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Public introduction
M4ShaleGas stands for Measuring, monitoring, mitigating and managing the environmental impact of
shale gas and is funded by the European Union’s Horizon 2020 Research and Innovation Programme.
The main goal of the M4ShaleGas project is to study and evaluate potential risks and impacts of shale gas
exploration and exploitation. The focus lies on four main areas of potential impact: the subsurface, the
surface, the atmosphere, and social impacts.
The European Commission's Energy Roadmap 2050 identifies gas as a critical fuel for the transformation
of the energy system in the direction of lower CO2 emissions and more renewable energy. Shale gas may
contribute to this transformation.
Shale gas is – by definition – a natural gas found trapped in shale, a fine grained sedimentary rock
composed of mud. There are several concerns related to shale gas exploration and production, many of
them being associated with hydraulic fracturing operations that are performed to stimulate gas flow in the
shales. Potential risks and concerns include for example the fate of chemical compounds in the used
hydraulic fracturing and drilling fluids and their potential impact on shallow ground water. The fracturing
process may also induce small magnitude earthquakes. There is also an ongoing debate on greenhouse gas
emissions of shale gas (CO2 and methane) and its energy efficiency compared to other energy sources
There is a strong need for a better European knowledge base on shale gas operations and their
environmental impacts particularly, if shale gas shall play a role in Europe’s energy mix in the coming
decennia. M4ShaleGas’ main goal is to build such a knowledge base, including an inventory of best
practices that minimise risks and impacts of shale gas exploration and production in Europe, as well as
best practices for public engagement.
The M4ShaleGas project is carried out by 18 European research institutions and is coordinated by TNONetherlands Organization for Applied Scientific Research.

Executive Report Summary
The aim of this study is to collect and select information from U.S., Canada and Europe about the
wastewater management in relation with shale gas exploration and exploitation operations, establishing
the framework upon which recommendations adopted for use in Europe will rest.
Two different lines of wastewater are generated in shale gas operations: wastewater from drilling works
and wastewater from hydraulic fracturing works. Hydraulic fracturing is a stimulation technique used to
increase oil and gas production from underground rock formations. Hydraulic fracturing involves the
injection of fluids under pressures great enough to fracture the oil- and gas-producing formations. Great
volumes of fracturing fluid (water based) are injected for the stimulation, and a variable proportion of this
water is recovered as flowback water, to which ancient water from the shale gas formation is added. The
combination of this two wastewater is called produced water. Water management becomes an important
issue in this context.
Water management decisions within shale gas production fall into two primary categories: water
utilization within hydraulic fracturing operations and treatment-reuse and recycle-disposal of wastewater
from drilling and production.
The report addresses all aspects involved in the watercycle in hydraulic fracturing operations: water
supply, chemical mixing, wastewater generation and wastewater management.
A variety of water sources support oil and gas production, including fresh or brackish water from surface
or groundwater withdrawal, treated industrial or municipal wastewaters, or a mixture of fresh water,
reused/recycled wastewater of unconventional oil and gas (UOG) produced water. Until recently, most
hydraulic fracturing water has been derived from freshwater resources. Recent advances in hydraulic
fracturing technology allow use of more saline water.
Water consumption values are highly variable and depend on the characteristics of each formation,
vertical depth, and the longitudinal development of the horizontal well. Water consume ranges typically
between 10,000 and 16,000 cubic meters per well, reaching in some wells up to 30,000 cubic meters.
Chemical properties of the water supplies may constrain water management, particularly when brackish or
reused/recycled water is used, and limit the possibilities of water intake.
Hydraulic fracturing could be limited because of water supply limitations, mainly in semiarid regions.
D9.1 Water management related to shale gas activities
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Issues like reductions in stream flow, groundwater depletion and drought are related to withdrawing
abundant volumes of water from a given source.
Several strategies have been implemented to solve water constrains including reducing water demand,
increasing water supplies (particularly non-freshwater supplies, including reuse/recycling of blowback and
produced water, using municipal wastewater), and inter-sectorial transfers (primarily from irrigations or
conventional gas and oil production).
To take decisions on wastewater management the knowledge about quantity and composition becomes
essential. Wastewater generated during the initial drilling of the well and typically maintains the
characteristics of the drilling fluid, but also contains additional solids related to the geological formations.
Flowback is produced when the hydraulic fracturing procedure is completed and pressure is released. At
that moment, the direction of fluid flow reverses, and the fluid flows up through the wellbore to the
surface. Flowback may contain the specific fracturing fluid composition as well as chemical constituents
present in the shale gas formation. Long-term produced water is generated during the production phase of
the well after the initial flowback process. It typically mimics the characteristics of the shale gas
formation, which often contributes, in part, to high concentrations of select naturally occurring ions. The
U.S. Environmental Protection Agency (EPA) found an average of 9 percent drilling wastewater, 33
percent flowback and 58 percent of long-term produced water of the total wastewater in the Marcellus
Shale. The overall flowback after 90 days is in the range of 15 to 40 percent.
Volume and composition of flowback and long-term produced water varies over the lifetime of the well.
This is an important issue when making treatment decisions. Constituents of concern in produced water
include total dissolved solids (TDS), total suspended solids (TSS), organics, hardness, metals, biological
load, and naturally occurring radioactive material (NORM).
There are several options for wastewater management:
 Disposal via surface discharge, underground injection or land application.
 Reuse/recycle wastewater in subsequent fracturing works.
 Transfer wastewater to a Centralized Waste Treatment (CWT) facility.
 Transfer wastewater to a Publicly Owned Treatment Works (POTW) facility.
 Treat produced water for beneficial purposes.
 In select areas, operators also use evaporation ponds (impoundments) for disposal of produced
water.
Disposal via underground injection (Class II wells) is the most widespread method in the U.S., but
operators increasingly try to implement reuse/recycled options for wastewater management. CWTs are
becoming more common since larger volumes of produced water can be treated at lower costs. Produced
water transfer to POTW facilities is in decline due to strong requirements in wastewater quality.
Beneficial used of treated produced water can only be applied when the treatment is sufficient to reach a
high quality water.
Reuse/recycle options are increasingly developed as the regulatory frameworks for wastewater disposal
and treatments recently developed.
Technologies used for treatment of produced water from shale gas operations can be classified in several
ways. Treatment technologies can be generally classified in three broad categories: clarification,
softening, and desalination.
EPA classifies wastewater treatment technologies as basic or advanced. Basic treatment technologies are
ineffective for reducing total dissolved solids (TDS) and are typically not labour intensive. Advanced
treatment technologies can remove TDS but are energy and labour intensive. In general, basic treatment
technologies would be those designed for clarification and softening purposes, and advanced treatment
technologies would be designed for desalination purposes. Basic and advanced treatment technologies
include:
 Basic treatments: comprise technologies as settling ponds, plate settlers, hydrocyclones, dissolved
air flotation, coagulation/oxidation, electrocoagulation/electroflotation, sedimentation,
bioreactors, disinfestation and microfiltration/ultrafiltration.
 Advanced treatments: comprises membrane treatment technologies (nanofiltration and reverse
osmosis, forward osmosis and membrane distillation) and hybrid and thermal technologies
(thermal distillation, ion exchange, electrodyalisis and crystallization).
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Some operators manage unconventional oil and gas extraction wastewater by transporting it to CWT
facilities. Wastewater treated at CWT facilities is either discharged or returned to the operator for
reuse/recycle in fracturing.
Treatment of wastewater for beneficial uses is increasing due to the extensive costs in the handling and
management of produced water that operators conduct. Some of these beneficial uses include livestock
watering, irrigation, rangeland restoration and industrial and domestic uses.
Currently, the decisions about wastewater treatment for reuse/recycle purposes in the U.S. are primarily
influenced by TDS and NORM content in wastewater.

D9.1 Water management related to shale gas activities
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1

INTRODUCTION

1.1

Context of M4ShaleGas
Shale gas source rocks are widely distributed around the world and many countries have
now started to investigate their shale gas potential. Some argue that shale gas has
already proved to be a game changer in the U.S. energy market (EIA 20151). The
European Commission's Energy Roadmap 2050 identifies gas as a critical energy source
for the transformation of the energy system to a system with lower CO2 emissions that
combines gas with increasing contributions of renewable energy and increasing energy
efficiency. It may be argued that in Europe, natural gas replacing coal and oil will
contribute to emissions reduction on the short and medium terms.
There are, however, several concerns related to shale gas exploration and production,
many of them being associated with the process of hydraulic fracturing. There is also a
debate on the greenhouse gas emissions of shale gas (CO2 and methane) and its energy
return on investment compared to other energy sources. Questions are raised about the
specific environmental footprint of shale gas in Europe as a whole as well as in
individual Member States. Shale gas basins are unevenly distributed among the
European Member States and are not restricted within national borders, which makes
close cooperation between the involved Member States essential. There is relatively
little knowledge on the footprint in regions with a variety of geological and geopolitical
settings as are present in Europe. Concerns and risks are clustered in the following four
areas: subsurface, surface, atmosphere and society. As the European continent is
densely populated, it is most certainly of vital importance to understand public
perceptions of shale gas and for European publics to be fully engaged in the debate
about its potential development.
Accordingly, Europe has a strong need for a comprehensive knowledge base on
potential environmental, societal and economic consequences of shale gas exploration
and exploitation. Knowledge needs to be science-based, needs to be developed by
research institutes with a strong track record in shale gas studies, and needs to cover the
different attitudes and approaches to shale gas exploration and exploitation in Europe.
The M4ShaleGas project is seeking to provide such a scientific knowledge base,
integrating the scientific outcome of 18 research institutes across Europe. It addresses
the issues raised in the Horizon 2020 call LCE 16 – 2014 on Understanding, preventing
and mitigating the potential environmental risks and impacts of shale gas exploration
and exploitation.

1

EIA (2015). Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information
Administration (www.eia.gov).
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1.2

Study objectives for this report
The aim of this study is to collect and select information from U.S. and Canada about
the water management in hydraulic fracturing within shale gas exploration and
exploitation operations. Collecting all the information available and selecting that good
quality information that best suits European reality is the first step to fix
recommendations on water management in Europe. This study will allow to identify
those knowledge gaps or inherent limitations that could appear in the application of U.S.
and Canada water management systems to Europe. The information presented in this
study would provide the basis for establishing the framework of the following research
steps.

1.3

Aims of this report
The aim of this report is to offer good quality information available concerning water
management in hydraulic fracturing operations from U.S. and Canada, therefore
establishing the framework upon which recommendations adopted for use in Europe
will rest.
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2

WATER CYCLE IN HYDRAULIC FRACTURING OPERATIONS
Hydraulic fracturing is a stimulation technique used to increase oil and gas production
from underground rock formations. Hydraulic fracturing involves the injection of fluids
under pressures great enough to fracture the oil- and gas-producing formations. The
fluid generally consists of water, chemicals, and proppants (commonly sand). The
proppant holds the newly created fractures open after the injection pressure is released.
Oil and gas flow through the fractures up to the production well at the surface.
Hydraulic fracturing has been used since the late 1940s and, for the first 50 years, was
mostly used in vertical wells in conventional formations. Hydraulic fracturing is still used in
those settings, but the process has largely evolved; technological developments
(including horizontal and directional drilling) have led to the use of hydraulic fracturing
in unconventional hydrocarbon formations that could not otherwise be profitably
produced (U.S. EPA, 2015a).
Water management decisions within shale gas production fall into two primary
categories: water utilization within hydraulic fracturing operations and disposal of
wastewater from drilling and production (Gay et al., 2012).
This study aims to address all the aspects involved in the water cycle in hydraulic
fracturing operations (Figure 1). Thereby the activities that form the scope of this study
are:






Water supply: the withdrawal of ground or surface water needed for hydraulic
fracturing fluids.
Chemical mixing: the mixing of water, chemicals, and proppant on the well pad
to create the hydraulic fracturing fluid.
Well injection: the injection of hydraulic fracturing fluids into the well to
fracture the geologic formation.
Wastewater generation. Flowback and long-term produced water: the return of
injected fluid and water produced from the formation to the surface, and
subsequent transport for reuse, treatment, or disposal.
Wastewater management: the reuse, treatment and disposal of wastewater
generated at the well pad, including produced water.
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Liquid
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Solid
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Direction of “In process” Water
Flow
Fluid or Solid transportation
Figure 1. Simplified flow of water in shale gas plays (redrawn and modified from Gay
et al., 2012).
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3

WATER SUPPLY FOR HYDRAULIC FRACTURING OPERATIONS

3.1

Water sources
A variety of water sources support oil and gas production, including fresh or brackish
water from surface or groundwater withdrawal, treated industrial or municipal
wastewaters, or a mixture of fresh water, reused/recycled wastewater of Unconventional
Oil and Gas (UOG) produced water and/or others waters (treated municipal wastewater,
treated industrial wastewater). Table 1 shows the average percentages for each water
source as fracturing fluid in U.S. (U.S. EPA, 2015b).
Table 1. Different water sources used as fracturing fluid (from U.S. EPA, 2015b).
Unconventional Oil and Gas operators using each water source as fracturing fluid in
the United States
Surface water (rivers, lakes, etc.)
Groundwater
City/ municipal water
Recycled UOG produced water
Industrial wastewater

%
40
36
16
7
1

Fresh water is defined as water with a total dissolved solids (TDS) content under 1,000
mg/L; the upper limit for brackish water is 35,000 mg/L, but often in the literature this
limit is set in less than 10,000 mg/L. For these purposes, water consumption is defined
as the fresh water used excluding recycling and reused water. Reused water is
understood as the water originating from previous hydraulic fracturing operations
whereas recycling is more general and may include, for example, produced water from
conventional wells or waste water obtained from other industries or municipalities. The
use of brackish water in areas with limited fresh water supplies could compete with
conventional uses (Texas Oil & Gas Association, 2012).

3.2

Water requirements for hydraulic fracturing operations

3.2.1

Quantity of water required for hydraulic fracturing operation
The required water consumption values are highly variable and depend on the
characteristics of each formation, vertical depth, and the longitudinal development of
the horizontal well. These volumes are included, approximately, between 10,000 and
16,000 cubic meters per well (U.S. Department of Energy, 2009), and can reach the
30,000 cubic meters (NYSDEC, 2011).
The total volume of water consumed during hydraulic fracturing could make
unconventional gas production unsustainable in many areas of the world that are waterconstrained. Each well requires an average of 2–4 million gallons of water (7,57015,141 cubic meters) to fracture, depending on the characteristics of the shale formation
(Flavin and Kitasei, 2010).
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In the Barnett Shale field the average of water consumption per well is 10,200 cubic
meters, corresponding 1,500 cubic meters to the vertical well; in the Fayetteville Shale
is 11,500 cubic meters; in Haynesville Shale is 14,000 cubic meters, where 3,790 cubic
meters correspond to the vertical well; in Marcellus Shale is 14,700 cubic meters (U.S.
Department of Energy, 2009).
Drilling of the vertical and horizontal components of a well may require 400–4,000
cubic meters of water for drilling fluids to maintain downhole hydrostatic pressure, cool
the drill head, and remove drill cuttings. Then, 7,000–18,000 cubic meters of water per
well are needed for hydraulic fracturing operations. These large volumes of water are
typically obtained from nearby surface water courses or pumped from municipal
sources. Such water is not generally returned to surface or groundwater (Stuart, 2012).
The EPA estimates the mean volume of fluid in about 2 to 5 million gallons (7,57019,000 cubic meters) per well in U.S.
According to data obtained from the Committee on energy and changing climate of the
Chamber of the Commons of the United Kingdom on Shale Gas, assuming a production
of 10% of total gas consumed in 2008, there should be required from 2,500 to 3,000
horizontal drillings on a surface of between 140 and 400 km2, with water requirements
from 23 to 86 million cubic meters (23 to 86 hm3), 495 wells pads. The required volume
of chemical products for fracturing operations typically varies from 534,600 to
1,772,600 cubic meters (approximately 2% of injected water), generating a returned
flow of 3,920,400 to 67,953,600 cubic meters of water. The volume of chemical
products in the return water ranges between 78,210 and 1,359,270 cubic meters
(approximately 2% of return water) (House of Commons, 2011).
3.2.2

Quality of water supplies required for hydraulic fracturing operation
Water supply represents a challenge not only because of the quantity of water but also
for the quality needed for hydraulic fracturing operations. Main chemical features of
water supplies used for hydraulic fracturing in 19 locations of Marcellus shale are
summarized in Table 2. The chemical characteristics of the water supplies may pose
another limitation in water management, particularly when brackish or reused/recycled
water is used, and may limit the possibilities of water intake.
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Table 2. Chemical characteristics of water supplies used for hydraulic fracturing before
additives were blended in Marcellus Shale (data from Hayes, 2009).
Summary of chemical characteristics of water suppliesa used for hydraulic fracturing before
additives were blended in Marcellus shale
Parameter
Range
Median
Units
pH
6.7 - 7.4
7.2
No units
Acidity
< 5 – 5.5
NC
mg/L
Total Alkalinity
6.2 – 88.8
52.5
mg/L
Hardness as CaCO3
18 - 1,080
132
mg/L
Total Suspended Solids
<2 – 24
NC
mg/L
Turbidity
1.3 – 33.7
3.7
NTU
Chloride
4.1 – 3,000
35.2
mg/L
Total Dissolved Solids
35 – 5,510b
334
mg/L
Specific Conductance
55 – 10,100
423
Umhos/cm
Total Kjeldahl Nitrogen
< 3 – 56.4
NC
mg/L
Ammonia Nitrogen
0.017 – 20.8
0.41
mg/L
Nitrate-Nitrite
< 0.1 – 3.0
NC
mg/L
Nitrite as N
< 0.05 – 4.9
NC
mg/L
Biochemical Oxygen Demand
< 2.0 – 110
NC
g/L
Chemical Oxygen Demand
< 10 – 924
NC
mg/L
Total Organic Carbon (TOC)
1.8 – 202
3.4
mg/L
Dissolved Organic Carbon
1.4 – 222
3.2
mg/L
Oil & Grease (HEM)
Non Detected
NC
mg/L
Cyanide, Total
< 10 – 625
NC
ug/L
Amenable Cyanide
< 0.01 - 0.27
NC
mg/L
Bromide
< 0.2– 31.9
NC
mg/L
Fluoride
< 0.05 - 1.2
NC
mg/L
Total Sulfide
1.6 - 5.6
NC
mg/L
Sulphate
3.8 – 139
26
mg/L
Total Phosphorus
< 0.1 – 0.14
mg/L
Total Recoverable Phenolics
0.01 - 0.031
NC
mg/L
Sulfite
6 – 21.6
10.8
mg/L
Methylene Blue Active Substances
< 0.05 - 0.962
NC
mg/L
(MBAS)
a
Water Supplies at 8 Locations: F, H, I, J, L, M, N, S.
b
Upper end concentrations in the TDS range may be due to implementation of flowback water reuse and
blending into the influent stream.

