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ABSTRACT 
 

The “boom” in advanced hydraulic fracturing techniques in 2010 caused many concerns 

and questions among environmental activists, politicians and state and local governments due to 

the speed and force at which operations began in certain communities. Issues of water 

contamination from hydraulic fracturing fluids through faulty wells, water consumption, and 

noise and air pollution quickly manifested in the form of movies (Gasland, FrackNation, 

TruthLand)) and claimed a role in many political discussions. Although hydraulic fracturing has 

been around for decades, it was the magnitude of the operations that stemmed concerns among 

the public. Although natural gas is considered a cleaner fuel source compared to coal and 

petroleum, this did not stop the pushback it received from environmental activists groups.  

A range of research on various aspects of hydraulic fracturing has been undertaken to 

assess the impacts hydraulic fracturing has on the environment in regions across the United 

States. The current study explores water consumption for hydraulic fracturing in Colorado. This 

thesis provides a detailed analysis of water used for hydraulic fracturing across a range of scales, 

including, the state of Colorado, the South Platte basin (which encompasses the Niobrara shale 

play) and for a county and city experiencing heavy drilling (Weld County and Greeley, CO, 

respectively). We utilize both the IHS Energy and FracFocus databases and a range of statistical 

approaches to analyze water consumption for regional wells. In addition, produced water is 

quantified in order to explore re-use scenarios.  

This study found that water used for hydraulic fracturing accounted for .24% of the state 

of Colorado’s total 2014 demand, .73% of the basin demand, 2.4% of the county demand and 7% 

of the city demand. Water used for hydraulic fracturing in 2014 was enough to supply 35% of the 

population in Weld County. Greeley, CO sold 1,600 AF of water to oil and gas companies for up 

to $3,500/AF, while farmers typically pay around $35/AF. Water use for agriculture is 85% of 

the state and county water budget. Produced water totaled 7590 acre-feet in the South Platte, 

enough to hydraulically fracture 42% of wells drilled within the basin and approximately 1% of 

the population in 2014 if properly treated. Overall, water use for hydraulic fracturing becomes 

more significant in the water balance as the scale becomes more local. Additionally, produced 

water, once properly handled and treated, could be a potential source for water supply to help 

close the gap in water supply and demand in future years in the basin.  
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CHAPTER 1  

INTRODUCTION 

     Watersheds in the semi-arid and arid west, i.e. California, Arizona, Nevada, Colorado, are 

entering a major water security crisis as competition for water resources is threatening water 

availability (Barnett et al. 2005, Barnett et al. 2008, Gleick 1993, Rosegrant et al. 2002). In many 

instances, water resources are being over allocated to a number of regional stakeholders 

including agriculture, municipalities and energy. In addition to these industries, ecology, climate 

change and groundwater recharge are also important factors to consider when allocating water 

among sectors.  

Unconventional oil and gas development is an additional water user that has become 

more prominent in semi-arid regions (Freyman 2014, Gallegos 2015a, Gallegos 2015b, Goodwin 

et al. 2013, Nicot and Scanlon 2012, Scanlon et al. 2014). Unconventional oil and gas 

development is defined as the “oil and gas resources that cannot be explored, developed, and 

produced by conventional processes just in using the natural pressure of the wells and pumping 

or compression operations” (2b1stconsulting 2012). A common example of a technique used in 

unconventional oil and gas development is hydraulic fracturing, which is a water intensive 

process that uses high-pressure water to create fissures in the deep subsurface, and allows oil and 

gas to flow through these fissures where it is then returned to the surface through a well (Hubbert 

and Willis 1972). Hydraulic fracturing typically occurs in low porosity formations (i.e. shale) 

(Geological Society of America 2015). This water intensive process has raised questions among 

regional water managers and planners, as well as local residents, in semi-arid regions (that are 

already experiencing a water shortage) regarding water quantity used for these operations and 

where this water originates. 

Produced water, the water that is produced along with the oil and gas, is present at high 

volumes in unconventional development and can be a major water pollutant if not properly 

handled and treated. However, it can be a potential water source if properly treated of the high 

levels of salt, heavy metals and oil that are commonly present in produced water (Guerra, Dahm 

et al. 2011). Typically, produced water is injected into the subsurface for disposal due to the 

economic feasibility, but deep-well injection induced earthquakes and water scarcity are sparking 
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the conversation regarding treatment alternatives for produced water (Fakhru’l-Razi, Pendashteh 

et al. 2009).  

 A particular region of interest that is experiencing these aforementioned concerns is the 

South Platte basin of northeastern Colorado. Colorado is approaching a major crisis in regards to 

water supply and management. The population is expected to increase by 2.8 million residents by 

the year 2030, primarily on the eastern slopes of the Rocky Mountains (CWCB 2010). As a 

result, an additional 205.3 billion gallons of water will be added to the current water demand 

(CWCB 2010). This demand will be met by new conservation and reuse strategies as well as 

diversions and imports from the western slopes. Colorado’s already limited water resources are 

strained even more by increasing drought, climate change, recreational needs, water quality 

issues and strict and outdated water policy. An understanding of the history of Colorado water 

and how that has transitioned into competing stakeholder viewpoints is essential for creating a 

new, relevant water policy strategy. The first operating water right in Colorado was established 

in 1852 (Jones and Cech 2009). Colorado was the first state to use public officials for the 

distribution of water resources as a result of the “Irrigation Boom” in Colorado in 1859, which 

caused ditches to divert water from every major stream in the South Platte (CU Law 2011). 

Colorado adopted the Prior Appropriation doctrine, which states that the senior water right 

holder (whoever puts water to use first) has “first dibs” on the water (Jones and Cech 2009). 

Once his/her water rights are satisfied, then other junior rights owners may use the water. This 

system is often described as “first in time, first in right”. 

The Colorado Water Board is currently going through the process of revising the 

Colorado Water Plan (CWCB 2014). There appear to be many political factors that play into the 

delegation of water in Colorado. For example, agriculture has extensive rights to water (up to 

80% of Colorado water is used for irrigation), however, there is no incentive to reduce or reuse 

water for irrigation for fear of losing senior water rights. This concept, otherwise known as “use 

or it lose it”, stems from policies put in place that cause farmers to lose their water rights if they 

are not using their allotted amount (Jones and Cech 2009).  Water transfers between sectors are 

also causing fears among locals. For example, some fear that an increase in water use for 

hydraulic fracturing operations in Colorado, an area that is already experiencing severe water 

shortage issues, is increasing the price for renting municipal water (there has been an increase 
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from $22/AF in 2010 to $28/AF in 2012) (Simeonova 2012, Estabrook 2014, Finley 2012, Healy 

2012). This could lead to increased prices for residents.  

Greeley, a city located just north of Denver, is leasing excess water for top-dollar prices 

to oil and gas companies instead of leasing to farmers or local residents for a lower price, as has 

been formerly done (Healy 2012). Additionally, the population boom on the Front Range of 

Colorado is causing municipalities to look elsewhere for municipal supply. A majority of this 

“new” supply is coming from agricultural water rights owners, where they are being bought out 

by the city’s municipal sector (Simeonova 2012).  These three competing stakeholders: 

agriculture, municipalities and energy have led many to ask the question, when the South Platte 

River water becomes even scarcer, who will have priority in this competition for an essential, 

finite resource? 

