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Abstract
Hydraulic fracturing activity has increased rapidly in the U.S. over the last decade and a half. During this 
time, operators have learned to complete wells that are more productive by increasing the amount of water, 
among other inputs, used in well stimulations. Since many unconventional oil and gas plays are located 
in relatively arid regions, the industry’s increasing water use has created concerns over its impacts on local 
availability. However, management of water resources in these areas is complicated, partly due to state 
laws that largely allow unrestricted groundwater pumping by landowners, but also because the industry’s 
reporting of water use is not particularly transparent. In this paper, I study two interrelated issues on water 
use in hydraulic fracturing. First, using a proprietary dataset of well-level completion reports in Texas, I 
show how operators’ propensity to report detailed information on water use varies depending on whether 
the well is located within a groundwater conservation district. Second, I show a causal link between water 
use in hydraulic fracturing and declining local groundwater levels. The findings are helpful to inform dis-
cussions about the management of groundwater resources by shedding light on the importance of precise 
data on both the industry’s use and on water availability. Potential policy considerations include expanding 
reporting requirements to include total water use per well by both source and type, and incentivizing oper-
ators to use online water sourcing methods that would enable formal accounting for water transactions.

JEL Codes: P28, Q25, P48, Q01, N52, Q33

Key Words: Hydraulic fracturing, water use, groundwater, reporting, energy policy
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Introduction
High-volume hydraulic fracturing, conducted after the drilling of a wellbore, is the primary completion 
technique used to stimulate the flow of hydrocarbons from low-permeability, unconventional reservoirs. 
Its use has increased rapidly in the U.S. over the last decade and a half, and a common complaint among 
communities located near unconventional oil and gas production is that they felt unprepared to handle the 
rapid pace of its development, especially the water use of the industry (Freyman 2014; Gold 2014). Over 
time, an increasingly large volume of water has been used to stimulate each well, heightening concerns 
over the potential impacts on local availability.1 According to U.S. EPA (2016), the impacts on groundwa-
ter can be large, although they are dependent on the balance between withdrawals and the resource stock 
and recharge rate at a given point.

In my dataset, median water use for a horizontal well was almost 11.2 million gallons in Texas in early 
2017, which is up from about 3.8 million in 2012. In the Permian Basin in west Texas, where the larg-
est share of unconventional oil is now being produced,2 median water use per well was over 14.6 million 
gallons in early 2017—the equivalent to supplying about 91,000 average two-person U.S. households 
with water for a day, or 250 households with water for a year.3 Although they are helpful in characteriz-
ing the water use of the industry, previous studies in the economics and natural sciences literatures have 
only descriptively analyzed the industry’s historical water use and its future needs, and discussed potential 
externalities affecting local water quality and availability.

In this paper, I am the first to empirically investigate two interrelated issues concerning the industry’s 
water use. First, using a unique dataset of completion reports for hydraulically stimulated wells in Texas,4 
I analyze the influence of local groundwater management regimes on the level of detail that upstream oil 
and gas producers (operators hereafter) use when reporting their water use. I test the hypothesis that com-
pletion reports submitted for wells located in a groundwater conservation district (GCD) are less detailed, 
i.e., contain the bare minimum information on water use that is required, relative to those for wells not in 
a GCD. Since operators prefer freshwater due to little or no costly purification or treatments needed to 
make it usable, I argue they also have preferences for a continued ability to use freshwater.5,6,7 Given plau-
sible operator knowledge on the effects of their water use, concerns over water availability in Texas, and 
expectations over future regulations that may increase the costs to access and or acquire water, it is clear 
they have an incentive to leave less of a paper trail when reporting water use, particularly in water-scarce 
areas (hence, the need for GCDs).

Second, I use a high-frequency dataset from the Texas Water Development Board (TWDB) to test the 
hypothesis that the amount of water used in hydraulic fracturing is large enough to have an empirically 
discernable effect on groundwater levels near unconventional oil and gas development. Since surface waters 
are owned by the state of Texas and surface water rights are allocated, this issue is made more salient by the 
fact that lucrative markets have developed throughout the state where landowners sell their water rights 
and or pump groundwater in relatively unrestricted quantities and sell it to operators or other midstream 

1  Concerns over water availability have mounted from episodes of dry water wells, including in several towns in west and south Texas, with one 
reported to have had to truck in bottled water for its residents. Source: https://www.texasobserver.org/big-spring-vs-big-oil/.
2  Source: https://www.eia.gov/petroleum/drilling/#tabs-summary-2.
3  Calculation based on an average two-person household consuming 160 gallons of water per day (USGS 2016). 
4  Dataset provided by Primary Vision in Houston, Texas: http://www.pvmic.com/.
5  Freshwater is preferred since it is a less expensive (and usually timelier) input than recycled wastewater or other alternatives, even after paying 
for the disposal of wastewater.
6  According to Stepan et al. (2010), transportation represents the largest component of water handling costs. In North Dakota, they estimate 
acquisition and transportation costs of raw water at $0.25-$1.05 per barrel (42 gallons) and $0.63-$5.00 per barrel, respectively, and transportation 
and deep-well injection costs associated with wastewater at $0.63-$9.00 per barrel and $0.50-$1.75 per barrel, respectively.
7  In 2012, the costs associated with the removal of total suspended solids and total dissolved solids from hydraulic fracturing wastewater were 
estimated to be $3.00-$6.00 per barrel and $20.00 per barrel, respectively. Source: https://www.waterworld.com/articles/wwi/print/volume-27/
issue-2/regional-spotlight-europe/shale-gas-fracking.html.
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water distribution firms.8 Larger effects of the industry’s water use are expected in the more arid regions, 
such as those where the Permian and Eagle Ford Basins are located, where most of the hydraulic fracturing 
activity is occurring and groundwater is the primary source of water for drilling and completion activities.9 

I find that operators of wells located in a GCD area are more likely by 1.3–2.8 percentage points to omit 
key details of their water use. I also find a similar relationship with respect to actual water use, as the 
propensity to report more than a minimum amount of detail decreases with larger amounts of water used 
to stimulate a well, and for horizontally and directionally drilled wells relative to their vertically drilled 
counterparts. These findings are consistent with the idea that operators respond to disclosure requirements 
in strategic ways, particularly if they forestall other regulations that are expected to be costlier (Lyon and 
Maxwell 2004; 2008). In the model of groundwater levels, I show a causal link between the volume of wa-
ter used in hydraulic fracturing and declining groundwater availability. I estimate that a 73-million-gallon 
increase (roughly five new 2017 Permian Basin wells) in the monthly amount of water used in hydraulic 
fracturing within a 10-mile radius of a groundwater monitoring station leads to a drop in the groundwater 
level by 1.93 feet. I also find heterogeneous impacts for cumulative water use in GCD vs. non-GCD areas, 
and in the Permian and Eagle Ford regions relative to other areas in the state. The findings in this paper 
provide the first credible evidence that water use in hydraulic fracturing affects local water availability, and 
they emphasize the importance of transparency in reporting for water management. 

Literature Review
A growing literature in economics has studied many of the positive and negative local economic impacts 
of the “shale boom.” The general consensus is that the economic benefits are large, but further research is 
needed to understand the magnitude and extent of the negative effects (Mason et al. 2015). Bartik et al. 
(2017) study the local welfare consequences and estimate a willingness to pay to prevent reductions in 
local amenities, but also a willingness to pay for allowing unconventional oil and gas development, with 
significant heterogeneity across regions. These results align with the findings of other studies of residents’ 
attitudes and risk perceptions toward hydraulic fracturing, which are predominantly based on prior expe-
rience and familiarity with the oil and gas industry, but also how well the impacts are understood by both 
stakeholders and non-stakeholders (e.g., Schafft et al. 2013; Boudet et al. 2014; and Boudet et al. 2016). 

Real estate is one of the primary markets that has been studied in this context. It has seen positive shocks 
from the industry’s demand for leased acreage (or access to mineral rights), and negative shocks due to 
concerns over the potential for domestic water supply contamination and other issues associated with 
proximity to development (Muehlenbachs et al. 2015; Weber and Hitaj 2015; Weber et al. 2016; and 
He et al. 2017). The results of other studies investigating the positive impacts of unconventional oil and 
gas development mostly echo those in previous studies of resources booms. They have found significant 
increases in local employment rates, wages, and tax and royalty revenues (Feyrer et al. 2017), and large 
benefits of natural gas consumption for residential, commercial, industrial, and electric power sectors 
(Hausman and Kellogg 2015). Selected studies of the negative impacts have found that a close proximity 
to oil and gas development has adverse effects on fetal health (Currie et al. 2017), and that there can be 
increases and decreases in crime rates ( James and Smith 2017; Street 2018). Significant increases in the 
number of vehicular accidents and significant road deterioration have also been found, due to new popula-
tions and heavy truck traffic brought in by unconventional oil and gas development activities (Graham et 
al. 2015; Rahm et al. 2015; and Muehlenbachs et al. 2017). 

8 Scanlon et al. (2014b) describe how landowners commonly negotiate lease addenda that stipulate operators must purchase their freshwater, 
which provides an additional revenue stream beyond bonus and royalty payments. In cases of severed mineral ownership, selling water may provide 
the only revenue stream for the surface owner.
9  Nicot et al. (2012) estimate that in the Permian and Eagle Ford Basins, groundwater accounts for 100% and 90%, respectively, of the water used 
in hydraulic fracturing. They estimate lower portions of groundwater use in the Anadarko (80%) and East Texas (70%) Basins. Nicot et al. (2014) 
estimate groundwater use at between 30-50% in the Barnett Shale. The other portions come from surface water sources.
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Aside from these more “general” economic impacts, there is an increasingly expansive literature on the 
localized environmental effects, which includes qualitative review papers that are helpful to characterize 
benefits, environmental risks, and other costs of unconventional oil and gas development (e.g., Fitzgerald 
2013; Jackson et al. 2014; Burnett 2015; Krupnick and Gordon 2015; and Mason et al. 2015). Quantita-
tive studies have primarily addressed the effects on: air quality and greenhouse gas emissions (e.g., How-
arth et al. 2011; Knittel et al. 2015; and Holladay and LaRiviere 2017); induced seismic activity associated 
with wastewater disposal (Ellsworth 2013; Walsh and Zoback 2015); agricultural production (e.g., Hitaj 
et al. 2014; Farah 2017); and the effects of mechanisms aimed at internalizing some of the externalities 
associated with development (Black et al. 2017; Lange and Redlinger 2019). In addition to studying the 
welfare implications, Hausman and Kellogg (2015) discuss limitations of the current regulatory envi-
ronment for unconventional natural gas development and emphasize that “more data are needed on the 
extent and valuation of the environmental impacts.”

