FPITT-H40 40 <{DL 8.1 <[DL 8.75 0.06 <DL 16.9
CHO-PIT!-050 50 <IDL <IDL <{DL 5.56 0.06 <IDL 5.62
CHO-PIT1-060 60 <IDL 2.13 <IDL 2.99 0.06 <IDL 5.18
CHO-PITI-08) 30 <iDL <iDL 0.03 <[DL 0.06 <IDL 0.09
CHO-PITI-105 100 <{DL <IDL 0.58 <IDL 0.06 ~<[DL 0.64
CHO-PITI-120 120 <DL <IDL <IDL. <DL 0.10 <IDL 0.10
CHQ-PIT1-140 140 <IDL <IDL <IDL <[DL 0.06 <IDL 0.06
CHO-FIT1-160 160 <iDL <IDL <IDL <IDL <IDL <IDL <|DL
CHO-PIT1-18D 180 <[{DL <{DL <DL <IDL <[DL <IDL <IDL
CHO-PIT1-200 200 <IDL 2.30 <{DL <IDL <IDL <IDL 2.30
SHO-PIT -000 a 2,930 13,400 194 30,300 331 391 47,500
SHO-PITI-01¢ 10 97.0 471 8.23 995 9.68 222 1,600 1
SHO-FITI-020 20 9.29 64.2 0.97 229 0.99 3.18 308
SHO-PITI-030 36 <[DL 8.54 0.03 30.1 0.11 <IDL 38.8
SHO-PITI-040 40 <[DL 331 0.05 11.0 0.08 <IDL 14.4
SHGC-PIT1-060 60 <iDL <IDL 0.05 4.57 0.09 <IDL 4.71
AQO-PIT1-000 0 67.1 641 6.25 2,020 6.30 26.8 2,770
AG-PITI-010 10 126 846 17.0 2,310 23.69 56.6 3,380
AQ-PIT1-020 20 135 85.3 368 749 3.21 9.19 364
AO-PITI-030 30 <IL 104 0.38 112 0.17 1.01 124
AO-PIT1-040 40 <ibL 6.90 0.15 534 0.16 <[DL 60.6
AD-PITL-060 00 <iDL 19.8 0.05 6.09 0.82 1.06 27.8
AO-PITI-080 | 80 | <DL <IDL 0.03 315 <IDL <IDL 3.18

* <IDL means compennds were below instrument detzction limits.
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When analyte cencentrations are below or approach instrument detection limits,
%DDT, %DDE and %DDD arc highly variable because not all three of the compounds
are detected. It is particularly important to note that the detection limits for each
compound are different (Table 11) making comparisons based on relative proportions
determined from concentration values near detection limits qualitative at best. For this
reason, relative proportions of each compound are only caiculated (Table 19) when
concentrations are above detection limits (i.e., the uppeﬁnost 40 cm of the soil profiles).
Generally, where more than one DDT compound is detected and concentrations are above
detection limit (1) %DDE exceeds %DDT and %DDD, (2) %DDT generally decreases
with depth, %DDE generally increases with depth, and %DDD remains essentially
constant at <10%, and (3) the rate of %DDE increase and %DDT decrease with depth is
very similar at ail 3 sites (Figure 13). Alsoc, %DDT with depth is consistently lower at
AQ than SHO, which is in turn consistently lower than CHO. Correspondingly, %DDE
with depth at AO is consistently higher than SHO, which is in turn consistently higher
than CHO. This indicates that transformation and/or degradation may be occurring
somewhat slower at CHO vs. SHO vs. AO. Possibly this is because of the much deeper
water table at CHO, or that DDT was more recently applied at CHO than it was at SHO
and AO.

The similarity at all three sites with respect to (1) the decline of concentrations

with depth below ground surface, (2) the %DDT : %DDE : %DDD with depth, and
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Table 19. ZDDT, ¥DDE. £DDD, Total DDT and %DDT, %DDE, %DDD for soil
samples obtained with depth at CHO, SHO and AO on May 12-14, 2003.

Soil Sample LD. 'fiﬁff’ ffng ‘?}f;g i?gn? por | w%ppT | %DDE | %0DD
- (ng/g)
CHO-PITI-006 0 18300 | 13,000 | 2220 | 33,600 | 550 39.0 70
CHO-PIT1-010 o | 82 £i36 58.2 2020 | 410 56.5 3.0
CHO-PIT1-020 20 9.50 231 <IDL 326 2.0 710 0.0
CHO-PIT1-030 30 8.7 15.4 0.21 244 36.0 63.0 10
CHO-PITI-040 40 3.11 8.75 0.06 16.9 43.0 52.0 0.0
CHO-PITi-050 50 <DL 5.56 0.06 5.62 NC NC NC
CHO-PIT1-060 50 213 2.95 0.06 5.18 NC NC NC
CHO-PIT}-08¢ 30 <DL 0.03 0.06 0.09 NC NC NC
CHO-PIT!-100 108 <IDL 0.58 0.06 0.64 NC NC NC
CHO-PITI-120 120 <DL | <IDL 0.10 0.10 NC NC NC
CHO-PITI-140 140 <DL | <DL 0.06 0.06 NC NC NC
CHO-PIT1-169 160 <DL | <DL | <DL | <IDL NC NC NC
CHO-PITI-180 120 <DL | <L | <DL | <DL NC NC NC
CHO-PIT1-200 200 2.30 <DL | <DL 2.30 NC NC NC
Total Mass (ng) 118,000 | 90,800 | 13,800 | 222,000 | 53.0 40.8 6.2
SHO-PITI-050 0 15300 | 30500 | 733 | 47,500 | 34.0 64.0 20
SHO-PIT1-010 10 568 1,000 31.9 1,600 35.0 63.0 20
SHO-PIT1-020 20 735 230 417 308 24.0 75.0 10
SHO-PITi-030 30 8,54 30.1 0.11 38.8 22.0 78.0 0.0
SHO-PITI-040 40 331 1.0 0.08 14.4 23.0 77.0 10
SHO-PITI-060 60 <DL | 462 0.09 471 NC NC NC
Total Mass (ng) 116,000 | 218,000 | 5240 | 339,000 | 342 64.2 13
AO-PIT1-000 0 708 2030 | 331 2,770 26.0 73.0 10
AO-PITI-010 10 972 2330 80.3 3380 | 290 69.0 20
AC-PIT1-020 20 98.3 753 12.4 864 110 87.0 10
50-PIT1-030 30 104 12 118 124 8.0 91.0 1.0
AD-PIT1-040 40 6.90 53.6 0.16 60.6 1.0 88.0 0.0
AO-PITI-066 60 19.8 6.14 1.88 27.8 71.0 220 7.0
AO-PITI-080 30 <IDL 318 <IDL 318 NC NC NC
Total Mass (ng) 18,600 | 54700 | 1440 | 74700 | 2438 732 19

* NC means values were not calculated as compounds necessary for the calculation were below [DL.
* <IDL means both o,p -DD_ and p.p -DD_ isomers were not detected.
* Total mass is depth-weighted according to Equation 14.
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(3) concentrations of Tota! DDT, ¥DDT, EDDE and ZDDD, indicates that similar
hydrological, biological ans chemical processes are occurring at all three sites.

Because DDT compounds in near-surface soils are strongly adsorbed by organic
matter in the Ah horizon, little leaching occurs, and thus results in essentially all of the
mass of Total DDT being present in the upper ~20 cm of the soil profile. Both XDDE
concentrations are much greater than XDDD concentrations, and relative proportion of
DDE is much greater than DD throughout the profile. This indicates that the dominant
transformation pathway throughout the soil profile is aerobic transformation of DDT to
DDE. There is very little DDD produced, suggesting that very little anaerobic
degradation occurs anywhere in the soil profile. The DDT to DDE transformation rates

increase slightly with depth. These findings are consistent with Marenco {2002).

3.8.3 DDT in Groundwater - Spatial Distribution

Because concentrations of the DDT isomers in groundwater are very low
(Table 20}, and approach instrument detection limits for 20 L samples, these compounds
wou!d likely not be detected if only 1 L samples were collected and analyzed. As
discussed carlier, when concentrations are just above detection limits the reported values
should be treated more quaiitatively than quantitatively.

Concentrations of Total DDT in groundwater, collected from the 16 groundwater
sampling sites, and 4 replicates (Table 20), are consistently low throughout PPNP

(Figure 14}, whether the sampie was collected from a former agncultural area or a natural
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Table 20. Analytical results of DDT compounds in groundwater.

GW Zample o,p-DDT | pp’-DDT | 0,p-DDE | p,p’-BDE | o,p>-DDD | p,p’-DDD | Total DDT
LD, {ng/L) {ng/L) {ng/L) (ng/L) {ng/L) (ng/L) (ng/L}
PPGW-G1 0.029 0.027 <[DL 0.069 <IDL <[DL 0.135
PPGW-02 <IDL <IDL <IDL 0.063 <IDL <IDL 0.063
PPGW-03 0.104 0.162 <IDL 0.281 <I[DL <IDL 0.548
PPGW-04 0.015 0.019 <IDL 0.064 0.002 <IDL 0.100
PPGW-03 <DL 0.072 <DL 9.270 <IDL <[DL 0.342
PPGW-06 <DL 0.025 <IDL 0.073 ~ <IDL <IDL 0.098
PPGW-07 <IDL 2.039 <IDL 0.107 <IDL <IDL 0.146
PPGW-08 <IGL 0.046 <IDL 0.077 <[DL <IDL 0.123
PPCGW-09 <iDL 0.017 <[DL $.080 <IDL <IDI. 0.097
PPGW-10 0.017 0.008 <DL 0.068 <IDL <IDL 0.092
PPGW-11 <JDL 0.02¢ <IDL 0.046 <IDL <IDL 0.072
PPGW-{2 <DL <iDL <[DL 0.021 <[DL <IDL 0.021
PPGW-01-R <IDL 0.010 <IDL 0.043 <[DL <IDL 0.054
PPGW-02-R <i{DL <IDL <IDL 0.033 <IDL <IDL 0.033
PPGW-02-R <[DL 0.019 <IDL 0.056 <IDL <IDL 0.075
PPGW-04-R <[DL <IDL <{DL <IDL <IDL <IDL 0.000
CHC-PITI-G¥1]  0.0310 0.375 0.000 0.252 <IDL <[DL 0.68
SHO-PITI-GW! 0.753 1.56 0.0260 1.83 <{DL <IDL 4.18
AG-PITI-GW | 0.037 0.383 0.060 3.36 <IDL <IDL 3.65

* <IDL means compounds were below instrument detection fimits.

setting. The highest concentration of Total DDT was 0.548 ng/L at PPGW-03, and the
lowest was below detection limits (Table 11) for all DDT compounds at PPGW-13.
Mean Total DDT concentrations in groundwater were calculated to be 0.153 ng/L. All
groundwater concentrations were in excess of 2 orders of magnitude below the former
Canadian Drinking Water Guideline of 30 ug/L Total DDT (CCREM, 1987).
Concentrations of Total DDT in groundwater collected at the three soil sampling

pits were higher, ranging from 0.679 ng/L. at CHO-PIT1-GW1 to 4.18 ng/L at
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SHO-PIT1-GW1 (Table 20). At the three sites sampled in 2003, concentrations increased
by a factor of 5.03 for CHQO, 7.63 for SHO and 11.05 for AO as compared with samples
obtained during 2002 which were within 5 metres of each location sampled during 2003
and the same sample procedure and analytical methods were used. This increase in DDT
concentrations at the water table could be the results of a large spring infiltration event in
2003 flushing DDT from the soil surface to the water table.

The relative proportions of DDT and DDE at the 12 groundwater sampling sites ranges
from 0 to 63% and from 51% to 100%, respectively (Table 21). %DDE was consistently
greater than %DDT throughout PPNP (Figure 15). At two of the three soil sampling pits,
%DDT exceeds %DDE. However, as discussed in Section 3.8.2, when concentrations are
Just above detection limits, relative proportions are more variable than they are when
concentrations of all compounds are well above detection limits and thus, they should be
considered only qualitatively. DDD was not detected in groundwater, with the exception
of PPGW-04 with 2.0% DDD.

When compared to previous sampling of groundwater within PPNP, the samples
collected during 2002 and 2003 are within the range of varability seen previously,
although, with lower detection limits as a resuit of increased groundwater sample
volumes, DDT compounds were detected in every case except PPGW-04-R, where all
DDT compounds were below detection limits. While many of the initial groundwater and
drinking water samples collected by NWRI, Parks Canada, and O’Connor and Associated

Environmental between 1998 and 2001 exhibited concentrations of DDT compounds
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Table 21. Results of groundwater sampling for DDT, DDE and DDD throughout PPNP
including replicate samples.

GW Sample 1.D. i:;‘?; ﬁg’g fn’i ?L'; T‘}:;,‘;';T %DDT | %DDE | % DDD
PPGW-01 0.066 0.069 <IDL 0.135 49.0 51.0 0.0
PPGW-02 <IDL 0.063 <IDL 0.0623 NC NC NC
PPGW-03 0.267 0.281 <DL, 0.548 49.0 51.0 0.0
PPGW-04 0.034 0.064 0.002 0.100 34.0 64.0 20
PPGW-05 0.073 0.270 <IDL 0342 210 79.0 0.0
PPGW-06 0.025 6073 | <DL 0.098 26.0 74.0 0.0
PPGW-07 0.039 0.107 <IDL 0.146 270 730 0.0
PPGW-08 0.046 0.077 <IDL 0.123 37.0 63.0 0.0
PPGW-09 0.017 0.080 <IDL 0.097 17.0 83.0 0.0
PPGW-10 0.024 0.068 <IDL 0.092 27.0 730 0.0
PPGW-11 0.026 0.046 <DL 0.072 36.0 64.0 0.0
PPGW-12 ZIDL 0.021 <IDL 0.021 NC NC NC

Mean 0.051 0.102 0.000 0.153 340 66.0 0.0
PPGW-01-R <IDL 0.033 <IDL 0.033 NC NC NC
PPGW-02-R 0.010 0.043 <IDL 0.054 190 81.0 0.0
PPGW-03-R 0.019 0.056 <IDL 0.075 25.0 75.0 0.0
PPGW-04-R <DL <IDL <IDL <IDL NC NC NC

CHO-PITI-GWI 0.427 0.252 <IDL 0.679 63.0 370 0.0

SHO-PITI-GW1 2317 1863 <IDL 418 55.0 450 0.0

AO-PITI-GWI 0.420 3.364 <IDL 3.784 1.0 89.0 0.0

* NC means values were not calculated as compounds necessary for the calculation were below [DL.
* <IDL means both ¢, p -DD_ and p,p -DD_ isomers were not detected.

below detection limits for 1 L samples, this study detected DDT and DDE compounds in
groundwater in nearly all of the samples by employing 20 L samples, thus reducing
detection limits by a factor of 20. The concentrations of Total DDT in prior groundwater
analyses directly from water table samples showed concentrations ranging from 1.40 to
7.56 ng/LL at Camp Henry (Crowe et al., 2002), and 3.00 to 23.0 ng/L near the former

maintenance compound (O'Connor and Associated Environmental, 1998). While other
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analyses of water have been undertaken within PPNP, they are derived from either
groundwater supply wells, which exhibit much lower Total DDT concentrations or
monitering wells for which sampling depths are not clearly presented. Analyses of
samples collected during 2002 and 2003 compare favourably with previous work within
PPNP specifically. The relative proportions of DDT, DDE and DDD from previous
analyses generally report greater proportions of DDE than DDT in groundwater and
drinking water, and have also found large fluctuations in relative proportions of each
compound as a result of concentrations near instrument detection limits. The relative
proportions of DDT, DDE and DDD in groundwater are consistent with those seen in
PPNP soils and reflect a linear 1:1 transformation of DDT to primarily DDE (Figure 16).
While the concentrations ot DDT reported for 2002 and 2003 analyses within
PPNP are lower than concentrations reported elsewhere in southern Ontario, Canada and
the United States, they are indicative of concentrations you would likely find at the water
table in areas where agriculture was historically intensive and widespread within sandy
soils with relatively thin surficial organic matter. Maximum concentrations observed at
the water table at PPNP in 2003 are within a factor of 10 of maximum concentrations
observed by Kolpin et al. (2000) after sampling at 2,485 sites across the Unites States
between 1992 and 1996. Within Ontario, during the late 1970’s and early 1980’s, the
maximum observed concentration in shallow well water was 2000 ng/l., with a mean
concentration of 6.7 ng/L within historically intensively cropped areas (Frank et al.,

1982). These concentrations are much higher than any concentrations observed as part of
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this study. This could be partly due to the long period of time since the last application of

DDT within PPNP (at least 30 years), and subsequent degradation and flushing.

3.8.4 Relationsiip Between DDT in Groundwater and Depth to Water Table

Figure 17 shows that no clear relationship between Total DDT concentrations in
groundwater and the depth to the water table among the analyses from the
12 groundwater sampling sites obtained during July 2002. However, the samples
collected in early May 2003, show higher concentrations at the water table. While there
are limited data (only 3 data points), it is suspected that this could be the result of a spring
{lushing event that flushes DDT to a shallower water table. The higher concentrations do
not appear in the 2002 samples because of considerably less infiltration, a deeper water
table, and advective and dispersive processes in the groundwater flow system have
reduced Total DDT concentrations from the spring flushing.

To further assess the relationship between soil and groundwater concentrations
and the depth to the water table, the ratio of Total DDT in groundwater to Total DDT in
soil was plotted against the depth to the water table (Figure 17b). This removes the
variability in surficial soil concentrations among groundwater sampling sites by assessing
the proportion of DDT at surface leached to the water table and the depth to the water
table. Again, there is no clear relationship between the proportion of Total DDT leached
to the water table and the depth to the water table, suggesting that surficial soil

concentration have no clear effect on concentrations at the water table.
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During the month prior to sampling in May 2003, a total of 98.4 mm of
precipitation fell within PPNP, with 53.8 mm falling during the week prior to sampling.
The amount of precipitation that fell during July 2002 was only 45.6 mm, substantially
less than during May 2003. July 2002 was also much hotter (Taye = 23.6°C) than for the
month prior to sampling in May 2003 (Tay. = 8.4°C). Consequently, a larger proportion
of the precipitation would have evaporated prior to infiltrating to the water table in
July 2002, than in May 2003. Also, groundwater fiow at the water table between a spring
infiltration event and the mid-summer could have transported and dispersed the DDT that
is transported to the water table during a spring infiltration event. There is also no
relationship between Total DDT in groundwater and ground surface -elevation
{(Figure 17¢) among the sampie collected both in 2002 and 2003. This is consistent with
the relationship between surface elevation and depth to the water table.

There is no apparent relationship between the fractions of DDT, DDE and DDD
and the depth to the water table (Figure 18). This shows that there are no fractionation
processes occurring, whereby DDT, DDE or DDD are being preferentially leached or
degraded with depth. If this were occurring, an enrichment of the compound that was
preferentially leached would be expected at the water table. While the sorption
coefficients for DDT, DDE and DDD are somewhat different, with DDD being a full
order of magnitude lower than DDT and DDE, there is little DDD produced and thus, the

difference is not manifested at the water table. The sorption coefficients for DDT and
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DDE only differ by a factor of 1.1 and thus, are not expected to show significant

differences in leaching behavicur.

3.8.5 Relationship Between DDT in Soil and DDT in Groundwater

A plbt of Total DDT in soil against Total DDT in groundwater (Figure 19a) shows
orders of magnitude difference between soil and groundwater concentrations. However,
no strong positive correlation between soil and groundwater concentrations exists. When
plotted on log-log axes, concentrations cluster between 1 and —2 on the x-axis and
between 3 and 5 on the y-axis, although DDD concentrations plot at —4 on the x-axis,
corresponding to detection limits. The range in concentrations in soil extends over
4 orders of magnitude, while concentrations in groundwater cover 2 orders of magnitude.

“When the concentrations of individual DDT compounds in soil are plotted against
the same compounds in groundwater (Figure 19b), again there is no strong positive
correlation, and concentrations in soil cannot predict concentrations in groundwater. This
illustrates that no preferential leaching of any DDT compounds through the soil profile is
occurring and that concentrations in groundwater are not determined by concentrations in
the overlying soil alone. Thus, concentrations of DDT in surficial soils cannot be used
alone as a reliable predictor of concentrations of DDT in groundwater.

Relative proportions of DDE vs. DDT in both soil and groundwater (Figure 20)
generally plot along the same region of the 1:1 transformation line, illustrating that no

preferential degradation or adsorption of DDT, DDE or DDD occurs during leaching
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from shallow soil to the water table. DDD was only detected on one occasion at the
water table, while relative proportions in soil ranged from 1.16% to 6.50%, thus the
points corresponding to DDD lie near the origin (0,0). Because relative proportions of
DDT, DDE and DDD in groundwater plot in the same locations of the %DDE and
%DDD vs. %DDT in soil graphs, it can be inferred that the processes controlling DDT
transformation and degradation in surficial soils also dictate the relative proportions of
DDT, DDE and DDD in groundwater. Again, potential degradation pathways will be
given further consideration in subsequent sections.

The relative proportions of DDT, DDE and DDD in groundwater were plotted
against the Total DDT concentrations in groundwater to assess whether the degradation
of DDT compounds in groundwater was related to the Total DDT concentration in
groundwater (Figure 21). There is no clear relationship between concentrations of Total
DDT in groundwater and the relative proportions of DDT compounds. Thus, degradation
of DDT compounds seems to occur at a similar rate, irrespective of concentrations in
groundwater. It could be that the degradation is primarily occurring in shallow soils and
groundwater councentrations and relative proportions of each compound in groundwater

are the result of processes occurring in soil, prior to reaching the water table.
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Figure 6. Soil profiles at CHO, SHO and AO.
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Figure 7. Grain-size distributions with depth at CHO, SHO and AO.
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Figure 8. Soil and hydraulic properties measured with depth at CHO, SHO and AO.
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Figure 9. Mean Total DDT concentrations (ng/g) in shallow soil (0-5 cm) at the 12
groundwater sampling sites.
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Figure 10. %DDT : %DDE : %DDD in shallow soil (0-5 cm) collected at the 12
groundwater sampling sites.
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Figure 12. Distribution of XDDT, ZDDE, £DDD and Total DDT concentrations with
depth at CHO, SHO and AO soil sampling pits.
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Figure 13. %DDT, %DDE and %DDD from 0-40 cm at CHO, SHO and AO.
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Figure 14. Total DDT concentrations in groundwater (ng/L) at the July 2002
groundwater sampling locations.
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Figure 15. %DDT : %DDE : %DDD in groundwater at the July 2002 groundwater
sampling locations.
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Figure 16. %DDE vs. %DDT and %DDD vs. %DDT in groundwater at the July 2002
groundwater sampling locations. Included is the 1:1 transformation line between DDT
and DDE or DDD.
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Figure 18. Relationship between depth to water table and %DDT, %DDE and %DDD in
the July 2002 and May 2003 groundwater samples. Included are the mean %DDT and

%DDE from all 68 shallow soil samples.
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Figure 21. %DDT, %DDE, and %DDD in groundwater vs. Total DDT in groundwater
for samples collected in May 2002 and July 2003.
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CHAPTER 4: NUMERICAL MODELLING OF DDT
TRANSPORT AND FATE AT PPNP

Many ditferent physical, chemical and biological processes affect the migration,
retention, and persistence of a pesticide in the subsurface. Field and laboratory studies
are invaluable in understanding individual processes and the eventual impact of these
processes or the complex nteractions among processes and their effect on the fate of
pesticide in the subsurface. But in some cases field and laboratory studies have
limitations. For example, assessing the fate of pesticides over long periods of time and

into the future; pesticide problems are often encountered for which the history of
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contamination and application are unknown; and field and laboratory studies can not
assess the fate of pesticides in the subsurface under every possible soil, geological,
hydrological, meteoroiogical, and contaminant loading condition in a timely and practical
maunner. Numerical models offer an effective means of addressing many of these
proolems. When properly calibrated using site-specific data, models can provide insight
into processes controlling pesticide fate and migration, and provide a basis upon which
management decisions can be made.