 

1.1  Objectives and scope of work 

The objectives of the current research are to 1) quantify the water used for hydraulic 

fracturing using the IHS Energy and FracFocus databases for three different scales of study: a. 

the state of Colorado, b. the South Platte basin, a semi-arid region located in northeastern 

Colorado, c. Weld County, a county located within the South Platte basin where the majority of 

drilling is occurring, and d. Greeley, CO, a city located within Weld County, 2) quantify 

produced water within the South Platte and Weld County, 3) evaluate the influence of production 

variables (i.e. lateral length, economics, formation) on water consumption for hydraulic 

fracturing, 4) compare water use for hydraulic fracturing with agriculture and municipalities for 

the four scales previously listed, and 5) increase transparency between oil and gas operations and 

the public by providing a clear and thorough analysis of data obtained from multiple sources.  

 

1.2  Thesis Organization 

This thesis includes four chapters with the first chapter being the introduction. The 

second chapter of this thesis includes a brief discussion of public relevance and broader impacts. 

This chapter will describe the broader significance and importance of my research as a public 

justification for my funding from the ConocoPhillips Center for a Sustainable WE2ST. It 

describes the relevance of my research to current events as well as possible future implications 

my research may have on public perception. The third chapter of this thesis includes work from 



4 

 

my time as a Masters student at the Colorado School of Mines (since August 2014) and is being 

presented in the form of a paper that is currently under review. This paper investigates water 

used for hydraulic fracturing as well as production variables that can influence this water use. 

This paper also quantifies produced water from oil and gas operations and explores some multi-

sector re-use scenarios. The fourth chapter of this thesis provides a summation and conclusion as 

well as recommended future research.  
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CHAPTER 2  

WE2ST PUBLIC RELEVANCE 

 

The Conoco Phillips Center for a Sustainable WE2ST promotes the joint sustainability of 

unconventional energy production and water resources (we2st.mines.edu). It does this through 

educating energy-water literate graduate and undergraduate students and providing funding for 

them to research topics in the realm of water resources and unconventional energy development. 

This research can range from community acceptance of unconventional resource development to 

the transport of hydraulic fracturing contaminants through the subsurface from spills on the 

surface. My area of research, which is included as a chapter in this thesis, focuses on water 

consumption associated with unconventional energy development.  

The current research initially started out only looking at water volumes used for hydraulic 

fracturing in Colorado, but evolved into a broader analysis of a range of factors that can impact 

this water use. For example, lateral length, economics and targeted formation can all be 

indicators of potential water needed to hydraulically fracture a well. This research stemmed from 

the rapid increase in horizontal drilling in the Niobrara shale play, located directly underneath 

Denver and its surrounding metropolitan area. Greeley, CO, an area that experiences a high rate 

of drilling, was the 8th fastest growing city in the United States in 2014 due to oil and gas 

operators moving into the area. Additionally, the South Platte basin is expected to double in 

population by the year 2050, as predicted by the South Platte Basin report, causing the Denver 

metropolitan area to expand out into the agricultural plains in the basin to make room for this 

influx in people (CWCB 2010). Overall, there has been a decline in irrigation for agriculture, an 

increase in municipal use, and an increase in water used for energy production. The “balance” 

that the South Platte basin had for delegating water to sectors has been transforming, and an 

assessment of all water users is necessary to insure an adequate water supply in the future. This 

outlines the need for the current research because there has not previously been an extensive 

study on water used or produced water relative to hydraulic fracturing in the basin.  

There have been multiple studies on water use for hydraulic fracturing in most of the 

major shale plays in the United States (i.e. Bakken, Marcellus, Barnett, Eagle Ford) but not for 

the Niobrara shale. A report provided by the USGS indicated the need to quantify water use for 

hydraulic fracturing on a regional, rather than national, scale, in order to account for all of the 
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factors that play into water consumption for this industry. We contend that it is also critically 

important to quantify this water use on a state, basin, county and city scale to show regional 

impacts on water supply and demand, which is included in this thesis. 

Another area of research included in this thesis is the quantification of produced water. 

Produced water from oil and gas operations comes in high volumes and is a large cost for 

operators to treat and dispose of these fluids. In Colorado, produced water is typically disposed 

of via deep-well injection. The Niobrara shale formation produces less water than other 

important shale plays in the United States. Injection-induced earthquakes have caused concerns 

in Oklahoma and have led to the need for research on alternative options for produced water 

management. These options include treatment, re-use, recycle, dust suppression, land application 

and re-injection. This paper quantifies produced water in the basin and provides a time-series 

box plot for the first 24-months of water production for all active wells in the basin. This is very 

useful for both the energy and treatment industries to plan ahead when determining the timing 

and volume of water that needs to be managed.  

This research provides advances in the field of water resources management and water 

treatment for the South Platte basin. Results from this work can also be used by the state upon 

updating the current South Platte Decision Support System (SPDSS) by providing specific 

numbers for the energy sector demands.  
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CHAPTER 3  
 

WATER USE FOR UNCONVENTIONAL ENERGY DEVELOPMENT IN THE SOUTH 

PLATTE RIVER BASIN, COLORADO 

Modified from a paper submitted to: 

Journal of the American Water Resources Association 

 
Ella L. Walker1, Aspen M. Anderson2, Laura K. Read1, Terri S. Hogue1,3 

 

3.1 Abstract 

Water use for unconventional energy development (i.e. hydraulic fracturing) is an 

expanding concern as natural gas production increases in the United States, particularly in semi-

arid regions with evident water scarcity. Understanding the impacts of water use for hydraulic 

fracturing on semi-arid region water availability is invaluable for future management and 

regulatory decisions as existing stakeholders compete for water supply. The South Platte River 

basin, located in northeastern Colorado, has experienced higher horizontal drilling rates in 

addition to an increasing population and heavy irrigation practices. Water use for hydraulic 

fracturing is estimated for the South Platte basin and at various scales within and outside the 

basin (city to state-wide) using the IHS Energy database. In addition, produced water (a by-

product of oil and gas production) is quantified using data from the Colorado Oil and Gas 

Conservation Commission to explore re-use scenarios. Water use for horizontal and vertical 

wells averages 9.0 acre-feet and .86 acre-feet, respectively. Water use for hydraulic fracturing 

within the South Platte basin totaled .63% of the basin’s 2014 total water demand, while water 

use for hydraulic fracturing was 2.4% and 7% of county and city water demands, respectively. 

Produced water totaled 7590 acre-feet, enough to hydraulically fracture 42% of wells within the 

basin.  