The cost of procuring this water is relatively small, averaging U.S.$3.00 (2.74€) per
1000 gallons (3.7 m3) in the Marcellus region. IHS preliminary models show that
freshwater withdrawal accounts for less than 1% of the total water management cost
(Gay et al., 2012).

3.3

Water stress and shale gas operations
With increasing energy production from unconventional shale plays requiring large
amounts of water to support hydraulic fracturing, there is a concern about limited water
supplies (Scanlon et al., 2014). The withdrawal of large volumes of water from natural
water sources may lead in water stress for the local resources, particularly in already
water stressed regions (Freyman, 2014), as semiarid regions. It is estimated that about
40% of shale resources are located in arid areas or in high to extremely high water stress
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areas, and about 15% of global shale resources occurring in areas exposed to highextremely high drought stress (Scanlon et al., 2014; Reig et al., 2013). Thus, hydraulic
fracturing in semiarid regions could be limited because of water constrains (Scanlon et
al., 2014). The sensitivity of the resource depends on the area, the type of source chosen
and the competition with other water uses, including recreational uses, potable and
culinary uses, ecological flows, disposal of waste waters, and several others (URS,
2009). In general, reductions in stream flow, groundwater depletion and drought are
critical issues related to withdrawing abundant volumes of water from a given source
(Freyman, 2014). Potential effects of reduced stream discharge include the degradation
of the stream’s optimum uses, insufficient volumes for downstream public water
supplies, impacts on adjacent habitats, and the exacerbation of drought effects (New
York State DEC, 2009).
Several studies emphasize the net impact of hydraulic fracturing water use on water
resources using a life-cycle analysis (Clarck et al., 2013; Jiang et al., 2014). Various
strategies have been proposed to enhance resilience of hydraulic fracturing to water
constrains, and reduce impacts on water resources, including reducing water demand,
increasing water supplies (particularly non-freshwater supplies, including
reuse/recycling of flowback and produced water, using municipal wastewater, etc.), and
inter-sectorial transfers (primarily from irrigations or conventional gas and oil
production) (Scanlon et al., 2014). Until recently, most hydraulic fracturing water has
been derived from freshwater resources (Freyman, 2014). Recent advances in hydraulic
fracturing technology allow use of more saline water, even as high as 285,000 mg/l of
total dissolved solids (TDS) (LeBas et al., 2013). There is much emphasis on reuse or
recycling of flowback or produced water but this represents only a small percentage of
hydraulic fracturing water demand (Clarck et al., 2013). Brackish groundwater and
municipal wastewater provide other alternatives to freshwater.
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4

FRACTURING FLUIDS IN SHALE GAS OPERATIONS

4.1

Composition of hydraulic fracturing fluids
The primary component of fracturing fluids is the base fluid to which proppant (sand)
and chemicals are added. Base fluid typically consists of only fresh water or a mixture
of fresh water, reused/recycled UOG produced water, and/or other sources (e.g., treated
municipal wastewater, etc.) as noted above. The quantity of each fracturing fluid
component varies from operators, basins, formations and resource types.
In addition to base fluid, operators add proppant and chemicals to adjust the fracturing
fluid properties. Proppant generally makes up 10 percent or less of the total fracturing
fluid by mass. Chemical additives in total typically make up less than 0.5 percent of the
total fracturing fluid. Fracturing fluid additives are constantly evolving as UOG
operators determine the most efficient composition to use for each fracture job (U.S.
EPA, 2015b).
There are two general types of water-based fracturing fluids:

2



Slick-water fracturing fluids. Consist of small quantities of friction reducer,
biocides, scale inhibitors, surfactants, and propping agents. Operators generally
use slick-water designs to fracture dry natural gas producing formations. Slickwater is also called High-Volume Hydraulic Fracturing (HVHF) due to the high
amount of water used (about 2 to 5 million gallons of fluid; 7,570-19,000 cubic
meters) (U.S. EPA, 2010).
The high pump rates for slick-water treatments (often 60-100 bbl/minute)
necessitate the action of friction reducer additives to reduce friction pressure up
to 70%; this effect helps to moderate the pumping pressure to a manageable
level during proppant injection. Common chemistries for friction reduction
include polyacrylamide derivatives and copolymers added to water at low
concentrations. Additional additives for slick-water fluids may include biocide,
surfactant (wettability modification), scale inhibitor, and others2.



Gel fracturing fluids or old Hidrofracking. Include higher quantities of gels to
increase fluid viscosity that enables the fluid to carry higher concentrations of
propping agents into the formation. Using gel fracturing fluids requires less total
base fluid volume than using slick-water fracturing fluids, but gel fracturing
fluids contain more additives and proppant. Consequently, gel fracturing fluids
are more complex than slick-water fracturing fluids and are more sensitive to the
quality of base fluid. Operators generally use gel fracturing fluids to fracture
liquid-rich formations. (U.S. EPA, 2015b).

http://petrowiki.org/Fracturing_fluids_and_additives
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The most widely extended fracturing fluid used in shale gas production is slick-water, in
which about eight or ten compounds are used, mostly friction reducers.

4.2

Additives used in hydraulic fracturing fluids
Table 3 shows the main additives used by operators and their common uses in U.S., and
the concentrations of the most common chemicals used in fracturing fluid in U.S. gas
and oil wells are shown in Table 4, summarized by the EPA from FracFocus3 (U.S.
EPA, 2015b).
Table 3. Fracturing fluid additives, main compounds and common uses (data cited from
U.S. EPA, 2015b).
Additive
typea
Acid

Common
compound(s)b
Hydrochloric acid;
Muriatic acid

Biocide

Glutaraldehyde; 2,2dibromo-3nitilopropionamide

Breaker

Peroxydisulphates;
salts

Clay
Stabilizer

Potassium chloride

Corrosion
inhibitor
Crosslinker

Ammonium
bisulfide; methanol
Borate salts;
potassium hydroxide

Purpose
Removes cement and drilling mud from casing perforations prior to
fracturing fluid injection.
Inhibits growth of organisms that could produce gases (particularly
hydrogen sulfide) that could contaminate methane gas; prevents the
growth of bacteria that can reduce the ability of the fluid to carry
proppant into the fractures by breaking down the gelling agent.
Reduces the viscosity of the fluid by “breaking down” the gelling agents
in order to release proppant into fractures and enhance the recovery of
the fracturing fluid.
Creates a brine carrier fluid that prohibits fluid interaction (e. g.,
swelling) with formation clays; interaction between fracturing fluid and
formation clays could block pore spaces and reduce permeability.
Reduces rust formation on steel tubing, well casing, tools, and tanks
(used only in fracturing fluids that contain acid).
Increases fluid viscosity to allow the fluid to carry more proppant into the
fractures.
Minimizes friction, allowing fracturing fluids to be injected at optimum
rates and pressures.

Friction
reducer

Petroleum distillates

Gel

Guar gum;
hydroxyethyl
cellulose

Increases fracturing fluid viscosity, allowing the fluid to carry more
proppant into the fractures.

Iron control

Citric acid

Sequestering agent that prevents precipitation of metal oxides, with could
plug the formation.

pH adjusting
agent

Acetic acid;
potassium or sodium
carbonate

Adjust and controls the pH of the fluid in order to maximize the
effectiveness of other additives such as crosslinkers.

Proppant

Quartz; sand; silica

Scale
inhibitor

Ethylene glycol

Surfactant

Isopropanol;
naphthalene

Used to hold open the hydraulic fractures, allowing the gas or oil to flow
to the production well.
Prevents the precipitation of carbonate and sulphate scales (e. g. calcium
carbonate, calcium sulphate, barium sulphate) in pipes and in the
formation.
Reduces the surface tension of the fracturing fluids to improve fluid
recovery from the well after fracture is completed.

a

Operators do not use all of the chemical additives in hydraulic fracturing fluid for single well: they
decide which additives to use on a well-by-well basis.
b
The specific compounds used in a given fracturing operation will vary depending on company
preference, base fluid quality, and site-specific characteristics of the target formation.

3

https://fracfocus.org/
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Table 4. Most frequently reported additive ingredients used in fracturing fluid in gas
wells in U.S. (2011-2013) (data cited from U.S. EPA, 2015b).
Specific constituents

Hydrochloric acid
Guar gum
Phenolic resin
Distillates, petroleum, hydrotreated light
Ethylene Glycol
Potassium hydroxide
Methanol
Ethanol
Saline
Sodium hydroxide
Glutaraldehyde
Peroxydisulfuric acid, diammonium salt
Solvent naphtha, petroleum, heavy arom.
2-Butoxyethanol
Isopropanol
Acetic acid
Citric acid
2,2-Dibromo-3-nitrilopropionamide
Naphthalene
Propargyl alcohol

Maximum concentration in hydraulic
fracturing fluid (% by mass)

CAS number

Number of reported
uses

Median
concentration

12,351
3,586
11,897
5,493
12,269
6,325
3,608
4,656
5,635
4,618
3,287
3,325
8,008
3,563
4,832
3,668
3,294
5,811

0.078
0.1
0.017
0.0061
0.0020
0.0023
0.0091
0.0036
0.0084
0.0045
0.0044
0.0035
0.0016
0.0025
0.0017
0.0012
0.0012
0.000070

7647-01-0
9000-30-0
9003-35-4
64742-47-8
107-21-1
1310-58-3
67-56-1
64-17-5
7647-14-5
1310-73-2
111-30-8
7727-54-0
64742-94-5
111-76-2
67-63-0
64-19-7
77-92-9
10222-01-2
91-20-3
107-19-7

“-“ indicates this additive was not commonly reported.

A compilation made by Hayes (2009) with the main average characteristics (19
locations) of hydraulic fracturing fluid after additives blending, used in Marcellus Shale,
is shown in Table 5.
As an example, in Pennsylvania, Green County, Chevron, in Api Number 37-05925989-00-00, Citro Unit 3H Well, the fracturing fluid is composed by 99.8% of water
and crystalline silica (90.19% of water and 9.63 % of crystalline silica) and the
remaining 0.2% consists of: gelling agent (carbohydrate polymer), friction reducer
(ammonium sulphate and urea), biocide (glutaraldehyde), gel breaker (hemicellulase
enzyme), iron chelating agent (tetrasodium ethylenediam inetetraacetate; trisodium
nitrilotriacetate; sodium hydroxide), iron stabilizer (sodium erythorbate), scale inhibitor
(ethane-1,2-diol and trisodium ortho phosphate) and corrosion inhibitor (methanol;
aliphatic alcohols, ethoxylated; aliphatic acids: prop-2-yn-1-ol)4.

4

http://www.fracfocusdata.org/
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Table 5: Chemical characteristics of influent water used for hydraulic fracturing after
additives were blended in Marcellus Shale (data cited from Hayes, 2009).
Summary of chemical characteristics of influent watera used for hydraulic fracturing after
additivesb were blended in Marcellus Shale
Parameter
Range
Median
Units
pH
5.2-8.9
7.2
No units
Acidity
< 5 – 1,230
NC
mg/L
Total Alkalinity
5 – 308
NC
mg/L
Hardness as CaCO3
26 - 9,500
130
mg/L
Total Suspended Solids
4 - 5,290
NC
mg/L
Turbidity
2.7 – 715
249
NTU
Chloride
18 - 10,700
90.2
mg/L
Total Dissolved Solids
221 - 27,800c
735
mg/L
Specific Conductance
177 – 34,600
726
Umhos/cm
Total Kjeldahl Nitrogen
2.3 – 400
33.5
mg/L
Ammonia Nitrogen
0.28 – 441
5.9
mg/L
Nitrate-Nitrite
0.1 – 3.1
NC
mg/L
Nitrite as N
< 0.05 - 5
NC
mg/L
Biochemical Oxygen Demand
< 2.0 – 2,220
NC
g/L
Chemical Oxygen Demand
35.3 – 47,400
1,730
mg/L
Total Organic Carbon (TOC)
5.6 - 1,260
226
mg/L
Dissolved Organic Carbon
5 - 1,270
301
mg/L
Oil & Grease (HEM)
4.6 – 255
NC
mg/L
Cyanide, Total
3.5 – 954
NC
ug/L
Amenable Cyanide
< 0.01- 0.87
NC
mg/L
Bromide
< 0.2 – 107
NC
mg/L
Fluoride
< 0.05 - 58.3
NC
mg/L
Total Sulfide
< 3 – 8.8
NC
mg/L
Sulphate
2.9 – 2,920
NC
mg/L
Total Phosphorus
< 0.1 – 16
NC
mg/L
Total Recoverable Phenolics
< 0.01 - 0.77
NC
mg/L
Sulfite
< 5 – 61.6
NC
mg/L
Methylene Blue Active Substances
< 0.03 – 0.506
NC
mg/L
(MBAS)
a
Influent water samples are identified as Day 0; samples at 19 locations, Locations A –S.
b
Additives included corrosion inhibitors, scale inhibitors, friction reducers, biocides, and oxygen
scavengers. Blended water samples were taken before the addition of sand.
c
Upper end concentrations in the TDS range may be due to implementation of flowback water reuse and
blending into the influent stream.
NC - indicates the median concentration was not calculated due to undetected results.
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5

WASTEWATER GENERATED IN SHALE GAS OPERATIONS
Wastewater flows up from the hydrocarbon-bearing strata during the extraction of oil
and gas. This can include formation water, injection water, and any other chemicals
added downhole or during the separation process. Based on the stage of completion and
production the well is in, wastewater can be further broken down into the following
types: drilling wastewater, flowback and long-term produced water. As an example, in
Marcellus Shale these wastewater types are distributed as follow: 9 percent drilling
water, 33 percent flowback and 58 percent long-term produced water (Table 6).
Table 6: Wastewater in Marcellus shale (2004-2013) (data cited from U.S. EPA,
2015b).
Flowback (%)
33

Wastewater in Marcellus shale (2004-2013)
Long-term produced water (%)
58

Drilling water (%)
9

Drilling wastewater is generated during the initial drilling of the well and typically
maintains the characteristics of the drilling fluid, but also contains additional solids (i.e.,
drill cuttings) that are generated during the well drilling process. Flowback is generated
during the process of well completion. When pressure is released, the direction of fluid
flow reverses, and the fluid flows up through the wellbore to the surface (U.S. EPA,
2015b; AWWA, 2013). Long-term produced water continues to be produced throughout
the lifetime of the well (U.S. EPA, 2015b; AWWA, 2013). The total produced water
generated by a well over its lifetime is, depending on the site, estimated on 50 percent of
flowback and 50 percent of long-term produced water according to U.S. EPA (2015b),
43 percent of flowback and 57 percent of long-term produced water according to
Galusky and Hayes (2011) (Figure 2).
There are few data concerning the composition of long-term produced water
differentiated from flowback composition. In several studies and reports the term
produce water is used to compile both flowback in addition long term produced water.
The contribution of flowback to the total volume of produced water is higher in the first
step of shale gas production, become the contribution of long-term produced water more
important (in relation with flowback volume) after 90 days (see Figure 2) (U.S. EPA,
2015b).
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Figure 2: Water production throughout well operations life (from Gay et al., 2012).

The volumes and characteristics of unconventional oil and gas extraction wastewater
may vary significantly between basins, between formations, and sometimes between
wells within the same formation (U.S. EPA, 2015b).
As far as the composition of wastewater is concerned, classical and conventional
constituents, metal constituents and naturally occurring radioactive materials (NORM)
will be assessed. Oil and gas formations contain varying levels of naturally occurring
radioactive material (NORM) resulting from uranium and thorium decay, which can be
transferred to UOG produced water. Radioactive decay products typically include
radium-226 and radium-228. The EPA identified limited available data (primarily from
the Marcellus Shale formation) on some radioactive constituents in UOG extraction
wastewater, including radium-226, radium-228, gross alpha, and gross beta (U.S. EPA,
2015b).
Water management costs account for approximately 10% of a well’s operating expense,
leaving the industry vulnerable to escalating and variable water management costs in a
time of low prices and slim profit margins (Gay et al., 2012).

5.1

Drilling wastewater
Wastewater generated during the initial drilling of the well and typically maintains the
characteristics of the drilling fluid, but also contains additional solids (i.e., drill cuttings)
that are generated during the well drilling process. Includes potential pollutant
compounds from:
 Drill cuttings: the particles generated by drilling into subsurface geologic
formations and carried out from the wellbore with the drilling fluid.
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Drilling muds: The circulating fluid (mud) used in the rotary drilling of wells to
clean and condition the hole and to counterbalance formation pressure.