Numerical modelling involves the representation of the physical, biological and
chemical processes affecting the migration, retention and persistence of a contaminant in
the subsurface with mathematical expressions. There are several types of numerical
models that differ in the complexity of their aescription of processes occurring in the
physical system or biological and chemical processes acting on the contaminant.
Contaminant transpert models have historically been developed for unsaturated and
saturated conditions independently, primarily due to: (1) the different mathematical
expressions for the flow of water within each region, (2) their numerical methods, and
(3) the type of field information required for each is generally different.

Many numerical models have been developed specifically for simulating the
leaching and fate of pesticides within a soil profile or unsaturated zone (Mutch et al,
1992). Most of these models simulate: (1) 1-D advective and 1-D or 2-D dispersive
transport due to infiitration; (2) pesticide degradation by microorganisms; (3) pesticide
sorption to mineral and organic matter; (4) volatilization; and (5) plant uptake (Wagenet

and Rao, 1990). They are able to quantify the amount of pesticide in the aqueous, sorbed

113



M.Sc. Thesis — R. Mills

McMaster University — School of Geography and Geology

and vapour phases, calculate leaching rates, and present concentration with depth and
over time. The most complex type of numerical model is a research model, which
attempts to describe in detaii all of the physical processes within the system and allow for
a number of boundary and initial conditicns to be employad {Mutch et al., 1993). They
typically provide detailed quantitative output. However, this often comes at the expense
of substantiaily long execution times, the requirement of very detailed input data that are
often difficult and/or time consuming to measure, and long learning curves to properly
 use them. The pesticide model known as LEACHMP (Wagenet and Hutson; 1987) will
be used to investigate the processes controlling DDT persistence in former orchard areas
of PPNP and will be discussed in more detail in subsequent sections.

Unlike numerical models for simu}ating\ pesticide transport in the unsaturated
zone, no saturated transport models have been developed specifically for pesticides.
However, numerous numerical models are available that can simulate the transport and
fate of & multitude of contaminants, which could include pesticides. Also unlike
unsaturated zone pesticide transport models, saturated zone models simulate 2-D or 3-D
advective and dispersive transport.

The processes affecting the transport and persistence of pesticides in the
unsaturated zone are mostly the same in the saturated zone (i.e., advection, dispersion,
diffusion, degradation, adsorption, etc.), and the mathematical relationships governing
groundwater flow and solute transport in saturated zone is well known. Numerical
modelling within the saturated zone is very well developed. Some of the principal

differences between numerical groundwater models include the representation of
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boundary conditions (e.g., how the model simulates the water table, fluxes across the
groundwater-surface water interface and transient changes in surface water body levels),
the numerical methods used to solve groundwater flow equations (e.g., finite element,
finite difference, integrated finite differences, boundary integral equation, analytic
clemenis) and the contaminant fate and transport processes described within the model
{e.g., adsorption, degradation, multiple soiutes).

The GW-WETLAND model (Shikaze and Crowe, 1999; 2000; 2001; Crowe et
al., 2004) wili ve used here because the mathematical framework on which the model is
based is proven, and it can account for the complex boundary conditions that control the
groundwater flow regime at PPNP (e.g., fluctuating water table, groundwater-surface
water interaction, changing areal extent of the groundwater-surface-water interface) and

incorporates reactive contaminant transport as well.

4.1 Model Description: LEACHMP

The LEACHM (Leaching Estimation And Chemistry Model) is a numerical
model developed by Wagenet and Hutson (1987) to simulate the transport of agricultural
chemicals through the vadose zone. The model has been released as several modules
including LEACHMC, which simulates inorganic species, LEACHMB, which simulates
subsurface microbial population dynamics, LEACHMN, which simulates nitrogen
cycling, and LEACHMP (Leaching Estimation And Chemistry Model for Pesticides),
which is used to simulate pesticide fate and transport in the subsurface. Because only

LEACHMP will be used in this study, only this model will be discussed further.
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LEACHMP incorporates detailed representations of the processes governing the
leaching of up to 40 pesticides and daughter products through a heterogeneous vadose
zone. Subsuiface processes considered by the model include sorption, dissolution,
volatilization, temperature dependent degradation, advective and dispersive transport, and
heat flow (Wagenet, 1986; Wagenet and Hutson, 1987; Hutson, 2003}, LEACHMP also
accounts for factors affecting pesticide introduction to the subsurface such as plant
processes and uptake, application methods and rates and timing, meteorological
conditions, surface runoff, and agricultural land management practices. LEACHMP
generates concentration and soil moisture protiles, time series plots, phase-partitioning
information, and water and pesticide fluxes and storage for a soil profile. LEACHMP has
been widely used and verified to model field-scale problems relating to both water
movement and solute leaching through the vadose zone within the regulatory,
agricultural, management and scientific communities (Jones, 1986; Priddle et al., 1988;
Pennell et al.,, 1990; Beesten and van der Linden, 1991; Hutson and Wagenet, 1992,
Mutch et al., 1992; Costa et al., 1994; de Jong et al., 1994; Brown et al., 1996; Caux et
al., 1996; Guo et al., 1997; Roy et al.,, 2001; Paramasivam et al., 2002). Many of the
processes accounted for by LEACHMP are employed in other models, such as PESTAN
(Enfield et al., 1982; Ravi and Johnson, 1992), PRZM (Carsel et al., 1985), DRASTIC
{Aller et al., 1987), SESOIL (Bonazountas and Wagner, 1984), VULPEST (Villeneuve et
al., 1987, 1990), MACRO (Jarvis, 1995), but rarely to the same level of detailed
mathematical description as in LEACHMP.  When compared with models used by

European regulatory agencies such as PESTLA, LEACHMP provided the most
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quantitative representation of field observations (Vink et al,, 1997). LEACHMP has
evolved over the past 15 years (Wagenet and Hutson, 1987, 1989; Hutson and Wagenet,
1992; Hutson et al.,, 1997; Hutson, 2003). The most current version of LEACHM

{Version 4.0) was used for all numerical modelling conducted as part of this thesis.

4.1.1 Flow Representation
LEACHMP solves Richard’s equation for the 1-dimensional (vertical) transient

tflow of water through a heterogeneous soii profiie:

i~ -~ _1
_ 9 K(E))%}—li — U(z,t) (19)

Q_&_’
t oz

where 6 is the volumetric water content (-), ¢ is time (days), z is depth (mm), K(8) is the
unsaturated hydraulic conductivity (mm/d), 4 is hydraulic head (mm) and U is a sink term
representing water lost per unit time by transpiration (). Water fluxes in the soil profile
are driven by transient or steady-state boundary conditions at the soil surface (rainfall,
imrigation, potential evapotranspiration) and at the lower boundary (fixed matric potential,
unit gradient drainage, fixed or variable water table, zero flux). The distribution of water
within the soil profile is determined through a finite-difference solution to Equation 19.
The hydraulic head distribution and water content relationship at each depth

within the soil profile is defined for each element using the Campbell (1974) model:
h=a(0/6,)" (20)
where / is the pressure potential (kPa), ¢ is taken as the air entry value (kPa) and b

represents the slope of the soil moisture characteristic curve (kPa), & is the volumetric
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water content (-) and & 1s the volumetric water content at saturation: (-). Hutson and Cass
(1987) added a wet end modification for pressure potentials between 0 and s, where A,
represents the point of intersection of the exponential equation described by Campbell
(1974), and tke parabolic wet-end modification described by Hutson and Cass (1987):

_a(l-0/6,)"(9,16,)"

h 21
1-6./6)" b

h, =a[2b/(1+2b)]" (22)

8. =269 /(1+2b) (23)

where 4 is the pressure potential (kPa), a is the air entry value (kPa), b is the slope of the
soil moisture characteristic curve, @1is the volumetric water content (cm3/ cm3), &, 1s the
volumetric water content at saturation (cm’/ sz)’ g, is the water content (cm’/ cm’) at
the point of intersection of the two curves, and 4. is the pressure potential (kPa) at the
same point of intersection. A separate equation employing the same constants relates the
unsaturated hydraulic conductivity (K(8)) and retentivity to the matric potential using the
function proposed by Campbell (1974):
K{9)=K (018" (24)
where K(4) is the unsaturated hydraulic conductivity (mm/day) at a water content &, K is
the saturated hydraulic conductivity at saturation &, (mm/day), and p is a pore interaction
parameter (-) used to scale the hydraulic conductivity function.

The version of LEACHMP used for this study incorporates two-region flow that

accounts for both macropore flow and flow through the porous media matrix, however,
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this was not employed because the model domain consists of medium grained sand
(porous medium), and generally lacks structure. LEACHMP also includes a surface
runoft routine, but it was not used because the ground surface is essentially flat and the
soils are highly permeabie in the vicinity of CHO and SHO (Marenco, 2002), and no

surface runoff was observed at PPNP.

4.1.2 Solute Transport
Solute transport and reactions are calculated using a finite-difference solution to

the advecrive-dispersion equation (Hutson, 2003):

oC aal
“‘(_—(/)BKP +l9+bKH) = _".ODD(Q q)_— - ch

<L

(25)

)

where C is the solution concentration {mg/dm’), ps is the soil bulk density (kg/dm?), X
is the partition coefficient (dm’/kg), 8 is the volumetric water content (cm’/cm’ ), €1s the
gas-filled soil porosity (cmS/cnf), Ky is the Henry’s Law constant (-), Dp(8q) is the
apparent diffusion coefficient (mm?/day), q is the macroscopic water flux across a
compartmental boundary (mmy/day), and @ is a source/sink term (mm/day). The water
flux term (¢) and the soil moisture content (&) are calculated from the Richards equation
and the Campbell equation, respectively, defined above.

Hydrodynamic dispersion is simulated through user to input diffusion and
dispersion coefficients for both dissolved and vapour phases (Guo et al, 1997).

Numerous flexible upper and lower boundary conditions make this model very flexible,
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aithough the short time steps precipitate longer computing times. Gas phase transport

by diffusion is also simulated within the volatilization and transport modules.

4.1.3 Sorpticn

Adsorption is represented in LEACHMP using linear, Freundlich or Langmuir
sorption isotherms that instantaneously achieve phase equilibrium and partition pesticides
accordingly. Chemical equilibrium changes as a function of temperature within
LEACHMP. The model also has the ability to attribute different sorption properties to
each compound present, permitting the application of this model to multiple solutes that

are not equally sorbed to organic carbon, as in the case of DDT compounds.

4.1.4 Degradation and 'ransformation

LEACHMP creates pesticide daughter products through both transformation and
degradation reactions. Hutson (2003) defines a transformation reaction as a loss of a
given species following first-order kinetics, with the product able to be defined as a
source of another chemical species, which in turn, can undergo further reactions.
Transformation rates can also be adjusted according to water content and temperature.
Hutson (2003) defines a degradation reaction as loss of a given species following
first-order kinetics, but, the mass of degradation products cannot be tracked. In addition,
degradation reactions are insensitive to changes in soil moisture and temperature.

The degradation and transformation of pesticides in LEACHMP is simulated as a

sink term in the advective-dispersion equation, using the exponential decay function:
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' ~ _—kt
C =Ce (26)

' &
where C, is the concentration at a given time ¢ (mg/kg), Cp is the initjal concentration
(mg/kg) at time fp, and k is the degradation or transformation rate (day‘l). The
degradation pathways are specified by rate constants for each chemical and can be linked
in series, where a degradation product of one reaction becomes the source for the ensuing
reaction. Degradation of several different pesticides can also be simulated in parallel,
where degradation of one species is independent of the presence of other species,
although the separate parallel degradation pathways cannot be linked together.
Additicnally, transformation and degradation may be applied to both solution and sorbed
phases. Some additional capabilities offered by recent versions allow for the simulation
of biological degradation following Monod kinetics and degradation in multiple phases.
An important capability for shallow soil environments is the ability to adjust
degradation rates according to both temperature and moisture conditions within the soil
profile, using a heat balance approach. Accounting for temperature and saturation effects
on degradation is often overlooked by simpler models, resulting in degradation, which is
often faster under moist conditions, occurring at equivalent rates at residual water
content. This has potentially large consequences for environments where the surficial
soil remains dry for much of the year and would result in an overestimation of the

degradation of pesticides if this mechanism was not employed.
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4.2 Simulation of DDT Transport to the Water Table at PPNP

LEACHMP was used to simulate leaching, distribution, and degradation of DDT,
DDE and DDD through both a Melanic Brunisol and Gleyed Melanic Brunisol soils at
PPNP. Simulations focused on the soil profile at CHO because soil properties at CHO,
SHO and AO were very similar, and the water table was deepest at CHO. Because CHO
was the focus of previous work, (Badley, 2003; Marenco, 2002), additional field data was
available to support the numerical modelling. Simulations were also undertaken at SHO
because it represents a site having a ditferent organic carbon distribution with depth and a
water table closer to ground surface. The focus of the simulations was to evaluate the
relative importance of different soil and hydrologic factors and land management
practices on DDT leaching and persistence at PPNP.

Because both the exact DDT application history and amount of DDT applied
within PPNP are unknown, two end members representing the earliest (1950) and latest
(1970) dates of probable DDT application were utilized as starting dates for the
simulations.  Application rates were based on the Best Management Practices
recommended by the Ontario Ministry of Agriculture and Food for recommended DDT
application rates for use in apple orchards from 1949 to 1972 (OMAF, 1975). According
to PPNP staff, 1970 corresponds to last DDT application within the park (Dan Rieve,
pers. comm., 2003). These dates of application yield an extreme range of possible
outcomes for DDT transport and persistence at PPNP. Thus, if the true application

history were known, the outcome would fail within this range of possibilities. The
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application rate used for the initial calibration stage was 100 mg/kg applied as 95.3%

DDT. 4.3 %DDE and 0.4% DDD within the uppermost 5 cm of the Ah horizon.

The physical properties of the soil profile and values assigned to model flow

parameters are presented (Table 22).

Table 22: Soil properties and flow parameter values used in LEACHMP simulations.

Parameter Units | Final Values Used | Measured Value/ Source
B.A.V.

Soil Profile
% Sand % 96 -99 96 - 99 Measured
% Silt % 0.63-2.9 0.63-2.9 Measured
% Clay % 0.05-0.68 0.05 - 0.68 Measured
% Organic carben % 0.23 -1.80 0.23 - 1.80 Measured
Initial soil temperature °C 9.2 9.2 30 yr. mean air temperature
Bulk Density kg/dm’ 1.2-1.60 1.2- 160 Measured
Particle Density kg/dm® 2.65 2.65 Brady and Weil (2002)
Density of Organic Matter kg/dm3 1.6 1.6 Brady and Weil (2002)
Depth to water table mm 2000 2060 Measured

Water Flow
Alr entry value - Ah horizon kPa -0.32 -0.26 Marenco (2002), F.P.
AIr entry value — B+C horizon kPa -0.56 -0.46 Marenco (2002), F.P.
Campbell’s b - Ah horizon - 1.48 - 1.80 2.73 Marenco (2002), F.P.
Campbell’s b - B+C horizon - 1.20- 130 1.91 Marenco (2002), F.P.
Ksat - Ah horizen mm/day 1728 297 (Kg) Measured, F.P.
Ksat - B+C horizon mm/day 3456 1884 (Kg) Measured, F.P.
P-Pore interaction parameter - -0.3 F.P.
Daily total precipitation mm/day PPNP data Measured

Weekly estimated PET

mm

Thomthwaite method

Thornthwaite method

F.P.

B.A.V. - Best available literature value.

4.2.1 Values Assigned to the Model Parameters:

— Used as a fitting parameter with initial values based on field measurements and/or best available literature values.

Values assigned to the chemical and physical parameters were obtained from data

measured under the same field conditions being simulated at PPNP and supplemented by
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values obtained from a substantial literature review. In the case of fitting parameters,
initial input values were based on previously measured data or best available literature

values where possible and modified thereafter to match field data.

4.2.2 Space and Time Discretization Parameters:

The four distinct soil horizons observed (Of, Ah, Bm and C) formed the basis for
the model conceptualization. Only two layers, (1) the organic rich Ah horizon from 0 to
30 cm below surface and (2) the Bm and C horizons from 35 cm to the bottom of the
profile at 200 cm, were considered to be significantly different from one another, based
on organic carbon content (Table 12), porosity (Table 13) and field saturated hydraulic
conductivity (Table 14) differences with depth. At CHO, the soil profile was divided into
40 compartments of 5 cm each to represent the 2 metre profile from ground surface to the
water table, and the protfile thickness remained constant during a simulation. Additional
simulations conducted at SHO employed 12 soil compartments of 5 cm thickness each to
represent a fixed distance of 60 cm from ground surface to the water table.

The simulation time steps were kept short to prevent numerical error (Mutch et
al., 1993). The initial time step was 0.1 day and the maximum allowable time step was set

at 0.1 day according to recommendations made by Hutson (2002).

4.2.3 Soil Hydraulic Properties
The soil profile flow domain is comprised of acolian sands having Ah, Bm and C

horizons with heterogeneous soil and hydraulic properties. The Of horizon was
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considered part of the Ah horizon within the model because no field measurements of soil
properties were taken within the Of horizon, which was only 7 cm thick. At CHO, the
mean of the log-transformed Kg value for the entire CHO soil profile, 1.68 x 10 cm/s
(Table 14) was used as a starting value throughout the prqﬁle, and was subsequently
changed as a fitting parameter with best model fits achieved when hydraulic conductivity
was 2.00 x 10™ cm/s within the Ah horizon and 4.00 x 10” cm/s within the Bm and C
horizons. This 1s consistent with current and former studies. Field measurements of Ky
at the CHO soil profile show Kg for the Ah horizon to be 3.44 x 10* cm/s and
2.18 x 107 cm/s for the Bm and C horizons (Table 14). Marenco (2002) reported a mean
for log-transformed field saturated hydraulic conductivity of 831 x 107 and
1.05 x 10% cm/s in shallow and deep soils, respectively, near CHO. Badley (2003)
reported a log-transformed mean K¢ values between 1.3 x 102 and 7.1 x 107 cmy/s, also
near CHO, and noted hydraulic conductivity was higher within the Bm horizon than the
Ah horizon. Crowe et al. (2004) have reported K values ranging from 0.91 x 107 to
4.6 x 107 cim/s for aeolian sands at PPNP as determined using ex-situ falling head tests.
Soil moisture retention parameters (Campbell’s a, b, and p parameters) required
by LEACHMP were converted from Marenco’s (2002) calculation of soil retention
parameters fit by the van Genuchten-Mualem retention curve model. Marenco (2002)
obtained the pressure head — water content data from laboratory measurements using the
pressure plate apparatus with soil cores from within 50 metres of the soil profile under
study. Campbell’s (1974) retentivity function was used to fit known volumetric soil

moisture and pressure head measurements for each horizon. The Of layer was included
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as part of the Ah layer for the purposes of generating soil moisture characteristic curve
parameters because the Of layer is very thin (5 ¢m) and the contrast in hvdraulic
parameters between the Of horizon and the remainder of the Ah horizon would generate
artificial capillary barrier effects. Figure 22 illustrates the modeiled soil moisture
characteristic curves for each horizon at CHO, and a comparison to Marenco’s (2002)
data. The difference in water retention parameters can be partly attributed to the fact that
Marenco determined moisture retention data based on the main drainage curve, and not
the main wetting curve. Thus, hysteresis could contribute io the difference. It sheuld be
noted that the water content drops very rapidly with small changes in pressure head for
all 3 depths plotted.

The initial volumetric water content throughout the soil profile for the calibration
of LEACHMP was arbitrarily set to 10% VWC. Because the calibration of the model
was for an 8 year period of time and actual water content in the soil profile rapidly
changes on a daily basis, the initial VWC assigned will have no impact on simulated
VWC beyond a few simulation days.

Hydraulic conductivity and Campbell’s parameters were subsequently used as
fitting parameters during the calibration of the flow solution (Table 22) and thus, were
slightly modified from the lab-measured values and will be discussed below in the flow
calibration section. The unsaturated hydraulic conductivity function employed in
LEACHMPY simulations is presented in Figure 23.

For simulations conducted at SHO, the same values assigned to Ah and Bm

horizons at CHO were assigned to the Ah and Bmgj horizons at SHO. However, the Ah
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horizon is somewhat thinner at SHO (20 ¢m thick instead of 30 cm thick) and the C

honzon is absent at SHO {Figure 6).

4.2.4 Boundary Conditions for Water Flow

The upper flow boundary condition was specitied as a variable flux boundary
condition representing infiltration. The lower boundary condition was set as a permanent
water table, according to Hutson (2003), whereby the pressure potential of the lowest
node 1s fixed. The water table fluctuates by almost 1 m between spring and the rest of the
year {Crowe et al., 2004). However, the depth to the water table was set at 2.00 m
because it was measured depth at CHO on May 12" 2003, and this date is used to
calibrate tiie modeled moisture content againsi measured moisture contents. Also, the
high water table during the spring is due to a rapid infiltration of snow melt, and it
subsequently rapidly declines (Crowe et al., 2004). In addition, allowing a fluctuating
water table within LEACHMP is not recommended when simulating solute transport as
the magnitude and direction of water flux densities in the saturated zone may fluctuate

considerably (Hutson, 2003). This flow boundary conditicn was used in all simulations.

