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Given a scarcity of commercial-scale carbon capture and storage (CCS) projects, there is a
great deal of uncertainty in the risks, liability, and their cost implications for geologic storage
of carbon dioxide (CO,). The probabilities of leakage and the risk of induced seismicity
could be remote, but the volume of geologic CO, storage (GCS) projected to be necessary to
have a significant impact on increasing CO, concentrations in the atmosphere is far greater
than the volumes of CO, injected thus far. National-level estimates of the technically
accessible CO, storage resource (TASR) onshore in the United States are on the order of
thousands of gigatons of CO, storage capacity, but such estimates generally assume away
any pressure management issues. Pressure buildup in the storage reservoir is expected to be
a primary source of risk associated with CO, storage, and only a fraction of the theoretical
TASR could be available unless the storage operator extracts the saltwater brines or other
formation fluids that are already present in the geologic pore space targeted for CO, storage.
Institutions, legislation, and processes to manage the risk, liability, and economic issues with
CO; storage in the United States are beginning to emerge, but will need to progress further
in order to allow a commercial-scale CO, storage industry to develop in the country. The
combination of economic tradeoffs, property rights definitions, liability issues, and risk
considerations suggests that CO, storage offshore of the United States may be more feasible
than onshore, especially during the current (early) stages of industry development.

KEY WORDS: Geologic CO, storage, Economics, Risk, Liability, Regulation, Pore-space rights.

capture and concentrate their emissions, transport
the liquid CO, to a suitable geologic storage site,

The International Energy Agency (IEA) esti-
mated that the electricity and heat generation
(power) sector combined with the industrial sector
accounted for about 61% of the world’s carbon
dioxide (CO,) emissions in 2013, and these two
sectors accounted for 50% of total U.S. emissions of
CO, during the same year (International Energy
Agency 2015). The sources of CO, emissions in
these two sectors are stationary, and it is feasible to
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inject it deep underground into a geologic formation
(a carbon sink), and isolate it from the atmosphere
for hundreds to thousands of years, or even longer.
This is different from the situation with diffuse and
mobile sources of CO,; in the transportation sector
(ranked second to the power sector in terms of its
share of global and U.S. CO, emissions), and
implementation of carbon capture and storage
(CCS) is far less feasible in that sector. Implemen-
tation of CCS for large stationary sources alone
could make a substantial contribution to the miti-
gation of CO, emissions, while further development
and attempts to better integrate alternative low- or
zero-carbon energy sources proceed. Additionally,
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some climate change goals may not be achievable
without CCS, possibly including a goal to keep glo-
bal warming below 1.5-2 degrees Celsius and other
goals that were set at the 21st session of the Con-
ference of the Parties (2015 Paris Climate Confer-
ence) (Intergovernmental Panel on Climate Change
[TPCC] 2005, 2014; Climate Action 2015).

The benefits of CCS in mitigating rising atmo-
spheric concentrations of CO, would be global and
nonexcludable, which means that investors will not be
able to recoup the full social value of their CCS pro-
jects. On the other hand, local stakeholders will bear
most of the CO, storage costs and risks. Given the
social nature of the benefits of CCS and the private
costs and local risks, simply allowing free reign of
market forces in this nascent sector could lead to far
less implementation of CCS projects than necessary
to meet goals for CO, reduction. A possible approach
to correcting this potential market failure could in-
volve governments providing incentives for imple-
mentation of CCS. However, they will need more
complete information concerning the potential risks,
liabilities, and associated costs, in order to make
better comparisons with other low- or zero-carbon
(green) energy technologies (which compete with
CCS for government support). The probabilities of
significant risk events associated with long-term CO,
storage could be extremely low (Pawar et al. 2015),
and national- and other high-level assessments of CO,
storage capacity (e.g., U.S. Geological Survey Geo-
logic Carbon Dioxide Storage Resources Assessment
Team [USGS] 2013) typically assume that any risks
will be mitigated through brine extraction, other
forms of active pressure management, and(or) other
risk-minimizing strategies. Risk mitigation for geo-
logic carbon storage (GCS) projects could be costly
yet necessary to allay public concerns. High-level
assessments are lacking crucial information on the
potential risks and economics of GCS that policy
makers will need to make critical decisions (Tieten-
berg 2003; International Energy Agency Greenhouse
Gas R&D Programme [IEAGHG]2009; Schrag 2009;
Eide et al. 2014; IPCC 2014).

Risk can be defined as the probability of a
hazard event multiplied by the magnitude of the
impacts if it occurs. For geologic storage of CO,, the
impacts of greatest concern are those associated with
two types of potential risk events:

e leakage of CO,, displaced fluids, and any
mobilized hazardous elements out of the
storage reservoir and
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e induced ground motion, including induced
seismicity.

Impacts could include contamination of fresh-
water aquifers and other subsurface natural re-
sources; damage to surface environments and
structures; effects on people and animals from ex-
tremely high local concentrations of CO, in the air;
acidification and contamination of oceans and other
bodies of water; damage to ecosystems; and possibly
others. Impacts will be greater the higher the con-
centration of humans and other receptors within the
areal extent of the CO, plume and the area of ele-
vated pressure, which could extend far beyond the
borders of plume migration (IPCC 2005; Price and
Smith 2008; IEAGHG 2009; Rutqvist 2012; National
Academy of Sciences [NAS] 2013; Birkholzer et al.
2015; Pawar et al. 2015).

This paper reviews the potential technical risks
associated with long-term geologic storage of CO,.
The discussion of the potential risks of GCS is pre-
sented in the context of the expected regulatory
environment in the United States. In addition to the
technical risks, there are public perceptions of the
risks that proponents of CCS will have to overcome
in order to develop a commercial-scale CO, storage
industry. There are economic, legal, regulatory, and
social issues involved with the technical risks and
perceived risks of CO, storage. For reasons that
include these issues, establishing surface and pore-
space rights for potential CO, storage sites onshore
could be prohibitively costly and difficult. Initially,
stakeholders may have to prove the security of
large-scale geologic storage of CO, offshore, where
the government owns the property rights, risks could
be lower, and public perception may be less likely to
override the economic, scientific, and technical
merits of CO, storage projects (IEAGHG 2007b,
2013; Carbon Sequestration Leadership Forum
[CSLF] 2009, 2012; Schrag 2009; Stenhouse et al.
2009; Herzog 2011; Litynski et al. 2011; Herzog and
Eide 2013).

GCS AND RISK

Geologic carbon storage (GCS) can isolate CO,
from the atmosphere for hundreds to thousands of
years (or even longer) through injecting it into per-
meable and porous rock formations deep (1-4 km
[km]) underground. During the process of CCS, the
CO, is captured, concentrated to a supercritical
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(fluid) state, and injected deep into a suitable geologic
formation. The injected CO, has lower viscosity and
density than oil, water, or other formation fluids, and
it will tend to rise upward owing to its buoyancy rel-
ative to that of typical in situ fluids. However, pres-
surized CO, will also flow along channels of least
resistance, such as fractures and avenues of higher
permeability and porosity in the rock. These subsur-
face conduits can divert the CO, in any direction. As
it flows, CO, can be trapped in rock pores by capillary
forces (residual trapping), immobilized by some
other trapping mechanism, or continue to meander in
a generally upward direction until it encounters
impermeable rocks. The layer of impermeable rock
that forms the primary seal against the CO, escaping
into the upper geological strata or to the surface is the
caprock. If there are no lateral seals in addition to this
primary seal, the CO, can still migrate more or less
horizontally along the underside of the caprock until
it is trapped or finds a pathway to escape the storage
reservoir (Szulczewski et al. 2012; Birkholzer et al.
2015). Geologic uncertainty concerning the pathways
that injected CO, and pressurized or displaced for-
mation fluids will take is a major contributor to
uncertainty in estimates of potential risk (Oldenburg
et al. 2009; Pawar et al. 2015).

Fluids and gasses (such as oil, natural gas, and
saline water [brines]) already occupy the geologic
pore space of the potential CO, storage reservoir.
As greater volumes of CO, are injected, the increase
in fluid volume can create a buildup of pressure in
the storage reservoir and beyond. The extent of
pressure buildup will depend on geologic parameters
(like permeability), the degree to which the reser-
voir is open, and other geologic formation charac-
teristics (including temperature, fracturing, and
salinity of formation fluids). If the in situ fluids an-
d(or) gasses have been previously extracted during
the production of hydrocarbons, and other forma-
tion fluids have not yet invaded the vacated pore
space, then the current reservoir pressure may be
significantly less than its fracture pressure. If so, the
risks of injecting CO, into such depleted reservoirs
could also be reasonably low, even without any new
fluid extraction. For a deep saline-filled formation
(DSF) without a history of fluid extraction, the
pressure at the beginning of CO, injection could be
closer to fracture pressure, and the storage operator
may need to extract formation fluids to keep the risk
below an acceptable level and(or) pressure buildup
below a regulatory level (Birkholzer and Zhou 2009;
Birkholzer et al. 2015). Unwanted pressure buildup

could be the most important limitation on CO,
storage capacity in DSFs (Schrag 2009).

In order to minimize the risks associated with
pressure buildup, storage reservoir pressure will
need to be carefully managed at least until injection
ceases, probably monitored for a significant amount
of time after that, and possibly until all of the CO, is
immobilized. The costs of active pressure manage-
ment include expenditures for extracting in situ fluids
(and gasses), processing them, and then selling or
disposing of them (including possible injection else-
where). This contrasts with far lower (or approxi-
mately zero) costs of passive pressure management,
where the pressure is allowed to normalize through
natural migration of the in situ fluids out of the
reservoir, the slow dissolution of the CO, into those
fluids, or some other natural mechanism. If active
pressure management is necessary but the costs of
this important method of risk mitigation are pro-
hibitive, then a substantial portion of the technically
accessible storage resource (TASR) may not meet
economic feasibility criteria for CO, storage capacity
under current regulations (Schrag 2009; Birkholzer
et al. 2012, 2015; Breunig et al. 2013; Heidug 2013;
Cihan et al. 2014; Bachu 2015; Pawar et al. 2015).

Buoyant trapping could be a relevant trapping
mechanism in geologic storage of CO,, especially in
the early stages of development of CCS technologies.
In buoyant trapping, the CO, flows upward until it is
immobilized in a stratigraphic or structural trap
formed by the caprock, lateral seals, sealing faults,
and(or) other seals. This is also how the natural
geologic trapping of oil and gas occurs, and such
traps could retain injected CO, for thousands to
millions of years, just as they have (historically) for
hydrocarbons. If hydrocarbons are still present in the
storage reservoir, then injected CO, can help in-
crease recoveries (e.g., enhanced oil recovery [EOR]
projects). Production of hydrocarbons could provide
revenues that would help discount CO, storage costs,
while mitigating risk through reducing pressure
buildup in buoyant structures. Relative to storage in
DSFs, there could also be less geologic uncertainty
with buoyant structures (owing to greater availability
of geologic data from previous exploration and pro-
duction of hydrocarbons), and the costs and time-
frame for monitoring and managing risks could be
significantly less (IPCC 2005; Brennan et al. 2010;
Bachu et al. 2013). However, the United States
Geological Survey (USGS) estimated that buoyant
traps account for only 2% of the mean total TASR
onshore in the United States (USGS 2013).
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Over 95% of the potential CO, storage capacity
in the United States (and the vast majority in the
world) is in DSFs (U.S. Department of Energy,
National Energy Technology Laboratory [NETL]
2012; Dooley 2013; USGS 2013). In these extensive
geologic formations, residual trapping could be the
most relevant mechanism for immobilizing CO,, at
least in the short term (tens to hundreds of years).
Solubility trapping may play an increasing role in the
long run (over hundreds of years or longer), but may
not add significantly to current estimates of storage
capacities (Lu et al. 2013; Bachu 2015). Residual
trapping occurs when droplets of CO, are immobi-
lized by capillary forces and remain trapped in the
tight pore spaces of the rock as the plume of injected
CO, passes through (Brennan et al. 2010). This
trapping mechanism does not rely on lateral seals
and is effective at immobilizing CO, in open geo-
logic systems (not laterally confined by impermeable
seals or low-permeability zones). As the CO; occu-
pies the pore space, however, it displaces or pres-
surizes formation fluids (brines). In an open system,
this can create a pressure front that could extend for
100 km or more, given an areal extent of the CO,
plume of only about 10 km (Pruess et al. 2003). In a
closed or semi-closed system (laterally bordered by
impermeable seals or low-permeability zones,
respectively) (Zhou et al. 2008), the pressure front is
contained, but the resulting pressure buildup can be
a source of risk (Birkholzer et al. 2015). Storing CO,
in DSFs could cost substantially more for monitoring
and risk management, for a much longer time, and
over a much greater area of review (AoR) than
storage in buoyant traps.

Hazard and Risk

According to Ayyub (2003), technical risk

Risk (Consequence) _ Likelihood (Event)

Time Time
Consequence)

1 t
x mpac ( Event

1)

can be defined as the product of the likelihood of a
hazardous event occurring (measured over the per-
iod of interest or concern) and the impact if that
event occurs (measured as the consequences per
event). The likelihood in Eq. 1 can be expressed as a
probability. Proponents of GCS will probably also
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have to deal with perceived risk, which includes the
technical risk, additional considerations of the nat-
ure of the hazard, and (subjective) perceptions of
the impacts if it occurs (Ayyub 2003; NAS 2013;
Pawar et al. 2015).

According to White et al. (2016), a hazard of
leakage associated with GCS can be quantified as a
probability of exceeding an acceptable volume or
rate of leakage of CO,, brines, and/or total dissolved
solids (TDS) out of the storage reservoir. Oldenburg
et al. (2009) define the probability of leakage as the
product of the likelihood of the injected CO, (or
displaced fluids) intersecting a conduit and the
likelihood of that conduit intersecting a compart-
ment that contains vulnerable receptors. Receptors
could be on or near the surface, like the surface
population, or located at various depths under-
ground, like freshwater aquifers, deposits of hydro-
carbon resources, or other natural resources. A risk
of unacceptable leakage associated with GCS can be
defined as a product of the probability of a leakage
event and the severity of the impact(s) that it would
have on the receptor(s) if the event occurs (Pawar
et al. 2014). Often, analysts estimate the impacts on
intermediate receptors (such as increased concen-
tration of TDS in a potable water aquifer) as proxies
of the ultimate consequences for vulnerable entities
within a compartment (such as humans exposed to
contaminated water). In addition, there is no risk if
there is no probability of eventual impacts on hu-
mans, other living things, the environment, water, or
other essential natural resources (Oldenburg et al.
2009).

