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ABSTRACT 

The Duvernay Formation of the Western Canadian Sedimentary Basin underlies portions 

of the Upper Athabasca Watershed. To access unconventional shale resources in the Duvernay 

Formation, horizontal drilling and hydraulic fracturing were introduced to the area. Hydraulic 

fracturing requires large volumes of surface water for enhanced completions. This study 

examines the impacts of surface water allocations, as determined by the Alberta Desktop 

Method, on water availability of the Upper Athabasca Watershed, under the conditions of global 

climate change. Results of this study find most water allocations issued through temporary 

diversion licenses meet the constraints of the Alberta Desktop Method. The greatest risk for 

water imbalance scenarios occurs during winter months when historical surface water flows 

measure the lowest. Findings of this research will assist decision makers in understanding current 

and future water balance scenarios, and in determining appropriate and sustainable water 

management techniques for hydraulic fracturing operations throughout the Duvernay Formation.   

 

 

 

 

  



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY vi 
 

ACKNOWLEDGEMENTS 

 I would like to start by thanking my thesis supervisor, Dr. Connie Van der Byl, for her 

valuable insight and direction throughout this process.  I would also like to thank my thesis 

committee member, Dr. Audrey Dallimore, for taking time to answer questions and provide 

valuable feedback. My thanks go to the Professors and Instructors of the Masters of Environment 

and Management program at Royal Roads University, who taught with professionalism, passion, 

and integrity throughout the course of the program. I would like to thank my family for their 

ongoing support and encouragement. My parents taught me to work hard, develop diverse skill 

sets, and respect education – qualities I am forever grateful for. Finally, thank you to my husband 

Glenn who has been my greatest role model and friend throughout this process.   



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY vii 
 

TABLE OF CONTENTS 

CREATIVE COMMONS STATEMENT ..................................................................................... iii 

COMMITTEE APPROVAL .......................................................................................................... iv 

ABSTRACT .....................................................................................................................................v 

ACKNOWLEDGEMENTS ........................................................................................................... vi 

LIST OF TABLES ......................................................................................................................... ix 

LIST OF FIGURES .........................................................................................................................x 

LIST OF ACRONYMS ................................................................................................................. xi 

INTRODUCTION ...........................................................................................................................1 

Hydraulic Fracturing and Water Use: Scientific Theory and Background ..........................2 

Geology of the Duvernay Shale Formation .............................................................2 

Horizontal Drilling and Hydraulic Fracturing .........................................................6 

Regulatory Structure for Surface Water Acquisition in Alberta ..............................8 

Desktop Method for Determining Environmental Flows in Alberta Rivers and  

Streams ................................................................................................................9 

River Flows and Ecosystem Health .......................................................................11 

Analysis of Studies Evaluating Cumulative Effects of Reduced Water Quantity .13 

Hyporheic Zone Influence on River Flow Function ..............................................16 

Impacts of Climate Change on Alberta Surface Waters ........................................18 

Significance of the Research ..................................................................................20 

Research Objectives ...............................................................................................21 

RESEARCH METHODOLOGY...................................................................................................23 

Study Area .........................................................................................................................23 

Hydrology of the Athabasca River ........................................................................25 

Data Sources ......................................................................................................................26 

Water Allocation Volumes ....................................................................................26 

River Discharge Data .............................................................................................27 

Analytical Approach ..........................................................................................................31 

Water Use Intensity Index .....................................................................................31 

Determination of Climate Change Impacts to the Upper Athabasca Watershed ...33 

Analysis of Scientific Methodologies Governing Instream Flow Needs ...............33 

RESULTS ......................................................................................................................................34 



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY viii 
 

Surface Water Allocation Sources and Statistics ...............................................................34 

Water Use Intensity Index .................................................................................................35 

Water Use Intensity Index – Low Impact Results .................................................46 

Water Use Intensity Index – Medium Impact Results ...........................................47 

Water Use Intensity Index – High Impact Results .................................................47 

Water Use Intensity Index – Overall Results .........................................................47 

Determination of Climate Change Impacts to the Upper Athabasca Watershed ...............48 

Analysis of Scientific Methodologies Governing Instream Flow Needs ...........................53 

Hydrological and Hydraulic Methods ....................................................................54 

Habitat Simulation Methods ..................................................................................56 

Holistic Methods ....................................................................................................58 

DISCUSSION ................................................................................................................................60 

Finding 1 ............................................................................................................................60 

Finding 2 ............................................................................................................................62 

Finding 3 ............................................................................................................................63 

Finding 4 ............................................................................................................................64 

Finding 5 ............................................................................................................................66 

Research Study Limitations ...............................................................................................67 

CONCLUSIONS AND RECOMMENDATIONS ........................................................................69 

Recommendation 1 ............................................................................................................69 

Recommendation 2 ............................................................................................................71 

Recommendation 3 ............................................................................................................73 

Recommendation 4 ............................................................................................................75 

REFERENCES ..............................................................................................................................76 

APPENDICES 

Appendix A ........................................................................................................................87 

Appendix B ........................................................................................................................94 

Appendix C ......................................................................................................................105 

 

  



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY ix 

 

LIST OF TABLES 

 

Table 1. Total Duvernay Reserves and Resources Effective January 1, 2016  ......................4 

Table 2. Five Sections of the Athabasca Watershed based on Ecological and Hydrological 

Similarities  ............................................................................................................25 

Table 3. Sources of Surface Water Approvals and River Discharge Reports Associated 

with the Upper Athabasca Watershed  ...................................................................26 

Table 4. Hydrometric Stations Associated with Temporary Diversion Licenses of the 

Upper Athabasca Watershed. .................................................................................29 

Table 5. Hydrometric Stations of the Upper Athabasca Watershed based on Proximity to 

the Duvernay Formation and 70% Data Quality Objective.  .................................30 

Table 6. Upper Athabasca Watershed Water Allocation License Information for Hydraulic 

Fracturing  ..............................................................................................................34 

Table 7. Hydrometric Gauging Stations Providing an Estimate of Water Availability based 

on Temporary Diversion License Spatial Coordinates  .........................................35 

Table 8. Summary of Flow Rates (m3) for Hydrometric Datasets along the Upper 

Athabasca Watershed  ............................................................................................52 

 

 

  



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY x 

 

LIST OF FIGURES 

 

Figure 1. Duvernay depositional extent in central Alberta  ....................................................1 

Figure 2. The geology of conventional and unconventional oil and gas  ................................3 

Figure 3. Example of a hydraulic fracture fluid composition used to stimulate the 

underground geologic formation..............................................................................7 

Figure 4. Linkages between the hyporheic zone and surface water, groundwater, riparian 

area, and aquifer systems  ......................................................................................17 

Figure 5. Map of the 31 tertiary watersheds in the Athabasca Watershed ............................24 

Figure 6. Alberta Environment and Parks River Flows and Levels Map ..............................28 

Figure 7. Temporary diversion licenses issued by the Alberta Energy Regulator for use in 

hydraulic fracturing operations throughout the Upper Athabasca Watershed  ......34 

Figure 8-16. Daily surface water use intensity index (WUI) for withdrawal allocations from 

sub-basins 07AC, 07AD, 07AF, 07AG, 07AH, 07BA, 07BB, 07BH, and 07BJ.  

A) WUI in relation to daily streamflow volume. B) Count of temporary diversion 

licenses based on allocation volume (m3)  ....................................................... 37-45 

Figure 17 Cumulative water allocation volumes of temporary diversion licenses, in relation 

to drainage basin size  ............................................................................................46 

Figure 18(a-t). Linear regression results for applicable hydrometric stations to determine 

potential trends in discharge rates affected by changing climates  .................. 49-51 

Figure 19. Example hydrograph using hydrological methods based on the percent-of-flow 

approach  ................................................................................................................55 

Figure 20. Levels of flow protection provided by policies and laws of select regulatory 

agencies throughout the United States and Canada  ..............................................72 

 

 

 

 

 

 

 

 

  



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY xi 
 

LIST OF ACRONYMS 

AENV Alberta Environment 

AER Alberta Energy Regulator 

ARB Athabasca River Basin 

CAPP Canadian Association of Petroleum Producers 

COGEH Canadian Oil and Gas Evaluation Handbook 

IFN Instream Flow Needs 

MSR Marcellus Shale Region 

TDL Temporary Diversion License 

UAW Upper Athabasca Watershed 

WCSB Western Canadian Sedimentary Basin 

WSC Water Survey of Canada 

WUI Water Use Intensity Index 

  



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY 1 

 

INTRODUCTION 

The production of oil and natural gas from tight reservoirs or shale through application of 

advanced technology is referred to as unconventional shale resource development (Canadian 

Association of Petroleum Producers [CAPP], 2015; Scanlon, Reedy, & Nicot, 2014; Schaefer, 

2012). The Duvernay Formation in the Western Canadian Sedimentary Basin (WCSB) is a shale 

resource reservoir currently being developed by oil and gas producers (Faraj, Williams, Addison, 

& McKinstry, 2004). Due to its prolific extent and combined with the advancement of 

technology, the Duvernay has potential for significant development as it is one of Alberta’s 

largest unconventional shale resource plays (Figure 1) (Preston, Garner, Beavis, Sadiq, & 

Stricker, 2016).  

 

Figure 1. Duvernay depositional extent in central Alberta (Source: Alberta Energy Regulator, 

2016. Reprinted with permission) 
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Hydraulic fracturing, or “fracking,” is a technique used to access previously inaccessible 

oil and gas within a formation (Alberta Energy Regulator [AER], 2016; ALL Consulting, 2012; 

Cheremisinoff & Davletshin, 2015).  Hydraulic fracturing for unconventional shale resources 

requires large quantities of water to facilitate the extraction process (Gallegos, Varela, Haines, & 

Engle, 2015). As the number of hydraulically fractured wells increases throughout a given 

formation, the demand for water also increases (United States Environmental Protection Agency 

[USEPA], 2015). Throughout the Duvernay Formation, surface water from the Upper Athabasca 

Watershed is used as a source for base fracture fluid (AER, 2016). In the Province of Alberta, 

Alberta Environment issues licenses for water use (Government of Alberta, 2016) based on water 

availability, as determined by the Desktop Method for Establishing Environmental Flows in 

Alberta Rivers and Streams (the Desktop Method) (Alberta Environment, 2011). The Desktop 

Method determines the quantity of surface water available, and appropriate rates of diversion to 

meet water conservation objectives, through use of instream flow calculations which proactively 

manage and limit diversions (Locke & Paul, 2011). 

Hydraulic Fracturing and Water Use: Scientific Theory and Background 

Geology of the Duvernay Shale Formation 

Shale resources are commonly defined as “a fine-grained sedimentary rock containing 

organic matter that will yield substantial amounts of oil and combustible gas upon destructive 

distillation” (Dyni, 2006). A common characteristic of shale resource plays is extensive 

accumulations of the hydrocarbons throughout large geographic areas (Faraj, Williams, Addison, 

& McKinstry, 2004; USEPA, 2015).  Shale oil and natural gas are also known as 

‘unconventional resources’ because, unlike conventional resources which migrate from their 

source and settle in a porous, permeable reservoir, unconventional resources are trapped 
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throughout the source formation in natural seals, traps, and pore spaces (Colosimo, et al., 2016). 

Due to low permeability characteristics of shale resources, advanced stimulation techniques are 

required to access the hydrocarbons (Figure 2) (Faraj, Williams, Addison, & McKinstry, 2004).  

 

Figure 2. The geology of conventional and unconventional oil and gas (Source: United States 

Energy Information Administration, 2015. Open data source) 

The Duvernay Formation in the Western Canadian Sedimentary Basin is situated 

throughout central Alberta (Allan & Creaney, 1991). The formation is prolific in Alberta, due to 

its reservoir potential covering a vast area, approximately 130,000 square kilometers of Alberta, 

or roughly 20% of the Province’s area (Preston, Garner, Beavis, Sadiq, & Stricker, 2016). The 

formation acts as both the source rock and the reservoir for hydrocarbons. Due to the tight 

composition and low permeability of the formation (Dieckmann, Fowler, & Horsfield, 2004), the 

large-scale recovery of shale oil and natural gas is difficult without advanced engineering 

techniques such as horizontal drilling and hydraulic fracturing (Gregory, Vidic, & Dzombak, 

2011). 

Historically, shale resources had low recovery factors due to minimal permeability and 

porosity, therefore posing the risk of drilling and completing economically unviable wells. With 



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY 4 

 

increasing technological advancements, including forced fracture systems, shale resource 

recovery has increased (Faraj, Williams, Addison, & McKinstry, 2004). Currently in Canada, it 

is estimated that natural gas potential reserves are approximately 1,087 trillion cubic feet (CAPP 

2017). Table 1 (Preston, Garner, Beavis, Sadiq, & Stricker, 2016) explains hydrocarbon potential 

within the Duvernay Formation utilizing three different definitions, all obtained from the 

Canadian Oil and Gas Evaluation Handbook (COGEH), representing the amount of 

hydrocarbons capable of being produced (Engineers, Society of Petroleum Evaluation, and 

Metallurgy & Petroleum Canadian Institute of Mining, 2005).   

Table 1  

Total Duvernay Reserves and Resources Effective January 1, 2016 (Preston, Garner, Beavis, 

Sadiq, & Stricker, 2016) 

 Oil 

(MMbbl) 

Gas 

(Bcf) 

Condensate 

(MMbbl) 

BOE 

(MMboe) 

Proved Reserves 

Developed Producing 

 

6 

 

393 

 

30 

 

101 

Developed Nonproducing 0 4 0 1 

Undeveloped 29 737 121 273 

Total Reserves 35 1134 151 375 

Proved + Probable Reserves 

Developed Producing 

 

6 

 

453 

 

35 

 

117 

Developed Nonproducing 0 4 0 1 

Undeveloped 32 783 136 299 

Total Reserves (A) 38 1240 171 417 

     

Total Contingent Resources     

Low Estimate 145 4992 562 1540 

Best Estimate (B) 162 5301 630 1676 

     

Total Prospective Resources (C) 186 2873 198 864 

     

Total Duvernay Reserves and Resources (A+B+C) 386 9414 999 2957 

 

The first category, reserves, is broken down into two types: proved reserves (calculated 

in accordance with COGEH using a 90% confidence interval) and proved + probable reserves 

(calculated using a 50% confidence interval). Within the two reserves categories, developed 
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producing reserves are those reserves that will be produced from actively flowing wells. 

Developed nonproducing reserves represent hydrocarbons within wells that have been drilled but 

are temporarily shut-in due to a variety of reasons. Undeveloped reserves are assigned using well 

analogy methods, or volumetric calculations and represent reserves that will be produced in the 

future by identified, but undrilled wells (Preston, Garner, Beavis, Sadiq, & Stricker, 2016).  

The second category, contingent resources, represent hydrocarbons with the potential for 

development in the short term, yet are dependent, or contingent, upon certain factors such as 

commodity pricing, capital budget allocation, technology, and logistics for producing. 

The third category presented in the table below is prospective resources: “quantities of 

petroleum estimated, as of a given date, to be potentially recoverable from undiscovered 

accumulations by application of future development projects” (Preston, Garner, Beavis, Sadiq, & 

Stricker, 2016, p. 39). Prospective resources are a representation of today’s estimate, of the 

potential future full-development of the Duvernay Formation.  

The sum of reserves, contingent resources and prospective resources represent today’s 

estimate of the total amount of resource the Duvernay is expected to produce, as of January 1, 

2016. With an increase in recent development in the Duvernay, it is anticipated that the below 

reserves and resources will increase dramatically with future annual revisions.   

 As is clearly shown in Table 1, the total development potential of the Duvernay 

Formation is dependent on advanced technologies, including hydraulic fracturing, which require 

large volumes of water. The Duvernay Formation underlies portions of the Upper Athabasca 

Watershed located throughout Central Alberta (Creaney, et al., 1994). According to the Alberta 

Water Use Report (2016) published by the Alberta Energy Regulator (AER), surface water and 

groundwater sources for hydraulic fracturing increased by 35% between the years 2013-2016 
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throughout Alberta, due to an increase in hydraulically fractured wells across the Province (AER, 

2016). Due to the marketable petroleum potential of the Duvernay Formation, appropriate 

regulatory oversight is critical to minimize environmental risks. Responsible water management 

techniques are required to ensure development of the field persists in a way which minimizes 

impact to surface water sources used throughout unconventional operational processes.  

