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1. Introduction
Shaheen & Peaker Limited (S&P) was retained by theCity of Orillia to completea risk assessment
at thesiteof aproposed Multi UseRecreational Facility (MURF) located at 255 West Street South
in Orillia. TheRisk Assessment is being done to evaluateways of re-developing this former
industrial property where Trichloroethene (TCE), Dichloroethene (DCE) and Vinyl Chloride (VC)
havebeen found in theon sitesoils and groundwater. As an important part of thestudy, a
groundwater flow and transport model is needed to examinegroundwater conditions and to predict
themovement and fateof theseconstituents in thesubsurface. Shaheen & Peaker Limited retained
AGRECOM Inc. to develop a3D groundwater flow and transport model to assist in evaluating the
subsurfacemovement and fateof key volatileorganic compounds (VOCs).

The scope of work included hydrogeologic conceptualization, model construction, calibration,
simulation of the VOCs movement and fate, meetings and discussions with the client, and
reporting. Themodel isasitespecific three-dimensional groundwater model that incorporatesavailable
information on geological, hydrogeological and surface water features (including lakes). The software
used for modelling was Visual MODFLOW 3.1 which includes the latest official USGS version of the
MODFLOW model (MODFLOW-2000).

Thedataneeded for conceptualizing thegeologic and hydrogeologic conditionsat thesite(reports,
boreholelogs, cross-sections, maps, DXF files) wereprovided by S&Pand aretheresult of a
background review and sitespecific investigations. S&Palso assisted in datacompilation and
preparation of materialsand necessary files.

2. Hydrogeological Conceptualization
The purpose of hydrogeological conceptualization is to provide the quantitative information
necessary for development of the site-specific model. In the course of this development, the
following steps were completed:

· defining the extent and structureof themodel domain,

· specifying numeric values for thehydrogeological parameters in all model layers,

· specifying boundary and initial conditions,

· specifying themajor groundwater recharge and discharge areas,

· specifying pumping well parameters,

· specifying the groundwater-surfacewater interaction parameters, and

· specifying observation wells to beused for themodel calibration.

Assumptions regarding the model structure, the range of parameter variations, model
boundaries and initial conditions were then substantiated.
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2.1. Specifying theModel Domain

The extent of the modelling domain was defined in such a way that it incorporates the major
groundwater system features.

Fig. 2.1. Model Domain

The model domain (Fig. 2.1) was defined based on the groundwater map from the Municipal
Groundwater Study model developed by Golder Associates/Dixon Hydrogeology as well as
knowledgeof groundwater conditions in thesite area. The general direction of groundwater flow is
from the northwest to the east with the lakes Simcoe and Couchiching serving as major
groundwater discharge features. The model domain extends 5350 m in the longitudinal direction
and 4000 m in the latitudinal direction. The model includes the eastern part of the Town of Orillia,
and a considerable portion of Lakes Simcoe and Couchiching. It also includes Mills Creek which
appears to influence regional groundwater discharge.

After the model domain was specified, it was subdivided into a system of cells in an orthogonal
grid. The grid was specified in a manner that assured accurate representation of the area around the
site. The grid contains 90 rows and 115 columns with the total number of cells in a layer being
equal to 10,350. The finest grid cells at the east side of the site are approximately 10m by10m in
size. To simulate the vertical structure, the domain was divided into four layers, consistent with the
regional hydrogeologic flow model developed by others and the geological conditions encountered
at thesite.
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2.2. Defining Three-Dimensional SubsurfaceGroundwater Structure

To specify the 3-D subsurface structure of the model domain, S&P has prepared cross-sections
through thesite area. AGRECOM and S&P jointly interpreted cross-sections by:

· defining aquifers and aquitards from the lithology data in borehole logs, and

· interpolating and defining the most probable layer boundaries. For the area of the regional
model, the regional cross-sections and digital files prepared by Golder/Dixon were used.
The stratigraphy and geological model for the site is consistent with the regional scale
models.

Based on the geological setting, four hydrogeological layers were defined for the model domain
(excluding the bedrock). The competent limestone bedrock constitutes a regional aquitard. It
confines the model domain from the bottom. The lowest layer is made of weathered bedrock,
which is overlain by a till layer. The main aquifer unit in the area consists of granular materials
(silty sand) which overlies the till. The topmost layer of the model is made of silty clay, till and fill
materials.

Incorporation of the conceptual 3-D subsurface structure into the model was done by importing top
and bottom elevationsfor each layer from theregional model.

2.3. Defining theModel Boundaries

Considering the physical setting in the area, groundwater flow boundary conditions were assigned
to help describe the action of groundwater in the model domain. Groundwater head boundaries
were specified using the regional groundwater flow model. These specified boundaries controlled
groundwater movement in the model along the western and southern boundaries. Most boundaries
for the model domain were assigned linearly changing heads. With the general direction of the
groundwater flow being from west to the east, the highest specified head (242m) is assigned to the
western part of the model. The lowest specified head (218.4m) is assigned to the point on the
southern and eastern boundary where the aquifer discharges into the Lake Simcoe and Lake
Couchiching.