                                                           
1 Civil and Environmental Engineering, Colorado School of Mines, Golden, CO  

 
2 Geological Engineering, Colorado School of Mines, Golden, CO 

 
3 Hydrologic Science and Engineering 



9 

 

3.2 Introduction 

The water-energy nexus, as it relates to unconventional oil and gas development, has 

become a major research topic over the past several years due to the recent shale gas and tight oil 

boom, otherwise known as the “shale revolution” (Guerra, Dahm et al. 2011, Brown 2013). This 

“revolution” stimulated tremendous production of oil and natural gas in the United States in the 

early 2000s, stemming from the development of advanced technology; i.e. horizontal drilling and 

improved hydraulic fracturing (HF) techniques. HF is a water-intensive process that uses high-

pressure water to stimulate cracks in deep-rock formations for the extraction of natural gas and 

petroleum resources. Horizontal wells typically have a greater production rate compared to 

vertical wells due to an increased wellbore length exposed to the formation (DrillingInfo 2014). 

Across the US, wells can range from .008 acre feet (AF) (2,600 gallons) to as much as 29.8 AF 

(9.7 million gallons) to stimulate these fractures (Gregory, Vidic et al. 2011, Gallegos 2015). 

Nearly half of the wells hydraulically fractured from 2011 to 2014 in the United States 

were in regions of high or extreme water stress (Freyman 2014). In Colorado, 97% of the wells 

hydraulically fractured from 2011 to 2014 were in regions of high or extremely high water stress 

(Freyman 2014). A recent study on national-scale hydraulic fracturing water volumes by the 

United States Geological Survey (USGS) found that the amount of water used for HF per well 

varies greatly, even within a single basin (Gallegos 2015, Gallegos 2015). Understanding spatial 

variability in water use is critical for land and resource managers because it provides key 

information on the potential for environmental impacts, including the availability and quality of 

freshwater resources, wastewater disposal and wastewater injection-induced earthquakes 

(Gallegos 2015). This USGS study also reveals the importance of correlating well orientation, 

spud date and targeted hydrocarbon with water use for HF when trying to predict the impacts of 

oil and gas operations on water availability in various shale plays (Gallegos 2015). The first map 

of hydraulic fracturing water volumes, provided by the USGS report, highlights the wide 

variation in HF water use across the U.S. and within regional basins. Median annual water use 

for HF of horizontal wells increased from .54 AF (per oil and gas well) to more than 12.3 and 

15.7 AF per oil and gas well, respectively. However, median water use for vertical wells did not 

exceed 2.1 AF per well (Gallegos 2015).  

Produced water, the water that exists naturally in the subsurface that is produced as a 

byproduct with the oil and gas, can average from 7 to 10 barrels per barrel of crude oil for 
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conventional wells (Guerra, Dahm et al. 2011). For unconventional wells, this number is lower 

due to tighter reservoir formations. Produced water is generally considered a waste product in the 

oil and gas industry and can be very costly to manage. Typically, produced water is disposed of 

via injection wells into the subsurface because it is the most affordable option (Guerra, Dahm et 

al. 2011). However, as injection wells are raising concerns about induced seismicity (Ellsworth, 

Llenos et al. 2015, McGarr, Bekins et al. 2015, McNamara, Hayes et al. 2015), other options are 

being explored for produced water management (i.e. land application, non-potable reuse, 

recycling, re-injection) (CDR 2014).  

A range of studies have investigated environmental impacts from shale gas development, 

including the potential for groundwater contamination through migration of HF fluids (Osborn, 

Vengosh et al. 2011, Jackson, Gorody et al. 2013) and its impact on drinking water resources 

(EPA 2011), as well as water quantity (Nicot and Scanlon 2012, Goodwin, Carlson et al. 2013, 

Nicot, Scanlon et al. 2014), air quality and regulatory concerns (Arthur, Bohm et al. 2009, Rahm 

2011, Medlock Iii 2012, Rahm and Riha 2012). An impact assessment of water use for energy 

development on groundwater availability showed declines in Texas aquifer levels as a result of 

population growth and increasing HF operations in the Barnett Shale (Bené, Harden et al. 2007). 

HF water use assessments in Texas and northeastern Colorado outline the variability in water use 

with lateral length and number of hydraulically fractured stages (Goodwin, Carlson et al. 2012, 

Goodwin, Carlson et al. 2013, Scanlon, Reedy et al. 2014).   

The current paper builds upon previous work done within the South Platte region 

(Goodwin, Carlson et al. 2013) by analyzing a larger sample size with all regional operators and 

evaluating other water consumption variables. The current paper also analyzes water use on a 

county scale and city scale and analyzes produced water volumes in the region, which has not 

been undertaken in previous literature.  The objectives of the current study include: 1) quantify 

water use for HF and produced water from oil and gas production across a range of scales in 

Colorado, 2) evaluate the influence of production variables (lateral length, major operators, 

producing formations, oil pricing, etc.) on water consumption, and 3) compare water use for HF 

and produced water to other sectoral water uses in Colorado across a range of spatial scales (city 

to state-wide). The current work will also help increase transparency between oil and gas 

operations and the public by providing clear data that can be utilized for future decisions and 

regulatory control as the presence of oil and gas increases in the region. 
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3.3 Hydraulic Fracturing in Colorado 

Colorado water management faces a perfect storm with four specific challenges: a 

predicted increase in population, regional oil and gas development, extensive irrigation practices, 

and ongoing climate change. Population in the state of Colorado exceeded 5 million people in 

2008, and is expected to double to 10 million people by 2050, increasing demands for municipal 

water by an additional 630,000 acre feet (AF) by the year 2030, as predicted by the Statewide 

Water Supply Initiative (Sherman 2007, CWCB 2010). Climate change is also expected to 

impact Colorado’s future water supply through projected changes in temperature and timing of 

snowpack melt, with studies showing declining snowpack in many regions of the state (Ray, 

Barsugli et al. 2008). Unconventional energy development is also expected to continue as the 

liquid oil and gas reserves within the Niobrara shale formation in northeastern Colorado, and 

other producing formations, are still being developed. Previous studies have shown that water 

use for HF on a state-wide scale is a small fraction (<1%) of the state’s total water demand, 

(EPA 2011 , Murray 2013) however, few studies have evaluated HF water use within specific 

shale plays in Colorado.  Some analysts predict that the Niobrara shale play holds up to 2 billion 

barrels of recoverable oil reserves, which the authors hypothesize will require considerable water 

resources in the region (COGA 2014).  

With 70 to 80 percent of Colorado’s water falling west of the continental divide, and 80 

to 90 percent of the population east of the divide, planning for future stakeholder demands is a 

complex interdisciplinary problem (CWCB 2014). There are two projects that deliver water from 

the western slopes of the Rocky Mountains to the eastern slopes: the Colorado-Big Thompson 

Project (C-BT) and Windy Gap Project (Clear Water Solutions 2009). Northern Water, a public 

agency that is responsible for delegating C-BT water, supplies water to more than 640,000 acres 

of irrigated farmland and approximately 880,000 people in northeastern Colorado in eight 

different counties (Northern Water 2015). Water security has become such a concern among the 

Northern Colorado Conservancy District that there have been plans for a massive reservoir to be 

built in Northern Colorado (U.S. Army Corps of Engineers 2015). The Colorado Water Plan, 

currently under review across the state, outlines a state-wide plan for sustaining the simultaneous 

increase in water demand by multiple sectors, including oil and gas development, with sufficient 

supplies for the numerous competing stakeholders (CWCB 2014). 
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3.4 Study Area 

The current study focuses on the city-, county- and basin-scale within Colorado in order 

to understand how scale can obscure or reveal water management issues related to 

unconventional energy development. Since oil and gas companies in Colorado obtain a lot of 

their water from local municipal supplies, it is more beneficial to look at water use on a city, 

county and basin scale than on a state scale (as is typically done) (Healy 2012, McClurg 

2014).The basin chosen for this study is the South Platte watershed because it encompasses a 

majority of the oil and gas production in the Denver Julesburg (DJ) Basin. The analysis is then 

narrowed to Weld County and the city of Greeley, both located within the South Platte basin.  