Horizontal Drilling and Hydraulic Fracturing 

The current evolution of the Duvernay Formation to full field development is in part due 

to the advancement of the horizontal drilling and hydraulic fracturing technologies 

(Cheremisinoff & Davletshin, 2015). Historically, the dominant process for producing 

hydrocarbons was through vertical drilling. Within the past decade, horizontal and directional 

drilling have become the dominant process to produce hydrocarbons in North America (USEPA, 

2015). Horizontal wells, by travelling horizontally after reaching the underground formation, can 

access a significantly greater portion of the reservoir, thereby increasing the ability and rate of 

production (Cheremisinoff & Davletshin, 2015; USEPA, 2015).   

When hydraulic fracturing is applied, chemicals and sand are mixed with large volumes 

of water and pumped into the target formation at a pressure exceeding that of the underground 

rock (All Consulting, 2012; Cheremisinoff & Davletshin, 2015). The stress induced by the 

pressure causes the underground rock to crack apart, or fracture, thereby improving the rock 

permeability and creating pathways for hydrocarbons to flow through (USEPA, 2015). The 

newly formed fractures remain propped open by the sand which has flowed into the formation 

along with the fracturing fluid. These new porous pathways allow for an increase in flow of oil 

and natural gas (ALL Consulting, 2012).  
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The fracturing fluid required to stimulate the rock is based on specifications unique to the 

reservoir, and is composed of a primary carrier fluid, most commonly water, a proppant, and 

chemical additives (All Consulting, 2012; Cheremisinoff & Davletshin, 2015; Frac Focus 

Chemical Disclosure Registry, 2017; USEPA, 2015). Water acting as a primary carrier fluid 

(Figure 3) is obtained from a variety of sources including fresh surface or groundwater, treated 

water, or recycled water from previously fractured wells (Gay, Fletcher, Meyer, & Gross, 2012). 

Surface water is often a preferred option with hydraulic fracturing as the water is easily accessed, 

inexpensive to obtain, and typically requires little or no treatment prior to use (Canadian Society 

for Unconventional Resources, 2016). 

 

Figure 3. Example of a hydraulic fracture fluid composition used to stimulate the underground 

geologic formation. Typically, the fluid is composed of water as the primary carrier fluid, a 

proppant, and various chemical additives.  

In the United States, it is estimated that oil and gas operating companies require 

approximately 10,000 to 20,000 cubic meters, or 2 to 6 million gallons of water per well (Gay, 

Fletcher, Meyer, & Gross, 2012; USEPA, 2015). In Canada, where the formations differ, water 

use has been calculated as high as 80,000 cubic meters per well (Canadian Water Network, 

99.82 0.18

0.075

0.055

0.0015

0.0475

0.0007
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Example of a hydraulic fracture fluid composition used to 

stimulate the underground geologic formation. 
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2015). The Alberta Energy Regulator calculated over 7 million cubic meters of water used to 

fracture new horizontal wells in 2016 (AER, 2016), and while this accounts for a small portion of 

Canadian total water use (Government of Canada, 2017), appropriate water management and 

utilization is necessary for responsible development.  

Regulatory Structure for Surface Water Acquisition in Alberta 

Within Canada, the Federal government governs water through a collaborative approach 

with the provinces via provincial-federal agreements (Government of Canada, 2016). The 

Canada Water Act (2014) is a federal regulation, which provides direction on the management of 

water resources in conjunction with the provinces, through water agreements, policies, and 

programs (Government of Canada, 2016). In the Province of Alberta, Alberta Environment and 

Parks, a Department of the Alberta Government, is responsible for the management of all 

provincial water systems (Alberta Environment and Parks, 2017). Through the Responsible 

Energy Development Act (2013), the Alberta Energy Regulator has jurisdictional responsibility 

for activities relating to energy resources including how water is secured and properly managed 

(AER, 2014). Therefore, with respect to water management, the AER now facilitates regulatory 

functions, previously held by Alberta Environment and Parks (AER, 2015).  

Through the issuance of permits, the AER regulates surface water allocations to oil and 

gas operators (AER, 2017; Government of Alberta, 2014). The permits, which are issued in the 

form of temporary diversion licenses (TDLs) or term licenses, control elements of surface water 

withdrawals at specific points of diversion, or withdrawal locations, including the volume, rate, 

and timing of diversions (Government of Alberta, 2014). Temporary diversion licenses are 

granted for short term water use and are typically approved for a time of one year or less 

(Government of Alberta, 2017). Term water licenses are approved for a period of greater than 
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one year and typically involve a greater volume of water to be diverted (Government of Alberta, 

2014). They are issued when companies require large volumes of water from the same point of 

diversion, or water source, over a period of greater than one year (Government of Alberta, 2014).  

Water allocations associated with hydraulic fracturing are most often issued through a 

short term, temporary diversion license. This is due to the nature of the hydraulic fracturing 

process which typically requires a large volume of water on a one-time basis for reservoir 

stimulation and initiation of well production (AER, 2016; Ferguson, 2016). With a temporary 

diversion license, the operator must identify, through the application process, the “location of the 

activity, capacity and size of the diversion or activity, the nature of the diversion or activity, and 

an account of any public consultation undertaken or proposed by the applicant” (AER, 2017).  

Desktop Method for Establishing Environmental Flows in Alberta Rivers and Streams 

Aside from issuing permits, the Alberta Government utilizes an assortment of policy 

tools to regulate how water is allocated. One of the tools utilized to determine appropriate 

surface water allocation volumes is the Desktop Method for Determining Environmental Flows 

in Alberta Rivers and Streams (Alberta Environment, 2011). The method is based on a technical 

report which identifies a formula to establish instream flow needs (IFN) based on percent of 

flow, and ecosystem base flow components (Locke & Paul, 2011). The Desktop Method utilizes 

naturalized hydrological data, including spatial and temporal conditions, to produce an 

ecologically based flow regime to protect natural resources of the riverine environment (Locke & 

Paul, 2011).  Unless a surface water body utilizes a site-specific management plan, which 

contains pertinent information on hydrology, aquatic habitat, and water quality, the government 

of Alberta considers the Desktop Method the most appropriate method for establishing instream 
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flow needs (Alberta Environment, 2011).  The general requirement to adhere to the Desktop 

Method is the greater of either:  

• A 15% instantaneous reduction from natural flow, or, 

• The lesser of either the natural flow or the 80% exceedance natural flow based on 

a weekly or monthly time step  

The Desktop Method is intended to maintain characteristics of the natural flow regime, 

required for protection of environmental conditions which sustain aquatic life. The foundational 

scientific basis for the method is that significant changes to the natural flow of a river can 

“adversely affect the biology, water quality, fish and fish habitat, and channel maintenance 

processes of riverine and adjacent terrestrial environments” (Locke & Paul, 2011, p. 7).  By 

protecting the amount of water available within a river or stream, the biological properties and 

overall ecological health, or flow-ecology relationship, of the river is ultimately protected.  

The increase in development of the Duvernay Formation has resulted in growing 

competition for resources by various oil and gas operators, including for surface water access 

(Preston, Garner, Beavis, Sadiq, & Stricker, 2016). Understanding and appropriately managing 

instream flow needs of the Athabasca River is necessary to protect the physical, chemical, and 

biological properties of flow rates which support ecological health (Philip, Todd, Damaia, 

Staples, & Wilkinson, 2017), and to balance economic development within Alberta (CAPP, 

2017). The Desktop Method assists the Alberta Government in water management and licensing 

decisions (Locke & Paul, 2011). The method is used in conjunction with temporary diversion 

licenses and term water licenses to determine appropriate points of diversion and rates at which 

withdrawals must cease (Alberta Environment, 2011). 
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River Flows and Ecosystem Health 

In 2016, the Province of Alberta allocated 10,198,101,000m3 of water from surface water 

and groundwater sources (AER, 2017). Proper management of water resources is imperative to 

development of the Duvernay Formation as low stream flows have been identified as a 

fundamental water management concern within the Athabasca River Basin, due to the direct 

correlation of instream flow needs with ecological protection (Leong & Donner, 2015). 

Understanding the science of how water quantity affects instream flow needs is required to 

ensure that proper water management tools, including the Alberta Desktop Method, are being 

utilized to effectively administer water allocations throughout the Province.   

Water is a simple molecule comprised of two hydrogen atoms covalently bonded to one 

oxygen atom. Water is classified as a dipolar molecule as the hydrogen atoms have a small 

positive charge, while the oxygen atom has a small negative charge (Boyd, 2015).  The dipolar 

characteristic of water gives it the ability to dissolve many substances, including those which 

degrade water quality such as pesticides, waste, and other pollutants (Abel, 2002). Water on the 

Earth’s surface contains additional elements beyond hydrogen and oxygen, including trace 

minerals, dissolved gases, and organic substances (Boyd, 2015).  The ability for rivers to 

generate streamflow is the greatest contributing factor in the quality of water of a given 

watershed (Pike, Feller, Stednick, Rieberger, & Carver, 2010).  

Within rivers, water quantity directly impacts water quality, as the concentration of 

nutrients or pollutants contained within the water is directly affected by flow levels (Benedini & 

Tsakiris, 2013; Spellman & Drinan, 2011). Sufficient water volume provides a habitat for 

organisms to live (Boyd, 2015), and is required to support the natural physical and biological 

processes of rivers (Philip, Todd, Damaia, Staples, & Wilkinson, 2017). Water quantity affects 
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the capacity to both promote river health through proper storage of nutrients and enables dilution 

of pollutants through a self-purification process (Committee on River Science at the U.S 

Geological Survey, 2007; Spellman & Drinan, 2011). River flow quantity varies over temporal 

and spatial scales, being influenced by weather and temperature over short time scales, and more 

complex interactions over long time scales, including large-scale climatic processes, landscape 

management practices, and human alteration (Eaton & Moore, 2009). When river water quantity 

is affected, and surface flows become too low, the water quality decreases affecting the whole 

aquatic environment. Reduced water quantity affects velocity and turbulence of streamflow 

which correlates to lower dilution of sediment particles and increased turbidity. This can reduce 

oxygen content of water quality through fine sediment disturbances and natural light blockages 

(Pike, Feller, Stednick, Rieberger, & Carver, 2010) which have a negative impact on the health 

of biological species, ecosystem services, and overall watershed biodiversity (Abel, 2002).  

Human alteration to river flows affects the quantity of water moving through a given 

watercourse. Changes in hydrological regimes, including the magnitude, duration, and timing of 

river flow (Dyer, et al., 2014) directly impact the physical properties of water and biological 

communities (Poff et al. 2007; Whitehead et al. 2009). River flow regime is a significant 

contributing factor to riverine health, and globally, major studies have focused on understanding 

the science of cumulative effects from water allocation on the instream flow needs of surface 

water (Alberta Environment and Parks, 2015; DFO, September 2010; Dyer, et al., 2014; 

Heathwaite, 2010; Nikghalb, Shokoohi, Singh, & Yu, 2016; Philip, Todd, Damaia, Staples, & 

Wilkinson, 2017). 
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Analysis of Studies Evaluating Cumulative Effects from Reduced Water Quantity 

Historically, the effects of water quantity on river flows was commonly studied through a 

single discipline such as hydrology, biochemistry, geomorphology, or engineering (Boyd, 2015). 

In recent years, scientists have focused on understanding the cumulative ecological impacts and 

effects of water quantity on water quality and hydrologic regimes (Alberta Environment and 

Parks, 2015; Heathwaite, 2010; Seitz, Westbrook, & Noble, 2011). Cumulative effects are more 

difficult to quantify than effects related to a single causal agent or source, due to the 

interconnections among processes (Seitz, Westbrook, & Noble, 2011) and the sensitivity to 

temporal and spatial properties (Annear et al., 2009).  

In Australia, the work of Dyer et al. (2014) utilized Bayesian network modeling to 

calculate how changes to hydrologic flows affect select water quality parameters and aquatic 

ecosystems. The study was conducted within the Condamine catchment basin throughout 

Queensland and focused on assessing the effects of hydrological variance on multiple 

environmental factors that impact ecological well-being of river function, and ultimately could 

influence environmental management decisions (Dyer, et al., 2014). The study used a single 

riparian species, the Eucalyptus camaldulensis, to model the effects of river function through 

changes to hydrological factors. Multiple environmental interactions were mapped utilizing 

Bayesian network modeling to display dependencies and associated relationships. Bayesian 

network modeling utilizes graphical models through statistics, to represent variables and 

correlate dependencies between the variables (Murphy, 1998). The study revealed that predicting 

quantitative results becomes increasingly difficult, and more variable, as the number of 

environmental interactions increases. This demonstrates the difficulty in both quantifying and 

appropriately managing the cumulative effects and impacts of various environmental factors on 
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ecologic systems as a result of changes to hydrologic regime and river function (Dyer, et al., 

2014).  

Fish species are often used as an ecological indicator in studies analyzing cumulative 

effects due to their dependence on both water quality and quantity to survive and persevere. The 

Michigan Department of Natural Resources created an advisory council to develop an integrated 

model to assess the effects of flow reduction on fish assemblages in Michigan’s streams. This 

advisory council was created in response to concerns arising from an increase in water diversions 

throughout Michigan’s freshwater systems (Zorn, Seelbach, & Rutherford, 2012). The model 

used habitat suitability information to analyze the response of 40 different fish species to varying 

degrees of flow reductions throughout 11 different stream types.  Fish data from the Michigan 

Department of Natural Resources Fisheries Division was collected from 1,720 sites between the 

years 1980 – 2006. This comprehensive data set included information on fish species density and 

habitat suitability variables from complete fish communities within Michigan’s river 

assemblages. Using statistical-relationship modeling, the study found a correlation between 

adverse impacts on fish assemblages with river withdrawals greater than 17 – 25% of the total 

flow rate of the river (Zorn, Seelbach, & Rutherford, 2012). Variability of results did exist 

between and among river segments with the greatest factors affecting the outcome being water 

temperature and overall river size (Zorn, Seelbach, & Rutherford, 2012).  

To better understand the effects of hydraulic fracturing on environmental flows 

throughout the Marcellus Shale Region (MSR), a study (2017) was conducted quantifying the 

flow-ecology relationships of water withdrawals on surrounding aquatic environments 

(Buchanan, et al., 2017).  The MSR, located throughout the Northeastern United States, is 

estimated to contain over 13 trillion m3 of natural gas (Penn State College of Agricultural 
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Science, 2017). Due to its location throughout numerous northeastern United States, regulations 

which oversee the proper management of water are implemented by various State agencies. Led 

by a Cornell University biologist, the study sought to understand flow-ecology relationships at 

the regional scale to support regulations and standards consistent throughout the whole 

development area. Fish were chosen as the ecological indicator due to the wide availability of 

data sets available from six involved States. Abundance and species richness were then 

geospatially mapped and statistically correlated to hydrologic flow throughout 176 different 

sampling sites (Buchanan, et al., 2017). Results of the study found widespread impact to fish 

species’ richness because of hydrologic alteration and changes to multiple flow regimes. The 

greatest impact was due to cumulative impacts affecting high flows and elevating regional low 

flows, particularly in low-volume streams (Buchanan, et al., 2017).  

In Alberta, the Alberta Energy Regulator is utilizing ecosystem indicators to provide 

information on whether water management objectives, including instream flow needs, are being 

met (Alberta Environment and Parks, 2015). To address impacts of water quantity on ecosystem 

health, the government has developed various site-specific management plans and frameworks 

for proper protection of surface water while balancing the needs of communities and industries 

(Alberta Environment and Parks, 2015). In 2015, the Alberta Government released the Lower 

Athabasca Region: Surface Water Quantity Management Framework for the Lower Athabasca 

River (the Framework), a regional plan developed to protect natural resources and guide 

management decisions (Alberta Government, 2015). The Framework seeks to identify and 

appropriately manage cumulative effects of water withdrawals through indicators measuring 

condition of the water flow and ecosystem conditions. In a separate study published by Alberta 

Environment (2011), research indicated that substantial adverse modifications to natural flow 
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conditions of surface water proved to have adverse effects on aquatic biology, water composition 

and quality, and channel maintenance of riverine environments (Locke & Paul, 2011). Alberta 

Environment has been working with the Cumulative Environmental Management Association 

(CEMA) to understand the full impact of environmental effects from regional water withdrawals 

and close knowledge gaps through additional monitoring and research (Alberta Government, 

2015).  