2.4. Assigning Hydraulic Conductivity and StorageParameters

In order to simulate groundwater flow, hydraulic conductivity (K) and storageparameter values
had to bespecified for themodel domain. Based on the interpretation of local geologic conditions,
fivemajor groups of materials were identified for themodel domain. Theseare:

· theupper silty clay/till/fill,
· thesilty sand and finesand aquifer
· the lower till, and
· weathered bedrock.

The literature review showed that no pumping test datawas available for wells in thearea. For
selected wells at thesite, S&P completed in situ hydraulic conductivity testing. In addition, values
from the regional model were available. Based on thesitedataand available literature, the
following values of hydraulic conductivity weredetermined for themain material groups (Table
2.1).
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Horizontal Hydraulic Conductivity, m/sec

Source Upper till Aquifer Fine
sand

Lower till Weathered bedrock

Golder/Dixon 7.5E-7 1.4 E-4 7.5E-7 1E-5

S&P 5.3E-8 6.9 E-7 5.1E-7 1.3 E-7

Table 2. 1. AvailableHydraulic Conductivity Data

Notethat thereisadifferencein thevaluesof hydraulic conductivity listed in Table2.1 between thetwo
sources. Consequently, the hydraulic conductivity was varied to find the best match of observed and
calculated hydraulic head values during the flow calibration procedure. Table 2.2 presents the initial K
valuesfor each layer.

Horizontal Hydraulic Conductivity, m/sec

Parameters Upper till Aquifer Fine
sand

Lower till Weathered bedrock

Start Value 2E-7 1.4 E-4 7E-7 1 E-5

Table2. 2. Hydraulic Conductivity For TheInitial Case

2.5. Defining Groundwater Rechargeand Evapotranspiration

Infiltration of precipitation and recharge to the groundwater system are significant input components of
the groundwater balance. The literature data and results of the Golder model show that annual total
rechargemay beashigh as250 mm/year, thustheannual rechargeratewasset initially at 250 mm/year.
However, thishigh rechargecaused alargediscrepancy between observed and calculated heads.

To better assess recharge, the infiltration component of the water balance was evaluated using the
established geological parameters and climate data as inputs to Visual HELP, a program specifically
designed to calculateinfiltration/rechargeto groundwater. Theresultsarepresented in Table2.3.

Balance constituent Average Annual (mm)
Precipitation (P) 855.08
Runoff (R) 229.05
Evapotranspiration (ET) 445.60
GW Recharge (I) 160.69

Table2. 3 Resultsof Visual HELPSimulation

The results show that evapotranspiration in conditions of shallow ground water may be
substantially higher than recharge, resulting in anet loss of water. During thecalibration
procedure, marshy areas in thesouthern part of themodel wereassigned thehigher ET values and
considered discharge areas. The rechargeand evapotranspiration rates weremodified during the
model calibration procedure to achievea reasonablewater balance.
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2.6. Water Removal – Municipal Wells

To the northeast of the subject site, near the limits of the model domain, there are two municipal
water supply wells. These are known as the Lakeshore wells. These were specified using the
Visual MODFLOW special well tool. Well locations and screen elevations were set according to
the water well record data. A pumping rate of 2160 m3 /day was applied evenly between the two
production wells, as indicated in theMunicipal Groundwater Study report.

2.7. Groundwater - SurfaceWater Interaction

Lakes Simcoe and Couchiching serve as major groundwater discharge zones. A Constant Head
boundary with an elevation of 218.4 m was assigned to the portion of the model covered by the
lakes. MillsCreek and its tributariesarealso theareasof groundwater discharge. MillsCreek enters the
Southern part of the model domain at an elevation of about 223 m. It leaves the model domain at Lake
Simcoe where the discharge elevation is Lake Level (elevation 218.4 m). A wetland with signs of
groundwater dischargeis located along MillsCreek.

One tributary of Mills Creek is Ben’s Ditch which flows southward along the west side of the subject
site. Both surface water features were incorporated into the model to simulate the local groundwater
discharge. To assign ariver in themodel, water level elevationswheretheriver entersthemodel domain
and at the discharge point along with river width, depth and bed layer parameters have to be specified.
Physical data for theseparameterswerenot all available. However, based on water level elevationsand
visual observations of the S&P field staff, the following table was developed to specify rivers and
streams.

Watercourse Depth, m Watercourse
Width, m

Riverbed
Thickness, m

Riverbed Hydraulic
conductivity, cm/sec

MillsCreek 2 2-3 0.2 1e-6

BensDitch 1.5 1.5-5 0.2 1e-6

Table2.4. Parameters Used To Assign Rivers and Streams.

2.8. Observation WellsUsed for Model Calibration

Water level datafor wells in theareaareavailable in theMOE well recordsand wasused to develop the
regional groundwater flow model (Golders, 2003). In addition, there are monitoring wells at the site
that are completed in each of the model layers. Water levels recorded in these wells were used to
calibrate themodel. It should benoted that theobserved water levelsat thesitepresent avery localized
pictureof groundwater movement at thesite.