Table 7 shows drilling wastewater volumes generated per well in U.S. Shale plays.
Volumes of drilling wastewater typically increase with the length of the wellbore. For
example, a vertical well will typically produce a smaller volume of drilling wastewater
than a horizontal well drilled into the same formation, because the latter requires
additional drilling fluid to complete the horizontal lateral (U.S. EPA, 2015b).
Table 7. Drilling wastewater volumes per well in U.S. Shale plays (data cited from: U.S.
EPA, 2015b).
Formation
Haynesville
Niobrara
Barnett
Permian
Basinb
Eagle Ford
Utica
Marcellus

Range (gallons)

Media (gallons)

420,000 - 1,100,000
̶ c
170,000-500,000

600,000
300,000
250,000

95,200-420,000

210,000

130,000-420,000
̶ c
2,400-170,000

160,000
100,000
92,000

Typical total measureda
depth (feet)
13,000 – 19,000
7,500 – 13,000
8,500 – 14,000
̶

c

6,000 – 16,000
6,000 – 19,000
7,300 – 13,000

Number of
Data points
5
1
6
8
7
1
2,072

a

Total measured depth is the sum of the vertical and horizontal lengths.
Specific formation was not reported.
c
Only one data point was identified, no range is displayed.
b

Tables 8 and 9 show the concentration of selected constituents in drilling wastewater
from Marcellus Shale Formation Wells (U.S. EPA, 2015b).

Table 8. Composition of drilling wastewater from Marcellus Shale (data cited from:
U.S. EPA, 2015b).
Concentrations of select classical and conventional constituents in UOG drilling wastewater from
Marcellus Shale formation wells
Number of
Parameters
Units
Range
Median
data points
Alkalinity
mg/L
110–42,000
1,600
11
Ammonia
mg/L
0.98–35
7
8
BOD5
mg/L
80–1,100
390
8
Chloride
mg/L
160–23,000
12,000
12
COD
mg/L
150–9,300
1,800
8
Hardness as CaCO3
mg/L
1,400–46,000
4,400
12
Oil and grease
mg/L
ND–150
2.5
8
pH
No units
6.8–12
9.0
12
Phosphate
mg/L
--16
4
Specific conductivity
μS/cm
1,100–60,000
19,000
10
TDS
mg/L
560–80,000
31,000
14
TSS
mg/L
120–600,000
28,000
16
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Table 9: Concentration of metal constituents in drilling wastewater from Marcellus
Shale (data cited from: U.S. EPA, 2015b).
Parameter

Units

Range

Median

Aluminium
Arsenic
Barium
Berylium
Boron
Cadmiun
Calcium
Chromium
Cobalt
Copper
Iron
Lead
Lithium
Magnesium
Manganese
Mercury
Molybdenum
Nickel
Potassium
Selenium
Silver
Sodium
Strontium
Zinc

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

1.7-6,900
NDa-4.2
2.6-2,000
NDa-0.018
NDa-2.7
NDa-0.0050
150-15,000
NDa-11
NDa-1.8
NDa-17
4.2-18,000
NDa-8.0
NDa-1.2
NDa-3,600
NDa-350
NDa-0.029
-b
NDa-16
-b
a
ND -0.11
NDa-0.010
170-16,000
1.8-1,500
NDa-38

38
NDa
13
NDa
0.17
NDa
1,300
0.010
NDa
0.83
86
0.35
NDa
290
4.3
NDa
0.10
0.55
8,800
NDa
NDa
2,900
21
2.1

Number of
data points
12
12
14
8
8
8
13
12
8
8
12
12
8
12
12
8
1
12
4
8
8
12
13
12

Number of
detects
12
6
14
2
4
1
13
8
3
6
12
10
1
11
11
2
1
9
4
3
1
12
13
10

Formation
represented
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus
Marcellus

a

Source did not report detection limit.
Source only reported median value.
Abbreviation: mg/L-miligrams per litre; ND-non detected
b

Drilling wastewater may also include NORM, but available data are limited. Table 10
shows the concentrations of radioactive constituents in drilling wastewater from
Marcellus Shale.
Table 10: Concentrations of NORM in drilling wastewater (data cited U.S. EPA,
2015b).
Concentrations of select radioactive constituents in UOG drilling wastewater from Marcellus
Shale formation wells
Parameters
Formation
Range (pCi/L)
Median (pCi/L)
Number of points
Gross alpha
Marcellus
17–3,000
130
5
Gross beta
Marcellus
32–4,200
1,200
5

5.2

Flowback
After the hydraulic fracturing procedure is completed and pressure is released, the
direction of fluid flow reverses, and the fluid flows up through the wellbore to the
surface. The water that returns to the surface is commonly referred to as “flowback”.
Flowback may contain the specific fracturing fluid composition (e.g., chemical additives,
base fluid) used by each UOG operator as well as chemical constituents present in the UOG
formation (U.S. EPA, 2015b).
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Flowback water is not a uniform material. The physical and chemical properties of
flowback water vary considerably depending on the geographic location of the shale
play, the geological formation, and the chemicals introduced during the drilling and
fracturing operations. Moreover, flowback volume and water properties vary throughout
the lifetime of the well (Acharya et al., 2011)
5.2.1

Flowback flow rates and flowback volumes. Evolution over time
The volume of the injected water that returns to the surface varies greatly from one
project to another and between operators. In U.S., total flowback volumes typically
range between 26,000 to 300,000 gallons (98.4 m3 to 1,136 m3 or 620 to 7,000 barrels)
per well. On average, horizontal shale wells generate the highest volumes of flowback.
In terms of wastewater management, operators must consider that the flowback process
generates large volumes of wastewater in a short period of time (e.g., 30 days) (U.S.
EPA, 2015b). An estimation of the U.K. Environment Agency establishes, as a
guideline, that a quarter of the water injected returns to the surface from weeks until
some months (U.K. Environmental Agency, 2011). Other authors estimate 25-75
percent of the injected water returns to the surface, depending on the geology and
geomechanics of the formation (U.S. EPA, 2011a; Pickett, 2009). Flowback recovery is
not homogeneous in time. The majority of fracturing fluid is recovered in a matter of
several hours to a couple of weeks (U.S. Department of Energy, 2009). The flowback
rate is highest initially and then decreases. The overall flowback after 90 days is in the
range of 15 to 40 percent, but could be higher in certain wells. There could be wide
variation across geographical locations and due to operator bias, but general flow
profiles, based on data from several shale plays of U.S., are shown in Table 11. Table
12 shows another example, from Marcellus shale in this case. A great variability in the
percentage of recovery can be seen even within the same gas play, as well as the
evolution over time and the volumes of fracturing fluid.
Table 11. Time-based flowback recovery (from: Acharya et al., 2011). Flowback rate is
expressed in barrels (bbl) over time.
Time

Time flowback rate

1-5 days
5-15 days
15-30 days
30 - 90 days

100-150 bbl/hr
20 – 60 bbl/hr
5-10 bbl/hr
10 bbl/day
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Table 12. Water use and flowback water collection associated with hydraulic fracturing
completion of shale gas wells (data cited from Hayes, 2009).
Location
A
B
C
D
E
F
G
H
K
M
N
O
P
S

Well type
Vertical
Vertical
Horizontal
Horizontal
Horizontal
Horizontal
Horizontal
Vertical
Horizontal
Horizontal
Vertical
Horizontal
Vertical
Vertical

Volume of
fracturing
fluid used,
barrels (bbls)
40,046
94,216
146,226
21,144
53,500
77,995
123,921
36,035
70,774
99,195
11,435
96,706
23,593
16,460

Cumulative volume of flowback water,
bbls
1 day

5 days

14 days

90 days

3,950
10,456
15,023
1,095
10,782
13,718
17,890
3,308
9,652
15,991
2,854
8,077
9,938
11,185
8,560
20,330
24,610
25,680
3,272
10,830
12,331
17,413
1,219
7,493
12,471
18,677
3,988
16,369
21,282
31,735
5,751
8,016
9,473
16,419
17,935
19,723
2,432
2,759
3,043
3,535
5,131
19,202
1,315
3,577
5,090
2,094
7,832
9,345
10,723
Weighted Average % Collected

Percent
collected
(%)
37,5
19.0
10.9
52.9
48.0
22.3
15.1
88.0
13.4
19.9
30.9
19.8
21.6
65.1
24.3

Due to the great varibility of the recovery percentage and the evolution over time, it
seems resonable to perform predictive models in orther to infer flowback rates and
volumes over time. The purpose of modelling flowback is primarily to assit in the better
management of these waters. In this sense, Galusky and Hayes (2011) performed a
study with data from eleven producing gas wells in the Barnett Shale trying to search a
general pattern for the average daily values of flowback. These authors found, similarly,
that the rate of flowback were tipically very high (greater than 1,000 barrels per day)
during the first few days but dropped off exponentially to very low levels (less than 100
barrels per day) after several days. They determined than both exponential and
hyperbolic equations could be used to determine general flowback trends and could be
used to model flowback rate and cumulative production (Figure 3), although the
hyperbolic equation appeared to be a better fit. Even so, these methods are limited by
variables as, evidently, location, shale formation, operator, etc., but these authors
remark the matter to use them to forecast future flowback when the inout parameters are
unknown but must be estimated, proposing that the estimation of parameters values
could be done by using surrogate data from representative locations and adjusted aerly
on by modifying their values based on real-time flowback performance.
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Figure 3: a (above) and b (below). Daily flowback rates (Figure 3a) and accumulated
daily volumes (Figure 3b) averaged among eleven Barnett Shale locations (black dots)
and modeled using exponential (red lines) and hyperbolic (blue lines) functions
(redrawn from Galusky and Hayes, 2011).
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5.2.2

Flowback composition and variations over time
Flowback contains clays, salts, rock particles, naturally occurring elements dissolved
from the rock, and chemicals that were added prior to beginning the hydraulic fracturing
process. The density of flowback is typically close to that of fresh water (3.6 kg/3,78 L)
(U.S. EPA, 2015b). Constituents of concern in flowback and produced water include
total dissolved solids (TDS), total suspended solids (TSS), organics, hardness, metals,
biological load, and naturally occurring radioactive material (NORM). These water
quality parameters vary greatly across geographies and throughout the operational life
of the well, increasing the complexity of water management decisions (Gay et al.,
2012).
A compilation of physycochemical parameters of flowback produced in several shale
plays from U.S., U.K. and Germany are shown below. Table 13 shows physicochemical
characteristics of flowbackwater in Marcellus shale (U.S.). Table 14 contains flowback
composition at time at Barnett shale (U.S). Table 15 shows flowback compositional data
from Bowland shale (U.K.).
Table 13: Physicochemical characteristics of flowback water from Marcellus Shale
(data cited from Hayes, 2009).
Physicochemical characteristics of produced water from Marcellus Shale
Chemical constituent
pH
Total suspended solids (TSS)
Turbidity
Total Dissolved Solids (TDS)
Conductivity
Total Organic Carbon (TOC)
Dissolved Organic Carbon (DOC)
Chemical Oxygen Demand (COD)
Biochemical Oxygen Demand (BOD)
BOD/COD Ratio (% biodegradable)
Alkalinity
Acidity
Hardness (as CaCO3)
Total Kjeldahl Nitrogen (TKN)
Ammonia Nitrogen
Nitrate–N
Chloride
Bromide
Sodium
Sulphate
Oil and grease
BTEX (benzene, toluene, ethylbenzene,
xylene)
VOC (volatile organic compounds)
Naturally occurring radioactive materials
(NORM)
Barium
Strontium
Lead
Iron
Manganese

Units
No units
mg/L
NTU
mg/L
umhos/cm
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L as N
mg/L as N
mg/L as N
mg/L
mg/L
mg/L
mg/L
mg/L

Range in produced
water at 5 days post
hydraulic fracturing
5.8 - 7.2
10.8–3,220
2.3–1,540
38,500–238,000
79,500–470,000
3.7–388
30.7–501
195–17,700
37.1–1,950
48.8–327
<5–447
5,100–55,000
38–204
29.4–199
<0.1–1.2
26,400–148,000
185–1,190
10,700–65,100
2.4–106
4.6–655

Range in produced water at 14
days post hydraulic fracturing
4.9 – 6.8
17–1,150
10.5–1,090
3,010–261,000
6,800–710,000
1.2–509
5–695
228–21,900
2.8–2,070
0.1 (10%)
26.1–121
<5–473
630–95,000
5.6–261
3.7–359
<0.1–0.92
1,670–181,000
15.8–1,600
26,900–95,500
<10–89.3
<4.6–103

μg/L

ND to 5,460

μg/L

ND to 7,260
ND‒ 18,000 pCi/L; median
2,460 pCi/L
21.4–13,900
43.9–13,600
345–4,830
163‒ 3,580
ND–0.606
ND–0.349
21.4–180
13.8–242
0.881–7.04
1.76–18.6

pCi/L
mg/L
mg/L
mg/L
mg/L
mg/L
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Table 14: Flowback composition at time at Barnett shale (data cited from Hayes and
Severin, 2012).
Characteristics of flowback water sampled at 1 day and 10-12 days of 4 wells at Barnett Shale
LPG1,2,3,X
LPG 1,2,3,4
General chemistry
Day 1
Day 10-12
Parameters
Range
Median
Range
Median
pH
6.7 - 8
7.2
6.5 - 7.2
7.05
Acidity (mg/L)
ND
ND
ND
ND
Total alkalinty (mg/L)
482 - 1,590
980
215 - 1,240
725
Hardness as CaCO3 (mg/L)
840 - 2,800
2,200
3,500 - 21,000
5,800
TSS (mg/L)
48 - 237
153
120 - 535
242
Turbidity (NTU)
37 - 266
130
144 - 314
239
Chloride
3,330 - 17,900
11,405
9,600 - 60,800
34,700
Specific Conductance (µS/cm)
11,300 - 59,000
55,550
34,800 - 179,000
111,500
Total Kjeldahl Nitrogen (mg/L)
16 - 203
155
26 - 298
171
Ammonia Nitrogen (mg/L)
9 - 223
186
18 - 486
303
Nitrate-Nitrite (mg/L)
0.024 - 0.024
0.024
0.018 - 0.035
0.0265
Nitrite as N (mg/L)
81.9 - 107
94.45
3.5 - 38.1
4.7
Biochemical Oxygen Demand
89 - 1,480
311
101 - 2,120
582
(mg/L)
Chemical Oxygen Demand (mg/L)
850 - 4,280
1,485
927 - 3,150
2,945
Total Organic Carbon (TOC)
34.7 - 99.1
47.5
6.2 - 36.2
9.75
(mg/L)
Dissolved Organic Carbon (mg/L)
30.6 - 91.3
53.55
5.5 - 65.3
11.2
Oil & Grease (HEM)
5.6 - 1720
862.8
88.2 - 1430
163.5
Cyanide, Total (ug/L)
15.6 - 15.6
15.6
6-6
6
Amenable Cyanide (mg/L)
ND
ND
ND
ND
Hexavalent Chromium (mg/L)
0.014 - 0.16
0.0165
0.0085 - 0.11
0.071
Dissolved Hexavalent
0.01 - 0.08
0.03
ND - 0.21
0.21
Chromium (mg/L)
Bromide (mg/L)
34.3 - 532
303.5
117 - 798
589
Fluoride (mg/L)
1.6 - 30.6
4.75
3.5 - 12.8
3.8
Total Sulfide (mg/L)
ND
ND
ND
ND
Sulphate (mg/L)
259 - 972
669
120 - 1,260
709
Total Phosphorus (mg/L)
0.37 - 3.4
0.79
0.19 - 0.7
0.395
Total
Recoverable
Phenolics
0.034 - 0.45
0.08
0.0093 - 0.23
0.11965
(mg/L)
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Table 15: Flowback composition over time in the Bowland Shale (Cuadrilla Resources)
(data cited from U.K. Environment Agency, 2011).
Characteristics of flowback from Bowland Shale
Parameter
Conductivity at 25ºC
(µS/cm)
pH
Acrylamide (µg/L)
Pb (µg/L)
Hg (µg/L)
Cd (µg/L)
Br (mg/L)
Cl (mg/L)
Na (mg/L)
K (mg/L)
Mg (mg/L)
Cr (µg/L)
Zn (µg/L)
Ni (µg/L)
Al (µg/L)
As (µg/L)
Fe (µg/L)
Co (µg/L)
Cu (µg/L)
V (µg/L)

7 April

14 April

28 April

18 May

14 June

01 August

17
August

-

-

-

150614

133730

176000

-

-

-

-

6.35

7.06

-

600
0.024
1.29
15,400
28.8
25
565
20.3
596
6.2
66,600
936
<4

<10
<0.01
<0.5
34,400
15,100
52.3
586
4.03
51.5
<5
<50
<1
80,700
8.04
<10

<10
<0.01
<0.5
242
22,200
9,380
40.6
401
<3
<30
<5
<50
<1
51,800
4.96
<5
<2

<40
<0.01
<2
854
75,000
28,400
1,470
20.5
173
<20
<200
1.2
78,600
<20
37.6
<40

44.9
0.012
<1
608
64,300
23,600
1,350
53.9
435
<20
<100
2.6
112,000
<50
34.4
<100

6.33
0.05
80.5
0.09
6.02
673
58,000
21,700
1,370
222
382
<20
1,590
14.5
137,000
<20
215
<40

<100
0.038
<5
1020
92,800
34,800
2,170
42.9
<300
<50
<500
<1
88,200
<50
<50
<100

In Lower Saxony (Germany), Dammne 3 well is the only exploration well using
hydraulic fracturing operation for shale gas. The characteristics of the flowback are
shown in Table 16:

Table 16: Flowback composition in Dammne 3 (data cited from Olsson et al., 2013).
Parameters

Chloride
Sodium
Calcium
Strontium
Barium
Sulphate
Potassium
Lithium
Magnesium
Iron
Manganese
Chromium
Nickel
Lead
Zinc

Minimum (mg/L)
40,360
17,690
6,700
790
180
4
52
5
890
23
2.0
0.3
1.0
1.0
0.3
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Maximum (mg/L)
88,440
36,390
16,550
1,720
593
15
157
6
2,130
160
3.7
0.3
1.0
1.0
0.5

Average (mg/L)
78,229
30,582
14,120
1,455
455
8
110
5
1,799
91
2.5
0.3
1.0
1.0
0.4

Copyright © M4ShaleGas Consortium 2015-2017

Page 25

5.3

Long-term produced water
Long-term produced water is generated during the production phase of the well after the
initial flowback process (includes increasing amounts of formation water). Long-term
produced water continues to be produced throughout the lifetime of the well. It typically
mimics the characteristics of the UOG formation, which often contributes, in part, to high
concentrations of select naturally occurring ions (U.S. EPA, 2015b; AWWA, 2013).