4.2.5 Meteorological Data

Meteorological data (daily total precipitation, daily mean temperature, minimum
and maximum temperatures) collected from nearby Leamington (~5 km from PPNP)
from 1950 to 1974 and from an Environment Canada weather station within PPNP for the

period from 1974 to 2003 was used to construct the flux across the upper boundary
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condition (Figure 24a). Data was rarely missing from a given station; however, when
absent it was substituted with data from nearby Kingsville (~15 kra from PPNP). Daily
preciptation, times anc surface flux densities were input along with mean weekly
temperatures and weekly amplitude of temperature fluctuations. Surface flux densities
were caiculated as 4 times the magnitude of the precipitation everit (Mutch et al., 1993),
which corresponds to a 6 hour loag precipitation event. T he time at which individual
precipitation ¢vents began were often not recorded, especially prior to automation and
thus, all precipitation was appiied at ¢ a.m. Rainfall data was preprocessed to account for
siorage of water as snow on the ground surface when weekly mean temperatures were
below 0°C seen as gaps during the winter (Figure 24b). All stored water was applied as
precipitation atter one week of daily mean teraperatures above 0°C each year. For years
with substantial storage of water as snow on the ground surface, the spring infiltration
event was extended over 2 days to minimize mass errors. Otherwise, all of the snow melt
would not infiltrate prior to the next precipitation event.

Before entering meteorological data into LEACHMP, recorded daily temperatures
were converted into monthly mean temperatures to estimate the monthly potential

evapotranspiration using the Thornthwaite (1948) method for a grass-covered field:

] ] \H
E; =] .62(-12]] = }1 (27)

I:fzz[/TofW"j (28)

i=1 5 )
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a=0.492+0.017917 —0.00007711* +0.000000675/° (29)
where £ is the potential evapotranspiration {cm/month), T, is the mean monthly air
temperature in °C for month 7, / is the annual heat index, and « is constant. This method
assurnes 12 hours of sunshine each day for 30 days each month. The latitude correction
facter was applied to arrive at values to be used in field simulations.

The monthly potential evapotranspiration values were then converted to weekly
values and input into the model by dividing raonthly potential evapotranspiration by the
number of Jays in the month. During the winter months, where recorded monthly
tamperaturss were helow 0°C, evapotranspiration was set to 0 based on the assumption

that no plant growth would take place (Figure 24).

4.2.6 Sotl Physical Properties

Measured and best-estirnates of physical and chemical parameters for each soil
profile were applied to each element within a given horizon. Physical properties of each
element were based on field data for the CHO soil profile. After statistical comparison of
soil properties between CHO, SHO and AO, it was determined that for the additional
simulations conducted at SHO, soil properties need not be changed because there were no
statistical differences between sites relative to any soil properties measured in the field
and/or laboratory. Although small variations in bulk density (<0.10 g/cm’) were
observed in field data, bulk density for the Bm and C horizons within the model was
assigned the mean of lab measured vaiues (1.48 g/cm’) to prevent capillary barrier effects
(Table 13). A bulk density value of 1.60 g/em® measured at the water table at 2.00 m was
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also used and 2 gradual transition from 1.48 g/em® to 1.60 g/em® was implemented over

the bottom 20 cm of the profile to avoid capillary barrier effects deep in the profile.

4.2.7 Initial Soif Concentrations of DDT, DDE and DDD

The simulated prefiie was initially free of DDT, DDE and DDD, with the
exception of the uppermost soil segment (0-5 cm), within which technical grade DDT
(95.3% DDT: 4.3% DDE: 0.3% DDD) was applied at the beginning of each simulation
(either 1950 or 1970). Although no additioral DDT, DDE or DDD was applied during the
remainder of the calibration simulations, DDT was mtroduced into the upper most cell

during several of the scenario simulations.

4.2.8 Boundary Conditivns for Solute Transport

The upper boundary condition for DDT, DDE and DDD was a no flux boundary,
whereby no additional pesticide was added during a simulation. The lower boundary
condition at the water table was a variable flux boundary that allowed DDT to pass

directly across the water table.

4.2.9 Molecular Diffusion Coefficients

Diffusion coefficients for both air and water were obtained from the CRC
Handbook Physical Properties of Organic Chemicals (Howard and Meylan, 1997) for
éach of DDT, DDE and DDD. The diffusion coefficients for DDT, DDE and DDD in air

and water are presented (Table 23). Because LEACHMP requires only one diffusion
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Table 23. Initial values assigned to solute transport parameters employed in LEACHMP.
Solute Transport Parameters Units | Initial Vatue | Justification or Source

Chemicai Parameters

Molecuiar diffusion coefficient (water) |mm?¥day 44.84 Howard and Meyian (1997)

Molecuiar diffusion coefficient (air)  {mm¥day| 1.296 x 10° Howard and Mpylan (1997)
Baromermric ephancement mm?/day 0 DDT compounds have low volatility
Dispersivity mm i00 Domenico and Schwartz (1998)
Aqueous solubility - DDT mg/dm® | 2.50x 107 Howard and Meylan (1597)

Agueous solubility - DDE mg/dm® | 1.20 x 107! Howard and Meylan (1997}

Aqueous solubility - DDD mg/dm’ | 9.50 x 10 Howard and Meylan (1997)

Vapour density - DDT mg/dm’ | 3.10x 107 Howard and Meylan (1997)

Yapour density - DDE mg/dm’ | 1.03 x 10" Howard and Meylan (1997)

Vapour density - DDD mg/dm’® | 1.17 x 167 Howard and Meylan (1997)

Koe- DDT Lkg 31x10° | De Bruijn et ai. (1989) and Karickhoif {1981), F.P.
K,.- DDE Likg 3.4x10° IDe Bruijn et al. (1989) and Karickhoft (1981), F.P.
Koo - BDD Likg 6.4x 10° | De Bruijn et al. (1989) and Karickhoff (1681), F P.

Transformation Parameters

Transformaiion Rate — DDT day’! Various Marenco (2002), F.P.
Transformation Rate - DDE day™! Various Marence (2002), F.P.
Transformation Rate — DDD day™ Various Mearenco (2002), F.P.
Degradation Rate - DDT day! Varicus Marenco (2002), F.P. T
Degradation Rate ~ DDE day! Various Marenco (2002), F.P.
Degradation Rate — DDD day’ Various Marenco (2002), F.P.

Max. water content: Air filled porosity | cm’/em’ 0.08 Calculated from field data
Rate constant adjustment per 10 °C - 3 Recommended by Hutson (2003)
Optimum temperature °C 35 Recommended by Hutson (2003)
Maximum temperature °C 50 Recommerded by Hutson (2003)
Min. water content: Matric potential kPa -300 Recommended by Hutson (2003)
Min. matric pot. for transformation kPa -1500 Recommended by Hutson (Z003)
Relative ransformation rate at sat'n - 1.0 Recommended by Hutson (2003)

Land Management Parameters

Initial profile concentrations mg/kg 0 Not previously applied
Pesticide applications mg/m? | 1950, 1970 PPNP records (earliest, most recent)
Depth of incorporation mm 0 DDT was applied at surface
Cultivaticn mm 0 No evidence of tillage in soil profile
Initial application rate mg/kg 100 | Fitting estimate

F.P. - Used as a fitting parameter with initial values based on field measurements and/or best available literature values.

B.A.V. - Best available literature value.
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coefficient in air and one for water, arithmetic means of the diffusion coefficients for
DDT, DDE and DDD in air and water were used. No barometric enhancement was

employed throughout the simulations because aged DDT, DDE and DDD are not volatile.

4.2.10 Solubility

Solubility valees for DDT, DDE and DDD weré taken from the CRC Handbook
Physical Properties of Organic Chemicals (Howard and Meylan, 1997) and are presented
i Table 23. These values were selected over those reported to have the best QA/QC
ranking by Pontolillo and Eganhouse (2001) because only a value for DDT and none for
DDE and DDD were reported. Howard and Meylan (1997) provided solubility values for

all 3 compounds.

4.2.11 Vapour Density

The arithmetic means of the vapour pressures of 0,p’- and p,p’- isomers for each
of DDT, DDE and DDD at 20°C as taken from the CRC Handbook of Physical Properties
of Organic Chemicals (Howard and Meylan, 1997) were subsequently converted to
vapour density (V) values for input into LEACHMP as follows:

_fxﬁfl
RxT

v, (30)

where P is the vapour pressure (mm Hg), M is the molecular weight of the compound

(g/mol), R is the universal gas constant (L "atm "mol” - K'') and T is temperature (°K).
g

132



M.Sc. Thesis — R. Milis

McMaster University — School of Geography and Geolegy

Table 24. Reported vapour pressures and calculated vapour densities for DDT, DDE and

DDD ai 20 °C.
Compound Yapoar Pressure @ 20°C Vapour Density @ 20°C
(atm) (mg/dm’)
DDT 21 x 10" 3.1x10°
DDE 7.9x10° 1.03 x 107
DDD 8.8x10%? 117x 107

4.2.12 Sorption-K,.

Because K. values for DDT, DDE and DDD, and the experimental conditions
under which they were determined are rarely reported, K.’s for DDT, DDE and DDD
were calculated using the relationship between K, and K, by Karickhoff (1981):
log K, =0.989xlog K ,,, —0.346 (31)
This relationship was derived for a number of hydrophobic organic pollutants of high
molecular mass with aqueous solubility values < 107 mol/L (such as DDT) and for
geologic materials with < 3 % organic carbon content, making it the best to use at PPNP.
At CHO, the organic carbon content lies between 0 and 1.80 %, which is consistent with
the conditions for which the sorption prcperties were determined. Values of Kqy reported
by de Bruijn et al. (1989) were selected because they received the highest QA/QC
ranking by Pontolilio and Eganhouse (2001). The vaiues used within LEACHMP for K,y

and calculated for K. are presented in Table 25.

4.2.13 Isotherm Type
No sorption studies have been conducted at PPNP, and laboratory studies reported

in the literature are often conducted using “fresh” technical grade DDT (Kan et al., 1998;
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Table 25. Octanol-water partition coefficients (K,w) and organic carbon partition
coefficients (Ko.) for DDT, DDE and DDD.

Cempound I Log K., * Log K,." Koe
| (Lkg) (Likg) (L'kg)
DDT 6.914 6.492 3.1x10°
DDE 6.956 6.533 3.4x 108
pDD 6.217 5.803 6.4 x 10°

a. Taken from de Bruijn et al. (1989).

b. Calculated using equation proposed by Karickhoff (1981).

Van den Hoop et al., 1999). It has also been reported that as hydrophobic compounds
age, their sorption properties often change (Luthy et al., 1997; Pignatello and Xing,
1996). Because the concentrations of dissolved DDT compounds are extremely low, and
the corresponding lack of a direct correlation between DDT concentrations in both soil
and water and %OC in soil, a lincar sorpiion isotherm was implemented for DDT, DDE
and DDD. The lack of correlation between %OC and concentrations of DDT in soil
indicates that all sorption sites on the organic carbon have not been filled. While it is
expected that the sorption behaviour of DDT will be different at higher concentrations as
1s often reported in the literature (Huang and Weber, 1998), there is no field data from

PPNP to justify the selection of a non-linear model.

4.2.14 Crop Parameters

Because DDT has a low volatility, low solubility, and high K., uptake and
transpiration of DDT compounds by plants is not likely to be a significant pathway for
DDT removal from shallow soils. Thus, crop growth and pesticide uptake by plants is
not simulated. Transpiration of water by plants is accounted for by estimating potential

evapotranspiration using the Thornthwaite method with grassland-specific plant
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parameters. Land-management practices including cultivation and additional chemical
applications were not implemented during the calibration procedure, although scenario

testing employing different land management practices was conducted.

4.2.15 Transformation Pathways and Rate Constants

Transformation and degradation rate constants were adjusted during the
calibration process; however, initial values were based on the results Marenco (2002).
These are rough estimaies because Marenco (2002) matched relative proportions of
DDT:DDE:DDD to an exponential decay model that assumed DDT was applied in 1970
and degraded according to first-order decay with no seasonal rate variation due to
temperature and moisture conteats. The LEACHMP simulations account for seasonal rate
variation due to temperature and moisture contents

The capability of LEACHMP to consider the effects of temperature and moisture
content variations was employed as the transformation and degradation rates were
adjusted during model calibration. Three of the most likely transformation/degradation

pathways for DDT at PPNP were investigated as follows:

Pathway#! ~ DDT — DDE
4 (32)
DDD

Pathway #2 DDT —DDE—-DDE - X

J | (33)
DDD
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Pathway #3 DDT —->DDD->DDD - X
4 (34)
DDE

These three pathways were employed during the solute transport calibration and

provide the basis for the simulations discussed throughout this chapter.

4.2.16 Output and Summary File Parameters

LEACHMP was set to print output parameters for the calibration of the solute
transpert moduie in mg/m” for all summary (*.SUM) files, and in pg/kg, pg/L, ng/L for
sorbed, aqueous and vapour phases in the output (*.QUT) files. The units in which data
are displayed are always orinted above the values for each output and summary file. For
the summary files, depths of interest were specified as 200, 500 and 1500 mm below
surface, corresponding to depths within the Ah, Bm and C horizons. These depths

provide the basis for all time-series plots generated from calibration/simulation outputs.

4.3 LEACHMP Model Calibration

Calibration of a numerical model is undertaken to demonstrate that the model is
capable of reproducing field-measured data. This is accomplished by assigning a set of
parameters and boundary conditions that reproduce simulated heads, water contents, and
fluxes that match field-measured data within a pre-established range of error (Anderson

and Woessner, 1992). Calibration of LEACHMP was undertaken by first calibrating to
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soil moisture content in the soil profile and secondly calibrating the pesticide distribution

within the profile. All simulation names coincide with LEACHMP file names.

4.3.1 Flow Calibration: January 1, 1995 to Sepiember 30, 2003

The flow solution at CHO was first calibrated against field measured volumetric
soil moisture profiles for the short period from January 1, 1995 to September 30, 2003
because (1) there is only one measurement éf volumetric soil moisture content with depth
at CHO on May 12, 2003, (2) given the high hydraulic conductivity and porosity, the
volumetric water content is likely to change and equilibrate rapidly, and (3) computing
time during the flow calibration process was thus minimized. Thus, results of the
simulation were calibrated against the measured volumetric soil moisture profile of May
12, 2003. The soil moisture characteristic curve parameters measured by Marenco (2002)
were used as an initial starting point but were subsequently adjusted by reducing the
value of Campbell’s b parameter incrementally until moisture content profiles had the
same shape as field data, yet remained reasonable for the soil under consideration. Air
entry values were kept as the values determined by Marenco (2002). The field-saturated
hydraulic conductivity values as determined at CHO on May 12, 2003 were input as
saturated hydraulic conductivity values, with increased hydraulic conductivity below the
Ah horizon. During the calibration process, the hydraulic conductivity functions were
scaled by altering Campbell’s pore interaction parameter from 1.0 (the default value) to

-0.3, which provided a much better fit to field data and retained the shape of field
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measured profiles. It was also observed that the moisture profile changed as expected in
response to the transient atmospheric upper boundary condition.
A comparison between simulated and measured volumetric soil moisture

(Figure 25a) content for the CHO profile was quantified using root mean squared

error (RMSE):
—1 n /2
RMSE = L;E(PI —A/[i)z] (35)

where i is the measurement depth, # is the nuimber of depths sampled, M; is the measured
average for the i depth, and P; is the predicted value at the i depth. The RMS error for
the 1995 - 2003 calibration period was 0.0164 (n = 8), or 1.64% volumetric soil moisture
coentent. This is a relatively good fit to measured data, where volumetric soil moisture at

CHO showed a range ot 24.35% (8.15% - 32.50%) on May 12, 2003 (Table 13).

4.3.2 Flow Calibration: January 1, 1950 to September 30, 2003

The calibration period was extended backwards in time to include the earliest
probable date that DDT would have been applied within PPNP; January 1, 1950, and
extended to September 30, 2003. Again, results of the simulations were calibrated
against the one measured volumetric soil moisture profile of May 12, 2003. Values of
the mode! parameters obtained in the best-fit simulation of the January 1, 1995 to
September 30, 2003 calibration were used as initial starting values and no changes to the
soil and hydraulic parameters were necessary in order to calibrate the flow solution.

Only meteorological data from January 1, 1950 to December 31, 1994 was added. The
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calculated RMS error values with respect to volumetric moisture contents within the soil
profile were calculated to be 0.016439 (n=8) for the long-term simulation, consistent with
thai observed for the short-term fiow calibration. The measured and simulated
volumetric soil moisture profiles at CHO for May 12, 2003 are presented in Figure 25a.
The rapid change in water contents within the soil profile (especially the shallow regions)
was veritied following initial calibration by observing that the %VWC changed daily and
responded to precipitation events and dry spells within a 1-2 day time frame. A plot of
%VWC versus depth for a number of consecutive days is presented in Figure 26.
A comparison of modelled and measured volumetric water contents illustrates that the
model adequately represents flow processes occurring in the natural system (Figure 27).
A plot of a large precipitation event cn July 17, 1989 illustrates the migration of water
through the soil profile under gravity drainage over a 3-4 day period (Figure 28), and
thus, infiltrating waters will reach the water table within a 3-4 day time frame. CHO flow
parameters were also implemented at SHO {Figure 25b) and although the measured and
modelled volumetric soil moisture profiles do not compare as well as at CHO, it is
acceptable. The main differences between CHO and SHO include the organic carbon
content and hydraulic conductivity profiles as well as vegetation, which is grass at CHO
and trees at SHO. In reality, the differences will affect soil moisture, but the model
shows that they do not significantly affect the volumetric soil moisture content. Flow
parameters for the calibrated best-fit were utilized for the remainder of the simulations
and no flow parameters were changed during solute transport calibration simulations.

Sensitivity analyses for flow parameters were carried out and are discussed later.
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4.3.3 Solute Transport Calibration

Calibration of solute transport was undertaken for each degradation pathway and
timeline in four steps to match: (1) relative proportions of DDT, DDE and DDD within
the entire CHO soil profile as on May 12, 2003; (2) DDT/DDE and DDT/DDD ratios
within shallow and deep soils at CHO as on May 12, 2003; (3) concentrations and
distnibution of DDT, DDE and DDD present in the CHO soil profile as shown as on May
12, 2003; and, (4) concentrations of Total DDT in groundwater at CHO as on May 12,
2003. All solute transport simulations employed the previously calibrated flow solution
with po further alteration of flow parameters.

In each simulation, the entire amount of DDT, DDE and DDD applied was set as
an initial condition for pesticide concentrations in the uppermost soil layer (0-5 cm), with
a DDT:DDE:DDD ratio corresponding to that of technical grade DDT as it would have
been commercially available during 1950-1970. The initial mass of DDT within the
upper portion of the soil profile was based on the total measured mass of DDT within the
soil profile on May 12, 2003. While this is probably an underestimate of the mass that
would have been present in 1950 or 1970 because of degradation during this time, the
total mass was subsequently adjusted during calibration. Transformation and degradation
rates were initially input based on the findings of Marenco (2002) and were subsequently
adjusted to calibrate the relative proportions of each compound in the subsurface. Each

“stage of the calibration of solute transport at PPNP was undertaken using both the

1950-2003 and 1970-2003 timelines for each of the 3 degradation pathways discussed
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above. The calibration steps will be discussed in detail below. In all solute transport
calibration simulations, the previously calibrated flow parameters were not altered.

Six simulations were conducted to investigate different half-life configurations for
the three degradation pathways (Equations 32-34) and the two simulation periods
(i.e., 1950-2003; 1970-2003). To explore the possibility of non-uniqueness, an attempt
was made to fit field data employing different half-lives. Only 2 additional simulations
based on Pathways #2 and #3 were able to fit field data. Thus, a total of 8 calibrated fits
resulted and form the basis for further discussion of solute transport. It is recognized that
calibrated half-lives of the second and third degradation pathways may not be unique; a
second calibration was undertaken with different half-lives.

LEACHMP creates pesticide daughter products through both transformation and
degradation reactions. As noted above, Hutson (2003) defines a transformation reaction
as a loss of a given species with the product able to be defined as a source of another
chemical species, which in turn, can undergo further reactions, and a degradation reaction
as a loss of a given species but the mass of degradation products cannot be tracked. In
addition, LEACHMP does not have the capability to transform one parent compound to
multipie daughter products (i.e., DDT to both DDE and DDD); it can undertake only one
transformation reaction per chemical species present. However, LEACHMP does have
the capability of undertaking simultaneous degradation of the parent compound as well as
other transformation products. There are two principal drawbacks of using the
degradation module vs. the transformation module. First, the exact mass of the

degradation product is not tracked and must be determined indirectly by subtracting the
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total mass in the soil profile of the other species present from the initial total mass
introduced to the soil profile; transformation products are tracked. Second, degradation
reactions cccur at a constant rate with respect to both depth in the soil profile and with
time and are not subject to temperature and moisture condition variations; transformation
rates vary throughout the soil profile and with time as a function of temperature and
moisture variations in the soil profile. Thus, the user-defined transformation rate occurs
only during the most favourable soil conditions, and in effect it represents a maximum
attainable transformation rate. Because soil conditions vary over time during a
simulation, the same half-life will produce two disappearance curves over time, with
conversion through transformation occurring at an overall slower rate than through a
degradation reaction. A comparison for the calibrated flow solution that employs

Pathway #1 (PPI3039D) is presented in Figure 29.

4.3.3.1 Calibration of Profile Total %DDT, %DDE and %DDD at CHO

The %DDT, %DDE and %DDD based on the sum of the mass of DDT, DDE and
DDD within the entire CHO soil profile as of May 12, 2003 were calibrated by adjusting
the half-lives for each transformation pathway described by Equations (32-34). This
précess resulted in 8 fits to %DDT, %DDE and %DDD for the entire profile employing
different half-life combinations for the 3 transformation pathways. At this calibration
stage, transformation and degradation rates do not vary with depth. The %DDT, %DDE
and %DDD for the entire profile matched field data quite well for each of these fits,

however, the resulting outputs did not adequately represent the relative proportion of
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each DDT compound at each specific depth. The %DDT, %DDE and %DDD measured
in the soil profile were observed to be very different for shallow (0-10 cm) and deep
(10-200 cm) soiis at CHO. For this reason, it is necessary to implement depth-dependent

transformation and degradation rates.

4.3.3.2 Calibration of DDT/DDE and DDT/DDD for Shallow and Deep Soils at CHO

Differences in the relative proportions of DDT, DDE and DDD based on the
measured data from CHO vary with depth (Table 19) imply different degradation rates
with depth and thus, depth-dependant half-lives must be determined. However, the ratio
of DDT/DDE and DDT/DDD was used in this stage of calibration rather than %DDT :
%DDE : %DDD because LEACHMP was not capable of tracking the mass of the
degradation products of DDT (DDE and DDD) separately. DDT/DDE and DDT/DDD
ratios within shallow (0-10 cm) and deep (10-200 cm) soils at CHO on May 12, 2003
were matched by adjusting half-lives in shallow and deep soils independently for each
transformation pathway and timeline simulated. This suite of calibration simulations was
based upon the previous 8 simulations. For Pathway #1 and #2, this meant that the mass
of DDD in each depth segment was unknown, as was the mass of DDE for Pathway #3.
Only the relationship between DDT and DDE for Pathways #1 and #2, or DDT and DDD
for Pathway #3 could be known with depth. Thus, the DDT/DDE ratio could be matched
for Pathways #1 and #2, and the DDT/DDD ratio could be matched for Pathway #3.

