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This report presents the results of data compilation and computer simulations of a complex physical setting. Data errot
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conclusions were formulated.
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Water Resources Engineer

Grand River Conservation Authority
400 Clyde Road, P.O. Box 729
Cambridge, Ontario, N1R 5W6

RE: Whitemans Creek Tier 317 Model Development and Calibration Report
Dear Ms. Shifflett:

We are pleased to provide a copy of our final report titled: Whitemans Tier 3 Model Development and
Calibration Report. This report describes the physical setting, the conceptual hydrogeologic model, and
the numerical model developed to simulate the surface water and groundwater systems in the Whitemans
Creek subwatershed. The model is calibrated and has been used for the Tier 3 Water Budget and Risk
Assessment of the Bright and Bethel wellfields. In addition, we have developed and validated an
irrigation demand module for the subwatershed which should prove useful in future drought and water
management studies.

The report presents the data and methods as applied to the entire model area, which extends beyond the
Whitemans Creek subwatershed. The main body of the report focusses on the subwatershed, with
details related to municipal water use outside the subwatershed moved to an appendix.

We trust this work report meets with your satisfaction, and we look forward to discussing it with you. If
you have any questions, please call.

Yours truly,
Earthfx Incorporated

O M e A

Dirk Kassenaar, M.Sc., P.Eng. E.J. Wexler. M.Sc, M.S.E., P.Eng.
President, Earthfx Inc. Director of Modelling Services

3363 Yonge St., Toronto, Ontario, Canada M4N 2M6
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1 Introduction

1.1 Background

The Ontario government passed the Clean Water Act in October 2006 to protect drinking water at the
source as part of an overall commitment to human health and the environment. Conservation Authorities
have been charged with coordinating the Source Water Protection (SWP) process, including the provision
of technical expertise to determine the best ways to protect the quality and quantity of sources of drinking
water within a watershed. This is considered to be the first step in a multi-barrier approach to ensuring
safe drinking water. SWP studies are funded by the Province of Ontario.

Source Water Protection Plans are being prepared by the Conservation Authorities, with the support of
the Regional Municipalities, for each Source Protection Region. An important element of the SWP plan is
the technical assessment of potential risks to municipal water supplies from both a water quantity and
water quality perspective. A three-tiered approach has been defined under the Clean Water Act for the
purpose of assessing the risks to municipal water supplies with respect to water quantity.

According to the SWP assessment process, municipal supplies within subwatersheds that are identified
as being potentially stressed are required to undergo a Tier 3 Local Area Water Budget and Risk
Assessment (Tier 3 Assessment). The Tier 2 Water Quantity Stress Assessment completed for the
Grand River watershed in 2009 (AquaResource, 2009a and 2009b) reported that:

The Whitemandés Creek Ass es shagngt Malerategpotemtéalsfor stresassi fi ed
based on drought impacts simulated to occur at the Bright #4 well, and supplemental information

provided by County of Oxford hydrogeological support staff. Based on this classification, the Bright

system meets the requirement under the Technical Rules for the completion of a [Tier 3] local

water budget and risk assessment. 0

Therefore, this Tier 3 Assessment is being undertaken for the groundwater municipal supplies operated
by the County of Oxford in the Village of Bright and for the Bethel Road wellfield servicing the Town of
Paris, both situated within the Whitemans Creek subwatershed.

Previous studies have shown that the Whitemans Creek subwatershed is drought sensitive and has been
subject to frequent Low Water Response declarations. The surface water and groundwater resources of
the subwatershed play a critical role in sustaining high-value agricultural activities and supporting an
environmentally sensitive cold water fishery. Further to the Tier 3 Assessment objectives, the OMNRF
Surface Water Monitoring Centre is funding additional work through this study to improve the
understanding of the long-term sustainability of the subwatershed and investigate drought response,
agricultural water use, and low-water mitigation strategies within the Whitemans Creek subwatershed.

1.2 Project Objectives and Scope

The first objective of this project was to complete a Tier 3 Assessment for the area surrounding the
Village of Bright and the Paris Bethel Municipal wellfields. According to the Technical Rules for
Assessment Reports (MOE, 2009), the Tier 3 assessment includes:

1 defining a "local area" around each municipal wellfield;

I  conducting detailed water budget assessments for each local area;

1 delineating vulnerable areas around each well or wellfields with respect to water quantity
(WHPA-Q1/WHPA-Q2); and

1 quantifying the level of risk of failure to provide adequate supply for existing and planned
municipal water demand after accounting for other water use in the area under current and
proposed land use and under average climate and drought conditions.
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The work program for the Tier 3 Assessment was designed in accordance with the Technical Rules for
Assessment Reports (under the Clean Water Act, 2006)) and the updated Water Budget and Water
Quantity Risk Assessment Guide (referred to herein as the Water Budget Guide) developed for the
Ontario Ministry of Natural Resources and Ontario Ministry of the Environment (MNR, 2011).

The objective of a Tier 3 Assessment, as defined in the Water Budget Guide, is to:

ffestimate the I|ikelihood that a municipalityds drin|
allocated pumping rates considering increased municipal water demand, projected land
devel opment, drought conditions, and other water uses

Specifically, the Tier 3 Assessment includes the development of refined surface water and groundwater
flow models and the application of the models to evaluate groundwater or surface water supply sources in
the local area surrounding the municipal supply well. Various scenarios (related to future land-use
practices, future water demand, and drought conditions) are evaluated with the models to assess the
response of the groundwater and the surface water systems and evaluate the risk that a community may
not be able to meet its current or planned water demands from the municipal water source.

While the first objective of this study addresses municipal well supply issues, a second objective was to
improve the overall understanding of the watershed function under low water response conditions.
Groundwater resources play an important role during drought periods because water stored in aquifers
can help to sustain streamflows and supply farms with water for crop irrigation. The Whitemans Creek
subwatershed has a high density of agricultural water users; therefore, understanding the effects of
drought and increased irrigation demand on the groundwater system is of critical importance when it
comes to balancing hydrologic, ecological and agricultural interests within the subwatershed. Additional
studies are planned to use the model developed as part of the Tier 3 Assessment to investigate drought
response, evaluate the effects of agricultural water use, and help identify low-water mitigation strategies.

1.3 Technical Approach

The hydrologic and hydrogeologic conditions in the Whitemans Creek subwatershed are highly variable
and previous studies indicate that there is a significant interaction between the groundwater and surface
water systems. The interactions are complex, non-linear, and highly transient in nature. Characterizing
the response of streams, wetlands, and aquifer levels to changing climate and water use is essential to
the understanding the overall water budget and function of the subwatershed.

To address this complexity and system interaction a fully integrated surface and groundwater modelling
approach was selected for this study. The project objectives can best be addressed with a modelling tool
that represents the complexity and dynamic feedback
between the systems in a consistent and detailed
manner. The integrated model represents both the PRMS
daily interactions and longer-term seasonal and inter- Hydrologic
annual changes in subsurface storage under a wide
range of climatic and water use conditions.

Fully

The U.S. Geological Survey GSFLOW integrated model Integrated
computer code (Markstrom et al., 2008) was selected

for use in this study. GSFLOW is constructed from two GSFLOW
proven USGS submodels: MODFLOW and PRMS. The model
components and linkage of these models is described in

s . . MODFLOW
detail in Section 7. The integrated model represents all Groundwater

surface water bodies (streams, wetlands, lakes, and UL
ponds) as well as the subsurface geologic and
hydrogeologic features in the study area.
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1.4 Study Area Extents and Model Bounda ry

The dual objectives of this integrated modelling study include the analysis of both the municipal supply
wells and the broader function and behavior of the Whitemans Creek subwatershed (referred herein as
the study subwatershed). To address the wellfield issues the model has been developed and refined to a
level of detail needed to assess the Tier 3 Assessment objectives. To assess the subwatershed-scale
objectives, the study area and model boundaries have been extended beyond the limits of the
subwatershed to capture the regional hydrologic and hydrogeologic processes which influence the
subwatershed. Lateral groundwater inflows and outflows across the boundaries of the subwatershed can
represent significant components of the overall water balance and may influence the sub-regional and
local groundwater and surface water flow systems. Accordingly, the model boundary encompasses a
1,400 km?2 area (referred to as the model area) as shown in Figure 1.1. The boundaries of the model area
were selected to correspond to natural physical boundaries such as watershed divides and/or significant
surface water or groundwater features. The rationale for the selection of model boundaries is discussed
further on in Section 9.2.

1.5 Report Scope and Structure

The objective of this report is to present the development and calibration of the integrated model. The
application of the integrated model for the Tier 3 Assessment will be presented in a subsequent
document. This report will serve as the detailed foundation for that work.

Please note that the documentation of an integrated model is both highly technical and very detailed,
because the broad range of scientific disciplines within the scope of the work. This report broadly
consists of three sections. The first, in Sections 1 through 6, present a detailed discussion of the
groundwater and surface water resources of the model area. Section 7 introduces the GSFLOW model
code and provides an overview of the model behavior. Sections 8 through 11 present the model
representation of the study area and the calibration of the model to field observations.
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Figure 1.1: Whitemans Creek Tier 3 study subwatershed and model boundaries.
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2 Watershed Overview

The Whitemans Creek subwatershed is located in southwestern Ontario between the City of Brantford to
the west and City of Woodstock to the east (Figure 1.1). The subwatershed drains an area of
approximately 400 km2 from headwaters in the northwest to an outfall into the main branch of the Grand
River to the southeast. From the Whitemans outfall, the Grand River discharges into Lake Erie at Port
Maitland and onwards into the St. Lawrence River.

The subwatershed covers nine historic geographic townships: Brantford, Burford, Blenheim, Oxford (on
Thames), Blandford, Bright, Zorra, Wilmont, and North and South Easthope (Figure 2.2) (Geographic
township boundaries were obtained from OMNR (2015a)). The majority of the watershed is now part of
Brantford and Oxford Counties, with a small portion overlapping with Perth County and the Regional
Municipality of Waterloo. The natural resources of the subwatershed are managed by the Grand River
Conservation Authority (GRCA).

The western and southern extent of the Whitemans Creek subwatershed defines the watershed divide

between the Grand River and the Thames River to the west, and Big Creek to the south. Whitemans

Creek is shown in relation to its neighbouring catchments on Figure 2.3. The subwatershed is home to

three main tributaries; Whitemans, Horner, and Kenny Creeks, which have a combined stream length of

369 km. Whitemans Creek transitions into Horner Creek upstream of the town of Princeton, while the

tributary of Kenny Creek joins Whitemans Creek from the west near Burford. The central portion of the
watershedishome t o a number of Provincially Si Biguiref2id;c ant We
primary Benwall Swamp, Pine Pond, and Chesney Bog. Black Creek Swamp straddles both the

Whitemans Creek and Nith subwatersheds west of Drumbo

Land surface topography for the study area, based on a 10-m digital elevation model (DEM), is shown in
Figure 2.5. Relief in the study area is generally low, with some local topographic variation occurring
where creeks and streams have incised through the Tillsonburg, Paris, and Galt Moraines that traverse
the central and southeastern portions of the study watershed (the physiography of the study area is
discussed in Section 3.1). Minimum elevation is 210 metres above sea level (masl) at the Grand River
confluence, rising to 385 masl in the northwest portion of the watershed (Figure 2.6). Elevation profiles of
Whitemans Creek from its headwaters in Horner and Kenny Creeks to its confluence with the Grand River
are presented in Figure 2.7 and Figure 2.8, respectively.

2.1 Historical Settlement and Land Use

The original inhabitants of the subwatershed were the Attiwandaronk First Nations, numbering
approximately 5,000 in the Brant County area prior to European contact. The tribe was historically known
as the Neutral Indians as they remained passive in the wars between the Huron and Iroquois tribes. The
Attiwandaronk were obliterated by the Iroquois in 1653 after sheltering French Jesuit refugees from Fort
Ste. Marie (Sainte-Marie among the Hurons) and a nearby Huron tribe (Dunham, 1945). The sub-
watershed remained largely uninhabited for the next 130 years (Reville, 1920).

European resettlement of the watershed began in the late 1790s, delayed by the swampy nature of the
area, which posed a barrier to transportation. Several mills were constructed along the Creek in the early
phases of resettlement. The first was built by Abraham Dayton in 1793 at the mouth of Whitemans
Creek. Shortly after, Thomas Hornor settled the lower banks of the now Horner Creek and constructed
several grist and saw mills on the Whitemans Creek at Princeton (Warner, Beers & Co., 1883). Warner,
Beers & Co. suggest that Whitemans Creek was named for Thomas Horner, the first white man to settle
in the subwatershed (see http://www.ingersolltimes.com/2010/07/14/how-horner-creek-got-its-name).

Burford Township reached full settlement by the late 1820s, however, the water resources in the area
continued to attract investment. N.A. Fraser purchased the land in 1841 where the Apps6 Mill
Conservation Area sits today (McKean, 1976). Fraser dug out the mill pond at the site, and created the
dyke which runs along the southern border of the pond, adjacent the river, from scab of the pond (Figure
2.9). The early mill was primarily used to grist flour and required very little head; a small upstream
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diversion channel provided adequate volume to fill the mill pond. William and Charles Apps immigrated
from Battle, East Sussex, England in 1854 and purchased the mill and a partially constructed home from
Mr. Fraser in 1858.