5.3.1

Quantity aspects
Rates remain relatively constant over the well life compared to flowback rates (U.S.
EPA, 2015b). Average long-term produced water rates range from about 380 to 900
gallons (1.4 m3 to 3.4 m3 or 9 to 21 barrels) per day (see Table 17). Horizontal shale
wells have higher average generation rates than directional and vertical shale wells. The
long-term produced water flow rate from a UOG well gradually decreases over time.
The rates vary with each well because they are dependent on formation characteristics and
the completion success of the given well.
The unit used for measure long term produced water volume is gallons of water per
million cubic feet (MMCF) of gas or hydrocarbon liquid equivalent. This unit of
measurement for comparing volumes is exclusive to shales because there appears to be
a direct correlation between hydrocarbon production and long term produced water
generation in the major shale plays.
Table 17: Long-term produced water generation rates by resource type and well
trajectory (data cited from U.S. EPA, 2015b).
Resource type

Trajectory

Shale

H
D
V

Long-term produced water generation rates (gpd)ª per well
Median
Range
Number of data points
900
0-19,000
22,222
480
22-8,700
695
380
0-4,600
12,393

ª gallons per day
Median long-term produced water flow rates change depending on the resource type and
well trajectory, and range between 200 and 800 gallons per day (4.8 to 19 barrels per
day), depending on the well trajectory, formation type and well age (U.S. EPA, 2015c).
Barnett Shale wells generate by far the largest volume of produced water of any major
shale play at greater than 1,000 gallons (3.87 m3) per MMCF. The Barnett Shale is
believed to contain larger volumes of natural formation water present in, and in close
proximity to the shale. The Eagle Ford, Haynesville, and Fayetteville Shale are
moderate produced water generating plays at approximately 200 (0.75 m3) to 1,000
(3.87 m3) gallons per MMCF. These shale formations are relatively desiccated and
allow less fluid production. The lowest long-term produced water volumes come from
the Marcellus Shale. The Marcellus is a highly desiccated formation that tends to trap
fluids in the shale through physical / chemical interactions. Water production is less
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than 200 gallons per MMCF in the southern portion of the play in West Virginia, and
closer to 25 gallons per MMCF in northern portion of Pennsylvania (U.S. EPA, 2011b).
Where talking about total volume, 14,871 wells were producing 5,850 MMCF per day
and a total of 5,850,000 gallons of long-term produced water at Barnett Shale in May
2012. This means 0.39 MMCF per day per well and 390 gallons per well per day of
long-term produced water (1.47 cubic meters per well per day).
Marcellus shale gas production was 4,960 MMCF per day from 3,848 wells in
December 2011 (Hughes, 2013). This implies a total of 992,000 gallons per day of longterm produced water. This amounts represent 1.29 MMCF per day per well and 258
gallons per day per well of long-term produced water (0.97 cubic meters per well per
day).
Lutz et al (2013) calculate the theoretical amount of long-term produced water, based
on well decline. Shale gas production in Marcellus Shale quickly decline, about 97% of
the initial production in the fourth year (Figure 4) (Hughes, 2013). Table 18 shows the
estimations for production and wastewater generation in Marcellus Shale.

Figure 4: Type decline curve for Marcellus shale gas wells (redrawn from Hughes,
2013).
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Table 18: Rate of production and wastewater produced estimation for four years in
Marcellus Shale (data cited from Lutz et al., 2013).
Drilling (cubic
meters per well)

Flowback (cubic
meters per well)

654

1683

Long-term
produced water
(cubic meters per
well)
2874

Gas (cubic
meters per well)
5211

Wastewater/
gas ratio
(L waste /
MMbtu gas)
4,8

These data are in consonance with data showed in Figure 1, where the relation longterm produced water/flowback was 1,325.
This kind of estimation would be possible in other Shale Plays. Wells decline is similar
in Haynesville Shale and less in Barnett Shale (Figures 5 and 6) (Hughes, 2013).

Figure 5. Type decline curve for Haynesville shale gas wells (redrawn from Hughes,
2013).
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Figure 6. Type decline curve for Barnett shale gas wells (redrawn from Hughes, 2013).
5.3.2

Compositional aspects
Composition of flowback and long-term produced water varies over the lifetime of the
well. In addition, the relative contribution of flowback and long-term produced water to
the total volume of wastewater varies as well over time. This is an important issue as it
conditions the wastewater treatment options.
Few data about differential composition of long-term produced water are available. The
density of produced water can be greater than 4.5 kg/3.78 L (U.S. EPA, 2015b). Most of
the consulted reports and papers make reference to the composition of produced water
as the sum of flowback and produced water.
In order to address this issue, Shih an Olmstead (2013) performed a comparative
analysis of the difference in composition between flowback and long-term produced
water (brines) in Marcellus Shale, Pennsylvania.
Long-term produced water presents a mean concentration of TDS, chloride, bromhidre,
barium, benzene, Ra-226 and Ra-228 higher than flowack. On the other hand, flowback
have a higher concentration of sulphate. With respects to toluene and oil and grease,
both mean concentrations are similar, but extreme data are higher in long-term produced
water. Data from long-term produced water present a lowest statistical dispersion,
showing a more estable composition than flowack.
Mean concentrations of constituents in both flowback and long-term produce water,
except sulphate exceed the maximum contaminant level for safe drinking water.
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In Table 19 to 21, a summary made by U.S. EPA (2015b) with the concentrations of
classical, conventional, metallic and radioactive constituents in U.S. Shale plays is
shown. Shale formations where data proceed and number of data points are addressed.
Table 19. Concentrations of classical and conventional constituents in unconventional
oil and gas produced water (data cited from U.S. EPA, 2015b).
Units

Range

Median

Number of
data point

Formations represented (number of associated data
points)

Alkalinity

mg/L

7.5-1,600

140

265

Barnett (29); Eagle Ford (1); Marcellus (232); Woodford-CanaCaney (3)

Ammonia

mg/L

39-350

110

13

Marcellus (5); Niobrara (5); Woodford-CanaCaney (3)

Parameter

Bicarbonate

mg/L

0-19,000

290

6,352

Bakken (398); Barnett (6); Cleveland (11); Cotton
Valley/Bossier (3); Dakota (3); Eagle Ford (2,925);
Lansing Kansas City (16); Marcellus (154);
Mesaverde/Lance (5); Morrow (1); New Albany (1);
Oswego (5); Pearsall (3); Sprabeny (26); Woodford-CanaCaney (2,795)

BOD5

mg/L

2-12,000

160

154

Barnett (28); Marcellus (122); Medina/ClintonTuscarora (1);
Woodford-Cana-Caney (3)

Carbonate

mg/L

0-13,000

0

59

Bakken (20); Barnett (4); Cotton Valley/Bossier (2); Dakota
(3); Eagle Ford (4); Spraberry (26)
Bakken (22); Barnett (144); Cleveland (11); Cotton Valley/Bossier
(25); Dakota (3); Eagle Ford (1651); Granite Wash/Atoka (1);
Marcellus (287); Mesaverde/Lance (5); New Albany (1); Niobrara
(5); Pearsall (3); Spraberry (26); Utica (1); Woodford-Cana-Caney
(5)

Chloride

mg/L

64-230,000

73,000

2,190

COD

mg/L

99-37,000

3,200

149

Barnett (23); Marcellus (122); Medina/ClintonTuscarora (1);
Woodford-Cana-Caney (3)

Hardness as
CaCO3

mg/L

160-110,000

21,000

80

Barnett (15); Marcellus (65)

Oil and grease

mg/L

0.21-1,500

5.6

134

Barnett (23); Marcellus (108); Woodford-Cana-Caney (3)

pH

SU

3.9-12

6.5

5,233

Phosphate

mg/L

12-88

31

4

Specific
conductivity

μS/cm

0.11-760,000

120,000

162
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Bakken (420); Barnett (30); Cleveland (4); Cotton Valley/Bossier
(3); Dakota (3); Eagle Ford (1600); Fayetteville (2); Lansing
Kansas City (16); Marcellus (300); Medina/Chnton-Tuscarora (3);
Mesaverde/Lance (5); Morrow (1); Oswego (5); Spraberry (26);
Woodford-Cana-Caney (2815)

Barnett (1); Marcellus (1); Woodford-Cana-Caney (2)
Bakken (9); Barnett (25); Dakota (3); Marcellus Bakken (9);
Barnett (103); Spraberry (19); Woodford-Cana-Caney (3)
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Parameter

Units

Range

Median

Number of
data point

Formations represented (number of associated data
points)

TDS

mg/L

320-400,000

100,000

2,164

Bakken (11); Bamett (38); Bradford-Venango-Elk (5); Cleveland
(11); Cotton Valley/Bossier (3); Dakota (3); Devonian (11); Eagle
Ford (1647); Fayetteville (4); Green River (1);
Haynesville/Bossier (2); Marcellus (373); Mesaverde/Lance (5);
Mississippi Lime (3); New Albany (1); Niobrara (8); Pearsall (3);
Spraberry (26); Utica (1); Woodford-Cana-Caney (8)

TOC

mg/L

12-5,700

65

129

Bakken (2); Barnett (28); Marcellus (96); Woodford-Cana-Caney
(3)

TSS

mg/L

4-14,000

130

150

Bakken (2); Barnett (29); Eagle Ford (1); Marcellus (113);
Woodford-Cana-Caney (5)

Table 20. Concentrations of metal constituents in unconventional oil and gas produced
water (data cited from U.S. EPA, 2015b).
Parameter

Number of
Formations represented (number of associated data points)
data points

Units

Range

Median

Aluminum

mg/L

0.048 - 47

0.45

159

Bakken (4); Barnett (31); Marcellus (116); Woodford-CanaCaney (3)

Antimony

mg/L

0.0089 - 0.5

0.047

112

Barnett (9); Marcellus (103)

Arsenic

mg/L

0.004 - 0.5

0.057

132

Barnett (15); Marcellus (114); Woodford-Cana-Caney (3)

Barium

mg/L

0 - 16,000

19

1,097

Beryllium

mg/L

0.0009 - 420

0.04

114

Boron

mg/L

0.018 - 150

14

148

Bakken (8); Barnett (32); Eagle Ford (1); Marcellus (102);
Niobrara (5)

Cadmium

mg/L

0 - 1.2

0.0086

134

Barnett (16); Marcellus (115); Woodford-Cana-Caney (3)

Calcium

mg/L

13 - 130,000

6,700

Chromium

mg/L

0.0066 - 260

0.3

383

Cobalt

mg/L

0.0045 - 25

0.5

124

Barnett (16); Eagle Ford (1); Marcellus (103)

Copper

mg/L

0 - 4.2

0.14

147

Bakken (2); Barnett (22); Marcellus (115); Woodford-CanaCaney (3)

Iron

mg/L

0.95 - 810

39

407

Bakken (22); Barnett (35); Cotton Valley/Bossier (2); Dakota
(3); Eagle Ford (10); Fayetteville (2); Marcellus (300);
Spraberry (26); Utica (1); Woodford-Cana-Caney (6)

Lead

mg/L

0-5

0.03

133

Bakken (1); Barnett (15); Marcellus (113); Woodford-CanaCaney (3)

Lithium

mg/L

0.5 - 430

52

120

Barnett (31); Marcellus (89)

Magnesium

mg/L

3 - 27,000

670

3,562

Manganese

mg/L

0.12 - 43

1.7

235

5,336
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Bakken (312); Barnett (38); Cotton Valley/Bossier (2); Dakota
(3); Devonian (4); Eagle Ford (8); Fayetteville (2); Lansing
Kansas City (7); Marcellus (209); Medina/ClintonTuscarora
(1); Morrow (1); Utica (1); Woodford-Cana-Caney (508)
Barnett (2); Marcellus (112)

Bakken (426); Barnett (39); Cleveland (11); Cotton
Valley/Bossier (3); Dakota (3); Devonian (4); Eagle Ford
(1644); Fayetteville (2); Lansing Kansas City (15); Marcellus
(342); Medina/Chnton-Tuscarora (2); Mesaverde/Lance (5);
Morrow(234);
Bakken
(1); New
Barnett
Albany
(26);
(1);
Marcellus
Oswego (115);
(5); Pearsall
Woodford(3);
Spraberry (26);
Cana-Caney
(3)Woodford-Cana-Caney (2804)

Bakken (426); Barnett (39); Cleveland (11); Cotton
Valley/Bossier (3); Dakota (3); Devonian (4); Eagle Ford
(1621); Fayetteville (2); Lansing Kansas City (15); Marcellus
(326); Medina/Chnton-Tuscarora (2); Mesaverde/Lance (5);
Morrow
(1);Barnett
New Albany
(1); Oswego
(5); Pearsall
Bakken (7);
(37); Cotton
Valley/Bossier
(2);(3);
Dakota
Spraberry
Woodford-Cana-Caney
(1069) (155);
(3); Eagle (26);
Ford (6);
Fayetteville (2); Marcellus
Spraberry (19); Woodford-Cana-Caney (3)
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Parameter

Number of
Formations represented (number of associated data points)
data points

Units

Range

Median

Mercury

mg/L

0 - 0.3

0.0002

115

Barnett (11); Marcellus (101); Woodford-Cana-Caney (3)

Molybdenum

mg/L

0.003 - 13

0.038

140

Bakken (1); Barnett (29); Marcellus (105)

Nickel

mg/L

0.007 - 4

0.12

151

Potassium

mg/L

0 - 8,500

3,100

715

Selenium

mg/L

0.0043 - 0.5

0.05

110

Barnett (27); Eagle Ford (1); Marcellus (116); WoodfordCana-Caney (3)
Bakken (382); Barnett (36); Cleveland (3); Cotton
Valley/Bossier (3); Eagle Ford (149); Marcellus (136);
Medina/Clinton-Tuscarora (2); Mesaverde/Lance (1);
Woodford-CanaCaney (3)
Barnett (7); Marcellus (103)

Silver

mg/L

0.00073 - 0.5

0.05

115

Marcellus (112); Woodford-Cana-Caney (3)

Sodium

mg/L

64 - 430,000

39,000

3,449

Bakken (426); Barnett (38); Cleveland (11); Cotton
Valley/Bossier (3); Dakota (3); Devonian (4); Eagle Ford
(1631); Fayetteville (2); Lancing Kansas City (16);
Marcellus (202); Medina/Clinton-Tuscarora (2);
Mesaverde/Lance (5); Morrow (1); New Albany (1);
Niobrara (5); Oswego (5); Spraberry (26); WoodfordCana-Caney (1068)

Strontium

mg/L

0 - 8,000

750

253

Bakken (10); Barnett (35); Cotton Valley/Bossier (2);
Dakota (3); Devonian (4); Eagle Ford (8); Fayetteville (2);
Marcellus (183); Medina/Clinton-Tuscarora (2); Utica (1);
Woodford-Cana-Caney (3)

Thallium

mg/L

0.0049 -1

0.1

120

Barnett (13); Marcellus (104); Woodford-Cana-Caney (3)

Tin

mg/L

0.0038 - 3

1

80

Barnett (10), Marcellus (69)

Titanium

mg/L

0-8

0.19

111

Barnett (16); Marcellus (94)

Vanadium

mg/L

0.063 - 40

0.63

27

.Marcellus (26)

Zinc

mg/L

0 - 250

0.2

160

Bakken (2); Barnett (32); Eagle Ford (1); Fayetteville (2);
Marcellus (116); WoodfordCana-Caney(3)

a

In some instances the sum of the number of data points associated with individual formations does not equal the total number of
data points. In these instances there were data points reported in existing literature for which an associated shale or tight oil and gas
formation was not identified.

Table 21. Concentrations of radioactive constituents in unconventional oil and gas
produced water (data cited from U.S. EPA, 2015b).
Formation

Range (pCi/L)

Median (pCi/L)

Number of
data Points

Gross alpha

Marcellus

8.7 - 120,000

8,700

74

Gross alpha

Niobrara

620-4,000

1,800

3

Gross beta

Marcellus

6.8 - 21,000

1,600

73

Parameter

Gross beta

Niobrara

250-1,200

760

3

Radium-226

Marcellus

0.16 - 27,000

1,700

103

Radium-226

Niobrara

170-900

620

3

Radium-228

Marcellus

0 - 1,900

470

94

Radium-228

Niobrara

100-460

330

3
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5.4

NORM and TENORM
Oil and gas formations contain varying levels of naturally occurring radioactive material
(NORM) resulting from uranium and thorium decay, which can be transferred to
unconventional oil and gas produced water. TENORM (technologically-enhanced naturally
occurring radioactive material) refers to naturally occurring radionuclides that human
activity has concentrated or exposed to the environment. So, NORM and TENORM may be
found in all wastewaters from shale gas operations: drillings wastewater, flowback and
long-term produced water. NORM and TENORM are issues of special concern because it
presence in produced water may limit the wastewater treatment options.
Radioactive decay products typically include radium-226 and radium-228 (U.S. EPA,
2015b). Radium-226/228 is formed by natural decay of uranium-238 and thorium-232.
Because radium is relatively soluble over a wide range of pH and redox conditions, it is
the dominant naturally occurring radioactive material and an important proxy for
radioactivity of waste streams produced during unconventional gas extraction (Vidic et
al., 2013).

This section involves those aspects of NORM that may lead in specific management
concerns.
The EPA identified limited available data (primarily from the Marcellus Shale formation)
on some radioactive constituents in UOG extraction wastewater, including radium-226,
radium-228, gross alpha, and gross beta, and therefore focused the radioactive constituent
discussion and data presentation on these parameters (U.S. EPA, 2015b). Several data of
NORM concentration in UOG wastewater have been shown in previous sections.