Within rivers, water quantity is vital to the health of river function, ecological integrity, 

and overall water quality needed to support biological diversity. Ecological indicators are a 

useful tool to understand cumulative effects of water withdrawals through trending of 

environmental conditions and outcomes (Alberta Government, 2015). As surface water continues 

to be utilized for hydraulic fracturing operations, studies monitoring the effects of multiple 

environmental interactions and ecological indicators would prove beneficial to understand the 

true effects of cumulative withdrawals on rivers of varying size and volumes.  

Hyporheic Zone Influence on River Flow Function 

 Organisms living in river watersheds are not only affected by direct impacts to 

streamflow and riparian zones, but also indirectly from impacts affecting the entire watershed. 

The BC Ministry of Forests and Range defines the hyporheic zone as:  

a zone of saturated sediments where infiltration of stream water via the streambed and  

banks has a strong influence on water quality. It is typically the interface between stream 

water and groundwater and, as such, is often characterized as an ecotone spanning the 

boundaries of the surface and subsurface environments (Richardson & Moore, 2010, p. 

442)  
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Known also as a connecting ecotone, the hyporheic zone (Figure 4) deserves special 

mention within the scope of this research because water withdrawals from any river, including 

those from the Athabasca River, have the potential to affect the health and ecological stream-

groundwater interactions. 

 

 

 

 

Figure 4. Linkages between the hyporheic zone and surface water, groundwater, riparian area, 

and aquifer systems (Adapted from Hancock, 2002) 

Physical, biological, and chemical processes within the connecting ecotone of the 

hyporheic zone are directly influenced by stream-groundwater interactions. Stream channel size, 

surface water discharge, and morphology are factors which greatly influence the capacity of 

hyporheic exchange flows at various spatial and temporal scales (Richardson & Moore, 2010). 

Human alteration to surface water quantity has the potential to impact bacterial processes and 

hydrological connections of the ecotone and surrounding habitats (Hancock, 2002). Surface 

water withdrawals of large volumes can have a negative effect on water exchange and biological 

activities through decreasing sedimentation of the hydraulic gradient which has a direct effect on 

stream velocity and discharge (Hancock, 2002). As river discharge rates decrease, the 

morphology is vulnerable to change, altering the landscape of the original hyporheic zone.  

Anthropogenic alterations to river flow have the potential to negatively affect hydrologic 

regimes of riverine function, impacting the overall ecological health and integrity of rivers and 

connecting hyporheic zones. The spatial and temporal effects of river flow alteration, through 

surface water withdrawals, are dependent on stream channel size, morphology, and discharge 

Surface Water 

Groundwater 

Riparian Area 

Alluvial Aquifer 
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rates, with the greatest impacts documented on rivers of smaller scales (Zorn, Seelbach, & 

Rutherford, 2012). Monitoring ecological indicators is a useful tool to scientifically document 

the cumulative effects of water quantity on overall ecological health. As cumulative effects of 

multiple environmental interactions are hard to scientifically quantify, effective management 

decisions must focus on the best protective strategies and scientific information available. 

Impacts of Climate Change on Alberta Surface Waters 

Surface waters are affected by climate change and shifting weather patterns. As river 

morphology is dependent on water quantity and sediment load, changes to climate and 

streamflow quantity have a critical effect on hydrological and fluvial processes within rivers 

(Ashmore & Church, 2001).  At the regional level, analysis of historical records throughout 

Canada indicate that even minor changes to annual precipitation can impact water quantity and 

streamflow patterns at a major scale (Ashmore & Church, 2001). When combined with human 

alteration or manipulation to streamflow, through landscape use or water withdrawal activities, 

changes to river systems have the potential to be increasingly pronounced and impactful.  

The Intergovernmental Panel on Climate Change produced a report (2008) which focused 

specifically on the effects of warming temperatures on aspects of the hydrological cycle. 

According to the report, “warming will lead to changes in the seasonality of river flows where 

much winter precipitation currently falls as snow, with spring flows decreasing… and winter 

flows increasing” (Bates, Kundzewicz, Wu, & Palutikof, 2008, p. 30).  The reason for this 

concern is due to the prediction that warming temperatures will cause less winter precipitation, in 

the form of snowfall. This predicted change in decreased snowfall rates will cause an associated 

decrease in snowmelt and spring flow volumes (Bates, Kundzewicz, Wu, & Palutikof, 2008; 

Lemmen, Warren, & Lacroix, 2007). Additionally, in regions dominated by cold climates and 
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winter snowfall, such as Alberta, changing temperatures have historically caused a shift in the 

magnitude and timing of extreme hydrological events such as annual precipitation, snow depth, 

and streamflow peaks (Bates, Kundzewicz, Wu, & Palutikof, 2008). As the climate continues to 

change, it is predicted to cause increased changes to streamflow patterns, surface water volumes, 

and rates of river discharge (Bates, Kundzewicz, Wu, & Palutikof, 2008).  

The importance of proper water resource management is emphasized in the 2007 

Government of Canada Report, From Impacts to Adaptation: Canada in a Changing Climate 

(Lemmen, Warren, & Lacroix, 2007). The report provides a synthesis of current and future risks 

facing Canada that are associated with climate change. According to this report, the highest 

climate risk to the Prairie Provinces is an increase in water scarcity (Lemmen, Warren, & 

Lacroix, 2007). In 2015, the Alberta Energy Regulator addressed concerns to water scarcity 

resulting from an increase in drought conditions throughout Western Canada. Rivers were of 

special concern due to dry conditions producing low stream flows. To protect rivers and streams 

throughout the province, the AER issued a bulletin which listed restrictions to temporary 

diversion licenses (AER, 2015). The bulletin specifically identified the Upper Athabasca River 

as a waterbody at risk and stated that no new applications would be accepted, and current 

temporary diversion licenses were suspended (AER, 2015).  

Throughout the Duvernay Formation regional area, the rivers that run along the surface 

are often used by multiple oil and gas operators at the same time which can lead to 

environmental stress at the local level (Alberta Environment and Parks, 2017). One of the 

concerns associated with surface water use for hydraulic fracturing is whether the competing 

needs of multiple oil and gas operators will result in unsustainable water resource needs or 

worsen the impacts of climate change on surface water resources (Canadian Water Network, 
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2015; Leong & Donner, 2015; USEPA, 2015). Should unconventional resource development 

continue throughout the Formation, the localized impacts of water withdrawals have the potential 

to lead to water imbalances and overexploitation of surface water use, especially under the 

conditions of global climate change (Lemmen, Warren, & Lacroix, 2007).  

Significance of the Research 

Historically, surface water from the Athabasca River has been utilized for oil sands 

mining development throughout the Northern portion of Alberta in the Wood Buffalo 

Municipality near the town of Fort McMurray (Franzin, 2010). In contrast to oil sands mining 

operations where large volumes of water are needed at regular intervals to maintain mining 

procedures (Doyle, 1997; Franzin, 2010; Squires, Westbrook, & Dube, 2009), hydraulic 

fracturing requires large volumes of water to initiate the fracturing process, and then 

intermittently throughout the lifespan of a well when re-fracture is necessary to re-establish 

formation permeability (ALL Consulting, 2012; Cheremisinoff & Davletshin, 2015). For this 

reason, surface water allocated for hydraulic fracturing operations will typically not affect a 

watershed on a large scale, but concerns have been raised about the impacts of water demands at 

the local, spatial scale (Quinn, et al., 2015; USEPA, 2015). Surface water use for hydraulic 

fracturing therefore requires unique management practices to ensure ecological conservation and 

preservation of water, specifically at locations where the point of diversion occurs (USEPA, 

2015).  

In Canada, widespread adoption of horizontal drilling and hydraulic fracturing techniques 

did not occur until 2010 (National Energy Board, 2015). However, since 2008, it is estimated 

that over 10,000 wells in Alberta have been completed using unconventional techniques (Natural 

Resources Canada, 2017). Historically, regulations associated with water demands and 
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allocations from the Athabasca River have been developed with the oil sands industry in mind 

(Alberta Environment and Parks, 2016). New considerations for water management of the 

Athabasca River are required for unconventional resource development, as the operations are 

different and both water requirements and environmental impacts differ between the industrial 

processes. Currently there is a knowledge gap associated with the proper water management 

techniques required for water allocation and utilization in unconventional resource development 

(Quinn, et al., 2015).  

As the Athabasca River is used as a water source for different oil and gas industrial 

operations, current water management techniques, such as the Alberta Desktop Method, should 

be analyzed, and new ones developed based on individual process demands and 

impacts.  Additionally, with water scarcity identified as a major climate risk to the Province of 

Alberta, understanding current trends in hydrological data is required to understand potential 

industrial impacts to water use and develop proper water management techniques.  

The purpose of this research is to understand how hydraulic fracturing operations impact 

water availability of the upper portion of the Athabasca River watershed, where horizontal 

drilling and hydraulic fracturing is used extensively. This research study seeks to understand how 

water allocations from source points throughout the upper Athabasca River watershed impact the 

current water balance scenario, as determined through the water use intensity index.  

Research Objectives 

This case study evaluates the impacts of both climate change and hydraulic fracturing 

water allocations on streamflow availability of the upper Athabasca watershed. Both current and 

historic hydrologic parameters of the upper Athabasca watershed are used to assess impact. The 

specific research objectives of this study are to:  
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1. Evaluate local hydrological data from select hydrometric gauging stations located 

along the Upper Athabasca Watershed, between the years of 1975 – 2015, and assess 

water use intensity while looking for potential trends that suggest a shifting 

hydrologic regime and/or changing hydrologic conditions.  

2. Assess different scientific methodologies used to protect instream flow needs of 

surface water bodies. Determine if alternate methods are more effective than the 

Desktop Method, currently applied by the Alberta Provincial Government.  

3. Provide analysis leading to recommendations to support changes to provincial water 

management policies and regulations affecting surface water bodies throughout the 

Province of Alberta.  
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RESEARCH METHODOLOGY 

Due to the unique characteristics of surface water allocations associated with 

unconventional oil and gas operations, this research followed a case study approach focused on 

the Upper Athabasca Watershed. Quantitative analysis of using physical environmental data was 

used to analyze the environmental risk and impact of water allocations for hydraulic fracturing 

operations throughout nine sub-watersheds of the Upper Athabasca River. In the Province of 

Alberta, water allocations are determined using a methodology to protect instream flow needs 

and is based solely off historical hydrological data. Additional methodologies were analyzed to 

determine if the most effective method is being utilized throughout the Province of Alberta. 

Furthermore, to understand potential trends associated with changing climates throughout the 

study area, statistical linear regression analysis was applied to 20 hydrometric gauging stations.  

Study Area 

This research was conducted in one main study area: the Upper Athabasca Watershed 

(UAW). The UAW is part of the larger Athabasca River Basin (ARB) which includes ten sub-

watersheds and 31 tertiary watersheds (Figure 5) (Holloway & Clare, 2012).  
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Figure 5. Map of the 31 tertiary watersheds in the Athabasca Watershed. Reprinted with 

permission.  (Holloway & Clare, 2012).   

The Athabasca River is the second largest river in Alberta, with a length of 

approximately 1500km (Newton, 2016). The headwaters of the Athabasca River are at the 

Columbia Glacier in Jasper National Park, where the river flows northeast throughout the 

Province of Alberta until it reaches Lake Athabasca (Athabasca University, 2017; Holloway & 

Clare, 2012). Major land uses of the Athabasca River include agriculture, forestry, surface 

mining, recreation, conventional oil and gas, and most recently, unconventional oil and gas 

(Holloway & Clare, 2012).  

According to a report conducted by Fiera Biological Consulting (2013) on behalf of the 

Athabasca Watershed Council, the Athabasca River can be subdivided into five main sections 
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based on ecological and hydrological similarities with the first three sections considered part of 

the UAW (Table 2).  

Table 2.  

Five Sections of the Athabasca Watershed based on Ecological and Hydrological Similarities 

(Holloway & Clare, 2012). 

Section Reach Location 

1 Headwaters Reach Athabasca Glacier to upstream of Hinton 

2 Hinton Reach Upstream of Hinton to upstream of Whitecourt 

3 Whitecourt Reach Upstream of Whitecourt to town of Athabasca 

4 Athabasca Reach Town of Athabasca to Town of Fort McMurray 

5 Mouth Reach Fort McMurray to mouth of Athabasca River 

 

Hydrology of the Athabasca River 

Hydrology of the Athabasca River is like rivers in high-elevation zones, and the river 

experiences high variability based on seasonality and inter-annual variation factors of wet, 

moderate, and dry years (Eaton & Moore, 2009; Franzin, 2010). River flow rates are historically 

highest throughout the open-water spring and summer months; an effect of snowmelt runoff 

from the surrounding alpine snow accumulation (Peace-Athabasca Delta Ecological Monitoring 

Program, 2017). Likewise, river flow rates are historically the lowest throughout the winter 

months due to low precipitation and ice coverage (Franzin, 2010; Peace-Athabasca Delta 

Ecological Monitoring Program, 2017).  

The Duvernay Formation underlies the UAW (Creaney, et al., 1994); therefore, this 

research focused on potential water sources along the Headwaters Reach, Hinton Reach, and 

Whitecourt Reach of the Athabasca River, where surface water allocations are issued to support 

hydraulic fracturing operations for unconventional oil and gas development. 
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Data Sources 

The purpose of this research is to determine whether surface water allocations issued for 

hydraulic fracturing operations impact water availability of the UAW under the conditions of 

global climate change. Therefore, this research involved the collection of two main datasets: 

hydraulic fracturing surface water allocations issued by the Alberta Energy Regulator, and river 

discharge rates obtained from the Water Survey of Canada (Table 3).  

Table 3.  

Sources of Surface Water Approvals and River Discharge Reports Associated with the Upper 

Athabasca Watershed   

Source Data Type Location Additional 

Information 

AENV Surface Water Allocations https://avw.alberta.ca/Appr

ovalViewer.aspx 

Database search 

through Authorization 

Viewer 

AER Surface Water Allocations Bulk download Provided by the AER 

upon written request 

WSC Hydrometric Data https://wateroffice.ec.gc.ca Monthly and Annual 

discharge rates 

 

Water Allocation Volumes 

Surface water allocation data of the UAW was gathered by obtaining term water licenses 

and temporary diversion licenses from the publicly available Authorization Viewer through 

Alberta Environment and Parks. The Authorization Viewer allows users to view information on 

various tools issued under the Provincial Water Act, and Environmental Protection and 

Enhancement Act, including surface water approvals and licenses (Alberta Environment and 

Parks, 2017). To supplement this data, a bulk download of surface water licenses was received 

from the Alberta Energy Regulator, upon written request. The bulk download provided 

information on latitude and longitude coordinates of surface water allocations along the UAW. 
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Each surface water allocation was issued for use in hydraulic fracturing operations throughout 

the Duvernay Formation and included information on: effective date, expiry date, allocation 

volume issued, diversion rate, coordinates, and associated river sub-basin code. The river sub-

basin code, along with latitude and longitude coordinates were later used to determine river 

discharge information of associated hydrometric gauging stations located throughout the UAW.  

Surface water allocations were filtered by document type: temporary diversion licenses 

and term water licenses. Term water licenses were eliminated from the scope of the study leaving 

only temporary diversion licenses, which represent the allocation tool most commonly utilized 

for unconventional surface water use (AER, 2016; Ferguson, 2016).   

River Discharge Data 

Monthly and annual discharge rates for rivers and tributaries of the UAW were obtained 

using the Water Survey of Canada HYDAT database. The Water Survey of Canada (WSC) is a 

subset of the Federal Department, Environment and Climate Change Canada (ECCC), and 

operates as a national authority responsible for collecting and analyzing Canadian water resource 

data (Government of Canada, 2014). HYDAT is a database which stores historical and current 

water quantity and sediment data from over 1900 hydrometric stations across the country 

(Government of Canada, 2014).  