3. Flow Model Calibration
During thecalibration, thewater level dataproduced ahydraulic head distribution in themodel domain
that was then compared with the measured hydraulic heads in observation wells at the site. Calculated
hydraulic heads depend on model geometry, materials distribution, boundary conditions, groundwater
withdrawal (pumping), flow, and recharge parameters. Usually, it is impossible to obtain a good match
between calculated and observed headsusing theinitially assigned parameter values.
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To refine the model, the input parameter values were varied to develop a good match between 
calculated and observed heads. Calibration requires good knowledge of hydrogeological principles, 
hydrogeological conditions in the area under study and expected variations in parameters values. It 
should be also noted, that even a good match between calculated and observed heads may have errors if 
some of the water level data are outdated or water levels were measured during different stages of 
seasonal groundwater level cycle.  an exact match isvirtually impossible.

The following goals were established as targets for the calibration procedure: 

· The residual mean of difference between calculated and observed heads should be  minimal 

· The modelled water balance should be accurate  (within 1%)  

In the process of calibration, 92 different combinations of model parameters were used before a 
satisfactory match between calculated and observed heads was achieved. As a result, the mean 
difference between calculated and observed heads, which was originally between four and five metres, 
was substantially reduced. The final results of calibration are presented on Fig. 3.1. The mean difference 
between calculated and observed heads (Residual Mean on Fig. 3.1) for this scenario is equal to 0.09 m.  

It should be noted that the very small value for the mean difference does not assure a good match 
between calculated and observed heads for all observation wells. For some wells the difference may be 
substantial; however, the negative deviations are balanced by positive ones and the incoming and 
outgoing water fluxes are well balanced.  This can be seen on Fig. 3.2 and in Table 3.2. The water 
balance error of the calibrated model is 0.19%. 

In the process of calibration, several refinements were made to the original model structure. 

Hydraulic Conductivity.  The major refinement to hydraulic conductivity involved the introduction of 
a high permeability zone along the depression in the central part of the model domain between Lake 
Couchiching and Lake Simcoe. It is speculated that this depression may contain deposits of coarser 
sand and gravel with correspondingly higher hydraulic conductivity in the two top layers of the 
model. 

Evapotranspiration. It was assumed that the marshy area located south of the site serves as an 
area of sub-regional groundwater discharge through evapotranspiration. Because the water 
discharged through this area is collected from the wider area, the intensity of evapotranspiration 
can be higher than that estimated for the isolated 1D vertical profile developed with the HELP 
model (see Table 2.3). 

Recharge. Groundwater recharge was defined separately for areas at higher elevations, for the 
urban areas around the site, and for areas of the site that have had different land uses and amounts 
of impervious cover over time.  At the site itself, higher recharge was assigned to the contaminant 
source  area to account for possible removal of contaminated soil in the past.   
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Fig. 3.1. Resultsof TheFlow System Calibration
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Fig. 3.2. Calibrated Model Water Balance
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Balance
Term

Constant
Head
Boundaries
(m3 /day)

Recharge,
m3 /day

Evapotranspiration
(m3 /day)

Estimated
Groundwater
Removal from
Wells,

(m3 /day)

Interaction with
Surface Water,
(m3 /day)

Total,
(m3 /day)

Incoming 2820.3 2056.1 0.0 0.0 67.5 4947.8

Outgoing 1046.9 0.0 1457.7 2160.0 354.2 5022.7

Table3.1. Calibrated Model – Water Balance

Table 3.1. shows that flow from adjacent areas through the constant head boundaries contributes about
58% of theincoming water whilelocal groundwater rechargeaccountsfor about 42%.

Themajor sources of groundwater removal from thedomain are:

· water extraction by theLakeshorewells(43%),

· Evapotranspiration from themarshy areas(29%)

· flow through themodel boundariesto LakeSimcoe(20.1%), and,

· dischargeinto Ben’sDitch, MillsCreek and thelakes(7%).

Thefinal valuesof themodel parametersasaresult of calibration arepresented in Table3.2.

Parameter Value

K xy, cm/s 8E-8

Layer 1: Fill Material and Till
Kz, cm/s 3e-8

K xy, cm/s 3E-7
Layer 1: Lowland areas

Kz, cm/s 7e-8

K xy, cm/s
6e-7Layer 2: Fine Sand – West Zone

Kz, cm/s 2e-7

K xy, cm/s 1.7e-4Layer 2: Fine& Medium Sand
Kz, cm/s 3e-5

K xy, cm/s 2.5 e-4
Layer 2: Lowland areas Kz, cm/s 4 e-5

K xy, cm/s 4e-5
Layer 3: Lower Till

Kz, cm/s 4e-6

K xy, cm/s 4e-5
Layer 4: Weathered Bedrock Kz, cm/s 4e-6

Recharge in the West zone / at the site,
mm/yr mm/yr

80/110

Recharge urban areas mm/yr 45
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Evapotranspiration, marshy areas mm/yr 600
Evapotranspiration, intermediate
areas/fringe areas mm/yr 320/50

Results: Res. Mean, m 0.06

Results: Abs. Res. Mean, m 0.31

Table3.2. Final Model Inputs and Calibration.
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4. Contaminant Transport Model Formulation and Calibration 

4.1 Contaminant Source  
Identifying the specific contaminant source area and size, and estimating  the amount of contaminant is 
often difficult.  Based on the understanding of site history provided by S&P, is appears that the source 
was most likely located in or underneath the building where metallic toys were manufactured in the 
1950’s – 1960’  s .To formulate the source intensity, the currently existing mass of contaminants (June 
2005) was estimated.  