Early settlers to the subwatershed found an untamed wilderness; describing streams abundant with brook

trout and beaver. Less welcome neighbours such as bears, wolves, and Mississauga rattlesnakes were
guickly eliminated. Settlers into the interior found
plains which boasted some of the most fertile soil in Upper Canada, prompting widespread land clearing

across the subwatershed. When referring to the creeks of Burford Township, Warner, Beers & Co. offer a

description of the hydrologic effects of this early settlement:

ABi g Creek, 0 r i s ioBgrfoidatth®sofittem gart of the westboundary,

and flows with an exceedingly tortuous and sluggi st
and ALandondsd Creeks, with several mi nor tributa
beauty and verdure to the land through which they flow. But every year since the

destruction of the forests which fed and secured them, the streams grow less; the brook

trout and other fish, thirty years ago so abundant in these creeks, have disappeared,

poisoned, it is thought by the sawdust from the mills. (Warner, Beers & Co., 1883)

With changing land use in the area and increasing irrigation to support local tobacco farming, the flow

was further reduced in Whitemans Creek. By the 19000 s , summer | ow flow was redtl
trickleo during the months when grain far mRsedesafeeded t
structures, ranging from temporary brush and gravel weirs to a concrete wing dam, were constructed at

A p p Mib from the 1910s into the 1950s to divert sufficient flow into the mill pond during the summer

months. Evi dence of these water taking str Figwerl®.sWithr e st il
Albert Apps death in 1956, the mill was closed, leaving the site unused for over 20 years.

By the late-1950s, 78% of the Whitemans Creek subwatershed was dedicated to agriculture (Latornell,
1962). A survey of 195 famers in the subwatershed found that 184 were irrigating croplands an average
of six times per year. The survey reported that 36% were diverting flow from streams, with a further 56%
taking water from online or offline ponds. Irrigation demand was reportedly so large that many small
streams were pumped completely dry. In response to the water demands in the watershed, a series of
dams were proposed to hold back the spring freshet for use later in the growing season. Several
schemes were proposed which included dams on Kenny Creek at Vandecar, Horner Creek at Princeton,
and Whitemans Creek at Apps Mill. These plans were advanced in the 1960s through a series of
engineering feasibility studies (Kilborn, 1969) and management programs.

The Grand River Conservation Authority acquired 258 acres in the Whitemans Creek valley, including the

former AppsoO6 MOWBIOS6Hsi mothesmi ds part of a future reser
projects never came to pass, either due to economic factors or increasing annual precipitation trends.

During the mid-1 9 7 DtleKiwanis Club of Brantford leased an 11 acre parcel of land to north of the mill

site for development as a meeting place and summer camp. In turn, the Club paid $100,000 to aid in the

preservation of the AppsoMill. Also during this period, the GRCA began a tree plantation program with an

aim to restore nati ve s the GRCAswith a glam fromS€ Jobnaan land SAn9 8 0 6 s
Limited, developed the AppsOMill and adjacent lands as an interpretive recreational area. A one-story

nature center was built at Rest Acres Park to provide environmental education programs to the general

public and nearby school boards year round.

2.2 Modern Land Use

Current land use and coverage within the Whitemans Subwatershed were evaluated with the Southern
Ontario Land Resource Information System (SOLRIS v2) mapping compiled by MNR (2014). The
coverage is provided on Figure 2.11 and clearly shows the significance of the agricultural land use over
the region. Actively cultivated agricultural fields comprise 6 0 % of t he water shed, wi t h
U s e endompassing an additional 16%. Within the Whitemans Creek watershed, the undifferentiated
classification includes some agricultural features not included in tilled classification such as orchards,
fallow lands, and undeveloped pastures. This brings the total estimated agricultural coverage to 76%
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(304 km?) of the subwatershed. Natural areas, including forests and wetlands, cover 19% of this
relatively rural area. Developed or settled areas (i.e., rural residential, transportation, parks, industrial,
commercial, etc.) cover the remaining 5% of the subwatershed area. A detailed breakdown of the
SOLRIS land coverage for the subwatershed is provided in Table 2.1 and illustrated on Figure 2.1.

Deciduous Forest
31%

Transporation
Treed Swamp  3.2% P
13.6%

Other
2.0%

Built-Up Areas

1.3%

Undifferentiated |
15.6%

Open Water
1.0%

Figure 2.1: Summary of land use within the within the Whitemans Creek watershed (MNR SOLRIS
v2, 2014).

Given the large percentage of the subwatershed dedicated to agricultural activity and the swampy nature
of the Kenny and Horner headwater, a significant portion of the subwatershed has been tile drained as
shown on Figure 4.5. The distribution of tile drainage around the subwatershed likely has a significant
effect on the hydrologic behavior of the watershed and is further discussed in Section 4.3. Irrigation of
croplands, the principal water use in the Whitemans Creek subwatershed, is discussed in Section 6.

2.3 Agricultural Land Use

Agricultural land usage within the study area is documented in crop inventories available from Ontario
Ministry of Agriculture, Farming and Rural Affairs (OMAFRA) and Agriculture and Agri-Food Canada
(AAFC). Agriculture resource inventory (AgRI) mapping is available for 1983 (Figure 2.12), 2013 (Figure
2.13), and 2016 (Figure 2.14) from OMAFRA and are derived from air photo analysis combined with
windshield surveys. The recent AgRI products cover only the Whitemans Creek subwatershed, while the
1983 mapping covers much of southwestern Ontario. Annual crop inventory mapping has been produced
by AAFC for southern Ontario since 2011, and the 2013 mapping is presented on Figure 2.15. The AAFC
dataset is primarily derived from RADARSAT-2 radar imagery with Landsat-8 optical imagery and is
provided as a 30x30 m raster (AAFC, nd.).

The recent AgRI 2013 and 2016 mapping products (Figure 2.13 and Figure 2.14, respectively) were

analyzed to determine the crop types grown within the Whitemans Creek subwatershed (Table 2.2). The

primary crops are corn and other field crops such as soybeans, wheat, forages (e.g., hay and alfalfa) and

cereals (e.g., barley and rye). When combined, these represent the majority of the land coverage. The

2013 dataset had approximately 5800 acres classified a
blank. These parcels were assumed to be agricultural, but with an unknown crop type or land usage and

were subsequently re-cl assi fied as fAunknowno. Approxi mately 12%
subwatershed is classified as #Aunknowno, because fiel

identified in the windshield survey. The 2016 data appear to be more complete, with only 9% of the

subwatershed area remaining unclassified.
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The historical 1983 AgRI mapping (Figure 2.12) provides some insight into the changing crop patterns
within the study area. Total agricultural coverage appears to have remained consistent over the last 30
years (79% compared with 77% agricultural land currently). The agricultural landscape however, has
changed since the previous 1983 ARI survey as shown in Table 2.3. While the different crop classes
used in each survey make the two datasets difficult to compare directly, tobacco appears to have played
a much larger role in 1983, covering over 5,600 ha of the 40,000 ha watershed, compared to current
estimates of tobacco coverage at approximately 700 ha. The total subwatershed area dedicated to
tobacco has dropped from 14% to 2%. Many of the tobacco farms have been repurposed for corn, wheat
and other crops. Some of the parcels that have been classified as unknown in the 2013 and 2016 data
correspond to tobacco farms from the 1983 data; therefore, it is possible that some of these unknown
farms are still growing tobacco. This assumption is only relevant in the southeastern and central regions
of the subwatershed where tobacco growth has historically been abundant.

The remotely-sensed AAFC crop inventory mapping was also analyzed to estimate agricultural land
practices within the Whitemans Creek subwatershed. The AAFC mapping covers the entire study area
with no gaps or unclassified areas. While not field-verified to the same extent as the AgRI data, the
AAFC mapping offers a more complete coverage over a wider area. Table 2.5 presents a breakdown of
the crop and land coverage in the subwatershed for 2011 through 2015. As noted in the AgRI dataset,
the crop types within the subwatershed appear to be dominated by corn and other field crops such as
soybeans, wheat, forages and cereals which, in 2013, represented 70.6% of the subwatershed area, or
94% of the identified agricultural area. The methods used to derive the AAFC crop inventories have
improved over the period of record, with a noted improvement in accuracy of over 10% for 2013 and
onwards when Landsat-8 imagery was introduced to the classification methodology (AAFC, nd.).

A limited comparison of the relative quality of the remotely-sensed AAFC crop inventories relative to the
field-verified OMAFRA AgRI mapping was undertaken. The comparison is based on the percentage of
each crop type identified by the AAFC data that match the ARI crop description. Some minor crop types
from both ARI and AAFC were combined for ease of comparison (e.g., edible beans were combined with
other vegetables). No comparison could be made for instances where AAFC data corresponded to areas
classified as unknown by the ARI survey. The results of the comparison are summarized in Table 2.4.
On an area-weighted basis, there is a 69% match between the 2013 AgRI and the 2013 AAFC crop
inventory. Good accuracy is found on the majority crop types of corn and soybeans, with a generally
good match also found for crop types associated with irrigation (tobacco, sod, vegetables, and ginseng.)
Overall accuracy of the 2013 AAFC crop inventory was estimated at 87.0% for the province of Ontario
(AAFC, nd). While the suggested accuracy is lower within the Whitemans Creek subwatershed, the
overall agreement is good. Based on this assessment, the AAFC rasters can reliably be used to augment
and infill the recent OMAFRA AgRI products, where necessary, should parameterization of the numerical
model require detailed agricultural mapping.

2.4 Aquatic and Terrestrial Habitat

Whitemans Creek cold water fisheries support three salmonid species; Brown, Brook, and Rainbow Trout
(refer to thermal mapping provided on Figure 2.16). The creek is also home to Rock Bass, Brook
Lamprey, and several families of Perch Darters and Suckers. The lower reach of Whitemans Creek
provides habitat for the Wavyrayed Lampmussel, a species of special concern (DFO, 2015). The Silver
Lamprey, also a species of concern, is found within the several tributaries of Whitemans Creek above
Kenny Creek (DFO, 2015). These species combine to form a diverse and complex aquatic environment,
unique in the surrounding region.

Several sources reference the historically poor condition of the aquatic habitat in Whitemans Creek. In
1953, it was observed t hSapeckledreBroan tiow in fhe veatarahedk A58
survey found Brown Trout at only two locations in the watershed, and no Brook or Rainbow trout were
spotted (GRCA, 1954). At the time, this was attributed to the high temperature fluctuations in the
watershed, a result of heavy irrigation. The 1962 subwatershed conservation report states that

0

ittt

fAVhiteman Creek and its tributaries have little value as fishing waters6 ( Lat or nel | Brownh962) .

Trout have been stocked in Whitemans Creek as early as 1914 (Lasenby and Kerr, 2001), a concerted
effort has been made by the GRCA and local volunteers to restore salmonids to the subwatershed over
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the past 40 years. Whitemans Creek is now considered prime salmonid spawning habitat with a portion
of Horner Creek and the entirety of Whitemans Creek designated a fish sanctuary by the Ministry of
Natural Resources (OMNR). Catch limits on Brown and Rainbow trout exist between Cleaver and
Robinson roads, and fishing on the creek is prohibited during spawning periods. This restriction was
originally initiated in 1990 to control the harvest of young trout.

There is little remaining representation of the indigenous Carolinian forest that inhabited the area before
European colonization. The majority of forested conservation lands are first-stage successional species.
These include Cottonwood, Trembling Aspen, Balsam Poplar, Willow, and shrubbery. Secondary species
include Poplar, Sugar Maple, and several varieties of oak. Forested areas make up 3.5% of the land
cover in Whitemans Creek. However, Whitemans Creek, in combination with the Horner and Kenny
branches, serves as a continuous terrestrial habitat corridor from the Grand River Valley into Oxford and
Norwich counties.

2.5 Tables and Figures

Table 2.1: Land use within the Whitemans Creek watershed (MNR SOLRIS v2, 2014).

SOIIE‘)RIS Name ELCCode Area (km?) P\%;?;rfr?g
193 Tilled - 241 60.20%
250 Undifferentiated UN 62.6 15.60%
131 Treed Swamp SWC/SWM/SWIL 54.6 13.60%
201 Transportation CoT 12.7 3.20%
93 Deciduous Forest FOD 12.4 3.10%
160 Marsh MA 3.2 0.80%
202 BuiltUp AreaPervious COP 3 0.70%
135 Thicket Swamp SWT 2.2 0.60%
191 PlantatiorisTree Cultivated CuP 2.3 0.60%
203 BuiltUp Arealmpervious Col 2.4 0.60%
192 Hedge Rows CUH 1.6 0.40%
204 ExtractionAggregate COE 1 0.30%
20 Forest FO 0.7 0.20%
91 Coniferous Forest FOC 0.4 0.10%
92 Mixed Forest FOM 0.5 0.10%
140 Fen FE 0.2 0.10%
170 Open Water OA 0.3 0.10%
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Table 2.2: 2013 and 2016 ARI breakdown of the Whitemans Creek subwatershed.