To first determine hydrometric gauging stations within the defined study area, the Alberta 

Environment and Parks River Flows and Levels map (Figure 6) was utilized to delineate spatial 

locations along the Headwaters, Hinton, and Whitecourt Reach of the Upper Athabasca 

Watershed (Alberta Environment and Parks, 2017).  
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Figure 6. Alberta Environment and Parks River Flows and Levels Map. Open data source 

(Alberta Environment and Parks, 2017) 

A total of 29 hydrometric stations were identified based on spatial proximity to the 

Duvernay Formation. This research required river discharge information for two purposes: to 

understand the water balance ratio of surface water allocations associated with hydraulic 

fracturing operations of the UAW; and to understand the impact of global climate change on 

water availability throughout the UAW.  
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To obtain river discharge information required for water balance calculations, the sub-

basin code, and latitude and longitude coordinates, of temporary diversion licenses were mapped 

to geographic coordinates of hydrometric gauging stations.  A total of nine hydrometric stations 

were identified as applicable to water balance calculations within the UAW, based on location of 

hydraulic fracturing operations throughout the Duvernay Formation (Table 4). 

Table 4.  

Hydrometric Stations Associated with Temporary Diversion Licenses of the Upper Athabasca 

Watershed  

Sub Watershed Station Name 

Station 

Number Latitude Longitude 

Area 

(km2) 

Upper Athabasca  

Berland River near the 

Mouth 07AC007 54°00’47”N 116°57’48”W 5,660 

Upper Athabasca  

Athabasca River at 

Hinton  07AD002 53°25’27”N 117°34’09”W 9,760 

McLeod 

McLeod River above 

Embarras River 07AF002 53°28’12”N 116°37’53”W 2,560 

McLeod 

McLeod River near 

Rosevear 07AG007 53°41’49”N 116°09’43”W 7,140 

Upper Athabasca  

Freeman River near 

Fort Assiniboine 07AH001 54°21’53”N 114°54’17”W 1,660 

Pembina 

Pembina River Below 

Paddy Creek 07BA001 53°07’41”N 115°19’35”W 2,830 

Pembina 

Pembina River near 

Entwistle 07BB002 53°36’15”N 115°00’17”W 4,400 

Lesser Slave Lake 

Driftpile River near 

Driftpile 07BH003 55°20’47”N 115°47’47”W 835 

Lesser Slave Lake 

Swan River Near 

Kinuso 07BJ001 55°18’55”N 115°25’01”W 1,900 

 

To obtain river discharge information required for understanding the impacts of climate 

change on water availability throughout the UAW, all hydrometric gauging stations within the 

Headwaters, Hinton, and Whitecourt Reach of the Upper Athabasca Watershed were initially 

considered within scope. For quality control purposes, data quality objectives were set at 70% 

complete datasets, ranging throughout the years 1975-2015. Therefore, of the initial 29 
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hydrometric gauging stations within the defined study area, any station with a dataset missing 

30% or greater was considered insufficient and eliminated from the study. This left a total of 20 

hydrometric gauging stations applicable to the analysis (Table 5).  

Table 5.  

Hydrometric Gauging Stations of the Upper Athabasca Watershed Based on Proximity to the 

Duvernay Formation and the 70% Data Quality Objectives.  

Sub Watershed Station Name Station 

Number 

Latitude Longitude Area 

(km2) 

Upper Athabasca  

Miette River near 

Jasper 07AA001 52°51’50”N 118°06’25”W 629 

Upper Athabasca  

Athabasca River near 

Jasper 07AA002 52°54’36”N 118°03’31”W 3,870 

Upper Athabasca  

Berland River near 

the Mouth 07AC007 54°00’47”N 116°57’48”W 5,660 

Upper Athabasca  

Athabasca River at 

Hinton  07AD002 53°25’27”N 117°34’09”W 9,760 

Upper Athabasca  

Athabasca River near 

Windfall 07AE001 54°12’27”N 116°03’47”W 19,600 

McLeod 

McLeod River above 

Embarras River 07AF002 53°28’12”N 116°37’53”W 2,560 

McLeod 

Mcleod River near 

Cadomin 07AF013 53°04’45”N 117°11’53”W 330 

McLeod 

Wolf Creek at 

Highway No. 16a 07AG003 53°35’54”N 116°16’18”W 826 

McLeod 

McLeod River near 

Whitecourt 07AG004 54°00’44”N 115°50’23”W 9,110 

McLeod 

McLeod River near 

Rosevear 07AG007 53°41’49”N 116°09’43”W 7,140 

McLeod 

Groat Creek near 

Whitecourt 07AG008 54°01’57”N 115°50’32”W 133 

Upper Athabasca  

Freeman River near 

Fort Assiniboine 07AH001 54°21’53”N 114°54’17”W 1,660 

Pembina 

Pembina River near 

Entwistle 07BB002 53°36’15”N 115°00’17”W 4,400 

Pembina 

Paddle River near 

Rochfort Bridge 07BB004 53°53’44”N 115°02’30”W 617 

Pembina 

Little Paddle River 

near Mayerthorpe 07BB005 53°56’52”N 115°01’24”W 423 

Pembina 

Paddle River at 

Barrhead 07BB006 54°06’45”N 114°24’01”W 2,370 
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Pembina 

Paddle River near 

Anselmo 07BB011 53°51’33”N 115°21’49”W 253 

Pembina 

Pembina River at 

Jarvie 07BC002 54°27’01”N 113°59’35”W 13,100 

Pembina 

Wabash Creek near 

Pibroch 07BC007 54°13’28”N 113°55’30”W 344 

Lesser Slave Lake 

Swan River near 

Swan Hills 07BJ003 54°48’09”N 115°28’12”W 155 

  

Analytical Approach 

Various calculations were utilized to determine water balance ratios, and potential trends 

in hydrometric data. Analysis included volumetric calculations via the water use intensity index; 

linear regression analysis to determine potential trends associated with changing climates; and a 

detailed literary analysis of scientific methodologies used to effectively determine and protect 

instream flow needs of surface water bodies.  

Water Use Intensity Index 

 To determine surface water allocation impacts at the local spatial scale, a water balance 

approach was utilized which analyzes the ratio between surface water allocated and the available 

volume of surface water at a given spatial location. The approach is known as the water use 

intensity index (WUI) and has been utilized by the United States Environmental Protection 

Agency to quantify potential water use imbalances along the Susquehanna River Basin, Piceance 

Basin, and Upper Colorado River Basin (USEPA, 2015). The equation to determine water use 

intensity is written as: 

����� ��� 	
��
���� 	
�� =
����� ���������

��������� ������
  Equation 1.0 

Results of the water use intensity index are provided through a numerical value between 

0.0 and 1.0 which calculate the proportion of surface water allocated to be removed from a given 

source (USEPA, 2015). The volumetric calculation provides a comparison of water supply and 

demand over a monthly timestep for the years where hydraulic fracturing operations have been 
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active throughout the study area (2012-2016). The intent of the water use intensity index is to 

provide a quantifiable representation of water allocated for withdrawal, relative to water 

available within a given surface water body. Potential water imbalance is thereby calculated, 

providing a representation of the vulnerability of water allocations based on specific points of 

diversion.   

To determine surface water allocation impacts, the following step-wise process was 

followed: 

Step 1. Temporary diversion licenses were sorted based on sub-basin codes. Each sub-basin code 

was mapped and allocated to the nearest hydrometric gauging station using latitude and 

longitude coordinates.  

Step 2. Within each sub-basin, multiple TDLs were assigned, and each TDL represented the 

amount of time each license was outstanding, and the amount of surface water allocated to it.  

Step 3. The goal of the analysis was to calculate how much water was allocated versus the actual 

amount of river flow through the respective sub-basin. One challenge was that many licenses 

were assigned over many months and the licenses frequently did not have time periods that 

overlapped. To perform the analysis, an assumption was made that if a temporary diversion 

license was allocated during any specific month, it was assumed that the allocation was valid for 

the entire month. The licenses with allocations in each respective month were added together and 

divided by the actual flow rate in the sub-basin, in that respective month. This calculation 

represents a proxy for the water use intensity index. This methodology was used for every 

month, across all study basins, and generated the data for the study. By calculating the water use 

intensity index by month, and linking the months together, a visual picture of the water use 

intensity over time was generated and patterns of temporal water use were able to be developed.   
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Step 4. At the time of the analysis, the Alberta Energy Regulator, through the temporary 

diversion licenses, only provided allocation volume information, and not actual surface water use 

information. Therefore, to perform the analysis, it was assumed that each license used 100% of 

the water allocated to it during the entire time the license was outstanding.  

Determination of Climate Change Impacts to the Upper Athabasca Watershed 

 To determine potential impacts and trends caused by changing climates, hydrometric data 

was analyzed utilizing datasets from the Water Survey of Canada. Annual averages using 

monthly discharge rates were compiled for hydrometric gauging stations within the scope of the 

study (Table 5). Linear regression analysis was applied to determine the relationship between 

two selected parameters; year and discharge rate, with year as the predictor variable and 

discharge rate as the response variable.  To determine statistical significance, scatter plots, 

including line of best fit, were created to display the relationship between predictor and response. 

Once created, correlation analysis was applied through calculation of the R2 and probability 

value to determine the reliability of each dataset (Prabhakaran, 2016).  

Analysis of Scientific Methodologies Governing Instream Flow Needs 

A comparative analysis was conducted on three separate scientific methodologies utilized 

by regulatory agencies when determining instream flow needs of rivers and streams. Regulatory 

agencies are responsible to choose an applicable method based on the specific water objectives 

they are trying to achieve, and the level of management required to protect stream flows of their 

water systems (Caissie, El-Jabi, & Hebert, 2007). To understand the benefits associated with 

each methodology, a detailed comparative analysis was conducted on: hydrological and 

hydraulic methods, habitat simulation methods, and holistic methods for determining instream 

flow needs (Arthington, Bunn, Poff, & Naiman, 2006; Richter, David, Apse, & Konrad, 2012).  
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RESULTS 

Surface Water Allocation Sources and Statistics 

 Surface water allocation data, in the form of both term water licenses and temporary 

diversion licenses, were obtained through the Alberta Environment and Parks Authorization 

Viewer, and through the Alberta Energy Regulator, as a bulk download.  The first surface water 

license for hydraulic fracturing in the Duvernay Formation was issued in 2012, and between the 

years 2012 and 2016 a total of 897 licenses were issued (Figure 7). 

  

Figure 7. Term water licenses and temporary diversion licenses issued by the Alberta Energy 

Regulator for use in hydraulic fracturing operations throughout the Upper Athabasca Watershed   

License information was sorted based on document type, activity, river sub basin code, 

and year (Table 6). 

Table 6.  

Upper Athabasca Watershed Water Allocation License Information for Hydraulic Fracturing  

River Basin River Basin Sub 

Code  

Document Type Specific Activity Years 
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Based on the previously stated criterion, term water licenses were eliminated from the 

scope of the study, leaving a total of 611 temporary diversion licenses active in the study area 

between the years 2012 – 2016 (Table 6). To understand water availability associated with each 

TDL, an estimation of the volume of water available was required. To obtain this value, all 

temporary diversion licenses were grouped based on spatial location, as determined by sub-basin 

code and latitude and longitude coordinates. The spatial location was then used to map the 

nearest hydrometric gauging station to obtain water availability estimates using mean monthly 

discharge rate (m3).  

Table 7.  

Hydrometric Gauging Stations Providing an Estimate of Water Availability based on Temporary 

Diversion License Spatial Coordinates.  

River Sub-

Basin Code 

Hydrometric Gauging 

Station Identification # 

Area 

(km2) 

Number of 

TDLs issued 

Years Active 

07AC 07AC007 5,660 91 2014 – 2016 

07AD 07AD002 9,760 80 2014 – 2016 

07AF 07AF002 2,560 133 2012 – 2016 

07AG 07AG007 7,140 92 2014 – 2016 

07AH 07AH001 1,660 4 2014 – 2015 

07BA 07BA001 2,900 184 2014 – 2016 

07BB 07BB002 4,400 2 2014 – 2015 

07BH 07BH003 835 1 2014 – 2015 

07BJ 07BJ001 1,900 6 2014 – 2015 

 TOTAL 36,815 593  

 

Water Use Intensity Index 

To understand the water use intensity index of temporary diversion licenses at the local 

and spatial scale along the UAW, two variables were required: water allocation diversion rates 

(m3), as the water allocation variable; and surface water discharge rates (m3), as the available 

volume variable. Using excel, a model was created which first sorted TDLs based on total 
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effective days the license was considered active. This provided the total value of days within a 

month when water was actively allocated from a specific basin. Once determined, the total water 

allocated (m3) was calculated by summing all TDL allocations for all active licenses, within a 

given basin per month. This resulted in the water use variable, or total amount of water allocated 

from a specific sub-basin location. 

To obtain the available surface water volume variable, mean monthly discharge rates 

(m3) were obtained using hydrometric data from the Water Survey of Canada. The water use 

intensity index was then calculated by dividing the total water allocated, by actual flow rate, to 

provide an index on a scalar range of 0.0 through 1.0; where high consumption rates are 

represented by a value approaching 1.0, and low consumption rates are represented by a value 

approaching 0.0 (Appendix A). 

An assumption of this calculation was that all temporary diversion licenses withdrew the 

maximum water allocated, at the approved maximum rates, as stated on the license. Water use 

reporting was not a requirement of the Alberta Energy Regulator until 2016 (Ferguson, 2016), 

therefore this study assumes water allocation is equal to water use and essentially provides a 

‘worst case’ scenario output. This scenario is useful as it allows detection of any pattern where 

surface water availability could be strained if license holders utilized their full allocation. Results 

of the water use intensity index are represented through Figures 8-16. 
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A)  

 

B) 

 

Figure 8. Daily surface water use intensity index (WUI) for withdrawal allocations from sub-

basin site 07AC. A) WUI in relation to daily streamflow volume. B) Count of temporary 

diversion licenses allocated to sub-basin 07AC based on allocation volume (m3)   
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A) 

 

B) 

 

Figure 9. Daily surface water use intensity index (WUI) for withdrawal allocations from sub-

basin site 07AD. A) WUI in relation to daily streamflow volume. B) Count of temporary 

diversion licenses allocated to sub-basin 07AD based on allocation volume (m3) 
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A) 

 

B) 

 

Figure 10. Daily surface water use intensity index (WUI) for withdrawal allocations from sub-

basin site 07AF. A) WUI in relation to daily streamflow volume. B) Count of temporary 

diversion licenses allocated to sub-basin 07AF based on allocation volume (m3)   
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A) 

 

B) 

 

Figure 11. Daily surface water use intensity index (WUI) for withdrawal allocations from sub-

basin site 07AG. A) WUI in relation to daily streamflow volume. B) Count of temporary 

diversion licenses allocated to sub-basin 07AG based on allocation volume (m3) 
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A) 

 

B) 

 

Figure 12. Daily surface water use intensity index (WUI) for withdrawal allocations from sub-

basin site 07AH. A) WUI in relation to daily streamflow volume. B) Count of temporary 

diversion licenses allocated to sub-basin 07AH based on allocation volume (m3)   
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A) 

 

B) 

 

Figure 13. Daily surface water use intensity index (WUI) for withdrawal allocations from sub-

basin site 07BA. A) WUI in relation to daily streamflow volume. B) Count of temporary 

diversion licenses allocated to sub-basin 07BA based on allocation volume (m3)   
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A) 

 

B) 

 

Figure 14. Daily surface water use intensity index (WUI) for withdrawal allocations from sub-

basin site 07BB. A) WUI in relation to daily streamflow volume. B) Count of temporary 

diversion licenses allocated to sub-basin 07BB based on allocation volume (m3)   
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A) 

 

B) 

 

Figure 15. Daily surface water use intensity index (WUI) for withdrawal allocations from sub-

basin site 07BH. A) WUI in relation to daily streamflow volume. B) Count of temporary 

diversion licenses allocated to sub-basin 07BH based on allocation volume (m3)   
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A) 

 

B) 

 

Figure 16. Daily surface water use intensity index (WUI) for withdrawal allocations from sub-

basin site 07BJ. A) WUI in relation to daily streamflow volume. B) Count of temporary 

diversion licenses allocated to sub-basin 07BJ based on allocation volume (m3)   
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Results of the surface water use intensity index show variance in water allocations based 

on spatial location and basin drainage size. Within the UAW, surface water allocations have been 

associated with rivers and streams ranging in drainage basin area from 835km2 – 9,760km2. As 

shown in figures 8-16, some temporary diversion licenses have been approved for water 

allocations of relatively high volumes, despite being allocated from watersheds with small 

drainage basin size. Figure 17 shows total cumulative surface water allocation volumes, of all 

temporary diversion licenses, based on drainage basin size, ordered from smallest drainage basin 

area to largest. The cumulative water allocation volumes were calculated by summing the daily 

allocation volumes, as obtained by the Alberta Energy Regulator.  