Outside of studies on the effects on surface water quality (Olmstead et al. 2013), drinking water quality 
(Hill and Ma 2017), the displacement of water use in agriculture (Hitaj et al. 2017), and the effects of 
drought on hydraulic fracturing productivity (Stevens and Torell 2018), the only studies on water-relat-
ed issues have come from a purely descriptive narrative. In particular, they have only generalized about 
water use trends and availability, estimated total consumptive water use (e.g., life cycle modeling of water 
withdrawals and use), forecast future water use in the industry and discussed potential implications for 
local availability, or described potential externalities associated with the industry’s water use.10,11 Empirical 
studies on the industry’s water use have largely escaped the literature, and a causal link has not made be-
tween water use in hydraulic fracturing and local water availability—an important consideration given the 
mounting anecdotal evidence of water scarcity in regions with extensive hydraulic fracturing activity.12 

The primary reason for the lack of empirical literature on this issue is due to data availability on two 
dimensions. First, high-resolution data on water availability is limited, and Texas is the only state with 
expansive, frequently collected data on groundwater levels in areas with and without hydraulic fracturing 
activity. Second, there is relatively poor quality in the data on water use reported by operators, and the 
level of detail varies significantly across states, mostly attributable to differences in reporting requirements, 
among other barriers.13 The combination of horizontal drilling and hydraulic fracturing is one of the most 
important technological advancements to the oil and gas industry. However, it was not until February 
2012 that operators in Texas became required to report total water use, chemical ingredients, and other 
additives in hydraulic fracturing fluids to fracfocus.org.14,15 Even today, they are still not required to report 
detailed information on the type nor source of water used in well stimulations, which has led to a nontriv-
ial amount of variability in the level of detail that is reported by operators within the state. 

10  Examples of studies from the natural sciences literature include Mielke et al. 2010; Nicot 2012; Nicot and Scanlon 2012; Rahm and Riha 
2012; Mitchell et al. 2013; Scanlon et al. 2013; Nicot et al. 2014; Rahm and Riha 2014; Scanlon et al. 2014a; Scanlon et al. 2014b; Vengosh et 
al. 2014; Small et al. 2015; Barth-Naftilan et al. 2015; Kondash and Vengosh 2015; Horner et al. 2016; Scanlon et al. 2016; Scanlon et al. 2017; 
Kondash et al. 2018; and Lin et al. 2018.
11  Examples of studies from the economics literature include Burnett 2013; Muehlenbachs and Olmstead 2014; Olmstead and Richardson 2014; 
and Kuwayama et al. 2015.
12  See Appendix A.4 and Kusnetz (2012) and Goldenberg (2013) for more on the early anecdotes.
13  The water type(s) used (i.e., fresh, salt, produced, or recycled water), the exact source(s) (i.e., surface water bodies, groundwater aquifers, 
freshwater or produced water storage pits, and municipal wastewater sources), and location(s) (i.e., grid coordinates) where operators obtain water 
have long been oilfield mysteries. 
14  The national chemical disclosure registry for the hydraulic fracturing industry, which is managed by the Groundwater Protection Council and 
Interstate Oil and Gas Commission.
15  House Bill 3328, Texas Legislature. September 1, 2011.
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Strategic reporting in response to disclosure requirements is not a new phenomenon, especially in indus-
tries that routinely face environmental scrutiny.16 In the context of the hydraulic fracturing industry, Fetter 
(2017) studies how state-level disclosure regulations affect operators’ use of toxic additives in hydraulic 
fracturing fluids. The findings provide evidence of behavioral changes in operators’ use of toxic chemicals 
in development activity, and suggestive evidence that operators increased their use of “proprietary” chemi-
cals over time. Fetter et al. (2018) study how firms learn about additives used in hydraulic fracturing fluids 
and discuss a common concern for disclosing too much information to the public or competitors, plausi-
bly for reasons such as environmental integrity and trade secrets. Other studies have also found episodes 
of strategic behavior by operators in the oil and gas industry, including experienced firms exhibiting less 
deterrence from regulations (Maniloff 2019) and general avoidance behavior toward obligations for the 
environmental remediation of oil and gas wells (Muehlenbachs 2012), which is intuitive as the impacts of 
such regulations can be disproportional and more burdensome to smaller firms.17 

Given the typical high concentration of wells associated with unconventional oil and gas development, if 
many new wells in an area are due to be stimulated and operators obtain water from the same or a con-
nected source, there is potential for aquifer drawdown or reductions in water availability to occur more 
quickly than optimal. The potential for aquifer depletion is also greater in arid regions, during times of 
drought, the summer months, and in cases where the water source is a groundwater aquifer with little or 
no natural recharge. This paper contributes to the literature by studying empirically the link between the 
industry’s water use and groundwater levels and providing details on the underlying incentive structure 
and behavior of operators when reporting their water use, who can choose the amount of detail to report.18

Background
Water Use in Oil and Gas
Water use in the oil and gas industry has a long history, yet the advent of hydraulic fracturing has made 
its use a new focus. While the industry’s aggregate water use is small when compared to other uses,19 it 
can be significant at the local level, sometimes constituting over 50% of total water use—more than the 

16  Building on the work of Lyon and Maxwell (2004; 2008), Chatterji and Toffel (2010) show that an organization’s responses to institutional 
pressure are heavily influenced by both the marginal cost and perceived benefits of responding. They find that, among firms receiving poor 
environmental ratings, those in environmentally sensitive industries are especially likely to improve performance, given their heightened scrutiny 
and potential to be inspected. Doshi et al. (2013) study an environmentally important disclosure program, the Toxic Release Inventory and later 
expansions requiring establishments to report waste, transfers, and releases of certain toxic chemicals under the U.S. Emergency Planning and 
Community Right-to-Know Act of 1986, and find heterogeneous responses by firms mandated to disclose certain toxic chemicals. Such programs 
are also common in relation to carbon emissions and climate change. For example, in a study of the effectiveness of mandatory state-based carbon 
reporting programs and the voluntary Carbon Disclosure Project, Matisoff (2013) finds that how information is reported to stakeholders is an 
important consideration for a program to be effective.
17  In a study of the effects of changes in environmental regulations on oil and gas development in North Dakota and Montana, Lange and 
Redlinger (2019) show compositional shifts occur within the industry and that smaller operators are more burdened by such regulations and 
frequently exit the industry.
18  For example, operators might report an ambiguous total “water” volume, making the actual water type used unascertainable in order to 
strategically limit transparency, or even limit the potential for interaction with local institutions that regulate water use or access to water, 
plausibly in an attempt to delay or prevent future regulations on accessing freshwater. Further, since FracFocus data are publicly available, the 
platform also acts as a source to learn about water, sand, and chemical use in hydraulic fracturing fluids, and operators may wish to keep their 
fluid mix as proprietary in order to limit other operators from gaining knowledge about hydraulic fracturing fluids. Although water type and 
source are not required on completion reports submitted to FracFocus, it makes rational economic sense for an operator that used freshwater 
to be less transparent in its reporting if it prefers a continued ability to use freshwater without regulations. This contrasts with an operator that 
predominantly uses alternative water types, such as saltwater or recycled wastewater, who intuitively would have preferences to make public its 
smaller freshwater footprint. 
19  Kondash and Vengosh (2015) estimate hydraulic fracturing accounts for 0.04% of total fresh water use per year in the U.S. Nicot and Scanlon 
(2012) estimate that its water use in shale gas extraction accounted for <1% of annual total water use in Texas, but in the Barnett shale, it was 
nearly 9% of the total water use by the city of Dallas. 
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combined use of domestic, agriculture, and other industries—in certain counties in Texas.20,21,22,23 Figures 1 
and 2 illustrate two trends in drilling activity and water use per well in the Permian Basin. Figure 1 shows 
a declining number of (less economical) vertical wells; and an increasing number of horizontal and direc-
tional wells until roughly October 2014, and a slightly declining number thereafter.24 The decline is likely 
due to the drop in the world oil price, but also from operators drilling fewer, but longer and more efficient 
wells, which achieve greater total oil and gas recovery that effectively lowers drilling and completion costs 
per unit of production.25 Drilling fewer wells, and concentrating them to fewer well pads, is also desirable 
for local communities as there is less disturbance to the surface (i.e., changes to land use), and the impacts 
of other disamenities associated with well pad development are less severe. 

Figure 2 shows how the median reported volume of water used has decreased over time for vertical wells, 
but increased for horizontal and directionally drilled wells.26 There are two reasons for the increasing 
amount of water used. The first is that operators began drilling longer horizontal wellbores, which system-
atically increases total water use. The second is that more water was used per horizontal foot of wellbore. 
Increasing the water and associated stimulation pressure in the wellbore creates larger fracture networks 
that effectively expose more pathway from the producing formation to the wellbore, making the well more 
productive (Abramov 2016).

Although the impacts of large water withdrawals over a short period mostly depend on availability and 
competing water users at a given point, withdrawals still can exacerbate local water scarcity, especially 
during times of drought such as the one in Texas in 2011 (U.S. EPA 2016). Since a large quantity of water 
is needed on the well pad before each well is stimulated, a concentration of new wells due to be drilled 
can lead to an abrupt increase in water use in a relatively small area. Data on water use by the industry is 
therefore crucial in order to understand how its future development may affect local water availability, de-
termine appropriate water management objectives, and aid in the design of socially efficient water policies, 
especially since the majority of the industry’s water use is consumptive.27

Texas Oil and Gas Water Markets — Informal and Formal
The regions in Texas with the most hydraulic fracturing activity (west and south) are also areas that ex-
perience low rainfall and groundwater recharge, meaning that withdrawals in these areas typically have a 
larger impact on water availability. Figure 3 provides a map of rainfall in Texas.28 The majority of hydrau-
lic fracturing activity occurs in the arid parts of the state,29 and operators in these areas face two primary 
water problems. The first is locating and acquiring, i.e., sourcing, water in a timely manner before hydraulic 
fracturing stimulation occurs; and the second is disposing, treating, or reusing wastewater that is produced 
throughout the life of a well (Carr 2017). Due to the institutions governing mineral and groundwater 
20  Source: https://www.scientificamerican.com/article/analysis-fracking-waters-dirty-secret/.
21  Source: https://insideclimatenews.org/news/15082018/fracking-environmental-impacts-data-water-usage-oil-natural-gas-sand-pollution-study.
22  In certain counties in Texas, water use by the industry is significantly over 100% of total water use (i.e., if water must be transported in). 
Source: https://www.texastribune.org/2014/02/18/water-fracking-counties/.
23  Many of the counties with significant drilling activity and large industry water use are also in drought-prone regions (Freyman 2014). 
24  Many early wells in the Permian Basin were drilled vertically and in large clusters to maximize formation exposure.
25  Source: https://info.drillinginfo.com/permian-basin-production/.
26  Since operators do not know with complete certainty what the underlying geology of an oil and gas-bearing formation contains, operators 
routinely drill an initial “test” well that serves two primary purposes: 1) drilling the first well on a lease (such that it produces in paying quantities) 
enables operators to hold the lease by production and grants them the option to drill additional wells thereafter (Herrnstadt et al. 2019); and 
2) to learn about the geology below (Agerton 2019), which intuitively is helpful to inform completion designs of subsequent wells and develop 
more precise expectations about future production. Taken together, and even if smaller wells are drilled (e.g. vertical wells or shorter horizontal 
wells that use less water and other inputs) that may not be profitable, these initial wells serve a strategic purpose and plausibly contribute to the 
declining amount of water used in vertical wells.
27  See Appendix A.3 for more information on the life cycle of water used in hydraulic fracturing.
28  A map of groundwater recharge rates, which exhibits similar spatial characteristics to the rainfall map in Figure 3, is available in Estaville and 
Earl (2008) or at http://texasaquaticscience.org/aquifers-springs-aquatic-science-texas/. 
29  The major unconventional oil and gas plays and where hydraulic development is occurring in Texas can be seen in Figure 5. Figures 3 and 5 are 
helpful to characterize where water availability may affect water use in hydraulic fracturing and vice versa. Appendix B describes each of the oil 
and gas plays in more detail. 
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rights in Texas, which treat them as private property (more on this in the next section), informal (and 
some formal)30 markets have developed where in addition to leasing their mineral rights, many landowners 
lease their water rights and or sell groundwater to the industry for use in hydraulic fracturing.