Figure 1 represents horizontal and vertical wells drilled in the South Platte basin from 2003 to 

2014. A majority (95%) of these wells are located in Weld County. 

 

 

Figure 3.1. Horizontal Wells drilled in the South Platte from 2003-2014. 

 

3.4.1 South Platte Watershed Characteristics 

The South Platte watershed is a semi-arid basin that experiences high consumptive water 

use for irrigation (primarily hay, sugar beets and corn), municipalities (Denver metro area), and 

oil and gas development (Thorvaldson 2005). Population within the basin is expected to almost 

double in size to between 1.9 and 2.6 million people by 2050, accounting for nearly two-thirds of 

the state’s increase in gross municipal and industrial demand (CWCB , CWCB 2010). The South 

Platte spans east from the Rocky Mountain divide and is a snow-dominated system, averaging 

over 30 inches of snow per year, while precipitation that falls as rain is only 15 inches per year 
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(Dennehy, Litke et al. 1998). The mid and eastern regions of the basin experience little 

precipitation and high evapotranspiration due to heavily irrigated cropland and exposure to wind 

and solar radiation. The Niobrara formation, the primary target for unconventional oil and gas 

production in the region, as well as other producing shale formations, is encompassed in the DJ 

Basin, which consists of Paleozoic, Mesozoic and Cenozoic rock layers (Lilis Energy 2015). The 

shale-rich Niobrara formation is primarily targeted for oil extraction, however there is also gas 

development in the formation (Unconventional Oil and Gas Report 2014). The Wattenberg Field 

is the main producing field, or “hot spot”, of the DJ Basin and has one of the highest rates of 

return for U.S. horizontal oil plays (Lilis Energy 2015). 

Weld County is a highly diverse county in the South Platte watershed with 300,000 

irrigated acres and a rapidly increasing urban and peri-urban population (Weld County 

Department Services 2014). It also encompasses a majority of the Wattenberg Field, where 

heavy drilling for oil and gas occurs. Greeley, the most populous city in Weld County (97,000 

people), is the 8th fastest growing city in the United States from 2013 to 2014 according to the 

U.S. Census Bureau. This can be attributed to oil and gas expansion in the area bringing in more 

workers. Hotels and restaurants are also booming in order to accommodate this influx of oil and 

gas employees (Ferreira 2014).   

 

3.5 Data Acquisition 

Our analysis of HF water includes use of two databases: IHS (IHS Energy 2014) and 

FracFocus (http://fracfocus.org). The IHS database includes information accumulated from 

operators and various private and public sources, which are then quality controlled by IHS, Inc. 

IHS provides a proprietary database with well-specific information that is easily exported to an 

Excel spreadsheet with an API number as a unique and permanent well identifier. An API is a 

10-digit number with a two-digit state code, 3-digit county code and 5-digit well identifier code. 

Each API listed in IHS includes information such as drilling (spud) date, producing formation, 

direction, total vertical depth, well length, water use for HF, fracture type, and operator. 

FracFocus contains similar information to IHS, such as API, water use for HF, spud date and 

operator, and is downloaded into a Microsoft Access data file. The Colorado Oil and Gas 

Conservation Commission (COGCC) website contains information on produced oil, gas and 

water per well (www.cogcc.state.co.us). The period of study is from 2003 to 2014, which 
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captures the majority of unconventional energy production in the Denver-Julesburg basin, and 

covers the period in which vertical drilling switched primarily to horizontal drilling in the South 

Platte basin.  

 

3.6 Methodology 

All methods for the current paper are listed below broken up into subheadings and 

indented subheadings to indicate the objective and the area of study for that objective, 

respectively. 

 

3.6.1 Water use for Hydraulic Fracturing 

Water use for HF for horizontal and vertical wells is quantified using information 

provided by the IHS database at the state, region and county levels. Total, mean and median 

water use is found on an annual basis from 2003 to 2014. Water use data for HF on a national 

scale is obtained from the USGS report (Gallegos 2015, Gallegos 2015). Vertical wells and 

directional wells are grouped as “vertical” wells and horizontal wells were grouped as 

“horizontal” wells. Directional and vertical wells are grouped together because they have similar 

water use requirements for HF. Horizontal wells are grouped separately because they have 

significantly longer laterals with much larger water consumption. Water use for drilling and 

completion is not considered in this report because it is assumed to be insignificant compared to 

water use for HF (Goodwin, Carlson et al. 2013, Haines, Cook et al. 2014). Recycled water for 

HF is not included in this analysis because it is also assumed to be insignificant compared to 

total water use. 

 

3.6.2 IHS and FracFocus Comparison  

There are limited studies on a comparison of the freely available (FracFocus) with a 

private database (IHS). The comparison undertaken in this study provides insight into the 

viability of the readily accessible FracFocus database. This will increase transparency between 

oil and gas operations with the public. Water use from FracFocus is analyzed on a per year basis 

from 2012 to 2014 and compared to IHS data since water use for hydraulic fracturing was not 

required by the Colorado Oil and Gas Association (COGA) to be reported to FracFocus until 

April of 2012 (COGCC 2013).  
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3.6.3 Water use for Hydraulic Fracturing: Correlation with Operators, Lateral Length, 
Formation and Price of Crude Oil 

Although total and median water use is analyzed, we also focus on quantifying water use 

per length of lateral to provide information about efficiency. The authors also observe the effects 

of the size of an oil and gas operator with water use for HF. Targeted formation for oil and gas 

production is observed to determine if geology contributes to HF volumes. It has been suggested 

that the economy plays an important role in the amount of drilling for oil or gas in certain 

regions. Therefore, the price of a barrel of crude oil in Colorado has been compared to the 

amount of wells drilled on a monthly basis in the basin (EIA 2015).  

 

3.6.4 Comparison to Other Shale Plays 

Average water use for HF per horizontal well within the DJ Basin is compared to other 

major shale plays in the United States, including the Eagle Ford, Barnett, Bakken, Permian Basin 

and California Monterey shale plays. It is noteworthy that each of these shale plays, excluding 

the Marcellus Shale, is also predominately located in semi-arid or water stressed regions. 

Information on these plays was gathered from multiple sources (Arthur, Uretsky et al. 2010, 

Nicot and Scanlon 2012, Goodwin, Carlson et al. 2013, Freyman 2014, Horner 2014, Nicot, 

Scanlon et al. 2014, Scanlon, Reedy et al. 2014, Gallegos 2015).  