According to the National Academy of Sciences
(NAS) report on potential risks of induced seismic-
ity, the quantifiable hazard of induced seismicity
associated with GCS is the probability of seismic
events caused by injecting CO, deep underground
that pose potential harm. The risk of induced seis-
micity will include some quantification of how much
harm (losses, damage, and effects on humans) the
seismic event could cause, if it occurs. In the NAS
report, there is no risk if an induced seismic event
occurs where it will have no impact on humans or
structures (NAS 2013). White et al. (2016) quantify
the induced seismic hazard associated with GCS as a
probability of exceeding threshold values for ground
motion or acceleration, which is a common measure
used in evaluating the hazard of naturally occurring
seismicity. The authors then suggest developing a
vulnerability function that quantifies the probability
of creating a certain level of damage or losses for
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each given threshold value of ground motion. In
their probabilistic assessment of the risk of induced
seismicity, they multiply the hazard probability by a
measure of the vulnerability (Federal Emergency
Management Agency 2015) to yield a measure of
risk equal to the probability of consequences for
each receptor given that the hazard has occurred
(White and Foxall 2016).

The time dimension in Eq. 1 is very important.
Hazard and risk are quantities that can vary exten-
sively over time, and there is no consensus in the
literature regarding the appropriate timeframe for
evaluating risks associated with GCS. As long as it
remains mobile, CO, could invade and reactivate
(distant) faults (owing to its corrosive and lubricat-
ing properties), and CO, could remain mobile for a
significant period after injection stops. In most risk
scenarios in the literature, however, the greatest
concern for induced seismicity is during the period
of overpressure that occurs while injecting CO, into
the storage reservoir (NAS 2013). Overpressure
could occur during injection and for some marginal
period after injection stops, while the pressure nor-
malizes. Especially for a greenfield CO, storage
project that involves injection in a DSF, careful
monitoring and fast reaction times could be essen-
tial to managing the risk of induced seismicity.
Pressures could normalize reasonably quickly after
injection ceases, and the risk of induced seismicity
could decrease quite rapidly. However, the time
needed to monitor leakage risk (often called con-
tainment risk) could be far longer, because the
buoyancy and other properties of CO, allow it to
access and flow along induced and preexisting
pathways long after pressure buildup ceases. Leak-
age risk is also expected to decrease steadily after
injection ceases, but it could decay at a much slower
rate than the risk of induced seismicity (Foxall et al.
2013; White et al. 2016).

If the storage site is well characterized, the
storage operator follows best practices with respect
to site operation, and careful monitoring occurs both
during and after the CO, injection period, then
analysts generally consider the likelihood of signifi-
cant impacts from CO, storage to be remote. How-
ever, geologic systems are inherently heterogeneous,
the volumes of CO, storage that are projected to be
necessary to stem climate change far exceed any
stored up to this point, and the stored CO, will have
to remain trapped for hundreds to thousands of
years (or longer). Considerable uncertainty in the
subsurface parameters enters into risk calculations,

and some uncertainty may remain even after closure
of the storage site. In addition, there is a lack of data
on potential leakage conduits, stress fields, fault (and
fracture) locations and properties, (old) well loca-
tions and leakage properties, and other reservoir
characteristics, especially for DSFs where there has
not been a history of hydrocarbon exploration and
production, injection of fluid wastes, or other fluid
and gas injection and storage operations. There are a
number of geological analogs from which applicable
data might be gleaned, but there remains significant
uncertainty in estimates of leakage risk and the risk
of induced seismicity from injecting commercial-
scale volumes of CO, (Price and Smith 2008; Bir-
kholzer et al. 2015; Pawar et al. 2015; Miocic et al.
2016; White and Foxall 2016).

The Intergovernmental Panel on Climate
Change (IPCC 2005) estimated that DSFs could be
“very likely” to retain 99% of injected CO, after
100 years and “likely” to still retain that same per-
centage even after 1000 years, or more, if certain
assumptions are met (including adequate monitor-
ing). If so, the probability of a leakage risk event
occurring within a single year could be miniscule.
Still, it could be useful for decision makers to have
some idea of the probability of a risk event occurring
in any given year and how the risk per year might
evolve over time. Benson (2007) introduced the
concept of an intertemporal risk profile to illustrate
what the evolution of the risks of GCS could look
like over time (Fig. 1), and there is an update of her
schematic example in De Coninck and Benson
(2014). The U.S. Department of Energy’s National
Risk Assessment Partnership (NRAP) has been
developing a methodology to quantify such risk
profiles for a number of risks associated with GCS
(Foxall et al. 2013). Typically, these intertemporal
risk profiles show a peak during the latter portion of
the injection period, and the annual risk probability

) Environmental Risk Profile

2 x injecti 3 x injecti

j j j n x injection
begins stops period period period

Figure 1. A schematic example of an expected risk profile for a
CO, storage project (Benson 2007).
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decays shortly after injection ceases (Pawar et al.
2015). Pawar et al. (2014) estimated that the peak
probability of the risk of leakage to the atmosphere
per year was below 0.01.

A Taxonomy

There are unique properties, behavior, and
potential impacts of CO, injected deep under-
ground; differences in suitability of different types of
reservoirs for injection and(or) storage of different
substances; inherent heterogeneity and uncertainty
with respect to geological systems; and other factors
that could distinguish the possible risks associated
with GCS. To help identify, characterize, and com-
municate the possible risks and potential costs, Ta-
ble 1 contains a breakdown of some of the most
probable risk sources, impact mechanisms, recep-
tors, mitigation methods, and remediation options
for GCS. Figure 2 is an illustration of some of the
potential sources, impact mechanisms, and receptors
listed in Table 1.

Risk Scenario A

The parameters assumed in scenario A are in-
tended to reflect those for a CO, storage project in a
DSF bordered above and below by an impermeable
caprock and bottom seal, respectively. Assume that
CO;, injection in this scenario will occur at a secure
distance from any identified wellbores and major
faults, and that the storage formation is laterally
open. The caprock is continuous but could be
undulating, such that the CO, could migrate updip
along the underside of this upper seal to various
depths. However, no part of the storage formation in
this region is shallower than 1 km below the ground
surface, and no freshwater occupies any of the pore
space targeted for storage (U.S. Environmental
Protection Agency [U.S.EPA] 2010c). The condi-
tions assumed for scenario A are intended to agree
with common assumptions and constraints utilized in
large-scale assessments of CO, storage capacity in
DSFs (e.g., USGS 2013), except there is no
assumption that any active pressure management
needed to mitigate risk will occur.

Due to the openness of the geologic system
assumed for scenario A, the mechanism of greatest
concern is migration of injected CO, and displaced
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formation fluids into parts of the open geologic
system outside of the pore volume targeted for CO,
storage. This is the primary source of risk in this
scenario. Leakage of CO,, brines, and mobilized
elements (such as arsenic or mercury) could affect
compartments and receptors at risk, including the
atmosphere, ecosystems, humans and other species,
and potable water resources. Given the relatively
benign properties of CO,, inflows of brines and
other displaced storage formation fluids could have a
greater impact on freshwater aquifers than the CO,.
In this scenario, migration allows the CO, and brines
to eventually intersect minor faults and fractures,
but the probability of leakage to the surface via such
potential conduits is extremely low (IEAGHG
2007b; Oldenburg et al. 2009; Stenhouse et al. 2009;
Keating et al. 2013; Pawar et al. 2014, 2015; Bir-
kholzer et al. 2015).

There may not be much (or any) historical
exploration of DSFs, and the procedures necessary
to determine permeability may be too costly for a
CO, storage operation. A lack of permeability data
can be a significant source of uncertainty about the
risks of storage in these formations. If there is low
permeability, as for the portion of the TASR in the
United States that the USGS classified as a residual
trapping class 3 (storage in rocks with permeability
less than 1 milliDarcy), then the CO, could remain
close to the injection well and not have substantial
migration (Burke 2011). In this case, possible leak-
age back up the injection wellbore and pressure
buildup immediately around the injection point in
the storage reservoir could be of concern. Given the
proximity to injection monitoring equipment, any
risk this presents could be quickly identified and
mitigated. On the other hand, the fluid pressure
front could extend tens to even hundreds of kilo-
meters away from the injection point if there is
higher permeability, and much of the geological
volume under the extended area of increased pres-
sure may not be subject to the same characterization
and monitoring as the AoR for the permitted CO,
storage site. Thus, potential risks far afield may not
be identified and mitigated until they have caused a
greater amount of damage. This could be more of a
concern with respect to leakage risk. If there is only
minor pressure buildup in the presence of high
permeability, ground motion effects far afield could
be insignificant in this scenario (CSLF 2009; 2012;
Rutqvist 2012; IEAGHG 2013; Birkholzer et al
2015; Pawar et al. 2015).
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Figure 2. Illustration of some of the potential risks of CO, storage (not to scale). The areas of this figure that are intended to depict
regions where the potential risk scenarios described in the text could be most likely are indicated by the letters A to E. These letters
correspond to columns in Table 1 that lists some of the potential mechanisms, impacts, receptors, mitigation, and remediation options for
each of these scenarios. This figure was composed by Steven T. Anderson, and illustrated by Celeste D. Lohr.

Risk Scenario B

Scenario B adds the presence of major faults
and legacy wellbores to the other risk factors in
scenario A. In general, the risk of CO, leakage
through a natural conduit is expected to be less than
through man-made wellbores, especially if only
considering the risk of leakage to the surface.
Leakage through CO, injection, monitoring, and
other new wells within the AoR is possible, but the
probability could be extremely low (especially for
well blowouts) owing to recent completion of these
wells using modern methods and materials. Unde-
tected legacy wellbores could be of greater concern,
because they may not be properly closed to seal
against CO, and pressurized formation fluids. In
addition, public, historical records concerning their

location may not exist. As in scenario A, geologic
uncertainty could be higher if the distance from the
permitted storage site is greater, possibly owing to
less detailed geologic characterization outside of the
AoR. Even within the AoR for the storage project,
there will be geologic uncertainty about potential
subsurface pathways for migration of CO, and dis-
placed fluids that may not be completely resolved
through site characterization. Still, if leakage occurs
onsite it is more likely to be detected and mitigated
earlier than if it occurs further afield (IEAGHG
2007a, b, 2012; CSLF 2009, 2012; Oldenburg et al.
2009; Lu et al. 2013; Pawar et al. 2014, 2015).

In addition to geologic uncertainty, uncertainty
concerning the number, location, and quality of
closure of legacy wellbores contributes to uncer-
tainty in estimating the leakage risks. In areas where
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there has been mineral exploration, production, or
monitoring, injection of fluids into the subsurface
including for disposal of industrial or other waste,
monitoring of the subsurface (for a variety of rea-
sons), and other instances where drilling has taken
place, the primary risk of leakage of CO, is through
the existing boreholes and there can be great vari-
ability in the availability of data on vital character-
istics of those potential leakage conduits (Duncan
et al. 2009). Pawar et al. (2014) provide results from
an example application of NRAP’s integrated
assessment model for estimating geologic storage
security in the presence of cemented (closed) legacy
wellbores, where the location, spatial density, and
cement permeability of the wellbores are unknown.
To obtain these results, the authors ran simulations
of their model for a variety of assumed wellbore
densities (between 1 well per 100 square km and 10
wells per square km) and cement permeability dis-
tributions over a period of 1000 years (50 years of
CO; injection and 950 years after injection). Even
for their worst-case scenario, the mean cumulative
leakage of CO, to the atmosphere was estimated to
be below 1% of the total volume injected, which is
the CO, storage permanence goal suggested by the
IPCC (2005).

Risk Scenario C

In addition to the geological characteristics as-
sumed for scenarios A and B, scenario C allows for
the presence of buoyant structures that could contain
oil and natural gas. The AoR that will have to be
evaluated for potential risks of storage in more
extensive DSFs is generally expected to be larger
than for projects to store CO, in depleted oil or gas
reservoirs (or to convert an EOR project to pure
storage). This is primarily because buoyant struc-
tures (whether they contain hydrocarbons or not) are
bounded laterally by impermeable or low-perme-
ability rock, and these boundaries are better defined
than those of DSFs, which are typically modeled as
more open, laterally. Still, the lateral boundaries on
buoyant structures may not extend to the bottom of
the storage reservoir and instead form spill points
with enough permeable pore space beneath them to
allow displaced formation fluids and CO, to even-
tually escape (IEAGHG 2007a, b, 2012; CSLF 2009,
2012; Bachu et al. 2013; Pawar et al. 2015).

Even CO, storage in formations that have
contained hydrocarbons for millennia can be subject

to significant geologic uncertainty. At the Cranfield
EOR and CO, storage project in Mississippi, in-
jected CO, showed at a distant monitoring well be-
fore it showed at an observation well closer to the
injection site, and this was suspected to be primarily
owing the presence of thin, tortuous, high-perme-
ability conduits that were not detected prior to
injection (Lu et al. 2013). After injecting CO, from
2004 to 2011 into the depleted Krechba gas field in
Algeria, operations were indefinitely suspended at
the In Salah project (at least partially) owing to in-
creased concern about the potential leakage risk as a
result of CO, stimulating existing fractures and
possibly creating new hydraulic fractures (Ringrose
et al. 2013).

The impermeability of the rocks that form the
buoyant structure could mean that the geologic
system in this vicinity is relatively closed, and pres-
sure buildup could be a significant concern. If oil,
natural gas, or some other valuable commodities are
still trapped in the structure, then pressure man-
agement would occur as a normal component of
EOR or similar operations that inject CO, to en-
hance production of hydrocarbons or other mineral
commodities. However, that would no longer be the
case upon conversion of such projects to storage of
CO; (only). In order to produce oil, CO,-EOR
operators will need to keep pressure at least at
minimum miscibility pressure, but they also need to
maintain it below fracture pressure in order to
maintain reservoir integrity. If injections of CO, for
EOR are deep enough and production of oil or
extraction of fluids and gasses is not enough to suf-
ficiently manage pressure buildup, EOR operations
could run a considerable risk of inducing seismicity,
and the current level of that risk is likely to depend
on a very complex injection and production history
(CSLF 2009, 2012; Bachu et al. 2013; IEAGHG
2013; Rubinstein and Mahani 2015; White and
Foxall 2016).