Evidence of the scale of the informal markets is apparent in Hitaj et al. (2017), who show that water use 
in hydraulic fracturing has displaced some agricultural irrigation water in several states, indicating that 
water is flowing to higher-valued uses. In Texas, Goldenberg (2013) reports anecdotal estimates from a 
landowner, who installed a groundwater pump and two storage tanks for use in a new business of selling 
water to the industry, and said that his well could pump enough to fill 20–30 water trucks for the industry 
each day. At $60 per truck, a back-of-the-envelope calculation shows this water provision could be worth 
nearly $40,000 per month in revenue.31 Further, the landowner mentioned that if he was open to install-
ing more pumps, he could easily increase capacity to fill 100 trucks per day. Due to large rents available to 
landowners with access to groundwater, a “race to pump” began in areas with increasing hydraulic fractur-
ing activity, creating concerns about depleting water resources too rapidly and imposing external costs32 on 
other water users. This common pool resource dilemma appears to be more pronounced in Texas due to 
its rule of capture law (see the next subsection) and the aridness of the major unconventional oil and gas 
producing parts of the state. Additionally, in several counties, there are tax write-offs available for aqui-
fer drawdown, meaning that landowners with water rights can profit from selling water, which in effect 
depletes the aquifer below their property, yet they are able to write this off on taxes.33

Groundwater Institutions in Texas
Common Law: Rule of Capture
Texas groundwater management has been shaped by court cases aimed at protecting private property and 
legislative efforts to conserve and protect the state’s natural resources. In a landmark decision, Texas ad-
opted the rule of capture for groundwater,34,35 which granted landowners the right to pump water from be-
neath their property regardless of the effects on neighboring wells (without malicious intent or intentional 
waste). Although this decision has subsequently brought many court cases, the rule brings few restrictions 
with respect to water use and has proved favorable to the hydraulic fracturing industry.

Groundwater Conservation Districts
Many of the Texas Legislature’s efforts to conserve water resources have been on the heels of drought. 
First created in Texas in 1949, GCDs are legal entities charged with providing for the conservation, 
protection, recharging, and prevention of waste of groundwater resources within their jurisdiction.36 To 
manage groundwater, they are empowered with three primary legislatively mandated duties, including the 
permitting of water wells, developing a comprehensive management plan, and adopting rules to imple-
ment the plan.37 A GCD can be created in one of three ways: (1) action of the legislature, (2) landowner 

30  Formalization has developed more recently after companies, such as MidstreamH2O and Solar Midstream, recognized a need for more 
efficient water transportation systems. Adoption of midstream oil and gas transportation methods has occurred, including permanent and 
temporary water pipelines. Sourcewater.com, an online water marketplace connecting water suppliers and demanders, is another example of 
innovation occurring these markets.
31  Similar water markets exist in the Williston Basin in Montana and North Dakota. During the peak of the boom there, many landowners 
invested roughly $150,000 to build a water depot, from which they pumped groundwater and sold it to operators (Kusnetz 2012). Some earned 
profits in excess of $25 million in a year supplying the industry water, with several small towns followed suit and earning $10 million in a year.
32  Under common-pool water resource regimes, two externalities are prevalent. Namely, the stock externality, which occurs due to water 
used today being unavailable tomorrow, and the pumping cost externality, where costs of water extraction increase as the resource is depleted 
(Provencher and Burt 1993).
33  Source: https://www.propublica.org/article/irs-tax-loophole-reward-excessive-water-use-drought-stricken-west. 
34  In the case of Houston & Texas Central Railroad Co. v. W.A. East (1904), the railroad company drilled a water well on its property to support its 
operations, which dried up its neighbor’s domestic well. The neighboring landowner sued the railroad company for damages and the case made its 
way to the Texas Supreme Court in 1904, where the court chose the rule of capture over the American Rule, or the rule of reasonable use.
35  More information on this decision is available in Appendix A.1.
36  Source: https://texaswater.tamu.edu/groundwater/groundwater-conservation-districts.html.
37  Source: https://www.tceq.texas.gov/assets/public/permitting/watersupply/groundwater/maps/gcd_text.pdf.
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petition, or (3) by the Texas Commission on Environmental Quality (TCEQ) on its own motion in a 
designated Priority Groundwater Management Area (PGMA).38 An alternative to creating a new GCD is 
to add territory to an existing district. Figure 4 provides a map of existing GCD areas in Texas.

Senate Bill 1
The rule of capture allows landowners to freely pump groundwater, but the Texas Legislature has passed 
laws aimed at encouraging the establishment of more GCDs. Following a three-year drought, the state 
created its first omnibus water bill in 1997, Senate Bill 1 (SB1), which consolidated all laws governing 
GCDs into Chapter 36 of the Texas Water Code and affirmed them as the state’s preferred method for 
groundwater management (Hubert and Bullock 1999). The ruling increased GCDs’ statutory power to 
limit water withdrawals by authorizing them to require a permit for new wells, a statement of purpose 
in permit applications, users to report metered water use, and to deny out-of-basin transfers. SB1 also 
authorized the exemption of certain wells from needing a permit, namely those drilled for domestic and 
livestock use, but also rig supply wells.39 Since water use in hydraulic fracturing is not directly regulated, 
the ruling has become heavily debated, and questions have arisen over whether it exempts water used for 
high-volume well stimulations, or if it only intended to exempt water used for drilling and smaller rig 
needs.40 

Senate Bill 2 and A (Water) Data Problem
Although treating mineral and groundwater rights as private property is both industry and (mostly) land-
owner friendly, many parts of Texas were underprepared for the new and collectively increasing water use 
of operators. Senate Bill 2 (SB2) was passed by the legislature in 2001 and it updated and strengthened 
the initiatives in SB1. The bill reduced some permitting powers of GCD by prohibiting them from deny-
ing a permit solely on the basis that the user planned to export groundwater out of the district; instead, it 
authorized them to place an export fee on such transfers (Hardberger 2016). SB2 also expanded GCDs’ 
permitting and enforcement powers by authorizing them to regulate water well spacing to minimize 
interference between wells and set production limits based on tract size or pumping capacity.41 However, 
reporting requirements are still limited and water use is often reported infrequently in most GCDs.42 

House Bill 3328
In response to the industry’s increasing water use and public concerns over the chemicals used in hydraulic 
fracturing fluids contaminating groundwater, House Bill 3328 (2011) changed the future of the industry’s 
reporting in the state. It directed the Texas Railroad Commission (TRC) to adopt rules requiring the 
disclosure of the fluids and additives used in hydraulic well stimulations. The new disclosure rules required 
operators of wells, for which drilling permits were issued by the TRC on or after February 1, 2012, to sub-
mit a completion report for each well to FracFocus that included, at a minimum, the information in Table 
1 (Cavender 2011). Important to this study are requirements (8), (9), and (11), which detail the informa-

38  See Appendix A.2 for more on PGMAs.
39  In Chapter 36 Section 117(b)(2) of the Texas Water Code: “A district (GCD) shall provide an exemption from the district requirement to 
obtain a permit for drilling a water well used solely to supply water for a rig that is actively engaged in drilling or exploration operations for an oil 
or gas well permitted by the Railroad Commission of Texas provided that the person holding the permit is responsible for drilling and operating 
the water well and the water well is located on the same lease or field associated with the drilling rig.” This statutory exemption of oil and gas rig water 
supply wells was originally passed in Texas in 1971.
40  Mentioned in phone conversation with attorney Jim Bradbury (https://www.bradburycounsel.com/): interpretation of this exemption is 
different across GCDs, where its lack of clarity allows opposing views to “maneuver around it.” However, since there is disagreement between 
GCDs on whether water used in well stimulation is associated with drilling, exploration, or production, no GCD has wanted to be the “test case” 
and exclude this type of water use from the statutory exemption. It was mentioned that, in instances of dispute, settlements are typically made and 
no cases ever reach the courtroom.
41  The pumping capacity of a well is usually based on a pumping rate such as gallons per minute or acre-feet per acre and is a primary 
determinant of the need for a permit, and owners of larger wells can be subject to user and export fees by GCDs (Lesikar et al. 2002). To my 
knowledge, there are no physical pumping limits directly imposed on these water users, but the permitting process has been one way of limiting 
pumping in GCD areas.
42  Most well users are only required to report an annual volume, according to phone conversations with Jim Bradbury.
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tion that pertains to water and chemical ingredients in hydraulic fracturing fluids. Although a total water 
volume must be reported as per requirement (8), operators are not required to provide any detail on the 
water type used nor its source. I use this requirement, or lack thereof, to create two metrics for the level of 
reporting exhibited by operators when submitting a completion report (see the Reporting Water Use sub-
section, below).43 Requirement (8) also made water use data available for all hydraulically fractured wells in 
Texas, which I use to study the impact of the industry’s water use on local availability.

Data
I make use of datasets from several sources to conduct the analyses in this paper. The first is a set of com-
pletion reports for hydraulically fractured wells. The second is a high-resolution dataset on groundwater 
levels. I also obtained several weather-related datasets, along with data on large water users, and shape files 
for counties and GCDs in Texas. I describe each dataset in the following subsections.

Primary Vision
The first source of data is a proprietary dataset from Primary Vision (PV), which contains a unique set of 
well-level records and completion report information on the use and composition of water in hydraulic 
fracturing fluids. It included other data as well, such as the operator, start and end dates of the comple-
tion, drilling orientation (i.e., horizontal or directional vs. vertical), and the reported total volume of water 
(in gallons) used in well stimulation. It also included an indicator for whether the well record associates 
with a new completion or a re-fracture of an existing well (commonly known as a “refrac”), and a unique 
hydraulic fracturing fluid mass (HFFM) variable calculated by PV. The complete dataset included records 
for nearly 124,000 hydraulically fractured wells in several states over January 2011 – May 2017 and was 
constructed by combining the FracFocus database with data from other public sources such as the TRC. 
Figure 5 shows the spatial extent of the 59,578 wells completed in Texas over this time.44 In the analysis 
of groundwater levels, I included all of these wells, but for the analysis of reporting, I dropped well records 
prior to February 1, 201245,46 since reporting was not mandatory and including these wells would bias my 
results due to inherent differences in characteristics between operators that voluntarily reported and those 
that did not.47

Other Controls and Data Manipulations
Using the well records in this dataset, I also created several additional variables, including the cumulative 
number of wells completed in each county-month by all operators, by the largest five operators,48 and by 
each operator. I then created variables for the number of new wells completed in each county-month by the 
five largest operators and by each operator, as well as for the total number of wells completed in each coun-
ty by each operator. Collectively, these variables help me to control for learning about reporting over time, 
and potential peer effects since smaller operators may observe and attempt to learn from larger operators, 
such as by locating in the same areas and adopting similar development practices. Since it is common for 
operators to drill a preliminary test well in a new location to learn about geology (Agerton 2019), I also 
create indicators for whether the well was an operator’s first (in my sample) and whether it was an op-
erator’s first in a given county. These controls are important because if a well was drilled for exploratory 
purposes (i.e., to acquire geologic knowledge), to extend a lease (a single producing well on a lease enables 
the operator to hold the lease until it is no longer producing in commercially viable quantities), or both, 

43  The reporting of chemicals used in hydraulic fracturing has been studied previously by Fetter (2017) and Fetter et al. (2018).
44  For detailed information on each major hydraulic fracturing region in Texas, see Appendix B.
45  This is in contract to Fetter (2017), who included wells prior to reporting mandates in each state.
46  Dropping these observations reduced my sample size to 53,182 wells. 
47  Only a limited number of reports were available Texas in 2011.
48  I define size by the total number of wells each operator has in Texas, and the largest five operators have ~20% of the wells in my sample.
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then an operator might be less careful when reporting water use since these wells can be smaller and use 
less water.