 

Figure 17. Cumulative water allocation volumes of temporary diversion licenses, in 

relation to drainage basin size    

Water Use Intensity Index - Low Impact Results 

Based on the surface water use intensity index, sub-basins 07AC, 07AD, 07BB, and 
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winter months (November – February) when surface flows measured the lowest. Between the 

four sub-basins, a total of 179 TDLs were issued between the years 2012 – 2016. Of these 179 

TDLs, the highest water intensity index was 0.06 (6%) for sub-basin 07BH which has the 

smallest drainage basin area of 835km2. Drainage basins 07AC and 07AD had the highest 

number of temporary diversion licenses permitted for water allocations, but overall had low 

water use intensity index scores, demonstrating responsible surface water management and 

allocations.   

Water Use Intensity Index - Medium Impact Results 

Sub-basins 07AG, 07AH, and 07BJ had water use intensity index scores ranging between 

0.07 (7%) - 0.15 (15%). Similar to the low impact results, intensity index scores appeared 

highest in winter months when surface water flows were measured to be lowest. Drainage basin 

area ranged from 1,660km2 – 7,140km2.  

Water Use Intensity Index – High Impact Results 

Sub-basins 07AF and 07BA displayed high water use intensity index scores, with values 

ranging from 0.03 (3%) - 0.54 (54%). As with the low and medium impact results, intensity 

index scores were the highest in winter months, when surface flows were measured at their 

lowest discharge rates. Sub-basins 07AF and 07BA had a total of 133 and 184 temporary 

diversion licenses issued, accounting for the two highest TDL counts associated with a sub-

basin. Despite the high number of permitted licenses, the drainage basin size for sub-basins 

07AF and 07BA were mid-range, measuring at 2,560km2 and 2,900km2, respectively. 

Water Use Intensity Index – Overall Results  

Overall, results of the water use intensity index show general patterns of water allocations 

for hydraulic fracturing operations. The surface water intensity index, for most sub-basins, was 
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highest during winter months, when measured streamflow was lowest. Water use intensity index 

scores were only greater than 0.15 (15%) at any time in two sub-basins, 07AF and 07BA. The 

majority of index scores fell below 0.15, or 15% of available water being allocated; meeting the 

general constraints of the Alberta Desktop Method for establishing instream flow needs.  

While water use intensity index scores appeared to be correlated to basin drainage size, 

the greatest impacts occurred due to timing of allocations. As the UAW experiences variability 

based on seasonality (Peace-Athabasca Delta Ecological Monitoring Program, 2017), allocating 

surface water during winter months, when river flow rates are historically lowest, shows an 

increase in high water use intensity index scores. The effects of ice coverage and low 

precipitation in winter months result in less water available for withdrawal. Continuing to permit 

surface water allocations during low flow periods may result in a potential risk of water 

imbalances and environmental impact at the local scale, including a potential risk of over-

withdrawal of surface water sources. This environmental impact challenge occurs when the 

‘peak’ drilling and fracturing season which normally takes place in the winter months as oil and 

gas operators frequently have better access to drilling sites when the ground is frozen.  

Determination of Climate Change Impacts to the Upper Athabasca Watershed 

To understand if changing climates are affecting surface water availability throughout the 

defined study area, trends in discharge rates were analyzed using datasets from the Water Survey 

of Canada HYDAT database. Datasets from the 20 identified hydrometric stations were analyzed 

to assess for potential impacts of climate change on water discharge rates using historical 

discharge volumes.  

The Water Survey of Canada measures average discharge rate using the formula (Water 

Survey of Canada, 2001):  
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Q=∑AiVi  Equation 2.0 

Where Q = the average discharge of the river measured in m3/s (sum of the product area 

and velocity); V is the velocity (m/s); and A is the cross section m2.  

Historical monthly discharge rates were collected between the years 1975-2015 to 

calculate an annual discharge rate per hydrometric station. Statistical analysis was undertaken 

based on an annual scale and applying a confidence level of 0.05. Linear regression was then 

conducted to determine trends associated with changes in discharge rates, including decreased 

river flow or seasonal variations.  Results of the analysis are summarized in Figures 18 (a-t).  
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IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY 51 

 

   

   

    

   

Figure 18 (a-t). Linear regression results for applicable hydrometric stations to determine 

potential trends in discharge rates affected by changing climates 
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Two statistics were used to assess the significance of trends in time and water flow rate 

identified: R2 (regression value) and probability value (P-value). The linear relationship between 

the predictor and response variables was calculated using a linear regression line. To determine 

potential trends, analysis was repeated for years where datasets were considered to meet the 

quality objective. The years chosen were based solely on data available from the Water Survey 

of Canada and ranged from 1975 – 2015. This scale of analysis allowed for regional trends over 

a similar period to be evaluated for each hydrometric station. All hydrometric station information 

and statistical analysis is included in Appendix B.  

Based on the statistical analysis, only three hydrometric stations had an R2 value and P-

value of statistical significance: 07BB004, 07BB006, and 07BC002 (Table 8). Calculations for 

the remaining hydrometric stations did not result in statistical significance, therefore refuting the 

assumption that discharge rate is linearly related to year throughout the UAW.  However, of 

notable discussion is >75% of linear regression trend lines saw a decrease in flow rates from the 

start year to the end year, suggesting an overall trend in decreasing discharge rates of rivers and 

tributaries throughout the UAW (Table 8). This can be attributed to the observation in snowpack 

decline and reduced winter precipitation throughout the region (Bates, Kundzewicz, Wu, & 

Palutikof, 2008).   

Table 8.  

Summary of Flow Rates for Hydrometric Datasets along the Upper Athabasca Watershed 

Station Name Station 

Number 

Start 

Year 

End 

Year 

R2 

Value 

P-

Value 

Trend 

Miette River near Jasper 07AA001 1976 2014 0.00049 0.89358 Decreasing  
Athabasca River near 

Jasper 07AA002 

1975 2015 0.00843 0.56785 Increasing  

Berland River near the 

Mouth 07AC007 

1987 2015 0.00407 0.74231 Decreasing 

Athabasca River at Hinton  07AD002 1975 2015 0.03178 0.26472 Increasing  
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Athabasca River near 

Windfall 07AE001 

1975 2013 0.01475 0.46140 Increasing  

McLeod River above 

Embarras River 07AF002 

1975 2015 0.01307 0.47656 Decreasing  

Mcleod River near 

Cadomin 07AF013 

1984 2015 0.01646 0.48405 Decreasing  

Wolf Creek at Highway 

No. 16a 07AG003 

1975 2015 0.03321 0.26034 Decreasing  

McLeod River near 

Whitecourt 07AG004 

1975 2013 0.01038 0.53711 Decreasing  

McLeod River near 

Rosevear 07AG007 

1985 2015 0.03849 0.29015 Decreasing  

Groat Creek near 

Whitecourt 07AG008 

1984 2013 0.00749 0.64912 Increasing  

Freeman River near Fort 

Assiniboine 07AH001 

1975 2015 0.00174 0.79559 Decreasing  

Pembina River near 

Entwistle 07BB002 

1975 2013 0.00408 0.69922 Decreasing  

Paddle River near 

Rochfort Bridge 07BB004 

1975 2013 0.13029 0.02396 Decreasing  

Little Paddle River near 

Mayerthorpe 07BB005 

1975 2014 0.03425 0.25288 Decreasing  

Paddle River at Barrhead 07BB006 1975 2015 0.13230 0.01939 Decreasing  

Paddle River near 

Anselmo 07BB011 

1980 2014 0.03426 0.28705 Decreasing  

Pembina River at Jarvie 07BC002 1975 2015 0.08076 0.07174 Decreasing  

Wabash Creek near 

Pibroch 07BC007 

1980 2014 0.00006 0.96268 Decreasing  

Swan River near Swan 

Hills 07BJ003 

1975 2015 0.06319 0.11285 Decreasing  

 

Analysis of Scientific Methodologies Governing Instream Flow Needs 

Understanding the appropriate methodology for determining instream flow needs of a 

given surface water body is often a responsibility of agency biologists and hydrologists 

responsible for proper water management decisions (The National Biological Service, 1995). 

The type of methodology chosen is dependent on the goals and objectives of the instream flow 

program and involve both technical and non-technical components (National Research Council 

(U.S.), 2005).  While the technical application of instream flow methods and techniques 

associated with each category are often based on similar principles (Jowett, 1997), the 
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complexity of each approach varies. With over 200 methods currently being utilized, existing 

policies and legislation governing instream flow needs can be scientifically grouped into three 

main categories, based on technical components and techniques: hydrological and hydraulic 

methods, habitat simulation methods, and holistic methods (Arthington, Bunn, Poff, & Naiman, 

2006; Richter, David, Apse, & Konrad, 2012).  

Hydrological and Hydraulic Methods 

Hydrological methods utilize historical streamflow calculations to scientifically 

understand the tolerable amount of alteration a natural flow can sustain without compromising 

ecological health of the system (Richter, David, Apse, & Konrad, 2012). The purpose of 

hydrological methods is to apply statistical analysis to historical streamflow records to replicate 

the natural flow regime while considering the ecological effects and limits from variations to 

instream flow (National Research Council (U.S.), 2005).  The basic principle of hydrological 

methods is that a certain percentage, or level, of streamflow is required to maintain ecological 

health of the river environment (Jowett, 1997).  

Historically, hydrological methods focused on identifying a singular minimum flow 

threshold for a given river. Instream flow science has since developed, and now hydrological 

methods focus on flow regimes which account for inter and intra-annual variability related to 

magnitude, timing, frequency, duration, and rate of change (National Research Council (U.S.), 

2005).  Hydrological methods use historical streamflow information, typically from gauged 

water sites, to reconstruct approximate natural flow regime attributes (The National Biological 

Service, 1995) through probability analysis expressed as discharge rates  (Poff, et al., 1997). This 

is especially important in rivers where the streamflow has been depleted as the statistical analysis 

provides defensible scientific understanding on the limits of water supply. An advantage of 
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hydrological methods is the ability for widespread application. Rivers without long-term 

historical flow data can use historical streamflow information from gauged rivers within a near 

geographic proximity to estimate natural flow regime characteristics and determine approximate 

instream flow needs  (Poff, et al., 1997). 

One of the most commonly used applications of hydrological analysis is to implement a 

percent-of-flow standard (POF) which identifies the percentage of a flow level for which water 

must not fall below to ensure the ecological integrity of the channel (Figure 19) (The National 

Biological Service, 1995). When compared to other hydrological methods, percent-of-flow 

standards have been proven to provide the strongest protection for instream flows, and studies 

(Caissie, El-Jabi, & Hebert, 2007) indicate low variability when applied to rivers of varying 

spatial scales. 

 

Figure 19. Example hydrograph using hydrological methods based on the percent-of-flow 

approach (National Research Council (U.S.), 2005) 

 Hydraulic methods are more advanced than historical hydrologic methods as they utilize 

parameters of stream channels compared to stream discharge. Using cross-sections of stream 

channel geometry, hydraulic methods analyze the stage-discharge relationship of a river to 
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determine the minimum flow required to keep the channel full (Jowett, 1997). The ecological 

goal of hydraulic methods is to maintain river flow through the wetted perimeter area and thus 

sustain ecological productivity of the river (Jowett, 1997).  

Habitat Simulation Methods 

 A second common method for determining instream flow is to focus on biological 

attributes dependent on physical processes of the flow regime to determine how flow alterations 

affect species distribution and success (Poff, et al., 1997). Methods which focus on biological 

variables tend to use habitat-flow relationships to understand the best calculated streamflow to 

maximize biological health; or minimum streamflow required before biological health 

deteriorates (Jowett, 1997). With habitat-simulation methods, often a single fish species indicator 

is used to establish the habitat-flow relationship and determine environmental flow requirements 

for perseverance of fish population and production within a given stream (The National 

Biological Service, 1995).  

 Habitat simulation methods are an augmentation of hydraulic methods in that hydraulic 

parameters are analyzed in conjunction with specific biological conditions to determine the area 

of suitable habitat for a given biological species, typically a select plant or animal native to the 

physical environment (Jowett, 1997). Habitat simulation methods utilize a range of flows, which 

account for seasonal and inter-annual changes, to determine the range of suitable environments 

and how they change with varying flow levels (Jowett, 1997). Habitat simulation methods are 

more advanced than hydrological or hydraulic methods because they move past pure statistical 

hydrologic analysis and include additional water variables such as temperature, dissolved oxygen 

content, total alkalinity and turbidity (The National Biological Service, 1995). Application of 

habitat simulation methods can provide species-specific information, or, depending on the 
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techniques used, can provide holistic information providing analysis on full ecosystem processes 

with ranges from low certainty to high certainty (National Research Council (U.S.), 2005).  

 Habitat simulation methods are considered more accurate than pure hydrological or 

hydraulic methods because they utilize hydrologic principles and apply the quantitative data to 

biological factors (Jowett, 1997). Within riverine environments, inter and intra-annual variability 

can influence quantity and quality of suitable habitat (The National Biological Service, 1995).  

The results of habitat methods tend to be non-linear and understanding the goals and objectives 

set out by the regulatory agency are important to determine the level of suitable habitat required. 

For example, an instream flow designed to maintain optimum fish habitat may differ from an 

instream flow designed to protect habitat loss from decreasing flow (Jowett, 1997). When 

multiple species are considered, habitat simulation methods can be difficult to implement, and 

advanced quantitative analysis is required to understand how variations in flow affect multiple 

species at a given point in time (Jowett, 1997).  

 A commonly used habitat simulation method is the Physical Habitat Simulation system 

(PHABSIM), which is a component of the Instream Flow Incremental Methodology (IFIM). 

PHABSIM utilizes software modeling to quantify how discharge rates affect attributes of select 

biological species (National Research Council (U.S.), 2005). Results of PHABSIM are 

incorporated into the IFIM system which then assesses availability and quality of habitat for 

select biological species under alternative river flow regimes (National Research Council (U.S.), 

2005). The IFIM methodology produces “simulations of the quantity and quality of ‘potential 

habitat’ resulting from proposed water development, illustrated through a series of alternative 

flow regimes” (The National Biological Service, 1995, p. 3). The overall goal of IFIM is to use 

hydrological variance and biological modelling to assess how changes in river flow regimes 
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affect aquatic habitat and physical biological species (Washington Department of Fish and 

Wildlife, 2008).   

Holistic Methods 

 As instream flow research and science continues to evolve, the trends and principles 

associated with instream flow programs have become more comprehensive. Holistic methods, 

also known as interdisciplinary methods, focus on broader ecological requirements to determine 

how interactions between biological species and their physical environment are affected by 

varying river flow regimes (Arthington, et al., 2007; National Research Council (U.S.), 2005).  

Interdisciplinary approaches look at whole environments and physical habitats of the river to 

develop programs which balance science, environmental protection, economics, and stakeholder 

values. The science involved in interdisciplinary methods includes all aspects of the ecosystem 

including hydrology, biology, geomorphology of the stream channel, floodplain morphology, 

biodiversity, and heterogeneity of habitat features (Poff, et al., 1997).  

Holistic methods are an emerging form of instream flow programs. Hydrological, 

hydraulic and habitat simulation methods typically use independent technical evaluations and 

analysis to determine applicable instream flow needs. Holistic methods use technical evaluations 

and analysis from multiple scientific disciplines, which build off and interact with each other, 

and combine the results into a series of instream flow recommendations (National Research 

Council (U.S.), 2005).  The basic principle behind holistic methods is that both abiotic and biotic 

components of a river’s ecosystem depend on proper management of river flows. This includes 

proper management of seasonal and inter-annual flows, at various spatial and temporal scales 

(King, Brown, & Sabet, 2003). Holistic methods utilize scientific information from 

interdisciplinary teams to set flow targets, based on natural flow variability, to protect the 



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY 59 

 

complete hydrologic-ecologic relationship of the river system (Arthington, Bunn, Poff, & 

Naiman, 2006). 