2013 2016
Description Numberof . | Percentage off Numberofl . | Percentage of
Field (ha) Whitemans Field (ha) Whitemans

Parcels Subwatershed| Parcels Subwatershed
Corn 911 9636 23.7% 966 9423 23.2%
Soybeans 601 5965 14.7% 716 6147 15.1%
Unknown 1246 4935 12.1% 954 3703 9.12%
Winter Wheat 180 2294 5.65% 300 2546 6.27%
Other Agricultural 2523 1842 4.53% 2583 2474 6.09%
Alfalfa/Grass/Hay 255 1753 4.31% 297 1776 4.37%
Roughland 2495 1725 4.25% 2207 1291 3.18%
Grain 92 762 1.88% 146 881 2.17%
2 | Tobacco 68 542 1.34% 27 257 0.63%
E Vegetable 50 528 1.30% 84 677 1.67%
8 Pasture 153 491 1.21% 264 657 1.62%
& | Edible Beans 18 191 0.47% 78 907 2.23%
< Ginseng 26 138 0.34% 21 98.6 0.24%
Sod 4 60.9 0.15% 5 93.3 0.23%
Sugar Beet 4 57.8 0.14% 1 17.7 0.04%
Fruit 8 23.4 0.06% 5 7.95 0.02%
Specialty Crop Land 26 214 0.05% 90 452 1.11%
Greenhouse 45 19.7 0.05% 51 15.9 0.04%
Lettuce 4 13.7 0.03% 2 5.7 0.01%
Blueberries 1 0.98 0.00% 1 0.98 0.00%
SubTotal 8710 30999 76.3% 8798 31431 776%
i Natural Areas 1778 7689 18.9% 1776 7625 18.8%
" E Built Up 529 1003 2.47% 521 586 1.44%
2 a Infrastructure 256 884 2.18% 255 879 2.16%
g Other 5 44.3 0.11% 1 6.1 0.01%
< SubTotal 2568 9621 23.7% 2553 9095 22.4%
Grand Tota| 11278 40620 100.0% 11351 40527 99.8%
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Table 2.3: 1983 ARI breakdown of the Whitemans Creek subwatershed.

1983 ARI Description F'i\gl‘g;g‘?gglg ’a:‘;" P\?\;ﬁﬁgﬁgﬁsm

Subwatershed
Corn System 140 8919 22.%
Mixed System 91 7617 19.0%
Continuous Row Crop 121 6295 15. %%
Tobacco System 55 5611 14.0%
Grain System 66 1096 2.7%
Hay System 50 874 2.18%6
Extensive Fieltkgetables 33 489 1.22%6
Grazing System 33 489 1.22%6
Pasture System 12 147 0.3%%
Mkt. Gardens / Truck Farmsg 7 62 0.156
Orchard 3 32 0.08%
Nursery 3 10 0.026
Non Agricultural 403 8461 21.%0
Total 1017 40100 1006

Table 2.4: Comparison of ARI and AAFC crop inventory mapping within the Whitemans Creek

subwatershed.

Argg ofCrop Area of ARI and Percent

2013 ARI Crop Typg Identified by AAFC AAFC Matches Matching
(ha) (ha)
Corn 9268 8356 89.7
Soybeans 588 4%0 84.1
Cereals 4556 2454 539
Wheat 2694 1824 67.7
Pasture/Forages 22P 1430 628
Vegetables a2 280 66.0
Tobacco 36 29 81.7
Sod/Turf 608 34.92 575
Ginseng 43.8 388 88.5
Fruit 327 7.11 218
Nursery 245 1.26 5.15
Total 16364 11,319 69.2%
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Table 2.5: Subwatershed land coverage (2011-2015), as determined from AAFC crop mapping.

Description Index | 5611 | 2012 | 2013 | 2014 | 2015
Code
Corn 147 32.0% 30.4% 29.2% 31.7% 27.9%
Soybeans 158 13.9% 22.3% 19.5% 21.4% 26.4%
Pasture / Forages 122 15.6% 10.4% 11.8% 12.2% 12.5%
Wheat 140 -- -- 9.3% 5.9% 4.2%
Rye 137 -- -- 0.9% 0.7% 1.2%
Tobacco 148 - - 2.0% 0.4% 0.9%
Potatoes 177 - 0.0% 0.8% 0.1% 0.5%
OtheNegetables 179 - 0.8% 0.7% 0.1% 0.4%
Ginseng 149 - - 0.2% 0.3% 0.4%
Oats 136 - -- 0.2% 0.1% 0.3%
. Sod 192 - -- 0.2% 0.1% 0.1%
< | Orchards 188 - 0.6% 0.1% 0.0% 0.1%
P [ Nursery 194 0.1% 0.1% 0.2% 0.2% 0.1%
8 Barley 133 -- -- 0.4% 0.1% 0.1%
& | Vineyards 190 - - - - 0.1%
< | peas 162 - - - 02% | 0.0%
Beans 167 1.9% 0.5% -- 0.3% 0.0%
Other Crops 199 1.1% 2.7% - - 0.0%
Fallow 131 0.1% 0.5% -- 0.0% --
Cereals 132 12.1% 6.2% - - -
Canola / Rapeseed 153 0.1% - 0.0% - -
Vegetables 175 1.5% - - - -
Berries 181 - 0.2% 0.0% 0.0% -
Other Fruits 189 - - 0.0% 0.1% -
Herbs 193 0.4% 0.1% -- -- -
Buckwheat 195 - 0.1% 0.1% - -
SubTotal | 78.8% 74.7% 75.5% 73.9% 75.1%
Broadleaf 220 16.9% 17.3% 17.8% 15.5% 14.9%
< Urban / Developed 34 2.5% 2.0% 2.4% 4.8% 4.7%
:32: Shrubland 50 0.5% 2.5% 1.1% 2.8% 2.5%
é Mixedwood 230 0.8% 1.5% 1.5% 1.3% 1.4%
o Wetland 80 0.3% 0.8% 0.6% 1.0% 0.9%
éEZD Water 20 0.1% 0.1% 0.2% 0.3% 0.2%
2 Exposed Land / Barren 30 0.1% 0.9% 0.8% 0.2% 0.1%
Grassland 110 0.0% 0.0% -- 0.1% 0.0%
SubTotal | 21.2% 25.2% 24.4% 26.0% 24.8%
GrandTotal | 100% 100% 100% 100% 100%
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Figure 2.2: Geographic township boundaries (OMNRF, 2013).
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Figure 2.3: Quaternary watersheds.
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Figure 2.6: Hypsometric profile of the Whitemans Creek subwatershed.
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Figure 2.8: Elevation profile of Whitemans and Kenny Creeks.
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Figure 2.11: Subwatershed land coverage (from OMNR SOLRIS v2, 2014).
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Figure 2.12: 1983 Agricultural Resource Inventory (from OMAFRA, 2012).
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Figure 2.13: 2013 Agricultural Resource Inventory (from OMAFRA, 2014).
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Figure 2.14: 2016 Agricultural Resource Inventory (from OMAFRA, 2016).
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Figure 2.15: 2013 Annual Crop Inventory (from AAFC, 2013).
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3 Physiography and Geological Setting

The development of a three-dimensional integrated model requires the compilation and synthesis of
physiographic, geologic, hydrologic and hydrogeologic information. This section introduces and
summarizes the physiography and geologic setting, and provides the reader with an introduction to the
physical geography and geologic (natural) history of the study area.

The physiographic discussion broadly describes how the underlying geologic structure, terrain, and
topography are reflected in stream and wetland patterns. These patterns are discussed in more detail in
Section 4. Similarly, the geologic setting introduced in this chapter provides a foundation and
stratigraphic framework for the detailed presentation of the three-dimensional (3D) hydrogeologic
layering, aquifer properties, and water level patterns presented in Section 5.

3.1 Physiography

The Tier 3 Assessment area encompasses six physiographic regions described by Chapman and Putnam
(1984). The four main regions include the Norfolk Sand Plain, Horseshoe Moraines, Mount Elgin Ridges,
and Oxford Till Plain (Figure 3.6). The Stratford Till Plain and, farther to the north, the Waterloo Hills
occur only to a limited extent within the study area.

3.1.1 Southeast Watershed Physiographic Features

The southeastern portion of the Whitemans Creek subwatershed consists of the Horseshoe Moraines and
the Norfolk Sand Plain. The meltwater stream deposits and spillways of the Horseshoe Moraines give the
region two chief landform components: (1) irregular, stony knobs and ridges that are composed mostly of
till with some sand and gravel deposits (kames); and (2) sand and gravel terraces and outwash deposits
(Figure 3.7). Significant sand and gravel outwash deposits and associated gravel pit operations are
found near the Town of Paris, Ontario. South of Paris, the moraines tend to flatten and disappear under
the Norfolk Sands, and the high-energy coarse sand and gravel outwash deposits transition into the finer
deltaic sand of the Norfolk Sand Plains.

The Norfolk Sand Plain is one of two major deltas of glacial Lakes Whittlesey and Warren. In a manner
typical of deltaic deposits, the soil within the Norfolk Sand Plain is composed predominantly of medium to
coarse sand; however, the unit lacks the gradation from coarse to fine sand that might be expected of a
delta environment. As deposition of these sands proceeded from west to east, it resulted in the partial
burial of the Galt, Paris and Tillsonburg moraines. The physiographic setting within the southern portion
of the study area is therefore a reflection of the interrelationship between the upland morainic structures
of the Horseshoe Moraines, dissecting to varying degrees the flat lowlands of the Norfolk Sand Plains.
Extensive wetland formation within the intermorainal sections of the Norfolk Sand Plain near the Town of
Burford and further west toward Carthart attest to the influence of the moraines on local drainage within
the sand plains. As Whitemans Creek flows from west to east across these two physiographic regions, it
cuts through the Tillsonburg and Galt moraines and forms incised valleys as it passes through deltaic and
outwash sand deposits between Burford and the Grand River.

3.1.2 Central Watershed Physiographic Features

The central portion of the Whitemans Creek subwatershed is part of the Mount Elgin Ridges
physiographic region. Within the study area, the western edge of the Mount Elgin Ridges region is
bounded by the Ingersoll and St. Thomas moraines, while the eastern edge loosely conforms to the
Norwich Moraine. These ridge moraines are typically composed of pale brown calcareous clay or silty
clay till. The vales present a starkly contrasting soil profile - commonly containing gravel, sand or silt
alluvium. While the ridges are generally well drained, the vales are imperfectly or even poorly drained by
virtue of their low topographic relief, resulting in the underdeveloped stream systems within the Kenny
Creek catchment. Extensive construction of tile drain systems has occurred during the last century to
improve drainage in the vales. The Mount Elgin region is one of the most prosperous dairy and livestock
regions of Ontario as the ridges are typically cultivated while the vales are used for pasture.
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3.1.3 Northwest Watershed Physiographic Features

The Oxford Till Plain and the Stratford Till Plain regions occur in the northwestern portion of the study
area and represent the regional uplands of the Whitemans Creek subwatershed. The Oxford Till Plain
lies to the west of the Ingersoll Moraine, and includes the Town of Woodstock and the Community of
Bright. The surface is dominated throughout much of the region by pale brown calcareous loam till that
becomes increasingly drumlinized to the south of Innerkip. Two exceptional features to the extensive
loam tills of the Oxford Till Plains are a clay plain to the southeast of Tavistock and three well-marked
glacial meltwater valleys, the most notable being occupied by what is presently the Thames River. The
ancient meltwater valleys originate north of the Town of Drumbo, and then cross the Whitemans Creek
subwatershed in a southwesterly direction towards the Town of Woodstock. At Innerkip, the valleys have
cut down through overburden to bedrock.

The northern end of the Whitemans Creek subwatershed falls within the Stratford Till Plain physiographic

region. Within the study area, the region is characterized by fairly level (undrumlinized) plains composed

of brown calcareous silty clay till. As a result of
drains are common. Shallow glacial ridges (referred to by Bajc and Dodge (2011) as the Gads Hill
Moraines) provide some local relief to this region between Tavistock and Stratford. The small portion of

the Waterloo Hills physiographic region that extends within the study area (though outside of the
Whitemans Creek subwatershed) includes the Easthope Kame Moraine i a large sand and gravel

moraine extending up to 45 m above the surrounding plains (Karrow, 1986).

3.2 Geologic Setting

The geology in the Whitemans Creek subwatershed and the surrounding area consists of a complex
assemblage of Quaternary age unlithified clastic sediments (primarily tills and intervening sand and gravel
units), that unconformably overlie Silurian and Devonian marine sedimentary bedrock units (Figure 3.8).