By adjusting half-lives in the shallow and deep soils, each of the 8 calibration

simulations was able to match measured ratios and surface concentrations relatively well.
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But DDT compounds were retained too strongly at surface; no DDT present at depth.
Thus concentration profiles did not match (Figure 30) and K. was adjusted.

The K, values used up to this point were calculated from the K, values from de
Bruijn et al. (1989) (Table 25), which also happened to be the highest values encountered
during literature review. Concentration profiles of the calibrated model simulations
showed that DDT compounds were being retained too strongly at ground surface and
thus, K. was reduced by one order of magnitude to match concentrations with depth and
half-lives were readjusted. Final K, values were 3.1 x 10° L/kg for DDT, 3.4 x 10° L/kg
for DDE and 6.4 x 10* L/kg for DDD, which is well within the reported range of organic
carbon partition coefficients for DDT compounds (Table 3).

Because half-lives vary with depth, each successive change in K, requires
half-lives to be readjusted to generate the correct relative proportions of each DDT
compound with depth, owing to the new vertical mass distribution within the profile. The
resulting 8 simulation outputs matched both relative proportions of each DDT compound
and the shape of the concentration profiles with depth, but the magnitudes of DDT, DDE
and/or DDD concentrations were far too low at surface (Figure 31). Therefore initial

concentrations in soil were adjusted.

4.3.3.3 Calibration to Total DDT in the Soil Profile on May 12, 2003
The next calibration stage focused on adjusting the initial concentrations of Total
DDT applied in 1950 and 1970 to match simulated concentrations on May 12, 2003 to

those measured with depth at CHO as of May 12, 2003. The 8 simulations were rerun.
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The calibrated initial concentrations of Total DDT necessary to match the
measured concentration profile at CHO as on May 12, 2003 are presented in Table 26. In
order to match the relative proportions of DDT, DDE and DDD, half-lives were adjusted.
The initial soil concentrations of Total DDT, if applied only during 1970, are almost
twice the initial concentrations if the DDT had been applied only in 1950 because the
hali-lives used for 1950 — 2003 simulations were about one half of those used for 1970 -
2003 simulations. These 8 calibrated initial DDT loading rates were extrapolated to the
application rates using equation (14) and bulk density values (1.18 g/cm’) measured at
CHO, with a thickness of the zone of application of 5 cm to yield conservative first
approximations of past areal application rates necessary to reproduce current
concentration profiles. The calculated loading rates reflect the amount of DDT 1n soil

and not the amount of DDT applied through aerial spraying.

Table 26. Total DDT added as an initial condition to achieve calibration of simulations.

Simulation Initial concentration Initial concentration Necessary loading rate
(mg/kg) (ng/g) (kg/ha)

PPI3039D 43.0 43,000 25.2
PPI3118B 40.0 40,000 234
PPI4023B 448 44,754 26.2
PPi4034D 70.0 70,000 41.0
PPI4119C 41.0 41,000 240
PP14125D 68.0 68,000 39.8
PPI5042G 45.0 45,000 26.3
PPIS127 42.9 42,000 24.6

4.3.3.4 Comparison to Total DDT in groundwater on May 12, 2003 at CHO
Breakthrough curves of DDT concentrations at the water table for each of the
simulations listed in Tables 27 and 28, show that no DDT crossed the water table for any
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transformation/degradation pathways or time frames simulated. Total DDT concentration
measured in groundwater at CHO on May 12, 2003 was 0.679 ng/L. It is suspected that
DDT is so strongly adsorbed to the OM in the A horizon during the simulations that DDT
1s not leaching to the water table. In order to determine the factors that most strongly
influence DDT leaching and retention within LEACHMP, sensitivity analyses were

conducted on parameters that control the leaching and retention of DDT at PPNP.

4.3.3.5 Assessment of Calibration Simulations

The outiputs from all calibration steps matched relative proportions of DDT, DDE
and DDD for the soil profile as a whole, relative proportions with depth, shape of the
concentraticn profiles and the magnitude of concentrations quite well (Figure 32). These
simulations were considered calibrated to field data (Table 27) and provided the basis for
further calibration of groundwater concentrations, sensitivity analysis and scenario
testing. The final half-lives are listed in Table 28 and will be discussed below.

During the calibration process, the transformation/degradation pathways were
cahibrated with no limits placed on the magnitude of the contrast between
transformation/degradation rates at soil surface and those employed at depth at CHO.
While many of the half-lives that resulted from the calibration process were within the
range of values reported in the literature (Table 2), some of the transformation pathways
and half-life combinations were unrealistic and these can be dismissed.

The two calibrations employing Pathway #1 (Eq. 32), employing the production

of both DDE and DDD but no further degradation of DDE or DDD, matched relative
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Table 27. Final Calibrated fit between measured and simulated %DDT : %DDE : %DDD
in the whole profile and DDE/DDT or DDD/DDT ratios with depth.

Simulation | Trans. Start of | Proportions for Entire Profile Ratios with Depth
Pathway | Simulation | %DDT | %DDE | %DDD | Depth (¢cm) | DDT/DDE | DDT/DDD
Measured 54 40 6 0-10 1.41 8.24
10-200 0.73 14.68
PPI3039D l 1950 54 40 6 0-10 1.41 -
10-200 0.73 -
PPI3118B i 1970 55 39 6 0-10 1.40 -
10-200 0.73 -
PP14023B 2 1950 54 39 7 0-10 1.42 -
10-200 0.73 -
PP14034D 2 1950 54 40 6 0-10 1.40 -
10-200 0.78 -
PPi41i9C 2 1970 55 39 6 0-10 1.40 -
10-200 0.74 -
PPI4125D 2 1970 54 41 3 0-10 1.33 -
10-200 0.71 -
PPIS042G 3 1950 55 38 7 0-10 - 8.17
10-200 - 8.85
PPI5i27 3 1970 53 41 6 0-10 - 8.92
10-200 - 5.51

proportions of DDT, DDE and DDD for the entire profile and DDT/DDE ratios with
depth quite well for both 1950 and 1970 applications and utilized realistic half-lives
consistent with those reported by Marenco (2002) at a nearby field site, although field
data suggests that DDD and DDE may be degrading further. Because we know further
degradation of DDE occurs under similar field conditions, Pathway #1 is likely not the
primary route for DDT transformation Within former agricultural areas at PPNP.

The four calibrations using Pathway #2 (Eq. 33), employing the production of

DDT and DDE, with further degradation of DDE only, produced half-life estimates that
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Table 28. Transformation and degradation half-lives employed for best-fit simulations
after matching DDT, DDE and DDD concentrations in soil.

Simulation Trans. | Startof | Depth Transformation Degradation
Pathway (Simulation| (cm) Half life (years) Half life (years)
DDT— DDE DDT— DDD
PPI3039D l 1950 0-10 32 Not simulated 450
10-200 10 Not simulated 450
PPI3118B 1 1970 0-10 20 Not simulated 300
10-200 6 Not simulated 300
DDT—> DDE | DDE— DDE-X DDT— DDD
PPI4023B 2 1950 0-10 30 100 450
10-200 9 100 450
PP14034D 2 1950 0-10 16 9 650
10-200 7 9 650
PPI4119C 2 1970 0-10 19 90 360
10-200 6 90 300
PPI4125D 2 1970 0-10 9 5 500
10-200 4 5 500
DDT— DDD | DDD—- DDD-X DDT— DDE
PPI5042G 3 1950 6-10 150 2000 80
10-200 150 | 80
PPI5127 3 1970 0-10 113 450 45
10-200 113 1 45

were also in line with Marenco (2002), and also fit field-measured data well. But this step
afforcied two potential half-life combinations for each application date that differed in the
relative rates of production and further degradation of DDE for a total of 4 calibrated
simulations. Two simulations achieved a good fit to field data when DDE degradation
was faster than DDE production from DDT. The rates were not realistic because DDE is
known to persist in PPNP soils. In addition, the predicted disappearance rate for DDT

and DDE was much shorter than has been determined from field data collected between
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1998 and 2003. Thus, the simulations entitled PPI4034D and PPI4125D were not
considered possible because the half-lives were inconsistent with field data. While the
simulation from 1970 to present entitled PPI4119C also fit data fairly well, the fit was not
quite as good as achieved when loading of DDT occurred in 1950. In addition, it was
known that DDT had been applied prior to 1970. Therefore, Pathway #2 is the best
pathway, and of all of the simulations, PP14023B best fit field data.

The two calibrations based on Pathway #3 (Eq. 34), employing the production of
both DDE and DDD, and further degradation of DDD only, necessitated a marked
contrast between transformation rates needed at soil surface (0-10 cm) and at depth
(10-200 cm) for the further degradation of DDD and did not match measured DDT/DDD
ratios deep in the profile. Because the soil properties were relatively uniform from
0-30 cm depth at CHO, it did not seem reasonable that a contrast of this magnitude over a
distance of centimeters would be observed in a natural system with similar soil
properties. In addition, because Pathway #3 focused primarily on DDD and its further
transformation products make up very little of the mass in the subsurface, and treated
DDE as a degradation product rather than a transformation product, the mass distribution
of DDE with depth was unknown for all simulations employing Pathway #3. PPNP dune
soils are also known to be aerobic and DDD production is more prevalent in anaerobic
environments. Thus, Pathway #3 was also not considered to be a primary transformation
pathway occurring at CHO.

Overall, the calibrated simulation from 1950 to 2003 entitled PP14023B is deemed

to best describe the leaching behaviour at CHO and provided the basis for further
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scenario testing because it matched (1) relative proportions of DDT, DDE and DDD in
the profile as a whole, (2) DDT/DDE ratios with depth, and (3) the transformation rates
of DDT to DDE in shaliow and deep soils at CHO are consistent with those found in the
literature (Table 2) and those calculated by Marenco (2002). Based on the calibration
values for simulation PPI4023B, at CHO, the half-life for the transformation from DDT
to DDE was approximately 30 years at surface and 9 years at depth. The half-lives for
DDE to DDE-X and DDT to DDD were estimated to be 100 years and 450 years,
respectively, and both are uniform with depth. Although these half-lives are very high
these values indicate that the further degradation of DDE to DDE-X and degradation of
DDT to DDD proceeds relatively slowly, and are probably not important primary
reactions at PPNP. The calibration values for simulation PP14023B will provide the basis

for further scenario testing.

4.4 Sensitivity Analysis

The purpose of sensitivity analyses is to quantify the uncertainty in the calibrated
model caused by uncertainty in the estimates of parameters and boundary conditions, and
represents an essential part of applying models to natural systems (Anderson and
Woessner, 1992). The outcome of the sensitivity analysis can be used to identify
parameters that are most influential in controlling the flow of water and the fate and
migration of DDT. By identifying the importance of each parameter, sensitivity analyses

can provide an indication of the parameters that need to be well characterized, and
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conversely point to those that do not need to be well characterized in the field. The flow

sensitivity analysis and solute transport sensitivity analysis will be discussed separately.

4.4.1 Sensitivity Analyses for Flow Calibration

Sensitivity analyses were conducted to evaluate the relative importance of flow
parameters that were adjusted during the calibration process. The model parameters
evaluated as part of the flow sensitivity analyses are presented in Table 29. Several
simulations for each parameter between lower and upper limits were conducted, but only
the upper and lower limits are discussed in the following analyses. Parameters relevant
to the flow of water in the subsurface were adjusted one at a time and model outputs for
each simulation on May 12, 2003 were compared to measured volumetric water contents
with depth as well as the calibrated best-fit simulation output. All simulations were
undertaken from January 1, 1950 to September 30, 2003 and utilized the calibrated best-

fit simulation PP140238B.

Table 29. Range of values tested for flow parameters tested during sensitivity analysis.

Parameter Name Lower Value Upper Value
Daily total precipitation (P) P x 0.80 Px1.20
Weekly potential evapotranspiration (PET) PET x 0.80 PET x 1.20
Air entry value (AEV) AEV x 0.80 AEV x 1.20
Campbell’s b coefficient (b) bx 0.5 bx 2.0
Pore interaction parameter (p) p=-06 p=00
Saturated hydraulic conductivity (Ky) K x 0.10 K x 10
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Sensitivity to Precipitation Values

The 30-year mean annual precipitation at PENP is 908.3 mm (Table 1); however,
over the 10-year period from 1994 to 2004, the minimum total annual precipitation was
558.6 mm (1998) or 61.5% of the 30-year mean, and the maximura was 924.6 mm (2000)
or 101.7% cof the 30-vear mean. This actual total annual precipitation varied over 40% of
the 30-year mean annual precipitaiion. In order to assess the effect of variability in
precipitation at PPNP, and the impact .of not having precipitation measured at the field
site during the past 54 vears, on the outcome of the flow calibration, daily total
precipitation values were increased by 26% and reduced by 20%.

The model outputs {Figure 33a) illustrate that the model is relatively insensitive to
precipitation when it is varied by £20%. Increased precipitation values are reflected by
increased volumetric soil nmoisture contents with depth, which are more pronounced from
500 to 1500 mm below ground surface as a result of the timing of the precipitation events
on May 11" and 12", 2003. The pulse of water resulting from recent precipitation events
results in an increase of approximately 1-2% volumetric soil moisture contents.
Conversely, reduced precipitation results in [-2% decreased volumetric soil moisture
contents with depth, again, with the effects being more pronounced from 500 to 1500 mm
below ground surface. While the quality of the calibration is slightly reduced by £20%
changes in daily precipitation values, the impact on volumetric soil moisture content are

small. Hence the lack of precipitation measured at the site is not crucial to the calibration.
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Sensitivity to Potential Evapotranspiration Estimates

The 30-vear mean annual! potential evapotranspiration was 664.0 mm based on
esiimates using the Thomthwaite method, with minimum and maximum values of
574.8 mm {1996) or 86.5% of the 30-vear mean, and 739.3 mm (1999) or 111.3% of the
30-year mean, respectively, between 1594 and 2003. Increasing and decreasing weekly
potential evapotranspiration estimates by 20% tested the sensitivity of the model to
variability potential evapotranspiration at PPNP.

The calibrated model was insensitive to variations in potential evapotranspiration
on the calibratior: date (Figure 33b). Only the uppermost 150 mm of the soil profile show
any deviation from the calibrated best-fit simulation output, with a maximum deviation of
less than 1% volumetric soil mowisiure content. This could be in part because the
calibration date was n early May, when evapotranspiration estimaies were relatively low.
Because the soils at CHO are very permeable, much of the precipitation that falls rapidly

infiltrates to deeper soils, reducing actual evapotranspiration.

Sensitivity to Air Eatry Values

The air entry value of 2 soil determines the pressure at which water will drain
from a soil pore filled and be replaced by air. The capillary fringe at CHO was observed
in the field to be approximately 2C cm thick and was clearly visible based on changes in
soil colour and consistency. In order to assess the effect of changing air entry values on

the calibrated best-fit simulation, air entry values were increased and decreased by 20%.
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Because the soil profile shows the highest water content at and just above the
water table at CHQ, the effects of changing air ¢ntry values is most pronounced near the
capillary fringe (Figure 33c); there is essentiaily no change in the volumetric soil
meisture content above the capillary fringe. Higher air entry pressures increased the
thickness of the capiiiary fringe by tens of millimetres, while reduced air entry values
decreased the thickness of the capillary fringe by tens of millimetres. Thus, the calibrated

best-fit simulaticn was relatively insensitive to air entry values.

Sensitivity to Campbell’s b Caoefficient

The volumetric soil moisture content depends on pressure head in the unsaturated
zone according o the shape of the soil moisture characteristic curve. LEACHMP
employs Campbeli’s model and the Hutson-Cass wet-end modification to define this
relationship. The slope of the soil moisture characteristic curve is defined as Campbell’s
b coefficient (BCAM). Because soil moisture content also determines in part,
unsaturated hydraulic conductivity, Campbell’s b coefficient is important to understand
relative to flow of water and ultimately, solutes in the unsaturated zone. Best-fit b values
were multiplied by 50% and 200% uniformly with depth in order to assess the effect of
varying soil moisture characteristic curves on model outputs.

When the soil moisture characteristic curve was steepened (by reducing b) or
broadened (by increasing b), the volumetric soil moisture content profile essentially
retained its shape (Figure 33d). However, the moisture content was reduced by

approximately 4-6%, and increased by approximately 2-4% with depth, respectively.
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Thus, when the slope of the soil moisture characteristic curve is changed, the volumetric
water content profile scales to reflect increased or reduced storage of water in the
unsaturated zone. Even though the modelled soil moisture profiles change, increased and
decreased b values do not cause a substantial deviation from measured field data and

caiibrated value.

Sensitivity to Pore Interaction Parameter

The pore interaction parameter, p, scales the unsaturated hydraulic conductivity
function according to user input. It represents the connectivity of pores in the flow
domain and is often used as a fitting parameter. Values for p for the best-fit simulation
were —0.3. In order to evaluate mcdel sensitivity, values were adiusted to 0.0 and —0.6.

When the peore interaction parameter was increased or decreased, the volumetric
soil meisture conient above 1500 mm increased and decreased, but by only
approximately 1%; there is essentially no change below a depth of 1500 mm
{Figure 33¢). However, the shape of the soil moisture content profile remains essentially

the same. Thus, the model appears to be relatively insensitive to the value of p.

Sensitivity to Saturated Hydraulic Conductivity (Kja)

Saturated hydraulic conductivity values employed in LEACHMP simulations
were 1728 mnvday (2 x 10™ cmy/s) in the Ah horizon and 3456 mm/day (4 x 10 cm/s) in
the Bm and C horizons. Values for the Ah horizon varied slightly from field-saturated

hydraulic conductivity values measured at 20 c¢m in the field. The difference between
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model and measured hydraulic conductivity values was less than one order of magnitude,
which is within the typical range cf values seen in PPNP soils (Crowe et al., 2004). In
addition, field saturated hydraolic conductivity values are often lower than laboratory
derived saturated hydranlic conductivity values as a result of entrapped air
{Ronen et al., 1989). In order to assess the effect of vanabiiity of hydraulic conductivity
values, best-fit simulation values were beth increased and decreased by a factor of 10.
The model s sensitive to the value specified for hydraulic conductivity
(Figure 331, When hydraulic conductivity values are increased, volumetric soil moisture
contents are reduced by approximateily 5-6% cf the initial value ai surface, with the
difference declining with depth. When hydraulic conductivity is decreased by an order of
magnitude, volumetiic scil moisture contents increase by approximately 10% at surface

o , N , s th 4qth
due to the much siower migration of a receni large precipitation event on May 10" -11".

4.4.2 Sensitivity Analyses for Solute Transport Calibration

LEACHMP simulated DDT and DDE or DDD concentrations within the soil
profile at CHO quite well, matching both the shape of the concentration profile and
concentrations. Sensitivity analyses were conducted to evaluate the importance of flow
and solute transport parameters adjusted during the calibration process and their effect on
the leaching of DDT compounds at CHO. Several model parameters were evaluated as
part of the flow sensitivity analyses (Table 30). All simulations were undertaken from
January 1, 1950 to September 30, 2003 and utilized the calibrated best-fit solute transport

simulation that employs transformation Pathway #2 (PPI4023B).
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Table 30. Values tested for solute transport parameters during sensitivity analysis.

Parameter Name Lower Value Upper Value
Daily total precipitation (P) b x 0.30 Px1.20
Potential evapotranspiration (PET) PET x 0.30 PET x 1.20
Saturated hydraulic conductivity (K K x0.10 Ko x 10
Organic carbon partition coefficient (K Koex 0.10 Keex 10
Halt life (t5) ti, — 3 vears tip + 5 years
Organic carpon content (%0OC) %0C x 0.5 %0C x 2.0

Sensitivity to Precipitation Values

Because infiitration of water through the unsaturated zone determines in part, the
potential for leaching of pesticides to the water tabie, a sensitivity analysis on the daily
total precipitation was undertaken to determine its impact on DDT concentrations
throughout the soil profile. Precipitation vaiues were again varied by +20% to address
the spatial vartability of precipitation and examine the effect of these adjustments on
long-term leaching of DDT compounds at CHO. Figure 34a shows that the largest effect
on the concentration profile is observed near the ground surface, with DDT compounds
being retained higher in the soil profile when lower precipitation amounts are used. The
opposite holds true when precipitation values are increased. The trend is consistent for
both DDT and DDE. While the changes in precipitation values are reflected by changes
in the modelled concentration profiles, the magnitude of these changes is relatively small,
changing shallow soil concentrations by approximately +5%. The magnitude of the
effect of precipitation value adjustments is dampened as the distance from the upper

boundary increases. Overall, the model is relatively insensitive to precipitation values.
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Sensitivity to Evapotranspiration Estimates

Temperatures recorded at PPNP and nearby weather stations were used to
estimate potential evapotranspiration values for the entire duration of the simulations
from January 1, 1950 to September 30, 2003. Because there is some uncertainty related
to these estimates, evapotranspiration values were varied by £20% to provide some
insight into the dependency of model predictions on evapotranspiration values.
Figure 34b shows that the leaching behaviour, and hence the concentrations and
distribution of DDT within the sotl profile, is insensitive to evapotranspiration within the
range ot values tested. While it is expected that the quality of the flow calibration would
be negatively atfected, the vertical distribution of DDT compounds within the soil profile

do not change with the increased or decreased evapotranspiration values.

Sensitivity to Saturated Hvdraulic Conductivity Values (Ksa)

The sensitivity of the model’s predicted concentrations and distribution of DDT to
vartability in saturated hydraulic conductivity was investigated using the same range of
values previous run; saturated hydraulic conductivities were adjusted uniformly with
depth and were both increased and decreased by a factor of 10. Figure 34c shows
increased retention at surface is predicted when hydraulic conductivity is reduced;
however, the changes in concentration are very small. The effects of changing hydraulic
conductivity values become even less pronounced at depth. Overall, solute leaching is

relatively insensitive to hydraulic conductivity values employed for simulations at CHO.
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Sensitivity to the Organic Carbon Partition Coefficient (K,.)

DDT has an extremely high organic carbon partition coefficient, and although
authors report K, values for DDT, very few report values for its transformation products
DDE and DDD. In addition, reported values are often based on empirically derived
equations relating K, t0 Ko.. These empirical reiationships are only consistent within a
narrow range of physical conditions (%CC, temperature, soil type), but these conditions
are rarely reported. Under field conditions with soil types and organic carbon contents
different from those for which the erapirical relationships were derived, the range of
expected Ko, values is much greater. Also, a search of literature values exhibited a range
of approximately two orders of magnitude for K,,. In order to examine the effect of
varving sorption coefficients on the shape of the concentration profile, K, values were
adjusted by an order of magnitude.