Parameter  TCE DCE VC

Aquifer thickness, m 20 20 20

Plume length, m 60 70 70

Plume width, m 30 40 40

Plume area, m2 1,800 2,800 2,800
volume of aquifer containing 
the plume(m3) 36,000 56,000 56,000
Volume of pore water in the 
plume: 32000 m3* 0.2 
(Specific Yield) = 6400m3 7,200 11,200 11,200
 Conc. mg/L, g/m3 10 40 4

Mass of Contaminant, g  72,000 448,000 44,800

Table 4.1 . Calculated Current (June 2005) Mass of Contaminants 

To specify the historic contaminant source, it was assumed that only TCE, which was used for 
degreasing, was the chemical originally released to the subsurface. The other constituents, namely cis-
DCE and VC are a result of sequential biodegradation according to the sequence TCE > cis-DCE > VC 
(Siegrist, 2001). Because of biodegradation, the current mass of contaminants represents only portion if 
the original release amount.

The chemical release was simulated as a two- phased release: the active phase lasting for 10 years (1960 
– 1970) during the time that toy manufacturing was on-going and a passive phase which lasted to the 
present. The passive phase is associated with the slow release of residual soil contamination.   

The source was simulated (Visual MODFLOW) as having a specified recharge concentration 
which released the constituent to the water table with the recharge flux. However, after simulating 
a certain number of contaminant discharge scenarios, it was realized that this method does not 
allow effective calibration of the transport model. While concentrations of the chemicals in the 
upper layers were predicted satisfactorily, none of the parameter combinations resulted in the 
satisfactory prediction of parameter concentrations in the intermediate aquifer and in the lower till 
unit. The model tended to constantly under-predict the constituent concentrations relative to 
observed values. While the observed concentrations of TCE and cis-DCE in the source area were 
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as high as 70000 - 80000 ug/l, the maximum predicted concentrations reached only 2000 - 3000
ug/l. At this point it became clear that infiltration of impacted water may not be the only
mechanism by which VOC was input to thegroundwater system.

TCE, the original contaminant released at the site, belongs to a class of Dense Non-Aqueous
Liquids (DNAPLs). In the subsurface, DNAPL can move vertically downward under the force of
gravity either as a separate liquid (free phase) or as a dissolved product in the groundwater.
Usually, downward DNAPL migration stops at significant restrictions to flow such as an aquitard.
In the Orillia case, it is interpreted that TCE most likely percolated down as a phase separated
liquid during the active phase of discharge and was trapped either on some of the lower
permeability layers in the silty sand unit or on the upper surface of the lower till From there, it
slowly dissolved during thepassive releasephase.

MODFLOW model does not account for separate non-aqueous phase liquid flow in the subsurface.
To simulate this process, we developed a methodology that allows simulating this process using a
point source boundary condition. After the method was designed and tested, the TCE loading was
simulated by releasing a smaller amount of TCE in dissolved phase to the groundwater system and
a larger amount of TCE was released to the intermediate fine sand layer. This modification
considerably improved the calibration of groundwater quality. The model was then considered to
have good correlation between observed and calculated concentrations of key monitoring
parameters. This modification also implies that at some time in the past, free product was released
into thesubsurface.

4.2 Contaminant Degradation Rate

Chlorinated Ethenescommonly biodegradein thesoil. Therateof degradation dependson biotadensity,
thehalf lifeof theconstituent, soil temperature, theexistenceof anaerobic conditions, and thepH of the
media. Thereisawiderangeof half-life for thedifferent contaminants(Aziz, 2000). From theliterature,
the half-lives of chlorinated ethenes vary from 70-80 days to 1500 -2000 days. Because no data exists
regarding the half life of these parameters at this site, part of the calibration procedure involved
determining applicablevalues to use. After inputting the timeand thesourcestrength, degradation rates
werevaried to get theclosest match between theobserved and simulated contaminant concentrations at
key monitoring points. During the calibration process it was assumed that the biodegradation of
chlorinated solvents occurs at different rates in different layers, since each different layer would have a
different half-life for the same VOC. The degradation rates have been varied in the range presented in
Table4.2.