Waest East
o B Glacal Lake
¥ '.v Acpstar Whittiesay Deposits
(Lowes Maryhh T Hes )
i ¢
ower Ere Pat fc 1 :
Phas Agutand '>'|"'r Aq Ah 0 ] v T:\l'
QOUSIree fad 2 p
e 3
- . ~y— @ . 7 _ . Sh,. A
. . . . i R n— 2 - . Werewarth =~ e
. . 2 o S Matn Catrish o - Upowr Erw M Aguf LS o ' A 22800 TR 3
a a a 4 Creek T 2 . 85 S
A a & a 4 : L2
“ 4 -
ot
o . A : 3 R
e = - s . e -
(e 7/ s
It E’,w-v e o Format™ o T rtned Degosts g > AR
"M*d:"’ o Lower Ene ¥ iAot ',';h i:':;w- =
- Sand bod Gidee
Sl o okt Sard Py MO0y
B » -’pv\!“
Banete " o
sl | -
parm? 7 M
i gran .
¥
‘.
- } o = gt 59
Modied framr Daje e Duadge, 2014, Pgarw 16 : Mot to Scale ’

Figure 3.1: Schematic representation of Stratigraphic Framework

3.2.1 Geologic Map Sources

The interpreted subcrop of the dipping Paleozoic rocks appear on the digital compilation map of
Armstrong and Dodge (2007; see Figure 12) which references earlier work, such as Sanford (1969).
Mapping of Quaternary sediments in the study area has been carried out by Cowan (1972, 1975), Barnett
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(1978, 1982) and Karrow (1987, 1993). These maps have been incorporated into a digital compilation
map of the Quaternary geology of southern Ontario by the Ontario Geological Survey (OGS, 2010; see
Figure 13). There are useful summaries of both the Paleozoic geology (Johnson et al., 1992) and
Quaternary (surficial) geology (Barnett, 1992) in the Geology of Ontario volume published by the OGS.

Most recently, A.J. Bajc of the OGS has carried out drilling in the study area (Bajc and Shirota, 2007) and
in the Brantford-Woodstock area (Bajc and Dodge, 2011). This program and the three-dimensional
geologic models developed by the OGS helped form the foundation of the conceptual stratigraphic and
hydrostratigraphic models of the study area.

3.2.2 Bedrock Topography and Overburden Deposits

The bedrock surface in the study area exhibits an irregular topography that is typical of the southern
Ontario Paleozoic surface (Figure 3.8). The Onondaga Escarpment is regionally mapped along the
western edge of the Whitemans Creek subwatershed where the subcrop of the Silurian-age Bass Islands
Formation meets that of the overlying Bois Blanc Formation (Figure 3.9). Data from the Ontario Oil, Gas
and Salt Resources Library (OGSR) suggest that the Bass Island Formation forms a plateau that
corresponds closely with the western and southern portion the Whitemans Creek subwatershed.

The total overburden thickness in the study area is presented in Figure 3.10. The thick sediments of the
Waterloo Moraine are evident in the north, while the overburden thins considerably to the west and south
of the Whitemans Creek subwatershed. The areas of thinner overburden likely allow increased recharge
to the upper bedrock units of the Onondaga Escarpment.

323 Paleozoic Geology

The study area lies in a transitional zone between two major Paleozoic sedimentary basins i the
Appalachian basin to the southeast and the Michigan basin to west (Armstrong and Carter, 2010). The
Paleozoic sedimentary rocks that underlie the area dip gently to the south or southwest and get
progressively younger in that direction (presented schematically in cross section in Figure 3.1, and in plan
view in Figure 3.9). Bedrock outcropping in the region is generally poor, with the exception of deeply
incised river valleys of the Thames River near Woodstock, and the Grand River along the eastern edge of
the study area. Regional knowledge of the distribution and lithologic character of the rocks is mainly a
product of subsurface studies using OGSR data from oil and gas wells.

The oldest unit subcropping in the model area is the Silurian Guelph Formation, which comprises thinly-to
thickly-bedded fossiliferous dolostones, typically fine- to medium-crystalline in texture, deposited in both
open marine and lagoonal environments (Brunton, 2009). This formation subcrops in the northeast part
of the model area (Armstrong and Dodge, 2007). It is overlain by the Salina Group (formerly the Salina
Formation), a thick, complex package of shales, carbonate rocks, and evaporites - anhydrite, gypsum and
halite (Figure 3.2). Within the Salina Group, eight units of formational rank have been recognized in the
subsurface in Ontario (Armstrong and Carter, 2010), with the lower two members exhibiting an increase in
shale content. The Salina Group directly underlies most of the Whitemans Creek subwatershed (Figure
3.9). It is conformably overlain by the dark brown to light greyish tan, finely crystalline dolostones of the
Bass Islands Formation, which is the uppermost Silurian unit in the area (Johnson et al., 1992; Armstrong
and Carter, 2010). The top of the Bass Islands Formation is an erosional surface that represents a
significant regional unconformity (Johnson et al., 1992).

Figure 3.2: Core sample of the Salina Formation showing gypsum veins and nodules (Earthfx,
2005).
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The Early Devonian Bois Blanc Formation forms the base of the next sedimentary sequence in the
region. It consists mainly of fine- to medium-grained, cherty limestone and dolostone (Figure 3.3) but has
a basal sandstone member in the Appalachian basin (Johnson et al., 1992). Together with the underlying
Bass Islands Formation, the Bois Blanc Formation helps to define the Onondaga Escarpment - an
easterly- to northerly-facing bedrock cuesta that is buried by Quaternary sediments in the region. The
Ambherstburg Formation of the Detroit River Group, which overlies the Bois Blanc in the study area, is a
relatively thick unit consisting of fine- to coarse-grained limestones and dolostones that are generally
bituminous and bioclastic (Johnson et al., 1992; Armstrong and Carter, 2010). This unit transitions
eastward into the cherty, fossiliferous limestones of the Middle Devonian Onondaga Formation
(Armstrong and Carter, 2010). The Lucas Formation is the next unit in the sequence and conformably
overlies the Amherstburg Formation of the Detroit River Group. At the margins of the Michigan basin, it
consists of high-purity limestones and bituminous and cherty dolostones and may contain blebs and thin
beds of anhydrite-gypsum (Johnson et al., 1992). The contact of the Middle Devonian Dundee Formation
with the underlying Detroit River Group is sharp and erosional (Johnson et al., 1992). The Dundee
Formation consists of fossiliferous, medium- to thick-bedded limestones and minor dolostones; oil staining
is common in porous beds and along fractures (Armstrong and Carter, 2010). This is the youngest
Paleozoic unit present in the study area and subcrops in the southwest part of the model area.
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Figure 3.3: Core samples from the Bois Blanc Formation (Earthfx, 2005)

324 Quaternary Geology

Like all of southern Ontario, the Whitemans Creek area was repeatedly glaciated during the Pleistocene
Epoch, although locally there is only clear evidence for glacial activity during the Wisconsinan glacial, the
final major glacial episode (see Barnett, 1992). Most of the Pleistocene sediments were deposited either
directly from glacier ice, in meltwater streams, or in ice-marginal or ice-dammed lakes (Figure 3.4). The
pattern of glaciation in the Great Lakes region is typically lobate, with glacial ice flowing from the north
filing the lake basins and then spreading out radially as the local ice masses became thicker. With
increasing ice thickness and coalescence of ice lobes, an overriding regional south to southwesterly flow
was established near the time of the glacial maximum during the Nissouri Phase of the Late Wisconsinan
(the Late Wisconsinan is now called the Michigan Subepisode, see Karrow et al., 2000). Bajc and Dodge
(2011) note that this pattern of glacial lobation has probably occurred repeatedly during the Pleistocene.
The present study area was in a zone of glacial convergence with ice flowing out of the Lake Huron and
Georgian Bay basins meeting ice from the Lake Ontario-Lake Erie basins (Barnett, 1992; Karrow, 1993).
Episodes of glacial recession in the area were marked by interlobate glaciofluvial and glaciolacustrine
sedimentation and the formation of a number of major moraines (Barnett, 1992). The surficial exposure
of the tills is shown in Figure 3.11.
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Figure 3.4: Glacial Lake Whittlesey, following separation of the Ontario-Erie lobe.

3.2.4.1 Early Wisconsin Age Units

The ol dest known sedi ments in the regi on, whichearet he 061 o
considered Early Wisconsinan in age. These deposits include a coarse-t e x t u r €dnningdunite

overlain by interbedded diamictons and glaciolacustrine sediments (Bajc and Dodge, 2011). These

sediments are discontinuous and sporadic in their distribution (Bajc and Dodge, 2011) and are only

exposed in sections along the Nith River (Karrow, 1963) and at the Lafarge Zorra quarry (Cowan, 1975;

Bajc and Dodge, 2011). The next major unit is the Canning Till, a very stiff, clayey silt diamicton

containing very few pebbles and cobbles (Karrow 1963; Cowan, 1972). The Canning Till is associated

with fine-grained glaciolacustrine deposits and, in a few boreholes, overlieswater-b ear i ng sanrds (the
Canning aquiferd of Bajc and Dodge, 2011).

3.2.4.2 Nissouri Phase (Late Wisconsinan)

Following the recession of the Lake Erie lobe ice that deposited the Canning Till, the area was subjected

to a period of erosion and lacustrine sedimentation. The Catfish Creek Till was deposited during the

Nissouri phase (Figure 3.5) of the Michigan subepisode (formerly known as the Late Wisconsinan) when

glacial ice extended as far south as southern Ohio (Bajc and Dodge, 2011). Typically, the Catfish Creek

Till is a stony, overconsolidated, sandy silt to silty sand diamicton with colour ranging from greyish brown

to light olive brown (Cowan, 1975; Barnett, 1982; Bajc and Dodge, 2011). This unit is extensive in the
subsurface throughout sout hwestern Ontario and is com
drillers because of its stiffness. The till was deposited mainly by southerly-flowing ice and is commonly

associated with glaciofluvial sand and gravel deposits (Cowan, 1975).
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As glacial ice withdrew from the region during the Erie phase, much of the area was affected by glacial
lakes and local pondings, with deposition of sediments ranging from fine sands to laminated silt and clay
(Cowan, 1975; Bajc and Dodge, 2011). Thin, fine-grained diamictons may be interbedded with these
sediments (Bajc and Dodge, 2011). In the northern part of the study area, interlobate glaciofluvial and
glaciolacustrine sedimentation produced much of the complex Waterloo Moraine (Bajc and Shirota, 2007)
and possibly the Easthope Moraine (Karrow, 1993). These features have cores of fine sand or sand and
gravel and are capped by fine-grained tills deposited during the Port Bruce phase (Karrow, 1993).
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Figure 3.5: Late Wisconsin (Michigan Subepisode) till relative time-distance diagram

3.2.4.3 Port Bruce Phase

As many as five till sheets were deposited with the return of glacial ice to the region during the Port Bruce
phase (Figure 3.5), reflecting the complex interaction of ice flowing out of the Georgian Bay and Lake
Huron basins meeting ice from the southeast coming out of the Lake Erie and Lake Ontario basins
(Barnett, 1992). Bajc and Dodge (2011) and other authors refer to the areas where the ice lobes meet as
the interlobate zone. Many of the till units are relatively thin with limited areal extent and probably
represent fairly local ice margin fluctuations (Karrow, 1993; Bajc and Dodge, 2011). Within the region,
the oldest of these tills is probably the Stirton Till, a massive, blocky, clay-rich diamicton, deposited by the
Lake Huron-Georgian Bay lobe, which has not been found east of Conestoga Lake and may not extend
south of the Nith River (Karrow, 1993). The Erie-Ontario lobe Maryhill Till is possibly slightly younger than
the Stirton Till, and has been interpreted to extend across much of the study area. It is a very fine-
grained diamicton that commonly is interbedded with laminated silt and clay and caps parts of the eastern
flank of the Waterloo Moraine (Karrow, 1993).

The Tavistock Till is a Lake Huron-Georgian Bay lobe till that is a major stratigraphic unit within the
region, with extensive areas of mapped outcrop (Karrow, 1993; Bajc and Dodge, 2011). The Tavistock
Till overlies the Maryhill Till within the study area. Texturally, this till is a pebbly, gritty, clayey silt
diamicton (Bajc and Dodge, 2011). Other Lake Huron-Georgian Bay lobe tills in the region include the
Mornington and Stratford tills, which were probably deposited during minor ice re-advances during overall
retreat from the glacial maximum represented by the Tavistock Till (Karrow 1993; Bajc and Dodge, 2011).
The relatively thin Stratford Till, which outcrops extensively in the northwestern part of the area, is a fairly
stony, sandy silt diamicton that is usually soft and friable (Karrow, 1993).
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The major Port Bruce-age Erie-Ontario lobe till in the region is the Port Stanley Till (or Port Stanley Drift),
which is quite extensive at surface or in the shallow subsurface in the eastern half of the study area
(OGS, 2010; Bajc and Dodge, 2011). Cowan (1975) describes this till as a stiff to very stiff clayey silt to
silt till, typically ranging in thickness from 1.3 to 6 metres but may be up to 41 metres thick in the
Tillsonburg Moraine (Barnett, 1982). In the northern part of the area, it has a much sandier texture due to
incorporation of material from overridden glaciofluvial deposits (Karrow, 1993). Barnett (1982) has
identified fiat | east four major and sever al mi nor til
area, but Cowan (1975) observed only a single till unit in the Port Stanley in the Woodstock and Brantford
map areas. This till is associated with fine-grained glaciolacustrine sediments that contain diamictons
(Bajc and Dodge, 2011) and is approximately contemporaneous with the Tavistock Till (Cowan, 1975).
There are patches of Port Stanley Till directly overlying either granular sediments or Maryhill Till in the
southeastern part of the Waterloo Moraine (see OGS, 2010).