According to Rubinstein and Mahani (2015),
some secondary and tertiary oil production opera-
tions (that typically inject water, steam, and/or CO5)
have induced seismicity in the United States.
According to the authors, the largest of these in-
duced seismic events was a medium magnitude
(M4.6) earthquake at the Cogdell oil field in Texas
in 1978 that was not associated with any injections of
CO,. Most such induced seismic events are of low
magnitude (<M3) and are not felt on the surface
(which typically requires magnitude >M2-M3) or
cause any noticeable damage. Gan and Frohlich
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(2013) attributed earthquakes larger than M1 at the
Cogdell field or nearby to gas (CO, and/or possibly
methane) injection between 2006 and 2011, and a
permanent regional seismic network detected eigh-
teen earthquakes in the area that had magnitudes
between 3 and 4.4 (White and Foxall 2016). One
caveat to these findings is that similar histories of
injection in similar fields near the Cogdell field were
not associated with induced seismicity. This could be
because a combination of numerous factors is re-
quired for fluid injections to cause felt seismicity.
Some of these potential factors can be found in
Rubinstein and Mahani (2015) and are listed below
in the description of risk scenario D.

Historical experience from injecting CO, for
EOR in the United States could also provide some
idea of the risk of CO, leakage. Oilfield CO, floods
have been occurring for over 40 years in the United
States, although data on the retention of CO, during
EOR projects have not been consistently reported
(Olea 2015). Duncan et al. (2009) studied the 35-
year history of CO,-EOR in the United States (at
the time) and suggested that the probability of
leakage was very low. Leakage of CO, through old
boreholes has occurred in relation to EOR projects
in the United States,” but Porse et al. (2014) suggest
that the perceived risk of CO, well blowouts in EOR
operations is greater than the technical risk. Kiihn
et al. (2013) tested 12 legacy boreholes for a possible
enhanced gas recovery project in the depleted Alt-
mark natural gas field in Germany, and the authors
found that these existing wells would still maintain
integrity after injecting 100,000 t of CO,. Still,
leakage risks could be higher in areas that have
historically produced oil and gas, primarily owing to
the higher density of legacy wellbores. For example,
the IPCC cited evidence that more than 350,000
wells had been drilled in the Alberta Basin (Cana-
da), and that drilling was ongoing at a rate of about
20,000 wells per year there in 2005 (IPCC 2005).
Even if the well densities are not as great as in this
example, extensive effort and expense to locate and
(possibly) rework all of the abandoned wells that are
projected to come in contact with the CO, plume
could be necessary to address the potential leakage

3 For example, there was a release of well fluids (including CO,,
saltwater, natural gas, and oil) at the Delhi oil field in Louisiana
during the second quarter of 2013, and the current owner/operator
of the field reported that the leak originated from one or more
abandoned wells that had been improperly plugged by a previous
operator of the field (Denbury Resources Inc., 2014).

Anderson

risk and that may not be feasible for a CO, storage
project (Dooley et al. 2009; Bachu et al. 2013).

Risk Scenario D

Rubinstein and Mahani (2015) list a number of
factors that need to coincide for induced seismicity
from injection of fluids to occur, including the
presence of faults that are large enough, the pres-
ence of pathways to transport the injected or dis-
placed fluids to these faults, changes in stress fields
that are large enough, and fluid pressure changes
large enough to induce earthquakes. Scenario D
assumes that all necessary factors for there to be a
significant risk of induced seismicity in the GCS
system are present (White et al. 2016). Identifying
the presence and location of these hazardous site
characteristics or predicting the magnitude of the
changes in stress fields and fluid pressures that will
occur is subject to inherently large uncertainties that
may take a substantial amount of time after the start
of CO, injection to resolve. In addition, geologic
uncertainty could increase the deeper into the sub-
surface the storage operator needs to inject, and this
depth could be an important factor in assessing the
risks. For example, a fault that extends from the
underside of the storage reservoir downward may
not be identified (even during a careful storage site
characterization), yet still be large enough to pose a
significant risk of induced seismicity if (re)activated
by injection of CO, and pressure buildup in the
reservoir (Rutqvist 2012; NAS 2013; Birkholzer
et al. 2015; Pawar et al. 2015; White et al. 2016).

Zoback and Gorelick (2012) argue that inject-
ing large volumes of CO, into the brittle rocks that
are typical for DSFs in continental interiors could
trigger earthquakes that threaten seal integrity, even
if they might not possess enough magnitude to cause
significant harm or structural damage on the surface.
Vilarrasa and Carrera (2015) contend with part of
this conclusion by claiming that the caprock at
depths of 1-3 km (that are typically discussed for
CO, storage) is considerably more ductile than the
deeper crystalline basement and may not be criti-
cally stressed; pressure buildup could be limited by
displaced brines flowing through the caprock and
CO, dissolving in the brines; and that the time of the
greatest risk is during active injection, when the risks
can be most easily mitigated. However, there might
not be enough flexibility in the CCS system to halt
or adjust the rate of injection, owing to the large
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volumes of CO, that may need to be injected on a
daily basis because of stringent limits on (large pe-
nalties for) CO, emissions. In addition, flow of brine
through the caprock and dissolution of CO, in brines
may not have a significant effect on pressure until
after injection has ended, but the pressure buildup
and risk could be greatest during the period of
injection (Birkholzer et al. 2015). If a fault that ac-
cesses the basement is more of a risk concern for
induced seismicity than one that extends from the
storage formation up into the caprock (and beyond),
then injecting CO, at a shallower depth within a
DSF could pose relatively lower overall risk (White
and Foxall 2016). In that case, however, decision
makers may have to weigh the benefit of decreasing
the risk of induced seismicity against the costs of
reduced storage efficiency related to CO, only
occupying the upper reaches of the reservoir (Bachu
2015).

According to the International Energy Agency
Greenhouse Gas R&D Programme (IEAGHG)
(2013) report on induced seismicity, there had not
been any significant seismic events directly tied to
injections of CO,, but the volumes of CO, injected
thus far are only a fraction of that being considered
for future projects (Birkholzer et al. 2015). At the
Illinois Basin-Decatur Project, 1 million metric tons
(Mt) of CO, was injected using 1 injection well over
a period of 3 years, and no felt seismicity was ob-
served (Kaven et al. 2015). Injecting this small
amount of a volume of CO, over this long period
allowed injection pressures to be far below reservoir
fracture pressure. As such, injection of CO, proba-
bly did not create any new fractures, and scientists
observed only some microseismicity in the same
zones where natural (background) seismicity was
already occurring (Will et al. 2016). This example
illustrates some of the difficulties in differentiating
what proportion of fluctuations in seismic activity
could be induced from seismicity, which is naturally
occurring (Bauer et al. 2016; Smith and Jaques
2016). In addition, it could be very difficult to predict
the risk of induced seismicity for commercial-scale
GCS projects based on evidence from relatively
small-scale projects (White and Foxall 2016).

Risk Scenario E

In comparison with the previous scenarios, the
potential impact mechanisms included in scenario E
are the same, but could be of concern over a longer

period of time and a greater areal extent, even for a
storage site that is well characterized and estimated
to be secure (Miocic et al. 2016). If the seal integrity
is high and continuous over an extended area and
the geologic storage system is open (permeability is
high over the entire extent of the storage formation),
then commercial-scale injection of CO, could dis-
place brines and create a pressure front on the order
of hundreds of kilometers away from the injection
point. Storage formations can extend updip to access
freshwater resources near the surface, and there is a
great deal of uncertainty in how far the pressure
front will extend. Birkholzer and Zhou (2009) have
estimated that the pressure front could extend three
times as far as a result of lateral permeability in the
storage formation being one order of magnitude
higher. Even if the pressure buildup within the AoR
is below the level permitted for a CO, storage site, it
may not be below the regulated limit within the
entire areal extent of the pressure front (Birkholzer
et al. 2009, 2015; IEAGHG 2010, 2011).

LIABILITY ISSUES

In the United States, an activity that is consid-
ered abnormally dangerous could be subject to strict
liability. To determine whether an activity is
abnormally dangerous, one or more of the following
questions will need to be considered (Cypser and
Davis 1998; JGC Corporation 2013):

1. Is there a high degree of risk of some harm to
people, land, or the property of others?

2. What is the likelihood that such harm will
exceed acceptable thresholds?

3. Can taking reasonable measures still not
eliminate the risk?

4. To what extent is the activity not common?
5. To what degree is the activity inappropriate,
given the location where it is carried out?

6. To what extent is the value of the activity to
the public outweighed by its hazardous nat-

ure?

Liability for losses caused by potential haz-
ardous events associated with GCS could also be
determined based on legal theories other than strict
liability, including negligence, nuisance, and trespass
(Majer et al. 2012).

The nature of the potential risks of GCS pre-
sents some unique issues with respect to assessing,
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assigning, and transferring liability. According to the
example risk profile in Figure 1, the highest risk le-
vels are expected to be during the period of injec-
tion. The issues with liability could be reasonably
clear during that period, when the storage operator
would probably be liable for most of the potential
damages that could be caused by the CO, storage
operation. The risks are expected to decrease stea-
dily after injection ceases and the operator plugs the
injection wells and abandons the site, but there will
likely remain some residual risk even hundreds of
years after that (Fig. 1). In the event that any dam-
ages related to the CO, storage operation occur tens
or hundreds of years after the storage site is closed,
who will be responsible for compensation and
remediating the damage? What if future losses occur
well outside the permitted and leased boundaries of
the storage site that were agreed to for the period of
injection? In 2015, long-term liability for GCS was
still an unresolved issue of concern for policy mak-
ers, regulators, investors, and proponents of CCS
(World Resources Institute 2008; Dooley et al.
2010b; Adelman and Duncan 2011; Dixon et al.
2015).

Some degree of liability protection or some
form of liability limits may be necessary for devel-
opment of a CO, storage industry on a commercial
scale. Perhaps, the most important issue with liabil-
ity protection is the issue of moral hazard. Accord-
ing to Trabucchi and Patton (2008), moral hazard
refers to a situation where the risks increase, be-
cause the responsible party is (partially) insulated
from being held fully liable for the resulting conse-
quences. For GCS operators, even partial liability
limits could provide them with incentives to take less
care in the characterization of the storage site,
selecting its location, or managing risks during its
operation. On the other hand, potential CO, storage
site operators and investors will be faced with site-
specific geologic characteristics and other factors
that will affect whether, when, and what degree any
risks may manifest themselves over time, and there
is inherent uncertainty regarding risk that may not
be fully resolved even by the time of site closure.
Faced with such risk uncertainty, it could be highly
unlikely that operators will implement GCS on a
commercial scale without some limits on their lia-
bility. If so, policy makers and regulators will have to
balance the incentives for investing in GCS that
liability protection could provide with the potential
for moral hazard, and they will have to adjust poli-
cies and regulations as the risks evolve over a very
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long period of time (World Resources Institute 2008;
Dooley et al. 2010b; Pawar et al. 2015).

Leakage Risk, Regulation, and Liability

On December 10, 2010, the U.S. Environmental
Protection Agency (U.S. EPA) finalized a rule
(U.S.EPA 2010c) that created a new class of injec-
tion well (Class VI) under their existing Under-
ground Injection Control (UIC) program, and the
Class VI rule was promulgated on September 7, 2011
(U.S.EPA 2011). The Class VI rule includes new
minimum Federal requirements under the Safe
Drinking Water Act (SDWA) to protect an under-
ground source of drinking water (USDW) during
underground injection of CO, for the purpose of
geologic storage. These include requirements for
(Rubin et al. 2013; Dixon et al. 2015)

e site characterization and selection,

e an AoR within which the operator must
identify potential leakage conduits (like wells
and faults) that could allow the CO, or dis-
placed formation fluids to reach a USDW,

e periodic reevaluation and updating of the
AoR,

e design and construction of wells to prevent
invasion of fluids into USDWs,

e operation of injection wells, including limi-
tations on injection pressures,

e monitoring during injection, and

e postinjection monitoring and site care.

The Class VI rule also requires that the storage
site owner demonstrate sufficient financial respon-
sibility to be able to cover the following postinjec-
tion CCS liabilities:

e corrective action for plugging of abandoned
wells and underground mines in the injection
area,

e injection well plugging,

e postinjection site care and site closure, and

e emergency and remedial response.

These are classified as stewardship liabilities,
and the owner will be responsible for such liabilities
until the end of the postinjection period for site care
and monitoring, which the U.S. EPA suggests should
be approximately 50 years. At that time, the finan-
cial instruments held by the permitting authority to
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ensure financial responsibility to cover the above
liabilities will be returned to the owner or operator,
and they are released from Federal requirements
under the SDWA (U.S.EPA 2010c, 2011; IEAGHG
2013; Rubin et al. 2013; Dixon et al. 2015).

In accordance with the SDWA, however, long-
term stewardship liability for storage of CO, can-
not be transferred to the U.S. government, and the
owner or operator will remain liable for future
impacts on a USDW in the event of contamination
by the CO, or formation fluids indefinitely. How-
ever, a state government or other entity could ac-
cept transfer of ownership or long-term liability.
The IEAGHG reported that state government
agencies in Kentucky, Louisiana, Montana, and
North Dakota can accept transfers of ownership or
stewardship liability, and that North Dakota can
also accept transfers of compensatory liability. If
not, the operator could remain liable under state
laws and other federal statutes, as well as under
common law. Wyoming is an example of a U.S.
state that has stated it will not assume long-term
liability for CO, storage. The IEAGHG has out-
lined an alternative, which does not require a state,
provincial, or national government authority to
assume responsibility for long-term liability issues
with CO, storage. This option would involve
establishing an independent scientific advisory pa-
nel to monitor storage site integrity and administer
a fund to cover CO, storage liabilities. However,
the IEAGHG suggests that this plan could be more
expensive than the other options, and such a fund
could contribute to a situation of moral hazard
(World Resources Institute 2008; Dooley et al.
2010b; U.S.EPA 2010c; IEAGHG 2007a, 2012;
Dixon et al. 2015).