Fluids trapped in the shale formations are remnants of ancient seawater. The salts in
shale waters reached extreme concentrations over millions of years, and their chemical
interactions with the surrounding rock can mobilize radionuclides (Rowan et al., 2011;
Haluszczak et al., 2013). Several studies indicate that NORM concentration is strongly
related with TDS concentrations (Figure 8). In general, the saltier the water, the more
radioactive it is (Gregory et al., 2011; Haluszczak et al., 2013; Rowan et al., 2011).
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Figure 8. (A) Log of gross alpha particle activity in relation to the log of Ra-226 activity
and (B) Ra-228 activity (redrawn from Rowan et al., 2011).
In at least 12 of 22 total well sampled in Marcellus Shale, concentrations of radium
(226Ra y 228Ra) between 73 and 6,540 picoCuries/L (pCi/L) have been measured in the
produced water (Haluszczak et al., 2013), reaching a maximum of 10.000 pCi/L
(Acharya, et al., 2011). In Woodford Shale, concentrations in produced water range
between less than 20 to 500 pCi/L (Acharya, et al., 2011). The total radium limit for
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drinking water and industrial effluents is 5 and 60 pCi/L, respectively (Rowan et al.,
2011).
TENORM levels make necessary to treat wastewater from shale gas production in order
to reach the maximum limits for disposal. A similar situation can appear when talking
about drilling wastewater and solids waste as those proceeding from treatment of
wastewater (i.e. sludges from physical separation in pre-treatment, filtration or
membrane treatment systems), that may overload the limits established for disposal in
municipal landfills. In U.S. radioactivity limits for municipal landfills are set by states,
and range from 5 to 50 pCi/g (Warner et al., 2013).
In U.S. there currently exist no Federal regulations that specifically address the handling
and disposal of oil and gas field NORM wastes. The states that have enacted specific
NORM regulations include some important oil producers such as Texas, Louisiana,
New Mexico, and Mississippi (USGS, 1999).
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6

WASTEWATER MANAGEMENT

6.1

WASTEWATER MANAGEMENT TECHNIQUES
For management of drilling wastewater, operators primarily use the methods listed
below and shown in Figure 9 (U.S. EPA, 2015b):







Disposal via disposal wells.
Reuse/recycle in subsequent drilling and/or fracturing jobs.
Transfer to a Centralized Waste Treatment (CWT) facility.
Onsite burial. Onsite burial involves temporary fluid storage in on-site open
earthen or lined pits with burial of residual solids after fluids are solidified,
removed from the top, or evaporated.
Disposal via landfill
Land application

In select areas, operators also use evaporation ponds for disposal of drilling wastewater.
However, there are certain requirements for using evaporation ponds, including very dry
climates, which mainly occur in the western United States. Evaporation ponds also
require a large, flat site, and they perform best only during select months of the year
(e.g., May through October; U.S. EPA, 2015b).

Figure 9. General drilling wastewater management methods (redrawn from U.S. EPA,
2015b).
With respect to produced water, historically, the oil and gas industry has most
commonly managed produced water by underground injection, but the industry is
increasingly turning to reuse/recycle and, in some geographic areas, transferring to
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CWT facilities to manage growing volumes of wastewater. Methods listed below are
generally used (or have been used) in produced water management (see Figure 10):







Disposal via surface discharge, underground injection or land application.
Reuse/recycle wastewater in subsequent fracturing works.
Transfer wastewater to a Centralized Waste Treatment (CWT) facility.
Transfer wastewater to a Publicly Owned Treatment Works (POTW) facility.
Treat produced water for beneficial purposes.
In select areas, operators also use evaporation ponds (impoundments) for
disposal of produced water.

These methods have been used in U.S. for produced water management, but some of
them are more common. Disposal via underground injection is the most widespread
method in U.S., but operators increasingly try to implement reuse/recycled options for
wastewater management. CWTs are becoming more common since larger volumes of
produced water can be treated at lower costs. Produced water transfer to POTW
facilities is in decline due to strong requirements in wastewater quality. Beneficial used
of treated produced water can only be applied when the treatment is sufficient to reach
high quality water. Evaporation ponds have been used in U.S. but are no longer applied.

Figure 10. General produced water management methods (redrawn from U.S. EPA,
2015b).
The following sections describe the methodologies used in wastewater from
unconventional gas management.
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6.2

DISPOSAL OF WASTEWATER FROM SHALE GAS
OPERATIONS
When wastewater from hydraulic fracturing operations must be disposed, it can be
returned to the hydrological cycle via release into surface water (or evaporation), or
removed from the hydrological cycle through underground injection (Gay et al., 2012).

6.2.1

Surface discharge
Until recently, this mode of disposal was used in the Marcellus shale in the
Pennsylvanian area. Pennsylvannian regulation5 (August 2010) limits surface discharge
from Oil & Gas operations to less than 500 ppm TDS (among other specific constituents
such as Chlorides, Sulphates, Barium and Strontium) (Acharya et al., 2011). Except in
limited circumstances, the existing effluent guidelines for oil and gas extraction prohibit
the onsite direct discharge of wastewater into waters of the United States (U.S. EPA,
2015b). Prior to surface discharge, wastewater must be treated at private or municipal
wastewater facilities (POTWs) to receive the necessary regulatory permits for
discharge. In Pennsylvania, wastewater from shale gas operations is no longer directly
discharged to publicly owned wastewater facilities; it must first go to a centralized
wastewater treatment facility (CWT) designed to treat TDS and metals. Due to
increased regulation, a lack of underground disposal infrastructure and high treatment
costs, have prompted many operators to recycle nearly 100% of flowback water in
Pennsylvania (Gay et al., 2012).

6.2.2

Underground injection
Historically, operators primarily managed their wastewater via underground injection
(where available) (U.S. EPA, 2015b). Underground injection wells are often the most
cost-effective disposal option for wastewater and concentrated brine from treatment, as
little pretreatment is required. In particular, wastewater and brine with high NORM are
often best disposed underground (Gay et al., 2012). In a typical disposal process the
flowback water is directed to a separator to separate the water from the gas and the solid
proppants. The flowback water is stored in interim storage tanks and then trucked to
water disposal sites, typically Class II deep saline water disposal sites (Figure 11).

5

Pennsylvanian Code, Title 25 Environmental Protection, Chapter 95 Wastewater Treatment
Requirements.
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Figure 11. Simplified produced water disposal process (redrawn from Acharya, 2011).

Water deep-well injection associated with oil and natural gas production is regulated by
Class II Underground Injection Control Program U.S. EPA6, under the authority of the
federal Safe Water Drinking Act (SDWA7). This law sets minimum standards for
construction, monitoring, and testing of injection wells for oil and gas wastes (Class II
wells).
When gas is produced, brine is also brought to the surface. The brine is segregated from
the gas and is then injected into the same underground formation or a similar formation.
Class II disposal wells can only be used to dispose of fluids associated with oil and gas
production.
Typically, oil and suspended solids are removed from the produced water at the disposal
well prior to injection to reduce well plugging and formation clogging from scaleforming chemicals or microbial growth. Alternatively, if no treatment is undertaken,
periodic downhole workovers may be performed to remove formation clogs (Hammer
and Van Briesen, 2012).
Injection wells are suitable in areas with porous sedimentary rock. In U.S. good
potential for injection exists in the mid-continent and Great Plains; conditions are less
favorable along the Atlantic Coast, in New England, and in the Appalachian Mountain
area. In many regions, the permitting of a new injection well requires the plugging of
old and orphan wells, due to extensive prior development of other gas formations
(Hammer and Van Briesen, 2012).
Disposal in Class II saline water injection sites has been the most common and
sometimes the only means of disposal of the high-TDS flowback and produced waters.
This has been especially true in the Barnett shale where such disposal sites are available
locally (Acharya et al., 2011).

6
7

http://water.epa.gov/type/groundwater/uic/class2/
http://water.epa.gov/lawsregs/rulesregs/sdwa/index.cfm
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Twenty-three states have primacy, or state level control, for permitting Class II wells
(Gay et al., 2012). In many regions of the U.S., including Texas, Ohio, North Dakota
and Oklahoma, deep-well underground injection is a popular method for the disposal of
fracturing fluids and other substances from shale oil and gas extraction operations.
Pennsylvania however, outlawed the use of deep-well injection some time ago.
Companies operating in Pennsylvania and which desire to deep-well inject their
wastewater, must have it trucked to Ohio for deposition. This opens another set of
potential issues relating to transporting large volumes of wastewater. Municipalities are
concerned about the safety of high numbers of trucks traveling on rural roads and
through small towns, and the safety implications for local residents. Another
consideration is the impact of fleets of heavy trucks traveling on these roads. To help
offset this issue, some local governments in Pennsylvania require fracturing companies
to post bonds to cover road repair and maintenance. Issues with trucking wastewater
from fracturing wells to deep-well injection sites are not isolated to Pennsylvania
(Easton, 2013).
There are more than 150,000 Class II injection wells in the U.S., roughly 40,000 are
waste fluid disposal wells for oil and gas operations (Ohio Department of Natural
Resources. Division of Oil and Gas Resources Management8).
There are 1,855 Class II wells in Pennsylvania; however, only eight were licensed for
disposal in 2010. Two were subsequently closed, and two additional wells were
approved in 2011. Prior to Marcellus development, West Virginia had only two Class II
disposal wells operating. By January 2010, nine such wells had been approved in West
Virginia, and seven were operating. In addition to these commercial wells, West
Virginia has 62 private brine disposal injection wells. Ohio has 2,801 Class II wells;
177 are permitted for disposal. In 2011 Ohio reviewed its brine disposal regulations and
increased the fees for out-of-state users. In early 2012, the Ohio Department of Natural
Resources halted wastewater injection at a disposal well near the site of a series of
earthquakes in northeastern Ohio. This year, Ohio Department of Natural Resources
released a report linking the earthquakes to the injection well and a previously unknown
fault in the area. Seismic concerns related to underground injection have been raised in
other parts of the country as well (Hammer and Van Briesen, 2012). In 2010, 52,010
Class II wells were operating in Texas (2010 UIC Well Inventory9). Solely in Barnett
Shale were operating 2458 injection wells in 2011, reporting maximum monthly
injection rates of 1,500 barrels of water per month (Frohlich, 2012). In 2011, there were
in Oklahoma 9639 wells Class II (Murray and Holland, 2014).
Specific issues linked to deep injection wells in U.S. have taken place. The increased
injection of saline water in deep porous geological formations had recently changed the
map of seismic activity due to induced seismicity. Some earthquakes may be closely
linked to the deep saline injection, for example, a 3.9 Mw earthquake in Youngstown,

8
9

http://www2.ohiodnr.gov/Portals/oilgas/pdf/induced-seis-faq.pdf
http://water.epa.gov/type/groundwater/uic/upload/UIC-Well-Inventory_2010-2.pdf
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Ohio (Kim, 2013) and a Mw 5.7 earthquake in Wilzetta Fautl (Oklahoma) (Keranen et
al, 2013; Sumy et al., 2014), among others. Regulation of injection wells, especially at
the state level, is likely to change in the future as the result of increased concern about
induced seismicity (Gay et al., 2012). In addition, possible pathways of groundwater
contamination linked to deep fluids injection have been quoted, including aquifer
contamination from salt water disposal wells (McLin, 1986). Furthermore, the U.S.
EPA concluded that the identified cases where drinking water resources were impacted
in U.S. are small relative to the number of hydraulically fractured wells (U.S. EPA,
2015a).
6.2.3

Land application
This technique consists of the direct application of wastewater from hydraulic fracturing
operations to land and roadways. Land application was used until recently in the
Fayetteville Shale in Arkansas, but there are restrictions to such use. Waters cannot be
land applied when the ground is saturated, frozen, or if precipitation is imminent. In
order for water to be applied to the surface under land application permits, it must have
a chloride concentration of less than 5,000 ppm and comply with a Sodium Adsorption
Ration (SAR) specifications. If chloride content is less than 1,500 mg/L, water can also
be utilized on roads for dust suppression. If chloride concentrations exceed 5,000 mg/L,
disposal in approved disposal wells is required (Acharya et al., 2011). Land application
can lead to environmental contamination through runoff of toxic pollutants into surface
waters so, recent recommendation advocate States prohibit the land application or road
spreading of shale gas wastewater. If land application and road spreading are not
prohibited, they should only be authorized subject to strict limits on pollutant
concentrations and required preventive measures to limit runoff (Hammer and Van
Briesen, 2012).

6.2.4

Disposal of NORM containing wastewater.
NORM containing wastewater from hydraulic fracturing operations is an issue of
special concern. The presence of NORM in wastewater conditions the possibilities of
wastewater management. This situation extends to the sludge coming from the treatment
of NORM containing wastewater.
There currently exist no Federal regulations that specifically address the handling and
disposal of oil and gas field NORM wastes, including NORM containing wastewater
disposal or sludge from NORM containing wastewater treatment disposal. States that
have enacted specific NORM regulations include some important oil producers such as
Texas, Louisiana, New Mexico, and Mississippi (USGS, 1999). One effect of the statelevel NORM regulations has been increased management and disposal costs for NORM
wastes (Smith et al., 1999).
Disposal options currently allowed under most state NORM programs include: burial at
a licensed NORM or low-level radioactive waste (LLRW) disposal facility,
encapsulation downhole inside the casing of well about to be plugged and abandoned,
and underground injection into a subsurface formation. Two states (Texas and New
Mexico) also allow some radium-bearing NORM to be disposed of by landspreading, a
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practice that entails spreading the waste over the land surface and mixing it into the top
of soil (Smith et al., 1999).
The industry and its regulators are interested in identifying cost-effective disposal
alternatives that still provide adequate protection of human health and the environment
(Smith et al., 1999). One such alternative being considered is the disposal of NORMcontaining wastes in landfills permitted to accept only nonhazardous wastes.
Currently, none of the states with specific NORM programs approve of the disposal of
regulated NORM wastes in commercial nonhazardous landfills. Some states may allow
the disposal of petroleum industry NORM or other wastes containing low
concentrations of radioactivity in commercial landfills; however, such disposal may be
undocumented or may be on a limited, case-by-case basis only. In Louisiana, regulated
NORM containing up to 30 pCi/g of radium also may be treated and disposed of at
commercial disposal facilities that are permitted to receive petroleum industry wastes.
Michigan does not have a NORM regulatory program, but the Department of
Environmental Quality has issued guidelines allowing the disposal of soil and debris
having an average Ra-226 concentration of 50 pCi/g in landfills designed and permitted
to receive only nonhazardous wastes (Smith et al., 1999).
Smith et al., (1999) performed a study about the disposal of radium-bearing NORM
wastes in nonhazardous landfills in accordance with the Michigan Department of
Environmental Quality guidelines was modeled to evaluate potential radiological doses
and resultant health risks to workers and the general public. In addition, the study
included an evaluation of the potential doses and health risks associated with disposing
of a separate NORM waste stream generated by the petroleum industrywastes
containing lead-210 (Pb-210) and its progeny.
On the basis of the conclusions of the study, Smith et al., (1999) concluded that it may
be feasible for other states besides Michigan to consider issuing regulations allowing the
disposal of NORM wastes containing up to 50 pCi/g of Ra-226 in municipal,
nonhazardous landfills on a case-by-case basis. They consider that states should also
consider regulations governing the disposal of wastes containing Pb-210 in municipal,
nonhazardous landfills. In approving of this type of disposal, regulators should consider
the total volume of radium-bearing wastes that are disposed of in a single landfill and
cell, as well as the depth of the NORM waste layer within the landfill. Finally, the
authors consider that states may want to consider allowing NORM wastes to be
disposed of in other categories of nonhazardous landfills, provided the requirements for
deed restrictions and protection of the landfill cap are equivalent to those for municipal
landfills.
For its part, the Department of Environmental Quality of Michigan has published the
document “Michigan TENORM disposal advisory panel white paper” (MDEQ, 20142015) in which they consider requiring all landfills that accept TENORM waste to:
restrict the placement of waste remaining at least 10 feet below the bottom of the
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landfill, restrict the total volume of TENORM waste placed annually and monitor
leachate and groundwater monitoring wells for Radium-226, among others.

6.3

VARIABLES OF CONCERN FOR THE REUSE/RECYCLING OF
PRODUCED WATER
Produced water is commonly re-injected for disposal due to its salinity in U.S., but in
water-stressed areas, this water can be treated and managed for several uses, included
well drilling or hydraulic fracturing (Dahm and Chapman, 2014).
Produced water varies widely in quantity and quality, depending on the method of
extraction, type of reservoir, geographical location and the geochemistry of the
producing formation. Most produced water requires treatment to make it suitable for
recycling, because it contains naturally occurring constituents and chemical additives.
Chemical constituents of flowback can interfere with the functionality of the additives
in fracturing fluid. Among others, down hole scaling and plugging issues may occur
(Acharya et al., 2011). Tables 22 and 23 show the main parameters of concern for
reusing flowback water related to the issues associated to them.
Table 22: Parameters of concern for reusing flowback as fracturing fluid and issues
related (cited from Acharya, et al., 2011; Yoxtheimer, 2010).
Plugging
Particulates
Suspended solids
Oil and grease
Dissolved organics
Volatile organics
TDS
Fluid stability, interference with
Chlorides
friction reducers
Iron
Hardness (Ca, Mg)
Barium
Strontium
Silica
Sulphates
Scaling
Metals (barium and strontium)
Biological counts
Bacterial growth
NORM
Radioactivity


Total dissolved solids (TDS). Calcium, magnesium, potassium, sodium and
chlorides have a strong correlation with TDS (values of 0.783 0.662 0.201 0.866
0.999 for the correlation coefficient “r” respectively). High TDS increases
friction in the hydraulic fracturing process (chlorides increase demand for
friction reducers and scale inhibitors).
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Calcium, magnesium, strontium, barium, particularly, can precipitate as
carbonates and sulphates in the down hole (scaling). Formation of scale inside a
pipe can cause partial or complete plugging (Li, 2013).