 

3.6.5 Produced Water, Oil and Gas 

Produced water, oil and gas data was gathered from the COGCC records. These reports 

classify each well by API number and are sorted by year and county. Counties located within the 

South Platte basin were selected using the county code number in the API identifier. The authors 

summed produced water for all counties within the South Platte basin to find the total production 

within the basin. This is also done for oil and gas production.   

 

3.6.6 Comparing Water Use across Sectors 

Sectoral water use is calculated at the state-, basin-, county-, and city-scales for 

agriculture, municipalities, HF and industrial uses. The year 2014 was chosen for this nested 

comparison because it is the most recent year of data and captures the transition from vertical 
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drilling to primarily horizontal drilling. However, the IHS data used for this report was retrieved 

in January of 2015 when there were still wells being reported from the end of 2014.  In order to 

calculate total water use for HF in 2014, the median water use for recorded 2014 horizontal and 

vertical wells is multiplied by the number of wells drilled in 2014. The number of wells drilled 

was found by counting all of the API numbers reported in 2014, whether or not they had 

corresponding HF data. Each study unit is listed below with a detailed description of how these 

quantities were obtained: 

 

State of Colorado - Sectoral water use for the state was obtained from the Colorado 

Water Conservation Board (CWCB) and the Colorado Division of Water Resources (DWR) 

(Rowan 2011, Resources 2012). Water use for HF was obtained from IHS (as described above). 

 

South Platte - Data for water use for agriculture and municipalities within the South 

Platte were obtained from the CWCB South Platte roundtable reports (CWCB 2010, Rowan 

2011). After performing a landcover analysis on the basin and observing that the number of 

irrigated acres within the basin has remained moderately steady, water use for agriculture is 

assumed constant for the period of study. Population and water use for municipalities and small 

industry provided by the Round Table report for 2010 are used to determine the gallons per 

capita per day (GPCD) for the entire basin (CWCB 2010). This GPCD is also assumed to remain 

constant and is multiplied by the annual recorded population in 2014 within the South Platte to 

determine annual water use for municipalities and industry (M&I). Self-supporting industry 

(SSI) is assumed to remain constant and is provided by the Round Table Report (CWCB 2010). 

 

Weld County - The GPCD for Weld County was found using North and Central Weld 

County Water district reports (Clear Water Solutions 2009), population data from the census, and 

water use estimates for M&I and SSI from the South Platte basin report in 2010 (CWCB 2010) 

This GPCD is assumed to remain constant since 2001 and is multiplied by the annual population. 

Water use for agriculture within Weld County is calculated by multiplying the ratio of water use 

per irrigated acre within the South Platte by the number of irrigated acres within Weld County. 

This number is assumed to remain constant. This method was chosen due to lack of available 
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data for agricultural water use per county. Methods for determining water use for HF in Weld 

County are described above in the Water Use for HF section. 

 

Greeley, CO – Water use for the city of Greeley was found using information from the 

Northern Weld County Water District (NWCWD) and CWCB, which provides the GPCD of 

Greeley, CO, as well as the total city water use including commercial and residential use as a 

percent of the total water use (Northern Water 2015, CWCB 2010).  

 

3.7 Results and Discussion 

Results have been formatted to correspond with the three objectives previously listed in 

the introduction. All objectives have been answered with figures and tables to further support the 

information provided.   

 

3.7.1 Water use for Hydraulic Fracturing 

During the 2003 to 2014 time period, drilling was highest in 2011 with a total of 2360 

reported wells. Vertical drilling was highest in 2011, while horizontal drilling peaked in 2014. 

However, the most reported horizontal wells were drilled in 2013. Horizontal drilling increased 

from 2009 to 2014, while vertical drilling began to significantly decrease after 2011. Median HF 

water use for horizontal and vertical wells is 9.0 and .86 AF, respectively. The national 2014 

median for HF water use is 13.9 AF, comparable to the 2014 median water use within the South 

Platte of 11.3 AF (Gallegos 2015). However, the median water use from our analysis is slightly 

higher than estimates made by Goodwin et al., who report a median water use of 8.9 AF for 

horizontal wells.(Goodwin, Carlson et al. 2013) However, the number provided by Goodwin et 

al. does not include water use for extended horizontal wells (median of 20 AF), which would 

increase their median estimate. Our study does not separate horizontal and extended horizontal 

wells.  

There is a significant increase in water use for HF in 2010 in the SP, when horizontal 

drilling became more prominent in the DJ Basin (Figure 2). There is a decline in total water use 

from 2013 to 2014, likely due to the incomplete 2014 data from IHS (see Methodology).  It 

could also be a result of the decline in oil prices in the United States in June of 2014, slowing 

drilling in the area. Figure 3 shows the average water use per horizontal well from 2008 to 2014. 
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The 2003 to 2007 years are not shown because there are not enough horizontal wells with HF 

fluid information reported. There is an annual increase in median water use for HF, with a 

median of 2.6 AF in 2009 to a peak median of 11.3 AF in 2014. The cumulative distribution 

function (Figure A1) shows a relatively normal distribution for individual years, indicating 

annual HF water use for horizontal wells was fairly consistent among all wells. The distribution 

shifts to the right for each successive year as median water use increases. The distribution of 

water use for horizontal and vertical wells in the South Platte and Weld County is highlighted in 

Table 1. Of the 2345 horizontal wells reported in the South Platte, approximately 2193 (or 94%) 

were drilled in Weld County. 

 

 

 

Figure 3.2. Cumulative water use (AF) and reported wells within the South Platte for vertical 
and horizontal wells from 2003-2014. 
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Figure 3.3. Boxplot of water volume used per horizontal well from 2008 to 2014. 2003-2007 not 

shown due to lack of horizontal well data. Line is median and “*” is mean water use. 

 

Table 3.1. Horizontal and vertical well mean water use for HF in acre-feet from 2003-2014. 

Location Type of Well Number of Wells Mean HF Use (AF) 

South Platte Horizontal 2,345 10.36 

Weld County Horizontal 2,193 10.32 

South Platte Vertical 11,391 0.94 

Weld County Vertical 10,663 0.96 

 

3.7.2 Produced Water, Oil and Gas 

Water, oil and gas produced from oil and gas development within the South Platte from 

2003 to 2014 (Figure 4) steadily increased from 2010 to 2014, which is due to the increase in 

drilling activity starting in 2010. Oil and gas production for Weld County and the South Platte is 

shown in Figures A2 and A3. After plotting all wells on a map with corresponding production, 

we did not find a strong correlation with production intensity per well and location (Figure A4). 

Water intensity, defined as the amount of HF water used (AF) per BTU of energy produced, 

shows variability across the Wattenberg Field, with higher water intensity observed primarily in 

the western and south-eastern regions of the Field and lower water intensity noted in the mid- to 

northern regions (Figure A5). Higher water intensity indicates more water was used to produce 

one BTU of energy. Low water intensity indicates higher efficiency producing wells. 
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Figure 3.4. Produced water, oil and gas within the South Platte from 2003-2014. 

 

 Monthly water use for HF plotted against cumulative monthly produced water gives an 

R2 value of .96 (Figure 5). Using the linear trend line and looking at a monthly timescale, 

produced water is approximately 12% of the volume used for HF in the first month. Typically, 

operators expect initial produced water to average 10% of the HF volume injected.  

