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Salts are frequently amajor constituent of wastewaters produced during oil and gas production. These produced
waters or brines must be treated and/or disposed and provide a daily challenge for operators and resource man-
agers. Some elements of salts are regulated with water quality criteria established for the protection of aquatic
wildlife, e.g. chloride (Cl−), which has an acute standard of 860 mg/L and a chronic standard of 230 mg/L. How-
ever, data for establishing such standards has only recently been studied for other components of produced
water, such as bicarbonate (HCO3

−), which has acute median lethal concentrations (LC50s) ranging from 699
to N8000 mg/L and effects on chronic toxicity from 430 to 657 mg/L. While Cl− is an ion of considerable impor-
tance inmultiple geographical regions, knowledge about the effects of hardness (calcium andmagnesium) on its
toxicity and about mechanisms of toxicity is not well understood. A multiple-approach design that combines
studies of both individuals and populations, conducted both in the laboratory and the field, was used to study
toxic effects of bicarbonate (as NaHCO3). This approach allowed interpretations about mechanisms related to
growth effects at the individual level that could affect populations in the wild. However, additional mechanistic
data for HCO3

−
, related to the interactions of calcium (Ca2+) precipitation at the microenvironment of the gill

would dramatically increase the scientific knowledge base about how NaHCO3 might affect aquatic life. Studies
of the effects of mixtures of multiple salts present in produced waters and more chronic effect studies would
give a better picture of the overall potential toxicity of these ions. Organic constituents in hydraulic fracturing
fluids, flowback waters, etc. are a concern because of their carcinogenic properties and this paper is not meant
to minimize the importance of maintaining vigilance with respect to potential organic contamination.

Published by Elsevier B.V.

1. Introduction

Though the organic constituents used during the hydraulic fractur-
ing process have been the subject of much public attention, the contri-
bution of the salt content in large volumes of produced and flowback
waters must also be addressed. Scientific data related to individual
salts and mixtures would characterize their ecosystem effects indepen-
dent of those that are specific and unique to hydrocarbons. To summa-
rize the current state of knowledge, this paper will provide a summary
of current issues related to the effects of salts, especially the ions chlo-
ride (Cl−) and bicarbonate (HCO3

−), on aquatic resources.
The toxicity of salt from produced waters is not a new concept; re-

search on its acute toxicity was investigated by Mount et al. (1997),
who developed a model to define toxicity of various salts on a few
aquatic species. Salt content (and related conductivity) of producedwa-
ters was the topic of a 2012 EPA workshop, and the acute and chronic
toxicity of these salts is the focus of some USGS research studies

(Farag and Harper, 2012). Some ionic components of produced waters
are regulated with water quality criteria established for the protection
of aquatic wildlife (e.g. Cl−), but data adequate for establishing
such standards has only recently been studied for other elements
(e.g. HCO3

−). Even when individual ions are regulated, additional issues
arise due to total dissolved solids and salt absorption ratios (Farag et al.,
2010).

Previous research determined that different ions (and salts they form)
induce varying degrees of toxicity to aquatic life (Young, 1923; Rawson
and Moore, 1944; Nelson, 1968; Mossier, 1971; Held and Peterka,
1974).Mount et al. (1997) completedmore than a thousand acute exper-
iments anddeveloped amultiple regressionmodel that described the tox-
icity of common ions in various combinations to zooplankton and fathead
minnows (Pimephales promelas, FHM). One of themost pivotal findings of
Mount et al. (1997) was that all major ions have a lethal concentration,
and that the toxicity of amixture of salts is generally equivalent to the ad-
ditive toxicity of the individual salts.

Furthermore, data gaps exist in our understanding of the mecha-
nisms by which salts affect individual organisms. The most prevalent
theories include ionoregulatory upset with associated enzyme level
changes. Understanding themechanisms of toxicity becomes especially
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important when one attempts to interpret changes at the population
level.

Multiple-approaches are needed to more completely define the po-
tential toxicity of salt ions on aquatic life. Approaches should define
the potential effects on individual organisms and populations and
bridge laboratory and field studies, thereby enhancing the understand-
ing of the potential effects of salts on aquatic resources (Fig. 1). It is the
intersection of information as gathered from the individual organism
with effects at the population level (moving left to right on Fig. 1), and
the intersection of data gathered from the laboratory and the field
(moving top to bottom on Fig. 1), that provide the ability to predict
the overall effects of salts in real world conditions.