Particulates: these could be precipitated solids, sand and silt, carbonates, clays,
proppant, corrosion products, and other solids derived from the producing
formation and from well bore operations. Quantities can range from insignificant
amounts to high enough to yield solid slurry. In theory, these should be
amenable to removal via filtration or other mechanical means (Acharya et al.,
2011).



Total suspended solids (TSS): these are finer particulates of inorganic, metallic
or organic materials. They can also be colloidal in nature. Reported values are
typically about 200 ppm but could be much higher depending on the particular
operating conditions of the flowback. There could be significant variability in
the values during the flowback lifetime (Acharya et al., 2011).



Free oil and grease (FOG): These could come from the oils and diesels from
compressors and other drilling equipment or to be native, coming from the
producing formation. There is a lot of fluctuation in the reported values even in
the same shale. They form emulsions that cause down hole plugging and/or deep
geological formations pores blocking when deep injection of wastewater is
employed (Acharya et al., 2011).



Dissolved organics: These could be small amounts of low molecular weight
hydro-carbons, polymers used as friction reducers, or other organics from the
formation (Acharya et al., 2011).



Volatile organics: some of the dissolved and undissolved organics could be
considered as volatile under normal operating conditions and as such may
present concerns with emissions or fire/explosion hazards if the concentrations
are too high. Condensates present in the shale gas that contaminate the flowback
water, especially benzene, toluene and xylenes, need to be explored as they are
of public concern (Acharya et al., 2011).



Guar gum: a polymer commonly used in fracturing fluid to transport the
proppant to the end of the wellbore. May be found in produced water at
concentrations between 100 mg/L and 20,000 mg/L. Guar gum treatment
requires a breakdown of the polymer and is a consideration for reusing/recycling
wastewater for fracturing (U.S. EPA, 2015b).



Hardness: these include divalent ions, mainly Ca and Mg. The concentrations of
these ions are high in certain shale plays in U.S., such as Marcellus, while low in
shale plays such as Woodford and Fayetteville. They could range from about
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100 ppm to 10,000 ppm depending on the shale and vary as a function of
flowback time (typically increase almost linearly with TDS (Acharya et al.,
2011).


Barium: this element is a concern due to the high concentration in many
hydraulic fracturing wastewaters. BaSO4 has very low solubility, and when Ba+2
concentrations are high, SO4-2 concentrations are low, and vice-versa. Reported
Ba values in U.S. range from <100 ppm in Woodford to as high as 6,000 ppm in
certain areas of Marcellus (Acharya et al., 2011).



Strontium: this element poses a similar issue as barium. Reported values in U.S.
range from <50 ppm in Woodford to >2,000 ppm in Marcellus (Acharya et al.,
2011).



Iron: Fe+2 is a concern as it may oxidize and form precipitates (plugging) with
various anions. Reported values in U.S. range from 20 to 200 ppm (Acharya et
al., 2011).



Silica: this could be colloidal silica or reactive silica; the latter is of concern as a
potential foulant for desalination membranes. Reported values range from 10
to120 ppm (Acharya et al., 2011).



NORM: NORM originates in the geological formations and can be brought to
the surface with the flowback water. The NORM values for some of the lowTDS waters from the Woodford shale appear to range from <20 to 500 pCi/L.
Acharya et al., consider that these low values do not pose any concerns for
treated water or any waste residues produced during recovery of the saline
waters (Acharya et al., 2011).



Microorganisms: may be present in concentrations as high as 1 × 109 organisms
per 100 mL in produced water. Sulphate-reducing bacteria (SRB) are one
classification of a naturally occurring microorganism that may be found in
produced water. SRB can cause problems during reuse/recycle of produced
water because they can reduce and/or precipitate metals and ions, potentially
causing scale in the wellbore. They can also create hydrogen sulfide, a potential
human health concern that is also highly corrosive and can harm the well casing
and wellbore (U.S. EPA, 2015b). Bacterial growth may also affect the
desalination membrane performance in produced water treatments (Acharya et
al., 2011).
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6.4

MAXIMUM CONSTITUENT CONCENTRATIONS REQUIRED
FOR THE REUSE/RECYCLING OF PRODUCED WATER
Opinions vary widely on the water quality that may be used for hydraulic fracturing. For
instance, some of the operators insist on using very low-TDS source water to avoid
scaling issues in the downhole piping, while other, have reported some success in using
a 26,000 ppm chlorides water feed in the Marcellus Shale. Some operators are
considering the use of even salinity as high as 120,000 ppm TDS with low hardness and
scale-causing contaminants. Some experts feel that water salinity equivalent to
seawater, namely about 35,000 ppm TDS may be usable for hydraulic fracturing
(Acharya et al., 2011).
Tables 23 to 25 show several compilations of the maximum levels of certain
constituents present in wastewater fluids for reuse purposes.
Table 23: Maximum levels of constituents that may be present to reuses waste fluids for
fracturing mixtures in Pennsylvania in 2011 (data cited from Lewis, 2012).
Parameter
Chlorides
Calcium
TSS
Entrained oil and soluble solids organics
Bacteria
Barium

Maximum concentration
3,000-90,000 mg/L
350-1,000 mg/L
< 50 mg/L
<25 mg/L
<100 cells/100 mL
Low levels

Table 24: Produced water quality requirements for reusing purposes in Marcellus Shale
(data cited from Schlicher et al., 2009)
Parameter
Chlorides
Hardness
Calcium
TSS
TDS
Iron
Bacteria
Oil and grease
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< 50,000 mg/L
<20 mg/L
<100 cell/100 mL
< 25 mg/L

Copyright © M4ShaleGas Consortium 2015-2017

Page 46

Table 25: Produced water quality requirements for reusing purposes in Marcellus Shale
(data cited from Acharya et al., 2011)
Parameter
TDS
Total alkalinity
Hardness as CaCO3
TSS
Turbidity
Chloride
Fe 2+
Oil and soluble organics
Sulphate
Bacteria Count
pH

6.5

Units
mg/L
mg/L
mg/L
mg/L
NTU
mg/L
mg/L
mg/L
mg/L
/100mL

Desalinated water
< 20,000
< 600
< 2,000
< 50
< 100
< 12,500
< 10
< 50
< 25
< 100
6.5-8.5

WASTEWATER TREATMENT TECHNOLOGIES
REUSE/RECYCLING OF PRODUCED WATER

FOR

THE

Water treatment technologies offer opportunities for the shale gas industry to reuse
flowback water from hydraulic fracturing operations (Dahm and Chapman, 2014). This
water reuse would reduce demand on regional water systems. Due to the quantitative
and qualitative variability of produced water and its evolution over time, many different
types of technologies exist to treat it.
There are several general options for reuse/recycle wastewater from shale gas
production that are currently used in U.S. (Yoxtheimer, 2010):


Direct reuse without treatment (blending). Involves blend produced water with
fresh water for subsequent fracturing work. This technique has a minimal cost,
but also some limitations as the potential well plugging because of the high total
dissolved solids and sand in the water.



On-site treatment and reuse. Re-condition wastewater by chemical or filtration
treatment. It has a moderate cost but minimize potential for well plugging issues.



Off-site treatment and reuse. These techniques involve chemical or thermal
treatment. It presents high transportation costs but minimal potential for well
plugging.



Off-site disposal via deep underground injection. This technique presents a
higher footprint and high transportation and disposal costs.

Figure 12 shows a general scheme of the wastewater recovery process for reuse in
hydraulic fracturing operations.
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Figure 12. Simplified water recovery process for reuse in hydraulic fracturing
operations (redrawn from Acharya et al., 2011).
Technologies used for treat produced water from shale gas operations can be classified
in several ways. In general treatment technologies can be classified in three broad
categories: clarification, softening, and desalination (Gay et al., 2012):


Clarification. Particulates, colloids, and other suspended materials in the
wastewater, including free oil, are removed through mechanical, chemical, or
electrochemical processes, leaving primarily dissolved solids.



Softening. Clarified wastewater contains dissolved constituents, predominantly
metals and salts. Dissolved divalent metals are of particular concern, as they
contribute to water hardness, which can react with sulphates and carbonates to
produce scaling in industrial processes. Chemical softening techniques reduce
water hardness by irreversibly binding to the targeted ions, eliminating their
ability to form scale.



Desalination. Clarified and softened water may still contain high levels of TDS.
To further reduce dissolved solids content, water can undergo a variety of
desalination technologies. Complete removal of TDS can be accomplished
through mechanical, thermo-mechanical, or thermal separation of water from the
dissolved salts. These processes yield a pure desalinated water stream and a
concentrated brine solution or salt cake.

EPA classifies shale gas wastewater treatment technologies as basic or advanced. Basic
treatment technologies are ineffective for reducing total dissolved solids (TDS) and are
typically not labour intensive. Advanced treatment technologies can remove TDS, but
are energy and labour intensive (U.S. EPA, 2015a). In general, basic treatment
technologies would be those designed for clarification and softening purposes, and
advanced treatment technologies would be designed for desalination purposes.
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Wastewater treatment technologies described in this report will be classified in a similar
way to EPA, remaining as follows:


Basic treatments: comprise technologies as settling ponds, plate settlers,
hydrocyclones, dissolved air flotation, coagulation/oxidation,
electrocoagulation/electroflotation, sedimentation, bioreactors, disinfestation and
microfiltration/ultrafiltration.



Advanced treatments: comprises membrane treatment technologies
(nanofiltration and reverse osmosis, forward osmosis and membrane distillation)
and hybrid and thermal technologies (thermal distillation, ion exchange,
electrodyalisis and crystallization).

A summary of the current water treatment most commonly used in U.S. Shale plays are
shown in Table 26.
Table 26. Current Water Treatments used in U.S. according to the target contaminants
(cited from U.S. EPA, 2015a; Dahm and Chapman, 2014, ALL Consulting 2013a,
2013b and 2013c; URS, 2011).
Target contaminants for removal
TSS

Oil & grease
Soluble organics
Divalent cations
Salinity

6.5.1

Treatment technology
Settling
Filtration
Flotation
Hydrocyclone
Settling
Hydrocyclone
Flotation
Oxidation
Bioreactors
Ion exchange
Nanofiltration
Thermal distillation
Reverse osmosis
Membrane distillation

Basic treatments
Basic treatment technologies include physical separation, coagulation/oxidation,
electrocoagulation, sedimentation, and disinfection. These technologies are effective at
removing total suspended solids (TSS), oil and grease, scale-forming compounds, and
metals, and they can minimize microbial activity (U.S. EPA, 2015a). Basic treatment
technologies generally precede desalination technologies to protect downstream
processes from clogging and damage (Dahm and Chapman, 2014). Basic treatment is
typically incorporated in a permanent treatment facility (i.e., fixed location) but can also
be part of a mobile unit for onsite treatment applications (U.S. EPA, 2015a).
Main hydraulic fracturing wastewater basic treatment technologies, used in U.S. and
Canada, as well as its applications are described down below:
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Settling pond (impoundments). Settling ponds are open to the atmosphere and
use gravity to separate and remove suspended solids. Hydraulic retention time is
sufficient for large particles to settle out. Particles accumulated on the bottom
are removed and sent to landfills. The target contaminants are suspended solids,
iron and manganese (via oxidation from dissolved oxygen equalization with
atmospheric conditions) and organic chemicals (partially degraded through
photolysis). Higher efficiencies are possible by adding chemicals. This
technique is frequently used after biological processes and conventional
coagulation/flocculation. Is have been commonly used in on-site facilities for
storage and initial removal, but it requires a regulatory permit. It is also used as
an integrated process at off-site facilities. Settling ponds are easy to operate and
minimal maintenance is needed, but they pose large footprints and poor removal
of oil and grease (Dahm and Chapman, 2014). Last recommendations advocate
that States should prohibit or strictly regulate wastewater open impoundments to
minimize the risk of spills or leakage (Hammer and VanBriesen, 2012).



Plate Settler. This technology uses gravity to separate and remove suspended
solids, providing an initial separation. In combination with conventional
coagulation and flocculation, aggregated compounds including iron, manganese,
zinc, organic matter and radionuclides can be separated. Medium and heavy
suspended particles (sand, clay, silt) can be separated from the main water
stream. Water usually flows from a coagulation/flocculation unit settles before.
In the settler, water flows upward along inclined plates. Plate settlers decrease
the time required the time for settling by operating in the reverse direction of the
separation mechanism. This technic can be used both on-site and off-site, is easy
to operate and allows mobile units, although has some limitations as poor
removal of oil and grease (Dahm and Chapman, 2014).



Desander hydrocyclone. Hydrocyclones use centripetal force to separate and
remove suspended solids. Water is pumped into the inlet tangential to the wall.
The water’s spiral flow path causes particles to impact the walls of the separator.
Heavier particles fall to the bottom; lighter particles may form a cake layer on
the entrance wall and fall to the bottom in clumps. If oil is present, it is carried to
the overflow exit. This technique may remove both oil and suspended solids; no
pre-treatment is needed and allows mobile units. It can be used both on-site at
the well head and off-site as pre-treatment at large facilities (Dahm and
Chapman, 2014).



Dissolved air flotation. This technique uses gas bubbles to lift lighter
suspended particles to the surface of a tank for removal. The dissolved air comes
out of solution: micro-bubbles rise and capture small, light particles (lighter than
or close to the density of water), bringing them to the surface as foam to
effectively filter out lightweight particles. The target contaminants are oil and
grease, lightweight suspended particles, organic matter, dissolved gases and
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volatile compounds. It can be used both on-site (treatment and recycling in
containerized systems) and off-site (after coagulation and flocculation and
before bioreactors and membrane filtration in large-scale facilities). The main
advantages of this technique are: no pre-treatment is required, mobile units are
available and removal of low density compounds is effective. On the other hand,
operating at higher temperatures can poses a limitation for the application of this
technology (Dahm and Chapman, 2014).


Conventional coagulation/oxidation. Coagulation is the process of
agglomerating small, unsettleable particles into larger particles to promote
settling. Chemical coagulants such as alum, iron chloride, and polymers can be
used to precipitate TSS, some dissolved solids (except monovalent ions such as
sodium and chloride), and metals from hydraulic fracturing wastewater.
Adjusting the pH using chemicals such as lime or caustic soda can increase the
potential for some constituents, including dissolved metals, to form precipitates.
The process can also reduce sulphate and carbonate concentrations in the treated
water (U.S. EPA, 2015a). This technique is usually used in combination with
others as plate settlers.



Electrocoagulation. Electrocoagulation (EC) is an electrical process and has the
capacity to destabilize emulsified oils, contaminants, metals, sub-micron
particles. When contaminated water passes through the EC cells, the primarily
negatively charged particles, combine with a positive charge from the cell plates,
which initiates the coagulation process. The particles agglomerate into larger
particles and either rise to the top or settle to the bottom of the water column.
The process is reported to be able to reduce or remove: heavy metals (including
copper, zinc, lead, arsenic and hexavalent chromium), turbidity, TSS, bacteria,
phosphorus, oil de-emulsification, chemical oxygen demand (COD),
biochemical oxygen demand (BOD), PCB's and sulphides. This process does not
remove TDS (Eames, 2013). This methodology is used in Haynesville Shale,
with TDS up to 285,000 mg/L (Dahm and Chapman, 2014).



Electroflotation. An electrical current is used to create dissolved gas (hydrogen
or oxygen) from the water that lifts particulates out of solution. Like dissolved
air flotation, this captures oils, grease, and light particles, and carries them to the
surface. Foam is skimmed off the surface, solids are scraped from the bottom,
and clarified water is discharged from the centre of the reactor (Dahm and
Chapman, 2014).



Bioreactor. Bioreactors use naturally occurring microbial processes to remove
biodegradable compounds. Reactors seeded with active microbial cultures treat
incoming produced water. Biological reactors generally include diffusers to add
oxygen to promote aerobic reactions and degradation. Oil, grease, and
hydrocarbons, fracturing chemicals, and naturally occurring organic matter may
all be readily biodegradable. This technique may also remove iron and
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manganese (from oxidation during aeration). Bioreactors need lower chemical
demand than conventional coagulation and flocculation and could be installed in
modular systems. As limitations, the technique requires a stable and robust
microbial culture and a post-treatment system. Bioreactors are used in off-site
treatment facilities (Dahm and Chapman, 2014).

6.5.2



Disinfection. Some hydraulic fracturing applications may require disinfection to
kill bacteria after treatment and prior to reuse. Chlorine is a common
disinfectant. Chlorine dioxide, ozone, or ultraviolet light can also be used. This
is an important step for reused water because bacteria can cause problems for
further hydraulic fracturing operations by multiplying rapidly and causing buildup in the well bore, which decreases gas extraction efficiency (U.S. EPA,
2015a).



Microfiltration/ultrafiltration. Microfiltration and ultrafiltration consist of a
membrane system that filter larger particles and are thus only used for pretreatment or removing particulates. These membranes use pressure or suction to
filter water through a porous membrane. Microfiltration and ultrafiltration
modules are commonly combined with other treatment processes in
containerized trailers for on-site produced water recycling treatment, such as
hydrocyclones, followed by microfiltration or ultrafiltration for smaller particles
and colloidal material and before a desalting process (Dahm and Chapman,
2014). Target contaminants are trace particulates, oil and grease and large
molecular weight organic compounds, but these processes do not reduce TDS
(Dahm and Chapman, 2014; U.S. EPA, 2015a). Both mobile on-site systems for
water recycling and off-site facilities are available.