The Class VI rule only addresses the potential
risk of CO, storage to USDWs. It does not address
other potential leakage risks (such as contamination
of other natural resources or leakage to the atmo-
sphere) or potential risk of induced seismicity. The
U.S. EPA can require GHG monitoring and
reporting from the GCS operator through Subpart
RR of its Greenhouse Gas Reporting Program. The
Subpart RR rule applies to Class VI wells, and re-
quires the operator to prepare a monitoring, verifi-
cation, and reporting plan. This requirement targets
the tracking and mitigation of risk of leakage to the
surface, and verifying how much CO, is retained.
Determining liability (if there is leakage) does not
appear to be the focus of this particular regulation
(U.S.EPA 2010a; Dixon et al. 2015).

Induced Seismicity

As with liability for leakage risks in the United
States, the operator/owner could be held liable for
losses attributable to seismicity determined to have
been induced by the CO, storage project from the
start of injection through some period of postinjection
care, maintenance, and monitoring. However, this
period has not yet been determined for the risk of
induced seismicity. This postinjection period of
responsibility could also be 50 years, as suggested in
the Class VI rule for potential contamination of
USDWs. Alternatively, it could be shorter, since the
risk of induced seismicity could decrease more rapidly
that leakage risk following the end of CO, injection.
The absence of regulations specific to requiring lia-
bility for damages caused by induced seismicity
associated with CO, storage or a case history of
associated liability litigation, makes it very difficult to
predict liability for seismic events that could poten-
tially be induced by CO, storage operations.
According to Cypser and Davis (1998), a definitive
cause and effect relationship will have to be estab-
lished between CO, storage and an induced seismic
event, and between the portion of the seismic event
that was determined to have been induced and the
damages to the claimant (Wilson et al. 2007; Majer
et al. 2012; JGC Corporation 2013; White et al. 2016).

If causality between CO, storage and induced
felt seismicity is established, there could be analo-
gous cases in the United States that could support
the application of trespass, strict liability, negligence,
and(or) nuisance laws. Vibrations due to blasting or
operation of heavy machinery for mining and con-
struction have been occasionally viewed as a tres-
pass. Even if the degree of risk is low, but the
likelihood of seismicity causing significant harm is
great (as in the case of it occurring in a densely
populated area), then induced seismicity could be
considered abnormally dangerous (and the operator
could be held strictly liable). Limits on liability could
create a situation of moral hazard, where the site
operator could be found negligent in his site selec-
tion and/or operation of the CO, storage project. A
low-magnitude induced earthquake can be felt
without causing physical damage. In this case, the
plaintiff could claim nuisance, because the induced
seismicity interfered with his use or enjoyment of his
land. In May 2006, enhanced geothermal project
operators drilled a deep well near the center of
Basel, Switzerland, and began stimulating it with
water injections to induce fractures for heat
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exchange with the geothermal source on December
2. On December 8, the operators stopped injection
because they reached a predetermined seismicity
threshold, and they immediately suspended the
project. The local damage was inconsequential.
Reportedly, the project was soon abandoned be-
cause the company liability for this project in a
heavily populated area and a region found to be
tectonically unstable was too high (Cypser and Davis
1998; Majer et al. 2012; JGC Corporation 2013; NAS
2013; White et al. 2016; Earth Sciences Division,
Lawrence Berkeley National Laboratory, undated).

EOR Liabilities

Prior to promulgation of the Class VI rules,
there were UIC program rules for five well classes in
the United States, including Class II rules for wells
to inject fluids associated with oil and gas produc-
tion. In December 2013, the U.S. EPA issued draft
guidance on transitioning from Class II permits for
operators to inject CO, for the purpose of enhanced
recovery (of oil or natural gas) to the new Class VI
permits for permanent CO, storage (U.S.EPA
2013), and the U.S. EPA issued a memorandum in
2015 to clarify the key principles of the Class VI rule
with respect to conversion of Class II wells to Class
VI wells (Grevatt 2015). Three notable clarifications
regarding transitioning from Class II to Class VI
were (i) that (incidental) geologic storage of CO,
(during enhanced recovery [ER] operations) could
continue to be permitted under the UIC Class II
program; (ii) that the use of anthropogenic CO, in
ER operations does not necessarily require a Class
VI permit; and (iii) that Class VI site closure
requirements may not be required to close Class II
CO; injection operations (Dixon et al. 2015).

Probably owing to a longer history, responsibil-
ity for and potential transfer of liability could be
better defined for CO,-EOR operations than for CO,
storage. In the United States, CO,-EOR operations
are liable under state and federal laws for damages
caused by their operations in a similar manner to how
many industrial operators may be held liable. Once
the injection, production, and other wells have been
properly closed and abandoned, a state, federal, or
other government agency could assume liability for
any legacy effects, or not, depending on the jurisdic-
tion. If a CO,-EOR operation is converted to pure
CO, storage before being abandoned, then liability
could be similar to that under the Class VI rule. In
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particular, conversion of a CO, operation to pure
storage could mean that the CO,-EOR operator
would be held responsible for liabilities for a longer
period of time postclosure compared to that for a
CO,-EOR operation with only incidental storage of
CO, (De Figueiredo et al. 2007; World Resources
Institute 2008; Anderson 2010; Massachusetts Insti-
tute of Technology 2010; Bachu et al. 2013).

Liability Protection

There are institutions already in place for CO,-
EOR operations to assist with covering liabilities for
potential leakage of CO, and other fluids through
wells that have been abandoned long ago and do not
have a current owner, but analogs to such “orphan
well funds” still need to be developed for pure
storage projects. Because CO, storage is ostensibly
for the public good, some have suggested that it falls
within the role of government to assist storage
operators with liability issues. Others have coun-
tered that there exist other options to mitigate GHG
emissions (such as switching away from high-carbon
fuels [to nuclear energy, natural gas, or other lower-
carbon fuels], developing renewable energy sources,
increasing efficiency, managing energy demand, and
so forth), and that energy providers could be relied
upon to choose the lowest cost option(s) to comply
with emissions limits, including the costs of risk
management. Liability protection for any particular
option could distort this choice (IEAGHG 2007a,
2012; Massachusetts Institute of Technology 2010).

A lack of liability protection could skew the
choices of energy providers toward what is privately
least costly in the short run, but more costly for
society in the long run. On the other hand, there is
always a concern of creating moral hazard with
government  assistance. Industry risk-sharing
arrangements with the government have been sug-
gested to assist with managing liability while mini-
mizing moral hazard, as long as the risk-sharing
institution is mostly financed by industry. However,
such arrangements could be more costly and less
efficient than the other alternatives. Also, any jointly
managed liability protection funds would have to be
designed to make it difficult for the government to
reallocate them to serve other purposes; otherwise
the funds might not be readily available to take
quick remedial or restorative action (De Figueiredo
et al. 2007; IEAGHG 2007a, 2012; Massachusetts
Institute of Technology 2010; Eide et al. 2014).
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ECONOMIC ISSUES

Many models included in the IPCC’s reports on
mitigation of climate change indicate that the costs of
mitigating GHG emissions will be substantially
higher if CCS is not an available option, but they may
not be considering the expected costs of reducing and
mitigating the potential risks associated with all of
the options. Some costs that may not be clearly
considered in assessments of the various low- or zero-
carbon options could include long-term liability and
monitoring costs and the costs of active pressure
management for CO, storage (as part of the costs of
CCS), potential environmental costs owing to water
use in bioenergy projects, costs of integrating solar
and wind power into grids and systems to match
demand with power generated from renewable en-
ergy resources, and legacy costs of nuclear waste and
abandoned reactors. In order for policy makers to
better compare GHG mitigation options, it would be
useful to have estimates of the costs of reducing or
mitigating CO, storage risks, costs of covering pos-
sible long-term liabilities, risk-adjusted CO, storage
capacities, as well as better accounting of analogous
costs for the other GHG mitigation options that CCS
may be compared to (IPCC 2014).

An important issue to consider in comparing
GHG mitigation options (including CCS) is that any
realization of risk events could have mostly local
impacts, which could mean that mitigation of the risk
is likely to have mostly local benefits, and those
unaffected by a risk event are generally not going to
be interested in bearing the cost to mitigate a risk
that is not likely to affect them, even if they enjoy
benefits of lower GHG concentrations in the atmo-
sphere. If not regulated otherwise, the economic
incentives are to free ride on any nonexcludable so-
cial benefits and not bear any of the local costs or
risks. These economic incentives can lead to unwill-
ingness of most beneficiaries to allow deployment
near to where they live. This has historically been a
major issue in the development and deployment of
energy technologies, even including recent interest in
locating windmills offshore (Tietenberg 2003; Schrag
2009; Bureau of Land Management, undated).

For GCS, the risk mitigation strategies after the
start of injection are very similar across all the sce-
narios in Table 1. Effort and expenditure to reduce
the potential risk start preinjection with careful
geologic characterization and site selection (Miocic
et al. 2016). In addition, site selection should consider
population densities and the presence of other

potential receptors on the surface within the AoR
and at some radial distance beyond which correlates
to the expected extent of the pressure front. Provid-
ing for baseline, injection, and postinjection moni-
toring also represents necessary costs for reduction of
risk. Monitoring is not listed in Table 1, but regula-
tions that govern CO, storage (such as the Subpart
RR rule in the United States) will require monitor-
ing, verification, and reporting by the storage opera-
tor (Dixon et al. 2015). After injection starts, the
common risk mitigation methods in Table 1 are to

1. decrease the rate of injection, the injection
pressure, or completely stop injection of CO,
and

2. extract the injected CO, and/or formation
fluids (mostly brines).

These risk mitigation methods are essential
parts of active pressure management, will be the
most important methods of risk mitigation after the
start of CO, injection, and could be significantly (or
even prohibitively) costly (CSLF 2009, 2012; McCoy
and Rubin 2009; Rubin et al. 2013).

Site Characterization

The costs of site characterization for a CO,
storage project in a DSF could be substantially
greater than that for converting an EOR project or a
depleted oil and gas reservoir to (pure) CO, storage.
Since residual trapping does not rely on lateral seals,
the boundaries for CO, storage in a DSF will gen-
erally be more extensive and not as well defined as
in depleted oil and gas reservoirs. The AoR for
monitoring and managing risks may extend much
further beyond the areal extent of the CO, plume
for storage in DSFs than in converted CO,-EOR
projects. A wider AoR can substantially increase the
costs of site characterization. In turn, the AoR and
other factors that heavily influence the costs of site
characterization can be highly dependent on regu-
lations (World Resources Institute 2008; CSLF 2009,
2012; McCoy and Rubin 2009; Bachu et al. 2013).

Site Selection, Risk, and Cost

To minimize CO, transportation costs and to
attract investment, the storage operator will face
economic incentives to select a site that is as close to
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the stationary CO, source (such as a power plant) as
possible. The operator will also have to be confident
that the targeted storage formation can handle the
necessary rate of CO, injection to store CO, at the
expected rate it is to be captured and transported to
the site. Given the inherent uncertainty in geologic
systems, it may not be possible to adjust volumetric
storage capacity efficiency estimates for risk, directly
based on the physical site characterization data.
However, these data could be used in computer
models to estimate pressure-limited capacities,
which could serve as reasonable proxies for risk-
adjusted CO, storage capacity, because pressure
buildup is a primary source of risk. A spatial con-
sideration is that locations with the highest CO,
emissions (and highest demand for CO, storage
capacity) are likely to be in areas where there would
be the highest remediation costs in the case of fail-
ure (significant leakage or induced seismicity). If the
expected costs of risk mitigation are not considered,
transportation—storage cost minimization and other
models to determine the matched CO, storage
capacity could overestimate available storage
capacity, and they will not include the necessary
information to match CO, sources with minimum-
risk storage sites (Dahowski et al. 2005; Bachu et al.
2007; World Resources Institute 2008).

For stationary sources of anthropogenic CO, in
locations like the Eastern seaboard of the United
States, geologic storage formations offshore may
minimize the combination of transportation costs,
storage costs, and risk. If risk and liability are taken
into account, CO, storage reservoirs that would have
the risk-adjusted capacity to be able to handle the
potential volumes captured by large CO, emitters in
the eastern part of the United States could be at a
distance further inland than offshore (Herzog 2011).
There is already some existing (pipeline) infras-
tructure to offshore oil and gas fields (e.g., in the
Gulf of Mexico) that could possibly be converted to
CO, transportation and storage, and some site
characterization may have already been done during
the process of exploring for oil and gas that could
help reduce the site characterization costs for CO,
storage. In addition to depleted oil and gas reser-
voirs, suitable deep saline formations (high perme-
ability, seal integrity, and storage capacity) have
been identified offshore (Litynski et al. 2011).
Leakage risk in offshore sedimentary basins could
be minimal, because the upper sealing layer could be
dominated by unconsolidated clay in many marine
settings, such that faults and other potential conduits
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do not persist. If the deep saline storage formation is
found below deep water (below 3 km), the injected
CO, may be dense enough to be secured by gravi-
tational forces (House et al. 2006). The risk of con-
tamination of the ocean environment by leakage of
displaced offshore brines could be less than the risk
of brine (and TDS) contamination of onshore
ecosystems, because brines in formations under the
ocean floor could be chemically similar to seawater
(Schrag 2009). Finally, there are fewer risk receptors
of concern offshore, such as freshwater aquifers used
by humans.

Pore-Space Rights

Another economic benefit of storing CO, off-
shore is that there are few owners of the geological
pore space (the Government, in most cases), and
property rights could be less costly to manage than
onshore. Onshore, very costly negotiations and
compensation could be necessary to arrange for a
multitude of property owners in order to use the
pore space underneath their land for CO, storage.
The United States is one of only a few countries in
the world that allow private ownership of the rights
to minerals in the subsurface. However, pore-space
rights for long-term CO, storage could be treated
very differently from mineral rights. Property
owners may have to be compensated for the pore
space used to store what could be defined as a
waste product (World Resources Institute 2008;
Bachu et al. 2013). If regulations are passed that
create a value for geological storage of CO,,
however, then the pore space can still have an
asset value to the owner of the property rights,
who then might wish to retain that asset (in the
hopes that its value will appreciate) for future use
(either for eventual CO, storage or some compet-
ing use). Offshore, there could be fewer competing
uses for the pore space deep under the ocean, and
therefore less of an opportunity cost to storing CO,
(Tietenberg 2003).