Figure 34d shows that vertical migration of DDT compounds is sensitive to the
value of K,; the fundamental shape of the concentration profile changes dramatically
when K, is adjusted by only one order of magnitude. When K, is reduced by an order
of magnitude, the DDT compounds are redistributed throughout the profile because the
tower K. causes less retention in the upper portion of the soil profile. Concentrations of
DDT and DDE at surface due to the lower K, are ~8,000 ng/g less and now DDT
compounds penetrate to a depth of 375 mm vs. ~170 mm. When K, is increased by an
order of magnitude, more of the DDT compounds are retained in the organic matter at

surface, and less is leached downward. Concentrations of DDT and DDE at surface due
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to the higher K, are ~5,000 and ~4,000 ng/g, respectively, and the maximum depth to

which DDT compounds migrate within the soil profile is only approximately 125 mm.
The dramatic change in concentration profiles when the Ky is changed illustrates

the impertance of sorption in controlling the migration of DDT compounds from ground

surface to the water table, and in fact it is the most important parameter. Kinetic and/or

deptn-deperndent sorption models were not iested within this study, however further

laboratory and modeiling investigations of sorption behaviour could significantly benefit

the understanding of DDT fate and migration at PPNP.

Sensitivity to Transformation and Degradation Rates

Transformation and degradation rates were used as fitting parameters to calibrate
the model to relative proportions of DDT compounds with depth at CHO. Because soil
muoisture regimes are variable within PPNP (Marenco, 2002), and transformation rates
vary with temperature and moisture content, a sensitivity analysis for transformation and
degradation rates was conducted. A change in half-lives of 5 years was selected for
testing of the sensitivity of LEACHMP to transformation and degradation rates. All three
transformation/degradation rates were adjusted uniformly each time that reaction rates
were changed.

As expected. model outputs (Figure 34¢) show that the model is somewhat
sensitive 10 changes in halt-lives. While the shape of the concentration profile remains
relatively consistent, the concentration profile shifts as concentrations with depth increase

or decrease when rates are increased or decreased, respectively. However, the increase
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and decrease in concentrations due to the half-lives change is only 12% and 9% for DDT
and DDE, respectively. The changes in concentrations at ground surface could have been
matched by adjusting initial loadings, but matching relative proportions with depth would
not be possible as the relative proportions were initially matched by changing

transformation/degradation rates.

Sensitivity to Organic Carbon Content with Depth

Organic carbon content and the organic carbon partition coefficient determine the
role of sorption of DDT compounds in the subsurface. Because the organic carbon
content of soils can vary spatiaily and with depth, a sensitivity analysis on organic carbon
contents with depth was conducted to assess the impact on DDT leaching. Analyses for
organic carbon conteni from 83 soil samples collected at depth greater than 10 cm and
throughout PPNP (Crowe et al., 2002; Marenco, 2002; this study) indicate that %OC
ranges from ~0.5% - 7.0%, with the majority of values <2.0%. Organic carbon contents
are already quite low at CHO, so values were only reduced to half of the field-measured
values, as a further reduction would have generated rapid flushing of DDT to the water
table providing little insight. Organic carbon contents were also increased by a factor of
2 to examine leaching behaviour in soils richer in organic carbon.

Because DDT is readily adsorbed onto organic carbon within the soil profile,
increasing or decreasing the organic carbon content will corresponding decrease and
increase the leaching of DDT compounds. Thus, the shape of the concentration profile

and concentrations with depth change as the organic carbon content changes. When the
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organic carbon content is reduced (Figure 34f), the surficial soil concentration is reduced
by 19% and DDT compounds migrate deeper intc the soil profile. When the organic
carbon content is increased, the surficial soil concentration is increased by 13% and DDT
compounds are retained shallower in the soil profile. Overall, the model is sensitive to
changes in organic carbon content with depth, meaning that organic carbon contents are

imporiant to quantify when simulating the fate and transport of DDT compounds.

4.5 Simulation of Solute Transport at SHO

All simulations up to this point were based on soil and hydraulic properties and
DDT concentrations measured for the CHO soil profile. In order to assess the leaching of
DDT compounds through a soil profile at a different location within PPNP, a shallower
fepth to the water table (75 c¢m), and soil having a lower organic carbon content and
distribution with depth, simulations were undertaken with the SHO soil profile. Because
there are no statistically significant differences at the 95% confidence level between CHO
and SHO with respect to soil or hydraulic properties, simulations at SHO were based on
the flow calibration parameters used at CHO and values were changed. While this did
not match water contents with depth as well as at CHO, it provides a water balance
estimate of flow behaviour at SHO sufficient for scenario testing purposes (Figure 25b).

The orgamc carbon distribution with depth was adjusted to reflect field
measurements at SHO (Table 12). The organic carbon contents at surface at SHO were
less than half of those seen at CHO and the distribution of organic carbon was more

uniform with depth than at CHO (Figure 8).
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Solute transport was calibrated by adjusting half-lives to match relative
proportions of DDT, DDE and DDD as measured at SHO (Table 19) for Pathway #2
using a 1950 starting date. Because relative proportions of DDT were consistently less
than DDE with depth, uniform half-lives were calibrated with depth (Table 31) to a

loading rate of 100 mg/kg of Total DDT applied in the upper 5 cm of the soil profile.

Table 31. Transformation and degradation half-lives employed uniformly with depth at

SHO.
Simulation Haif-life (years)
DDT->DDE DDE->DDE-X DDT->DDD
SHO4002 " 14 100 1200

* Based on PP14023A parameiers, with altered DDT loading rates, OC distribution and depth to W.T.

Atter transformation and degradation rates at SHO were calibrated, solute
conceniration profiles with depth and solute breakthrough curves at the water table were
assessed to determine if DDT, DDE and/or DDD were leaching to groundwater.

Simulation outputs snow that DDT and DDE reaches the water table beginning in
1998, with Total DDT concentrations reaching approximately 2.25 x 10'® mg/L on May
13, 2003 (Figure 36')'. The measured concentration of Total DDT in groundwater at SHO
on May 13, 2003 was 4.181 x 10° mg/L (Table 21). There are two possible reasons why
DDT reaches the water table at SHO (however at very low concentrations) but not at
CHO. First, the organic carbon content of the Ah horizon at SHO is ~50% lower than
that in the CHO soil profile and the thickness of the Ah horizon is small than that at
CHO. Previous sensitivity analyses (Figure 35) show that a 50% reduction in organic

carbon content in the Ah horizon will cause significant desorption and leaching of DDT
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to the Bmgj horizon. However, the organic carbon of the Bmgj horizon at SHO i1s about
50% greater than that of CHO (Table 12), thus increasing adsorption in the Bmgj horizon.
But the organic carbon content here is stiil sufficiently low to permit leaching of some
DDT to the water table. Secondly, because the depth to the water table at SHO is only
76 cm, the distance for DDT to travel from ground surface to the water is only about one
third of that at CHO. Simulations undertaken at CHO {with a higher organic carbon
content in its Ah horizon than that at SHO) still showed DDT moved over 70 cm
downward through the soil profile (Figure 32c). Thus, SHO could represent a soil profile
in which sorption may be limited by lower organic carbon content in the Ah horizon, and
short travel distances to the water table enable DDT to enter the groundwater. This
suggests that leaching to the water table at PPNP is more likely to occur where the
organic carbon content is lower and the water table is shallower and implies that leaching

of DDT to groundwater will vary seasonally in response to water table fluctuations.

4.6 Scenario Testing

Because of the inability to match concentrations seen in groundwater today at
CHO (Figure 35) and SHO (Figure 36), further scenario testing was undertaken to
determine what is limiting the leaching of DDT to the water table. The scenarios chosen
for testing included: (1) removal of organic carbon content from the B and C horizons,
(2) direct application of DDT below the organic rich Ah horizon, (3) homogenizing of
DDT within the Ah horizon by ploughing, (4) assessing the adsorption behaviour of

DDT, and (5) assessing the historical application rates of DDT. As with the solute

164



M.Sc. Thesis — R. Mills
McMaster University — School of Geography and Geology
transport sensitivity analysis, all simulations were undertaken using simulation
PPI4023B.

Note that all of the following breakthrough curves exhibited numerous low
amplitude, short duration spikes superimposed on the long-term slow increase in DDT

and DDE concentrations due to pesticide leaching occurring during the infiltration events.

4.6.1 Removal of Organic Carbon Content from the Bm and C Horizons

The soil profile at CHO was shown to contain up to 1.80% organic carbon within
the Ah horizon (0-30 cm), and less than 0.36% organic carbon within the B and C
horizons (30-200 ¢cm). Even this very small amount of organic carbon is sufficient to
adsorb the DDT compounds as they migrate through the B and C horizons. In order to
investigate the possibility that the organic carbon in the B and C horizons is the limiting
factor controlling DDT leaching to the water table, organic carbon of the B and C horizon
(30 cm below ground surface to the water table) was set to 0.

Simulation results for CHO show that with no organic carbon in the B and C
horizons, DDT that migrates through the Ah horizon will reach the water table
(Figure 37). Concentrations at both CHO and SHO gradually increase over time
beginning approximately 20 years after the beginning of the simulations as more DDT
correspondingly leaches through the Ah horizon. At CHO, DDT and DDE
concentrations at the water table are ~1 x 107 mg/L and ~7 x 10°® mg/L, respectively, on

May 12, 2002 (Figure 37).
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Simulated concentrations of DDT and DDE on May 12, 2003 at SHO, with no
organic carbon in the B and C horizons (depths of 20 cm to the water table) are
approximately 5 x 10° mgL and 7 x 10° mg/L, respectively (Figure 38). These
concentrations are within an order ot magnitude of concentrations seen at the water table
today (Table 21). As the mass of conraminant migrates deeper into thé soil profile, and if
current meteorological conditions persist, it is likely that concentrations at the water table
will continue to increase until the majority of the mass of DDT has leached through the
Ah horizon. While field data and the previous simulations show that DDT 1is strongly
adsorbed, preventing leaching though the Ah horizon, the results of the present
simuiation shows that either the relatively low organic carbon content of the Ah horizon
{(~1.3%) permits some leaching of DDT, or DDT is essentially not adsorbed within the B
and C horizon (e.g., preferential pathways), or a different adsorption mechanism is

occurring from that being simulated {non-equilibrium adsorption).

4.6.2 Application of DDT below the Ah horizon

At PPNP, it is possible that DDT was placed below the Ah horizon (e.g., deep
ploughing, very thin or absent Ah horizon, removal of roots or stumps, etc.). To assess
the leaching behaviour that would result from DDT being directly introduced into the Bm
horizon within former agricultural areas of PPNP, DDT was applied at a depth of 30 cm
on four occasions at 5 year intervals; no DDT was placed in the Ah horizon. The amount

of DDT, DDE and DDD applied was equivalent to that applied to shallow soil during the
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calibration process. Only the depth at which DDT was applied was changed (i.e.,
surficial soil vs. 30 ¢m below ground surface).

In the first simulation, the soil profile contains the field-measured organic carbon
contents (1.80% organic carbon within the Ah horizon (0-30 cm), and less than 0.36%
organic carbon within the Bm and C horizons (30-200 cm)). LEACHMP again predicts
no leaching of DDT compounds across the water table. Hence, even if large amounts of
DDT weré applied below the organic-rich Ah horizon at PPNP, there is still sufficient
organic carbon in the Bm and C horizons to adsorb all this DDT.

In the second simuiation, all the organic carbon below the Ah horizon is removed,
as discussed previcusly. As expected, the resulting breakthrough curve (Figure 39)
shows that within one year, DDT and DDE concentrations at the water table rapidly
increase to levels approaching the solubility limit of DDT. High DDT concentrations
persist for approximately one year after DDT is introduced into the soil and then began to
decline rapidly as the DDT is rapidly flushed from the Bm and C horizons as water
infiltrates through the soil profile to the water table. Because DDE make up a much
smaller fraction of the total mass applied (4.3%) and because there is little time for the
transformation of DDT to DDE before being flushed, the peak concentration of DDE is
much lower, despite having a greater aqueous solubility than DDT. A tailing effect is
also apparent for DDT and DDE caused by the upward movement of DDT and DDE into
the Ah horizon during periods of evapotranspiration, subsequent adsorption to organic
matter in the Ah horizon, and later release during infiltration events. The same trend is

repeated for each of the four applications at depth. Following the final application, the
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effects of transformation of DDT to DDE can be seen, with concentrations of DDT
crossing the water table declining exponentially over time, with proportional increases in

DDE concentrations.

4.6.3 Ploughing of the Ah horizon

DDT couid also have been placed within the Ah horizon, but at the interface
between the Ah and the Bm horizon as a result of disturbances to the Ah horizon, such as
ploughing in the vegetable fields or during the restoration of former orchard areas within
PPNP when tree stumps were removed and pushed into piles for burning. As a result of
these activities, it is possible that contaminated soil was overturned and left in direct
contact with deeper soils containing minimal osganic carbon. As such, simulations were
run where the top 30 cm of the soil profile was ploughed in 1955 or five years after the
beginning of the simulation. Within LEACHMP, ploughing will homogenize DDT
concentrations within the user-defined depth interval. As a result of ploughing, DDT is
spread throughout the top 30 cm, including being adjacent to the Bm horizon.
Simulations were conducted with field-measured organic carbon contents throughout the
soil profile, but again, no leaching of DDT compounds to groundwater occurred
throughout the duration of the simulation. Further simulations with organic carbon
contents reduced to 0 below the Ah horizon were conducted to investigate the leaching
behaviour under these conditions.

When organic carbon was present in the Bm and C horizons, no DDT was leached

to the water table during the entire 54 year simulation. However, when the organic
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carbon content of the soil is set to 0, simulation outputs (Figure 40) show that DDT
compounds leach to groundwater within one year of ploughing because the large
contaminant mass is in direct contact with deep soils having no organic carbon (below
30 cm), and subsequent rapid leaching through the Bm and C horizons to the water table
due to no absorption. Total DDT concentrations in groundwater decline slowly due to
continued leaching of the DDT from the portion of the Ah herizon immediately adjacent
to the Bm horizon. This is in contrast to leaching behaviour observed in an undisturbed
soil profile, where no leaching of DDT compounds to groundwater occurs. Overall,
leaching atter a ploughing event is very similar to that after a direct application of DDT at
depth. Both types of loading results in a short-lived pulse of contaminants leaching to the
water table, but ploughing (i.e., DDT remains in the Ah horizon) results in long-term

Inputs into the Bm and C horizons, and subsequently to the water table.

4.6.4 Assessment of Adsorption Behaviour of DDT at PPNP

The calibrated solute transport simulations for CHO were able to match DDT and
DDE or DDD concentration profiles in soil well, but they were unable to match
concentrations of DDT compounds measured in groundwater. This implies that the
selected K, values were fairly accurate. The LEACHMP calibration simulations
predicted that no leaching of DDT compounds to groundwater occurred at CHO.
However, measurable concentrations of DDT, DDE and/or DDD were reported in a
groundwater sample collected beneath the CHO on May 12, 2003 (0.68 ng/L Total DDT),

as well as all other groundwater samples analysed. Only when organic carbon was
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removed from the Bm and C horizons, did leaching of DDT compounds to the water table
occur. Similarly, simulations at SHO showed when organic carbon was present in the
Bmgj horizon, concentrations of dissolved DDT at the water table were orders of
magnitude lower than that measured. Only when the organic carbon content of the Bmgj
horizon at SHO was reduced to zero, was there a large increase in groundwater
concentrations predicted by the solute breakthrough curve, which was the only means by
which the field-measured groundwater concentrations could be matched.

Although under field conditions the B and C horizons at PPNP do have an organic
carbon content, the assignment of no organic carbon to these two horizons can be
justified when considering an alternative leaching model. LEACHMP assumes
adsorption occurs under equilibrium conditions; this ignores the time-variant sorption
behaviour of pesticides in solution. If sufficient adsorption sites (organic carbon) are
available, DDT ‘will be instantaneously removed from, or transferred to, solution
according to a linear equilibrium isotherm. Because concentrations of DDT in solution at
PPNP are extremely small relative to the amount of sorption sites, this implies that all
DDT that dissolves and is transported to the Bm and C horizons will be instantaneously
partitioned according to the equilibrium isotherm.

However, if adsorption occurred under non-equilibrium conditions, the amount of
DDT adsorbed from solution would depend on not only on concentrations in solution, K.
of DDT compounds, and amount of adsorption sites but also the time in which the DDT
was in contact with the adsorption sites. Several studies of DDT compounds have shown

that sorption is not always an instantaneous process (Bailey and White, 1964; Brusseau et
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al.,, 1991). In the laboratory, samples may take weeks to months to achieve equilibrium
partitioning between phases (de Bruijn et al., 1989). At PPNP, water infiltrates from
ground surface to the water table in a matter of a few days to weeks (Figure 28), thus
offering insufficient time for equilibration. Thus if a kinetic or the depth-dependent
sorption mechanism was employed in LEACHM, and given that water (and associated
dissolved DDT) moves through the soil profiles in a matter of days, under these
conditions some of the DDT would not adsorb and thus reach the water table.

The body of sorption literature reports a wide range of Ko,,’s for DDT, DDE and
DDD, and after numerical modelling it is clear that additional study is necessary to
quantify the sorption of DDT and DDE at PPNP in the laboratory and/or field.

At PPNP, the leaching of DDT to the water table likely began earlier in areas of
the park where organic carbon contents are lower and the water table is shallower. Over
time, leaching of DDT to the water table will be more common and frequent within
former agricultural areas of the park that have shallow depths to the water table and lower

organic carbon contents within the Ah horizon as seen at SHO.

4.6.5 Assessment of the Historical Application Rates of DDT at PPNP

The Ontario Ministry of Agriculture and Food (OMAF, 1975) recommendations
for DDT use within apple orchards, from 1949-1972, were up to five applications each
year at a rate of 3.4 - 5.0 kg/ha per application, or 17 to 25 kg/ha per year. Thus, the
amount of DDT that may have been applied to a field or orchard at PPNP between 1950

and 1970 is between 3.4 kg/ha (1 application) and 500 kg/ha (5 kg/ha applied 5 times per
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year for 20 years). Several studies have reported volatilization losses of DDT;
volatilization is the main loss of pesticide. Willis et al. (1980) reported a 44% loss over
120 days, while another study reported a 58% loss over a period of 11 days (Willis et al.,
1980). This is supported by Lichtenstein et al. (1961) who reported 50-60% loss of DDT
in 6-12 months, and measurable volatilizatioh continuing thereafter.  Similar
organochlorine compounds have been shown to experience 90% volatilization loss from
orchard grasses after 30 days (Taylor et al., 1977). Some of the DDT applied would also
be lost through drift, plant and animal uptake, etc. Therefore, the actual amount of DDT
in the shallow soil before degradation and leaching commences and considerably less
than the application rate. While the fraction of DDT that enters the subsurface at PPNP is
unknown, it is assumed here that '/\y of the applied DDT entered the shallow soil, thus
the total amount of DDT to enter the soil at PPNP over 20 years should be between
0.34 kg/ha and 50.0 kg/ha, or a maximum annual soil accumulation rate of 2.5 kg/ha.
Extrapolating the depth-weighted profile mass of Total DDT from Table 19,
calculated per cm’® of the soil profile, at CHO (0.223 mg), SHO (0.339 mg) and AO
(0.075 mg), to a hectare scale gives Total DDT at CHO, SHO, and AO of 22.3 kg/ha,
33.9 kg/ha, and 7.5 kg/ha, respectively. Based on the best-fit calibration simulation
(PP14023B), only 5.9% of the Total DDT was lost due to degradation and leaching over
the 54 year period. Thus, even considering a loss of DDT after it entered the subsurface,
the present amounts of DDT in the soil at PPNP are within the range of probable amounts

to have entered the soil.
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Although there were no records of DDT application to agricultural areas at PPNP,
the 8 calibration simulations for CHO provide application rates (i.e., DDT to have entered
the soil) at CHO of 23.4 to 26.4 kg/ha if applied only during 1950, and 39.8 to 41.0 kg/ha
if applied only during 1970 (Table 26). Greater quantities of DDT were applied within
the 1970 — 2003 suite of simulations because half-lives were much shorter relative to the
1950 — 2003 suite of simulations. Thus, as indicated by these LEACHMP simulations for
CHO, it would appear that DDT could not have been applied only during 1970; 40 kg/ha
to have entered the soil during only 1 year is unrealistically higher than even if all DDT
applied at Ontario Ministry of Agﬂ'cﬁlture and Food’s (OMAF) maximum recommended
rate of 25 kg/ha entered the soil. Similarly, the simulated application of DDT only during
1950 is still abeve the range of DDT levels in shallow soil that could occur if the OMAF
recommended application rate for one year was followed.

Thus, DDT would have to have been applied several times over a number of
years. The Total DDT that historically entered soil at CHO is between 23.0 kg/ha and
41.0 kg/ha. Based on maximum loading rates (2.5 kg/ha/yr to enter soil), at least 10 years
would be required for CHO, 14 years at SHO and 3 years at AO to attain field-measured
values prior to further loss in the subsurface. Because application of DDT in 1970
requires unrealistic application rates, and applications over a period of 14 years are
required at SHO, DDT was likely applied early in the time frame being simulated
(i.e., 1950-1960).

When modelled application rates were compared with an application rate

calculated from the depth-weighted profile Total DDT for CHO (Table 18), it showed
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that between 1.0 kg/ha and 18.8 kg/ha had either degraded or been removed from the
system through volatilization and/or leaching to groundwater. The simulation selected to
be the best fit to field data (PPI4023B) required that technical grade DDT be applied at a
rate of 26.2 kg/ha.

Because the depth-weighted profile Total DDT mass was fairly low relative to the
best management practices, a simulation employing the absolute minimum application of
DDT was not conducted. Thus, the maximum amount of DDT that was applied is
approximately 20 times higher than what currently exits within the soil profile at CHO as
measured on May 12, 2003. It is unlikely that DDT was applied at such high rates; so
loading was increased by a factor of 10, with organic carbon again removed from deep
soils (30-200 cm). Breakthrough curves (Figure 41) predicted DDT and DDE
concentrations on May 12, 2003 were approximately 7 ng/L and 5 ng/L, respectively. At
early times the abundance of DDT over DDE, and slightly lower sorption coefficient of
DDT, results in an earlier appearance of DDT at the water table. At late times, the higher
solubility of DDE relative to DDT and conversion of DDT to DDE, generates higher
concentrations of DDE at the water table. In the future, DDE concentrations in

groundwater will dominate as DDT continues to be transformed to DDE in soil.