Contaminant Degradation Rate, 1/day

Layer 1 Layer 2 Layer 3COC

Min Max Min Max Min Max
TCE 0.0006 0.0025 0.0002 0.005 0.0002 0.001
cis-DCE 0.0006 0.0025 0.0002 0.0045 0.0002 0.0007
VC 0.0003 0.01 0.0005 0.01 0.0004 0.006

Table4.2. Rangeof Contaminant Degradation RatesUsed For Model Calibration

The presented degradation rates correspond to the values of contaminant half-lives presented in Table
4.3.
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Half-Life, days

Layer 1 Layer 2 Layer 3
VOC

Parameters

Min Max Min Max Min Max

TCE 1155 277.2 3465 138.6 3465 693

cis-DCE 1155 277.2 3465 154 3465 990

VC 2310 69.3 1386 69.3 1732.5 115.5

Table4.3. Rangeof Contaminant Half-livesUsed For Model Calibration

4.3 ReferencePointsfor Transport Model Calibration

As with the flow model, referencepoints for calibration of the flow model are required. In many cases,
sampling monitoring wells is an approximatemeans of transport model calibration (Wiedemeier at all,
1999). However, in many cases, the concentration of specific parameters varies significantly in a way
that cannot bereadily explained by theprocessesof advection, dispersion and natural biodegradation. It
iscommonly assumed that seasonal variation and somelocal flux near thewell can causefluctuations in
concentrations that can beupwardsof an order of magnitudeor moreduring arelatively short period of
time (i.e. months). In such cases, the model that simulates these major in situ processes can only
reproduce general trends of contaminant plume dynamics. Thus, it is advisable to use a generalised
characterization of contaminant distribution, rather than asinglereferencepoint.

At the Orillia site, there is a significant variability in contaminant concentrations in some monitoring
wells(Table4.4.)

Vinyl Chlorideconcentration,
ug/L

Dateof sampling
MW 107S

March 2002 < 0.3

June2004 12

July 2004 1.6

Sept. 2004 2.4

April 2005 0.3

May 2005 < 0.2

Table4.4. Examples of Contaminant Concentration Variability

Under these conditions, the major criteria specified for transport model calibration were:

The predicted contaminant concentration had to be within actual the range of contaminant concentrations in
the source area,
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- Thepredicted concentration at thesouth-east corner of theproperty had to bewithin therangeof
actual concentrationsmeasured, and

- Thecalibration wasto becompleted in each model layer.

Table4.5 present therangeof concentrationsfor each layer.

Layer 1 – upper fill/till
Concentration, ug/l (Well
name)

Layer2-aquifer
Concentration, ug/l (Well
name)

Layer 1 – lower till
Concentration, ug/l (Well
name)Parameter

Source area
range

South-east
corner

Source area
range

South-east
corner

Source area
range

South-east
corner

TCE 41300 (MW401) –
4800 (MW402s)

150 - 0.2
(MW107s)

73000 (MW501) -
2400 (MW601I)

1.9 (MW107I) -
0.3 (MW602I)

52000 (MW502) -
2600 (MW301D)

41 (MW303D) –
1.5 (MW107D)

Cis-DCE 80500 (MW401) -
8300 (MW402s)

5.8 – 0.3
(MW107s)

44800 (MW402I) –
27200 (MW501)

0.3 (MW 107I) 8500 (MW502) –
4320 (MW301D)

860 (MW303D) –
8.8 (MW 107D)

VC 41300 (MW401) –
2400 (MW304)

12 - 0.2
(MW107S)

2100 (402D) – 730
(MW501)

0.2 (MW107 I) 780 (MW301D) -
460 (MW502)

210 (MW303D) -
4.3 (MW 107D)

Table4.5: Chemical Constituent Calibration Range

4.4 Resultsof Transport Model Calibration

Calibration of the transport model was done by completing multiple model scenarios. The various
scenarios had differing contaminant source concentrations, different time periods for each phase of
contaminant discharge, and different VOC degradation rates for each model layers. In total, over 40
combinationsof contaminant settingsweremodelled and compared to thefield observations.

Appendix 1 lists settings and results of 3 final contaminant transport scenarios, which produced results
that correspond well with field observations. Out of thefinal three, scenario Orillia_34 produced thebest
match (Tables4.6 and 4.7).

Layer 1 – upper till
Concentration, ug/l

Layer2- intermediate aquifer
Concentration, ug/l

Layer 1 – lower till
Concentration, ug/l

COC
Observed Calculated Observed ( Calculated Observed Calculated

TCE 41300 – 4800 65096 - 237 73000 -2400 67590 - 5901 52000-2600 17549- 3064

Cis-DCE 80500- 8300 52460 -569 44800 – 27200 22980 - 5687 8500 – 4320 8776 - 2874

VC 41300 – 2400 11117-171 2100 – 730 4664 - 1496 780 - 460 1072 - 367

Table 4.6. Transport Scenario Orillia_34. Comparison of Observed and Modeled VOC Concentrations
in theSourceZone
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Layer 1 – upper till
Concentration, ug/l

Layer2- intermediate aquifer
Concentration, ug/l

Layer 1 – lower till
Concentration, ug/l

VOC
Observed Calculated Observed Calculated Observed Calculated

TCE 150 - 0.2 0.3 1.9 - 0.3 6.5 41 – 1.5 10.2

Cis-DCE 5.8 – 0.3 5.1 0.3 75 860 – 8.8 75

VC 12 - 0.2 2.2 0.2 41 210 - 4.3 13.6

Table 4.7. Transport Scenario Orillia_34. Observed and modelled VOC concentrations at the
southeastern corner of theMURF site.