3.2.4.4 Mackinaw Phase

The Mackinaw phase was mainly a time of ice recession from the area with active glaciofluvial and
glaciolacustrine sedimentation. The extensive Grand River outwash was deposited at this time (Bajc and
Dodge, 2011). During the final phases of the Wisconsinan, a series of major glacial lakes in
southwestern Ontario were centred on the Lake Erie basin but only appear to have affected part of the
area (Barnett, 1992). The Erie-Ontario ice lobe re-advanced in the eastern part of the area as far as the
Paris Moraine, overriding areas of outwash and depositing the Wentworth Till, a very silty, often stony,
sand diamicton (Karrow, 1993; Bajc and Dodge, 2011). Both the advance and retreat of the Wentworth
ice was accompanied by deposition of extensive proglacial outwash in the north and central parts of the
study area (Karrow, 1993) and glaciolacustrine sedimentation in Glacial Lake Whittlesey in the south
(Cowan, 1975; Barnett, 1978), including the fine sands that make up the Norfolk sand plain (Chapman
and Putnam, 1984).

There are a number of moraines in the region associated with the various ice lobes and till units. Most of

these moraines are products of minor glacial recadvances or 6standstillsé durin
(Barnett, 1992). The major Erie-Ontario lobe moraines include the Ingersoll, St. Thomas, Norwich, and

Tillsonburg moraines, which are associated with the Port Stanley Till, and the Paris, Galt, and Moffat

moraines, associated with the Wentworth Till (Cowan, 1972, 1975; Barnett, 1978, 1982). Moraines

deposited by Huron-Georgian Bay ice include the Chesterfield and Lakeside moraines, both associated

with the Tavistock Till, and the Gads Hill moraine, which comprises several low, northeast-trending ridges

and is possibly associated with both the Tavistock and Stratford Tills (Karrow, 1993). The Macton

Moraine, which extends into the extreme northern part of the area, in made of silty clay Mornington Till

(Karrow, 1993).

3.3 Conclusions

The complex geologic history of the study area has resulted in a highly variable set of geologic conditions
across the watershed. The low permeability tills in the northwest transition to the highly permeable
Norfolk sand plan in the southeast. No single large feature (such as the Waterloo Moraine) dominates
the study area, although the close correlation between the subwatershed boundary and the buried
Onondaga Escarpment suggests that the deeper subsurface structure may directly influence the
hydrologic processes in the study area. The hydrology and hydrogeology are discussed in detail in
subsequent sections of this report.
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Figure 3.6: Physiographic regions (from OMNDM, 2007).
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Figure 3.8: Bedrock topography, as interpolated from borehole data.
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Figure 3.11: Surficial geology (from OGS, 2010).
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4 Climatic and Hydrologic Setting

4.1 Hydrologic Setting

As introduced in the previous section, the hydrologic response of the Whitemans Creek subwatershed is
controlled by the physiography, surficial geology, drainage pathways, and climate patterns. While the
study area is complex, the hydrologic setting of the Whitemans Creek watershed can be generally divided
into three broad hydrologic regions:

|l
f

Upper Whitemans Till Plains (Upper Horner Creek): This area is dominated by poorly drained
till plains with the low permeability Tavistock till at or near surface.

Central Whitemans Outwash Area (Kenny Creek and Lower Horner Creek): This is a complex
area of moraines, outwash deposits, and till plains. The southern area is characterized by poorly
draining Port Stanley Till at or near surface. In the north, glacial outwash has eroded this till unit,
and outwash sands and sediments sit directly on the older Maryhill Till. These sediments are
host to the many ponds and wetlands (Figure 2.4) in the central portion of the subwatershed,
owing to the poor vertical drainage associated with the clay-rich Maryhill Till.

Lower Whitemans Sand Plain (Lower Whitemans Creek): This area contains extensive
glaciolacustrine and outwash sand deposits with near surface groundwater levels. Intermittent
swamps and wetlands are typical in low-lying and riparian areas.

These three general hydrologic regions are presented in Figure 4.1. Moraines formed during the previous
glacial retreats are also identified, as they offer moderately higher relief with variable permeability and
drainage characteristics.
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Figure 4.1: Conceptual division of the hydrologic setting.
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41.1 Stream Network and Wetlands

The mapped streams and channels which drain the subwatershed are presented on Figure 2.4 which also
shows significant ponds, swamps, and wetlands. The natural drainage of the Whitemans Creek
subwatershed has been heavily altered since European settlement. Figure 4.4 presents the natural
stream channels along with constructed drainage features that are listed as municipal drains (according
to records complied by OMAFRA (2015a)). Aerial and satellite imagery suggest that numerous private
drains connect to these features throughout the watershed. Additionally, much of the areas dominated by
poorly-draining Tavistock and Port Stanley till (Figure 3.11) have been drained by field tiles to improve the
agricultural output of the land. Areas mapped as tile-drained by OMAFRA (2015b) are presented on
Figure 4.5, although an inspection of Southwestern Ontario Orthoimagery Project (SWOOP) imagery
collected over the past 10 years suggests that this mapping is incomplete. Regardless, the level of
hydromodification due to land use changes (Section 2.1), ditching, and channelization, and the installation
of tile drains in the subwatershed is extensive.

41.2 Runoff Generation

The low permeability Tavistock Till in the Upper Whitemans Till Plains generates large volumes of runoff
in this relatively flashy portion of Horner Creek. Similarly, the southwestern portion of the subwatershed
adjacent to Kenny Creek also generates significant runoff volumes. This area has also been heavily
ditched and generates higher intensity runoff events than other areas. The sandy, shallow aquifers at
surface in the upper Central Glacial Outwash serve to reduce runoff volumes into the lower reaches of
Horner Creek; recharge in this area also supports numerous ponds and wetlands. The areas of highest
recharge (and hence with lower expected runoff) occurs within the Lower Whitemans Sand Plain.
Recharge in this area supports an extensive and thick (up to 65 m) sand aquifer which serves as a supply

of cool water to adjacent Whi t e ma rreeks diringhthes summigre s t

months. This sand aquifer also represents an important source for both agricultural and domestic water
supply.

The subsequent portions of this section of the report present an analysis of historical meteorological
conditions within the Whitemans Creek subwatershed. Basin climate averaged normals are derived and
discussed in the context of long-term trends and major droughts. Streamflow response within the
subwatershed is presented through an analysis of data from key stream gauges. Adjacent watersheds
with similar hydrological characteristics are also discussed to provide insight into the regional hydrologic
setting. Lastly, ecological streamflow minimums developed for the subwatershed are introduced and
compared with precipitation and other factors on an annual basis.

4.2 Precipitation and Temperature

To assess the local climate in the Whitemans Creek subwatershed, climate data from Environment
Canadads Atmospheric Environment Ser vi cee olftanédSand
analyzed. The purpose of this compilation was to conduct a long-term historical analysis of climate
patterns and to create a continuous high-quality set of daily climate data for use as input to the integrated
groundwater/surface water model.

There are several climate stations sited around the Whitemans Creek subwatershed (Figure 4.6). Data
from stations within 15 km of the model boundary were obtained to develop a representative group of
stations with which to characterize the subwatershed climate. The boundary of this zone was extended a
further 10 km to the west to include additional stations to aid in the delineation of small, intense
convective storms. Station information for the selected 79 stations is presented in Table 4.2 and the
available period of record for the selected stations is illustrated on Figure 4.7. The available record within
the station group is adequate, with data (either precipitation or temperature) available from 1865 onwards.
The number of active stations increased during the post-war period and peaked in the mid-1980s. Figure
4.8 presents the number of stations within the analysis group with complete monthly precipitation records
post-1945 as determined by the WMO standard i3 and dsoussedubel@v. Due to budgetary
constraints, many climate stations have been discontinued in the past decade, with less than 5 stations in
the study area providing complete precipitation records from 2014 onward (Figure 4.9).
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(Note: Data used in this analysis were not corrected for differences in synoptic measurement intervals.
The climatological day used to derive daily minimum and maximum temperatures and precipitation totals
has varied historically. Since July 1%t, 1961 principal stations have treated 0600Z the following day as the
end of the observation period. At ordinary stations, 0800Z is typically reported; however, 0000Z, 1230Z
and 1700Z have also been historically employed. Conclusions related to the long-term climate trend
analysis which includes periods pre-1961, may be affected by these differences in daily observation
periods.)

4.2.1 Regional Climatic Variability

To ensure that the selected stations represent a similar hydroclimatic region, the variability of precipitation
observations at the 79 stations was analyzed at a monthly and annual time step. Stations without snow
observations, such as the automated GRCA tipping buckets at Brantford, Burford, New Hamburg, and
Paris were processed to remove cold weather observations. Monthly precipitation averages were

calculated at each station following the WMO standard i3 and 50 r ul e wh iwithhmore x c |

than 3 consecutive days of missing data or more than 5 days with missing data (WMO, 1989). Water
year averages were calculated where complete monthly records were available from October through the
following September. Many stations did not record Sunday observations during the 1860s and 1870s. At
many active EC stations in the study area, significant gaps are present in the modern record. Many
stations with long, continuous records such as Woodstock and Brantford have significant gaps in the
recent record, often missing multiple days of observations during a typical week. Accordingly this
analysis was centered on the 1980s which features the most complete period of record.

Figure 4.10 presents the average annual precipitation quartiles between wy1960 and wy2010 for the
station group. Median annual total precipitation varied from 690 millimetres (mm) to 1,300 mm over this
51-year period with an observed mean annual precipitation of 935 mm. Annual interstation variability is
low in the group, with the inter-quartile range (i.e., the difference between the 75th and 25th percentile)
averaging 112 mm or 12% of the observed median annual precipitation. Monthly precipitation totals are
illustrated in Figure 4.11 for the period spanning wvy1980 through wy1990. Over this 11-year period,
median monthly precipitation ranged from 8 mm in June of 1988 to 175 mm during September of 1986
with a mean monthly precipitation of 82 mm. Interstation variability was higher on a monthly basis, with
the interquartile range averaging 21 mm (26% of the observed median). This variability is primarily
observed during the summer months, and is likely due to the influence of intense convective events that
cover only parts of the entire study area. For example, the large discrepancy observed in the summer of
1987 was due to a number of storm events which passed over the northern portion of the study area.
These storms produced large runoff events in Waterloo and Kitchener with some runoff in the Whitemans
Creek subwatershed, but produced no runoff in Big and Otter Creeks to the south. The influence of these
summer convective events highlights the need to maintain a climate group with enough stations to
effectively represent these events.

An analysis of the average monthly data demonstrated that the automated GRCA stations at Brantford,
Burford, New Hamburg, and Paris did not correlate well with neighboring EC stations during some
periods. These stations likely require additional QA/QC processing, and were excluded from the dataset
used for subsequent analyses.

422 Basin-averaged Normals

To assess the subwatershed climate trends, daily climate data at the remaining 75 climate stations were
interpolated to a 1 km by 1 km grid using an inverse-distance-squared weighting technique (Figure 4.2).
Inverse-distance-weighting is a computationally efficient way of interpolating the spatial data which
assumes the correlation between the data at the nearby stations drops off steeply with distance. The
study area sees both frontal and convective storms in the summer months; frontal systems are a result of
large (sub-continental scale) air masses with different temperatures and air pressures colliding whereas
convective storms are generated by heat and available moisture and generally have a small footprint.
Small-scale (2i2 0 k m) circulations termed O6severe deep

mont hséd worth of precipitation on a relativellkelysmall

be captured by all the study area climate stations, whereas a convective storm may not be. For this
reason it is preferable to capture data from as many climate stations in the study area as possible.
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Inverse-distance weighting preserves more spatial information than some other interpolation schemes
such as Thiessen polygons and is therefore preferred for spatially distributed models. Given the dense
distribution of climate stations in the study area, and the small scale storms that can control the
hydrologic response during the summer months, this interpolation technique was used to derived the
basin-averaged normal and, ultimately, the climate inputs for the integrated model.

. b) 3 S ket | 3 aine o

a)

C2

Ca

Figure 4.2: a) Inverse-distance-squared formula and example; b) meteorological interpolation grid
with climate stations and subwatershed cells for averaging, c) typical interpolated precipitation
hydrograph at a grid point.

A complete daily precipitation record (total precipitation, rain, and snow) was generated for the period
spanning wy1867 through wy2016 on a gridded basis with the inverse-distance-squared weighting method
(i.e., data are interpolated to the 1km by 1km grid array for each day). Similarly, a complete daily
temperature (minimum, mean, and maximum) record was gridded for the period spanning wy1872 through
wy2016. The gridded data sets were used for the analysis of both the spatial and temporal analysis
presented below.

To assess spatial patterns, average annual precipitation for the period of record was calculated from the
daily grids. Average annual precipitation varies from a high of 950 mm in the northwest of the study area
to a low of 850 mm in the southeast around Brantford (Figure 4.13). Thus, the poorly drained portions of
the Upper Whitemans hydrologic sub-region receives, on average, approximately 10% more precipitation
than the more permeable sediments of the Lower Whitemans sand plain. Annually averaged daily
temperature (Figure 4.14) demonstrates an inverse relationship with elevation, with a 1°C difference
observed across the watershed roughly correlating to topography (Figure 2.5).