An example of a holistic methodology is the Downstream Response to Imposed Flow 

Transportation (DRIFT) method which utilizes an interdisciplinary team of scientific experts, 

from various biophysical disciplines, to process quantitative data related to the natural flow 

regime. The data is obtained from abiotic and biotic variables affected by river flow, and in 

combination with macro-economic assessments of the geographic area, DRIFT analyzes all 

inputs to understand the optimal flow requirements for a specific riverine environment (King, 

Brown, & Sabet, 2003).  

The basic principle of the DRIFT method is that “different categories of flow maintain 

different parts of the ecosystem. Manipulation of one or more of these categories will affect the 

ecosystem differently than manipulation of another combination” (Arthington, et al., 2007, p. 

23). Along with incorporating various scientific disciplines into the methodological analysis, 

holistic methods differ from hydrological, hydraulic, and habitat-simulation methods in that 

economic and social impacts are also factored into the results. This ensures a comprehensive and 

all-inclusive analysis which in turn results in a comprehensive scenario analysis (Arthington, et 

al., 2007). 
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DISCUSSION 

 This research sought to understand the impacts of both hydraulic fracturing water 

allocations, and climate change, on streamflow availability of the UAW. The research also 

sought to determine if the current methodology to allocate water within the Province of Alberta, 

the Desktop Method, is appropriate for determining surface water allocations required for the 

industrial process of hydraulic fracturing. This section discusses five main findings of the study, 

which address the following previously presented research objectives: 

1. Evaluate local hydrological data from select hydrometric gauging stations located 

along the Upper Athabasca Watershed, between the years of 1975 – 2015, and assess 

water use intensity while looking for potential trends that suggest a shifting 

hydrologic regime and changing hydrologic conditions.  

2. Assess different scientific methodologies used to protect instream flow needs of 

surface water bodies. Determine if alternate methods are more effective than the 

Desktop Method, currently applied by the Alberta Provincial Government.  

3. Provide analysis to support changes to provincial water management policies and 

regulations affecting surface water bodies throughout the Province of Alberta.  

Finding 1:  The results of the water use intensity index demonstrates that the majority of 

current TDL water allocations meet the intent of the Alberta Desktop Method, with 85% of 

surface water remaining instream.  

The ability for an oil and gas operator to secure water for hydraulic fracturing fluid is 

imperative to the success of their operations. As discussed in the introduction, surface water is 

often the preferred option for hydraulic fracturing fluid due to the water being easily accessed, 

inexpensive to obtain, and typically requiring little or no treatment prior to use (Canadian 
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Society for Unconventional Resources, 2016). This research gathered detailed information on 

temporary diversion licenses issued for hydraulic fracturing water allocations, throughout the 

study area. Information was obtained through publicly available databases, and through the 

Alberta Energy Regulator, as a bulk upload excel file, upon written request. The temporary 

diversion licenses provided information on daily withdrawal volumes and allocation limits at 

specific points of diversion.  

The impact of surface water allocations on local and spatial water availability is 

dependent on a variety of factors including total volume of water allocated, amount of water 

available, and methods for determining allocation and impact. This research used temporary 

diversion license water allocation volumes, and river discharge rates, to determine impacts to 

surface water bodies throughout the study area.  The research provided results using a volumetric 

calculation, representing the proportion of water allocated for withdrawal, over varying river 

basin sizes and discharge rates. Throughout the UAW, temporary diversion licenses were used to 

allocate surface water from river basins ranging from drainage basin size 835km2 to 9,760km2. 

Results of the instream flow scenarios, through use of the water use intensity index, 

indicate water allocations are generally meeting the intent of the Alberta Desktop Method. Most 

of the water use intensity index scores, for seven of nine basins, were calculated to have low-to-

medium impact with scores between 0.0 and 0.15, which is within the general formula 

constraints for the Desktop Method (Locke & Paul, 2011). Rivers with a smaller catchment basin 

are of greater risk to over-withdrawal and imbalance if discharge rates cannot support allocation 

volumes, or if allocations occur at times during low flows or during water scarcity conditions, 

such as winter or during droughts (Alberta Energy Regulator, 2015).  
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At the current rate of development of the Duvernay Formation, the temporary diversion 

licenses issued to support hydraulic fracturing are largely meeting instream flow requirements 

throughout the UAW. However, if development of the Duvernay Formation increases and 

additional horizontal wells are drilled throughout the study area, there could be an increase in 

competition for surface water sources. This increase in competition has the potential to lead to 

higher water use intensity index scores if too many temporary diversion licenses are issued, or if 

water allocation volumes per license increase.  

Finding 2: The water use intensity index demonstrates that surface water use is highest 

during winter months, when discharge rates are historically lowest. 

In total, nine sub-basin locations were analyzed for water use intensity based on water 

allocation volumes permitted through temporary diversion licenses. Results of the water use 

intensity index varied based on allocation volume amount, basin drainage size, and timing of 

allocations. The greatest impact was shown to be throughout winter months (November – 

February) when historical streamflow records typically measured lowest. The low flows align 

with the hydrology of the watershed which, due to geographic location, experiences sub-zero 

temperatures causing greater ice coverage throughout winter months (Ashmore & Church, 2001). 

Another factor contributing to the high WUI scores throughout winter months, was the 

number of temporary diversion licenses active throughout November – February. Appendix A 

shows the cumulative total water allocations per sub-basin, based on months the temporary 

diversion licenses were considered active. Basins 07AD, 07AF, 07AG, 07BA, and 07BJ all had 

high volumes of total water allocations throughout the months November – February. The result 

of high water allocation volumes versus low river discharge rates led to water use intensity index 

scores as high as 55% in sub-basin 07AF.  
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The Desktop Method, used in conjunction with temporary diversion licenses, does 

address reducing water allocations throughout low flow periods; however, results of the WUI 

scores indicate restrictions are not always adhered to. To better mitigate the risk of a water 

imbalance scenario, the Alberta Government should implement additional restrictions to 

temporary diversion licenses for months when rivers historically experience low flows. If 

restrictions are not followed, the Government should consider addressing the action through 

policy tools such as fines or citations appropriate for the severity of the non-compliance.  

Finding 3: Changing climates are affecting river flow rates, resulting in water management 

being more critical going forward. 

Throughout the UAW, a total of 20 hydrometric gauging stations were tested for impacts 

of changing climates on river discharge rates, using statistical linear regression analysis. Results 

of the statistical analysis did not show overall statistical significance; however, data from this 

research study did display results that could indicate a potential for decreasing discharge rates for 

rivers and tributaries throughout the study area. Lower stream discharge rates may be related to 

the general climate change, as outlined in the literature, which predict a decrease in winter 

precipitation and snowpack decline resulting in decreased spring river flows (Bates, 

Kundzewicz, Wu, & Palutikof, 2008).   

Additionally, drainage basin size impacts the ability of a surface water body to withstand 

changing climates and localized impacts due to human alteration. Smaller drainage basins are at 

greater risk of impact than larger drainage basins due to the proportion of affected area (Ashmore 

& Church, 2001). This was demonstrated in the results from the water balance equation, where 

larger drainage basins (07AC, 07AD, 07AG, and 07BB) displayed lower water use intensity 

scores than smaller drainage basins. 
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As presented in the results section (Table 8), 16 of 20 rivers and streams showed a 

declining trend line of water availability throughout the years 1975-2015. As unconventional 

resource development continues throughout the Duvernay Formation, multiple oil and gas 

operators are expected to compete for surface water resources to progress unconventional 

operations (Quinn, et al., 2015). If global climate change persists, the UAW may experience 

natural changes to the magnitude, timing, and duration of hydrologic flows. Anthropogenic 

alteration to river flows, through surface water withdrawals, accompanied by changes to climate 

conditions, are a combined risk of causing additional environmental stress to surface waters 

throughout the UAW. 

Finding 4: Of the three common methodologies used to protect instream flow needs of 

surface waters, the Habitat Simulation Method and Holistic Method may provide better 

protection than Hydrological and Hydraulic Methods.  

Governments and regulatory agencies are responsible for properly managing water 

resources for their respective environments, people, communities, and economies. This task 

involves many interacting factors, goals, and objectives. Strategies to effectively manage water 

resources include the requirement to protect flow regimes of surface water systems, including the 

identification of instream flow needs through proper and practical management of water 

withdrawals (Richter, David, Apse, & Konrad, 2012). Instream flow needs have been 

implemented as a policy tool for decades throughout developed countries as a measure to protect 

hydrologic flows and ecosystem integrity. 

The health of riverine environments is directly dependent on sufficient river flows and 

their ability to sustain inter and intra-annual variations. The quantity of water left instream 

impacts the health of the ecosystem, geomorphological processes, and hyporheic zone of the 
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watershed and surrounding habitat (Philip, Todd, Damaia, Staples, & Wilkinson, 2017). Detailed 

analysis of the three leading methodologies for determining instream flow needs revealed the 

habitat simulation methods, and holistic methods, provide improved protection than hydrological 

and hydraulic methods.  

A key difference in the level of protection offered through habitat simulation and holistic 

methods is the incorporation of additional data, other than desktop hydrological data. Habitat 

simulation and holistic methods utilize various criteria to determine appropriate instream flow 

needs based on biological, physical, and chemical components of the surface water body (Poff, et 

al., 1997). Both methods are based off hydraulic parameters, but habitat simulation and holistic 

methods delve further into understanding and sustaining criteria required for optimal protection. 

Habitat simulation methods often use ecological indicators and flow-ecology 

relationships to understand how water quantity affects water quality and overall riverine health 

(Jowett, 1997). Particularly, the use of ecological indicators can measure the habitat suitability of 

fish and other biota - information pertinent to determining appropriate water allocations based on 

instream flow needs. Holistic methods offer the most comprehensive level of protection through 

an interdisciplinary approach. The method considers as many interacting factors as possible, 

including economic constraints and stakeholder values (Arthington, et al., 2007; National 

Research Council (U.S.), 2005).     

Within the Province of Alberta, the Desktop Method is used to determine appropriate 

water allocation volumes based on hydraulic methods utilizing historical hydrological data to 

determine instream flow needs (Locke & Paul, 2011). Where hydrological and hydraulic 

methods are easier to implement due to less demanding data requirements, the method does not 

consider cumulative effects of water withdrawals, or how the withdrawals are affecting 
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biological communities of the riverine environment. As new industrial processes are introduced 

to the Province which depend on surface water allocations, consideration of habitat simulation 

methods or holistic methods for determining instream flow needs would offer increased 

protection to surface waters throughout the Province.  

Finding 5: Surface water use for unconventional oil and gas development requires 

improved data management, including better reporting requirements to measure 

withdrawals associated with allocations  

Throughout Alberta, the common method for oil and gas extraction has shifted in recent 

years from conventional processes to unconventional processes. To extract oil and gas from 

unconventional reservoirs, horizontal drilling techniques and hydraulic fracturing are regularly 

combined to access trapped hydrocarbons (ALL Consulting, 2012). Surface water demands 

associated with hydraulic fracturing operations differ from demands associated with 

conventional operations. Large quantities of water are required initially, to facilitate the 

extraction process, and at later times throughout the life-cycle of the well when re-stimulation is 

required (ALL Consulting, 2012; Cheremisinoff & Davletshin, 2015). Demands for surface 

water use in hydraulic fracturing operations has resulted in community and stakeholder concern 

regarding potential water imbalance scenarios at the local, spatial scale (Quinn, et al., 2015). 

In Alberta, most historical temporary diversion licenses did not include a requirement for 

water use reporting. This was due to the historical nature of temporary diversion licenses, which 

were typically issued for processes requiring smaller volumes of water, over short time periods 

(Ferguson, 2016). The introduction of hydraulic fracturing has changed the nature of temporary 

diversion licenses as large volumes of water are required to initiate well production. With no 

conditions written into temporary diversion licenses requiring water use reporting, understanding 
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actual water extracted, and therefore understanding the ecological impacts of the anthropogenic 

alterations, has been speculative throughout Alberta.   

At the time of this research, water allocation volumes associated with temporary 

diversion licenses were available for analysis, however water use reporting was not a 

requirement of temporary diversion licenses issued before 2016 (Ferguson, 2016). The Alberta 

Government has the responsibility to write conditions into temporary diversion licenses, 

requiring oil and gas operators to report actual water use volumes. This information provides an 

understanding on the state of surface water conditions throughout the province, including 

understating whether water allocations are being strictly adhered to, are not being met, leaving an 

excess of water instream, or are being abused with excess water being extracted.      

Research Study Limitations  

This study was undertaken to understand the impacts of surface water allocations on 

water availability throughout the UAW under the conditions of global climate change. 

Throughout the study, three main limitations are acknowledged.    

The first limitation is the lack of water use data from temporary diversion licenses 

associated with hydraulic fracturing water use. As discussed in earlier sections, water use 

reporting was not written into conditions of temporary diversion license regulatory approvals 

until 2016. Therefore, most license information included criteria for water allocation volumes, 

and effective dates the TDL was considered active, but did not include information on actual 

water volume diverted. This information would have provided a more precise measurement to 

better understand the water balance scenario. To accommodate this limitation, it was assumed 

the amount of actual water allocated would equal 100% of water use in the temporary diversion 

license. This assumption generated data that could be used for the water use intensity index 
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calculation and provided sound worst-case results, which displayed patterns in water allocations 

throughout the UAW. 

A second limitation of the study occurred when diversion points were mapped to 

hydrometric gauging stations, as identified on each temporary diversion license. To obtain the 

water use intensity index, daily streamflow volume was acquired for each location by mapping 

latitude and longitude coordinates of TDLs to hydrometric gauging stations maintained by the 

Water Survey of Canada. Withdrawal sites were therefore paired to estimated gauged sites based 

on nearby location, as indicated through the four-digit sub-basin alpha-numeric code.  

A third limitation is the use of only two variables to calculate the regression correlations 

in the study: time (by year) and river discharge rates, obtained through government records of 

water diversion volumes for the region. These data allowed for only a limited statistical analysis. 

Although statistical confidence could not be determined, a general trend in decreased water flow 

from 1975 to 2015 emerged from the instream flow data. These flow data are not site specific to 

the amount of flow decrease and as such represent a general observation on flow changes.  
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CONCLUSION AND RECOMMENDATIONS 

Proper management of surface water resources requires an integrated effort by all parties 

involved in the decision-making process. Understanding risks associated with surface water 

allocations, prior to water acquisition and extraction, is necessary to minimize environmental 

stress, and demonstrate corporate responsibility in communities exposed to industrial operations. 

As climates continue to change, additional stressors may be put on water resources based on 

geographic location. The UAW is at greater risk of water scarcity due to the potential for 

increased droughts and shifting weather patterns (Ashmore & Church, 2001). When preparing 

for unconventional oil and gas development, companies should analyze water balance scenarios 

and properly address surface water concerns, prior to initiating operational processes. 

 The development of the Duvernay Formation to full field operations requires the use of 

horizontal drilling and hydraulic fracturing operations. Just as oil and gas operators must 

demonstrate corporate responsibility, the Government of Alberta must address environmental 

concerns associated with the relatively new industrial processes. Adjusting regulatory 

requirements and policy tools to meet the intent of unconventional operations will better address 

concerns related to environmental stress, and more specifically surface water management.   

Recommendation 1: To address potential future water use imbalance scenarios associated 

with hydraulic fracturing surface water allocations, the Alberta Government should 

implement enhanced reporting of, and potential restrictions to water allocations 

throughout winter months. The enhanced process would support a precautionary approach 

to protect UAW streams from potential adverse effects on stream flow.  

 Findings 1 and 2 address results of the water use intensity index scores, demonstrating 

that most water allocations associated with temporary diversion licenses meet the intent of the 
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Alberta Desktop Method. The highest water use intensity scores were calculated during winter 

months, when river stream flows historically measure lowest throughout the UAW. 

 To address the potential for water imbalance scenarios throughout winter months, the 

Alberta Government should implement strict limitations to temporary diversion licenses which 

restrict water allocations completely when river flows become too low. This would address not 

only concerns throughout winter months, when many rivers and tributaries experience ice 

coverage, but also excessively dry periods, such as times of drought. As indicated in Finding 3, a 

general trend of decreasing river discharge rates has been identified in rivers and tributaries 

throughout the UAW. This suggests hydrologic regimes are already beginning to be affected by 

changing climates throughout the study area. As global climate change is predicted to have an 

increased effect on hydrologic regimes throughout Alberta (Lemmen, Warren, & Lacroix, 2007), 

the need for policy limitations and restrictions will act as a powerful tool for protecting the 

hydrologic cycle of surface waters.   