Groundwater Monitoring Stations
The Texas Water Development Board maintains one of the most comprehensive statewide groundwater 
databases in the U.S.49 The database includes an unbalanced panel of 273 monitoring stations located 
throughout the state (Figure 6),50 which record the distance from the surface to the groundwater level at 
a daily frequency. As groundwater withdrawals occur within the vicinity of the monitoring station, the 
distance from the surface to the groundwater level will increase, and vice versa when the aquifer recharges. 
I used the daily observations to create a monthly average distance, which I use as the outcome variable 
to study the effects of water use in hydraulic fracturing on groundwater levels. The dataset also contains 
information on the county, aquifer, whether the aquifer is confined or unconfined,51 and whether the mon-
itoring station is located within a GCD.

GCD Indicator
I estimate differences in the level of reporting of water use using an indicator for the location of a well 
within a GCD or non-GCD area. This variable was created in ArcMap using the grid coordinates re-
ported for each oil and gas well and overlaying them with shape files of Texas counties and GCDs, which 
come from the Texas Department of Transportation52 and the TWDB,53 respectively. Four of the existing 
GCDs were established during my sample period. However, just three of these areas had a hydraulically 
fractured well completed during my sample period,54 and these three areas had a total of only 386 wells 
completed after the establishment of their respective GCD, providing a small amount of “post” variation. 
Therefore, although it would be desirable to have more variation in GCD establishment date, most of the 
GCDs in my sample were established before the reporting of water use was required.

Table 2 provides detailed information on the number of wells completed in Texas since 2012 and the 
reported water volumes used, both by drill orientation and across GCD status. Given that more wells were 
completed in GCD areas than non-GCD areas in each year of the sample, it is clear that the majority of 
hydraulic fracturing activity is occurring in more arid parts of the state, where the geology is more favor-
able, and groundwater availability is of greater concern.55 Median reported water volumes used in horizon-
tal and directionally drilled wells located in GCD areas were also higher than those in non-GCD areas for 
2012, 2013, and 2015, but were otherwise higher in non-GCD areas, potentially indicative of more water 
availability, easier access to water, or both.

Weather Data
Weather is important to control for as it influences water availability and can potentially influence oper-
ator reporting behavior. Using data from U.S. Drought Monitor,56 I created an average monthly index of 
five levels of drought in each county. I merged these variables with both the oil and gas well and ground-
water monitoring station datasets. In the former, I use them to control for potential changes in reporting 

49  Source: http://www.twdb.texas.gov/groundwater/data/index.asp.
50  The panel is unbalanced due to new stations being built and others being shut down, both occurring at different points in time.
51  Surface water may seep into an unconfined aquifer and recharge it, whereas for a confined aquifer there is an impermeable layer of dirt or rock 
located above it that prevents such seepage from occurring.
52  Source: http://gis-txdot.opendata.arcgis.com/datasets/8b902883539a416780440ef009b3f80f_0.
53  Source: http://www.twdb.texas.gov/mapping/gisdata.asp.
54  Of the four GCDs established during my sample period, Reeves County GCD had the most wells with 1,655, followed by Terrell County 
GCD with 14, Calhoun County GCD with 3, and Comal County GCD had 0. These totals however, shrink after reducing the sample to only 
include operators with wells in both GCD and non-GCD areas.
55  One exception is the Permian Basin, where more wells were drilled in non-GCD areas each year, although the entire basin is located in a 
region with little annual rainfall and low groundwater recharge (see Appendix B.1).
56  Source: https://droughtmonitor.unl.edu/Data/DataDownload/ComprehensiveStatistics.aspx.
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during times of low water availability, when operators may have more of an incentive not to disclose fresh-
water use. An additional explanation for this behavior is that a large lag exists between the time a well is 
completed and when the completion report was submitted,57 and during this time operators may observe 
drought (or general changes in water availability) and adjust reporting accordingly. Using data from 
NOAA’s National Centers for Environmental Information,58 I also created average monthly rain, tempera-
ture, and wind speed levels for each county. These data were collected from separate monitoring stations 
located throughout the state of Texas, although temperature and wind were recorded by fewer monitoring 
stations, which limits my sample since data for all counties do not exist.

Other Data
Since hydraulic fracturing is not the only use that may affect groundwater levels, I also incorporate data 
on other large water uses from two sources. First, since irrigation is the largest water use in Texas, I use 
data on the annual irrigated acreage of corn, cotton, sorghum, and wheat in each county in Texas, and the 
annual total acreage planted for each of those four crops plus rice, all of which come from the U.S. De-
partment of Agriculture’s Quick Stats database.59,60 These five crops were chosen as they are known to be 
higher on the water-use intensity distribution of irrigated crops. Second, to control for municipal water 
use over time, I use annual population data for each county in Texas from the U.S. Census Bureau.61

Empirical Strategy
This paper examines the reporting tendencies of operators when detailing information on water use in 
completion reports submitted to FracFocus, and the causal effects of the industry’s water use on local 
availability. The following subsections outline my empirical approach. First, I use a linear probability 
model of reporting aimed at testing whether firms respond to disclosure regulations in seemingly strategic 
ways. Second, I use a fixed effects strategy tied to hydrogeology to model changes in groundwater levels 
caused by water use in hydraulic fracturing stimulations. The models complement each other well since 
most of the hydraulic fracturing activity in Texas occurs in more arid regions—areas that are more suscep-
tible to impacts from large water withdrawals. These areas are likely to be in or become part of GCDs, and 
thus, operators face incentives to forestall future regulation of access to freshwater.

Reporting Water Use
Metrics for Reporting Water Use
I created two metrics for the level of reporting exhibited by an operator in a completion report. First, I 
made use of a variable created by PV that estimates the total HFFM used in well stimulation. This vari-
able is important because it directly relates to the amount of freshwater used in each well, attributable to 
the total volume of water by type(s), but also the density associated with each water type, frac sand (or 
proppant), and chemical additives used. Each operator has private beliefs on what this mix should con-
sist of, but for each well record that contained voluntarily-reported information on total water volume by 
type(s) PV used this along with other information (from both the FracFocus completion report and other 
proprietary sources), and applied a density estimate for each water type used in order to estimate a total 
HFFM. For well records with insufficient information available for PV to estimate a HFFM (i.e., when 
only an ambiguous total “water” volume was reported, or the other reported information was inadequate), 
the HFFM was coded as unknown as PV was unwilling to make assumptions about the water type(s) 

57  The average time to submit a completion report to FracFocus is 79 days following the completion date on the record. Source: https://fracfocus.
org/node.
58  Source: https://www.ncdc.noaa.gov/cdo-web/search?datasetid=GHCND.
59  Note: data on irrigated rice acreage was unavailable from this source.
60  Source: https://quickstats.nass.usda.gov/#E0F9B6F0-3138-3F90-B8F8-8F27943CB593.
61  Source: https://www.census.gov/data/tables/2017/demo/popest/counties-total.html.
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used or other fluid characteristics.62 An unknown HFFM is important because it indicates that an opera-
tor only reported the baseline amount of information on fracturing fluids, instead of voluntarily disclosing 
more information. I use this variable to create a binary outcome for each well as follows:

Roughly 95% of the well records in my final dataset had enough information for PV to estimate a HFFM. 
However, the actual proportion of well records detailing any information on water use by type is lower 
than this. Using an alternate metric for the level of reporting, equal to one if any information on water 
type was reported and zero otherwise, about 79% of well records contained at least some information on 
water type beyond a generic total water volume:

Figure 7 provides information on the rates of reporting of water use over time in GCD and non-GCD 
areas, and for each of the two reporting metrics. In both cases, reporting improved over time, potentially 
attributable to learning or a more mechanized and increasingly manufacturing-style approach to drilling 
and completions. In panel a), PV estimated a HFFM for a larger proportion of well records over time, and 
in panel b), an increasing proportion of well records contained information on water use by type. However, 
there is still a clear difference in the level of reporting across GCD status, which persists over the duration 
of the sample and provides preliminary evidence of strategic reporting.63

Model Choices
Using each binary indicator for the level of reporting for well record i, of operator j during month t, I first 
estimate linear probability models to obtain more easily interpretable results. I then re-estimate each mod-
el using a logit specification as a robustness check for the functional form assumptions associated with the 
linear probability model. My estimating equation is as follows:

	 ,	 (1)

where is a treatment indicator equal to one if well i of operator j is located in a GCD during the 
month of completion and zero otherwise, and  is a vector of controls that includes well characteristics 
and other local influences, which are important to include as some wells are fundamentally different in 
ways that affect reporting and because operators also face different conditions across space (e.g., weath-
er).64 I also include operator and month of sample fixed effects,  and , respectively, to control for 
average differences in reporting between operators and time-specific confounders common to operators of 
wells in all areas. The coefficient of interest is , which estimates the difference in the probability of a well 
record containing detailed information on water use based on whether it is located in a GCD or a non-
GCD area.

62  Since water and sand make up the largest components of the fluid mass, erroneous assumptions about water types used can lead to large 
over or underestimates of the true fluid mass. PV verified that when a HFFM was coded as unknown, it meant that they were unable to gather 
additional information on water types used or other information about the well from other industry sources that was needed in its calculation.
63  Although my data suggest only a minimal amount of recycled wastewater is being reused, reporting the use of freshwater alternatives can be 
beneficial to operators in order to give them, and the industry in general, a “greener” public image. However, if it is being used, I am not seeing it 
being reporting by operators in Texas.
64  Note: well characteristics are at the well level, but the other local influences are at the county level during the month of completion of the 
respective well. 
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The Causal Effects on Local Groundwater Levels
All unconventional oil and gas development in Texas uses groundwater, but the Permian and Eagle Ford 
Basins use it in the largest proportions at 100% and 90%, respectively (Nicot et al. 2012).65 The law of con-
servation of mass dictates that groundwater levels respond to withdrawals, irrespective of their magnitude. 
My goal is to show that water use in hydraulic fracturing is large enough to have an empirically discern-
able effect on a local scale.