4.7 Discussion of LEACHMP Modelling Results

One-dimensional modelling with LEACHMP showed that the primary
transformation/degradation pathway in the soils of the former agricultural areas at CHO

is via the aerobic transformation of DDT to DDE, with half-lives of ~30 years at ground
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surface and ~9 years at depth. Very little transformation of DDT to DDD or DDE to
further degradation products occurs (estimated half-lives of 450 and 100 years,
respectively). Simulations at SHO (shallower depth to water table, different organic
carbon content, lower elevation) illustrated that degradation was occurring at a uniform
half-life with depth of ~14 years. No leaching was predicted at CHO with the present
levels of organic carbon found in the soil profile throughout the time period that was
simulated. Only when organic carbon was removed from the Bm and C horizons, did
leaching begin after approximately 40 years, producing concentrations of Total DDT at
the water table within one-order of magnitude of field-measured groundwater
concentrations. The factor limiting the leaching of DDT to groundwater is the binding of
DDT to the organic carbon in the Ah horizon. Once DDT enters the Bm and C horizons,
it is flushed to the water table within a few days with infiltration. This suggests that the
sorption mechanism at PPNP is probably either kinetic, or depth-dependent. At SHO,
where the water table is shallower and Ah horizon organic carbon contents are lower,
leaching was predicted but at levels 10 orders of magnitude less than measured. Again,
when organic carbon was removed from deep soils, concentrations at the water table
compared very favourably to measured data in May 2003. This implies that if the depth
to the water table is sufficiently shallow, some DDT will reach the water table even if

some organic carbon is present.
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4.8 GW-WETLAND Simulations

4.8.0 Model Description: GW-WETLAND

The GW-WETLAND model was developed to simulate both groundwater flow,
groundwater-surface interaction, contaminant transport within the saturated zone, and
solute fluxes across the groundwater-surface water interface, in a 2-D heterogenecous
cross section in response to transient hydrological and meteorological conditions
(Shikaze and Crowe, 1999). The model has been used to simulate groundwater flow and
contaminant transport within the barrier bar between the marsh and a lake at PPNP
(Crowe et al., 2004), infiltration of contaminated water from a river during flooding
(Shikaze and Crowe, 1998), groundwater flow in the vicinity of drainage ditches and
responses to ditch blockages (Crowe et al., 2000), impact of dewatering at a quarry on an
adjacent wetland (Crowe et al., 2002), and the groundwater flow regimes adjacent to
coastal wetlands (Crowe and Shikaze, 2004). A brief description of the GW-WETLAND
model is provided below and the reader is directed to the users’ guides for detailed
descriptions of the model (Shikaze and Crowe, 1999, 2000, 2001).

Within the context of this thesis, GW-WETLAND was used to model the
transport and persistence of DDT within the saturated zone of a section of the western
barrier bar at CHO from Lake Erie to the Point Pelee marsh. The model simulated the
54-year period of time from the first applications of DDT in 1950 through the last
applications of DDT in 1970 to the present time (2003). The specific objective of the
GW-WETLAND modeling was to evalnate the transport of DDT within the saturated

zone in response to both actual meteorological conditions measured between 1950 and

176



M.Sc. Thesis — R. Mills
McMaster University — School of Geography and Geology
2004 and various DDT loading scenarios across the water table based on LEACHMP

simulation outputs.

4.8.1 Flow Representation
GW-WETLAND simulates the 2-D transient flow of groundwater in the saturated
zone within a heterogeneous cross-section. The hydraulic head distribution within the

heterogeneous flow domain is solved using the transient groundwater flow equation:

aLK ok, a[K oh)_g Oh (ad)
ox 8x) cz oz ) ot

where K; is the saturated hydraulic conductivity [LT"], 4 is the hydraulic head [L], S, is
the specific storage coefficient [L"'], x and z are directions [L] and ¢ is time [T]. The
solution to this equation is solved using a standard Galerkin finite-element method
employing linear triangular elements (Pinder and Gray, 1977). Left, right and bottom
boundary conditions for the cross-section are no-flow boundaries represented by:

9
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where x = 0 is the left boundary of the cross section, x = s is the right boundary of the
cross-section, and z = (0 is the base of the cross-section. The upper boundary of the
saturated domain is either a Dirichlet (specified head) or a Neumann (specified flux)
boundary condition. Infiltration and evapotranspiration may vary both spatially and with

time, and are simulated using the following Neumann type boundary condition equation:

K%K%:IS%} (46)
Ox Oz Y ot
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where [ is the rate of infiltration [LT™'] across the water table and S, is the specific yield
within the unsaturated zone immediately above the water table.

GW-WETLAND simulates a fluctuating water table that rises and falls in
response to the calenlated pressure head distribution within the saturated flow domain
and boundary conditions. In order to accurately simulate the position of the water table
and to maintain the integrity of hydrostratigraphic units, the geometry of the uppermost
portion of the finite element grid moves in response to a rise or fall of the water table.
When the fluctuation of the elevation of the water table is small when compared to
vertical grid spacing, elements aiong the water table are stretched or compressed.
However, if the change in elevation of the water table is large, new elements are added
{(rising -water table) or removed (falling water table) along the water table. Thus an
accurate solution is obtained when elevation of a node along the water table is equal to
the value of hydraulic head at that node:

O{x,z,t)=h(x,z,t) 47
where & [L] is the elevation of the water table at a given point and /# [L] is the hydraulic
head at the same point in space and time. The GW-WETLAND model simulates the
formation or removal of seepage faces as the water table rises to intersect ground surface,
or falls below ground surface, respectively.

The hydraulic head distribution within the flow domain and the geometry of the
flow domain are both unknown at each time step. Therefore, the solution can be obtained
only through an iterative technique. At each iteration, the calculated head for each node

along the water table is compared to the elevation of the corresponding node. The
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position of the nodes along the water table are adjusted as necessary until the residual for

all nodes along the water table is less than specified convergence criteria:

residual = Z}é‘(x, z,t)-h(x,z, t)i (43)

The GW-WETLAND model is capable of simulating single or multiple surface
water bodies within the 2-D cross section whose lateral extent and surface elevation
change (i.e, a rising marsh moving lateral over the shoreline) in response to
meteorological, hydrological, and hydrogeological conditions. These are simulated as a
transient specified head boundary along the top of the saturated zone where the surface
water body intersects ground surface. The hydraulic head along the groundwater-surface
water interface is equal to the elevation of the surface water body:

H(x,z,8)= L) (49)
where [ is the surface elevation of the wetland [L]. The nodes along the surface of the
saturated flow domain are switched from free nodes to specified head nodes as the lateral
extent of surface water body expands across the shoreline. Nodes are switched from
specified head nodes to free nodes when the surface water body retreats. The model can
be executed using long-term water level records for the surface water bodies to fix the
elevation of the surface water body at each time step or secondly, by allowing the
groundwater flow discharge or recharge to determine the level of the surface water body
during each time step. For all simulations undertaken here, long-term water levels were

available and thus, the first option was utilized.
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4.8.2 Solute Transport
The transport of contaminants within the saturated zone is simulated using a

numerical soiution to the 2-D advective-dispersion equation:

o 0 O ’ 0 )
GNP Y é-(ij+~£—(Dnic—+Dn ‘?5] (50)
ot ox T 9z T Oxi T ox “0z) oz\| T Ox

where ¢ is the contaminant concentration [ML™], v is the average linear porewater
velocity in the x z directions [LT™'] and D is the hydrodynamic dispersion tensor [LT™'].

Two metheds tor solution of the advective-dispersion equation are employed in
GW-WETLAND. The first method is a standard Galerkin finite eiement scheme (Pinder
and Gray, 1977), which directly solves the 2-D advective-dispersion equation throughout
the cross-section. The second method is a deterministic-probabilistic particle-tracking
solute transport model (Ahlstrom et al., 1977; Schwartz, 1978; Prickett et al., 1981), in
which particles representing the mass of contaminant are added at a specific source
location(s) within the saturated flow domain and move by advection according to the
velocities calculated within each element in the direction of groundwater flow.
Dispersion is handied by generating a random number to account for velocity variations
within the porous medium. Utilizing this method, both the location of particles within the
tlow domain and concentrations within each element are provided.

In addition, the particle-tracking method is able to provide visualization of the
flow pathways of contaminants by looking at particle locations at each time step. This
method has the advantage of being more numerically stable in systems that are

advectively dominated when compared to the direct Galerkin-finite element solution to
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the advective-dispersicn equation that 15 unstabie when Peclet numbers greater than
2 prevail in the system and contaminants trave! distances greater than the dimensicns of
an element in 4 given tine step. Because the sands at PPNP are relatively honiogeneous

~
/

and have very high hydraulic conductivity (~2.52 x 107 cm/s), and thus contaminant

transport 15 likely advectively dominated, the particle tracking method will be utilized for

mvestigation of DDT transport at PPNP. A variety cf output files are aiso generated to

provide a variety of information inciuding hydraulic conductivity distnibution, hydraulic

head distribution, flow velocities, mass balance information, fluid fluxes, particle
:

locations and solute concenirauion at user-specified times. The ocutput files have also

been constructed to allow for simple visual presentation within GridBuilder© software.

4.8.3 Values Assigned to the GW-\WETLAND NModel Parameters:

The model for the simulations is based on the previously published model
presented in Crowe et ai. (2004) for the Camp Henry Transect.  All parameters remained
thie same as presented, with minor adjustments made to recharge and evapotranspiration.
The length of the simulations was extended to 1950 to 2003. Model input parameters

were based on field measurements and best availabie literature values (Table 32).

4.8.4 Space and Time Discretization Parameters:
The flow domain 1s 500 m wide and exiends perpendicular across the western
barrier bar near CHO between Lake Erie and the marsh. The cross section extends 25 m

past each shore (Figure 4) to ensure that the groundwater tlow and DDT transport here is

181



M.Sc. Thesis — R. Mills

McMaster University - School of Gecgraphy and Geclogy

Table 22. Values assigned (o model parameters required by CW-WETLAND,

Parameter Units Values Used : Souree
.
! Aeolian and Shoreface Sands
T
{E ffective porosity . f 0.3 Measured
{ T . . . i — p _._ !
K.y {aeolian sand, shoreface sand) ra day i 3.64 Measured
[ . , T P . -
Specific stnrage m’ 0.00G3 Dormenico and Schwartz (1998)
Speeiiic yvield 6.20 Doinenico and Schwartz (1958) i
. . 1 : I
Ciacielacustiine Sand i i
Effective porosity : 0.3 ! Measured
; -
K (lacustrine sand) | mday’ } 0.864 Measured
ISpecific storage m! 0.0005 Domenico and Schwartz (1998)
f . :
| Marsi Sediments :
[ g (
(Effective porosity ; - ; 0.3 Measured
- pl
. i - ! - .
Ko {marsh sediments) ' mday’ 8.64 x 107 Measured
! . _ - . e
{Specilic storage m! 0.0005 Domenico and Schwartz (199%}
 —
! Glacial Clay
T
[ (clay) mday’ 0 No fiow boundary
ot #rows .
! Grid dimensions SIS 126, 501 Field measurements
! Hcolumns |
T
Cait heigint hit ' .1
1Celt width ; m 5.0
Initial time step size day 0.5
Maximum ime step size day 1.0
Time step scaling facior 3 - 1.05
Convergence criteria m 0.001
o . . . PPNP and Leamington
Monthly precipitation (P) m E)vleat:; c;:ix dig Measured
Recharge {January - April) | m 0.50xP Fitting parameter
0.25xP(V-150m)
Recharge (Apn! - December) m 0.00 x P (150 - 250 m) Fittine varsmeter
, 0.25 % P (250 = 500 m) § paraz
Evapotranspiration {Oct. - April) T. m day! 0 Fitting parameter
! 5 (0250 1m)
Evapotranspiration (May — Sept.) m day™ 0.0010 (251 - 339 m) Fitting parameter
0.0015 1351 - 501 m) £ parame
. 1 abov .
Monthly Lake Erie levels m above 1950 - 2004 Daily measurements
modei datum
; . at 1950 - 1978 Fxtra ti L.Eri
Monithly PPNP Marsh ievels m above 950 - 197 trapolated from L.Erie level
model datum 1978 - 2004 PPNP / NWRI records
|
. , . m above .
Initial waier table elevation e 9.4 Approximated
l | mode! datum
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Table 37 (cont’d).

3 H
; i vt 1 » .
Paramatenr | U nits Values Used s Senves

4 N
i ooy
Dispersivity {iangitudinal, Doy  Domencco and Scuwertz (1998}

} ta J 1.0, 0.1 i
!rr ansvarse) i : i
— i - _
228220, 8.4--8.3 | Western boundary, centre, and !
n.,Qf‘i IMINant sourcs zone locat! ion ; \ | 192110 - . . 3
i¢ point sonree) mix,zy ! 325-330,84--8.5 castern boundary of former
lelay s PN - .
1P o | 435-430,84 -85 | agricslturai landuse area
] . o - - o N e e ~ . .
;‘\,ontamma-n' SGUICE ZOTIE (Ghatiaon o (X.2) 225420842055 | Endire spait of former agricultural
{(nnori-point zource) I . L tanduss erea |
‘ -, . H « | .
!!m‘u'_\i TIAsS per contaminant particle | g i Varies | Dependent upoa loading curve
[ y— - f=u L

! i o ! : .

l MNumber <t particle sourve zores | : Varies i Dependent upon loading cunve
4 —

Mumker of particles added per time | : - .
ger Lpahcies pet tim - Varies Dependent upon loading curve
Siert date, Swop date day nvmber Varics Dependent upor: loading curve
h e e S et S i = | \/I' N , .
; . i g arenco (2002}, approximated
iDwgradanon hali-life P day! ; 1650 ’ g o k
e L p o o | fiom LEACHMP simulations

confroited by lake or marsh fluctuaiions and is not coastrained by boundary conditions.
Due to ihe ability of the medel te net only simulate the nse and fall of the lake and marsh
izvels, but to siulate the corresponding lateral movement of the lake and marsh across
the shors, the actual wiath of the pamrier bar changes with firne.

The finite element grid consists of 126 rows that are 0.1 m in height, and 501
columns that are 1.0 myin width. The totai number of clements changes in response to the
fluctuating waler table, but generally excecded 66,000 linear triangular elements, or
23,000 cells consisting of 2 elements cach. There were a total of 481 free water table
nodes that were located in the uppermost row of the saturated flow domeain. This row of
nodes was permitted 1o change in response {o fluctuating water table conditions that
change the gecmetry of the How domain aver ime.

Simulations of greundwater flow at CHO begin on January 1, 1950 and extend to
Decernber 31, 2003 for a total of 19723 days of simulation time and 19730 time steps.

Initial time steps were set at 0.5 days, and incrementally increased by a factor of 1.05 to a
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maximum time step of 1 day for the duration of the simuiation. Model tolerance for
convergence of the solution to the water table elevations was set at 0.001 m, with the
maximum aumber of 1terations set at 100 within each time step. Simulations generally
took between 12 and 72 hours to execute on a computer with a Pentium IV-2.8 GHz

processor, with execution times lengthening with increasing numbers of particles.

4.8.5 Physical and Hydraulic Properties

The definition and hydraulic properties of hydrostratigraphic units aleng the
modelled cross-section was based ca information derived from NWRI boreholes in the
vicinity of Camp Henry (Figure 3) and are described in Crowe et al. (2004). Five
sedimentarv upits were identified aiong the Camp Henry transect including aeclian sand,
shoreface sand and gravel, lacustrine sand, clay-rich till, and gvttia. However, because
the hvdraulic conductivity of the aeolian sand and shoreface send and gravel is essentially
the same (2.52 x 107 cr/s for aeolian sand; 2.57 x 10 cm/s for shoreface sand and
gravel, respectively), these two uniis were treated as a single hydrostratigraphic unit with
an assigned hydraulic conductivity of 8.64 m/day. Because the asolian sand is variably
saturated, it was assigned both a specific yieid of 0.20 and a specific storage of
0.0005 m'. The lacustrine sand, glacial clay till and gyttja were modeled as separate
hydrostratigraphic units. Average hydrauiic conductivity values are 4.17 x 10 s for
iacustrine sands 1.9 x 10 cm/s for marsh sediments based on a total of 24 tests (Crowe et
al., 2004). The glaciolacustrine sand was assigned a hydraulic conductivity of

0.854 m/day and effective porosity of 0.3 and a specific storage of 0.0005 m™. Marsh
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sediments were assigned a hydraulic conductivity of 3.64 x 107 m/day, an effective
porosity of 0.3 and a specific storage coefficient of 0.0005 m™'. The glacial clay till unit
has a very low hydranlic conductivity and the top of this unit was treated as an

impermeabis (no Jow) beundary.

4.8.6 Boundary Counditious for Water Flow and Soluie Transport

The upper boundary of the saturated flow domain is a free surface that is
permitted te fluctuate throughout the sirnuiation in response to changes in lake and marsh
levels, and precipitation, and evapotranspiration. Infiltration and evapotranspiration
fluxes across the upper boundary change spatially and over time in response to
meteorclogical conditions described in Secton 4.2.5, as well as vegetation types and
hickness of the unsaturated zone across the barriec bar. In the model, evapotranspiration
aril nfiltration were used as fitting parameters t© match measured hydraulic head
distiibutions across flow domain. FEvapotranspiration is assumed to occur from the
beginning of May to the end of October each year corresponding to the period of active
plant growth and hence, iranspiration. It is assumed that no evapotranspiration occurs
from faie October to late April each vear.

Lake Eriz and ihe marsh were represented as separate surface water bodies along
part of the west and east portions ot the tlow domain (Figure 42). These boundaries were
treated as variable constant head boundaries, with values of head set equal to daily lake

and marsh {evels. Daily water levels in Lake Erie have been recorded throughout the

duration of the simulation at the Canadian Hydrographic Survey’s Kingsville station
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(Station # 6134190}, However, iearsh levels were only recorded at regutar intervals from
078 to 2004 by Parks Canada, so they were extrapolated from 1950 to 1978 based on the
relationship between marsh and lake levels for the time when they had both been
recorded.  Because marsh levels wers recorded sometimes on a daily basis and other
trnes on & monthly basts, and hecause marsh levels change very little from week to week,
average monthly marsh levels were assigned to each day during the monih. To eliminate
any shott term impact on lake levels due to storms (Figure 4}, that bave esseuntially no
impact on groundwater leveis, the daily [ake leveis used in the simulations were obtained
y first calcuiating & ronthly average Lake Erie water levels and then calcuiating the
daily value by hnear interpolation between monthly values.

The side boundaries of the flow dosnain are no flow boundaries, situated at a
sufficient distance away {fom the shore of Lake Erie and the marsh such that they do not
generate unrealistic tlow conditions within the saturated zone. The placement of the side
boundaries is further supperted by the fact thai groundwater discharge into a large surface
water body decreases exponentially from shore (McBride and Pfannkuch, 1975).

The betiom boundary, which represents the top of the clay-till, i1s a no flow
boundary that slopes upward in elevation from west 1o east (Figure 3).

Contaminani transport was simulated using the particle tracking method, and
varying numibers of particles werc added via user-defined source zone locations over
user-specified time intervals to represent the loading of Total DDT from the unsaturated
zone. Initial particie masses and loading raies and fimes were based on outputs from

LEACHMP modelling, and parameter values varied between simulations. Two areal
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loading scenarios were adopted in order to investigaie point-source and non-point source
&

observe the effeci of dispersion on groundwater concentrations over time. Non-point
source loading was used to evaluaie the outcome of field-scale application and leaching
of DDT on groundwater corcentrations beneath former crchard areas at PPNP.

Parocles were added to the saturated zone at an elevation below the lowest
recorded water level at Camp Henry monttoring wells in order to ensure that no
coniaminants were artificially removed from the flow domain as clements became
unsaturaied. This leading scenario approximates the loading of DDT compounds at the
water table via leaching from the unsaturated zone. Thus, all source zones were 0.1 m
thick and 5 m wide and were situated ai an elevation of 8.4 to 8.5 metres above model
datum (165.0 m as.). Solute breakthrough curves obtained from LEACHMP
simulations were divided into separate loading periods to approximate the actual shape of
the breakihrough curve using continucus, constant loading rates within each source zone.
While loading rates specified for each source zone were variable, particles were added at
the water table during each time step at a fixed rate within each loading period,
necessitating a compromise between number of particles. number of source zones and
particle mass in order to maintain reasonable simulation times on the order of days, rather
than weeks. Contaminants were not added to the flow domain until well after time step
sizes reached daily increments and the flow system had stabilized.

The bottom and side boundaries for solute transport were no-flow boundaries and

did not permit contaminant transport by advective, dispersive or diffusive processes
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across the boundary. Conteninants were permitted to discharge ‘o Lake Erie and the
marsh, where the solute fiux across the groundwater-surface water interface over time
could be known. Contaminant masses and concenirations were no longer recorded

(ollowing discharge to the surface water bodies.

4.8.7 Initial Coaditions isr Water Flow and Solute Transpori

The initial conditions for the flow domain were a flat water tabie at an elevation
of &.85 m above medel datum, corresponding to an eievation of 173.85 metres above sea
level. The initial water levels for Lzke Frie and the marsh were 8.85 m and 9.26 m,
{(elevations of 173.85 m as.l. and 174.26 m a.s.l.) respectively, based on recorded lake

levels and estimated marsh levels from the day the sumuiations commenced.

The flow domair was intiially free of DDT.

4.8.8 Solute Transport Parameters

Longitudinal and transverse dispersivity values of 100 ¢m and 10 cm,
respectively, were taken from orevious modelling of a septic plume at the Camp Henry
Transect (Crowe ¢t al., 2004). The dispersivity values are consistent with reported
standard values (Domenico and Schwariz, 1998).

A half-life of 3650 days (10 years) was impiemented based on the best-fit half
iives in deep soils aciieved through LEACHMP modeiling. This is also consistent with
half-lives in deep soils reported in previous studies within PPNP (Marenco, 2002; Crowe

et al., 2002), as well as the best fit LEACHMEF calibraticn (PPI4023B).
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Because there are no field measurements of organic carbon content within the
saturated zone, and LEACHMP simwulations illustrate that adsorption cannot be occurring
witiun the saturated zone, the flow domain was assumed to be free of organic carbon and

DUT compounds were non-sorbing within thie flow demain.  Thus, retardation

{adsorption) of DDT was not emploved in the GW-WETLAND simulaticns.

4.8.9 GYW-WETLAND Output Paraieters

Hydraulic head distribution, elevation oi the water table, and the location and
mass of particles werc output at various times to allow for the visualization of the
transient behaviour of flow and contaminant transport at Camp Henry using
GridBuilder©  sottware (McLaren, 1992) and spreadsheet software packages.
GW-WETLAND outpui files were quiie large owing to the long time period being
simuiation and thus, only 13 output times between 1950 and 1970 on days 1, 176, 2000,
4000, 5000, 6000, 7000, 7510, 8000, 10000, 12000, 14000, 16000, 18000 and 19477
weie specified. This provided outputs that were approximately equally spaced
throughout the duration of simulations, with additional outputs on the calibration date
(May 12, 2003) and days after the largest pulse loading events had occurred. The
elevation of the water table was printed at every time step, allowing for the comparison of
water table elevations with measured data over on specific dates to evaluate the quality of
the flow calibration. Qutput was post-processed and contoured within GridBuilder© in
order to illustrate concentrations within groundwater. After plotting several different

contour intervals and ranges of values, a compromise was reached affording the best
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resoludion of concentrations. While the entire range of concentrations is not reflected in
many sirmulations, they appear as blank areas and can be inferred to represent

coneentrations above the greatest value on the contour scale colour bar.