Studies that follow this multiple-approach design include: 1. Acute
and chronic laboratory experiments using water that mimics field
conditions and provide data to determine no-effect level (NOEL) con-
centrations. 2. Investigations of the mechanisms of toxicity to allow in-
terpretations of changes that can affect growth and ultimately survival.
3. Field surveys and in situ bioassays to ground truth laboratory data and
refine information about lifestage sensitivity and potential population
level effects. Thismultiple-approach type of study design should include
experiments on multiple species as suggested for the development of
water quality criteria to protect aquatic life (Stephan et al., 1985).

2. Sodium chloride

Sodium chloride (NaCl) is a highly soluble naturally occurring salt
commonly found with natural gas and oil reserves throughout the
world. Most oil and gas deposits are the result of catagenesis and meta-
genesis of the residual marine-derived biogenic organic matter (Libes,
2009). Through complex geological processes, salt brines locatedwithin
oil and gas producing strata can be highly concentrated, some much
more concentrated than sea water (Thamke and Craigg, 1997; Iampen
and Rostron, 2000; Whittemore, 2007). Most high salinity brines
(N35 g/L TDS) contain chloride as their only major anion. To
effectively remove oil or natural gas, water must be pumped out, or
co-produced. Through the use of horizontal drilling and hydraulic frac-
turing, hydrocarbons can now be economically extracted in areas such
as the Bakken Formation (North Dakota and Montana, northwestern
USA, and Saskatchewan, western CA), the Barnett Shale (Texas,
southcentral USA), and the Marcellus Shale (New York, Pennsylvania,
Ohio, West Virginia and Virginia, eastern USA). However, the volume
of NaCl-enriched waters produced can exceed the amount of oil or gas
over the lifespan of the well (Veil et al. 2004). A general ratio of brine
to oil produced is 2:1 for conventional oil wells, however, Veil et al.
(2004), reported that the volume of brine to oil increases over the life
span of the well and produced water approached 10:1. This estimate

was made before the rapid increase in the use of horizontal drilling
and hydraulic fracturing techniques which may delay or reduce water
production (Veil et al., 2004), but may also increase total water produc-
tion (Boysen, 2012). Regardless of the oil:water ratio, it is expected that
increased oil production will require the construction of an additional
540 saltwater disposal sites before peak production in the early 2020s
in North Dakota alone (KLJ Consulting, 2012).

While Cl− is essential for biological function of aquatic organisms,
large concentrations can disrupt ion balance. Freshwater aquatic organ-
isms exist in a hypo-osmotic environment (internal dissolved solid con-
centrations are greater than the surroundingwater) which requires the
movement of ions to maintain ionic stasis against an osmotic gradient.
This is accomplished, in part, by chloride cells, also called ionocytes or
mitochondria-rich cells (Hobe et al., 1984; Perry, 1997). Chloride cells
are found within membranes located in the gill or epithelium, and use
energy to pump ions against an osmotic gradient (Wilson and Laurent,
2002). Chloride transfer mechanisms are also important in the move-
ment of other ions into and out of aquatic organisms as required for bi-
ological function. When Cl− concentrations become large enough, they
can interfere with ion regulation. While not well understood, it is be-
lieved that when concentrations become large enough, the ability to
move Cl− and other ions becomes impaired, resulting in the inability
to retain osmotic homeostasis and ionic balance.

Sodium chloride in produced water has been the subject of concern
because of the potentially toxic effects of Cl− on aquatic organisms, and
the physical alteration of soil structure that can occurwhen it is exposed
to Na+. In an investigation of oil field discharge from conventional oil
fields in Wyoming, Boelter et al. (1992) observed reduced survival
and reproduction of Ceriodaphnia dubia. Major inorganic ions (Na+,
K+, HCO3

−, Cl− and CO3
2−) appeared to be the cause of toxicity, and

trace metals and nonpolar organic compounds did not contribute to
toxicity. In a study to predict the toxicity of major ions to aquatic organ-
isms, Mount et al. (1997) found that C. dubia were quite sensitive to
NaCl toxicity, with an acute 48 h median lethal concentration (LC50)
of 1040 mg/L. Toxicity was primarily attributed to the co-occurring
anion of salts containing Na+ and Ca2+. Thus, in produced waters con-
taining predominantly NaCl, most of the toxicity was attributed to Cl−.
The USEPA water quality criterion established for the protection of
aquatic life is 860 mg/L (U.S. Environmental Protection Agency, 1988)
and is based on a series of experiments conducted on multiple species
from various phyla.