As development of the Duvernay Formation continues, one foreseeable risk to surface 

water sources is the possibility that multiple oil and gas operators will require allocations from 

the same source. Building additional conditions into TDL’s protects the surface water sources 

and surrounding habitat from water imbalances and over-exploitation. Additionally, as part of the 

application process, the Alberta Energy Regulator should ask oil and gas operators to develop 

detailed water management plans which address alternative methods for water acquisition. 

Options for utilizing recycled water, potable water, and previously fractured flowback water 

would mitigate problems arising from low surface flows. Specifically, utilizing treated flowback 

water, as opposed to finding methods for disposal of flowback water, demonstrates 

environmental responsibility on behalf of the operator. Proactively communicating surface water 
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use expectations, and building additional limitations into policy tools, are actions the Alberta 

Government can take to mitigate future risks and imbalances to surface water sources. 

Recommendation 2: The Government of Alberta should consider revision of the Desktop 

Method and consider establishing more comprehensive water conservation objectives to 

protect instream flow needs based on habitat simulation or holistic methods. 

 The Desktop Method for Establishing Environmental Flows in Alberta Rivers and 

Streams is used in conjunction with temporary diversion licenses to determine appropriate 

surface water allocation volumes. The method is based off hydraulic methods and uses only 

desktop historical hydrological data to determine instream flow needs. As discussed in Finding 4, 

habitat simulation methods and holistic methods provide increased protection to surface water 

bodies due to the additional criteria involved in the methodological process.  

According to research conducted by the Instream Flow Council, less than one-quarter of 

streams in the United States and Canada have ecological conditions built into regulatory 

requirements to manage instream flow needs (Annear et al., 2009). Figure 20 displays 

information obtained by the Instream Flow Council through interviews with regulatory agencies 

throughout the United States and Canada to determine the level of protection incorporated into 

official laws and policies of regulating authorities (Annear, et al., 2009). The level of protection 

was identified from full instream flow protection: “No allowances for additional water 

withdrawals and/or flow manipulations,” to threshold level instream flow protection: “A 

minimum, or baseline instream flow protection that results in considerable less than the average 

natural flow remaining in the channel” (Annear et al., 2009, pg. 28).  
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Figure 20. Levels of flow protection provided by policies and laws of select regulatory agencies 

throughout the United States and Canada. Reprinted with permission. (Annear et al., 2009) 

To properly manage river health, regulatory agencies set instream flow needs to protect 

the level of water maintained within a river channel. Various methodologies exist to determine 

appropriate instream flow needs, each varying in complexity and results based on input factors 

and analytical techniques used to determine appropriate flow conditions. Throughout the United 

States and Europe, the majority of instream flow standards are based on percent-of-flow 

approaches using primarily hydrological and hydraulic methods (Richter, David, Apse, & 

Konrad, 2012). In the Province of Alberta, the Desktop Method is also based off hydrological 

methods, using hydrometric data and techniques to determine appropriate instream flow needs 

and rates of diversion required for ecological protection (Locke & Paul, 2011).  

While hydrologically based methods have the advantage of being adaptable to regional 

variances, the methods do not consider the variance in degree of alteration from one spatial 

location to another either within the same watershed, or even at a more refined level, along the 

same river. Despite the Alberta Desktop Method being developed with consideration to 

biological parameters (Locke & Paul, 2011), including ecological, biological, or aquatic data as a 

measurement in the Desktop Method would allow for a more accurate understanding on river 

flow needs to ensure health of the environment. As instream flow science evolves, the Province 

of Alberta should shift towards habitat-simulation methods and holistic methods, which utilize 
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advanced techniques and ecological indicators to provide scientific basis for setting required 

instream flows (Arthington, et al., 2007). 

 Habitat simulation methods often use ecological indicators, alongside hydrological 

information, to understand optimal environments for aquatic biota to persevere (Jowett, 1997). 

Holistic methods incorporate various interacting factors into determining appropriate instream 

flow needs of rivers and streams. Holistic methods utilize information and techniques from 

multiple scientific disciplines to gain a thorough understanding of the environment, and the 

needs of multiple stakeholders (Arthington, et al., 2007).  

The Alberta Government has already piloted the use of ecological indicators for water 

management in select areas of the Province, through site-specific management plans (Alberta 

Environment and Parks, 2015). The development of site-specific management plans is both 

costly, and time-consuming; and therefore, has only been implemented in areas requiring 

additional surface water protection measures. For rivers and streams that do not have unique site-

specific management plans, the Desktop Method is the current level of protection for 

understanding instream flow needs.  Incorporating additional criteria into the Desktop Method to 

measure conditions associated with habitat suitability and water quality would allow for further 

surface water protection throughout the province.  

Recommendation 3: The government of Alberta should implement regulatory 

requirements which monitor actual surface water use for hydraulic fracturing operations. 

Most of the regulations governing oil and gas operations within the Province of Alberta 

have been written with conventional operations in mind. This includes the regulations governing 

water acquisitions, water extraction techniques, and methods to determine appropriate surface 

water allocations based on instream flow needs. Advanced technology has shifted the primary 
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techniques for resource development from conventional to unconventional methods. As the 

techniques for resource extraction and development change, so too should the regulations that 

govern energy operations within the Province of Alberta.  

The goal of this research was to understand the impact of surface water allocations for 

hydraulic fracturing on water availability of the UAW, using current available data. The 

available data related to surface water allocations was specific to allocation volumes associated 

with temporary diversion licenses. Actual water use data was not available due to a lack of 

written conditions, requiring the reporting of TDL water usage volumes.  

To gain a clear understanding of surface water use and risk associated with hydraulic 

fracturing operations, the Province of Alberta requires better data management processes, 

including improved data reporting, and centralization of data storage. Currently, the Alberta 

Energy Regulator requires water use reporting for other oil and gas processes through their 

volumetric reporting system (Alberta Energy Regulator, 2016). Water use reporting exists 

through two electronic systems, Petrinex and Water Use Reporting System (WURS), and is 

expected for activities which involve water injection, disposal, thermal in-situ activities, and oil 

sands mining.  

 As the AER already has water use requirements built into most oil and gas processes, 

implementing regulatory requirements to mandate water use reporting of hydraulic fracturing 

temporary diversion licenses should also be required. The WURS system, currently maintained 

by Alberta Environment, allows for easy reporting of water use volumes by licensee holders 

(Ferguson, 2016). Better water management records will allow the Alberta Energy Regulator to 

understand the exact status of water use throughout the Province, and better manage the needs 

required to facilitate unconventional operations. Water use reporting will also allow companies 
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to quantify water concerns and risks of local stakeholders and prepare water management plans 

to minimize consequences related to the environmental risk.   

Recommendation 4: Conduct further research, using complex hydrological modeling, to 

understand future water imbalance risks of hydraulic fracturing surface water allocations.  

This study was undertaken with two main limitations; the first being the lack of water use 

data from temporary diversion licenses, and the second limitation being the need to estimate 

TDL points of diversion to the nearest hydrometric gauging stations.  

A recommendation for future research is to continue utilizing the surface water use 

intensity index on spatial locations throughout the Upper Athabasca River, but replace the 

current estimated variables with exact variables. The water allocation value should be replaced 

with actual surface water usage volumes, as reported by oil and gas operators; and the water 

availability volumes replaced with discharge rates mapped to exact spatial locations on the TDL, 

through hydrological modelling techniques. 

 Complex hydrological modeling would allow for detailed site-specific projections on 

water imbalance scenarios throughout the UAW under various conditions. Detailed modeling can 

include information on groundwater interactions, various climate scenarios, projected water 

demands, and water-basin size. A future study adhering to these recommendations would provide 

a more comprehensive understanding on total water volumes utilized within the UAW, which 

would therefore provide understanding to future Watershed cumulative needs and impacts. While 

this approach would provide more accurate information, the scope of this research did not 

provide the ability or resources to conduct such empirical modeling.  
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APPENDIX A  

Sub-basin 07AD002 

Date Total Amount 

Allocated (m3/s) 

Mean Monthly 

Discharge (m3/s) 

Water Use Intensity Index 

June 2014 86,400.0 1,234,742,400 6.99741E-05 

July 2014 770,860.8 1,175,817,600 0.000655596 

August 2014 982,368.0 835,660,800 0.001175558 

September 2014 1,285,632.0 510,624,000 0.002517766 

October 2014 1,700,265.6 361,584,000 0.00470227 

November 2014 2,837,635.2 171,590,400 0.016537261 

December 2014 2,446,329.6 124,813,440 0.019599889 

January 2015 1,660,348.8 100,975,680 0.016443056 

February 2015 1,086,048.0 99,671,040 0.010896325 

March 2015 1,617,580.8 136,866,240 0.011818698 

April 2015 997,315.2 175,996,800 0.005666667 

May 2015 1,260,230.4 774,748,800 0.001626631 

June 2015 1,473,292.8 1,417,409,280 0.001039427 

July 2015 1,279,756.8 1,026,630,720 0.00124656 

August 2015 953,856.0 773,254,080 0.001233561 

September 2015 2,801,088.0 675,993,600 0.004143661 

October 2015 4,001,270.4 448,364,160 0.00892415 

November 2015 3,663,878.4 191,808,000 0.019101802 

December 2015 3,667,420.8 112,760,640 0.03252394 

January 2016 1,392,768.0 139,999,968 0.009948345 

February 2016 1,016,064.0 126,016,128 0.00806296 

March 2016 857,088.0 133,250,400 0.006432161 
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Sub-basin 07AF002 

Date Total Amount 

Allocated (m3/s) 

Mean Monthly 

Discharge (m3/s) 

Water Use Intensity Index 

April 2014 40,521.6 26,438,400 0.00153268 

May 2014 265,593.6 139,968,000 0.001897531 

June 2014 649,728.0 149,722,560 0.004339546 

July 2014 1,991,433.6 60,531,840 0.032898944 

August 2014 2,809,814.4 34,283,520 0.081958165 

September 2014 2,417,299.2 38,361,600 0.063013514 

October 2014 3,255,724.8 24,266,304 0.134166489 

November 2014 3,957,292.8 12,648,960 0.312855191 

December 2014 5,415,984.0 10,311,840 0.525219941 

January 2015 4,149,705.6 8,370,000 0.495783226 

February 2015 4,604,947.2 8,392,205 0.54871721 

March 2015 6,440,947.2 16,523,050 0.389815885 

April 2015 5,917,795.2 53,273,376 0.11108354 

May 2015 3,877,632.0 92,482,560 0.041928251 

June 2015 3,012,163.2 58,110,566 0.051835034 

July 2015 2,799,619.2 29,280,269 0.095614532 

August 2015 2,899,843.2 19,632,672 0.147704969 

September 2015 3,465,676.8 31,612,032 0.109631573 

October 2015 3,591,648.0 27,533,952 0.130444333 

November 2015 3,869,856.0 14,198,976 0.272544724 

December 2015 4,339,094.4 7,850,390 0.552723391 
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Sub-basin 07AG007 

Date Total Amount 

Allocated (m3/s) 

Mean Monthly 

Discharge (m3/s) 

Water Use Intensity Index 

May 2014 194,400.0 287,712,000 0.000675676 

June 2014 842,400.0 278,553,600 0.003024194 

July 2014 1,572,998.4 113,564,160 0.013851187 

August 2014 3,022,790.4 58,924,800 0.05129912 

September 2014 3,608,064.0 68,947,200 0.05233083 

October 2014 4,831,660.8 51,157,440 0.09444688 

November 2014 4,241,376.0 28,252,800 0.15012232 

December 2014 3,185,049.6 23,730,624 0.13421685 

January 2015 2,428,790.4 21,962,880 0.11058615 

February 2015 1,376,179.2 21,047,040 0.06538588 

March 2015 1,294,531.2 46,604,160 0.02777716 

April 2015 613,440.0 141,264,000 0.00434251 

May 2015 704,160.0 187,142,400 0.0037627 

June 2015 1,257,984.0 99,904,320 0.01259189 

July 2015 2,525,299.2 64,281,600 0.03928495 

August 2015 2,982,700.8 40,711,680 0.07326401 

September 2015 3,382,646.4 61,689,600 0.05483333 

October 2015 4,235,328.0 51,157,440 0.08279007 

November 2015 2,238,364.8 31,104,000 0.07196389 

December 2015 2,064,268.8 23,837,760 0.08659659 

January 2016 803,520.0 11,517,120 0.06976744 

February 2016 508,032.0 14,999,040 0.03387097 

March 2016 428,544.0 28,658,880 0.01495327 
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Sub-basin 07AH001 

Date Total Amount 

Allocated (m3/s) 

Mean Monthly 

Discharge (m3/s) 

Water Use Intensity Index 

August 2014 145,584.0 8,195,904 0.01776302 

September 2014    

October 2014    

November 2014    

December 2014    

January 2015    

February 2015    

March 2015    

April 2015    

May 2015    

June 2015    

July 2015    

August 2015    

September 2015 224,640.0 3,110,400 0.07222222 

October 2015 368,064.0 

 

4,553,280 0.08083491 

 

November 2015    

December 2015    

January 2016    

February 2016    

March 2016    
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Sub-basin 07BA001 

Date Total Amount 

Allocated (m3/s) 

Mean Monthly 

Discharge (m3/s) 

Water Use Intensity Index 

May 2014 587,520.0 129,859,200 0.004524285 

June 2014 999,648.0 107,136,000 0.009330645 

July 2014 5,710,176.0 32,944,320 0.173328088 

August 2014 7,823,779.2 19,900,512 0.39314462 

September 2014 7,572,096.0 24,001,920 0.31547876 

October 2014 7,714,656.0 16,016,832 0.48165929 

November 2014 8,016,192.0 No data No data 

December 2014 9,470,908.8 No data No data 

January 2015 10,473,235.2 No data No data 

February 2015 11,686,204.8 No data No data 

March 2015 12,931,142.4 No data No data 

April 2015 9,175,680.0 No data No data 

May 2015 1,951,689.6 61,223,040 0.03187835 

June 2015 2,017,180.8 33,640,704 0.0599625 

July 2015 1,790,208.0 39,345,696 0.04549946 

August 2015 3,546,201.6 20,168,352 0.17583001 

September 2015 5,112,288.0 30,896,640 0.16546421 

October 2015 6,328,454.4 22,230,720 0.28467159 
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Sub-basin 07BB002 

Date Total Amount 

Allocated (m3/s) 

Mean Monthly 

Discharge (m3/s) 

Water Use Intensity Index 

June 2014 155,520.0 

 

143,294,400 0.001085 

 

July 2014 401,760.0 

 

43,122,240 0.009317 
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Sub-basin 07BJ003 

Date Total Amount 

Allocated (m3/s) 

Mean Monthly 

Discharge (m3/s) 

Water Use Intensity Index 

October 2014 362,880.0 

 

7,606,656 0.047706 

 

November 2014 362,880.0 

 

3,473,280 0.1044776 

 

December 2014 374,976.0 

 

3,428,352 0.109375 

 

January 2015 374,976.0 

 

3,830,112 0.097902 

 

February 2015 338,688.0 

 

4,233,600 0.08 

 

March 2015 374,976.0 

 

4,017,600 0.0933333 

 

April 2015 155,520.0 

 

43,804,800 0.00355 

 

May 2015 155,520.0 

 

232,761,600 0.0006682 

 

June 2015 160,704.0 

 

167,132,160 0.000962 

 

July 2015 160,704.0 

 

53,032,320 0.00303 

 

August 2015 309,312.0 

 

22,980,672 0.0134597 

 

September 2015 362,880.0 

 

8,968,320 0.0404624 
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APPENDIX B 

Linear Regression Analysis Results for Hydrometric Gauging Station 07AA001 

 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.02213821

R Square 0.0004901

Adjusted R Square -0.02652368

Standard Error 1.90344995

Observations 39

ANOVA

df SS MS F Significance F

Regression 1 0.065732874 0.065733 0.018143 0.893583488

Residual 37 134.055503 3.623122

Total 38 134.1212359

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 17.6652564 54.029108 0.326958 0.745542 -91.808115 127.1386278 -91.808115 127.1386278

X Variable 1 -0.00364777 0.027081829 -0.13469 0.893583 -0.05852077 0.051225224 -0.05852077 0.051225224
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Linear Regression Analysis Results for Hydrometric Gauging Station 07AA002 

 

 