4.9 GW-WETLAND Flew Calibration

Only groundwater flow in the saturated zone was calibrated because DDT
concentrations in groundwater nave only recently been measured at the water table (1998,
2002, 2003 and most of the sampling locations were not located within the
2-dimensicnal flow domain being simulated. The simulations were undertaken from
1950 to 2003 but were only calibrated against 10 years of measured water table
elevations (1994 - 2003} recorded by NWRI staff.

Because ine exact magnitudes of infiltration and evapotranspiration were not
known across the entire transect, they were used as fitting parameters to match the
measured spatiai and temporal distribution of the elevation of the water table at CHO.
The transect was divided into 3 regions based on similarities in vegetation and depth to
the water table, to which iafiltration and evapotranspiration values were assigned.
Evapotranspiration rates employed for the simuiations at the Camp Henry transect were
0 m/day from 1 to 250 m east across the transect, 1.00 x 10~ m/day from 251 to 350 m
and 1.50 x 107 m/day from 2351 to 301 m for May to September, and 0 m/day across the
eniire transect from October to April each year.

The model was able to simulate the elevation of the water table (Figure 43).

When modelled elevations of the water table were compared to measured elevations of
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the water table along the Camp Henry transect, a relatively good correlation was
observed, with all points clustering near the 1:1 line and RMS errers of 0.151 m, 0.124 m
and 0.116 m: for weils CH-29, CH-25 and CH-27, respectively (Figure 44). These errors
were calculated based on a total of 292 water table elevation measurements, and the
nocled RMS error for all 3 veells was 0.1308 m. This indicates that GW-WETLAND is
abie to accurately represent groundwater flow regime within the barrier bars at PPNP

near CHO.

4.10 Solute Transport Simulations

The calibrated GW-WETLAND model of the flow domain across the barrier bar
at CHO was used to evaluate the transport of DDT within the saturated zone in response
o both meteorological conditions measured between 1950 and 2004 and various DDT
ioading scenarios across the water table based on LEACHMP simulation outputs. Only
one cross section, that at Camp Henry Orchard, is simulated because former agricultural
areas within PPNP from the Camp Henry Orchard southward to the former Ander’s
Orchard have a similar geology and groundwater flow regime. The model simulates the
various DDT loading scenarios during the 54-year period of time from the first
applications of DDT in 1950 through the last applications of DDT in 1970 to 2003.

Two types of DDT loadings to the saturated domain as a flux across the water
tabie were simulated, {1) point socurce {scale of a few m°) representing a spill or current
location of very high concentrations in the shallow seil, and (2) non-point source (scale

of 100’s m?) represeriing widespread DDT loading across a large portion of the barrier
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bar as would occur from an agricultural application of DDT to a field or orchard. The
point-source loading is used to examine the direction of transpert, either towards the lake
or the marsh, depending on wherc across the barrier disselved DDT eniered the flow
domain. The point-source loading is also used to examine the spreading of dissolved
DDT due to dispersicn and diffusion as it is transported with groundwater flow through
the barrier bar. Non-point scurce loading is used to examine typical concentrations that
wonld be sesn in groundwater both histcrically as well as today under typical agricultural
tand-use areas (e.g.. vegetable field, orchard). Specifically, at CHQC, the spatial
distribution of the non-point source loading area matches the known extent of former

agricultural areas within that region of the park (Figure 2).

4.10.1 DDT BSource Zones within the Flow Domain

Three source zones were used for the non-point source loadings. Each source
zone was 5 m or S cells wide by 0.1 m or 1 cell thick, and located at the water table.
These source zones were located within the former Camp Henry orchard, at the most
westerly edge of the former orchard at 225 - 230 m, the centre of the former orchard at
325 - 330 m, and the eastern edge of the former orchard at 425 - 430 m, or at distances of
approximately 220 m, 120 m, and 20 m from the edge of the marsh (Figure 42).

Non-point source loading was stmulated with one scurce zone 205 m wide by
0.1 m thick (205 x 1 cell) representing the entire width of the former Camp Henry

orchard. It was located at 225 — 430 m or located between 225 m and 20 m from the
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marsh, and again placed along the water tabie (Figure 42). Another simulation employed

a persistent addition of DDT for 54 years at 1 ng per time step from 325 - 326 m.
GW-WETLAND removes all contaminant mass from along the water table if the

water table falls sufficiently to drain the element. To ensure that all DDT added te the

saturated zone was conserved, source zones were placed at the lowest water table

elevation recorded at Camp Henry monitoring weils (8.4 m - 8.5 m above datum).

4.10.2 DT Loading Rates to the Fiow Domain

A total of 11 scenarios were run with GW-WETLAND, based on: (1) point source
or non-point source icading, (Z) year the DDT loading occurred, and (3) the length of
time in which loading occurred (Tabie 33). The loading of DDT to the water table in the
GW-WETLAND sirnulations 13 based on the three different breakthrough curves from
LEACHMP outputs: (1) single pulse input of DDT, (2) multiple pulses of DDT, (3) long-
term coniinuously increasing loading rate of DUT, and (4) long-term constant loading
rate of DDT (Table 32). Because LEACHMP simulated loading of DDT
compounds in both 1950 and 1970, two suites of GW-WETLAND simulations were run
for each LEACHNMP loading scenaric. In all cases, simulations began in 1950, although
loadings startad in either 1950 or 1970.

The particie tracking routine was utilized within GW-WETLAND for the PPNP
simulations. The mass of each particle added to the flow domain remained the same
throughout the duration of each simulation, but was changed from one simulation to

another in order to keep the total number of particles between 5,000 and 20,000 and keep
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Tabie 33: GW-WETLAND simulations iun to examine DDT transport scenarios.

Simulation | Type of source LEACEMP Loading schedule
zcne(s) loading

CH la point source Figure 39 single 85 day pulse of DDT during 1950

CH 1b poini source Figure 39 single 236 day pulse of DDT during 1970
CH 2a non-point source Figure 39 single §5 day puise of DDT during 1950

CH2 non-point source Figure 39 single 256 day pulse of DDT during 1970

CH 3a peint source Figure 27 long slow increase in DDT loading to w.t. from 1950 to 2003
CH 3b point source Figure 37 long slow increase in DDT loading to w.t. from 1970 to 2003
CH 4a non-point source Figure 37 long slow increase in DDT loading to w.t. from 1950 to 2003
CH 4b non-point scurce Figure 37 long slow increase in DDT loading to w.t. from 1970 to 2003
CH 5a point source - very iow continuous leaching over 54 years (1950 - 2003)
CH 0a poit source Figure 37 2 year pulse of DDT during 1955/56, 1960/61, 1965/66, 1970/71
EH &b n0n-point spurce| Figure 37 2 year pulse of DDT during 1955/56, 1960/61, 1965/66, 1970/71

simulation times reasonable. Particle loading times and number of particles loaded at

each time step were determined based on the LEACHMP outputs for each leaching

scenario, with LEACHMP solute breakthrough curves being approximated as a step

function because the number of particles added to the flow domain must remain constant

over time. Variable loading rates were accomplished by implementing multiple source

zones at the same grid location at several different times (Table 34). In all situations the

mass leached as predicted by LEACHMP simulations closely matched that input into

GW-WETLAND simulations.

4.11 Discussion of GW-WETLAND Modelling Results

The outputs from all point source loading of DDT simulations generally show

3 distinct plumes. For the purposes of clarity, the westernmost plume will be referred to
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Table 34: Total DDT loading approximations employed in GW-WETLAND simulations.

Simmiation | Particle | Start time | End time { Particles |Number and| Total mass added| Total number of
mass added per| Typeof per zcne per particles
time step source loading period {per zone| Tota!
- (mg) {day) (day) zone(s) {mg)
CH la ! 90 100 317 3 P.S. zones 3170
Figure 45 ! 10! 125 2 3PS zores 306
1 136 175 3 3 P.S. zones 117
3393 3593 10779
CH b 1 7396 7406 240 3 P.S. zones 2409
Figure 46 ! 7407 7441 13 3 P.S. zones 310
! 7442 7552 3 3 P.S. zones 630
B 3540 3540 | 10620
CH 2a 20 96 100 690 I N.PS. 138000
Figure 47 20 104 133 19 1 M.P.S. 12920
20 136 175 2 I N.P.S. 1560
152480 7624 7624
CH b 20 7396 7406 525 I N.P.S. 105000
Figure 4§ 20 7407 7441 29 I N.P.S. 19720
20 7442 7652 0 I N.P.3. 25200
149920 7496 7496
CH 3a 0.001 6570 6571 150 3 P.S. zones 0.15
Figure 49 0.001 7665 7666 150 3 P.S. zones 0.15
0.061 3760 3761 150 3 P.S. zores 0.15
0.001 9855 9856 150 3 P.S. zones 0.15
0.001 10950 10951 150 3 P.S. zones 0.15
_— 0.001 12045 12046 150 3 P.S. zones 0.15
0.001 13140 13341 150 3 P.S. zones 0.15
0.901 14235 14236 1 3 P.S. zones 0.001
0.001 15330 15331 1 3 P.S. zones 0.001
0.601 15332 19710 i 3 P.S. zones 4.378
i 5.43 5430 | 16290
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Table 34 (cont’d).
Simufation | Particie | Start time | End time | Particles |Number and] Total mass added | Total number of
IS added per| Typeof per zone per _particles
time step source loading period |Per zone| Total
{mg) {dsv) {day) zone(s) {mg)
CH 3b 0.0001 15774 1577 500 3 P.S. zones 0.05
Figure 50 6.00C1 1565¢ 16651 500 3 P.S. zones N.05
- 0.0001 17307 17308 500 3 P.S. zones 0.05
0.0001 17928 17929 500 3P.S. zones 0.05
0.0001 13402 18403 500 3 P.S. zones 0.05
0.0001 18731 18732 500 3 P.S. zcnes 0.05
0.0001 19132 19133 500 3 P.3. zones 0.05
0.0001 19607 19608 500 3 P.S. zones 0.05
0.40 4009 | 12000
CH 4a 0.02 6570 6371 308 I N.P.S. 6.16
Figure 51 0.02 7665 7666 308 I N.P.S. 6.16
0.02 8760 8761 308 I N.P.S. 6.16
0.02 9855 98se 308 I NP.S. 6.16
0.02 10950 10951 308 I N.P.S. 6.16
0.02 12045 12040 308 INPS. 6.16
0.02 13140 13141 308 IN.PS. 6.10
0.02 14235 14236 308 I N.PS. 6.16
0.02 15330 15331 308 1 N.P.S. 6.16
0.02 15232 19710 2 I N.P.S. 175.12
230.56 11528 | 11528
CH 4b 0.001 15774 15775 2050 I N.PS. 2.05
Figure 52 0.60i 16650 16651 2050 1 N.PS. 2.05
B 0.001 17507 17308 2056 1 N.P.S. 2.05
2.001 17928 17929 2050 I N.PS. 2.05
0.001 18402 18403 2050 INPS. 2.05
0.001 18731 18732 2030 I N.P.S. 2.08
0.001 19132 19133 2050 I N.PS. 2.05
0.001 19607 19608 2050 1 N.P.S. 2.05
i 16.4 16400 | 16400
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Table 34 (cont’d).
Simulation | Particle | Start time | End time { Particles [Number and{ Total mass added | Total aumber of
nmass added per | Typeof per zone per particles
time step source loading peried |Per zone| Total
{mg} (day) {day; zone(s) (mg)
CH sa 0.000001 30 19722 1 325-326m 0.019692
Figure 53 0.015652 19692 | 19692
CH o%a 100 2008 2738 1 3 P.S. zones 73000
Figure 34 100 3833 4563 N 3 P.S. zones 73000
- 106G 56358 6388 { 3 P.S. zones 73000
160 7483 8213 1 3 P.S. zones 73000
73900 736 2190
CE 6b 1000 2068 2738 4 1 N.P.S. 2920000
Figure 55 1000 3833 4563 4 I NPS. 2928600
1000 5638 6388 4 I N.P.S. 2920000
1000 7483 8213 4 I N.P.S. 2920000
2920000 2920 2920
N.P.5. — Non-point source leading from 225-420 metres across the transect
P.8. - Point-source loading from 225-230, 325-330 and 425-430 metres across the transect.

as Plume #1, Plume #2 is the central plume and the easternmost plume is Plume #3. It
should be noted that the cross sections showing the distribution of DDT in the saturated
zone are drawn with a vertical exaggeration of 6.8 times.

Because GW-WETLAND does not simulate solubility reactions (i.e., dissolution
and precipitation), some of the scenarios predicted DDT concentrations in groundwater
above what would be expected natural system given that the solubility of DDT in water is
0.005 mg/L {Table 5). While such high concentrations are not likely accurate because
DDT compounds weuld precipitate at these concentrations, these simulations do provide

insight into where elevated concentrations of DDT would likely be found in the aquifer.
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2-D groundwater flow conditions from 1950 to 2004

General statements can be made about the groundwater flow conditions at Camp
Henry because the same calibrated groundwater flow solution was used for each
simuiation. Groundwater flow is infiltration dominated at Camp Henry between 1950
and 2003. Simulations predict groundwater flow divide exists within the central portion
of the barrier bar and it fluctuates between 225 m and 325 m in response to annual
changes in the relative elevations of Lake Erie and the marsh. Thus, groundwater flow in
this 225 — 225 m portion cf the barrier bar experiences a short-term reversal in flow
direction. These observations are consistent with those of Crowe et al. (2004).

Distinct plumes develop as a result of the imposed DDT loading conditions and
the system is advectively dominated, except in the small portions of the barrier bar where
a reversal occurs and here dispersion dominates. An average linear pore water velocity
can be calculated based on the position of the centre of the contaminant plumes over
tims. Based on the locations of the three plumes during 1950 and 1961 (Figure 45),
groundwater velocities were calculated to be 3 - 5 m/yr for the eastern portion of the
barrier bar, and 8 - 10 m/yr for the western the barrier bar. The higher groundwater
velocities in the western pertion of the barrier bar are a result of steeper hydraulic

gradients due o a greater range of lake level fluctuations versus those in the marsh.

Short-term point source loading of DDT i 1950 and 1970

Scenarios CH la and CH 1b simulate short-term (85 days) point source loading of

DDT at the water table as high-concentration puise shortly after application of DDT
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1950 and 1970, respectively. The simulation resuits of both simulations produce three
matin observations (1) the plumes move either towards, and discharge into, the lake or
marsh due to advective transport, (2) the plumes become more dispersed with time
occupying a large vertical portion of the saturated domain, and (3) concentrations of DDT
rapidly decline over time (Figures 45 and 46).

In both scenarios, Plume #1 migrates toward Lake Eiie, while Plumes #2 and #3
migrate toward the marsh. When DDT loading occmired during 1950, Plume #3 and
nearly all of Plume #2 have discharged io the marsh by 2003. But as expected due to the
short time for contaminant migratiorn, only all of Plume #3 and some of Plume #2 have
discharged to the marsh by 2003. In both scenarios, substantial DDT from Plume #1
remains within the lacustrine sands below the western portions of the barrier bar by 2003.
The lower hydrauiic conductivity of the lacustrine sands means that it may take some
ume for the lacustrine sands to be free of DDT threcugh discharge to Lake Erie. In both
cases, a substantial portion of the aeolian sand is free of DDT contamination.

Within 10 years after loading of DDT at the water table in both scenarios,
contaminants have spread throughout much of the vertical extent of the saturated zone.
This is due to the dispersive nature of contaminant transport through the permeable sand,
the length of time over which loading occurred (85 davs and 256 days), recharge
(especially the spring melt) pushing the contaminants downward within the saturated
zone, and evapotranspiration pulling the contaminated groundwater upwards.

Concentrations of DDT in the source zones immediately below the water table are

very high because contaminant loading into the source zone is faster than groundwater
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flow velocity to remove the contaminated water, and the loading is faster than
degradation rates. Over time, concentrations of DDT in the contaminant plumes rapidly
decline because of both a loss of mass due to degradation and spreading of mass due to
aispersion.  After 54 vears of transport and degradation (Figure 45), maximum
concenirations of DDT remaining in the aeolian sand (Plunie #2) are less than 1 mg/L.
But after only 30 years of transport and degradation {Figure 46), DDT concentrations in
the aeolian sand are still gquite high (>10 mg/L). Within the lacustrine sands, the
predicted DDT concentrations for 2003 show a different pattern. Not only is there
considerable DDT remaining in the lacustrine sand, but the difference in maximum
concentrations between the 1950 and 1970 loading are much less than those in the aeolian
sands to due greater dispersion. Maximum concentrations are approximately | mg/L and

5.0 mg/L, when DDT was introduced in 1970 and 1950, respectively.

Short-term non-point source loading of DDT in 1950 and 1970

Scenarios CH 22 and CH 2b simulate short-term, non-point source loading of
DDT to the saturated zone below former agricultural areas near CHO. Both simulations
show (1) DDT spreads through the saturated domain from the lake to the marsh, and
discharges into the lake and marsh in less than 20 years due to advective transport, (2) the
size of the plumes expanded due to dispersion, (3) the contaminant plumes moved
downward to the base of the saturated zone, and (4) concentrations of DDT rapidly

decline over time (Figures 47 and 48).
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Again, fiow of contaminants is towards both the marsh and Lake Erie, but most
movement of contaminant mass was toward the marsh due to the position of the flow
divide. The loading resulted in a large continuous plume that extended from Lake Erie to
the marsh in less than 20 years. However, because recharge (especially spring melt)
pushes the contaminant plume downward to the base of the saturated domain, the entire
saturated dormain 1s not contaminated. The plurnes move upward with groundwater flow
to discharge into the marsh, and also rise to the water table adjacent to the marsh due to
evapotranspiration. Contamination still extends from the lake to the marsh by 2003 in
both cases. Based on the 1950 loading scenario, it would appear that DDT will remain in
the lacustrine sand far longer than in the aeolian sand.

Over time, concentrations rapidly decline due to dispersion, degradation, and
mixing with infiltration. There does not appear to be a significant difference in
concentrations between the portions of the plume within the aeolian sand and the
lacustnne sand. Maximum concentrations in 2003 are 15 mg/L for a loading in 1950, and

80 mg/L for a 1970 loading.

Point source, slow increase in DDT loading from 1950 to2003 and 1970 to 2003
LEACHMP simulations indicate that because DDT is strongly bound within the
Ah horizon, and is slowly movirg downward to the B and C horizons, concentrations of
DDT leaving the Ah horizon, and hence crossing the water table, will continuously and
slowly increase with time (Figure 37). Scenarios CH 3a and CH 3b are designed to

assess the distribution of DDT compounds in groundwater that would result from
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continuously increasing surficial loadings from 1950 to present from point sources. Due
to restrictions in contaminant input in GW-WETLAND, the 54-year continuously
increasingly ioading at the water table is represented as a series of increasing pulses. For
the 1650 loading, the pulses occur for ! day every 1095 days, from 1968 to 1992 and
continuously from 1992 to 2003. For the 1970 loading, the pulses occur for 1 day at 329
to 867 day ntervals between 1993 and 2003. As a result of this loading schedule (pulse
inputs), the contamirant plume often appears as a series of plumes.

As with the previous simulations, Figures 49 and 50 illustrate that the
contaminant piumes (1) move towards, and discharge into, the marsh and lake over time,
(2) move downward to the base of the flow regime due to recharge (especially spring
melt), and (3) spreaa due to dispersion. Concentrations of DDT decrease as the plume
migrates from the source zone. However, concentrations in the contaminant plumes
adiacent to the source zones increase over time as flux loading at the water table
increases, and by 2003 concentrations reach levels of 0.60 mg/L and 0.10 mg/L for the
1950 and 1970 loading scenarios, respectively. Mass loading also increases at a rate
faster than the contaminants can be removed by degradation and advective transport. As
the loading rates continue to increase, an increasing poition of the saturated zone will

become contaminated by higher concentrations of DDT.

Non-point source, slow increase in DDT loading from 1950 to2003 and 1970 to 2003
Scenarios CH 4a and CH 4b are designed to assess the distribution of DDT

compounds in groundwater that would resuli from continuously increasing loading of
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DDT at the water table from 1950 to present (long-term slow leaching of DDT from the
Ah horizon) from non-point sources. Again, due to restrictions in contaminant input in
GW-WETLANDS, the 54-year continuously increasingly loading at the water table is
represented as a series of increasing pulses, and the predicted contaminant plumes often
appear as a series of plumes.

As with previous simulations, Figures 51 and 52 illustrate that the contaminant
plumes (1) move towards, and discharge into, the marsh and lake over time, (2) move
downward to the base of flow regime due to recharge, and (3) spread due to dispersion.
A widespread plume of contaminated groundwater was observed under the entire area
formerly used for agricultural. Due to the both the continuous loading of DDT and the
increasing loading rate, concentrations increase over time at the source zone and in an
increasingly larger area adjacent to the source zone. Because LEACHMP predicts that
this loading scenario will continue at PPNP well into the future, a great portion of the
saturated zone between Lake Erie and the marsh will be contaminated by increasing

levels of DDT.

Point source, very low continuous leaching of DDT from 1950 to 2003

Scenario CH 5a was undertaken to assess the impact of continuous loading of
small amounts of DDT at one location over a long period of time (1950-2003). In this
scenario | ng {10°® mg) of DDT was added at every time step (daily) for 54 years via a
I m by 0.1 m source zone located in the centre of the former agricultural areas at the

Camp Henry transect (325 m — 326 m).
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A continuous contaminant plume develops that moves in the direction of
groundwater flow towards, and discharges into, the marsh (Figure 53). The plume
spreads due to dispersion and is pushed deeper into the aquifer by recharge. After a few
decades, the entire portion of the aquifer between the source zone and the marsh is
contaminated because of the continuous loading of DDT. However, groundwater to the
west of this source zone is never contaminated by DDT. Concentrations within the
contaminant plume continue to increase, especially adjacent to the source zone, because
of centinuous loading of DDT. Even though only 10°° mg of DDT is loaded each day,
concentrations reach a maximum of 1.2 x 10” mg/L near the source zone after 54 years.
it can be expected that increased concentrations of DDT in groundwater will be seen in
the future, although the portion of the aquifer contaminated will remain essentially the
samie, given that the leaching conditions simulated by LEACHMP will continue at PPNP
well into the future. While this contaminant plume moves exclusively toward the marsh
for this scenario, a similar migration scenario towards Lake Erie would occur if the
source zone had been located to the west of the groundwater flow divide.

A corresponding non-point source continuous long-term loading was not tested
due to limitations on the number of particles that could be added to the flow domain.
However, based on the previous nofi-point source scenarios, it is expected that the

continucus loading will rapidly cause contamination of essentially the entire aquifer.