 

 

Figure 3.5. Monthly produced water versus water used for HF from 2003-2014. 

 

Figure 6. (a-f) shows production behavior during the first two years of production for 

horizontal wells producing water, oil and gas. Note that 2014 only has the first 21 months of 

production due to data availability at the time of this study. Produced water follows the general 
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trend of peak production in the first few months, and then a gradual decrease over the two-year 

period until the production line becomes steady. Oil and gas also follow this trend, but the 

decline appears to be even more gradual than water production. Note that only years 2013-2014 

are shown here, but all years exhibit the same general trend. This information is useful because it 

shows the timing of peak production for oil and gas wells, and can also help with determining 

when operators can expect periods of high produced water volumes that need to be managed 

throughout the life of a well. 

 

 

Figure 3.6. First 24 months of production from spud date for wells drilled in 2013 and 2014. 

 

3.7.3 IHS versus FracFocus  

A comparison of median water use for horizontal and vertical wells reported in IHS and 

FracFocus shows comparable medians for horizontal wells in 2013 and 2014 (Figure 7a.) with a 

percent difference of 4 and -5%, respectively. However, median water use for horizontal wells in 

2012 differs significantly with a percent difference of 165%. Furthermore, total HF water use for 

all wells shows similar results between the two databases for 2013 and 2014 (Figure 7b.). 

Although COGA required water use for HF to be reported to FracFocus in April of 2012, fluid 

disclosures were not consistently reported until September of 2012, likely producing an 
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incomplete dataset for this year. This helps explain the large variations in water use noted 

between FracFocus and IHS for 2012. The comparison in 2014 may also be considered 

misleading because of the limited reporting in the IHS 2014 dataset (as discussed previously). 

Figure 7c. shows the annual percentage of wells reported in IHS and FracFocus compared to the 

total number of wells drilled that year. It is noted that the only year with consistently similar data 

between FracFocus and IHS occurred in 2013; this coincides with the knowledge that 2013 was 

the only year with a full dataset for both the FracFocus and IHS database. We posit that the same 

results would extend to 2014 with a full IHS dataset.  

 

 

Figure 3.7. a. Median water use for IHS and FracFocus comparison from 2003 to 2014, b. 

Cumulative water use comparison and c. Amount of wells that were drilled with corresponding 

HF water use data.  

Note: IHS data is low in 2014 due to a delay in reporting from the end of 2014 until the data was 

analyzed for this report in January 2015; FracFocus 2012 data is incomplete because data was 

not required by Colorado to be reported to FracFocus until September 2012. 
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3.7.4 Water Use for Hydraulic Fracturing: Correlation with Operators, Lateral Length, 
Formation and Price of Crude Oil 

Spatial patterns of water use for hydraulically fractured wells (Figure 8) throughout the 

South Platte shows significant variability throughout the basin over time. There is no observed 

correlation between water use for HF and the location of the well. However, there was an 

increase in high HF water use wells in 2013 and 2014. Figure 8 also shows the proximity of the 

Wattenberg Field to the Denver metro area. Greeley, CO is located in the middle of the Field 

(outlined in black). 

 

Figure 3.8. Water use for HF within the South Platte from 2010 to 2014. Basemap shows 
landcover (red = urban). 

 

3.7.4.1  Lateral Length 

The results support the hypothesis that an increase in lateral length leads to an increase in 

water use for HF with an R2 coefficient of .7 (significant at p<<0.05) as seen in Figure A6.  This 

is similar to the conclusions reported in Goodwin et al. (2014) stating that more hydraulically 

fractured stages leads to higher HF water use (Goodwin, Carlson et al. 2014). There is a 

significant increase in the median lateral length (Figure 9) starting at 2,050 feet in 2008, and 

increasing to 4,060 feet in 2010. The median lateral length per well remained relatively constant 
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from 2010 until 2014, where there was another increase to 5,230 feet indicating operators were 

drilling longer laterals as horizontal drilling was proving to be a successful, high resource yield 

operation in the basin. The years 2003 to 2007, as discussed previously, are not shown because 

horizontal drilling in the Wattenberg Field and surrounding areas was not significant enough to 

render any correlations.  

 

 

Figure 3.9. Annual lateral length of horizontal wells from 2008 to 2014 within the South Platte. 
2003-2007 not shown due to lack of horizontal well data. Line is median and “*” is mean water 
use. 

 

Annual change in water volume per foot of lateral from 2008 to 2014 rendered a slight 

increase in median water use per length of lateral from 2009 to 2013 (3.9e-9 to 7.8e-9 AF/ft), but 

this increase plateaus in 2014 (Figure A7). The stabilization of water use per foot of lateral after 

2010 is likely a result of the optimization of HF in the DJ Basin after operators became more 

knowledgeable about horizontal drilling in the area. Overall, changes in lateral length correlate 

directly to water consumption for HF. If lateral well lengths continue to increase in the DJ Basin, 

more water use for HF is expected. However, water use appears to be consistent once it is 

normalized per foot of lateral.  
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3.7.4.2  Operators 

Reported horizontal wells for operators ranged from 1 to 670 wells. No significant 

correlation between operator size and average water use for horizontal wells was seen (R2 = .11; 

p > 0.05; Figure A8). The same result is seen when normalizing water use for HF per foot of 

lateral length for various operator sizes (Figure A9). Therefore, the size of operator does not 

appear to affect the amount of water used for HF. 

 

3.7.4.3  Formation 

The primary formation targeted for petroleum extraction is the Niobrara shale formation 

(85% of all wells), with a majority of the remaining wells targeting the Codell Sandstone (13% 

of all wells). The average water use for all wells drilled in the Niobrara and Codell is .84 AF/well 

and .19 AF/well, respectively. The average depth of the Niobrara formation is approximately 

7,000 feet, with the Codell sandstone located slightly deeper at an average of 7,300 feet (Higley 

2007). The minimum average water use per well is for the Greenhorn formation 

with .0015 AF/well (Figure A10). The Greenhorn formation is located deeper than the Niobrara 

and Codell formations, indicating that although the Niobrara has the shortest vertical distance for 

drilling, longer horizontal laterals increase the average water use more significantly than vertical 

distance.   

 

3.7.4.4  Price of Crude Oil 

The monthly price of a barrel of crude oil in Colorado and the number of wells drilled 

within the South Platte follow a similar pattern over the 12-year period of study (Figure 10). 

While this is not a surprising finding, it emphasizes the role that economics have in controlling 

the production of oil and gas, and thus dictating water use for unconventional energy 

development, likely more so than lateral length, operator, and formation. Deviations in the 

number of wells drilled versus the price of crude oil is likely attributed to the price of natural gas 

in those particular months (not pictured). An increase in the price of natural gas would 

compensate for any downturn in the price of oil, which would maintain drilling rates in the area.   
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Figure 3.10. Price of a barrel of crude oil ($/barrel) in Colorado versus total number of wells 
drilled in the SP Basin. 