If property rights specific to geologic storage of
CO, are not well defined, then a theoretical means
to attempt to restore efficiency could be negotiations
between the source of the CO, (or the storage
operator) and the property owner, but the efficacy of
negotiations in restoring efficiency decreases as the
number of affected parties increases. The plume of
CO, from a storage project (from one injection site)
could eventually migrate over a very large lateral
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area (on the order of hundreds of square kilometers
[km?]), depending on the geology of the storage
formation, the physical parameters of the injection
zone, and the degree of pressure maintenance
undertaken to control plume migration. Addition-
ally, the injection of CO, could affect the subsurface
pressure even beyond the expected area of migra-
tion of the CO, plume, potentially thousands of km?
(Pruess et al. 2003; Pruess 2005; Birkholzer et al.
2009). As such, the storage operator may have to
negotiate individually with a great quantity of
landowners to obtain the legal right to use all of the
affected pore space and avoid liability for trespass-
ing or nuisance (Anderson 2009; Gresham and
Anderson 2011). Successful negotiation with a large
number of property owners may not be feasible, and
the results of a model analyzed by Gresham et al.
(2010) suggest that costs to acquire the rights to the
pore space for an onshore CO, storage project could
be significant.

If individual negotiations are not feasible, then
the courts could potentially help restore some eco-
nomic efficiency by applying some form of liability
rule. Liability rules are decision rules that award
monetary damages to the affected party. Gresham
and Anderson (2011) reviewed case law from
industrial and commercial underground fluid injec-
tion operations and suggested that the U.S. courts
had often maintained that fluid injection for en-
hanced hydrocarbon recovery, underground waste
disposal, and groundwater storage and recharge
were in the public interest and thus shielded from
claims of trespass if

1. the operation is licensed under a state or
federal regulatory program and

2. the property owner could not demonstrate
actual harm to, or interference with, use and
enjoyment of the land as a result of injection
and migration of fluids.

If these two conditions are met, and the courts
deem the injections of CO, to be in the public
interest, Gresham and Anderson (2011) suggest that
receiving the appropriate regulatory approval to
inject CO, for the purpose of permanent geologic
CO, storage could suffice to shield the storage
operator from liability. This could be far less costly
than completing negotiations with hundreds or
thousands of landowners and other concerned par-
ties. However, the cases studied by these authors
were only for potential analogs to injection of CO,,

and it remains to be seen whether courts will apply
similar liability rules to geologic CO, storage. Also,
the transaction costs of court time, lawyers’ fees, and
so forth may imply that relying on the courts to
decide these issues could be a very expensive means
to try to correct the inefficiencies caused by ill-de-
fined pore-space rights (World Resources Institute
2008).

Social Versus Private Values

There could be nonexcludable social benefits to
storing CO, in the ground, but the owner of the
pore-space rights would have to give up the poten-
tial asset value of that pore space. The net value of
this choice to the private owner of the pore space
could be far less than the social net value, and the
owner of the rights would then allow less current
storage of CO, than what is socially desirable. For
example, the private owner of inland pore space may
not value the possible benefits of decreasing CO,
concentrations in the atmosphere as much as people
living nearer the coast, who could be more vulner-
able to the potential effects of global warming. If
individual negotiations between the property rights
of owner and the wider populace are impractical, a
government could have to intervene on behalf of
society to compensate the owner, such that he or she
would be willing to give up more of his or her private
asset value for the benefit of society (Tietenberg
2003).

Active Pressure Management

High-level estimates of the TASR generally
assume away any pressure management issues
(Heidug 2013). If policy makers rely too heavily on
estimates of the TASR that are not adjusted for risks
(many of which are associated with pressure build-
up), then they could significantly overestimate the
practical availability of CCS to help mitigate climate
change. In addition, the spatial distribution of
available risk-adjusted capacity would probably be
quite different from that of the TASR. Widespread
deployment of a CCS system that matches CO,
emitters with risk-adjusted storage capacity instead
of the nearest available TASR could be far more
costly and difficult (IPCC 2005; Birkholzer and
Zhou 2009; CSLF 2009; IEAGHG 2007a, 2010, 2013,
2014).
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High-level estimates of TASR in the United
States are dominated (95%) by estimates of poten-
tial storage capacity in DSFs. Without making any
regulatory assumptions, Szulczewski et al. (2012)
estimated that the pressure-limited CO, storage
capacity of the Mount Simon Sandstone (a
prospective deep saline formation for CO, storage)
could be about 15 Gt, which is about 10% of the
DOE-NETL’s upper bound on their 2010 estimate
of the volumetric storage capacity and about 16% of
the mean USGS estimate of the TASR for the same
formation (NETL 2010, 2012; USGS 2013). Bir-
kholzer and Zhou (2009) estimated the pressure-
limited capacity for the Mount Simon Sandstone to
be as low as 5 Gt of CO,, under assumptions about
the regulatory environment that these authors con-
sidered to be realistic. Thus, already existing regu-
lations and limitations on pressure buildup from
injecting fluids in saline storage formations could
have a drastic effect on the total volume and spatial
distribution of CO, storage capacity in the United
States.

Flexibility with Injection

In Table 1, decreasing the injection rate,
decreasing the injection pressure, or stopping CO,
injection altogether is an option to mitigate risk in
every scenario. In the literature, this has often been
called a traffic light approach. Decreasing the rate of
injection or the injection pressure is analogous to
heeding a yellow traffic light, and stopping injection
is analogous to obeying a red light (Zoback 2012).
Part of the cost of this risk mitigation strategy will
depend on the flexibility the storage operator has to
switch injection of already captured CO, to another
injection well or another storage reservoir. If com-
mercial-scale CCS systems are deployed nationwide
such that large volumes of CO, have to be consis-
tently injected into each available storage formation,
then flexibility to switch injection sites may not exist.
Without this flexibility and with high enough pe-
nalties for simply venting (captured) CO,, CCS
operations may have to be suspended (at least
temporarily). If the CO, source is a power plant that
is not allowed to operate (or has to pay a substantial
cost to operate) without CCS, then this traffic light
approach could be very costly. Thus, there is a real
option value to having the flexibility to be able to
switch CO, storage reservoirs, and the cost of doing
this will depend on the total number of CO, storage
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sites available, the proximity of those to the leading
sources of captured CO,, the proximity of feasible
injection locations to each other, and other factors.

In the above example of the shutdown of the
geothermal facility in Basil, Switzerland, injection
was stopped according to a traffic light protocol that
was triggered by unacceptably high seismic readings.
Since it was a pilot project, there were no significant
repercussions for current energy supply caused by
closing this project, and the project operators were
able to follow a strict protocol and mitigate the risk
before any structural or other damage (NAS 2013).
If a system of power plants with CCS were to pro-
vide the majority of energy to a major electrical grid,
and there were no ready alternatives, then the costs
of this type of risk mitigation could be more signif-
icant, although very difficult to quantify.

Formation Fluid Extraction

If a traffic light approach is not acceptable or
too costly for a CCS project, extracting formation
fluids and/or the injected CO, is the other major
option to mitigate risk in every scenario in Table 1.
The net costs of this very important method of risk
mitigation will depend not only on the fluid extrac-
tion costs, but also on the availability of alternative
pore space in which to inject the extracted fluids,
finding other secure receptacles, and economic
opportunities to process the fluids for some (com-
mercial) use. If the net costs of fluid extraction and
processing are less than that for reducing or sus-
pending injection, then the storage operator can
continue injecting CO, even after risks have become
apparent. However, the costs of GCS will be sig-
nificantly higher if the operator needs to extract,
process, and dispose of formation fluids, and filling
even a fourth of the TASR with CO, may not be
economically feasible (Birkholzer and Zhou 2009;
Szulczewski et al. 2012; IEAGHG 2014).

Harto and Veil (2011) estimated that the aver-
age net costs of water management for CO, storage
could be about $1.50 per barrel of produced waters
(at current prices between 1992 and 2006), and that
this would correlate to costs of between $12/t and
$14/t of stored CO,. The authors estimated these
costs under the assumptions that saline waters (bri-
nes) have to be extracted at a ratio of 1:1 per volume
of CO,; injected, the produced waters have to be
transported, waste waters have to be processed be-
fore disposal, and that there are no commercial uses
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for the brines. Adding these costs could increase the
total costs of GCS to more than double estimated
costs of $8-$10/t CO, in the United States (Da-
howski et al. 2011). These potential costs need to be
better estimated in order to quantify the probable
economic constraints risk management could place
on CO, storage operations (Heidug 2013).

Need for Fluid Extraction

High-level assessments of the theoretically
available TASR generally assume away any issues
with pressure management, injection rates, and risk
(e.g., USGS 2013). If these were not real concerns
for an actual CO, storage project, the storage
operator would have tremendous flexibility regard-
ing where, when, and how long he or she could take
to inject the flow of captured CO,. There would be
no need to bear the added costs of extracting, pro-
cessing, and either selling or disposing of formation
fluids to mitigate risk. Instead, the storage operator
could immediately switch to injecting CO, else-
where, slow down injection rates to whatever degree
necessary to stay below some pressure threshold, or
even just stop injection altogether and wait until the
pressure normalizes in the current storage reservoir.
However, building this amount of flexibility in the
storage operation is likely to be prohibitively costly,
even if it were possible. In addition, there are
inherent uncertainties with GCS, and storage oper-
ators will need to have a strategy for mitigating risks
that may only become apparent after injection has
started. Under current regulations in the United
States, the storage operator might be more likely to
stop injection and vent CO, than to engage in costly
production of formation fluids (to mitigate any
unexpected risks). If so, there may need to be
(much) higher penalties on venting CO, before
formation fluid extraction could be the preferred
(lower-cost) option to mitigate risks associated with
potential pressure buildup during CO, storage
operations.

IMPLICATIONS

It is critical that decision makers consider total
costs for all potential GHG mitigation options that
could be technically feasible, including consistent
consideration of the associated risks, liabilities, and
economic issues. If policy makers can compare

potential GHG mitigation options on a consistent
basis, including consideration of the risks, CCS could
be a desirable option. CCS could also be indispens-
able for reducing CO, concentrations in the atmo-
sphere, especially if economies need to continue to
use fossil fuels to meet a significant proportion of
their energy demands. However, it will also be crit-
ical to obtain better estimates of the probable costs
for active risk management and/or of risk-adjusted
CO, storage capacity in cases where it is not feasible
to mitigate the risks of trying to occupy significant
portions of the TASR with CO, (IPCC 2014).

Bachu et al. (2013) noted that liability and pore-
space rights were two of the largest obstacles to
commercial-scale deployment of CCS, and Bachu
(2008) suggested that governments need to address
postinjection issues with CO, storage sites, including
jurisdictional, property ownership, regulatory, and
liability issues. In 2010, an interagency task force
identified several obstacles to widespread deploy-
ment of CCS in the United States, including legal
and regulatory uncertainty concerning potential
long-term liabilities, aggregation of pore-space and
associated property rights, and public awareness and
support (U.S.EPA 2010b). Currently in the United
States, rules and institutions that are necessary for a
commercial-scale CO, storage industry to develop
are emerging, including the Class VI and Subpart
RR rules. However, better institutions and legisla-
tion must still be developed. In particular, legal
definitions, case histories, and institutions appear to
be lacking in the area of determining liability for
seismic events that could be induced by CO, storage
activities. Analogous institutions and legislation
may have been developed for other types of fluid
injection projects, including natural gas storage,
enhanced geothermal systems, and wastewater dis-
posal, but inferences and predictions based on these
analogs are tenuous and uncertain. Even EOR
projects may be less likely to significantly aid in the
adoption of CCS on a large scale than some have
projected (Dooley et al. 2010a).

Rubin et al. (2013) suggest that without appro-
priate, consistent, and cost-effective risk assessment
and mitigation processes, the necessary institutions
and legislation for adequate regulation and
enforcement, and greater public acceptance of CO,
storage, it is unlikely that a commercial-scale CO,
storage industry can develop. With respect to risk
assessment, quantification of risks associated with
GCS is an area of active research, and there is still a
great deal of uncertainty in estimates of both the
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probabilities and the impacts of the possible hazards
(Pawar et al. 2015). Most risks associated with CO,
storage could have extremely low probabilities of
occurrence, and liability protection may not be
prohibitively costly in the aggregate if institutions
are put in place to share the cost of remediation. If
enough of a social benefit of CO, storage is recog-
nized by the legal system, then courts may be able to
establish liability rules that allow for socially effi-
cient use of the pore space (a nonrenewable re-
source). If the risks are estimated to be high enough,
issues with property rights and long-term liabilities
great enough, and public acceptance or support too
difficult or costly to obtain for onshore CO, storage,
offshore geologic storage could be more economi-
cally and practically feasible, at least during the
early stages of CCS deployment. The longest run-
ning commercial-scale CO, storage project in the
world is the Sleipner CO, storage project in the
North Sea, and that could be because many of these
issues were resolved with greater ease and at less
cost than for potential onshore locations. In addi-
tion, a major part of the cost advantage of locating
the Sleipner project offshore could be a result of
reinjecting CO, recovered from processing natural
gas that is extracted onsite from offshore gas fields.
That is, the storage operator does not have to bear
the costs of transporting CO, from onshore sources
for offshore storage (Schrag 2009; Herzog 2011;
Litynski et al. 2011; Herzog and Eide 2013; Statoil
ASA 2014).

The national-level assessments of TASR on-
shore in the United States are on the order of
thousands of gigatons of CO, (USGS 2013). Even if
only 5-15% of the TASR were available as an esti-
mated risk-adjusted CO, storage capacity, a com-
mercial-scale CQO, storage industry could be
developed onshore in the United States (if all the
liability, property rights, and other issues could be
resolved). However, the spatial distribution of risk-
adjusted capacity would likely be very different from
that of the TASR, which could mean that major CO,
sources would have to pay to transport captured
CO, to much more distant storage sites than as-
sumed in recent CO, transport-storage cost studies
(e.g., Dahowski et al. 2011). That is, storage opera-
tors could have to choose between implementing
expensive pressure management to mitigate risks
and safely store CO, nearby and paying to store CO,
in a more remote location, including additional
expenditures for transportation, negotiations with a
larger set of landowners over property rights, and
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covering liabilities over a wider area. In this respect,
current national- or higher-level estimates of the
TASR that assume away any issues with active
pressure management could be somewhat mislead-
ing regarding the relative potential of CCS when
total costs for CO, storage, risk management, lia-
bility coverage, and so forth are considered. Further
research into quantifying the probabilities and
potential impacts of the most likely risk events
associated with storing large volumes of CO, in
DSFs onshore is critical to the development of this
potentially vast storage resource, as is building bet-
ter models to include the likely economic tradeoffs,
impacts of property rights, and liability issues.
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extraction methods entirely starting January 1, 2027. SB 467 also would have prohibited all new or renewed permits for oil and gas extraction within
2,500 feet of any homes, schools, healthcare facilities or long-term care institutions such as dormitories or prisons, by January 1, 2022. However, SB
467 never made it out of committee and other bills to limit well stimulation treatments have also previously been introduced and failed to pass through
the California legislature. Although these legislative efforts have failed, it is possible that SB 467 or similar legislation could be reintroduced in the
future and we cannot predict the results of such future efforts.