204



M.Sc. Thesis — R. Mills
McMaster University — School of Geography and Geology
Point source, multiple 2-year pulse loading in 1955/56, 1960/61, 1965/66, 1970/71

Scenario CH 6a represents multiple peint-source additions of DDT to the
saturated zone, corresponding to applications DDT at five-year intervals, and its
subsequent pulse leaching to the water table. The loading history for this scenario
consists of DDT loading to the water table for two years, followed by three years of no
loading at the three loading zones; this sequence is repeated four times during 1955-1956,
1960-1661, 1965-1966, and 1970-1971.

Figure 54 shows the contamipants (1) move towards, and discharge into, the
marsh and lake over time, (2) move downward to the base of flow regime due to
recharge, and (3) spread due to dispersion. The individual plumes are separated during
the first 20 years of the simulation because of the three—year pause between DDT
loadings. Although concentrations at the source zone are equally high every five years,
maximum concentrations of DDT within each successively earlier plume decrease over
iime. By 1980, the plumes from source zone #3 have discharged into the marsh, and the
individual plumes from source zones #! and #2 have started to amalgamate into single
contaminant plumes. By about 1990, the plumes have either moved to the marsh or into
the lacustrine sand, leaving most shaliow groundwater uncontaminated. In 2003, the
plume near the marsh appears to discharge slowly to the marsh as the plume is pushed
towards the marsh during the winter and pulled away from the marsh during the summer
due to evaporative {luxes near the marsh boundary. As in previous simulations, high
concentrations of DDT persisted within the lacustrine sand on the western side of the

barrier bar and DDT continued to discharge to Lake Erie in 2003.
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Non-point source, multiple 2-year pulse loading in 1955/56, 1960/61, 1965/66, 1970/71
Scenario CH 6b represents multiple non-point source pulse loading of DDT to the
saturated zone corresponding to applications of DDT at five-year intervals. This scenario
is the non-point source equivalent of scenario CH 6a; with the same 2-year loading of
DDT at the water table, followed by a 3-year gap, and this sequence repeated four times.
As expected, the contaminants (1) move towards, and discharge into, the marsh
and lake over time, (2) move downward to the base of flow regime due to recharge
(especially spring melt), and (3) spread due to dispersion (Figure 55). Groundwater
contamination is very extensive and widespread, with very high concentrations persisting
deep in the aquifer even during 2003. In fact the extent of groundwater contamination
and concentrations are much greater than any previous non-point simulation. Based on
this scenario, loading of DDT to the saturated zone in 1955, 1960, 1965 and 1970 will
cause contamination to persist deep in the aquifer even though concentrations at the water
table are essentially zero. The only location where concentrations were above zero at the
water table resulted from enhanced evapotranspiration near the marsh boundary
(Figure $5). Widespread loading of high concentrations DDT at multiple times indicated
that if this type of loading had historically occurred, deep groundwater near the marsh

and within the lacustrine sands near Lake Erie would remain contaminated today.

4.11 1-D and 2-D Modeiling Summary

One-dimensional vadose zone modelling with LEACHMP showed that the

primary transformation/degradation pathway in the soils of the former agricultural areas
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at CHO is via the aerobic transformation of DDT to DDE, with half-lives of ~30 years at
ground surface and ~9 years at depth. Very little transformation of DDT to DDD or DDE
to further degradation products occurs (estimated half-lives of 450 and 100 years,
respectively). Simulations at SHO (shaliower depth to water table, different organic
carbon content, lower elevation) illustrated that degradation was occurring at a uniform
half-life of ~14 years with depth. Simulations predicted no leaching at CHO with the
present levels of organic carbon found in the soil profile throughout the time period that
was simulated. When organic carbon was removed from the Bm and C horizons,
leaching began after approximately 40 years, and concentrations of Total DDT crossing
the water table were within one-order of magnitude of measured concentrations. The
limiting factor in this case is that DDT is bound to the organic carbon in the Ah horizon,
because once DDT enters the Bm and C horizons, it is fiushed to the water table within a
tew days with infiltration. This suggests that the sorption mechanism at PPNP is probably
either kinetic, or depth-dependent. At SHO, where the water table is shallower and Ah
horizon organic carbon contents are lower, leaching was predicted but at levels 10 orders
of magnitude less than measured. Again, when organic carbon was removed from deep
soils, concentrations at the water table compared very favourably to measured data in
May 2003. This implies that if the depth to the water table is sufficiently shallow, some
DDT will reach the water table even if some organic carbon is present.

Two-dimensionai GW-WETLAND modelling showed that whenever DDT enters
the groundwater domain, no matter what the loading scenario, all contaminant plumes

show (1) advective transport towards the lake or marsh, depending upon the location
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source zone with respect to the groundwater divide, (2) contaminants will always
discharge into the lake or marsh, (3) dispersion spreads contamination as it moves via
groundwater flow, (4) groundwater recharge across water table pushes the contamination
to base of the aquifer and, (5) DDT can be “trapped” in lower K units, resulting in longer
retention time in the saturated zone. As long as continuous loading of DDT to the water
table occurs at a ficld scale even at a very small rate (1 ng/L per day), essentially the
entire groundwater flow domain from the lake to the marsh will always be contaminated.
However, if the loading of DDT were to stop, concentrations in the contaminant plume
would decrease and contaminated groundwater would eventually be flushed from the
aquifer, but this would still take several decades. Discharge to the marsh and Lake Erie
will account for most of the mass removal assuming current degradation rates are
accurate. Groundwater recharge across water table will push contaminated groundwater
to the base of the aquifer, and thus although very high concentrations exist at the base of
the aquifer, no contamination is seen near the water table well away from the source
zone. Thus even if a large pulse of DDT reached the water table, little evidence of that
contamination would be seen today based on samples collected at the water table. If, as
suspected from the LEACHMP simulations, loading of DDT compounds to the saturated
zone began recently, an increasing portion of the aquifer will be contaminated and DDT
concentrations wiil continue to increase for decades to come, should present climatic and

hydrological conditions continue into the future.
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Figure 22. Soil moisture characteristic curves employed at 200 mm, 500 mm and 1500
mm for all LEACHMP simulations. Also presented is the best-fit soil moisture
characteristic curve as measured by Marenco (2002) under drainage conditions.
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Figure 23. Modelled unsaturated hydraulic conductivity function employed in
LEACHMP simulations.
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Figure 24. Measured total daily precipitation, model input precipitation, measured daily
temperature and Thornthwaite estimated daily potential evapotranspiration for the
calibration period from January 1, 1995 to September 30, 2003.
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Figure 25. Measured and modelled volumetric soil moisture profile from ground surface
to the water table at (a) CHO and (b) SHO on May 12, 2003 as employed in LEACHMP.
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Figure 26. Modelled volumetric soil moisture content over time from January 1, 1995 to
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Figure 27. Calibrated fit between modelled and measured volumetric soil moisture
contents with depth at CHO on May 12, 2003.
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Figure 28. Volumetric soil moisture profile at various times after a large infiltration event
on July 17, 1989 showing the migration of water through the soil profile.
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Figure 29. Comparison of DDT transformation and DDE formation when transformation
rates are either sensitive or insensitive to moisture content and temperature variations

over time.
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Figure 30. Measured and modelled concentration profiles for simulations where relative
proportions of DDT and DDE or DDD were matched for the entire profile and with depth
on May 12, 2003.
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Figure 30 (cont’d). Measured and modelled concentration profiles for simulations where
relative proportions of DDT and DDE or DDD were matched for the entire profile and
with depth on May 12, 2003.
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Figure 31. Measured and modelled concentration profiles for simulations where relative
proportions of DDT and DDE or DDD were matched for the entire profile and with depth
on May 12, 2003 after K, adjustments.
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Figure 31 (cont’d). Measured and modelled concentration profiles for simulations where
relative proportions of DDT and DDE or DDD were matched for the entire profile and
with depth on May 12, 2003 after K, adjustments.
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Figure 32. Measured and modelled concentration profiles for simulations where relative
proportions of DDT and DDE or DDD were matched for the entire profile and with depth
on May 12, 2003 after K, adjustments and concentrations with depth were matched.
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Figure 32 (cont’d). Measured and modelled concentration profiles for simulations where
relative proportions of DDT and DDE or DDD were matched for the entire profile and
with depth on May 12, 2003 after K, adjustments and concentrations with depth were
matched.
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Figure 33. Sensitivity of flow calibration to values of (a) precipitation, (b) potential
evapotranspiration, (c) air entry, and (d) Campbell’s b parameter, (¢) pore interaction
parameter and (f) K.
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Figure 33 (cont’d). Sensitivity of flow calibration to values of (a) precipitation, (b)
potential evapotranspiration, (c) air entry, and (d) Campbell’s b parameter, (e) pore
interaction parameter and (f) Kga.
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Figure 34. Sensitivity of solute transport calibration to values of (a) precipitation,
(b) potential evapotranspiration, (c) K, (d) Ko, (€) half-live and (f) organic carbon

content.
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Figure 34 (cont’d). Sensitivity of solute transport calibration to values of (a) precipitation,
(b) potential evapotranspiration, (c) K, (d) Ko, (€) half-live and (f) organic carbon
content.
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Figure 35. Solute breakthrough curves from 1950 to 2003 for simulation employing
Pathway #2 and field measured organic carbon contents with depth at CHO.

227



M.Sc. Thesis — R. Mills
McMaster University — School of Geography and Geology

2.50x10™®

———e—— DDT «E
2.00x10™" -——e —— DDE

1.50x10™®

1.00x107®

Concentration of DDT or DDE
(mg/L)

5.00x10™"
0.00x10°
1950 1960 1970 1980 1990 2000 2010
Year

Figure 36. Solute breakthrough curves from 1950 to 2003 for simulation employing
Pathway #2 and field measured organic carbon contents with depth at SHO.
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Figure 37. Solute breakthrough curves from 1950 to 2003 for simulation employing
Pathway #2 and organic carbon contents reduced to zero below the Ah horizons (300 mm
to the water table) at CHO
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Figure 38. Solute breakthrough curves from 1950 to 2003 for simulation employing
Pathway #2 and organic carbon contents reduced to zero below the Ah horizons (300 mm
to the water table) at SHO.
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Figure 39. Solute breakthrough curves from 1950 to 2003 for simulation employing
Pathway #2 where DDT was loaded below the Ah horizon in 1955, 1960, 1965 and 1970
at CHO and there was no organic carbon in the B or C horizon.
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Figure 40. Solute breakthrough curves from 1950 to 2003 for simulation employing
Pathway #2 where surficial soils at CHO were ploughed once in 1955 at CHO and there
was no organic carbon in the B or C horizon.
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Figure 41. Solute breakthrough curves from 1950 to 2003 for simulations employing
Pathway #2 where organic carbon content were reduced to zero below the Ah horizon
(300 mm to the water table) and initial DDT loading was increased 10 fold at CHO.
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Figure 42. Two-dimensional cross-section at Camp Henry (modified from Crowe et al.,
2004) including (a) conceptual model framework and DDT source zones employed in
GW-WETLAND simulations of groundwater flow and solute transport and (b) hydraulic

head distribution (June 1950).
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Figure 43. Comparison of simulated and field measured elevations of the water table at
selected NWRI monitoring wells located along the Camp Henry Transect from 1994 to

2004.
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Figure 44. Comparison of simulated and modelled water table elevations at selected
NWRI monitoring wells located along the Camp Henry Transect.
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Figure 45. Distribution of Total DDT in the saturated zone throughout the Camp Henry
transect from 1950 to 2003 based on initial high concentration, point source pulse loading
at 225, 325 and 425 m in 1950.
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Figure 46. Distribution of Total DDT in the saturated zone throughout the Camp Henry

transect from 1950 to 2003 based on initial high concentration, point source pulse loading
at 225, 325 and 425 m in 1970.
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Figure 47. Distribution of Total DDT in the saturated zone throughout the Camp Henry
transect from 1950 to 2003 based on initial high concentration, non-point source pulse
loading from 225-430 m across the transect in 1950.
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Figure 48. Distribution of Total DDT in the saturated zone throughout the Camp Henry
transect from 1950 to 2003 based on initial high concentration, non-point source pulse
loading from 225-430 m across the transect in 1970.
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Figure 49. Distribution of Total DDT in the saturated zone throughout the Camp Henry

transect from 1950 to 2003, based on long-term, slowly increasing point source loading at
225,325 and 425 m in 1950.
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Figure 50. Distribution of Total DDT in the saturated zone throughout the Camp Henry
transect from 1950 to 2003, based on long-term, slowly increasing point source loading at
225, 325 and 425 m in 1970.
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Figure 51. Distribution of Total DDT in the saturated zone throughout the Camp Henry
transect from 1950 to 2003, based on long-term, slowly increasing non-point source
loading from 225-430 m across the transect in 1950.
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Figure 52. Distribution of Total DDT in the saturated zone throughout the Camp Henry
transect from 1950 to 2003, based on long-term, slowly increasing non-point source
loading from 225-430 m across the transect in 1970.
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Figure 53. Distribution of Total DDT in the saturated zone throughout the Camp Henry
transect from 1950 to 2003, based on long-term (1950-present) low concentration
continuous point source loading at 225 m across the transect.
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Figure 54. Distribution of Total DDT in the saturated zone throughout the Camp Henry
transect from 1950 to 2003, based on point source loading at 225, 325 and 425 m after a
series of four high concentration 2-year pulse loads in 1955, 1960, 1965 and 1970.
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Figure 55. Distribution of Total DDT in the saturated zone throughout the Camp Henry
transect from 1950 to 2003, based on non-point source loading from 225-430 m after a
series of four high concentration 2-year pulse loads in 1955, 1960, 1965 and 1970.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

PPMP is kneown for its abundant wildlife and natural environment. However, past
agricultural activities within the Park have caused a variety of DDT problems. Although
the application of DDT was discontinued over 30 vears ago, high levels of DDT still exist
within shallow soils and this contamination remains an issue for park managers today as
it relates to drinking water, species mortality, and human health. The concentrations of
DDE and DD2D, the degradation products of DDT, are also high and of environmental

concern. In order to assess these human health and environmental concerns, the
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objectives of this thesis focused on characterizing the distribution of DDT inshailow
groundwater throughout the park and determining the primary factors controlling DDT

tate and migration in the subsurface.

5.1 Conciusions

Fieid studies were undertaken to characterize the distribution of DDT within the
shallow and deep soils and groundwater domain, and to assess possible relationships
oetween D DT levels and d egradation within the soil and groundwater. T heresultsof
field studies show that concentrations of Total DDT in the shallow soil are highly
variable within former agricultural areas and range from 1,555 ng/g to 316,100 ng/g.
Concentrations of DDT compounds within PPNP soil are often well above regulatory
limiis of 1.6 ug/g set forth by the OMOEE and CCME. DDT declines with depth by over
5 orders of magnitude in the uppermost 80 cm of the soil profile. Calculations of depth-
weighted mass of DDT in the soil profile show that current amount of DDT in the former
orchard soils are 22.2 kg/ha at Camp Henry Orchard, 33.9 kg/ha at Sleepy Hollow
Orchard, and 7.5 kg/ha at Anders Orchard.

Concentrations of Total DDT in shallow groundwater are very low throughout
foriner agricultural areas of PPNP, and range from 0.033 to 4.18 ng/L. No strong
correlation exists between concentrations in soil and groundwater. Concentrations in
groundwater were also poorly correlated to water table depth or ground surface elevation.

The increased concenirations of DDT compounds in groundwater measured at CHO,

SHO, and AO, between July 2002 and May 2003 show that concentrations vary over
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thrie. This suggests that large infiltration events may be an important mechanism
promoting the rlushing of DDT to groundwater.
Analysis of numerous field samples consistently shows that aerobic 1:1

o~ . ~ .~ ™, t

transformation of DDT to DDE is the dominant transforrnation pathway throughout
tormoer agricultural areas. The relative proportions of DDT, DDE and DDD (34%, 62%,
4%, respectively) are consistent for soil and groundwater, indicating that there is no
preferential degradation or leaching of any of these compounds. Degradation has
procesded further at AO than at SHC, which in turn hes proceeded further than at CHO
as indicated by relatively higher proportions of DDE and DDD than DDT with depth.
One-dimensional modelling of pesticide transport and fate (persistence,
degradation, adsorption) from ground surface (the zone of high levels of DDT), through
the unsaturated zone, to the water table was undertaken with LEACHMP to provide
insight into the processes controlling the persistence and leaching of DDT within the
unsaturated zone. Modelling using LEACHMP was able to match relative proportions of
DDT with depth and concentrations throughout the soil profile well. Three potential
transformation/degradation pathways were tested, with the best fits achieved for the
transformation of DDT to DDE, and very little transformation of DDT to DDD or further
degradation of DDE At CHO, the half-life for DDT is variable with depth, on the order
of 30 years within surficial soils and approximately 9 years at depth based on singular
applications of DDT in 1970 and 1950, respectively. Degradation of DDE to further

compounds, and transformation of DDT to DDD are extremely slow (t;» of 100 years

and 450 years respectively), consistent with lower DDD concentrations seen in soil today.
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Additional simulations at SHG have shown that transformation rates are variable within
former agricultural areas with a unifoun half-life of 14 years for the transformation of
DDT to BDDE fitting measured concentration profiles weil.

Although water infilirates through the soit at PPNP within a few days, the vertical
migration of DDT compounds through the vadose zone under field conditions is very
siow as a result of strong sorption and the presence of appreciable amounts of organic
carbon in shallow soils. Under field conditions, LEACHMP was unable to predict
concentrations measured in groundwater in May 2003. When organic carbon within the
B and C horizons was e liminated, concentrations ¢ f DDT at the w ater table i ncreased
cover time. This would imply that DDT does not adsorb according to an equilibrium
adsorption. model, as used in LEACHMP (rapid infiitration provides too little time for
equilibrium adsorption), but DDT adsorbs according to a kinetic adsorption model.

Sensitivity analysis and scenario testing was conducted to address uncertainty in
modei parameters. The flow calibration was found to be most sensitive to the saturated
hiydraulic conductivity and the slope of the soil moisture characteristic curve, while it was
relatively 1insensitive to meteoroiogical conditions, the air entry value and the pore
Interaction parameter. The solute transport calibration was most sensitive to the organic
carbon partition coefficient and percent orgaiic carbon. Where the water table is
shallower and organic carbon contents are lower and more unitorm, as observed at SHO,
more DDT wilt be flushed to groundwater. LEACHMP sensitivity analyses have shown
that further attention should be devoted to better understanding sorption behaviour at

PPNP. Thus, the primary factors controliing the leaching of DDT, DDE and DDD to
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groundwater at PPNP are (1) depth to the water table; (2) organic carbon content; and,
(3) the organic carbon partition coefficient (Ko.). Because %OC is known to vary
between 0.5% and 7.0% at PPNP, leaching of DDT is expected to vary between areas
having different organic carbon contents.

There are no records of application loading dates, loading rates, and loading
frequency of DDT at P PNP. However, LEACHMP simulations show D DT must have
been applied o ver se veral years and probably well before 1970 in order to match soil
concentrations and proportions of DDT:DDE:DDD seen today. The most likely way in
which DDT is leaching to the water table, is through a very slow but continuous leaching
of DDT from the Ah horizon, and given the slow movement of DDT through the soil
profile due to adsorption and desorption, concentrations of dissolved DDT entering the
groundwater will centinuously increase for decades to come, should current
meteorological and hydrological conditions continue.

Two-dimensional saturated zone modelling with the GW-WETLAND model was
used to investigate the extent of DDT persistence and transport within the groundwater
flow domain due to several possible DDT loading scenarios at the Camp Henry transect.
Simulations show that i f D DT reaches the water table, 1t rapidly disperses and moves
both towards the marsh and Lake Erie, depending upon the position of the source zone
relative to the groundwater flow divide. Simulations also show that DDT has and will
continue to discharge into both the lake and the marsh. Groundwater recharge across
water table pushes contaminated groundwater to base of aquifer where very high

concentrations exist adjacent to base cf aquifer but there is no contamination near the

252



M.Sc. Thesis — R. Mills

McMaster University — School of Geography and Geology

water table. DDT can become trapped within units having a lower hydraulic conductivity
resuiting in long retention times. Because degradation of DDT compounds proceeds
slowly, the primary means for removal of mass from groundwater is via discharge to the
marsh and Lake Erie.

The modelling shews that if DDT loading stops, concentrations in groundwater
regime will decrease and DDT will eventually be flushed from the groundwater flow
regime. However, if DDT loading continues, concentrations in groundwater will increase
and DDT will not be flushed from the groundwater tlow regime for a number of decades
if current meteorological conditions persist. Much of the DDT that entered the saturated
zone during 1950 to 1970 has already discharged to the marsh and Lake Erie.

~

Simulatons employing long-term continuous loading of small quantities (1 ng/L per day)

7

of DDT to the saturated zone have shown that long-terni loading is capable of distributing
DDT throughout the aquifer from the lake to the marsh. Given the present low but
increasing loading rates, simulations have shown that both DDT concentrations and the
extent of aquifer contamination will continue to increase for many decades to come if
current meteorological and hydrological conditions persist.

The findings presented here provide useful insight into the long-term persistence
of the DDT throughout Canada and much of North America, where considerable amounts
of DDT were applied to in the past. Even though the application of DDT in agricultural
areas was banned decades ago, it remains in the soil environment and could be present at

concentrations that can affect wildlife.
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5.2 Recommendations

While this study provides a good indication of DDT degradation pathways and
half-lives, a better understanding of the adscrption of DDT compounds on soil collected
from PPNP would oe beneficial to future field and modelling studies. Uncertainties exist
relating to whether adsorption varies spatially and with depth, and whether sorption is
kinetic and the partitioning relationship changes with time. Further laboratory
experimentation aimed at determining the time and/or depth dependency of sorption
within the vartous soil horizons at PPNP would also provide further insight into the
proczasses controiling DDT migration to the water table.

Because the volumetric soil moisture profiie was only measured on one date at
ChC, additional insight into flow processes and transient changes in water content in the
unsaturated zone could be avaiied 1f the volumetric water content profile was measured
continucusly over a long period of time in combination with evapotranspiration and
przcipitation at the field site. This would significantly contribute to the understanding of
shori-term  flow phenomena and combined with weekly or monthly sampling of
groundwater beneath the same location would provide considerable insight into the
transient leaching behaviour of DDT.

LEACHMP simulations have shown that DDT leaching is sensitive to the
transtormation/degradation rates, further attention should be devoted to monitoring the

long-term transformation of DDT to DDE. Further attention should also be given to

sample collection procedures at PPNP due to the highly variable soil concentrations.
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Verification of the two-dimensional transport of DDT could be provided by
depth-profiie sampling of groundwater along the Camp Henry transect. Sampling should
be focused on the lacustrine sand, the base of the aeolian sand, and adjacent to the marsh,
where elevated concentrations may still be present. Groundwater sampling over time
would alsc provide infoirmation related to DDT transport and persistence within the
saturated domain at PPNP. Groundwater sampling over time both above and below the
water table at one location would provide significant insight into leaching behaviour,

including adsorption/desorption mechanisms.
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APPENDIX 1: DVD OF MODEL SIMULATIONS
(SEE DVD IN BACK ENVELOPE)
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