Naïve Approach
As U.S. EPA (2016) notes, the impacts of groundwater use depend on the withdrawal amounts and water 
availability at a given point. To estimate the impact of hydraulic fracturing on groundwater levels, I imple-
ment a fixed effects strategy similar to Smith (2018), who studies the impacts of groundwater withdrawals 
across space. I use the PV dataset to create a set of variables for dynamically changing total water use in oil 
and gas wells within the vicinity of groundwater monitoring stations (see Figure 8 for a visual characteri-
zation). My preliminary estimating equation is:

	 .	 (2)

The outcome, , is the groundwater level below monitoring station  at time . The term  
represents the total water volume used in oil and gas wells within 10 miles of monitoring station i in 
month . The term  is the total water volume used in oil and gas wells within annulus  
(i.e., a spatial ring beyond the initial 10-mile radius) around groundwater monitoring station  in month 
. I calculated this term for rings located at 10–15, 15–20 … and 45–50 miles around each monitoring 

station.66 The set of controls, , includes variables for weather and other water users in the county of mon-
itoring station i over time.67 Lastly,  is a set of month-by-year fixed effects included to absorb time-spe-
cific confounders common across all stations, and  is a set of monitoring station fixed effects, included 
to account for differences in average groundwater levels across monitoring stations. Identification requires 
that the counterfactual trajectory of groundwater levels in regions with shale absent of hydraulic fracturing 
would have followed a trajectory similar to the groundwater levels in regions that do not have shale. 

There are a few potential concerns with this approach. First, it is unknown whether the water used in each 
well truly comes from a surface, ground, or another source. However, given previous studies of the primary 
water sources used to supply the industry in Texas, it is reasonable to assume that a large portion comes 
from groundwater. Especially in the arid west and south Texas, groundwater is the largest source of water 
for all users in these regions. Second, there is measurement error associated with the location of where 
the withdrawal of water used to supply each well actually occurred. For each radius and ring, I sum water 
volumes used in oil and gas wells in these areas assuming that the water came from some area around that 
well, but within the vicinity of the respective radius or ring of the monitoring station. This assumption is 
reasonable, but there is clearly measurement error introduced with this approach, since water supplies for a 
well can come from nearby sources or others located farther away.68 Lastly, and of most concern, the use of 
contemporaneous total water volumes as the treatment variable may result in a reverse causality problem, 
and in the next subsection I present my strategy to circumvent this issue.

65  See Appendix B for more details on the industry’s use of groundwater across the state.
66  Figure 8 provides a visual of the spatial aspect. The blue dot in the middle circle is a groundwater monitoring station (purple dots are oil 
and gas wells). Although estimating the spatial dispersion of the effects of water withdrawals is not the first priority for this analysis, I use this 
approach in a baseline model to show how the magnitude of the effect of water withdrawals on groundwater levels should diminish across space. 
In other words, the cone of depression associated with each groundwater withdrawal should have less of an effect on the groundwater level read by 
the monitoring station the farther away it occurs.
67  Note: all weather variables are at a monthly frequency, but total irrigated acreage, total acreage planted, and county population are all at an 
annual frequency. 
68  One company trucked 3.5 million gallons of water from 50 miles away to a drilling site, paying about $68,000, a fraction of the $3.5 million 
cost to complete the well. Source: https://fuelfix.com/blog/2011/10/06/parched-texans-impose-water-use-limits-for-fracking-gas-wells/.
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Alternative Approach
If declining groundwater levels (i.e., water availability) are observable to operators, they may respond by 
using less water in well stimulations,69 which biases (albeit attenuates toward zero) the parameter esti-
mates on the total water use terms.70 The ideal solution would be to adopt an instrumental variable (IV) 
strategy, where I would use an IV that is correlated to total water volumes in hydraulic fracturing and only 
affects groundwater levels through that pathway.71 Given a lack of data for an IV, in the spirit of Grang-
er (1969) I instead opt for the use of lagged total water use terms to identify the effect on groundwater 
levels.72 I specify this as follows: 

	 .	 (3)
Since the effect of water use in the contemporaneous period is attenuated toward zero, I expect to see an 
insignificant parameter estimate on this term, but to see statistical significance on lagged terms. Intui-
tively, both the magnitude of the estimated effect and the level of statistical significance should eventually 
decline with each additional lagged term, since previous water withdrawals for hydraulic fracturing have 
less of an effect on contemporaneous groundwater levels the longer ago they occurred. This approach 
overcomes the endogeneity problem so long as future water availability is unobservable (or unimportant) 
to operators in the contemporaneous month, but the water use by operators in previous months still affects 
contemporaneous groundwater levels. 

Cumulative Effects
After testing for a causal effect from hydraulic fracturing water use occurring over a short period, it is clear 
that cumulative water use within the vicinity of a monitoring station is likely to have a causal relation-
ship with groundwater levels as well. Using the total water volumes in each month, I create a new term, 

, which represents the cumulative water use that has occurred within 10 miles of monitoring 
station i at time t, and I re-specify equation (2) as follows, omitting the annulus terms:

	 .	 (4)
This specification enables me to estimate the cumulative effects of water use in hydraulic fracturing, rela-
tive to monitoring stations absent nearby hydraulic fracturing activity.73

69  Stevens and Torell (2018) find that during an exceptional drought in Texas during 2011 and 2012, operators completed fewer wells and 
completed wells using less water, which had an immediate impact on production.
70  Picture a chart with distance to groundwater level on the vertical axis and time on the horizontal axis, which has two trend lines representative 
of groundwater levels in two otherwise equal aquifers with no recharge. The first is trending slightly upward but at a constant rate, and the second 
is trending similarly until time t, at which point it becomes more upward sloping. When groundwater extraction occurs at time t, it causes the 
distance from the surface to groundwater level to increase, and higher withdrawal costs should be observed at time t+1. If operators are responsive 
to these increasing costs, subsequently smaller withdrawals will occur in periods t+k. Hence, this distance to groundwater level should increase at a 
decreasing rate. Relative to the groundwater level in the aquifer absent withdrawals for hydraulic fracturing, this should cause the magnitude of the 
effect of withdrawals to decline over time, attenuating the average effect across the whole period.
71  I have yet to find a valid IV that is only related to groundwater levels through water use in hydraulic fracturing. One approach to explore in 
future research is to obtain isopach maps for each shale play in Texas. These maps provide information on geological quality, such as the thickness 
of the formation, which can be interpreted as an indicator of the productive potential at given points across the formation. I will use this spatial 
variation in geological quality below monitoring stations interacted with time to identify an effect on groundwater levels (the interaction with 
time enables use in a monitoring station-level fixed effects model). This approach is valid so long as geological quality is strongly correlated with 
growth in hydraulic fracturing across space but is uncorrelated with time-varying shocks to groundwater levels. Regarding this assumption, shale 
geology is time invariant, as long as the thickness of the formation is not treated as a depletable resource stock. The relationship between geology 
and water use in hydraulic fracturing has certainly changed over time as technology improved and learning in the industry occurred. 
72  The essence of Granger causality can be explained by using lagged terms of independent variable(s) and using t-tests and/or f-tests to test for 
statistical significance on the lagged terms. 
73  Ex ante, it is unclear which effect should be bigger, the effect from lagged (contemporaneous) or cumulative water use. After discussions with 
a hydrologist, it was made clear that the effect of lagged contemporaneous water use should be expected to be larger, since under the cumulative 
case, aquifers are able to recharge more over a longer period, so a one-unit increase in monthly total water use should have a larger immediate 
effect than a one-unit increase in the cumulative total water use that may be spread across a longer horizon.
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In alternate specifications of equation (4), I interact  with indicators for whether mon-
itoring station i is located within a GCD , is within the Permian Basin 

, or is within the Eagle Ford shale . Although I 
estimate separately the specification with the GCD interaction term from the specification with interac-
tions with each shale region, the interpretations are similar. The parameter on the GCD interaction term is 
informative to show how water use in hydraulic fracturing occurring in GCD areas impacts groundwater 
levels, relative to groundwater levels in non-GCD areas. The parameters on the Permian and Eagle Ford 
interaction terms reflect the impacts of water use in each respective region, relative to groundwater levels 
outside of these areas. I hypothesize that the parameters on each of the three interaction terms will be pos-
itive, indicating that impacts are larger in these areas where water availability is more of a concern (GCD 
areas), and where the majority of hydraulic fracturing activity is occurring (Permian and Eagle Ford).

Results 
Strategic Reporting of Water Use
In Table 3, the results from four linear probability models are presented to analyze the reporting tenden-
cies of operators using the first metric for reporting. The final dataset includes 47,521 well records from 
255 operators over February 2012 – May 2017. This reflects the omission of well records for operators that 
do not have a well in both GCD and non-GCD areas, enabling me to include a full set of operator fixed 
effects and isolate the within-operator effect of locating a well within a GCD.74 Since Konschnik and Day-
alu (2015) find that rates of withheld chemical information from FracFocus completion reports increased 
from 2013–2015, I also include month-of-sample fixed effects to absorb confounders related to time that 
are common to wells in GCD and non-GCD areas. 

In each model, I find that if a well was stimulated in a GCD there was a decline in the likelihood of an 
operator reporting detailed information on water use—statistically significant at the 10% level in all speci-
fications. In column 2, total water volume was added and shows that a marginal increase in the total water 
volume (TWV) used in well stimulations is associated with a small, but statistically significant decline in 
the likelihood of an operator reporting information on water use beyond what is required. In column 3, an 
indicator was added to control for whether the well was a re-fracture, as well as additional controls for the 
number of wells drilled by the largest three operators in the same county-month that well i was complet-
ed, whether the well was an operator’s first well, and the operator’s first well in that county. 

In column 4, my preferred specification, I add controls for rain and drought, and estimate that if a well 
was stimulated in a GCD area there was a decline of 1.29 percentage points in the likelihood of an oper-
ator reporting detailed information on water use. I find a more extreme result with respect to drill orien-
tation. Relative to vertically drilled wells, for horizontal and directionally drilled wells there is a decline 
in the likelihood of detailed reporting by 4.93 percentage points. A 100,000-gallon increase in TWV is 
associated with a decline of .013 percentage points in the likelihood of reporting. 

In Table 4, the results are presented for the same models, but estimated using the second metric for report-
ing. I find that the likelihood of a record for a well located in a GCD containing any information on water 
type was even lower. In column 4, I estimate that the likelihood of reporting information on water types 
is 2.8 percentage points lower for wells located in a GCD relative to a non-GCD area. I find a similar, 
although statistically insignificant, coefficient on the total water volume term, and an even larger negative 
coefficient on the drilling orientation term (significant at the 1% level). I estimate that a completion report 

74  Additional summary statistics are available in Appendix Table C.1.2. A total of 255 unique operators had wells in both GCD and non-GCD 
areas, 253 unique operators only had wells in GCD areas, and 148 unique operators had wells in non-GCD areas only.
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for a horizontally or directionally drilled well is 8.81 percentage points less likely to contain information 
on water type than one for a vertically drilled well. The other terms were not statistically significant. 

In Appendix D.1, I report the results for the same specifications as those in Tables 3 and 4, but estimated 
via logit. Although the interpretation of each coefficient’s magnitude is unintuitive, the sign on each esti-
mate remained unchanged from those in Tables 3 and 4, and additional statistical significance was gained 
for the treatment variable. I again find that if a well was stimulated within a GCD area, there was a de-
crease in the likelihood of an operator providing additional information on water use, which is statistically 
significant at the 5% level, as shown in column 4 of both tables in Appendix D.1. Similar significance lev-
els were found on the estimates for both total water volume and refrac, indicating that the model passed 
one robustness check.75 These results are important as they indicate that operators have some awareness of 
an important environmental concern. Such strategic responses by operators are economically rational but 
make water management and policy-making more difficult, because they result in poorer quality data. 