On June 3, 2022, the U.S. Court of Appeals for the Ninth Circuit prohibited the federal government from issuing new permits for hydraulic
fracturing and acidizing of oil wells in federal waters off the coast of California until a full environmental review is completed by federal agencies. The
injunction was the result of lawsuits filed by the State of California, the California Coastal Commission and environmental groups alleging that federal
agencies violated environmental laws when they authorized unconventional drilling methods on offshore California platforms before the unconventional
drilling methods had been fully reviewed. The court also found that the California Coastal Commission must determine if hydraulic fracturing and
acidizing are consistent with California’s coastal management program.

While currently none of our California operations rely on hydraulic fracturing stimulation or acidizing of wells as discussed in the Ninth Circuit
decision, any restrictions on the future use of those well stimulation treatments or other forms of injection may adversely impact our operations,
including causing operational delays, increased costs, and reduced production, which could adversely affect our revenues, results of operations and net
cash provided by operating activities.

Our assets are located exclusively onshore and offshore in California, making us vulnerable to risks associated with having operations concentrated
in this geographic area.

We operate exclusively in California and in the waters off the coast of California. This geographic concentration disproportionately affects the
success and profitability of our operations, exposing us to local price fluctuations, changes in state or regional laws and regulations, political risks,
limited acquisition opportunities where we have the most operating experience and infrastructure, limited storage options, drought conditions, and other
regional supply and demand factors, including gathering, pipeline and transportation capacity constraints, limited potential customers, infrastructure
capacity and availability of rigs, equipment, oil field services, supplies and labor. We discuss such specific risks to our operations in more detail
elsewhere in this section. In addition, we may not have the resources to effectively diversify our operations or benefit from the possible spreading of
risks or offsetting of losses.

All of our operations are conducted in areas that may be at risk of damage from fire, mudslides, earthquakes or other natural disasters.

We currently conduct operations in California and adjacent offshore areas near known wildfire and mudslide areas and earthquake fault zones. A
future natural disaster, such as a fire, mudslide or an earthquake, could cause substantial interruption and delays in our operations, damage or destroy
equipment, prevent or delay transport of our products and cause us to incur additional expenses, which would adversely affect our business, financial
condition and results of operations. In addition, our facilities would be difficult to replace and would require substantial lead time to repair or replace.
These events could occur with greater frequency as a result of the potential impacts from climate change. The insurance we maintain against
earthquakes, mudslides, fires and other natural disasters would not be adequate to cover a total loss of our facilities, may not be adequate to cover our
losses in any particular case and may not continue to be available to us on acceptable terms, or at all.

Increasing attention to envir l, social and governance (“ESG”) matters may impact our business.

Increasing attention to, and social expectations on companies to address, climate change and other environmental and social impacts, investor and
societal explanations regarding voluntary ESG disclosures, and
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1 | I, Ken Dowd, depose and state as follows:
2 1. | am over 21 years of age and am competent to make this declaration.
3 | The facts set forth in this declaration are based on both my personal knowledge and
4 | information gathered in the course of my business activities.
5 2. | am currently employed by Exxon Mobil Corporation
6 | (“ExxonMobil”). I am the Production Manager of the U.S. Production (“USP”)
7 | division of Exxon Mobil Production Company. Through my employment, | have
g | acquired knowledge regarding ExxonMobil’s operations and interests in oil and gas
g | exploration and production in the Pacific Outer Continental Shelf (“OCS”) Region.
10 3. ExxonMobil is a long-standing and active participant in oil and gas
11 | exploration and development activities in the Pacific OCS Region.
12 4, ExxonMobil operates the Santa Ynez Unit (“SYU”) located in the
13 | Pacific OCS Region off the coast of California in the Santa Barbara Channel.
14 5. The SYU was formed in 1970 and currently contains 16 OCS leases:
15 | OCS-P-0180, OCS-P-0181, OCS-P-0182, OCS-P-0183, OCS-P-0187, OCS-P-
16 | 0188, OCS-P-0189, OCS-P-0190, OCS-P-0191, OCS-P-0192, OCS-P-0193, OCS-
17 | P-0194, OCS-P-0195, OCS-P-0326, OCS-P-0329, OCS-P-0461. ExxonMobil
18 | owns 100% of the interest in each of those 16 leases.
19 6. Drilling and production operations in the SYU are conducted from
20 | three platforms, the Heritage Platform, the Harmony Platform, and the Hondo
21 | Platform, each of which is operated by ExxonMobil.
29 7. The Heritage Platform, which was installed in 1989, is located on
23 | Lease OCS-0182 approximately eight miles from shore.
24 8. The Harmony Platform, which was installed in 1989, is located on
25 | lease OCS-P-0190 approximately six miles from shore.
26 9. The Hondo Platform, which was installed in 1976, is located on Lease
27 | OCS-P-0188 approximately five miles from shore.
28 10. To date, ExxonMobil has made substantial investments in acquiring,
2 P MOTION FOR LEAVE TO INTERVENE
CASE NO. CV-16-08473 PSG(FFMXx)
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exploring, and developing the lease interests that make up the SYU and in installing
and operating the Heritage, Harmony, and Hondo Platforms. ExxonMobil’s capital
expenditures and operating expenses for its SYU Unit operations totaled more than
$413 million in 2014 alone.

11.  ExxonMobil currently operates over 100 wells in the SYU. Between
1981 and 2014, the SYU produced over 663 million oil equivalent barrels (oil and
gas). ExxonMobil’s SYU produced an average of 27 million cubic feet of natural
gas, and 30,000 barrels of oil and condensate per day (gross) in 2014,

12. ExxonMobil seeks approval from the Department of the Interior
(“DOI”) for its offshore oil and gas exploration plans and development and
production plans. ExxonMobil also seeks approval from DOI’s Bureau of Safety
and Environmental Enforcement (“BSEE”) for drilling and well stimulation
activities under approved exploration or development plans. These approvals
include an Application for Permit to Drill (*APD’), which must be obtained prior to
drilling a well, and an Application for Permit to Modify (“APM”), which must be
obtained in the event a drilling plan is revised.

13.  Oil production at the Heritage, Harmony, and Hondo Platforms is
currently suspended due to a third party’s May 2015 pipeline rupture in Santa
Barbara County, California. The ruptured pipeline currently serves as the transport
route for oil produced at ExxonMobil’s SYU Platforms. ExxonMobil continues to
evaluate options for restoring production operations.

14.  In order to re-start production, ExxonMobil anticipates that it will
require the use of certain acid well stimulation treatments at one or more wells.
Moreover, ExxonMobil will require acid well stimulation treatments to drill and
complete new wells, and recomplete existing wells, at SYU.

15.  Plaintiffs in the above-captioned litigation seek to “[p]rohibit the

Bureaus from authorizing offshore fracking and other well stimulation practices
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unless and until the Bureaus comply with NEPA and the ESA.” Compl. For
Declaratory & Other Relief, Prayer for Relief § 4, R. Doc. 1.

16. ExxonMobil has a significant and direct stake in the pending litigation.
Were the Plaintiffs in this litigation to prevail and to obtain the injunctions they
have requested, such injunctive relief would have a significant and direct effect on
ExxonMobil’s property, regulatory, and economic interests in its SYU leases and
permits. In particular, the requested relief could restrict ExxonMobil’s ability to
restart oil production at the Heritage, Harmony, and Hondo Platforms. It would
also severely restrict ExxonMobil’s plans to further develop its existing Pacific
OCS leases.

17.  Ata minimum, the requested injunction would substantially and
indeterminately delay ExxonMobil’s oil production activities. This would result in
increased costs in producing crude oil from the SYU, which could potentially
impede the development of the SYU and undermine ExxonMobil’s lease interests.

18.  Further, the requested injunction could result in significant sums in
wasted investments and lost production opportunities.

19. In addition, ExxonMobil currently intends to continue to invest
substantially in its SYU leases in the future. In the ordinary course of its operations,
ExxonMobil will continue to evaluate and generate new opportunities to develop
the SYU leases including but not limited to the drilling of new wells and
stimulation of new and existing wells. These activities would require that
ExxonMobil obtain additional APDs and APMs. Any legal action that would result
In an injunction prohibiting the issuance of APDs and APMs would directly impact
these activities.

Iy
Iy
Iy
Iy
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I declare under penalty of perjury that the foregoing is true and correct to the
best of my knowledge and belief.
Executed on February _ 7] , 2017 in Spring, Texas.

Knsth O Dosoef

Ken Dowd
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Produced Water: Overview of Composition,
Fates and Effects

Jerry M. Neff', Kenneth Lee?, Elisabeth M. DeBlois®

"Neff & Associates LLC, 20 Templewood Dr., Duxbury MA, 02332, USA

“Centre for Offshore Oil, Gas and Energy Research, Fisheries and Oceans Canada, P.O. Box
1006, Dartmouth NS, Canada B2Y 4A2

3Elisabeth DeBlois Inc., St. John’s NL, Canada

1 Introduction

Produced water often is generated during the production of oil and gas from onshore
and offshore wells. Formation water is seawater or fresh water that has been trapped
for millions of years with oil and natural gas in a geologic reservoir consisting of a
porous sedimentary rock formation between layers of impermeable rock within the
earth’s crust (Collins, 1975). When a hydrocarbon reservoir is penetrated by a well,
the produced fluids may contain this formation water, in addition to the oil, natural
gas, and/or gas liquids. Fresh water, brine/seawater, and production chemicals
sometimes are injected into a reservoir to enhance both recovery rates and the safety
of operations and these surface waters and chemicals sometimes penetrate to the
production zone and are recovered with oil and gas during production (Neff, 2002;
Veil et al.,, 2004). Produced water (formation and injected water containing
production chemicals) represents the largest volume waste stream in oil and gas
production operations on most offshore platforms (Stephenson, 1991; Krause, 1995).
Produced water may account for 80% of the wastes and residuals produced from
natural gas production operations (McCormack et al., 2001).

The ratio of produced water to oil equivalents (WOR) or the ratio of water to gas
(WGR) produced from a well varies widely from essentially zero to more than 50
(98% water and 2% oil). The WGR usually is higher than the WOR. The average
worldwide WOR is about 2 to 3 (Veil, this volume). The volume of produced water
generated usually increases as oil and gas production decreases (WOR and WGR
increase) with the age of the well (Henderson et al., 1999). In nearly depleted fields,
production may be 98% produced water and 2% fossil fuel (Stephenson, 1992; Shaw
et al., 1999). Mean WOR and WGR for oil and gas production from Federal offshore
waters (>4.8 km from shore) of the U.S. are 1.04 and 86, respectively (Clark and
Veil, 2009). On the Canadian East Coast, the average WOR was 2 during the life of
the Cohasset oil field (1992-1999), the first offshore production in Atlantic Canada
(Ayers and Parker, 2001). Oil and gas production from the Hibernia field on the



Grand Banks is relatively dry, with a WOR of about 1 in September 2007 (Reuters,
2007). The gas is reinjected for enhanced oil recovery.

In 2003, an estimated 667 million metric tons (about 800 million m®) of produced
water were discharged offshore throughout the world, including 21.1 million tons to
offshore waters of North America, mostly the U.S. Gulf of Mexico, and 358-
419 million tons to offshore waters of Europe, mostly the North Sea (OGP, 2004;
Garland 2005). These are underestimates of actual discharges, because reporting of
production to OGP (2004) ranged from 11 percent to 99 percent in the seven regions
of the world monitored.

For example, the estimated total volume of produced water generated in U.S.
Federal offshore waters in 2007 during production of 75.7 million m® (476 million
barrels) of oil and 2.8 billion ft’ of natural gas was 93.4 million m’, or 256,000
m’/day (Clark and Veil 2009). About 22,000 m*/day of this produced water was
reinjected for enhanced recovery or disposal, and about 234,000 m*/day was treated
and discharged to the ocean.

Produced water production on the Norwegian continental shelf was 135 million
m’ in 2009, a reduction of abut 10% from 173 million m® produced in 2008 (KLIF
2010). About 85% of the water was discharged to the ocean each year, the
remainder was injected.

Off the coast of Atlantic Canada, produced water discharge from the Hibernia field
increased from 17,000 m’/day in July 2007 to 20,300 m*/day in September 2007 as
oil production declined (Reuters, 2007). In 2009, the Venture field on the Canadian
Scotian Shelf was discharging 100-600 m’/day of produced water (personal
communication, ExxonMobil).

There is considerable concern over the ocean disposal of produced water from
production operations, because discharge is continuous during production, discharge
volumes are increasing in most mature offshore production areas, and the masses of
many potentially toxic organic compounds and metals are higher in treated produce
water than in the receiving waters, raising concerns about chronic ecological harm.

2 Chemical Composition of Produced Water

Produced water is a complex mixture of dissolved and particulate organic and
inorganic chemicals. The physical and chemical properties of produced water vary
widely depending on the geologic age, depth, and geochemistry of the hydrocarbon-
bearing formation, as well as the chemical composition of the oil and gas phases in
the reservoir, and production chemicals added to the production. Because no two
produced waters are alike, region specific studies are needed to address the
environmental risks from its discharge.



Produced water contains a variety of naturally occurring compounds that were
dissolved or dispersed from the geologic formations and migration pathways in
which the produced water resided for millions of years. These chemicals include
inorganic salts, metals, radioisotopes, and a wide variety of organic chemicals,
primarily hydrocarbons.

2.1 Salinity and Inorganic lons

The salt concentration (salinity) of produced water may range from a few parts per
thousand (%o) to that of a saturated brine (~300%o), compared to a salinity of 32 to
36%o for seawater (Rittenhouse et al., 1969; Large, 1990; Table 1). Most produced
waters have salinities greater than that of seawater and, therefore, are denser than
seawater (Collins, 1975). Hibernia produced water has a salinity of 46 to 195%o
(Ayers and Parker, 2001).