Chronic toxicity to Cl− can occur atmuch lower concentrations than
acute exposures. The USEPA established a chronic water quality criteri-
on for Cl− of 230 mg/L in 1988 (U.S. Environmental Protection Agency,
1988). In a study of the effects of water hardness on Cl− toxicity, Elphick
et al. (2011), found that increased availability of Ca2+ ions can amelio-
rate the toxic effects of Cl−. In this study, survival and reproduction of
C. dubia were affected in concentrations as low as 132 and 117 mg/L
Cl− respectively, in very softwater (10 mgasCaCO3). However, survival
and reproduction were strongly correlated with water hardness, indi-
cating that water quality criterion may not be protective in soft waters
less than 40 mg CaCO3/L, and overly conservative in hard waters ex-
ceeding 100 mg CaCO3/L.

As the potentially harmful effects of Cl− associated with oil and nat-
ural gas produced waters became better understood, disposal practices
changed over time and have become more restricted and regulated.
During early extraction activities, produced waters and brines were
often pumped into un-lined evaporation reserve pits or simply pumped
into receiving waters and drainage trenches (Gorman, 1999; Otton
et al., 2005). The result of these disposalmethodswas often the contam-
ination of ground and surface waters, salt scarring, erosion caused by
the death of surface vegetation, and the dominance of salt tolerant or-
ganisms. Initial attempts to prevent leakage were through the use of
lined evaporation reserve pits, but these were also prone to leakage.
As of April 1, 2012, all wastewaters associatedwith drilling and hydrau-
lic fracturing activities in North Dakota must be stored in tanks.

Fig. 1. A multiple- approach design needed to define the potential effects of salts at both
the individual and population levels, and to move the understanding from the laboratory
to the field. The star indicates where the data from the four approaches intersect to
advance the state of knowledge.
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The long term movement and effects of Cl− entering ground and
surface waters have been investigated in Williston Basin, located in
the North Dakota, Montana, and South Dakota, northwestern USA, and
Manitoba and Saskatchewan, western CA, a site of rapidly expanding
oil production. This region is characterized by its unique prairie pothole
landscape that is the major breeding area for waterfowl in North
America (Gleason and Laubhan, 2008; Gleason et al. 2011). Brine con-
centration in produced waters from the Bakken Formation of the
Williston Basin, where themost drilling activity is occurring, can exceed
450,000 ppm. The location of brine spills and leaking buried reserve pits
has been known in the region, and these locations have beenmonitored
periodically since at least the early 1980s (Beal et al., 1987; Murphy and
Kehew, 1984). Brine from oil and gas production has a unique chemical
signature (chloride and bromide) compared to the surrounding surface
waters (bicarbonate and sulfate), which allows the source water to be
distinguished (Reiten and Tischmak, 1993; Swanson et al., 2003). Mi-
gration of brine plumes in ground water is highly variable, but brine
plumes are still found in proximity to but moving away from reserve
pits created in the 1960s, indicating that the contamination is likely a
long lived phenomenon. The long migration times connecting ground
and surface waters make documenting the toxic effects of brine diffi-
cult; however, salt “burning” of aquatic plants and the replacement by
salt tolerant, non-native species have been observed (Ray and
Chesley-Preston, 2012).

Other researchers have found similar salt scarring, erosion, and
ground and surface water contamination from production brines in
Oklahoma and Kansas, southwestern and midwestern USA. At these
sites, salt scarring, erosion caused by the death of ground covering veg-
etation, and a persistent elevation of chemically unique salt plumes can
be found fromoil and gas operations dating back to themid-20th centu-
ry (Otton et al., 2005).

3. Sodium bicarbonate

Though some debate exists about the current Cl− water quality
criteria, they do provide a general point of reference for toxicity of wa-
ters that contain concentrations elevated above the criteria. But other
ions do not have associated water quality criteria and the study of
their toxicity is limited. To properly study additional salts, it is advanta-
geous to use a location with a salt that is elevated in the absence of Cl−.
Production water from the Powder River Structural Basin contains ele-
vated concentrations of sodium bicarbonate (NaHCO3), but not Cl−.
The fate of water in this basin is often different from geographical re-
gions with elevated Cl− because the coal seams tend to be within a
few hundred meters of the surface and the quality of the water some-
times allows for beneficial use in stock ponds or for irrigation of arid
crop and range lands (All Consulting, 2003; Benson et al., 2005). The
salt content of these waters designated for beneficial use may affect
soil integrity depending on the clay content and cause cracking of soils
(Bauder, 2002) alongwith precipitation of salts (likely Ca2+) in riparian
areas. Farag et al. (2010) provide a more extensive review of issues re-
lated to the beneficial use of untreated coal bed natural gas waters in
the Powder River Structural Basin.