 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07AC007 

 

 

  

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.091860103

R Square 0.008438279

Adjusted R Square -0.016986381

Standard Error 10.18280922

Observations 41

ANOVA

df SS MS F Significance F

Regression 1 34.41390287 34.413903 0.331893475 0.56785623

Residual 39 4043.894542 103.6896

Total 40 4078.308445

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept -68.25182927 268.1403668 -0.254538 0.800417578 -610.6169146 474.113256 -610.6169146 474.113256

X Variable 1 0.077430314 0.134403835 0.576102 0.56785623 -0.194427103 0.34928773 -0.194427103 0.34928773

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.063799044

R Square 0.004070318

Adjusted R Square -0.032815966

Standard Error 15.24997588

Observations 29

ANOVA

df SS MS F Significance F

Regression 1 25.66266474 25.66266474 0.110347738 0.742313735

Residual 27 6279.167641 232.5617645

Total 28 6304.830306

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 273.4182112 677.285882 0.4036969 0.689615178 -1116.25763 1663.094052 -1116.25763 1663.094052

X Variable 1 -0.112435345 0.338470746 -0.332186301 0.742313735 -0.806919949 0.58204926 -0.806919949 0.58204926
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Linear Regression Analysis Results for Hydrometric Gauging Station 07AD002 

 

 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07AE001 

 

 

  

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.178291566

R Square 0.031787882

Adjusted R Square 0.006961931

Standard Error 22.64079873

Observations 41

ANOVA

df SS MS F Significance F

Regression 1 656.3555749 656.3555749 1.280429557 0.264729274

Residual 39 19991.62491 512.605767

Total 40 20647.98049

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept -503.7426829 596.1922632 -0.844933277 0.40330188 -1709.65536 702.1699945 -1709.65536 702.1699945

X Variable 1 0.33815331 0.298837984 1.131560673 0.264729274 -0.266303566 0.942610187 -0.266303566 0.942610187

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.121453569

R Square 0.014750969

Adjusted R Square -0.011877383

Standard Error 53.68363186

Observations 39

ANOVA

df SS MS F Significance F

Regression 1 1596.467387 1596.467387 0.553957277 0.461406342

Residual 37 106631.4962 2881.93233

Total 38 108227.9636

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept -827.6654926 1523.037115 -0.543430941 0.590092526 -3913.631815 2258.30083 -3913.631815 2258.30083

X Variable 1 0.568481781 0.763797821 0.744283063 0.461406342 -0.979119607 2.116083169 -0.979119607 2.116083169
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Linear Regression Analysis Results for Hydrometric Gauging Station 07AF002 

 

 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07AF013 

 

  

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.114340568

R Square 0.013073765

Adjusted R Square -0.012232035

Standard Error 6.203074113

Observations 41

ANOVA

df SS MS F Significance F

Regression 1 19.87900035 19.87900035 0.516631166 0.47656693

Residual 39 1500.64701 38.47812845

Total 40 1520.52601

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 136.3498049 163.343389 0.834743332 0.408946622 -194.043385 466.7429947 -194.043385 466.7429947

X Variable 1 -0.058849303 0.081874945 -0.718770593 0.47656693 -0.224457012 0.106758406 -0.224457012 0.106758406

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.128298567

R Square 0.016460522

Adjusted R Square -0.016324127

Standard Error 1.628799129

Observations 32

ANOVA

df SS MS F Significance F

Regression 1 1.332011962 1.332011962 0.502080169 0.484057561

Residual 30 79.5895981 2.652986603

Total 31 80.92161006

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 49.8471205 62.35501444 0.799408371 0.430337991 -77.49880801 177.193049 -77.49880801 177.193049

X Variable 1 -0.022096927 0.031184971 -0.708576156 0.484057561 -0.085785134 0.041591281 -0.085785134 0.041591281
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Linear Regression Analysis Results for Hydrometric Gauging Station 07AG003 

 

 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07AG004 

 

 

 

 

 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.182254055

R Square 0.033216541

Adjusted R Square 0.007774871

Standard Error 1.798672038

Observations 40

ANOVA

df SS MS F Significance F

Regression 1 4.223891465 4.223891465 1.305595919 0.260341935

Residual 38 122.9384018 3.2352211

Total 39 127.1622932

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 59.565327 48.62500951 1.224993632 0.228116939 -38.87085848 158.0015125 -38.87085848 158.0015125

X Variable 1 -0.027855201 0.024378215 -1.142626763 0.260341935 -0.077206316 0.021495915 -0.077206316 0.021495915

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.101885613

R Square 0.010380678

Adjusted R Square -0.01636579

Standard Error 23.41767863

Observations 39

ANOVA

df SS MS F Significance F

Regression 1 212.8369227 212.8369227 0.388113981 0.537113779

Residual 37 20290.34388 548.3876724

Total 38 20503.1808

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 476.9790989 664.3737104 0.717937949 0.477304483 -869.1699059 1823.128104 -869.1699059 1823.128104

X Variable 1 -0.207567814 0.333181107 -0.622987946 0.537113779 -0.882656862 0.467521235 -0.882656862 0.467521235



IMPACTS OF HYDRAULIC FRACTURING ON SURFACE WATER AVAILABILITY 99 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07AG007 

 

 

 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07AG008 

 

 

 

 

 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.196193187

R Square 0.038491767

Adjusted R Square 0.00533631

Standard Error 12.85919162

Observations 31

ANOVA

df SS MS F Significance F

Regression 1 191.9730089 191.9730089 1.160948183 0.290150585

Residual 29 4795.405461 165.358809

Total 30 4987.37847

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 595.3882047 516.4427273 1.152863954 0.258380709 -460.8557698 1651.632179 -460.8557698 1651.632179

X Variable 1 -0.278223779 0.258218781 -1.077473055 0.290150585 -0.806340485 0.249892927 -0.806340485 0.249892927

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.086590974

R Square 0.007497997

Adjusted R Square -0.027948503

Standard Error 0.5908898

Observations 30

ANOVA

df SS MS F Significance F

Regression 1 0.073855846 0.073855846 0.211529962 0.649122389

Residual 28 9.776221166 0.349150756

Total 29 9.850077013

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept -10.41396235 24.90949189 -0.41807205 0.679083458 -61.43874343 40.61081874 -61.43874343 40.61081874

X Variable 1 0.005732481 0.012463977 0.459923865 0.649122389 -0.019798819 0.03126378 -0.019798819 0.03126378
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Linear Regression Analysis Results for Hydrometric Gauging Station 07AH001 

 

 

 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07BB002 

 

 

 

 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.041729377

R Square 0.001741341

Adjusted R Square -0.023855035

Standard Error 5.264932126

Observations 41

ANOVA

df SS MS F Significance F

Regression 1 1.885779376 1.885779376 0.068030761 0.795598233

Residual 39 1081.060901 27.71951029

Total 40 1082.946681

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 48.67495579 138.639623 0.351089788 0.727410593 -231.7501508 329.1000624 -231.7501508 329.1000624

X Variable 1 -0.018125479 0.069492323 -0.260827071 0.795598233 -0.15868697 0.122436012 -0.15868697 0.122436012

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.063883365

R Square 0.004081084

Adjusted R Square -0.022835643

Standard Error 8.80742577

Observations 39

ANOVA

df SS MS F Significance F

Regression 1 11.76119061 11.76119061 0.151618887 0.699225269

Residual 37 2870.117702 77.57074869

Total 38 2881.878892

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 118.1019757 249.8719976 0.472649904 0.639239224 -388.1867825 624.3907339 -388.1867825 624.3907339

X Variable 1 -0.048793522 0.125309939 -0.3893827 0.699225269 -0.302695575 0.205108531 -0.302695575 0.205108531
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Linear Regression Analysis Results for Hydrometric Gauging Station 07BB004 

 

 

 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07BB005 

 

 

 

 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.360968254

R Square 0.13029808

Adjusted R Square 0.106792623

Standard Error 1.24743867

Observations 39

ANOVA

df SS MS F Significance F

Regression 1 8.625965537 8.625965537 5.54331187 0.023969159

Residual 37 57.57581972 1.556103236

Total 38 66.20178525

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 84.97445306 35.39058977 2.401046538 0.02148932 13.26630681 156.6825993 13.26630681 156.6825993

X Variable 1 -0.041786922 0.017748258 -2.354423893 0.023969159 -0.077748308 -0.005825536 -0.077748308 -0.005825536

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.185084545

R Square 0.034256289

Adjusted R Square 0.008841981

Standard Error 0.672869694

Observations 40

ANOVA

df SS MS F Significance F

Regression 1 0.610272717 0.610272717 1.347913487 0.252884751

Residual 38 17.20463774 0.452753625

Total 39 17.81491046

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 22.17720472 18.38267367 1.206418888 0.235113372 -15.03657258 59.39098202 -15.03657258 59.39098202

X Variable 1 -0.01070036 0.009216528 -1.160996765 0.252884751 -0.029358246 0.007957527 -0.029358246 0.007957527
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Linear Regression Analysis Results for Hydrometric Gauging Station 07BB006 

 

 

 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07BB011 

 

 

 

 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.363743203

R Square 0.132309118

Adjusted R Square 0.110060633

Standard Error 2.727743146

Observations 41

ANOVA

df SS MS F Significance F

Regression 1 44.24826968 44.24826968 5.946882337 0.019398725

Residual 39 290.1827242 7.440582673

Total 40 334.4309939

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 178.5893027 71.82870974 2.48632202 0.017296995 33.30202374 323.8765817 33.30202374 323.8765817

X Variable 1 -0.087799532 0.036003733 -2.438623041 0.019398725 -0.160623955 -0.014975109 -0.160623955 -0.014975109

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.185112812

R Square 0.034266753

Adjusted R Square 0.005002109

Standard Error 0.636960966

Observations 35

ANOVA

df SS MS F Significance F

Regression 1 0.475067535 0.475067535 1.170926716 0.287054998

Residual 33 13.38873598 0.405719272

Total 34 13.86380352

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 23.92185201 21.28934645 1.123653658 0.269267978 -19.39164902 67.23535303 -19.39164902 67.23535303

X Variable 1 -0.01153569 0.010660528 -1.082093672 0.287054998 -0.033224697 0.010153317 -0.033224697 0.010153317
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Linear Regression Analysis Results for Hydrometric Gauging Station 07BC002 

 

 

 

 

Linear Regression Analysis Results for Hydrometric Gauging Station 07BC007 

 

 

 

 

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.284185545

R Square 0.080761424

Adjusted R Square 0.057191204

Standard Error 13.62251482

Observations 41

ANOVA

df SS MS F Significance F

Regression 1 635.8503473 635.8503473 3.426417936 0.071745045

Residual 39 7237.343491 185.57291

Total 40 7873.193838

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 694.7816585 358.7169357 1.936852123 0.060032109 -30.79183019 1420.355147 -30.79183019 1420.355147

X Variable 1 -0.332829268 0.179804825 -1.851058599 0.071745045 -0.696518856 0.03086032 -0.696518856 0.03086032

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.008206832

R Square 6.73521E-05

Adjusted R Square -0.030233637

Standard Error 0.200188886

Observations 35

ANOVA

df SS MS F Significance F

Regression 1 8.90788E-05 8.90788E-05 0.002222769 0.962680839

Residual 33 1.322494472 0.04007559

Total 34 1.322583551

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 0.459557309 6.69097602 0.06868315 0.945656327 -13.15333576 14.07245038 -13.15333576 14.07245038

X Variable 1 -0.000157962 0.003350471 -0.047146249 0.962680839 -0.006974547 0.006658622 -0.006974547 0.006658622
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Linear Regression Analysis Results for Hydrometric Gauging Station 07BJ003 

 

 

 

 

 

 

 

  

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.251389107

R Square 0.063196483

Adjusted R Square 0.03917588

Standard Error 1.039738974

Observations 41

ANOVA

df SS MS F Significance F

Regression 1 2.844183759 2.844183759 2.630928255 0.112858143

Residual 39 42.16122821 1.081057134

Total 40 45.00541197

Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0%

Intercept 46.66607711 27.37908408 1.704442595 0.096254163 -8.713347657 102.0455019 -8.713347657 102.0455019

X Variable 1 -0.022259883 0.01372361 -1.622013642 0.112858143 -0.050018505 0.005498739 -0.050018505 0.005498739
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APPENDIX C 

Glossary 

Term Definition Source 

Alberta Desktop 

Method 

A tool developed and used by the Province of 

Alberta to assist in water management and 

licensing decisions 

 

Basin A geological area defined by similar sedimentary 

characteristic. A basin can include multiple plays 

(Freyman, February 

2014) 

Contingent 

Resources 

Those quantities of oil and gas estimated on a 

given date to be potentially recoverable from 

known accumulations but are not currently 

economic 

(Engineers, Society 

of Petroleum 

Evaluation, and 

Metallurgy & 

Petroleum Canadian 

Institute of Mining, 

2005) 

Flowback The process of allowing fluids to flow from the 

well following a treatment, either in preparation 

for a subsequent phase of treatment or in 

preparation for cleanup and returning the well to 

production  

(Schlumberger, 

2016) 

Formation A body of rock that is sufficiently distinctive and 

continuous that it can be mapped 

(Schlumberger, 

2016) 

Fracturing Fluid A fluid injected into a well as part of a 

stimulation operation. Fracturing fluids for shale 

reservoirs usually contain water, proppant, and a 

small amount of nonaqueous fluids designed to 

reduce friction pressure while pumping the fluid 

into the wellbore 

(Schlumberger, 

2016) 

 

 

 

 

Horizontal Drilling The intentional deviation of a wellbore from the 

path it would naturally take to a horizontal 

trajectory. Horizontal lateral sections can be 

designed to intersect natural fractures or simply to 

contact more of the productive formation 

(Schlumberger, 

2016) 

Hydraulic 

Fracturing 

A stimulation treatment routinely performed on 

oil and gas wells in low-permeability reservoirs. 

Specially engineered fluids are pumped at high 

pressure and rate into the reservoir interval to be 

treated, causing a vertical fracture to open 

(Schlumberger, 

2016) 

Hyporheic Zone a zone of saturated sediments where infiltration of 

stream water via the streambed and banks has a 

strong influence on water quality. It is typically 

the interface between stream water and 

groundwater and, as such, is often characterized 

(Richardson & 

Moore, 2010, p. 

442) 
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as an ecotone spanning the boundaries of the 

surface and subsurface environments 

Instream Flow Any quantity of water flowing in a natural stream 

channel at any time of year. The quantity may or 

may not be adequate to sustain natural ecological 

processes and may or may not be protected or 

administered under a permit, water right, or other 

legally recognized means 

(Locke & Paul, 

2011) 

Plays A set of known or prospective oil and has 

accumulations sharing similar geologic and 

geographic properties such as source rock, 

migration pathways, trapping mechanisms, and 

hydrocarbon type. Often ‘play’ refers to regions 

that are commercially viable, whereas basins refer 

more closely to geologic characteristics 

(Freyman, February 

2014) 

Proppant Sized particles mixed with fracturing fluid to hold 

fractures open after a hydraulic fracturing 

treatment 

 

(Schlumberger, 

2016) 

Prospective 

Resources 

Those quantities of oil and gas estimated on a 

given date to be potentially recoverable from 

undiscovered accumulations 

(Engineers, Society 

of Petroleum 

Evaluation, and 

Metallurgy & 

Petroleum Canadian 

Institute of Mining, 

2005) 

Reserves Those quantities of oil and gas anticipated to be 

economically recoverable from discovered 

resources 

(Engineers, Society 

of Petroleum 

Evaluation, and 

Metallurgy & 

Petroleum Canadian 

Institute of Mining, 

2005) 

Reservoir A subsurface body of rock having sufficient 

porosity and permeability to store and transmit 

fluids 

(Schlumberger, 

2016) 

Shale Resources a fine-grained sedimentary rock containing 

organic matter that will yield substantial amounts 

of oil and combustible gas upon destructive 

distillation 

(Dyni, 2006) 

Surface Water Surface water is water originating from a surface 

source such as a stream, river, or lake, and 

includes surface water runoff collected in natural 

and manmade depressions. 

 

Water Allocation A water allocation is the maximum volume of 

water that the licensee is allowed to withdraw 

from the system 
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Water Withdrawal Volume of freshwater that is taken from surface 

or groundwater sources 

(Freyman, February 

2014) 

 