Produced water contains the same salts as seawater, with sodium and chloride the
most abundant ions (Table 1). The most abundant inorganic ions in high-salinity
produced water are, in order of relative abundance in produced water, sodium,
chloride, calcium, magnesium, potassium, sulfate, bromide, bicarbonate, and iodide.
Concentration ratios of many of these ions are different in seawater and produced
water, possibly contributing to the aquatic toxicity of produced water (Pillard et al.,
1996).

Sulfate and sulfide concentrations usually are low, allowing barium and other
elements that form insoluble sulfates and sulfides to be present in solution at high
concentrations. Produced water from sour oil/gas wells may contain high
concentrations of sulfide and elemental sulfur. For example, produced water from an
offshore California well contained 48 to 216 mg/L sulfide and 0.6 to 42 mg/L sulfur
(Witter and Jones, 1999). If seawater, that naturally contains a high concentration of
sulfate (= 2712 mg/L), is injected into the formation to enhance oil and gas recovery
and mixes with the formation water, barium and calcium may precipitate as scale in
the production pipes. Any radium radioisotopes in the produced water co-precipitate
with the barium scale. Some Brazilian offshore produced waters contain more than
2000 mg/L sulfate, a concentration high enough to promote barium and calcium
scale formation (Gabardo et al., this volume). Hibernia produced water, recovered
from a reservoir on the Grand Banks of Newfoundland, Canada, in 2000, contained
248 to 339 mg/L SO, low enough to reduce the likelihood of producing large
amounts of barium and calcium scale (Ayers and Parker, 2001).

Table 1 Concentrations (mg/kg or parts per million) of several elements and
inorganic ions in produced waters of different geologic ages compared with average
concentrations in 35%o seawater (Collins, 1975)

IElement/Ion | Seawater | Produced Water |




Highest Range of Mean

Concentration (Age') Concentrations
Salinity 35,000 - <5000 - >300,000,000
Sodium 10,760 120,000 (J) 23,000 — 57,300
Chloride 19,353 270,000 (P) 46,100 — 141,000
Calcium 416 205,000 (P) 2530 — 25,800
Magnesium 1294 26,000 (D) 530 — 4300
Potassium 387 11,600 (D) 130 —-3100
Sulfate 2712 8400 (T) 210-1170
Bromide 87 6000 (J) 46 — 1200
Strontium 0.008 4500 (P) 7—1000
Ammonium --- 3300 (P) 23 -300
Bicarbonate 142 3600 (T) 77 — 560
lodide 167 1410 (P) 3-210
Boron 4.45 450 (T) 8—40
Carbonate -—- 450 (M) 30-450
Lithium 0.17 400 (J) 3-50

'D, Devonian, J, Jurassic, M, Mississippian, P, Pennsylvanian, T, Tertiary.

Ammonium ion may be present in some produced waters at elevated concentrations,
possibly eliciting inhibitory (toxic) and/or stimulatory (e.g. eutrophication)
responses from resident biota (Anderson et al. 2000, Yeats et al., this volume).
Hibernia produced water contains about 11 mg/L NH; (Yeats et al., this volume).
Brazilian produced water contains 22 to 800 mg/L ammonia (Gabardo et al., this
volume). However, concentrations of nitrate and phosphate often are low in
produced waters (Hibernia produced water contains about 0.35 mg/L P and 0.02
mg/L NO;), decreasing the likelihood of eutrophication in the receiving waters
(Johnsen et al., 2004).

A large zone of hypoxic (dissolved oxygen <2.0 mg/L) water develops in nearshore
bottom water over an area of more than 17,000 km? off Louisiana each summer
(Rabalais, 2005; Veil et al., 2005; Bierman et al., 2007). The hypoxia is caused
primarily by the discharge of large volumes of water containing high concentrations
of primary nutrients from the Mississippi River. However, as there are
approximately 287 oil and gas production platforms in the hypoxic area (Veil et al.,
2005), many of which discharge treated produced water, a comprehensive
monitoring program was performed in this area to determine if the discharged
production water (~81,000 m*/day) was contributing significant amounts of nutrients
to the Louisiana nearshore waters (Veil et al., 2005; Bierman et al., 2007). Produced
water from 50 platforms, discharging ~280,000 m*/day to the hypoxic zone, was
analyzed for nutrients (Table 2). Produced water from most gas platforms contained
higher concentrations of BOD and all nutrients except ammonia. The ratio of
estimated annual nutrient loading from all the platforms in the hypoxic zone to the
annual nutrient loading from the Mississippi River ranged from 0.00003 for nitrate
to 0.07 for ammonia. The investigators concluded that produced water discharges
contributed very little of the organic loading contributing to oxygen depletion in



bottom waters of the hypoxic zone off Louisiana (Rababalis, 2005; Bierman et al.,
2007).

Table 2 Mean biological oxygen demand and concentrations (mg/L) of several
primary nutrients in produced water from 50 platforms discharging to the hypoxic
zone in the Gulf of Mexico off the coast of Louisiana; mass loadings are
concentration x discharge volume in kg/day (from Veil et al., 2005; Bierman et al.,
2007)

Parameter Mostly Oil | Mostly Gas | Oil and Gas | Mass Loading
No. Platforms 6 20 24 50
Biological oxygen 595 1444 642 16,330
demand (BOD)
Total organic carbon 551 888 297 6400
(TOC)
Nitrate (NO5) 1.14 2.71 1.94 31.0
Nitrite (NO,) 0.05 0.05 0.05 1.40
Ammonia (NHy) 92 57 85 2160
Orthophospate (PO, ") 0.34 0.61 0.30 10.2
Total phosphorous 0.62 0.86 0.61 17.0

2.2 Total Organic Carbon

The concentration of total organic carbon (TOC) in produced water ranges from less
than 0.1 to more than 11,000 mg/L and is highly variable from one well to another
(Tables 2 and 3). Produced water from Hibernia has a TOC concentration of
approximately 300 mg/L (Ayers and Parker, 2001). Produced water from wells off
Louisiana contain 67 to 620 mg/L dissolved TOC (DOC) and 5 to 127 mg/L
particulate TOC (POC) (Veil et al., 2005). A large fraction of the DOC may be in
colloidal suspension (Means et al., 1989).

Table 3 Concentration ranges (mg/L or parts per million) of several classes of
naturally-occurring organic chemicals in produced water world-wide (from Neff,
2002)

Chemical Class Concentration Range
Total organic carbon <0.1 —>11,000
Total organic acids <0.001 — 10,000
Total saturated hydrocarbons 17-30
Total benzene, toluene, ethylbenzene, and xylenes (BTEX) 0.068 — 578
Total polycyclic aromatic hydrocarbons (PAH) 0.04-3.0
Total steranes/triterpanes 0.14-0.175
Ketones 1.0-2.0
Total phenols (primarily Cy-Cs-phenols) 0.4-23




2.3 Organic Acids

The organic acids in produced water are mono- and di-carboxylic acids (-COOH) of
saturated (aliphatic) and aromatic hydrocarbons. Much of the TOC in produced
water consists of a mixture of low molecular weight carboxylic acids, such as
formic, acetic, propanoic, butanoic, pentanoic, and hexanoic acids (Somerville et al.,
1987; Means and Hubbard, 1987; Barth, 1991; Ree Utvik, 1999; Table 3). The most
abundant organic acid usually is formic or acetic acid and abundance typically
decreases with increasing molecular weight (Fisher, 1987; MacGowan and Surdam,
1988; Table 4). Stremgren et al. (1995) found 43 to 817 mg/L total C, through Cs
organic acids and 0.04 to 0.5 mg/L total Cg through C;; organic acids in three
samples of North Sea produced water. Several samples of produced water from
North Sea, U.S. Gulf of Mexico, and California platforms contained 60 to 7100
mg/L total low molecular weight aliphatic organic acids (Table 4, MacGowan and
Surdam, 1988; Jacobs et al., 1992; Flynn et al., 1995; Ree Utvik, 1999). Small
amounts of aromatic acids also may be present in produced water (Rabalais et al.,
1991; Barman Skaare et al., 2007). Produced water from coastal waters of Louisiana
contained low concentrations of aliphatic and aromatic acids (Table 5). Aliphatic
acids were more abundant than benzoic and methylbenzoic acids (Rabalais et al.,
1991).

Table 4 Concentrations (mg/L = ppm) of low molecular weight organic acids in
produced water from four production facilities on the Norwegian continental shelf
(Ree Utvik, 1999), in the Gulf of Mexico off the Texas and Louisiana coast, and in
the Santa Maria Basin off the California coast (MacGowan and Surdam, 1988)

Organic Acid Formula Offshore USA | Norwegian North Sea
Formic acid CHOOH ND - 68 26 - 584

Acetic acid CH;COOH 8 — 5735 Not determined
Propanoic acid CH;CH,COOH ND - 4400 36-98
Butanoic acid CH;(CH,),COOH | ND - 44 ND - 46
Pentanoic acid CH;(CH,);COOH | ND -24 ND - 33
Hexanoic acid CH;(CH,),COOH | Not determined | ND

Oxalic acid COOHCOOH ND — 495 Not determined
Malonic acid CH,(COOH), ND — 1540 Not determined
Total measured 98 - 7160 62 - 761
organic acids

Table 5 Range of concentrations (mg/L) of aliphatic and aromatic acids in
produced water from seven treatment facilities in coastal Louisiana (from Rabalais
etal., 1991)

Chemical Pass Furchon Bayou Rigoud 5 Other Facilities
Aliphatic acids 8.5-120 1.8-78.0 7.9-175.0
Benzoic acid 0.92-15.0 0.13-16.0 1.2-13.0
C,-Benzoic acid 1.6-11.0 0.089 - 14.0 1.6 -16.0
C,-Benzoic acid 042—-2.3 0.043 -2.7 0.29 —3.8




These low molecular weight organic acids are readily biosynthesized and
biodegraded by bacteria, fungi, and plants, and so represent nutrients for phyto- and
zoo-plankton growth. Organic acids are produced by hydrous pyrolysis or microbial
degradation of hydrocarbons in the hydrocarbon-bearing formation (Borgund and
Barth, 1994; Tomczyk et al., 2001; Barman Skaare et al., 2007).

Many crude oils, particularly those that have been biodegraded in the formation,
contain high concentrations of naphthenic acids (cycloalkane and/or benzene
carboxylic acids with one or more saturated 5- or 6-ring carbon or aromatic
structures (Barman Skaare et al., 2007; Grewer et al., 2010). Naphthenic acids are
slightly water-soluble and, when abundant in the crude oil, also are present in the
associated produced water. Heavy crude oils, bitumens, and associated oil sands
process affected water from the Alberta, Canada, oil sands area contain high
concentrations of hundreds of naphthenic acids with eight to 30 carbons. Several
process waters from Syncrude and Suncor contain 24 to 68 mg/L total naphthenic
acids (Holowenko et al., 2002).

Produced water from the Troll C platform on the Norwegian continental self
contains highly variable concentrations and compositions of naphthenic acids,
representing different degrees of anaerobic biodegradation of crude oil in different
parts of the reservoir (Barman Skaare et al., 2007). The most abundant napththenic
acids in Troll produced water included a series of alkylated benzoic acids, salicylic
acid (2-hydroxybenzoic acid), and a variety of naphthoic acids and their ring-
reduced analogues. These organic acids were produced by anaerobic biodegradation
of aromatic hydrocarbons in the crude oil in the reservoir. Anaerobic bacteria may
be abundant in the oil/gas reservoir if formation temperature is below about 100°C
(Yeung et al., this volume). Naphthenic acids in crude oil and produced water are of
concern because their acidity contributes to corrosion of production pipe and they
contribute to the toxicity of produced water (Thomas et al., 2009).

2.4 Petroleum Hydrocarbons

Petroleum hydrocarbons, organic chemicals consisting of just carbon and hydrogen,
are the chemicals of greatest environmental concern in produced water. Petroleum
hydrocarbons are classified into two groups: saturated hydrocarbons and aromatic
hydrocarbons. The solubility of petroleum hydrocarbons in water decreases as their
size (molecular weight) increases, aromatic hydrocarbons are more water-soluble
than saturated hydrocarbons of the same molecular weight. The hydrocarbons in
produced water appear in both dissolved and dispersed (oil droplets) form.

Existing oil/water separators, such as hydrocyclones, are quite efficient in removing
oil droplets, but not dissolved hydrocarbons, organic acids, phenols, and metals from
produced water. Thus, much of the petroleum hydrocarbons discharged to the ocean



in properly treated produced water are dissolved low molecular weight aromatic
hydrocarbons and smaller amounts of saturated hydrocarbons. Because there are no
treatment procedures that are 100% effective, treated produced water still contains
some dispersed oil (droplet size ranging from 1 to 10 um) (Johnsen et al., 2004).
The droplets contain most of the higher molecular weight, less soluble saturated and
aromatic hydrocarbons (Faksness et al., 2004).

2.4.1 BTEX and Benzenes

The most abundant hydrocarbons in produced water are the one-ring aromatic
hydrocarbons, benzene, toluene, ethylbenzene, and xylenes (BTEX) and low
molecular weight saturated hydrocarbons. BTEX may be present in untreated
produced water from different sources at concentrations as high as 600 mg/L (Table
3). Produced water also contains small amounts of C;- and C4-benzenes (Table 6).
Benzene usually is most abundant and concentration decreases with increasing
alkylation (Doérea et al., 2007; Gabardo et al., this volume; Neff et al., this volume).
Because BTEX are extremely volatile, they are lost rapidly during produced water
treatment by air stripping and during initial mixing of the produced water plume in
the ocean (Terrens and Tait, 1996).

Table 6 Concentrations (mg/L) of BTEX and selected C;- and C,-benzenes in
produced water from four platforms in the U.S. Gulf of Mexico and from three
offshore production facilities in Indonesia (from Neff, 2002)

Compound 7 Gulf of Mexico 3 Indonesian
Produced Waters Produced Waters

Benzene 0.44 —2.80 0.084 —2.30
Toluene 0.34—1.70 0.089 —0.80
Ethylbenzene 0.026 —0.11 0.026 — 0.056
Xylenes (3 isomers) 0.16 —0.72 0.013 —0.48
Total BTEX 0.96 — 5.33 0.33 —3.64
Propylbenzenes (2 isomers) NA ND —0.01
Methylethylbenzenes (3 isomers) NA 0.031 —0.051
Trimethylbenzenes (3 isomers) NA 0.056 — 0.10
Total C3-Benzenes 0.012—0.30 0.066 —0.16
Methylpropylbenzenes (5 isomers) NA ND — 0.006
Diethylbenzenes (3 isomers) NA ND
Dimethylethylbenzenes (6 isomers) NA ND — 0.033
Total C4-Benzenes ND —0.12 ND —0.068

NA: Not analyzed. ND: Not detected.