Advanced treatments
Advanced water treatment technologies are used when treatment requirements are
higher. For example, they are used in treating alternative water sources for hydraulic
fracturing, internal industry reuse on-site, or even the beneficial use of treated
wastewater for alternative applications off-site (Dahm and Chapman, 2014). In U.S.
advanced treatment technologies are typically employed when a purified water effluent
is necessary for direct discharge, indirect discharge, or reuse (U.S. EPA, 2015a).
Advanced treatment comprises technologies such as: membrane treatment technologies
(reverse osmosis), nanofiltration, ultrafiltration, microfiltration, electrodialysis, forward
osmosis and membrane distillation), thermal distillation technologies, crystallizers, ion
exchange, and adsorption. These technologies are effective for removing TDS and/or
targeted compounds. They typically require pre-treatment to remove solids and other
constituents that may damage or otherwise impede the technology from operating as
designed. Advanced treatment technologies can be energy intensive. In some instances,
these water treatment technologies can make use of methane generated by the gas well
as an energy source. Some advanced treatment technologies can be made mobile for onsite treatment (U.S. EPA, 2015a).
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Membrane treatment technologies. Pressure-driven membrane processes
including microfiltration, ultrafiltration, nanofiltration, reverse osmosis, forward
osmosis and membrane distillation are being used in some settings to treat gas
wastewater. These processes use hydraulic pressure to overcome the osmotic
pressure of the influent waste stream, forcing clean water through the membrane
(U.S. EPA, 2015a). Membrane technologies generate a residual, the concentrate,
which would need proper disposal. The flowback recovery rate for most
membrane technologies is typically between 50 and 75 percent (URS, 2011).



Nanofiltration and reverse osmosis. Nanofiltration and reverse osmosis are
cross-flow membrane filtration processes. Both types of membrane act on
charged ions or molecules. Uncharged molecules will pass through the
membrane, depending on the size. Some molecules may be too large to pass
through the membrane and are retained in the concentrate (Dahm and Chapman,
2014).
Nanofiltration membranes have a higher rate of salt transport and preferentially
retain higher charged ions such as calcium and sulphate than reverse osmosis
membranes. Depending on the specific membrane properties, the rejection of
monovalent ions, such as nitrate, sodium, and chloride will be as low as 45
percent. Reverse osmosis membranes, by definition, have a very low salt
transport rate, and will reject as much 99.5 percent of all dissolved ions.
Nanofiltration and reverse osmosis are usually used in tandem (Dahm and
Chapman, 2014).
Reverse osmosis and nanofiltration are capable of removing TDS, including
anions and radionuclides. Reverse osmosis, however, may be limited to treating
TDS levels of approximately 40,000 mg/L TDS (U.S. EPA, 2015a). These
technologies are susceptible to scaling and biofouling and both are harmed by
particulates, biological material, and high concentrations of slightly soluble salts,
so pre-treatment is necessary to provide an acceptable feed water (Dahm and
Chapman, 2014). Containerized systems on-site and off-site facilities (preceded
by significant pre-treatment processes) are available.



Forward osmosis. Forward osmosis is an osmotic process that uses a semipermeable membrane and a draw solution as a driving force to separate water
from dissolved solutes. Draw solutions must have higher osmotic potential due
to higher concentration of solute than the feedwater; otherwise, movement
would flow from the driving solution to the feed water. As feed water flows
along the semi-permeable membrane surface, product water moves through the
membrane, diluting the driving solution. The driving solution is thus continually
diluted along the flow path, increasing in volume and the feed solution is
continually concentrated along the flow path, decreasing in volume. The second
critical step in forward osmosis is recovering the driving solution, which can be
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done by distillation or membrane distillation and reverse osmosis (Dahm and
Chapman, 2014).
This technology may be energetically preferred over reverse osmosis or
distillations if there is a high salinity water available to use as the draw solution.
Membranes in forward osmosis are less susceptible to fouling than reverse
osmosis membranes. Moreover, forward osmosis pose larger footprint than
reverse osmosis (Dahm and Chapman, 2014). Although on-site water recycling
facilities are available, forward osmosis is usually found in centralized off-site
facilities.


Membrane distillation. Membrane distillation is a thermally driven membrane
separation process where constituents are separated as the heated feed solution
passes through the membrane as vapour and condenses into the chilled product
water (Dahm and Chapman, 2014). A source of clean chilled water is required to
start the process. Membrane distillation can be used in the same applications as
reverse osmosis or nanofiltration when there are sources of economical heat and
cooling available. This system can use latent heat from produced water, or heat
from burning off natural gas to reduce energy requirements (Dahm and
Chapman, 2014). Membrane distillation is capable to remove TDS, but volatile
compounds may be preferentially transferred across the membrane. Facilities are
typically installed on-site (Dahm and Chapman, 2014).



Thermal Distillation. Thermal distillation utilizes evaporation to produce clean,
distilled water from the flowback fluid. The various evaporative schemes that
can be used within this process are generally insensitive to scaling, and are
therefore more effective at higher TDS concentrations (>150,000 mg/L) than
other treatment technologies.
Traditionally thermal distillation is energy and space intensive so recent industry
advancements have produced modular distillation units that are less costprohibitive than older models. Some systems have been designed with the option
to utilize natural gas that may be available from the well pad, while others use
recycled waste heat (primarily from gas compressors at the well pad) as the sole
heat source. In addition to new sources of thermal energy for distillation
systems, some vendors have designed systems that require significantly less
energy than traditional distillation processes. While this makes thermal
distillation a more feasible approach to flowback water treatment, these lower
energy systems are most effective on highly concentrated wastewaters. Due to
these limitations, some vendors suggest that thermal distillation be used as a
secondary treatment; further concentrating the wastewater concentrate from a
filtration or reverse osmosis treatment system (URS, 2011). As reverse osmosis,
these processes are energy intensive and are used when the objective is very
clean water (i.e., TDS less than 500 mg/L) for direct/indirect discharge or if
clean water is needed for reuse. As with membrane processes, scaling is an issue
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with these technologies, and scale inhibitors may be needed for them to operate
effectively (U.S. EPA, 2015a).


Ion exchange. Ion exchange processes are reversible chemical reactions to
remove dissolved ions from solution, replacing them with ions of less concern of
the same charge. For example, each calcium ion is exchanged for two sodium
ions or barium exchanged for calcium. Ion exchange resin beads have surface
charges (i.e., negative for cation exchange resin beads and positive for anion
exchange resin beads) and affinities for certain ions over others depending on
concentration and pH (Dahm and Chapman, 2014; ALL Consulting, 2013a). Ion
exchange is effective in removing TDS, anions as fluoride, nitrate, selenite,
chromate or anionic uranium complexes (Dahm and Chapman, 2014), and a
wide range of metals, including NORM (Ra226/228, uranium, and beta particle
emitters) (Hammer and VanBriesen, 2012). The most common use of ion
exchange is to preferentially remove sodium, treated water containing less than
10 mg/L sodium. This technology is limited to wastewaters with TDS
concentrations below 5,000 mg/L and requires pre-treatment operations
(deoiling, softening, TSS removal, etc.) and periodical regeneration (ALL
Consulting, 2013a).



Electrodialysis. Electrodialysis (ED) treatment process are similar to ion
exchange in that dissolved ions present in water have either a positive or
negative charge and are attracted to electrodes with an opposite electric charge.
ED differs from a normal ion exchange process by utilizing both cation and
anion selective membranes to segregate charged ions extracted from a water
solution. In ED, membranes that allow either cations or anions (but not both) to
pass are placed between a pair of electrodes. An improvement to ED, referred to
as Electrodialysis Reversal (EDR), utilizes the same concept except that in EDR,
there is periodic automatic reversal of polarity and cell function to reverse the
flow of ions across the membrane. This returns anions across the anionic
membranes and helps break up scale formed on the concentrating face of the
membranes and minimizes membrane fouling. As with reverse osmosis, a small
pump is required to move the water through the membranes to overcome the
resistance of the water as it passes through the narrow passages. Depending on
the number of stages present within an ED unit, this treatment can remove
approximately 25% to 60% TDS with a resulting stream of approximately 15 to
30% of the raw water input, although higher water recovery rates (90%) are
obtainable with low TDS concentrations (<2,000 mg/L). ED is also capable of
removing and/or reducing aluminium, barium, bromide, cadmium, calcium,
chloride, copper, cyanide, potassium, and volatile organics components (VOCs)
(ALL Consulting, 2013b).
Standard ED is limited to treating TDS concentrations ranging from 4,000 mg/L
to 15,000 mg/L, although some newer ED technologies have reported the ability
to treat higher TDS concentrations (approximately 35,000 mg/L at a flow rate of
10,000 barrels per day with 75% recovery) (ALL Consulting, 2013b).
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However, as reported by Hayes and Arthur (2004), the economics limit the
applicability of standard ED to feed waters with TDS concentrations of 10,000
mg/L or less. Pre-treatment is necessary for ED to control scale build up of
calcium carbonate (CaCO3) and magnesium hydroxide (Mg(OH)2), as well as
iron ions. Typically, these constituents are controlled either chemically by acid
addition for pH adjustment and/or by cartridge filter. ED is not effective at
treating bacteria, colloidal material, boron or silica. Electrodialysis has been
considered for use by the shale gas industry, but it is not currently widely
utilized (ALL Consulting, 2013b).


Crystallization (Zero Liquid Discharge). Crystallization is an equilibriumbased separation and evaporation technology that uses energy as the separating
agent and can be comprised of a combination of treatment processes that are
more energy efficient at removing water from lower TDS waters. Crystallization
can generate clean water from saturated or even crystallizing brines with total
dissolved solids (TDS) at concentrations up to 650,000 mg/L. In a salt
crystallizer, typical analysis of the resulting condensate shows a typical content
of residual salt not higher than 50 ppm; 95% return rates of flowback and
produced waters can be achieved. This process also efficiently removes sodium
and calcium chlorides as well as the heavy metals in the effluent generated in
shale gas production (ALL Consulting, 2013c). This technology is a relatively
rare, expensive treatment process, and while some vendors suggest that the unit
can be setup on the well pad, a more cost-effective use will be at a centralized
treatment plant located near users of the systems’ by-products (ALL Consulting,
2013c; Dahm and Chapman, 2014). In addition to the crystallized salts, treated
effluent water and/or steam will also be a product that can be used by a third
party in some industrial or agricultural setting. Some technology vendors have
advertised crystallization as a treatment option in the Marcellus Shale, but the
economic feasibility has not yet been demonstrated (URS, 2011).

Figure 13 shows the applicability of TDS removal techniques according to costs and
TDS contents in produced water.
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$ Costs per Barrel

Crystallization
Evaporation
RO

Treatment for Reuse

750

3,000

40,000

260,000

1,000,000

Total Dissolved Solids (TDS)

Figure 13. Applicability of TDS removal technologies as a function of costs and TDS
content (Kimball, 2010; Pike, 2010).
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Table 27 shows the applicability and efficiency of the main wastewater treatment
technologies used in Marcellus Shale. Aspects as energy cost and usage, complexity,
pre-treatment requirements, final TDS content and percentage of fluid recovery are
addressed.
Table 27. Comparison of the applicability and efficiency of the main technologies used
in wastewater management in Marcellus Shale (data cited from URS, 2011).
Characteristic

Filtration

Ion Exchange

Energy Cost
Energy Usage
vs. TDS
Applicable to

Low

Low

Reverse
osmosis
Moderate

N/A

Low

Increase

High increase

All water types
Small/
Modular

All water types
Small/
Modular

Moderate TDS

Moderate TDS

Modular

Large

Possible

Possible

Possible

Low

N/A

Low

Low

Moderate/High
Maintenance

Regular
maintenance

Complex

Low

Low

High

Low

Low

N/A

N/A

40,000

30.000

>100,000

N/A

Filtration

Extensive

Filtration

Minimal

200-500
ppm

200-500
ppm

200-1,000 ppm

<10 mg/L

N/A

30-50%

60-80%

75-95%

Plant/Unit size
Microbiological
fouling
Complexity
Technology
Scaling
Potential
Theoretical TDS
Feed limit
(mg/L)
Pre-treatment
Requirement
Final water TDS
% Recovery as
effluent

N/A
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Decisions about shale gas wastewater treatments should be made taking into account the
quality criteria required for the final destination. Table 28 shows finished wastewater
criteria for specific goals or destination.
Table 28. Finished wastewater quality criteria for specific treatment goals (data cited
from Hammer and Van Briesen, 2012).
Treatment goal

Quality needed

Potential for use

Discharge to surface water in
Pennsylvania

<500mg/L TDS
<250 mg/L chloride
<250 mg/L sulfates
<10mg/L total barium
<10mg/L total strontium

Only with extensive treatment.

Reuse for hydraulic fracturing

Moderate TDS
Low suspend solids
Low Ca, Mg, Fe, sulfate (scale
formers)

Very likely and routinely
practiced, often with partial
treatment or dilution.

Deep well disposal

Low Ca, Mg, Fe, sulfate (scale
formers)
Low SS

Very likely and routinely
practiced, sometimes with partial
treatment to reduce scaleforming potential

Crop irrigation

Low salinity (TDS)
Low sodium adsorption ratio
(SAR <6)
Low toxicity

Only with extensive treatment.

Wildlife and livestock
consumption

Moderate TDS (<5,000 mg/L)
pH 6.5‒8
SAR 5‒8

Only with extensive treatment

Moderate TDS
Low metals

Only with extensive treatment

Low SS
Low in specific constituents like
metals

Possible for some produced
water and for treated brines.

Low SS
Moderate TDS

Possible with dilution.

Aquaculture and hydroponic
vegetable culture
Dust control on roads and
in mining
Vehicle and equipment
washing

Power-generation cooling

Fire control
Potable reuse SDWA criteria
(Safe Drinking Water Act)

Low SS
Moderate TDS
Low Ca, Mg, Fe, sulfate (scale
formers)
Low SS
Low organics
Low DBP formation potential
Adequate mineral content
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Possible but unlikely due to
fouling problems.
Possible but unlikely.
Very unlikely. Indirect potable
reuse through aquifer recharge
possible with extensive
treatment.
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6.6

TRANSFER TO TREATMENT FACLITIES

6.6.1

Centralized waste treatment facilities (CWTs)
Some operators manage unconventional oil and gas extraction wastewater by
transporting it to CWT facilities. Wastewater treated at CWT facilities is either
discharged or returned to the operator for reuse/recycle in fracturing. Operators may
choose to use CWT facilities primarily when other wastewater management options
(e.g., disposal wells) are not available where they are operating.
A CWT facility is any facility that treats (for disposal, recycling, or recovery of
material) any hazardous or non-hazardous industrial wastes, hazardous or nonhazardous industrial wastewater, and/or used material received from offsite. CWT
facilities that accept unconventional oil and gas wastewater are sometimes run by the
operator and are sometimes run by an entity not engaged in the oil and gas extraction
business. In addition, many operators have integrated their companies by purchasing or
constructing their own CWT facilities. Some CWT facilities accept only oil and gas
wastewater while others accept a variety of industrial wastewater (U.S. EPA, 2015b).
They follow different discharge practices:




Zero discharge (treated wastewater is typically reused in fracturing or disposed
of in a Class II disposal well).
Discharge to surface waters or to publicly owned treatment works facilities
(POTWs).
Multiple discharge options (a mix of discharge and zero discharge).

Pollutant discharges to surface waters or to POTWs from CWT facilities are not subject
to the Oil and Gas Extraction Effluent Limitations Guidelines and Standards (40
C.F.R.10 part 435). They are subject to the Centralized Waste Treatment Effluent
Limitations Guidelines and Standards (40 C.F.R. part 437) which includes limitations
and standards for both direct and indirect dischargers (U.S. EPA, 2015b).
In general, CWT facilities typically use non-TDS removal technologies for treatment
before reuse/recycle and TDS removal technologies for treatment before indirect or
direct discharge.
Limits of quality discharges from oil and gas CWTs are subjected to 40 C.F.R. 437.20,
437.21 and 437.24 regulations. Effluent limitations are shown in Table 29.

10

U.S. CODE OF FEDERAL REGULATIONS (CFR) Title 40: Protection of Environment
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Table 29. Effluent limitations attainable by the application of the best practicable
control technology currently available (U.S. EPA, 2015c).
Parameter
Oil and gas
pH
TSS
Antimony
Arsenic
Barium
Cadmium
Chromium
Cobalt
Copper
Lead
Mercury
Molybdenum
Tin
Titanium
Zinc
Bis(2-ethylhexyl) phthalate
Butylbenzyl phthalate
Carbazole
n-Decane
Fluoranthene
n-Octadecane

6.6.2

Maximum daily
127
6-9
74.1
0.237
2.95
0.427
0.0172
0.746
56.4
0.500
0.350
0.0172
3.50
0.335
0.0510
8.26
0.215
0.188
0.598
0.948
0.0537
0.589

Maximun monthly average
38.0
6-9
30.6
0.141
1.33
0.281
0.0102
0.323
18.8
0.242
0.160
0.00647
2.09
0.165
0.0299
4.50
0.101
0.0887
0.276
0.437
0.0268
0.302

Units
mg/L
No units
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

Publicly owned treatment works facilities (POTWs)
In locations where disposal wells and CWT facilities are limited or transportation
distances are an issue, operators have managed in the past unconventional oil and gas
extraction wastewater by discharge to POTWs. This practice can be problematic
because POTWs do not use technologies that can remove some fracturing wastewater
constituents (e.g., TDS). Also, constituents in wastewater such as TDS may interfere
with POTW operations and may increase pollutant loads in receiving streams to the
detriment of downstream water use (U.S. EPA, 2015b).
40 C.F.R. part 403.3(q) defines a POTW as “a treatment works as defined by section
212 of the [Clean Water] Act, 94 which is owned by a State or municipality” POTWs
are designed to treat residential, commercial, and industrial wastewater, focusing on the
removal of suspended solids and dissolved organic constituents.
Typical treatment processes used at POTWs are categorized into the following levels:


Primary treatment: capable of removing some suspended solids and organic
matter using unit operations such as screening and clarification.
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Secondary treatment: capable of removing additional suspended solids and
biodegradable organic matter from wastewater using biological treatment
processes, such as activated sludge and trickling filters. Secondary treatment is
sometimes followed by chlorination or ultraviolet (UV) disinfection to reduce
microbial pathogens.