These results show that the modelled values for the source zone fluctuate around the observed
concentrationsfor all layers. Calculated VOC concentrationsat thesoutheast corner in theupper till and
lower till layers are within the observed range, while modelled results are consistently higher than
observed concentrations for layer 2 (intermediateaquifer). Theover-prediction in theaquifer at thesite
boundary can beconsidered conservative in that it likely represents aworst casecontaminant migration
scenario.

Thecontaminant half-livesfor scenario Orillia_34 wereset to thevaluespresented in Table4.8.

Contaminant Layer 1 Layer 2 Layer 3
TCE 315 173.25 1155
cis-DCE 462 231 1155
VC 173.25 115.5 154

Table4.8. Contaminant Half-livesUsed in theFinal Modelling Scenario

Thevaluespresented in theTable4.8 arewithin thepublished range typical for theseparameters (Aziz,
2000).

5. Results

5.1 Existing Conditions

Thegroundwater flow simulation showed that groundwater generally moves from northwest to south in
thevicinity of thesite. This isconsistent with theresults from detailed water level monitoring at thesite
itself. However, thewater level monitoring at thesiteshows the localized perturbations in groundwater
flow that arenot readily apparent at thescaleused in themodel domain.

The calibrated contaminant transport model was used to examine the current position and extent of
TCE, DCE and VC. Appendix 2 presents a series of maps showing the extent and distribution of each
OVC in each model layer as of August 30, 2005. The results show that the Vinyl Chloride plume has
the greatest extent compared to TCE and DCE. Figure 5.1 shows the Vinyl Chloride plume, which
extends southward from the site almost as far south as James Street West. As previously noted, this is
expected to beaworst casescenario, as themodel appears to beover predicting theextent of theplume
in the aquifer. It should also be noted that the edge of the plume is defined as being the established
Table 1 criteria for each parameter (i.e for VC, the edge of the plume is set to 0.5 µg/l). Figure 5.2
showstheplumein anorth-south profile.
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Figure5.1. Simulated distribution of Vinyl Chloridein theintermediateaquifer in August 2005.

Figure5.2. Simulated Vertical Distribution of Vinyl Chloridein August 2005.

TheDistribution of TCE and cis-DCE is similar in shape to that of VC. However, thesizeof TCE and
cis-DCE plumesaremuch smaller. This is in part aresult of theconcentration of each parametersbeing
below Table 1 standard earlier than VC. Figure 5.3 presents an example of the location of the DCE
plumeasof August, 2005.
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Figure 5.3. Simulated distribution of cis-DCE in the intermediate aquifer in August 2005 

Additional off site monitoring wells are needed to confirm the predicted position and extent of the 
contaminant plume at the site..  

5.2 Predictive Modelling 

The calibrated model was used to predict future contaminant transport and fate.  January 1, 2030 was 
arbitrarily chosen asthemodel date. In doing thepredictivemodeling, two scenariosweremodeled. 

Scenario 1.  The contaminant source in the till soil (layer 1) is active till January 1, 2006.  The 
contaminant source in the intermediate aquifer is active till January 1, 2010 (i.e. until no more 
contaminantsreleased). 

Scenario 2.  The contaminant source in the till soil (layer 1) is active till January 1, 2006.  The 
contaminant source in the intermediate aquifer is active till January 1, 2006. This scenario may simulate 
the results of remediation action (e.g.  in-situ chemical oxidation).   

The objective for this modeling was to determine when the concentration of a specific VOC in a specific 
layer will be less than the Table 1 standard.  

The results are summarized in Tables  5.1 and 5.2.  
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Year when contaminant concentration is initially below Table1 standardParameter
Layer 1 Layer 2 Layer 3

TCE 2015 2015 2025
cis-DCE 2017 2017 2027
VC 2023 2027 past 2030

Table5.1. Scenario 1: - Year that VOC concentrationsbecomelessthan Table1 standard.

Year when contaminant concentration is initially below Table1 standardParameter
Layer 1 Layer 2 Layer 3

TCE 2015 2013 2023
cis-DCE 2017 2013 2023
VC 2023 2023 2029

Table5.2. Scenario 2 - Year that VOC concentrationsbecomelessthan Table1 standard.

Acknowledging that thepredictivemodeling scenarios includetheremoval of thecontaminant sourcein
either 2006 or 2010, theresultssuggest that without remediation and continued releaseof contaminants,
the concentration of Vinyl Chloride would remain above the Table 1 standard in the lower till beyond
the year 2030. If remediation is undertaken and the source no longer releases contamination, Table 1
standards would be met in all layers by 2029. It should be noted that contaminant removal dates were
arbitrarily selected only to investigate whether remediation can result in substantially improved
groundwater quality in a reasonable time frame. The modeling suggests that the result will be a
reduction in contamination levels. Without remediation, there is no evidence that the source, which is
actively discharging VOC into the groundwater at this time, will be depleted by either of the dates
modeled.