To assess climate normals, the daily gridded climate data was averaged over the Whitemans Creek
subwatershed (Figure 4.2b) to generate a daily time series of basin-averaged precipitation (Figure 4.2c)
and temperature. A time-window portion of this daily basin-average dataset is presented in Figure 4.15
and Figure 4.16 for the period spanning wy1975 though wv2014. The following analysis of climate
normals and trends was undertaken with this interpolated, basin-averaged time series.

Figure 4.17 presents the annual average precipitation observed over the study watershed for a 151-year
period showing long-term trends and the number of stations sourced for the interpolation. Estimated
average annual precipitation between wy1867 and wv2016 was 897 mm per year (mm/yr) over the
watershed; while over the past 50 years (wy1967-wy2016) annual precipitation has averaged 955 mm/yr
(Table 4.1). The precipitation trends follow the general pattern observed in the Great Lakes region; with a
major drought observed in the 1890s, an increase in annual precipitation over the first 30 years of the 20t
Century, followed by a leveling off during the mid-20" century, and finally an increase in precipitation
observed between 1970 and the present day (Bonsal and Shabbar, 2010). Periods of drought in the
observed record occur in the 1890s, 1930s, late-1950s to mid-1960s, and the late 1990s.
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Table 4.1: Basin-averaged annual precipitation with varing observation periods.

Period Watershed Average Precipitatic
(mm)
Total Record 897
Past 100 years 913
Past 5¥ears 955
Past 30 Years 949
Past 10 Years 979

Figure 4.18 presents the basin-average annual temperature observed in the study watershed between
wy1872 and wy2016. A general warming trend is observed over the period, with a decrease in the middle
part of the 20" century as is typically observed in North America (NOAA, 2014). Figure 4.19 overlays the
annual mean temperature with the annual precipitation totals. Some years of reduced precipitation
correspond to years with a high than normal mean temperature, notably wy1998 and wy2012. Figure 4.20
presents a breakdown of annual precipitation volumes by rain and snow. Some drought periods clearly
corresponds to phases of reduced rainfall (e.g., the late 1990s), while some extreme years correspond to
average rainfall but with lower than average snowfall (e.g., the 1930s or wy2012).

Figure 4.21 presents a histogram of average monthly precipitation. The winter months have slightly lower
median precipitation, with the summer month exhibiting a larger range of variability. Average monthly
median precipitation ranges from a mid-winter low of 59 mm to a summer high of about 79 mm; when
considering the entire period of record, precipitation appears to be well-distributed over the water year.
Figure 4.22 and Figure 4.23 present histograms of monthly mean and daily minimum/maximum
temperature, respectively. Daily values range from extreme minimums of -35°C in January to maximums
approaching 40°C in July. Variability in the daily and monthly mean temperatures is highest during the
winter months with daily normals varying by as much as 20°C.

Figure 4.24 presents the daily precipitation exceedance probability function (EPF) for the period of record.
Daily precipitation totals exceed 1 mm for 80% of days with measured precipitation. Only 1% of daily
precipitation events exceed 30 mm. A histogram of maximum daily precipitation is shown on Figure 4.25
illustrating that the higher daily maximums occur during the summer months. The relative distributions of
daily precipitation totals exceeding 1, 5, 10, 25, and 30 mm are presented in normalized form on Figure
4.26. This figure compares the relative distribution and seasonal frequency of daily rainfall totals greater
than a given exceedance. Days with intensities less than 10 mm/d are distributed fairly evenly over the
water year. Higher-volume daily totals (>20 mm/d) tend to occur mainly in the summer months (June
through September), likely in the form of high-intensity convective storms.

4.3  Sitreamflow

The distribution of Water Survey of Canada (WSC - a division of Meteorological Service of Canada,
Environment Canada) stream gauge locations close to or within the study area is shown on Figure 4.28.
There are two active and one discontinued streamflow gauges within the Whitemans Creek subwatershed
(quaternary watershed ID 02GB-05). There are 21 active or historic Water Survey of Canada (WSC)
stream gauge stations within a 10-km buffer of the Whitemans Creek and each of the quaternary
subwatersheds adjacent to Whitemans Creek is currently gauged by the WSC. Table 4.3 presents a
summary of the properties and streamflow characteristics of the 13 gauges within the model area.

4.3.1 Historical Trends

The WSC gauge on Whitemans Creek near Mount Vernon (02GB008), located immediately downstream
of Cleaver Road, is the closest gauge to the stem of the subwatershed and is of prime significance to the
Tier 3 Assessment. Streamflow has been monitored continuously at this site since March 1961; a
hydrograph of the observed record at this gauge is presented in Figure 4.29. Horner Creek is gauged
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above Princeton with discharge data are available starting in 1953 (Figure 4.30). This gauge was
discontinued between 1992 and 2003, leaving a significant gap in the available record. Kenny Creek was
gauged immediately upstream of its confluence with Whitemans Creek between 1961 and 1991. The
daily hydrograph of observations is presented in Figure 4.31. While there are some gaps in coverage for
each of the three stream gauges, two are available with recent record.

4.3.1.1 Low Flows

The period of record at each of the three gauges overlap within the 1957-1966 drought period and
therefore were helpful in assessing the response of the integrated model to extreme low-flow periods.
Logarithmic plots of daily streamflow, which enhance the presentation of the low flow record at the three
gauges, are presented in Figure 4.32 through Figure 4.34. Extreme low-flow events in the Whitemans
Creek subwatershed were observed in wy1962, wy1966, wvy1988, wy1999, and wv2012.

4.3.1.2 Average Annual Discharge

Annual average discharge and total runoff for each gauge in the study subwatershed is presented on
Figure 4.35 through Figure 4.37. The mean annual streamflow at Whitemans Creek near Mount Vernon
(02GB008) is 4.4 cubic metres per second (m3/s) and equal to a total runoff depth of 363 millimetres per
year (mm/yr). The observed record at the three gauges Whitemans Creek overlap for the periods
between wy1962 through wy1969 and wy1972 and wy1990. Total observed annual runoff at the
Whitemans, Horner, and Kenny stream gauges (02GB008, 02GB006, and 02GB009) for this overlapping
period was 356 mm/yr, 392 mm/yr, and 361 mm/yr, respectively. Precipitation for this period averaged
931 mmlyr, resulting in runoff ratios of 38.3%, 42.1%, and 38.9%, respectively. The smallest annual flow
occurred in wy1962, part of a significant period of sustained low flow between wy1961 and wy1963 which
is generally included as part of the 1957-1966 drought period. wy1999 represents the second-most
extreme low-flow period, with the recent wy2012 low-flow period plotting closer to the average on an
annual basis. The annual averaged runoff depth is plotted against the basin-averaged precipitation on
Figure 4.38 for Whitemans Creek at Mount Vernon (02GB008). The runoff ratio for the entire period of
record is 38.1%. Runoff and precipitation appear to be well correlated on an annual basis.

4.3.1.3 Peak Flows

The magnitude and timing of the annual peak flow at the Whitemans Creek gauge near Mount Vernon
(02GB008) stream gauge is presented in Figure 4.39. The peak annual flows generally correspond to the
spring freshet, which typically peaks during late-March. To provide some context regarding the relative
flood return frequencies observed in the Whitemans Creek subwatershed, a simple flood-frequency
analysis was undertaken. The peak annual flood series at the three Whitemans Creek stations were
fitted to a Log Pearson Il distribution as per Bulletin #17B (Water Resources Council (US), Hydrology
Committee, 1981) to derive return intervals. Outlier removal via the Grubbs' Test and the estimation of
regional skewness were also implemented as per Bulletin #17B. The annual peak return intervals for the
Whitemans Creek stream gauges are presented on Figure 4.40. Bankfull discharge on Whitemans Creek
is approximately 40 m3/s (Marchildon et al., 2011), which corresponds to the 1.5 year return interval. The
largest observed instantaneous discharge on Whitemans Creek was 84.9 m3/s which occurred April 15t
1982. This event has a predicted return interval of 24.6 years, somewhat lower than its plotting position
of 43 years.

Interestingly, the peak events generated on Kenny Creek (gauged area: 91.9 km?) have a higher return
interval than events of a similar magnitude generated on Horner Creek which covers an area 50% larger
(gauged area: 150 km?). Kenny Creek is extensively tile drained and has an extensive series of man-
made ditches and canals which cut through hummocky areas. While Kenny Creek has a lower annual
runoff ratio than Horner Creek, Kenny Creek is capable of generating higher intensity runoff events. This
may also be a function of the surface storage present the many wetlands and ponds that drain into
Horner Creek. These features, removed through land development in Kenny Creek, buffer intense rainfall
events and reduce the peak event discharge generated in Horner Creek.
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4.3.1.4 Average Monthly Streamflow

Histograms of average monthly streamflow are provided on Figure 4.41 through Figure 4.43 for each
gauge in the study subwatershed. The dominance of the spring freshet on the annual flow regime can be
clearly observed, with March and April contributing approximately 40% of the annual streamflow. The
interquartile range of flow is highest in March as the freshet is dependent on the timing and duration of
melt events as well as the volume of accumulated winter snowfall. Variability in the winter is also higher
than during the summer months, as mid-winter rain events are not uncommon in the study area. The
lowest flows typically occur during the month of August with recovery starting mid-September. Winter low
flow extremes are present in the record. They are not common, however, because fall recharge events
and significant groundwater inflow into Whitemans Creek help to sustain flow during the winter months.

432 Flow Duration Curves

The flow duration curve (FDC) is an analysis plot that characterizes the relationship between magnitude
and frequency of flows at a gauge station (Searcy, 1959). In the method, each flow rate is plotted against
the percentage of time that flow rate is equalled or exceed. FDCs represent an empirical approximation
of the cumulative distribution function of stream flow record at a gauging station (Maidment, 1992).
These curves offer a simple and effective method to characterize catchment runoff properties and flow
regimes from stream gauge data. Qualitative conclusions can be drawn from the shape of the curve; For
example, steep slopes represent highly variable stream flows in a system most likely dominated by
surface runoff. Low slopes may suggest a damped runoff response, or the influence of groundwater
discharges when observed in the low-flow portion of the duration curve (Healy, 2010).

Flow duration curves derived from the period of continuous record at each of the three gauges in the
Whitemans Creek subwatershed are presented on Figure 4.44. Flow is also presented as depth of total
runoff, as on Figure 4.45, which normalizes the flow relative to the gauged area. The runoff duration
curve on Kenny Creek clearly deviates from the Whitemans and Horner curves; runoff towards the upper
end of the hydrologic regime is higher while runoff towards the middle and low end of the regime are
lower. In other words, discharge is conveyed faster out of the Kenny Creek watershed than in Horner
Creek or when compared to the overall subwatershed characteristics (as measured at Whitemans Creek
near Mount Vernon (02GB008)). The difference in behaviour at the upper end of the regime is illustrating
on Figure 4.46 and shows the flashier nature of Horner and Kenny relative to Whitemans Creek. Horner,
while flashier than Whitemans, likely supports the mid- and low-range of the hydrologic flow regime with
discharge from wetlands located in the central portion of the subwatershed.

Figure 4.47 though Figure 4.49 present the duration curves for neighboring gauged catchments and the
three Whitemans Creek stations. The Thames River at Ingersoll gauge (02GD0106) exhibits a similar
flow duration curve in magnitude to that of Whitemans Creek. The gauged catchment at Ingersoll
however is 30% larger than Whitemans Creek and features two major reservoirs which serve to store and
release flows. When comparing the runoff duration curve at Whitemans to other naturally-regulated
nearby catchments, it can be seen that Whitemans Creek supports the highest runoff below the 50t
percent exceeded interval. The flashy Kenny Creek exhibits a similar range runoff duration curve to the
Thames River near Tavistock (02GD023) and to the Avon River above Stratford (02GD026) gauges.
These catchments also drain till-dominated areas.

4.3.3 Daily versus 15-Minute Instantaneous Measurements

When addressing streamflow gauge data, temporal resolution can be an important consideration
(Thompson, 2013). Daily data can often obfuscate characteristics of the natural hydrologic regime as the
reported values only represent the total measured daily flow volume. Processes and mechanisms that
occur at a higher frequency can be obscured at the daily time scale. This often occurs in flashy urban
systems or other well-drained catchments. To check the adequacy of the temporal resolution of the
streamflow data within the study area, instantaneous streamflow data collected on a 15-minute time step
were obtained from the WSC for the study area gauges for the period spanning 1969 through 2010.

A comparison of the mean daily and instantaneous hydrographs is presented on Figure 4.50 for the
Whitemans Creek near Mount Vernon (02GB008) gauge for calendar year 2008. The two hydrographs

EarthfX Inc. 44



Whitemans Creek Tier 317 Model Development and Calibration Report March 2018

generally overlap except for a small period around the annual peak in April. Figure 4.51 through Figure
4.53 present the daily and instantaneous flow duration curves for the three subwatershed gauges on a
probability axis. The daily flow duration curve was derived only from days with instantaneous record to
allow a direct comparison of the relative runoff exceedances. Mean daily streamflow data appear to
adequately represent the hydrologic response in Whitemans and Horner Creeks up to 99.99% of the time.
In Kenny Creek (02GB009), the instantaneous discharge deviates beyond the 0.1% percent equalled or
exceeded interval (which occurs every 500 days). This is likely due to the tile drainage and
channelization present in the watershed which aid in moving rainfall off the landscape. The flashier
nature of this catchment is shown in Figure 4.54 for the calendar year 1983. Generally, on a
subwatershed scale, daily streamflow data describe the hydrologic regime well with some deviation
beyond the 2-3 year return interval in well-drained areas.