 

3.7.5 Comparison to Other Shale Plays 

The mean water use for horizontal wells in the South Platte (10.4 AF) is notably less than 

the higher end of HF water use for horizontal wells across the nation as seen in Figure A11, 

which consists of the Barnett using an average of 15.3 AF per horizontal well (Nicot, Scanlon et 

al. 2014), the Eagle Ford using 14.8 AF (Scanlon, Reedy et al. 2014), and the Marcellus using 

approximately 13.5 AF (Arthur, Uretsky et al. 2010). However, the DJ value is higher than the 

lower and mid-region scales of water use across the nation (California Monterey (.4 AF) 

(Freyman 2014), Permian (3.4 AF) (Freyman 2014), Bakken (6.8 AF) (Scanlon, Reedy et al. 

2014)). Overall, mean HF water use for horizontal wells in the DJ Basin is near average on a 

national scale. Variability in HF across the shale plays is due to variations in rock composition 

and structure, depth of targeted formation, thickness of formation, length of lateral wells, etc.  

 

3.7.6 Comparing Water Use across Sectors 

The percentage of consumptive water use for agriculture, industry, municipalities and HF 

are compared on a state-, basin-, county- and city-scale for 2014 (Figure 11). Water use for 

agriculture dominated state-, basin- and county-scales (85% for the state of Colorado, 68% for 

the South Platte watershed and 86% for Weld County). Water use for municipal demand was 

most significant for the city of Greeley at 65%. Water used for HF accounts for .24% for the 

state’s consumptive water demand, .73% for the basin’s water demand, 2.44% for the county 
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water demand and 6.9% for the city of Greeley. Water use for HF becomes more significant on a 

county level, even when the county experiences high irrigation for agriculture. The water used 

for HF within Weld County in 2014 (16,900 AF) was enough to supply 93,900 people (35% of 

the population) for a year (assuming 160 GPD and current population of 270,560), accounting 

for 3% of the 630,000 AF municipal demand increase expected in 2030.  

 

 

Figure 3.11. Consumptive water use in 2014 for agriculture, industry, municipalities and oil and 
gas development for Colorado, South Platte basin, Weld County and Greeley, CO. Percentage 
indicates water use for HF. 

 

Energy companies often acquire water through leased irrigation or city water, or through 

a water provider selling raw water and/or treated waste water (DWR 2014). This process requires 

court approval and is a difficult process to track through the Colorado Division of Water 

Resources database. As a result, it is difficult to document the source of water for HF in 

Colorado. Some energy companies pay up to $3,500 for an AF of potable water, while farmers 

and ranchers often pay as little as $35, hence there are obvious economic incentives for cities to 

sell their fresh water supplies to energy companies (Healy 2012, McClurg 2014). The city of 

Greeley, located in Weld County, recorded up to 1,600 AF of water sold to energy companies in 

2012, accounting for approximately 7% of the city’s total water use (enough to supply 11,800 

people, or 12% of Greeley’s population, at current GPCD (121 GPCD)) (COGA 2014). Water 

use for HF on a county scale represents a significant amount of water when dealing with a region 

that is expected to experience future water shortages as population increases and climate change 

reduce the amount of snowpack driven water in the system. On a city scale, where water use for 

agriculture is a much smaller fraction, water use for HF becomes even more significant. 
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Therefore, the significance of water use for HF on a city and county scale generates a need to 

include water use for HF in planning and future management decisions.  

 

3.7.7  Produced Water Management Opportunities 

If all produced water within the South Platte was treated and reused for HF in 2014 (7590 

AF), this would be equivalent to the water used to hydraulically fracture 670 wells (42%) within 

the South Platte and enough to supply 1% of the municipal demand. Produced water within Weld 

County in 2014 (3640 AF) could also irrigate approximately 1800 acres within Weld County 

(1%) if tailored to application needs and would supply 6% of the municipal demand. Although 

this number seems small, it could play a critical role in satisfying the predicted unmet demand 

(500,000 AF by 2050).  

Increased oil and gas activity in Colorado has generated significant wastewater at all 

scales. In Colorado, a majority of produced water is injected into the ground or trucked to 

evaporation ponds. In January of 2014, various stakeholders engaged in the first conversation 

regarding potential re-use of produced water from oil and gas operations in the Western slopes of 

Colorado as Colorado’s water supply becomes scarcer (CDR 2014). This discussion involved 

political, regulatory, geographical, social and technical issues. The re-use of produced water is an 

attractive solution to all stakeholders involved, as it can 1) limit the amount of trucking and 

handling costs associated with injection, 2) create a new water supply for agriculture and 

municipal use, and 3) increase research in the area of produced water treatment, further reducing 

the cost of treatment.  

Some methods for re-use include: dust suppression, helping meet Colorado River 

Compact obligations, or use for augmentation water (Guerra, Dahm et al. 2011, CDR 2014). 

Some major concerns associated with produced water re-use include 1) current economics not 

supporting the cost of treating produced water to reach quality levels for municipal and 

agricultural use, 2) logistical challenges with transporting and storing water, 3) regulatory 

impediments (permitting time delays, water rights issues, etc) and 4) health concerns associated 

with exposing land, food and water to constituents typically found in produced water.  

Transparency of the actual risks and benefits involved with produced water re-use is 

critical for the public to get involved and to have an accurate understanding of the reality of oil 

and gas operations in their area. A life cycle assessment of the region specific produced water 
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treatment and management options in the Niobrara should be performed, similar to the study 

done by Coday et. al. (2015) in the Haynesville formation in Texas. This will allow companies to 

determine the economic sense of re-use. Recent literature has directly associated disposal wells 

with earthquakes, which will lead to tighter regulations for deep well injection (Weingarten, Ge 

et al. 2015). As a result, Colorado should be on the front-end of these regulatory changes in 

finding alternatives for produced water management.  

 

3.8 Conclusions 

Identifying correlations between water use for HF and lateral length, operator, direction 

and formation is important to better understand and predict future HF water use within the South 

Platte and in similar regions in Colorado. Water reuse within and between energy, agriculture 

and municipalities may help close the predicted gap in state-wide water supply (estimated at 

500,000 AF in 2050), and therefore should be considered as a potential solution (CWCB 2010). 

Changes in Colorado water policy to provide incentive for recycling and reusing water are also 

necessary to allow interactions and water transfers between regional stakeholders. An integrated 

decision support system for the South Platte that includes future water use predictions for energy 

development with recycling and reuse scenarios is also necessary to help quantify the hydrologic 

benefits of recycling and reusing produced water for multiple purposes and the potential impacts 

of future climate variability and population change.   
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CHAPTER 4  

CONCLUSIONS 

 

This thesis quantified water use for hydraulic fracturing in the South Platte basin of 

Colorado, where a severe increase in horizontal drilling occurred in 2010 as a result of 

exploration in the Niobrara shale play. Produced water was also quantified in the basin and re-

use scenarios were explored if all of this water was treated for non-potable or potable re-use. In 

addition, a production time series was included to show trends in produced water, oil and gas 

intensities from a well in the first 24 months of production. The IHS and FracFocus databases 

were compared to determine similarities (or dissimilarities) in reporting. This thesis also 

explored different production variables that might impact water use for hydraulic fracturing. 

These production variables include lateral length, targeted producing formation, operator and the 

price of natural gas and crude oil.  