In addition, it can be concluded that the remediation would have the greatest effect in remediating the
deepest units as there is only a small decrease (< 5 years) in time to reach the Table 1 standard for the
aquifer and upper till.

6. Conclusions and Recommendations

Based on themodelling done, thefollowing conclusionsand recommendationsarepresented.

· Groundwater flow in the model domain is from thenorthwest toward theeast and south. In the
immediate site vicinity, groundwater flow is predominantly southeastward. This corresponds
well with theobserved groundwater flow pattern based on sitedataonly.

· The release of TCE, DCE and VC in the subsurface at the northeast corner of the site has
resulted in a contaminant plume that may reach as far south as James Street. Since the
contaminant degradation parameters were set relatively conservatively for the model, the
maximum extent of theplumeisinterpreted to bean “over prediction”.
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To validate thecontaminant transport model, additional monitoring wells should beconstructed
in thedowngradient areaand groundwater samplescollected and analyzed for VOC.

· TheVC plumeappearsto havethelargest extent. Theareaof theTCE and DCE plumesappear
to bemuch smaller, not extending asfar south astheVC plume.

· Predictive modelling suggests that VC will remain in the groundwater system longer than TCE
and DCE. Thelength of timethat groundwater remains impacted will depend on thetimeframe
in which theVOC sourcecontinuesto releaseVOCsto thegroundwater system.

If someform of remediation isundertaken (eg. In sitechemical oxidation), thecontaminating lifeof the
site is reduced such that no VOC is above its Table1 standard beyond 2029. The greatest reduction in
contaminating lifeisfor VC.

To monitor the natural attenuation process, selected representative monitoring wells build in each layer
(upper unit, aquifer, lower unit) should be monitored. These wells would be best placed in the source
areaand in downgradient/crossgradient areas.
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APPENDIX 1

TRANSPORT MODEL CALIBRATION
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Appendix 1. Transport Model Calibration Results

Transport Scenario Orillia 32

Degr Rates Half lives
Lr 1 Lr 2 Lr 3 Lr 1 Lr 2 Lr 3

TCE 0.0025 0.004 0.0002 TCE 277.2 173.25 3465
cis-DCE 0.0025 0.0035 0.0005 cis-DCE 277.2 198 1386
VC 0.009 0.009 0.005 VC 77 77 138.6
TCE discharge scenario
Phase Upper Till Aquifer

Start End
Rate,
kg/yr Start End

Rate,
kg/yr

Active 01-Jan-60 01-Jan-70 75.24 01-Jan-60 01-Jan-70 317.58
Passive 1 01-Jan-70 01-Jan-04 37.62 01-Jan-70 01-Jan-04 158.88
Passive 2 n/a n/a n/a 01-Jan-04 01-Jan-10 76.26
No discharge 01-Jan-04 01-Jan-30 0 01-Jan-10 01-Jan-30 0.00

Simulation Resultsfor August 30, 2005

Layer 1 – upper till Layer2- intermediate
aquifer

Layer 1 – lower till
COC
concentration,
ug/l

Observed
(well name)

Calculated Observed
(well)

Calculated Observed
(well)

Calculated

TCE 41300 – 4800 32645-276 73000 -2400 89046-7520 52000-2600 30129- 8048

Cis-DCE 80500- 8300 53825-539 44800 – 27200 29956-7068 8500 – 4320 13660-4461

VC 41300 – 2400 11091-120 2100 – 730 5670-1652 780 - 460 1326-423

Table A1.1. Transport Scenario Orillia_32. Observed concentrations in the source zone and results
obtained with calibrated model

Layer 1 – upper till Layer2- intermediate
aquifer

Layer 1 – lower till
COC

Observed Calculated Observed Calculated Observed Calculated

TCE 150 - 0.2 0.9 1.9 - 0.3 26.6 41 – 1.5 339

Cis-DCE 5.8 – 0.3 3.4 0.3 141 860 – 8.8 281

VC 12 - 0.2 1.6 0.2 51.5 210 - 4.3 25

Table A1.2. Transport Scenario Orillia_32. Observed concentrations at the southeast corner and results
obtained with calibrated model

Comment: This scenario represents relatively worse-case scenario because it has relatively high half –
livesfor COCs. In comparison with monitoring observations, model results for thesourcezonefluctuate
around observed concentrations for all layers. In the mean time calculated concentrations at the south-
east corner are consistently higher than observed for layer 2 (intermediate aquifer). The size of
contaminant plumesarelarger than observed, especially for layer 2.
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Transport Scenario Orillia 33

Transport scenario
settings
Degr Rates Half lives

Lr 1 Lr 2 Lr 3 Lr 1 Lr 2 Lr 3
TCE 0.0025 0.005 0.001 TCE 277.2 138.6 693
cis-DCE 0.0025 0.0045 0.0007 cis-DCE 277.2 154 990
VC 0.01 0.01 0.006 VC 69.3 69.3 115.5