434 Baseflow Estimates

Hydrograph separation techniques were applied to the continuous flow data to split the two components
of streamflow: (1) overland runoff and (2) baseflow. Baseflow is generally assumed to be primarily
composed of groundwater discharge. It should be noted that the separation methods cannot, by
themselves, distinguish between groundwater discharge and other relatively steady flows such as
discharge from reservoirs or large wetlands. Numerous techniques are available to estimate baseflow
including curve processing and statistical techniques.

Baseflow was estimated using the modified United Kingdom Institute of Hydrology (UKIH) smoothed
minima method devised by National Water Research Institute and Meteorological Service of Canada
(Piggott et al., 2005). This method was applied recently to length-of-record streamflow monitoring
information for over 4,000 gauges in the Great Lakes region and has proven to be as efficient and robust
as the other approaches in the processing of this streamflow data (Piggott et al., 2005). Figure 4.55
illustrates a typical baseflow hydrograph at Whitemans Creek near Mount Vernon (02GB008) derived with
the modified UKIH method. The baseflow index (BFI) is the ratio between baseflow discharge (Qgr) and
total discharge (Q). The BFI can serve as an initial estimate into the overall flashiness of the gauged
catchment. BFIs are approximately 0.5 for the study catchments and results are typical of rural southern
Ontario catchments. The estimated BFI in Kenny Creek is approximately 10% lower than those of
Whitemans and Horner creek, owing to man-made changes to the natural drainage and lack of natural
storage. The mean baseflow estimates and catchment BFIs are provided in Table 4.3 for each stream
gauge in the study area. Median streamflow (Qso) is also often used as an estimate of annual average
baseflow and this value correlates well to the estimated baseflow within the study watersheds (Table 4.3).

435 Spotflows

To support the Tier 3 Assessment modelling efforts, GRCA staff have taken spotflow measurements
across the subwatershed during low flow periods (Shifflett, 2015). Spotflow measurements supplement
the baseflow calibration targets for the steady-state groundwater model and streamflow calibration targets
for the transient integrated model. Thirteen sites were selected for observation, including 10 locations on
the main stem of Whitemans, Horner, and Kenny creeks. Landons, Rest Acres, and Kiwanis creeks were
sampled upstream of their confluence with Whitemans Creek.

Measurements were obtained over multi-day periods in October 2014 (Figure 4.56), May 2015 (Figure

4.57), and August 2015 (Figure 4.58). Flows during the summer of 2015 in the creeks were very low, with

the observed discharge at Whitemans Creek near Mount Vernon (02GB006) dropping to 0.6 m3/s in late

August. The spotflows obtained during the summer low-flow period suggest that Whitemans Creek loses

flow to the groundwater system along the Appsdé Mill
Robinson Road. An additional set of measurements were taken later in August to confirm this behavior

andf ound a | oss of 60 L/s across the reach aeriesdfppsd Mi
manual measurements from Cleaver Road to downstream of Robinson Road to isolate portions of the

reach that may be losing or gaining.
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4.4 Environmental Flow Thresholds

The GRCA has developed environmental thresholds for Whitemans Creek as
part of a broader attempt to develop flows and levels for the Grand River
basin (GRCA, 2014) and manage ecological effects (Figure 4.3). This study
found a threshold of 1.1 m?/s is required to maintain connectivity through the
lower reaches of Whitemans Creek near Mount Vernon. The threshold for
ecological impairment was estimated at 0.8 m3/s. These thresholds are
exceeded over 83.5% and 89.9% of the observed record at Whitemans Creek
based on the flow duration curves presented in Figure 4.44. A monthly
histogram of log-transformed streamflow is presented on Figure 4.59 with the
two thresholds. The threshold for impairment (0.8 m3/s) is near the 25t
percentile of mean monthly flow for August and September at Whitemans
Creek near Mount Vernon (02GB008). As this threshold value represents a
relatively frequent occurrence interval (once in 4 years) and a critical
environmental target, the integrated model should be capable of reliably
describing the flow regime at this discharge threshold.

4.4.1 Precipitation Drought Response

The relationship between low-water events and annual precipitation was
investigated. Annual (calendar year) basin-averaged average precipitation is
presented along with the number of low-water events per year in Figure 13.3.
The number of low-water events per year was derived from a 7-day moving
average streamflow series, with Level 1 and 2 occurring when flows drop

iy —
WHITEMANS CREEK

LOW WATER LEVEL

Ma Flehong (Voluntary)

Anglers are asked to voluntarily
refrain from fishing during
LEVEL 2 and LEVEL 3 conditions.
Halp procect brown, benok and (Anbow troul

e

FORMORT ), ORMATION|

\tp wewwagrassbsveras

Figure 4.3: Posted
signage at Apps
Mill informing
anglers of possible
low water
restrictions.

below 1.1 m3/s and 0.81 m3/s, respectively. Level 3 events occur when stream flows drop below 0.5 m?3/s,
which represents a target threshold where permanent ecological damage is possible (e.g., loss of viable

habitat eliminates a significant percentage of young-of-the-year trout).

Figure 13.4a shows a clear

relationship between years with low precipitation and the number of days with streamflow in Whitemans
Creek below the prescribed ecological minimums. Low-water events increase linearly with decreases in

annual precipitation below 950 mm/yr.

This suggests a direct link between precipitation droughts and

ecological impairment. Level 2 and Level 3 events (which denote conditions where ecological impairment
is likely) are compared with precipitation on Figure 13.4b, these events are almost certain to occur in

years when annual precipitation is below 900 mm/yr.
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4.5 Tables and Figures

Table 4.2: Climate stations proximal to the study watershed.

Station

Easting

Northing

Elevation

Water Years

Average Numbel

Name Climate ID Operator m) (m) (m) Start Date End Date with Data of Days with Date
per Water Year
APPS MILL 6140286 AES 550,429 | 4,775,43§ 230.1 Oct 01 1972 Nov 23 1972 1 54
AYR 6140437 AES 544,626 | 4,792,05¢ 289.6 | May 01 195¢ Jul 311961 6 306
BRANTFORD 6140941 AES 559,376 | 4,775,51( 205.7 Jan01 1876 | Jun 30 1963 81 330
BRANTFORD AIRPORT 6140942 AES 554,221 | 4,775,831 2455 Dec 12 2014 Realtime 3 210
BRANTFORD BRANT PARK 6140948 AES 556,917| 4,777,71( 213.4 Nov 25 1972 Nov 30 1973 2 186
BRANTFORD MOE 6140954 AES 562,629 | 4,775,539 196 Jun 011960 | Jan 20 2013 54 339
BRANTFORD MORELL 6140951 AES 558,543 | 4,777,724 198.1 May 01 1959 Oct 31 1964 287
BURFORD 6141040 AES 546,384 | 4,772,077 259.1 Oct 01 1970 Sep 30 1971 184
CAMBRIDGE GALT MOE 6141095 AES 555,128 | 4,797,68¢ 268.2 Sep 01 1879 Feb28 1994 70 314
CAMBRIDG&ETEWART 6141100 AES 556,731 | 4,799,921 289 Sep 01 1973 Dec 31 200(¢ 29 344
CANNING 6141169 AES 544,699 | 4,780,951 259.1 Apr 19 1968 Nov 30 1971 5 197
CATHCART 6141268 AES 534,980 | 4,774,23( 269.7 Apr 01 1962 Aug 31 1970 9 283
CULLODEN EASEY 6141933 AES 512,248 | 4,748,611 280 Jun 01 1974 Dec 31 2007 35 346
DELHI CDA 6131982 AES 536,756 | 4,746,471 231.6 Jun 01 1934 May 31 1997 64 360
DELHI CS 6131983 AES 536,756 | 4,746,471 231.7 Jun 02 1997 Realtime 21 335
DOON 6142065 AES 544,538 | 4,805,38] 312.4 | May 08 194§ Dec 31 1953 7 260
DORCHESTER 6142066 AES 497,555| 4,760,815 271.3 Apr 14 1976 Realtime 42 352
DRUMBO 6142110 AES 536,542 | 4,786,459 304.8 | Aug 01 1965 Oct 31 1976 13 269
DRUMBO HARRINGTON 6142113 AES 538,978 | 4,786,464 281.9 Jun 04 1974 Sep 30 1975 2 242
EMBRO INNES 6142295 AES 505,682 | 4,788,58( 358.1 | Aug 23 1977 Dec 31 2003 28 343
FALKLAND 6142373 AES 544,735| 4,775,394 262.1 Apr 01 1962 Aug 31 1969 8 297
FOLDENS 6142420 AES 517,926 | 4,763,059 328 Jun 01 1963 Jun 12016 54 354
FULLARTON 6142627 AES 483,799 4,803,034 335.3 Oct 01 1956| Jul 31 1967 11 347
GLANWORTH CFPL 6142798 AES 483,667 | 4,747,509 280.1 Jun 01 1961 Dec 31 1982 23 336
HARLEY 6143355 AES 542,336 | 4,768,719 259.1 Nov 01 1979 Jan 31 1981 2 196
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Average Numbel

Name Climate ID Osgg[rlgtr:)r E?;t')ng No(rrtnh)mg Ele(\r/;a)tlon Start Date End Date Vﬁ:ﬁ%ﬁ?:rs of Days with Date
per Water Year
HAYSVILLE 6143395 AES 550,155 4,775,80¢ 320 Jun 01 1965 Sep 30 1967 3 283
INGERSOLL 6143780 AES 544,623 | 4,792,42¢ 266.7 Apr 01 1870, Jun 30 1969 24 252
KITCHENER 6144232 AES 559,643 | 4,775,887 342.9 Oct 01 1914 Dec 31 1977 64 359
KITCHENER CITY ENG 1 6144240 AES 554,376 | 4,776,30] 320 Sep 01 1954 Sep 30 1961 4 95
KITCHENER CITY ENG 2 6144241 AES 556,917 | 4,777,71( 320 Jul 01 1961| Sep 30 1961 1 92
KITCHENER OWRC 6144245 AES 562,355 4,775,907 281.9 | Jun 151962 Jun 30 1975 14 321
LONDON 6144470 AES 558,272 | 4,777,724 246.3 | Nov 14 1871 Dec 27 1891 19 272
LONDON A 6144473 AES 546,113 | 4,772,07¢ 278 Mar 20 2012  Realtime 6 274
LONDON CS 6144478 AES 555,395 4,798,059 278 Sep 20 2002  Realtime 16 319
LONDON INT'L AIRPORT 6144475 AES 556,731 | 4,799,921 278 Jul 20 1940| Apr 14 2016 77 323
LYONS 6134729 AES 544,696 | 4,781,32] 258.8 Apr 01 1883 Oct 31 1894 13 321
MILLERS LAKE 6145160 AES 535,253 4,773,867 304.8 | Jun 011964 Aug 31 1971 8 320
MITCHELL 6145239 AES 512,519 4,748,551 335.3 Nov 01 1948 May 31 1964 16 342
MOSSLEY 6145497 AES 536,758 | 4,746,107 274.3 | Sep 011962 Aug 31 1966 5 292
MUIR 6145520 AES 536,758 | 4,746,101 0 Jul 01 1955| Aug 31 1956 2 191
NILESTOWN 614N003 AES 544,538 | 4,805,383 265 Jun 03 1997 Oct 31 2001 6 253
OXFORD CENTRE 6146166 AES 497,327 4,761,039 297.2 | Dec 011961 Apr 30 1965 4 311
PARIS 6146240 AES 536,540 4,786,825 266.7 | May 011870 Oct 31 1967 66 339
POPLAR MILLS 6146563 AES 539,246 | 4,786,84( 297.2 Apr 01 1956/ Oct 311972 18 325
PRESTON 6146711 AES 505,412 4,788,58( 291.1 | May 12 1953 Jun 30 1996 44 357
PRESTON WPCP 6146714 AES 544,733 | 4,775,76§ 272.8 Oct 15 1970 Feb 28 1997 27 344
PRINCETON 6146728 AES 517,858 4,762,87¢ 285 Apr 01 1883 Aug 311913 31 330
REGION OF WATERLOO INT 6149388 AES 483,800 4,803,404 321.3 Oct03 2002 | Apr 17 2010 8 344
ROSEVILLE 6147188 AES 483,668 | 4,747,879 328 Oct 17 1972 Realtime 45 348
SCOTLAND 6147664 AES 542,067 | 4,768,344 247 May 06 1971 Feb 27 2014 44 349
SIMCOE 6137735 AES 529,716 | 4,799,744 222.5 Mar 01 1866 Jul 31 1961 62 344
SIMCOE 6137730 AES 509,502 | 4,766,374 240.5 | Jan 01 1962 Dec 16 1986 26 345
SIMCOE (AUT) 6137732 AES 540,467 | 4,809,059 240.5 | Dec 021992 Sep 20 1999 7 285
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: . . . Average Number