The Causal Effects of Hydraulic Fracturing on Groundwater Levels
Preliminary Spatial Evidence
The ideal natural experiment to test whether water use in hydraulic fracturing affects groundwater levels 
would involve using spatially concentrated data on groundwater levels in areas with and without a proxim-
ity to shale geology (both before and after hydraulic fracturing), as well as data on total water use dating 
back to the first high-volume well stimulation in each region. In other words, I would prefer to have data 
on each of these variables from the early 2000s until the present. However, since I have a limited amount 
of data on water use in hydraulic fracturing pre-2012, when reporting was not required; my analysis of the 
effects on groundwater levels is restricted to the time period of January 2011 – May 2017,76 which also 
reduces the number of monitoring stations in my dataset to 267. Before presenting the main results from 
the groundwater models, I show evidence that the magnitude of the effect of water use in hydraulic frac-
turing dissipates across space. Figure 9 shows the coefficients from equation (2), which estimate the effects 
on groundwater levels due to water use within a 10-mile radius and outer 5-mile annuli. 

Although it is informative to confirm previous hypotheses, I drop the annulus terms in subsequent models 
for two main reasons. First, my goal is not to estimate a particular distance at which water use in hydraulic 
fracturing affects groundwater levels. Instead, it is to show that within the general vicinity of a monitoring 
station, it is large enough to have an empirically discernable effect. Second, there are several issues with 
the spatial aspects (annulus terms) in equation (2).77 Given that groundwater levels and withdrawals are 
correlated across space, one potential remedy is to adjust the standard errors, although I have not made 
such adjustments since the focus of these results is not those across space.78

In Table 5, I present the results from other various specifications of equation (2). Columns 1–3 provide the 
estimates for a baseline specification and two others using different sets of drought, rain, temperature, and 

75  Although I do not provide the regression results, I also re-estimated these same specifications for both the linear probability and logit models 
using the full sample of operators, i.e., those with wells in GCD areas only, those with wells in non-GCD areas only, and those with wells in both 
GCD and non-GCD areas. I find very small changes in the magnitudes of the parameters and no changes in the significance levels.
76  Note: I include total water volumes for 2011, even though reporting was not required at this time. This is reasonable since the operators that 
reported in this year still used water that was pulled from the ground. But my total water use calculations for 2011 are likely underestimated, since 
not all wells reported. 
77  First, the surface area in the initial radius and in each other ring are not the same. This means that I am measuring the effects of water 
use coming from different sized areas, so in this specification some terms systematically have more wells, and therefore more total water use, 
than others. Although the goal of this study is not to determine an exact distance or extent at which water use in hydraulic fracturing affects 
groundwater levels, to circumvent this issue, the area in each term should be standardized in order to estimate water use coming from equal-sized 
areas. Second, there is measurement error in the total water use terms and noise in my estimates if water withdrawals did not occur within the 10-
mile radius (or subsequent annuli) that I am assuming they did. Similarly, there is measurement error if the withdrawals are not coming from the 
same aquifer from which the monitoring station is reading.
78  Conley standard errors (Conley and Molinari 2007) may help to correct for spatial and temporal correlations associated with the error my 
approach introduces.
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wind controls. Although I would prefer to include temperature and wind in each model, not many stations 
across counties actually recorded this information; as a result, I lose a large number of observations during 
estimation of the specification in column 3. I omit these two variables in column 4, but add a set of con-
trols for population, irrigated corn, cotton, sorghum, and wheat acreage, and the total number of acres of 
corn, cotton, sorghum, wheat, and rice in the county of each groundwater monitoring station. In column 5, 
I estimate the same specification as in column 4, but include interaction terms between total water use and 
indicators for the Permian and Eagle Ford instead of total water use for all areas.

The signs on the coefficients for water use within 10 miles of a monitoring station (TWV10) are all in the 
predicted direction. The positive coefficient means that for a 100-barrel (or 4,200 gallon) increase in the 
monthly total water use in hydraulic fracturing within 10 miles of a monitoring station, the groundwater 
level declines due to extraction, therefore increasing the distance from the surface to the water level below 
the monitoring station. However, they are all statistically insignificant with the exception of column 3, 
which includes temperature and wind controls and was estimated with few observations. In column 5, I 
interact TWV10 with indicator variables for whether the monitoring station is located within either of 
the two most prominent unconventional oil and gas-producing areas. The significance levels on these esti-
mates provide evidence that, at least in the two areas where considerable hydraulic fracturing activity is oc-
curring in Texas, groundwater levels are responsive to water use in the contemporaneous period. However, 
if operators observe water availability (and associated changes in the price of water) and respond by using 
less water in hydraulic fracturing stimulations during times of drought, I am facing a simultaneity issue 
in each of these specifications. Meaning, my contemporaneous parameter estimates on the total water 
volume term in columns 1, 2, and 4 are biased, although attenuated toward zero. 

The Short-Term Causal Effects
In Table 6, I present the estimates for various specifications of equation (3), using lagged terms for month-
ly total water use, drought, and rain. In column 1, I model groundwater levels only as a function of total 
water use and monitoring station and year-month fixed effects. In column 2, I control for drought and 
rain in the contemporaneous period as well. Column 3 in Table 6 is the same specification as column 3 
in Table 5, where I control for temperature and wind, since it is reasonable to assume that each of these 
variables has a relation to groundwater levels, but I lose nearly one third of the observations in estimation 
due to a lack of data for these variables. In column 4, I control for additional water use from other sources, 
as well as lagged drought terms. In column 5, I add a set of rain lags as well. Following Granger causality, 
I would expect parameter estimates on total water use in the contemporaneous period to be statistically 
insignificant, but an effect to be seen in previous periods that gets smaller with more distant lags since it is 
intuitive that past withdrawals should have less of an effect the farther back in time they occurred.

Looking at columns 1, 2, 4, and 5, the results are somewhat mixed, and do not explicitly confirm the 
intuition on the magnitudes nor significance levels on the lagged terms. Yet, past water use in hydraulic 
fracturing still is shown to be large enough to have a persistent effect on future groundwater levels, partic-
ularly in lags 3–5 in column 5, my preferred specification. I chose to use six lags because statistical signifi-
cance was lost on the sixth lag. Each column in Table 6 shows that water withdrawals for use in hydraulic 
fracturing occurring in the 3–5 previous months all have a statistically discernable effect on groundwater 
levels in the contemporaneous period. The results in column 2 show that withdrawals occurring in the 
previous two months do as well. To interpret, I show that for a 73-million-gallon increase in the monthly 
total water volume used in hydraulic fracturing (roughly five new 2017 Permian Basin wells) within 10 
miles of a monitoring station, the distance from the surface to the groundwater level below the station 
increases by about 1.93 feet.79 

79  To estimate this effect, I changed the units on total water use in the 4th lagged term by 73 million gallons (14,600,000*5 gallons = 73 million 
gallons = five 2017 Permian Basin wells) and re-estimated the specification in column 5 of Table 6. 
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As a robustness check for the results above, Angrist and Pischke (2009) discuss how the inclusion of lead-
ing terms in the above equation should not change the results if there is a causal relationship. That is, if 
water use in hydraulic fracturing causes declines in groundwater levels but not vice versa, then significant 
coefficients on lagged terms should remain and the leading terms for total water use should not have a sta-
tistically significant effect. I specify this model as follows, where each leading term is effectively a placebo 
used to test equation (3) for robustness: 

	 .	 (5)
In words, conditional on monitoring station and year-by-month fixed effects, this specification is designed 
to show that past treatments (water withdrawals) should predict contemporaneous groundwater levels, 
but future withdrawals do not. In my estimation of equation (5), I included six leading total water volume 
terms in addition to the lags and the same sets of controls as in Table 6, except omitting the specification 
with temperature and wind. As shown in the table in Appendix D.2.B, all leading terms across all specifi-
cations are statistically insignificant, as well as for contemporaneous TWV10, yet statistical significance on 
the lagged terms remains. I conducted additional robustness checks as explained in the Discussion section, 
and the results provide strong evidence that water use in hydraulic fracturing occurring in a short time 
interval affects local groundwater availability in Texas.

The Long-Term Causal Effects
After investigating the effects of water use occurring over a short period, it is also of interest to see how 
these results compare to the cumulative effects. This is essentially another form of a robustness check to 
determine if the estimated parameters for short-term and cumulative water use match expectations. In 
Table 7, I present results for various specifications of equation (4). In each specification, I use a complete 
set of control variables (as in column 5 of Table 6), as well as monitoring station and year-by-month fixed 
effects. In column 1, I estimate the effects of cumulative water use on contemporaneous groundwater 
levels. In columns 2 and 3, I estimate the effects of cumulative water use occurring in GCD areas, and in 
the regions of the Permian and Eagle Ford shale, respectively. As shown above, attenuation bias rendered 
insignificant the parameter estimates for the effect of water use in a given month on contemporaneous 
groundwater levels. However, for cumulative water use, the estimated parameters are all statistically signif-
icant at the 1% level in the contemporaneous period. 

Comparing the effects of monthly total water use in in Table 6 to those for cumulative total water use in 
column 1, I find that the magnitudes match expectations. That is, the effect of a 100-barrel increase in 
the cumulative water (column 1, Table 7) use has a much smaller effect on groundwater levels than does 
a 100-barrel increase in lagged monthly total water use (the effect is smaller than each contemporaneous 
and lagged TWV coefficient in columns 1–5 in Table 6). I find that for a 73-million-gallon increase in the 
cumulative total water use in hydraulic fracturing (i.e., roughly five new 2017 Permian Basin wells) within 
10 miles of a monitoring station, the distance from the surface to the groundwater level below the station 
increases by about .41 feet. In column 2, I estimate a model specified to show the heterogeneous impacts 
of water use in hydraulic fracturing occurring in GCD and non-GCD areas and, as expected, I find that 
water use in GCD areas has a larger impact than in non-GCD areas. I estimate that for a 73-million-gal-
lon increase in the cumulative total water use in hydraulic fracturing within 10 miles of a monitoring 
station in a GCD area, the distance to the groundwater level increases by .404 feet, relative to non-GCD 
areas with and without hydraulic fracturing activity.80 

In column 3, I find similar results for water use in the major hydraulic fracturing regions in Texas and 
show heterogeneous impacts in the Permian and Eagle Ford regions. I estimate that for a 73 million gal-
80  Similar to the effects for total monthly water use, to estimate this effect, I changed the units on cumulative total water use by dividing by 73 
million gallons (14,600,000*5 gallons = 73 million gallons = five 2017 Permian Basin wells) and re-estimated the specification in column 1 of 
Table 7. 
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lon increase in the cumulative total water use in hydraulic fracturing within 10 miles of a monitoring sta-
tion in the Permian and Eagle Ford regions, the distance to the groundwater level increases by an average 
of .19 and .59 feet, respectively, relative to other areas with and without hydraulic fracturing. The larger 
magnitude on the effect for water use occurring in the Eagle Ford indicates that the aquifers in this area 
are more susceptible to depletion since groundwater levels are more responsive, given an equal change in 
water use. Collectively, the results in this section are helpful to show that there is a valid reason for opera-
tors to be concerned with future water availability. These results also make clear that in areas where water 
scarcity is a concern, incentives exist for operators to report water use with less detail if they wish not to be 
identified as a culprit for impacts on water availability.