Historically, few published studies investigated the acute toxicity
of NaHCO3 and field studies fell short of clearly demonstrating the ef-
fects of NaHCO3. Beatty (1959) experimented with rainbow trout
(Oncorhynchus mykiss) and determined that 65% of the fish were
killed within a week at a concentration of 1000 mg NaHCO3/L. How-
ever, Beatty (1959) used reconstituted water (distilled water plus
NaHCO3) in the experiments, without the addition of other salts that
are necessary for normal physiological functioning; the results, there-
fore, are not a reliable predictor of effects of this salt in natural waters.
McCarraher and Thomas (1968) examined the tolerance of FHM in
saline lakes in the sand hills of Nebraska, USA where NaHCO3 was the
dominant salt. Using in situ bioassays, they determined that lakes in
which the minnows were able to survive for 6 months or more had

HCO3
− and carbonate (CO3

2−) concentrations that together averaged
1061 mg/L. Galat et al. (1985) studied the Lahontan cutthroat trout
(Oncorhynchus clarkii henshawi) in saline lakes in Nevada and Oregon,
USA. This species is well known for its ability to tolerate saline condi-
tions, an ability perhaps developed throughout themillennia from living
in Pleistocene Lake Lahontan. Histological changes in the tissues of these
fish were studied in lakes with a range of alkalinity from 60 to 3500 mg
CaCO3/L. There was a correlation between HCO3

−, carbon dioxide (CO2),
Cl− concentrations and gill cell hyperplasia.

More recently, Farag and Harper (2012) conducted several types
of experiments designed to fill the gap of knowledge about effect
concentrations of NaHCO3, and the potential distribution of these ef-
fects in the Powder River Structural Basin as a sample watershed
where NaHCO3 was elevated in the absence of Cl−. And the study de-
sign followed the multiple-approach design discussed above (Fig. 1).
Acute and chronic studies completed in the laboratory includedmul-
tiple species and phyla. A field survey and in situ bioassays were con-
ducted to define the presence/absence of aquatic species, valuated
laboratory data and refined information about lifestage sensitivity
in field conditions. Experiments with mixing zone waters defined
the extent of potential toxicity in the areas of concern. Finally, 60-d
chronic exposure studies of selected fish species during their sensi-
tive early life stages, examined the sublethal effects of NaHCO3 on
growth, histology, whole-body ion concentrations and sodium–po-
tassium adenosine triphosphatase (Na/K ATP-ase). These parame-
ters provided a pattern of events to explain changes in growth and
the results provided chronic no-effect levels.

Criteria often are established for single elements or ions, in this case
most likely HCO3

− as the toxic fraction of the compoundNaHCO3. There-
fore, HCO3

− information was provided for use if derivations with this
single element are preferred. Criteria could also be calculated as alkalin-
ity because it is an easily measured water chemistry property that is
expressed as mg CaCO3/L, but defines the amount of HCO3

− generally
found in a sample with a pH b 8.3 (American Public Health Association
Standard Methods, 1975).

Acute LC50s ranged from 989 to N8000 mg NaHCO3/L (also defined
as 699 to N8000 mg HCO3

−/L or total alkalinity expressed as 608 to
N4181 mg CaCO3/L) that varied across species and lifestage within a
species. Ceriodaphnia dubia (C. dubia) results were similar to Mount
et al. (1997) where the 48-h LC50 was 1020 mg NaHCO3/L compared
to 1288 mg NaHCO3/L observed during this study (both completed in
moderately hard reconstituted water). Therefore, data from the Farag
and Harper (2012) studies are comparable to the limited amount of
data in the literature and can be broadly applied because effects are de-
fined on a wide range of species.

For chronic toxicity experiments, sublethal effects such as growth
and reproduction, in addition to significant reductions in survival,
were included in the final determination of effects. Chronic toxicity
was observed at concentrations that ranged from 450 to 800 mg
NaHCO3/L (also defined as 430 to 657 mg HCO3

−/L or total alkalinity
expressed as 354 to 539 mg CaCO3/L) and the specific concentration
depended on the sensitivity of the four species of invertebrates and
fish exposed.

A combination of the percent decrease in the activity of Na/K ATPase
and the age of the fish at the onset of the decrease may affect the ability
of FHM to survive. Fish were able to survive a decrease in Na/K ATPase
activity in the 400 mg NaHCO3/L treatment when this decrease was
first documented on day 60. However, fish with a similar decrease in
Na/K ATPase activity first documented on day 37 in the 500 mg
NaHCO3/L treatment incurred significant reductions in survival, and
survivors subsequently exhibited a much greater reduction in Na/K
ATPase at day 60.