 

4.1 Summary of water use for unconventional energy development in the South Platte 
basin, Colorado 

Water use for hydraulic fracturing and produced water volumes began to increase in 2010 

as the number of horizontal wells began to increase. Produced water volumes in the first 24 

months of production are approximately 12% of the amount of water used for hydraulic 

fracturing in the South Platte basin. From conversations with operators, this number appears to 

be similar to what is seen on-site. The 24-month production time series for oil, gas, and water 

indicate that there is an initial increase in production in the first six months, and then it begins to 

decline until it approaches a fairly consistent production rate. In a comparison between the IHS 

and FracFocus databases, it was difficult to conclude whether or not these two sources have 

similar reporting numbers because water use for hydraulic fracturing was not required by the 

state of Colorado to be reported to FracFocus until mid-2012. Additionally, IHS 2014 data was 

not complete due to the time the numbers were retrieved for this study. However, the only year 

with complete information for both databases was 2013, which showed very similar results. 

Therefore, we posit similar results would be seen for 2012 and 2014 if there had been a full 

dataset.  
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Correlating production variables with water use for HF concluded that there is a direct 

correlation between lateral length and water use for HF (R2 = .7, p-value << .05). Water use does 

not appear to correlate with operator or targeted producing formation; however, it does appear to 

be most correlated to the price of crude oil. As the price of crude oil increased, a simultaneous 

increase in drilling was observed.  Water use for HF in the Niobrara falls in the middle of water 

use for all of the other major shale plays. Water use for HF accounts for .24%, .73%, 2.44% and 

6.9% on a state, basin, county and cite scale, respectively. Water used for HF in Weld County in 

2014 (17,000 AF) was enough to supply 35% of the population in 2014. Greeley, CO sold 1600 

AF of water to oil and gas companies for $3500/AF, while farmers typically pay $35/AF. Water 

use for agriculture is approximately 85% of the state and county water budget. If all produced 

water within the South Platte was treated and reused for HF in 2014 (7590 AF), this would be 

equivalent to the water used to hydraulically fracture 670 wells (42%) within the South Platte 

and enough to supply 1% of the municipal demand. Produced water within Weld County in 2014 

(3640 AF) could also irrigate approximately 1800 acres within Weld County (1%) if tailored to 

application needs and would supply 6% of the municipal demand. 

 

4.2 Implications and future work 

Water, food and energy security has become a major concern among semi-arid regions as 

these competing demands continue to put a stress on local water supplies. In addition, climate 

change is altering the timing of snowmelt and runoff, making it harder to plan for the future. 

Follow-up work to this thesis includes performing a historical monthly surface water balance to 

see if there have been any changes in hydrologic variables in the basin over time. Additionally, 

future water availability is being explored within the basin by evaluating scenarios of climate 

change and future water use in the energy, agriculture, and municipal sectors. Results from this 

thesis on water use for unconventional energy development are serving as an input for future 

water consumption for energy in the scenario analysis. We employ downscaled climate 

projections for this region to quantify the potential range of water availability in the basin under 

multiple scenarios, and observe whether or not, and to what extent, climate impacts the 

management decisions at the basin level. This analysis will include a monthly and annual 

timescale to target certain months of water shortage or water surplus and ultimately help with 

reservoir storage planning and management.  
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APPENDIX A: ADDITIONAL FIGURES 
 

Section A. Cumulative distribution function plot of water used for hydraulic fracturing 
 

 

Figure A1. Cumulative distribution function (cdf) of water used for horizontal hydraulically 
fractured wells from 2009-2014 within the South Platte. 2003-2008 not shown due to lack of 
horizontal well data. N indicates number of wells drilled per year. 
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Section B. Oil and gas production in the South Platte basin. 
 

 

Figure A2. Produced oil from active wells from 2003-2014. Darker blue indicates producing 
wells within Weld County; light blue is for the entire South Platte basin. 

 

 

Figure A3. Produced gas from active wells from 2003-2014. Darker blue indicates producing 
wells within Weld County; light blue is for the entire South Platte basin. 

 

Unit Conversions for oil and gas production calculations: 

 

1 barrel oil equivalent (BOE) = 5.55*106 BTU (British thermal unit) 

1 million cubic feet (MCF) gas = 1.02*106 BTU 
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Section C. Spatial plots of unconventional energy development in the South Platte basin.  
 

(a)      (b) 

 

 

 

 

(c)           (d) 

Figure A4. (a) Water use for HF within the South Platte. (b) Produced water from active wells 
within the South Platte from 2003-2012. A majority of well production is assumed to occur 
within the first two years of drilling;5  (c),(d) Produced gas and oil from active wells within the 
South Platte from 2003-2012. Green indicates the highest amount of produced oil and gas; red 
indicates lowest.  
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Figure A5. Water intensity (defined as the amount of water used for HF (AF) per BTU of energy 
produced from oil and gas) throughout the Wattenberg Field as an indication of water efficiency 
for oil and gas production. Blue indicates high water use per BTU; light green indicates low 
water use (higher efficiency). Only wells from 2003-2012 are shown. The majority of production 
occurs within the first two years from drilling date (hence 2013 and 2014 not shown as the full 
production period has not yet occurred). 
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Section D. Water use for unconventional energy development: lateral length, operator size, 
formation 

 

 

Figure A6. Water use for HF versus lateral length with increasing trend line (R2 = .7; P-value << 
0.05). All wells from 2003 to 2014 within the South Platte are shown.  

 

 

Figure A7. Water volume for HF per foot of lateral from 2003 to 2014 within the South Platte. 
2003 to 2007 not shown due to lack of horizontal well data. Green “X” indicates mean water use 
per foot of lateral length; red represents median; blue bounding box is 25th and 75th percentile; 
black bounds are minimum and maximum values excluding outliers. 
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Figure A8. Boxplot of operator size (number of horizontal wells drilled from 2003 to 2014 
within the South Platte) versus water used per horizontal well. Red line indicates median, green 
“x” and trendline represent the mean water use. Blue bounding box represents 25th and 75th 
percentiles. Black box is minimum and maximum water use values (excluding outliers). 

 

 

Figure A9. Boxplot of operator size and water used for HF. Operator size is number of 
horizontal wells drilled per company. Green trend line is for mean water use. Red line = median; 
blue lines = 25th and 75th percentiles; black lines = minimum and maximum; outliers excluded. 
Trend line is insignificant (P-value >.05). 
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Figure A10. Boxplot of water use for HF for main producing formations within the Denver-
Julesburg Basin. N = 378 (Codell); N = 22 (Fort Hays); N = 3 (Greenhorn); N = 1719 (Niobrara). 
Red is median; blue lines are 25th and 75th percentiles; black is minimum and maximum water 
use 
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Section E. Comparison of water use for multiple shale regions.  
 

 

 

 

Figure A11. Average water use for horizontal wells for multiple shale plays and regions. 
California Monterey (Freyman 2014); Permian (Freyman 2014); Bakken (Scanlon 2014); 
Niobrara (this study); Marcellus (Arthur 2010); Eagle Ford (Lund 2014); Barnett (Nicot 2010) 
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