Discussion
The main results in this paper uncover details on several important issues related to water use in the 
hydraulic fracturing industry. In the Strategic Reporting of Water subsection, above, I show that operators 
are less likely to report detailed information on water use when a well is located within a GCD area. These 
findings are robust to a logit specification, omitting observations for operators that do not have wells in 
both GCD and non-GCD areas, and including operator and year-month fixed effects. Since the hydraulic 
fracturing fluid mass calculation can be considered a more restrictive metric for reporting, I find that the 
effect under this specification is likely to be a lower bound on the difference in reporting. In the alternative 
specification, where I use a reporting metric specific to completion reports containing any information on 
water types, the difference in reporting is larger, and operators are even less likely to detail this informa-
tion if the well is in a GCD.

The results from the groundwater models show that short-term water use in hydraulic fracturing has 
a causal effect on local groundwater levels, but the magnitudes and significance levels of the estimated 
parameters in Table 6 do not perfectly exhibit what was expected for water use occurring in previous 
months. They also show that there are long-term or cumulative effects of this use, which vary by region 
and whether or not the water use is occurring within a GCD area. However, the magnitude of the esti-
mates on water use could be too high or too low for several reasons. 

My estimates could be too high if there were other groundwater withdrawals occurring that are correlated 
with withdrawals for hydraulic fracturing. To circumvent this issue, I gathered data that reflects the im-
pacts on groundwater levels from other users, including the population, and total irrigated acres and total 
acres of five water-intensive crops for each county in each year. Although these data are only available at 
an annual frequency, they are still important as I obtain positive coefficients on irrigated corn and cotton 
acreage, indicating that as the number of irrigated acres increases, groundwater levels decline. I also find 
similar coefficients for the effects of drought, and a correct sign on the rain variable. As an additional ro-
bustness check, my results pass leave-one-out and leave-many-out tests, where I arrive at roughly the same 
conclusions when omitting groundwater-monitoring stations located with the Permian and or Eagle Ford 
Basins (see Appendix D.2.C). Since it is plausible that the severe drought occurring in Texas in 2011 and 
2012 may affect my results, or at least might affect water use by operators the most in these years, I also 
conduct a leave-2011-and-2012-out test, which my findings are robust to as well (see Appendix D.2.D).

My estimates could be too low, i.e., attenuated toward zero, as there are various avenues for measurement 
error associated with my total water volume variables. First, since I am using reported estimates of total 
water volumes, which I did not manipulate in any way, the total water volumes I attribute to groundwater 
use would be too large if a portion of the water used in oil and gas wells came from an alternative source. 
Similarly, my total water volumes could be too low if operators underreported them, whether intentionally 
or due to a miscalculation in some other way.81 Third, there is evidence that a significant portion of new 

81  There is currently no monitoring of the accuracy of reporting for individual wells, so underreporting is plausible.
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wells are unreported (or that there can be significant delays in reporting), as an estimated 21% of new 
wells in the Permian Basin in 2018 were not accounted for in FracFocus data by mid-2019.82 If similar 
trends existed during my sample period, it would imply that the industry’s water use is larger than previ-
ously believed since the water volumes used to stimulate any unreported wells are not reflected in my data. 
Lastly, Lin et al. (2018) state that total water volume used for shale oil development is underestimated 
when using only the hydraulic fracturing water use derived from the oil and gas well databases, particular-
ly since databases such as FracFocus only reflect water used in well stimulation. They do not include water 
use associated with drilling, rig workers, or other well pad uses or temporary populations that would likely 
not have occurred in the absence of oil and gas development.83 Hence, my estimates of the effect of water 
use would be attenuated if the net of these unobserved avenues for measurement error were non-zero.

States with significant hydraulic fracturing activity, such as Texas, and other countries with an increasing 
share of oil and gas production from unconventional sources (e.g., Argentina) may consider expanding 
the reporting requirements of operators to conform to those in Louisiana, which require the disclosure of 
the water source(s) (or types) and associated volume(s) used in hydraulic fracturing stimulations (Han-
son 2011).84 This level of detail would provide useful information to policy makers about where operators 
obtain water and, when combined with improved real time data, could be used to better understand how 
withdrawals affect water stocks. Measurement error on completion reports may still occur, intentionally 
or unintentionally.85,86 Yet, when the policy goal is to manage groundwater resources, the empirical short-
comings in this paper emphasize the importance of and the need for precise data on the water use of the 
industry (and other users), as well as on water availability.

Future work in this area might investigate options to induce accurate reporting, such as through random 
monitoring protocols during well completions or subsequent monitoring if a completion report is not 
submitted to FracFocus within a required timeframe.87 Also needed is a better understanding of operator 
responsiveness to changes in the price of water (or availability), which is difficult when there is poor trans-
parency concerning water use and the prices the industry pays for water. Incentivizing the use of online 
water marketing platforms such as sourcewater.com might be one way to collect meaningful data on water 
use and prices, since it would provide a formal accounting mechanism for water transactions. Alternatively, 
policy makers might consider providing tax incentives to operators for using freshwater alternatives. 

Conclusion
Water scarcity is one of the biggest constraints imposed on economic development, and it has become 
a growing concern in arid regions of the U.S. and other parts of the world. The boom in unconventional 
gas and oil development has created major concerns about its impacts on water resources, especially since 
it is occurring in many areas whose aquifers are more susceptible to depletion. Understanding how the 
82  Data analytics company Kayrros uses optical and synthetic aperture radar imagery to track development activity and estimate the number of 
new wells drilled and completed, among other outcomes. Although a completion report for each well is required by law to be submitted, as of June 
20, 2019 Kayrros counted a total of 6,394 Permian Basin wells that were completed in 2018, relative to the FracFocus estimate of 5,272 wells, 
implying that 21% of new 2018 wells were not accounted for in this region.
Source: https://www.rigzone.com/news/permian_fracking_activity_underreported_in_2018-23-jul-2019-159378-article/?utm_
source=GLOBAL_ENG&utm_medium=SM_LI&utm_campaign=FANS.
83  They estimate that the water use of rig workers in the Bakken shale is equivalent to ~15% of annual industrial water use for shale oil 
development there.
84  Within twenty days after completion or recompletion operations information must be included on the “Well History and Work Resume 
Report.” Source: http://www.dnr.louisiana.gov/assets/OC/eng_div/Forms/WH-1.pdf.
85  Groundwater data availability would be improved by constructing more groundwater monitoring stations or other infrastructure, such as 
satellites, capable of recording high-frequency data (e.g., Richey et al. 2015; Chen et al. 2016).
86  Discussions with the industry have made it clear that “fat fingering” sometimes occurs during reporting, where operators may intentionally 
smudge information on completions reports. Other times, there may be unintentional human error occurring throughout the measurement and/or 
reporting process. 
87  To develop a reasonable estimate about when a well stimulation and completion will occur, relatively accurate information on the location of 
new wells is known when drilling permit applications are submitted. Well pad development can also be observed from satellite imagery, similar to 
what sourcewater.com uses to locate and create its database of “frac ponds.”
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industry interacts with and influences local water levels is complicated. This is due to variation, complexity, 
ambiguity, and poor cohesion in state and local policies governing ground and surface water rights and 
use, poor and inconsistent quality in the data on the industry’s water use,88,89,90 and minimal data on water 
availability.91 These complexities have previously made it difficult to evaluate the industry’s water use, let 
alone establish accurate impacts associated with its use or design appropriate regulatory responses.92

In this paper, I overcome several of these hurdles to study two timely issues related to water use and 
hydraulic fracturing. I show that operators report water use with less detail when a well is located in a 
groundwater conservation district, and that the water used by the industry affects local availability. It is 
neither my goal nor conclusion to say that the industry uses too much water, because it is likely the water 
it uses is going to the use with the highest monetary value.93 However, my findings are valuable because 
they provide credible evidence of the impacts on local groundwater availability from one industry whose 
water use is often of local concern, and on reporting behavior that is unfavorable for environmental man-
agement. These findings also have direct policy implications for areas new to unconventional oil and gas 
development as, for example, Argentina holds some of the world’s largest deposits of shale gas, and similar 
to the Permian Basin, its Vaca Muerta formation is located in a relatively water scarce region.

88  Reporting to FracFocus is now required in most states. 
Source: http://fracfocus.org/sites/default/files/fracfocus_reporting_states_2-7-18-01_1.png.
89  There is significant heterogeneity in state-level reporting requirements, yet FracFocus provides only one version of its completion report form 
for operators of wells in all states to fill out online and submit. 
Source: https://stateimpact.npr.org/texas/2013/04/26/harvard-report-gives-failing-grade-to-fracfocus-texas-regulators-respond/.
90  A lack of monitoring of completions at the well pad, along with no checks for accuracy of the information submitted to FracFocus, have 
created a number of pathways for measurement error to occur in completion reports.
91  Conversations with the TWDB indicate that the current number of monitoring stations is limited by staffing to maintain them, but also 
funding (usually from GCDs) to establish new stations.
92  Without this information, along with water prices, it is difficult to evaluate the marginal user cost of water, or the forgone future value of a 
marginal unit of water due to its use today.
93  Allen et al. (2014) estimate the value of water used in hydraulic fracturing is several-fold greater than other uses such as agriculture. 
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Figures
Figure 1. Number of hydraulically fractured wells in the Texas Permian Basin ( January 2012 – Decem-
ber 2016).

Source: data from Primary Vision.

Figure 2. Median reported water use of hydraulically fractured wells in the Permian Basin ( January 
2012 – December 2016).

Source: data from Primary Vision.
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Figure 3. Mean annual precipitation in Texas.

Figure created by author in ArcMap. Source: Texas rainfall shape file available at http://www.twdb.texas.gov/mapping/gisdata.asp.

Figure 4. Map of GCDs (in orange) in Texas. As of January 2019, there are 100 confirmed and 2 
unconfirmed (pending election) GCDs in the state. The 100 confirmed GCDs cover 180 of the 254 
counties in Texas.

Figure created by author in ArcMap. Source: GCD shape file available at https://www.tceq.texas.gov/gis/download-tceq-gis-data.
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Figure 5. Map of Texas counties, GCDs, and oil and gas well locations (in purple) across various un-
conventional plays.

Figure created by author in ArcMap. Source: oil and gas well location data from Primary Vision.

Figure 6. Groundwater monitoring stations (blue dots) overlaying Texas counties, GCD areas, and oil 
and gas well locations (purple dots).

Figure created by author in ArcMap. Source: groundwater monitoring station locations obtained from the TWDB at https://www.waterdatafor-
texas.org/groundwater.
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Figure 7. Operator reporting rates over time by area. 

a)  The percentage of well records for which Primary Vision estimated a hydraulic fracturing 
fluid mass in GCD and non-GCD areas.
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b)  The percentage of well records that contain at least some information on water type in 
GCD and non-GCD areas.
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Figure 8. Total water volumes used in hydraulic fracturing within the vicinity of a groundwater mon-
itoring station. The thickness of the lines reflects the expected size of the effects of withdrawals across 
space.

Figure created by author in ArcMap. Source: oil and gas well location data from Primary Vision.

Figure 9. Coefficient plot of the effects of water use in hydraulic fracturing across space. Estimates 
from equation (2). Each point is presented with its 95% confidence interval. Regression results are 
available in Appendix D.2A.
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Tables
Table 1. FracFocus disclosure requirements for Texas.