Field experiments atmultiple tributary sites resulted in reduced sur-
vival. Concentrations of NaHCO3 at these sites were above LC50sdefined
in the laboratory, and the same specieswere used in laboratory andfield
experiments. Trace element analyses of water collected from the field
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did not reveal any other potential cause for the toxicity. Measurements
for trace organic constituents were not performed.

Themixing zone study provided evidence of substantialmixing near
the outfalls to the main stem (800–1200 m below the confluence) and
also demonstrated a reduction in toxicity (based on survival) of water
that was treated with ion exchange (Higgins Loop) before release into
the Tongue River. These experiments addressed the toxicity of effluent
waters being added to and diluted in relatively large rivers, but did
not address issues related to the volumes of water that may be added
to the watershed or the cumulative effects of coal bed natural gas dis-
charge in the Powder River Structural Basin, USA.

Data from the field experiments also defined a difference in sensitiv-
itywith age of the early lifestage fish. FHMaged 2-day-post-hatch (dph)
were significantly more sensitive than 6-dph FHM. As a result, care
should be taken when extrapolating results from experiments with
older than 2-dph, to younger fish that seem to be more sensitive to
NaHCO3. Using older FHM will likely result in under predicting the
toxic effects of salts. It is possible that a decrease inNa/KATPase (though
not measured here) may have affected the ability of the 2-dph fish to
survive in the field.

4. Summary and overview

Treating and/or disposing of salts contained in producedwaters pro-
vide a daily challenge for operators and resource managers. There are
few closed loop systems for water use. The constant transport of these
waters to treatment and disposal locations increases the likelihood of
spills during transport, and the volume of production increases the like-
lihood of spills at the well. Accidental releases can result in detrimental
effects on aquatic life (Papoulias and Velasco, 2013). While large spills
cause dramatic effects such as fish kills, small releases may contribute
to cumulative changes in the overall salt composition and aquatic com-
munity structure. The volume of water generated alongwith the elevat-
ed salt content and corresponding total dissolved solids (TDS)
contained in thewatersmake treatment atmunicipalwastewater treat-
ment facilities less effective. Therefore, operators must look for alterna-
tive treatment and disposal options.

Though specific guidelines are established by individual states, 98%
of brines are currently re-injected into deep aquifers (where seismically
appropriate) for disposal when TDS concentrations are greater than
2500 mg/L, or used for water-flooding to enhance oil recovery
(Benson et al., 2005; Clark and Veil, 2009; Rice and Nuccio, 2000). The
remaining 2% of brines is disposed of in a variety of otherways including
beneficial use (Clark and Veil, 2009). Reserve pits used to hold produced
water and waters used during the hydraulic fracturing process have
been replaced by storage tanks, with brines and production waters
trucked or piped to reinjection or water treatment sites. These methods
will minimize the potential for brines and produced waters to enter
ground and surfacewater. However, because of the rapid pace of drilling
occurring in areas such as the Williston Basin, and the Marcellus Shale,
infrastructure and the ability to track the fate of produced waters and
brines have not kept pace with oil and gas activities.

Data exists to define the toxicity to aquatic biota of Cl− and HCO3
−,

two ions that are prominent in waters associated with oil and gas pro-
duction. But to advance the science and properly inform operators and
managers about the effects of salts on aquatic life, the science of salt tox-
icity must mature. Currently, one of the few ions associated with pro-
duced waters with an established water quality criterion is Cl−. While
it is an ion of considerable importance in multiple geographical regions,
knowledge about the effects of hardness on its toxicity and aboutmech-
anismsof toxicity is notwell understood. The study ofHCO3

− is relatively
young and the results should be repeated and verified by others, and
investigations of mechanisms should be expanded. For example, as
the concentrations of HCO3

− increase, Ca2+ decreases and appears to
precipitate. The interactions of this process at the microenvironment
of the gill would dramatically increase the scientific knowledge base

about how HCO3
− might affect aquatic life, and thus populations, in the

wild. Mount et al. (1997) suggested that the toxicity of salts was addi-
tive and their resulting model has wide applicability. However, those
experiments were conducted with a limited number of species and
only encompassed acute effects. Toxicity studies with mixtures of salts
present in produced waters and more chronic effect studies would
give a better picture of the overall potential toxicity of these ions.
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