Tertiary (advanced) treatment: capable of removing other pollutants, such as
nutrients, not removed in secondary treatment using processes such as
nitrification/denitrification and activated carbon adsorption

U.S. EPA (2015b) concluded that none POTW accepted wastewater directly from
unconventional oil and gas operations at date June 2014. POTWs would likely be
ineffective for treatment of certain pollutants in hydraulic fracturing wastewater, such as
TDS and many pollutants that contribute to TDS (see Table 30). Conventional sewage
treatment facilities are not designed to remove dissolved constituents such as TDS and
chlorides.
Concentrations of the constituents in produced water would reduce the effectiveness or
otherwise interfere with the treatment operations for treatment commonly used at
POTWs. Inhibition of activated sludge processes at a POTW could impair BOD5
removal and TSS removal. Inhibition of nitrification, a process that some POTWs use to
convert ammonia to nitrate/nitrite), may impair the POTW’s ability to remove ammonia
and nutrients in the wastewater (U.S. EPA, 2015b).
Produced water from hydraulic fracturing operations is also a concern in the disruption
of POTW sludge processes, including sludge disposal, and the disruption of POTW
operations as a result of excessive scale formation. For example, POTWs that accept
and treat wastewater high in heavy metals (e.g., nickel, copper, zinc) face the potential
for heavy metals accumulation in sludge. A POTW accepting wastewater with high
metals concentrations may no longer be able to land-apply its sludge because it may
violate sludge disposal rules.
The EPA has identified the potential for elevated concentrations of radium-226 and
radium-228 in sludge. POTWs with sludge containing radioactive materials may resort
to underground injection in a Class I well, disposal at a hazardous waste landfill, or
disposal at a low-level radioactive waste landfill.
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Table 30. POTWs that accepted unconventional oil and gas wastewater in U.S. (data
cited from U.S. EPA, 2015b).
POTW accepting
produced
State
wastewater to
June 2014

Year POTW stopped
accepting produced
water

Facility Name

City

Allegheny Valley Joint Sewer Authority

Cheswick

PA

No

2008

Altoona Water Authority—Easterly WWTP

Altoona

PA

No

2011

Belle Vernon Borough

Belle Vernon

PA

No

2009

Borough of Jersey Shore

Jersey Shore

PA

No

2010

Brownsville Municipal Authority

Brownsville

PA

No

2008

California Borough

California

PA

No

2009

Charleroi Borough

Charleroi

PA

No

2008

City of Auburn
City of Johnstown Redevelopment Authority—
Dorrnick Point
City of McKeesport

Auburn

NY

No

2008

Johnstown

PA

No

2010

McKeesport

PA

No

2011

City of Watertown

Watertown

NY

No

2010

Clairton Municipal Authority

Clairton

PA

No

2011

Clearfield Municipal Authority

Clearfield

PA

No

2009

Dravosburg

Dravosburg

PA

No

2008

Lock Haven City STP

Lock Haven

PA

No

2008

Mon Valley Sewage Authority

Donora

PA

No

2008

Moshannon Valley Authority SW

Rush Township

PA

No

2009

Reynoldsville Sewer Authority

Reynoldsville

PA

No

2011

Ridgway Borough

Ridgway

PA

No

2011

Waynesburg Borough Water System

Waynesburg

PA

No

2008

PA- Pennsylvania
NY- New York

Produced water may also disrupt POTW operations as a result of excessive scale
formation. Radium may also accumulate in scale and form TENORM. However, there
is a potential for radiological environmental impacts from spills and the long-term
disposal of POTW filter cake (U.S. EPA, 2015b).
Accepting produced water from hydraulic fracturing operations in POTWs could also
increase concentrations of disinfestation by-products (DBPs) in drinking water. BDPs
are toxic halo-organic compounds. Like TDS, bromide is not removed at drinking water
treatment plants. Wastewater from shale gas operations often contains elevated levels of
bromide and chloride, which are precursors of several toxic DBPs.
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6.7

BENEFICIAL USES OF TREATED HYDRAULIC FRACTURING
WASTEWATER
Operators include extensive costs in the handling and management of produced water.
Often, transportation of large water volumes is so expensive that produced water may be
treated onsite, including desalination, for less cost. Treatment onsite, even with the
creation of a brine or concentrate waste stream, minimizes the total waste volume that
requires injection. Furthermore, several combinations of treatments create a product of
sufficient quality to alleviate dependences on local fresh water sources for many
applications. Potential beneficial uses of produced water include (Guerra et al., 2011):


Livestock watering. Water used in feedlots, dairy operations, and other on-farm
needs such as cooling of facilities for the animals and products, dairy sanitation
and wash down of facilities. Water quality is an important consideration for
livestock watering. Meeting limits for specific constituents is necessary to
provide protection of livestock consuming produced water, and treatment is
often necessary to meet requirements. Although water requirements for livestock
watering are relatively low, oil and gas wells drilled on property leased from
farmers and ranchers represent a local source of water available for use. The
U.S. National Academy of Sciences offers upper limits for toxic substances in
water (see Table 31). Additional constituent concentrations and maximum levels
include sulfate and alkalinity not to exceed 2,000 mg/L and pH ranging between
5.5 and 8.5.

Table 31. U.S. National Academy of Science recommended levels of specific
constituents for livestock drinking water (data cited from Guerra et al., 2011).
Constituent
Aluminum
Arsenic
Boron
Cadmium
Chromium
Cobalt
Copper
Fluorine
Lead
Mercury
Nitrate + nitrite
Nitrite
Selenium
Vanadium
Zinc
Total dissolved solids

Upper limit (mg/L)
5
0.2
5.0
0.05
1
1
10.5
2.0
0.1
0.01
100
10
0.05
0.10
24
10,000

A content of total dissolved solid (TDS) cutoff concentration of 10,000 mg/L is the
maximum concentration in water above which it is not recommended for livestock
watering use (see Table 32).

D9.1 Water management related to shale gas activities

Copyright © M4ShaleGas Consortium 2015-2017

Page 64

Table 32. TDS Categories for livestock water (data cited from Guerra et al., 2011).
TDS Category
Level 1
Level 2

TDS Range1
< 1,000
1,000 to 2,999

Level 3

3,000 to 4,999

Level 4

5,000 to 6,999

Level 5

7,000 to 10,000

Level 6

> 10,000



Description
Satisfactory
Satisfactory, slight temporary illness
Satisfactory for livestock, increased poultry
mortality
Reasonable for livestock, unsafe for poultry
Unfit for poultry and swine, acceptable short
term for livestock
Not recommended

Irrigation. In most States, irrigation represents the majority of fresh water use.
Irrigation not only requires large water volumes, but also has stringent water
quality criteria. Specifically for produced water, parameters such as the sodium
adsorption ratio (SAR) are important criteria for ensuring that the water quality
is sufficient to not damage crops. Given the saline nature of produced water with
high sodium content the SAR and electrical conductivity (ECw) are both
important parameters to consider before use (see Figure 14). Boron is also
important to consider when identifying the healthy range for most plants. The
Food and Agriculture Organization publication, Water Quality for Agriculture,
outlines boron concentration considerations for various types of crops (see Table
33).

Figure 14. Suitability of water for irrigation (redrawn from Guerra et al., 2011)
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Table 33. Tolerance ranges in boron irrigation water depending on the sensitivity of the
crops (data cited from Guerra et al., 2011).
Tolerance Level
Very Sensitive

Range of Boron Concentration
< 0.5 mg/L

Sensitive

0.5-0.75 mg/L

Sensitive

0.75-1.0 mg/L

Sensitive

1.0-2.0 mg/L

Moderately tolerant

2.0-4.0 mg/L

Tolerant

4.0-6.0 mg/L

Very tolerant

60-15.0 mg/L

Crops
Lemon, blackberry
Avocado, grapefruit, orange, apricot,
peach, cherry, plum, persimmon, fig,
grape, walnut, pecan, cowpea, onion
Garlic, sweet potato, wheat barley,
sunflower, mung bean, sesame, lupine,
strawberry, jerusalem artichoke,
kidney bean, lima bean, peanut
Red pepper, pea, carrot, radish,
potato, cucumber
Lettuce, cabbage, celery, turnip,
kentucky bluegrass, oats, maize,
artichoke, tobacco, mustard, sweet
clover, squash, muskmelon
Sorghum, tomato, alfalfa, purple vetch,
parsley, red beet, sugarbeet
Cotton, asparagus

In addition to these constituents, the following constituents and parameters also are
identified as potentially detrimental at high concentrations to crops: pH normal range
6.5–8.4, chloride concentration less than 70 parts per million and nitrate concentration
less than 10 ppm nitrate nitrogen (NO3-N) or 45 ppm nitrate (NO3).


Rangeland restoration. Consist of shrubs and grasses. The most common use
for rangelands is livestock grazing. Overstocking and drought are two of the
causes of rangeland degradation. Degradation of rangeland also is caused by
improper use of vehicles and other industrial activity and changing weather
patterns resulting in drought. Produced water can be applied to rangeland to help
the natural biotic community to reestablish vegetation and to increase the
response of the native species. SAR is an important criterion for using produced
water for rangeland restoration. Similarly to irrigation water, high SAR values
can further damage soils; therefore, treatment may be required for some
produced water sources to be used for rangeland restoration.



Industrial uses. Industrial uses of hydraulic fracturing produced water include
dust suppression, fire protection or cooling towers for powerplants.



Domestic. In some cases, produced water is of sufficiently high quality that it
could be considered for municipal drinking water, by complying drinking water
standards.
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6.8

MANAGEMENT OF WASTEWATER FROM SHALE GAS
OPERATIONS IN U.S. GENERAL TRENDS.
In the early development of unconventional oil and gas operations, most operators
believed that reuse/recycle of wastewater was not technically feasible because high TDS
concentrations adversely affected fracturing chemical additives and/or formation
geology. As a result, operators used only fresh water as base fluid for fracturing. Since
the late 2000s, operators have increased wastewater reuse/recycle. One of the changes
that contributed to more widespread reuse of wastewater as a base fluid is that fracturing
service providers were able to design fracturing additives to tolerate base fluids with
higher concentrations of TDS (U.S. EPA, 2015b).
A scheme of wastewater treatment choice in Marcellus Shale according to TDS content
is presented in Figure 15.

Figure 15. General scheme of wastewater treatment according to TDS content in
Marcellus Shale (redrawn from Schlicher et al., 2009).
As of 2013, many operators evaluate reusing/recycling unconventional oil and gas
extraction wastewater before deciding to manage it via another method (i.e., disposal
well or CWT facility) (Table 34). Reuse/recycle involves mixing flowback and/or longterm produced water from previously fractured wells with other source water to create
the base fluid used in a subsequent well fracture. Operators typically transport the
wastewater, by truck or pipe, from storage to the fracturing site just before and during
hydraulic fracturing. Operators typically store the wastewater in 10,500- to 21,000gallon (200- to 500-barrel) (23.8 to 59.5 m3) fracturing tanks onsite until they are ready
to blend it with other source water during the hydraulic fracture. When hydraulic
fracturing begins, they pump the stored produced water for reuse and other source water
to a blender to form the base fluid. The blending usually occurs upstream of other steps
such as fracturing chemical addition or pressurization by the pump trucks (U.S. EPA,
2015b).
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Table 34. Reuse/Recycle practices in 2012 as a percentage of total produced water
generated (data cited from U.S. EPA, 2015b).

Basin

Appalachian
TX-LA-NIS
Salt
Arkoma
Western Gulf
Fort Worth
Permian
Williston

UOG Formation Resource type

Percent of
wastewater
reused/recycled
for fracturing

Percent of
wastewater
managed using
other methods

Percent of
respondents
planning to increase
reuse/recycle

Marcellus/Utica

Shale gas/oil

74

26

50

Haynesville

Shale gas

30

70

67

Fayetteville
Eagle Ford
Barnett
Avalon: BarnettWoodford

Shale gas
Shale gas/oil
Shale gas

30
16
13

70
84
87

67
60
86

Shale gas/oil

7

93

67

Bakken

Shale oil

5

95

56

Slickwater fracturing fluid designs are the most accommodating for using base fluid that
contains the high end of the TDS criteria ranges. Gel designs, which are typically used
to fracture liquid rich plays (e.g., Bakken), are more complex and industry currently
finds them to be less compatible with high concentrations of TDS than slickwater
designs. As a result, at present, gel designs require base fluid that meets the low end of
the TDS criteria ranges. This is primarily because TDS interferes with the properties of
the cross-linked gels inherent to gel fracturing fluid designs. Industry also reports that
boron is a constituent of concern for reuse/recycle when using gel recipes because it
interferes with the intended delayed activation of cross-linked gels. But this may be
changing because industry has recently demonstrated the use of higher-TDS base fluid
in gel fracturing as new chemical additives are becoming available for gel designs that
tolerate higher TDS concentrations (U.S. EPA, 2015b).
Currently, the decisions about wastewater treatment for reuse/recycle purposes in U.S.
are primarily influenced by TDS content in wastewater. Main technologies are
described below.
 Direct reuse/recycle for fracturing without treatment. Many operators
reuse/recycle their wastewater for fracturing without any treatment (i.e., only
blending with fresh water) or with minimal treatment such as sedimentation or
filtration to remove suspended solids. The primary purpose of the blending is to
control TDS concentrations. When using this strategy, operators either transport
unconventional oil and gas extraction wastewater directly to the next well they are
fracturing or transport it to a temporary storage area offsite until they are ready to
fracture the next well. About 54 percent of produced water reused/recycled by the
unconventional oil and gas industry in 2012 for fracturing requires minimal or no
treatment (U.S. EPA, 2015b).

Reuse/Recycle in Fracturing After Treatment. Operators also reuse/recycle
unconventional oil and gas extraction wastewater after some type of treatment. Where

D9.1 Water management related to shale gas activities

Copyright © M4ShaleGas Consortium 2015-2017

Page 68

treatment is employed, the unconventional oil and gas industry typically uses one of two
levels of treatment:
 Non-TDS removal technologies. These technologies remove non-dissolved
constituents from wastewater, including suspended solids, oil and grease,
bacteria, and/or certain ions that can cause scale to form on equipment and
interfere with fracturing chemical additives. These technologies are not designed
to reduce the levels of dissolved constituents, which are the majority of
compounds that contribute to TDS. There are constituents in unconventional oil
and gas extraction wastewater other than TDS that operators may need to
remove or destabilize before reuse/recycle. In particular, they may need to
reduce constituents that may cause scale, formation damage, and/or interference
between chemical additives and the formation geology. These constituents
include suspended solids, oil and grease, bacteria, and certain ions (e.g., iron,
calcium, magnesium, and barium). Non-TDS removal technologies used to treat
unconventional oil and gas extraction wastewater for reuse/recycle, include:
solids removal (e.g., sedimentation, filtration, dissolved air flotation, etc.),
chemical precipitation, electrocoagulation and advanced oxidation precipitation
(U.S. EPA, 2015b). Industry often uses non-TDS removal technologies to
remove or destabilize the aforementioned constituents. This treatment may be
done in the field at the well site or off-site at a CWT facility. There is a variant
of these technologies, known as treatment on-the- fly (Figure 16), where the
operator treats the mixture of UOG produced water and other source water
concurrently with the hydraulic fracturing process. Wastewater treatment occurs at
relatively high flow rates. This eliminates or reduces: transporting wastewater
for reuse/recycle to a CWT facility and then transporting it again to the next well
for fracturing; procuring the services of a CWT facility; purchasing or renting
storage containers, and renting space on which to keep the storage containers,
for treated wastewater (U.S. EPA, 2015b).
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Figure 16. General scheme of on-the-fly treatment (redrawn from U.S. EPA, 2015b).
 TDS removal technologies: Technologies capable of removing dissolved
constituents that contribute to TDS (e.g., sodium, chloride, calcium) as well as
the constituents removed by non-TDS removal technologies. Treatment systems
with these treatment technologies include non-TDS removal technologies for
pre-treatment (e.g., TSS, oil and grease). In general, TDS removal technologies
convert influent wastewater into two streams: concentrated brine and low-TDS
water (i.e., distillate). Operators have learned that low-TDS base fluid is not
necessarily required for fracturing. However, some operators may still use TDS
removal technologies to treat wastewater for reuse/recycle in fracturing. TDS
removal technologies that unconventional oil and gas operators have used to
treat unconventional oil and gas extraction wastewater for reuse/recycle include
reverse osmosis (when TDS is less than approximately 50,000 mg/L) and
evaporation/condensation. Some vendors currently offer skid-mounted mobile
TDS removal units for reuse/recycle in the field. There are also several CWT
facilities owned by operators that use TDS removal technologies (e.g.,
evaporation/condensation).
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CONCLUSIONS
Volume and quality of wastewater associated to shale gas operations varies as a
function of the geological formation and the operator. It varies even within the same
shale play and over time.
Until recently, operators desired to use only freshwater for shale gas operations but the
use of alternative water sources and reuse/recycle wastewater are highly increasing.
Because fracturing fluids require specific quality requirements, technologies for
wastewater treatment are being rapidly developed in the last few years. Operators are
using water sources with a more content of TDS.
Deep injection well is the most widespread management option in U.S., but advanced
treatment are increasingly common. Some operators manage unconventional oil and gas
extraction wastewater by transporting it to CWT facilities. Wastewater treated at CWT
facilities is either discharged or returned to the operator for reuse/recycle in fracturing.
In the last few years, treatment for beneficial purposes have been appeared.
Decisions about wastewater treatment are primarily based on TDS content in U.S., but
NORM containing wastewater become an important challenge.
Main challenges in establishing recommendations on wastewater management in the
unconventional gas context could be:
a) identify and resolve knowledge gaps about composition and evolution over time
of produced water in European shale gas operations, the information is scarce
and asymmetric;
b) resolve knowledge gaps on the available water sources for shale gas operations
in an European context;
c) resolve knowledge gaps regarding the applicable legislation in each Member
State in terms of water and wastewater management.
d) establish homogeneous recommendations within a complex geopolitical
scenario.
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