(1) Operator name

(2) Date of completion and hydraulic fracturing 
treatment(s)

(3) County of well

(4) API number

(5) Well name and number

(6) Latitude and longitude of wellhead

(7) Total vertical depth of well

(8) Total volume of water used in the hydraulic 
fracturing treatment(s) of the well or the type and 
total volume of the base fluid used in the treat-
ment (if something other than water)

(9) Each additive used in the hydraulic fracturing 
treatments and the trade name, supplier, and a 
brief description of the intended use or function 
of each additive in the hydraulic fracturing treat-
ment(s)

(10) Each chemical ingredient used in the hy-
draulic fracturing treatment(s) of the well that is 
subject to the requirements of 29 Code of Federal 
Regulations §1910.1200(g)(2), as provided by the 
chemical supplier or service company or by the 
operator, if the operator provides its own chemical 
ingredients

(11) The actual or maximum concentration of each 
chemical ingredient in percent by mass

(12) The CAS number for each chemical ingredi-
ent listed, if applicable

(13) A supplemental list of all chemicals and 
their respective CAS numbers, not subject to the 
requirements of 29 Code of Federal Regulations 
§1910.1200(g)(2), that were intentionally included 
in and used for the purpose of creating the hy-
draulic fracturing treatments for the well

Source: House Bill 3328, Texas Legislature.

Table 2. Descriptive statistics. Median reported water volume (gallons) for all well records in GCD 
and non-GCD areas over January 2012 through May 2017. Statistics based on reported water volumes 
from well records in the PV dataset.

2012 2013 2014 2015 2016  Through 
May 2017

G
C

D
 A

re
as

Horizontal 
and 

Directional

Water Vol./Well 4,027,783 4,439,589 5,531,274 9,908,328 8,348,620 >10,900,000
No. Wells 4,543 5,486 5,909 3,918 2,271 834

 
Vertical

Water Vol./Well 732,285 737,877 855,418 294,588 69,586 62,106
No. Wells 3,300 3,290 2,498 885 362 125

Total No. Wells 7,843 8,776 8,407 4,803 2,633 959

N
on

-G
C

D
 A

re
as

Horizontal 
and 

Directional

Water Vol./Well 2,540,573 3,442,774 5,567,493 7,131,810 >11,000,000 >11,700,000
No. Wells 1,332 1,567 2,125 1,759 1,271 417

 
Vertical

Water Vol./Well 405,501 268,942 195,928 163,873 73,038 50,099
No. Wells 3,374 3,702 3,233 1,118 457 201

Total No. Wells 4,706 5,269 5,358 2,877 1,728 618
Source: data from Primary Vision.
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Table 3. Linear probability model results for reporting metric 1. Outcome: hydraulic fracturing fluid 
mass calculated (0 or 1)? Each specification was estimated using wells in Texas over February 2012 
through May 2017, but omitting observations for operators who did not have wells in both GCD and 
non-GCD areas. 

(1) (2) (3) (4)
GCD (0 or 1) -0.0143* -0.0098* -0.0127* -0.0129*

(0.00772) (0.00576) (0.00719) (0.00742)
Well Orientation (0 or 1) -0.0433*** -0.0427*** -0.0414***

(0.00890) (0.00940) (0.00856)
TWV (One Unit = 100k Gallons) -0.00014*** -0.00013*** -0.00013***

(0.000033) (0.000032) (0.000031)
Refrac (0 or 1) -0.0031 -0.0023 -0.0019

(0.00524) (0.00509) (0.00508)
#Wells by Operator in County-Month 0.0019*** 0.0019***

(0.00062) (0.00062)
Operator’s 1st Well 0.0346* 0.0342*

(0.01809) (0.01791)
Operator’s 1st Well in County 0.0144* 0.0146*

(0.00807) (0.00811)
Cumulative #Wells in County No No Yes Yes
Cumulative #Wells by Largest 5 in County No No Yes Yes
Cumulative #Wells by Operator in County No No Yes Yes
#Wells by Largest 5 in County-Month No No Yes Yes
Total #Wells by Operator in County No No Yes Yes
Drought Controls No No No Yes
Constant Yes Yes Yes Yes
N 47521 47521 47521 47521
R-Squared 0.070 0.091 0.095 0.097
Operator FEs Yes Yes Yes Yes
Year-Month FEs Yes Yes Yes Yes

Standard errors in parentheses. Clustered on county. * p<0.10, ** p<0.05, *** p<0.01
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Table 4. Linear probability model results for reporting metric 2. Outcome: any information on water 
type in completion report (0 or 1)? Each specification was estimated using wells in Texas over February 
2012 through May 2017, but omitting observations for operators who did not have wells in both GCD 
and non-GCD areas. 

(1) (2) (3) (4)
GCD (0 or 1) -0.0366** -0.0290* -0.0304* -0.0280*

(0.01779) (0.01471) (0.01611) (0.01590)
Well Orientation (0 or 1) -0.0842*** -0.0875*** -0.0881***

(0.01598) (0.01565) (0.01520)
TWV (One Unit = 100k Gallons) 0.00009 0.00009 0.00009

(0.000057) (0.000055) (0.000055)
Refrac (0 or 1) 0.0025 0.0005 0.0007

(0.01599) (0.01514) (0.01520)
#Wells by Operator in County-Month 0.0060 0.0060

(0.00436) (0.00437)
Operator’s 1st Well -0.0229 -0.0235

(0.02632) (0.02630)
Operator’s 1st Well in County 0.0219 0.0216

(0.01363) (0.01373)
Cumulative #Wells in County No No Yes Yes
Cumulative #Wells by Largest 5 in County No No Yes Yes
Cumulative #Wells by Operator in County No No Yes Yes
#Wells by Largest 5 in County-Month No No Yes Yes
Total #Wells by Operator in County No No Yes Yes
Drought Controls No No No Yes
Constant Yes Yes Yes Yes
N 47521 47521 47521 47521
R-Squared 0.119 0.133 0.137 0.139
Operator FEs Yes Yes Yes Yes
Year-Month FEs Yes Yes Yes Yes

Standard errors in parentheses. Clustered on county. * p<0.10, ** p<0.05, *** p<0.01
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Table 5. Naïve fixed effects model results. Outcome: distance to groundwater level (feet). Units of 
TWV are in 100BBLs (4,200 gallons).

(1) (2) (3) (4) (5)
TWV10 (Unit = 
100BBLs)

0.00040 0.00041 0.00149*** 0.00040

(0.000251) (0.000249) (0.000182) (0.000251)
TWV10 x Permian 0.00012***

(0.000040)
TWV10 x Eagle Ford 0.00111**

(0.000487)
Drought No Yes Yes Yes Yes
Rain No Yes Yes Yes Yes
Temp No No Yes No No
Wind No No Yes No No
Population No No No Yes Yes
Total Corn Acres No No No Yes Yes
Irrigated Corn Acres No No No Yes Yes
Total Cotton Acres No No No Yes Yes
Cotton Acres Irrigated No No No Yes Yes
Total Sorghum Acres No No No Yes Yes
Sorghum Acres Irrigated No No No Yes Yes
Total Wheat Acres No No No Yes Yes
Wheat Acres Irrigated No No No Yes Yes
Total Rice Acres No No No Yes Yes
Constant Yes Yes Yes Yes Yes
N 15301 15014 5805 15014 15014
# Stations 267 267 106 267 267
R-Squared 0.118 0.128 0.186 0.138 0.147
Station FEs Yes Yes Yes Yes Yes
Year-Month FEs Yes Yes Yes Yes Yes

Standard errors in parentheses. Clustered on monitoring station. * p<0.10, ** p<0.05, *** p<0.01
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Table 6. Fixed effects model results with lags for the short-term effects of water use in hydraulic frac-
turing. Lags indicated by (-). Outcome: distance to groundwater level (feet).

(1) (2) (3) (4) (5)
TWV10 (Unit = 
100BBLs)

0.00005 0.00006 0.00031*** 0.00005 0.00005

(0.000048) (0.000050) (0.000060) (0.000049) (0.000049)
TWV10 (-1) 0.00006 0.00007* 0.00029*** 0.00006 0.00006

(0.000041) (0.000040) (0.000034) (0.000042) (0.000042)
TWV10 (-2) 0.00008* 0.00009* 0.00036*** 0.00008 0.00008

(0.000048) (0.000047) (0.000036) (0.000048) (0.000048)
TWV10 (-3) 0.00009*** 0.00009*** 0.00019*** 0.00008*** 0.00008***

(0.000031) (0.000029) (0.000047) (0.000028) (0.000027)
TWV10 (-4) 0.00012*** 0.00012*** 0.00027*** 0.00012*** 0.00011***

(0.000035) (0.000035) (0.000023) (0.000034) (0.000034)
TWV10 (-5) 0.00014*** 0.00014*** 0.00033*** 0.00014*** 0.00013**

(0.000048) (0.000050) (0.000049) (0.000049) (0.000050)
TWV10 (-6) 0.00018 0.00018 0.00052*** 0.00018 0.00017

(0.000119) (0.000118) (0.000096) (0.000119) (0.000120)
Drought Index No Yes Yes Yes Yes
Drought Index Lags - 6 No No No Yes Yes
Rain No Yes Yes Yes Yes
Rain Lags - 6 No No No No Yes
Temp No No Yes No No
Wind No No Yes No No
Population No No No Yes Yes
Total Corn Acres No No No Yes Yes
Irrigated Corn Acres No No No Yes Yes
Total Cotton Acres No No No Yes Yes
Cotton Acres Irrigated No No No Yes Yes
Total Sorghum Acres No No No Yes Yes
Sorghum Acres Irrigated No No No Yes Yes
Total Wheat Acres No No No Yes Yes
Wheat Acres Irrigated No No No Yes Yes
Total Rice Acres No No No Yes Yes
Constant Yes Yes Yes Yes Yes
N 13706 13445 5174 13445 13349
# Stations 258 258 103 258 254
R-Squared 0.121 0.134 0.200 0.160 0.162
Station FEs Yes Yes Yes Yes Yes
Year-Month FEs Yes Yes Yes Yes Yes

Standard errors in parentheses. Clustered on monitoring station. * p<0.10, ** p<0.05, *** p<0.01
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Table 7. Fixed effects model results for the cumulative effects of water use in hydraulic fracturing. 
Outcome: distance to groundwater level (feet).

(1) (2) (3)
CTWV10 (Unit = 100BBLs) 0.0000185***

(0.00000543)
CTWV10 x GCD 0.0000183***

(0.00000531)
CTWV10 x Permian 0.0000129***

(0.00000389)
CTWV10 x Eagle Ford 0.0000239***

(0.00000688)
Drought Index Yes Yes Yes
Drought Index Lags - 6 Yes Yes Yes
Rain Yes Yes Yes
Rain Lags - 6 Yes Yes Yes
Population Yes Yes Yes
Total Corn Acres Yes Yes Yes
Irrigated Corn Acres Yes Yes Yes
Total Cotton Acres Yes Yes Yes
Cotton Acres Irrigated Yes Yes Yes
Total Sorghum Acres Yes Yes Yes
Sorghum Acres Irrigated Yes Yes Yes
Total Wheat Acres Yes Yes Yes
Wheat Acres Irrigated Yes Yes Yes
Total Rice Acres Yes Yes Yes
Constant Yes Yes Yes
N 13349 13349 13349
# Stations 254 254 254
R-Squared 0.163 0.163 0.164
Station FEs Yes Yes Yes
Year-Month FEs Yes Yes Yes

Standard errors in parentheses. Clustered on monitoring station. * p<0.10, ** p<0.05, *** p<0.01