Name Climate ID Osgg[rlgtr:)r E?;t')ng No(rrtnh)mg Ele(\r/;a)tlon Start Date End Date Vﬁ:ﬁ%ﬁ?:rs of Daygs]: with Datg

per Water Year
SPRINGFORD 6137979 AES 541,804 | 4,810,914 248 Jun 02 1986| Sep 28 1997 12 343
ST GEORGE 6147314 AES 541,804 | 4,810,914 220.1 Apr 01 1883 Oct 31 1901 20 338
ST MARYS 6147340 AES 545,887 | 4,805,394 317 Jul 01 1888| May 31 1903 15 311
STRATFORD 6148100 AES 483,694 | 4,758,987 363 Jan 01 1865 Aug 31 1959 89 341
STRATFORD WWTP 6148105 AES 487,690 4,764,497 345 Oct 15 1959, Jul 27 2016 57 342
TAVISTOCK 6148212 AES 487,780 4,764,527 343.2 Mar 01 1967 Aug 31 1988 22 353
THAMESFORD 6148233 AES 487,690 | 4,764,497 289.6 Jul 01 1974| Jan 31 1975 2 62
TILLSONBURG 6138267 AES 501,362 | 4,744,15§ 236.2 Jan 01 1965 Apr 31968 4 273
TILLSONBURG NORTH 6138269 AES 550,032 | 4,792,464 235 Sep 01 1997 Jun 13 2016 20 340
TILLSONBURG WWTP 6138270 AES 485,170 4,812,654 213.4 Jun 09 1962 Realtime 56 347
VANESSA 6139131 AES 502,721 4,751,561 239.3 | Aug 011961 Oct 31 1961 2 46
WATERFORD 6139356 AES 533,907 | 4,772,004 2225 May 24 1971 Feb 28 2014 44 351
WATERFORD 6139355 AES 493,206 | 4,758,967 232 Mar 23 1948 Jan 31 1959 12 321
WATERLOO FIRE HALL 6149380 AES 525,769 | 4,771,96¢ 317 Sep 01 1973 Oct 31 1974 3 82
WATERLOO WELLINGZON 6149389 AES 544,696 | 4,781,32] 313.6 Dec 01 2003 Apr 14 2016 13 166
WATERLOO WELLINGTON A 6149387 AES 483,738 4,777,492 317 Mar 01 1970 Oct 31 2002 34 351
WATERLOO WPCP 6149386 AES 547,237 4,805,40] 327.7 | Sep 011962 Jul 31 2000 39 330
WILSONVILLE 6139514 AES 552,650 4,803,59( 248.4 | May 16 1959 Mar 31 1964 6 292
WOODSTOCK 6149625 AES 529,781 | 4,784,941 281.9 Feb 01 1870 Realtime 148 347
WOODSTOCK GOLF COURS 6149630 AES 550,360 4,811,964 317 May 01 196( Feb 28 1965 6 186
WOODSTOCK WATERWORK 6149645 AES 542,657 | 4,800,219 283.2 | May 011959 Jun 30 1966 8 237
Brantford -- GRCA | 556,199]| 4,777,329 210 May 01 2000 Sep 30 2014 14 153
Burford - GRCA | 542,521 4,773,764 266 May 01 2005 Apr 17 2015 11 187
New Haming -- GRCA | 527,527| 4,804,794 340 May01 2001| Sep 30 2014 14 153
Paris -- GRCA | 550,101| 4,784,829 246 Aug 13 2004 Sep 302014 11 144
Shadeds Mill s -- GRCA | 557,834 4,802,827 291 Jan 01 1984 Realtime 32 361
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Table 4.3: Gauged Water Survey of Canada (WSC) catchments contained within the model area by tertiary watershed.
Easting| Northin Available | Record Catchmen{ Mean Median | Estimated Baseflow
WSC ID Station Name m) 9 (m) 9| Period of Length Status Area Discharge| Discharge| Baseflow Index
Record (years) (km2) (m3/s) (m3/s) (m3/s)
Whitemans Creek Subwaters(@2iGB)
02GB003 Whitemans Creek near Burford | 552,397 4,777,51¢ 1913 1916 4 Discontinued 399 4.20 4.49 2.08 0.50
02GB00g Whitemans Creek near Mount V( 55Q130| 4,775013| 1961- 2015 55 Active 386 438 2.4 2.36 0.54
02GB00€ Horner Creek near Princeton 536363| 4,780223| 1953 2015 54 Active 150 1.2 0.84 0.84 0.49
02GB009 Kenny Creek near Burford 541616 4,771957| 1961- 1991 31 Discontinue 91.9 1.05 0.3D 0.324 0.31
Big (OntarigWatershed02GC)
02GCO011] Big Creek Near Kelvin 545271 4,759498| 1963 20B 26 Active 154 1.58 0.8® 0.777 0.50
02GCO017 Big Otter Creek above Otterville | 537302 4,757118| 1964 205 41 Active 101 1.2 0.619 0.%3 0.46
Upper Thames WatersH@@GD)
02GD01] Cedar Creek at Woodstock 520214 | 4,774392| 1951-205 64 Active 87.8 0.90 0.459 0.375 0.40
02GD01Z Thames River at Woodstock 520239 4,776858| 19521998 47 Discontinueg 254 291 1.22 1.27 0.44
02GD01§ Thames River at Ingersoll 509269 | 4,765407| 1957-205 59 Active 510 5.91 3.14 2.93 0.50
02GD021 Thames River at Innerkip 525024 | 4,784770| 1978 205 33 Active 149 1.89 0.572 0.498 0.26
02GD023 Thames River near Tavistock 512165| 4,794663| 1987-2000 13 Discontinueg 34.2 0.408 0.124 0.112 0.28
. . d
02GDp4 | VWebber Drain at Highway No. 5§ g1 4345 | 4780303| 10881992| 5 | Discontinue¢  3.72 0021 | 0005 | 0006 | 0.28
(Pittock Control)
02GD0g | S0ring Drain at Concession NO. | g5y 451 4| 4792446 19881992| 5 | Discontinued  3.51 0031 | 0005 | 0006 | 0.20
(Pittock Test)
02GD02€¢ Avon River above Stratford 505014 | 4,802627| 1993 205 1 Active 52.% 0.766 0.362 0.312 0.41
Notes:  All station information and daily data were obtained from the Water Survey of NiS&fataess\darabase versionréldase
datedl4July 206and available for downlo&dt@at/www.ec.qc.catrsc
* The catchment area provided in the HYDAT databakmbfs7drEoneous\ ecent WS@elineatiopstimatethe wateted
area at 52Jmz.
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Figure 4.7: Available period of record at climate stations proximal to the study watershed.
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Figure 4.8: Number of climate stations with complete monthly precipitation record (1945 through 2016).
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Figure 4.9: Number of climate stations with complete monthly precipitation record (1985 through 2016).
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Figure 4.10: Annual precipitation quartiles at study area climate stations (wy1960 through wy2010).
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Figure 4.11: Monthly precipitation quartiles at study area climate stations (wy1980 through wy1990).
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Figure 4.12: Grid employed to spatially interpolate meteorological data and grid cells employed to
derive basin-averaged normals for the Whitemans Creek subwatershed.
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Figure 4.13: Annual average interpolated precipitation (wy1867 through wv2016).
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Figure 4.14: Daily average interpolated mean temperature (wy1872 through wy2016).
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Figure 4.15: Basin-averaged daily precipitation for the period wy 1975 through wy 2014,
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Figure 4.16: Basin-averaged daily minimum and maximum temperature for the period wy 1975
through wy 2014.
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Figure 4.17: Basin-averaged (Whitemans Creek) mean annual precipitation (wv1867 through wy2016).
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Figure 4.18: Basin-averaged (Whitemans Creek) mean annual temperature (wv1872 through wv2016).
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Figure 4.19: Basin-averaged (Whitemans Creek) mean annual temperature and precipitation.
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Figure 4.20: Annual summary of basin-averaged (Whitemans Creek) precipitation form.
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Figure 4.21: Histogram of basin-averaged (Whitemans Creek) monthly precipitation totals.
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Figure 4.22: Histogram of basin-averaged (Whitemans Creek) monthly mean temperatures.
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Figure 4.23: Histogram of basin-averaged (Whitemans Creek) daily minimum and maximum
temperatures.
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Figure 4.24: Basin-averaged (Whitemans Creek) daily precipitation exceedance plot (wy1867

through wv2014).
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Figure 4.25: Histogram of basin-averaged (Whitemans Creek) daily maximum precipitation.
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Figure 4.26: Normalized (area under each curve = 1) distribution of basin-averaged (Whitemans
Creek) daily rainfall totals.
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Figure 4.27: Available period of record at WSC streamflow gauges within the study area.
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Figure 4.28: Water Survey of Canada (WSC) streamflow gauges proximal to the study area.
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Figure 4.29: Daily discharge and annual peak flow observed at the Whitemans Creek near Mount
Vernon (02GB008) WSC stream gauge.
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Figure 4.30: Daily discharge and annual peak flow observed at the Horner Creek near Princeton
(02GB006) WSC stream gauge.
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Figure 4.31: Daily discharge and annual peak flow observed at the Kenny Creek near Burford
(02GB009) WSC stream gauge.
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Figure 4.32: Log daily discharge and annual peak flow observed at Whitemans Creek near Mount
Vernon (02GB008).
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Figure 4.33: Log daily discharge and annual peak flow observed at Horner Creek near Princeton

(02GB006).

100
— . . e . i
9 s l2le e » = .. . .
§, 10
=
=
E 1 % ’ |
© H |
5 I L
w
o 0.1 t
‘©
Q
% 0.01 | Daily
g . Annual Peak

0,001 I T T L ] I L] 1 L L! I ] L] 1 T ' L] T L] L) I L] T T L] I T L] Ll T I T I L] T I

wr1960 wr1965 w1970 wr1975 wy1980 wy1985 wr1990 w1995

Figure 4.34: Log daily discharge and annual peak flow observed at Kenny Creek near Burford
(02GB009).

EarthfX Inc. 69



Whitemans Creek Tier 37 Model Development and Calibration Report March 2018

Mean Annual Streamflow (m*/s)
|

0 L l LI I T
wy1950 wy1955 wr1960 wr1965 w1970 wy1975 wy1980 wy1985 w1990 wy1995 wy2000 wv2005 wv2010 wv2015

Figure 4.35: Annual observed discharge and runoff at Whitemans Creek near Mount Vernon
(02GB008).
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Figure 4.36: Annual observed discharge and runoff at Horner Creek near Princeton (02GB006).
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Figure 4.37: Annual observed discharge and runoff at Kenny Creek near Burford (02GB009).
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Figure 4.38: Basin-averaged precipitation versus streamflow at Whitemans Creek near Mount
Vernon (02GB008).
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Figure 4.39: Timing and magnitude of the peak annual discharge at Whitemans Creek near Mount
Vernon (02GB008).
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Figure 4.40: Annual peak return intervals (Log Pearson Ill) at stream gauges in the subwatershed.
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Figure 4.41: Histogram of monthly observed discharge and runoff at Whitemans Creek near Mount
Vernon (02GB008).

-
-
no
&
(=3

“’T ]
" 95" Percentile §
£ 12 £
= 75" Peccentila 200 ‘;"
§ 10 . 50" Percentile =C__>
£ 25" Parcentia i~ 160 E
© @©
o B 5 Peccentile f @
% Extramas  x s 120 &
> 6 Mean >
) s
§ 4 © 8
< 40 2

. c
g 2 &
] il
= =

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 4.42: Histogram of monthly observed discharge and runoff at Horner Creek near Princeton
(02GBO006).
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Figure 4.43: Histogram of monthly observed discharge and runoff at Kenny Creek near Burford
(02GB009).
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Figure 4.44: Daily flow duration curves for stream gauges in the Whitemans Creek subwatershed.
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Figure 4.45: Daily total runoff duration curves for stream gauges in the subwatershed.
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Figure 4.46: Daily total runoff duration curves for stream gauges in the subwatershed with
emphasis on high flow.
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Figure 4.47: Daily flow duration curves for stream gauges in the subwatershed.
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Figure 4.48: Daily total runoff duration curves for stream gauges in the subwatershed.
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Figure 4.49: Daily total runoff duration curves for stream gauges in the subwatershed with

emphasis on high flow.
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Figure 4.50: Mean daily flow versus 15-minute instantaneous streamflow data at WSC stream
gauge Whitemans Creek near Mount Vernon (02GB008) for 2008.
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Figure 4.51: Daily flow versus 15-minute flow duration curves observed at Whitemans Creek near
Mount Vernon (02GB008).
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Figure 4.52: Daily flow versus 15-minute flow duration curves observed at Horner Creek near
Princeton (02GB006).
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Figure 4.53: Daily versus 15-minute flow duration curve observed at Kenny Creek near Burford
(02GB009).
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Figure 4.54: Mean daily flow versus 15-minute instantaneous streamflow data at Kenny Creek near
Burford (02GB009) for 1983.
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Figure 4.55: Observed daily discharge and estimated baseflow discharge for the calendar years
2011 through 2013 at Whitemans Creek near Mount Vernon (02GB008).
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Figure 4.56: Spotflow measurements obtained by GRCA staff - October 2014.
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