TCE discharge scenario
Phase Upper Till Aquifer

Start End
Rate,
kg/yr Start End

Rate,
kg/yr

Active 01-Jan-60 01-Jan-70 75.24 01-Jan-60 01-Jan-70 317.58
Passive 1 01-Jan-70 01-Jan-04 37.62 01-Jan-70 01-Jan-03 158.88
Passive 2 n/a n/a n/a 01-Jan-03 01-Jan-10 76.26
No discharge 01-Jan-04 01-Jan-30 0 01-Jan-10 01-Jan-30 0

Simulation Resultsfor August 30, 2005

Layer 1 – upper till Layer2- intermediate
aquifer

Layer 1 – lower till
COC
concentration,
ug/l

Observed
(well name)

Calculated Observed
(well)

Calculated Observed
(well)

Calculated

TCE 41300 – 4800 32703 - 207 73000 -2400 75683- 5300 52000-2600 15626-2759

Cis-DCE 80500- 8300 534630 - 933 44800 – 27200 25986 - 5238 8500 – 4320 10450- 3445

VC 41300 – 2400 3795-76 2100 – 730 5091- 1443 780 - 460 1103-365
Table A2.1. Transport Scenario Orillia_33. Observed concentrations in the source zone and results
obtained with calibrated model

Layer 1 – upper till Layer2- intermediate
aquifer

Layer 1 – lower till
COC

Observed Calculated Observed Calculated Observed Calculated

TCE 150 - 0.2 1.3 1.9 - 0.3 3.4 41 – 1.5 3.4

Cis-DCE 5.8 – 0.3 1.2 0.3 22 860 – 8.8 38

VC 12 - 0.2 0.2 0.2 14 210 - 4.3 64
Table A2.2. Transport Scenario Orillia_33. Observed concentrations at the south-eastern corner and
resultsobtained with calibrated model

Comment: This scenario represents relatively optimistic scenario because COCs have much shorter
half – lives than in Scenario Orillia_32. In comparison with monitoring observations, model results for
thesourcezone fluctuatearound observed concentrations for all layers. Calculated concentrationsat the
south-east corner are much closer to observed for layer 2 (intermediate aquifer) than in Scenario
Orillia_32. Thesizesof contaminant plumesarecomparable to observed, being larger than observed for
layer 2.
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Transport Scenario Orillia 34

Scenario
Orillia_34

Degr Rates Half lives
Lr 1 Lr 2 Lr 3 Lr 1 Lr 2 Lr 3

TCE 0.0022 0.004 0.0006 TCE 315 173.25 1155
cis-DCE 0.0015 0.003 0.0006 cis-DCE 462 231 1155
VC 0.004 0.006 0.0045 VC 173.25 115.5 154
TCE discharge scenario
Phase Upper Till Aquifer

Start End
Rate,
kg/yr Start End

Rate,
kg/yr

Active 01-Jan-60 01-Jan-70 22.572 01-Jan-60 01-Jan-70 95.28
Passive 1 01-Jan-70 01-Jan-06 11.286 01-Jan-70 01-Jan-10 63.92
No discharge 01-Jan-06 01-Jan-30 0 01-Jan-10 01-Jan-30 0

Simulation Resultsfor August 30, 2005

Layer 1 – upper till
Concentration, ug/l

Layer2- intermediate aquifer
Concentration, ug/l

Layer 1 – lower till
Concentration, ug/lCOC

Observed Calculated Observed ( Calculated Observed Calculated

TCE 41300 – 4800 65096 - 237 73000 -2400 67590 - 5901 52000-2600 17549- 3064

Cis-DCE 80500- 8300 52460 -569 44800 – 27200 22980 - 5687 8500 – 4320 8776 - 2874

VC 41300 – 2400 11117-171 2100 – 730 4664 - 1496 780 - 460 1072 - 367
Table 2.1. Transport Scenario Orillia_34. Observed concentrations in the source zone and results
obtained with calibrated model

Layer 1 – upper till
Concentration, ug/l

Layer2- intermediate aquifer
Concentration, ug/l

Layer 1 – lower till
Concentration, ug/lCOC

Observed Calculated Observed Calculated Observed Calculated

TCE 150 - 0.2 0.3 1.9 - 0.3 6.5 41 – 1.5 10.2

Cis-DCE 5.8 – 0.3 5.1 0.3 75 860 – 8.8 75

VC 12 - 0.2 2.2 0.2 41 210 - 4.3 13.6
Table 2.2. Transport Scenario Orillia_34. Observed concentrations at the south-eastern corner and
resultsobtained with calibrated model

Comment: This scenario represents the reasonable worse-case scenario because it has longer half –
Sourcezone: in comparison with monitoring results, model results for thesourcezonefluctuatearound
observed concentrations for all layers. Exit point: Calculated concentrationsat thesouth-east corner are
consistently higher than observed for layer 2 (intermediateaquifer) becauseit isphysically impossibleto
haveheavily contaminated source for a long time in theaquifer and not to haveahalo in downgradient
direction.