Saturated hydrocarbons, because or their low solubilities, nearly always are present
at low concentrations in produced water (Table 3), unless the produced water
treatment system is not working properly. Produced water from the U.S. Gulf of
Mexico and offshore Thailand contained 0.6 to 7.8 mg/L total Cjo- through Css-n-
alkanes (Neff, 2002). The shorter chain-length alkanes, C;, through C,,, were more



abundant than the longer chain-length alkanes. Most of the alkanes probably were
associated with droplets.

2.4.2 Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAH) are defined as hydrocarbons containing
two or more fused aromatic rings. These are the petroleum hydrocarbons of greatest
environmental concern in produced water because of their toxicity and persistence in
the marine environment (Neff, 1987, 2002). Concentrations of total PAH in
produced water typically range from about 0.040 to 3 mg/L (Tables 3 and 7) and
consist primarily of the most water-soluble congeners, the 2- and 3-ring PAH, such
as naphthalene, phenanthrene, and their alkyl homologues (Table 7, Figure 1).
Higher molecular weight, 4- through 6-ring PAH rarely are detected in properly-
treated produced water. Because of their low aqueous solubilities, they are
associated primarily with dispersed oil droplets (Faksness et al., 2004; Johnsen et al.,
2004). Burns and Codi (1999) reported that 5 to 10% of the total PAH in produced
water from the Harriet A platform on the northwest shelf of Australia were in the
“dissolved” fraction. The dissolved fraction contained mainly alkylnaphthalenes and
traces of alkylphenanthrenes. The particulate (droplet) fraction also contained high
concentrations of naphthalenes and phenanthrenes, and contained almost all the
dibenzothiophenes, fluoranthenes/pyrenes, and chrysenes in the produced water.

Table 7 Concentrations (ug/L = parts per billion: ppb) of individual polycyclic
aromatic hydrocarbons (PAH) or alkyl congener groups in produced water from the
Scotian Shelf and Grand Banks, Canada, the U.S. Gulf of Mexico, and the North Sea

Compound Gulf of Mexico® North Sea® Sscl?éi?bn SJEESC
Naphthalene 5.3-90.2 237 -394 1512 131
C;-Naphthalenes 42-73.2 123 - 354 499 186
C,-Naphthalenes 4.4 -88.2 26.1 - 260 92 163
C;-Naphthalenes 2.8 -82.6 19.3 -81.3 17 97.2
C4-Naphthalenes 1.0-524 1.1-75.7 3.0 54.1
Acenaphthylene ND-1.1 ND 1.3 2.3
Acenaphthene ND -0.10 0.37-4.1 ND ND
Biphenyl 0.36-10.6 12.1-51.7 ND ND
Fluorene 0.06 - 2.8 2.6-21.7 13 16.5
C;-Fluorenes 0.09 -8.7 1.1-273 3 23.7
C,-Fluorenes 020-15.5 0.54-332 0.35 4.8
Cs-Fluorenes 027-17.6 0.30-25.5 ND ND
Anthracene ND - 0.45 ND 0.26 ND
Phenanthrene 0.11-8.8 1.3-32.0 4.0 29.3
C,-Phenanthrenes 0.24-25.1 0.86-51.9 1.30 45.0
C,-Phenanthrenes 0.25-31.2 041-51.8 0.55 37.1
C;-Phenanthrenes ND -22.5 0.20-34.3 0.37 24 .4




C,-Phenanthrenes ND-11.3 0.50-27.2 ND 13.2
Fluoranthene ND - 0.12 0.01 —1.1 0.39 0.51
Pyrene 0.01-0.29 0.03-1.9 0.36 0.94
C1-Fluoranthenes/ ND - 2.4 0.07-103 | 043 58

Pyrenes

Co-Fluoranthenes/ ND - 4.4 021116 | ND 9.1

Pyrenes

Benz(a)anthracene ND - 0.20 0.01 -0.74 0.32 0.60
Chrysene ND - 0.85 0.02-2.4 ND 3.6

C;-Chrysenes ND -24 0.06 —4.4 ND 6.3

C,-Chrysenes ND -3.5 1.3-59 ND 18.8
C;_.Chrysenes ND -3.3 0.68 —3.5 ND 6.7

C4-Chrysenes ND - 2.6 ND ND 4.2

Benzo(b)fluoranthene ND - 0.03 0.01 —0.54 ND 0.61
Benzo(k)fluoranthene ND - 0.07 0.006 —0.15 ND ND
Benzo(e)pyrene ND -0.10 0.01 —0.82 ND 0.83
Benzo(a)pyrene ND- 0.09 0.01 —0.41 ND 0.38
Perylene 0.04-2.0 0.005-0.11 ND ND
Indeno(1,2,3-cd)pyrene ND -0.01 0.022 —0.23 ND ND
Dibenz(a,h)anthracene ND - 0.02 0.012-0.10 ND 0.21
Benzo(ghi)perylene ND - 0.03 0.01 - 0.28 ND 0.17
Total PAHs 40 — 600 419 - 1559 2148 845
ND: Not detected

*Neff (2002).

°Thebaud (DFO-COOGER Unpublished Data)
“Hibernia (DFO-COOGER Unpublished Data)

2.4.3 Phenols

Concentrations of total phenols in produced water usually are less than 20 mg/L
(Table 3). Measured concentrations of total phenols in produced waters from the
Louisiana Gulf coast and the Norwegian Sector of the North Sea range from 2.1 to
4.5 mg/L and 0.36 to 16.8 mg/L, respectively (Neff, 2002; Johnsen et al., 2004). The
most abundant phenols in these produced waters are phenol, methylphenols, and
dimethylphenols. The abundance of alkyl phenols usually decreases logarithmically
with increasing number of alkyl carbons (Boitsov et al., 2007; Figure 2). Long-chain
alkylphenols with seven to nine alkyl carbons are the most toxic phenols, exhibiting
strong endocrine disruption. They are quite rare in produced water from the
Norwegian continental shelf (Figure 2). The concentration of 4-n-nonylphenol (the
most toxic alkylphenol) in produced waters from six Norwegian platforms ranged
from 0.001 to 0.012 mg/L. Five other samples did not contain detectable
concentrations of nonylphenol. The concentrations of C¢- through Co-alkylphenols
are highly correlated with the concentration of dispersed oil droplets in produced
water (Faksness et al., 2004).
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Alkylphenol ethoxylate surfactants (APE), containing octylphenols and
nonylphenols, are sometimes used in the production system to facilitate the pumping
of viscous or waxy crude oils. If the surfactant degrades, some alkylphenols may
dissolve in the produced water. Because of the toxicity of the more highly alkylated
phenols as endocrine disruptors, alkylphenol ethoxylate surfactants have been
replaced in applications where the surfactant or its degradation products may reach
the environment in significant amounts (Getliff and James, 1996).

2.5 Metals

Produced water may contain several metals in dissolved or microparticulate forms.
The type, concentration, and chemical species of metals in produced waters from
different sources is variable, depending on the age and geology of the formations
from which the oil and gas are produced (Collins, 1975) and the amount and
inorganic chemical composition of water flood water injected into the hydrocarbon
reservoir. A few metals may be present in produced waters from different sources at
concentrations substantially higher (1,000-fold or more) than their concentrations in
clean natural seawater. The metals most frequently present in produced water at
elevated concentrations, relative to those in seawater, include barium, iron,
manganese, mercury, and zinc (Neff et al., 1987; Table 8). Usually, only a few of
these metals are present at elevated concentrations in a particular produced water
sample. Concentrations of dissolved and particulate barium, iron, and manganese in
produced water from the Hibernia facility off Newfoundland are substantially higher
than concentrations in clean seawater (Yeats et al., this volume).

Injecting seawater into a well during production may increase the concentration of
sulfate (present in seawater at a concentration of about 2712 mg/L) in the formation
water, causing barium to precipitate as barite (BaSO,), and lowering the
concentration of dissolved barium in the produced water (Stephenson et al., 1994).
Several other metals in produced water, particularly radium isotopes, may co-
precipitate with barium, reducing their concentrations in produced water.
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Table 8 Concentration ranges (ug/L = ppb) of several metals in seawater and in
produced water from the Scotian Shelf and the Grand Banks, Canada, compared to
produced water discharged to northwestern Gulf of Mexico and the Norwegian

sector of the North Sea

Gulf of b Scotian Grand
Metal Seawater Mexico® North Sea Shelf® Banks¢
Arsenic 1-3 0.5-31 096-1.0 90 <10
. 81,000 107,000~
Barium 3-34 342,000 228,000 13,500 301 - 354
. <0.05 - <0.02 -
Cadmium 0.001 - 0.1 10 045-1.0 <10 0.04
Chromium 0.1-0.55 | <0.1-1.4 5-34 <1-10 <1
Copper 0.03 -0.35 <0.2 12 - 60 137 <5
10,000— 4,200— 12,000~ 1,910—
fron 0.008-2.0 37 100 11,300 28,000 3,440
Lead 0.001 -0.1 | <0.1-28 0.4-10.2 <0.1 —45 0(.)06927
1,000 1,300~
Manganese 0.03-1.0 7,000 NA 2.300 81 —565
0.00007 — <0.01 - 0.017 —
Mercury 0.006 0.2 274 <10 NA
Molybdenum 8—13 03-2.2 NA NA <1
Nickel 0.1-1.0 <1.0-7.0 22176 <2'210_ 1.7-18
Vanadium 1.9 <1.2 NA NA <0.1-0.6
. 0.006 — 10—
Zinc 0.12 10 — 3,600 10 —340 26,000 <1-27

*Combined results from seven platforms (Neff 2002)

°Combined results from 12 platforms (Neff 2002)

‘SOEP/DFO

4Combined results from Hibernia and Terra Nova (DFO-COOGER Unpublished Data)

Because formation water is anoxic, iron and manganese may be present in solution
at high concentrations. When formation waters containing high concentrations of
these metals are brought to the surface and exposed to the atmosphere, the iron and
manganese precipitate as iron and manganese oxyhydroxides. Several other metals
in produced water may co-precipitate with iron and manganese and be dispersed,
adsorbed to, or complexed with very fine, solid hydrous Fe and Mg oxides in the
receiving waters (Lee et al., 2005; Azetsu-Scott et al., 2007). Zinc and possibly lead
in produced water could be derived in part from galvanized steel structures in
contact with the produced water or with other waste streams that may be treated in
the oil/water separator system.
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2.6 Radioisotopes

Naturally occurring radioactive material (NORM) is present in produced water in
many parts of the world. The most abundant NORM radionuclides in produced
water are the natural radioactive elements, radium-226 and radium-228 (***Ra and
*2Ra). Radium is derived from the radioactive decay of uranium-238 and thorium-
232 associated with certain rocks and clays in the hydrocarbon reservoir (Reid,
1983; Kraemer and Reid, 1984; Michel, 1990). 226Ra (half-life 1,601 years) is an o-
emitting daughter of uranium-238 and uranium-234, ***Ra (half-life 5.7 years) is a B-
emitting daughter of thorium-232.

The concentration of radionuclides, such as radium, in environmental media is
measured as the rate of radioactive decay (number of disintegrations per minute),
usually as picocuries/L (pCi/L) or becquerels/L (Bg/L). A pCi is equivalent to 2.22
disintegrations per minute (dpm) or 0.037 becquerels (Bq). One pCi is equivalent to
1 pg of *Ra or 0.037 pg of **Ra (Neff, 2002).

The surface waters of the ocean have **Ra and ***Ra activities of 0.027 to 0.04
pCi/L (0.027 to 0.04 pg/L: parts/quadrillion) and 0.005 to 0.012 pCi/L (0.000018 to
0.00004 pg/L), respectively (Santschi and Honeyman, 1989; Nozaki, 1991; Table 9).
Produced water from some on-shore and offshore production facilities worldwide
contain very high *Ra and ***Ra activity (Jonkers et al., 1997), relative to activity
in nearshore and ocean waters. Concentrations of total ***Ra plus ***Ra in produced
water from oil, gas, and geothermal wells along the U.S. Gulf of Mexico coast range
from less than 0.2 pCi/L to 13,808 pCi/L (Kraemer and Reid, 1984; Fisher, 1987;
Neff et al., 1989; Hart et al., 1995; Table 9). There is no correlation between the
concentrations of the two radium isotopes in produced water from the Gulf of
Mexico, because of their different origins in the geologic formation. However, there
is a good correlation between “**Ra and **°Ra activity in produced water from the
Norwegian continental shelf, probably because most Norwegian produced water
contains very low radium activity, with a relatively few, mostly from the Sleipner
and Njord fields, containing relatively high **Ra and **Ra activity (NRPA, 2004).

Table 9 Mean or range of activities of *Ra and ***Ra in produced water from
different locations, activities are pCi/L (1 pCi = 0.037 Bq)

Location Radium-226 Radium-228 Reference
Ocean water Santschi &
(background) 0.027 - 0.04 0.005-0.012 Honeyman, 1989;
Nozaki, 1991
World-wide 0.05-32,400 8.1 -4860 Jonkers et al., 1997
Scotian Shelf 1.2 9.2 Nelson, 2007
Grand Banks 33.0 229.7 Nelson, 2007
Texas 0.1 —5,150 NA Fisher, 1987
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Louisiana Gulf Coast | ND — 1,565 ND — 1,509 Ifgrgzmer & Reid,

Offshore U.S. Gulfof 1 o) 5 404 162 — 600 Hart et al., 1995

Mexico

gaglta Barbara Channel, 165 137 Neff, 1997

Cook Inlet, AK <04-97 NA Neff, 1991
Stephenson et al.,

North Sea 44 .8 105 1994

Dutch North Sea <54_ 8154 27— 540 NRPA, 2004

Norwegian continenal | Np 432 ND-567 | NRPA, 2004

S. Java Sea, Indonesia 7.6 —56.5 0.6-17.7 Neff & Foster, 1997

Offshore Brazil 0.5 294 <2183 Gabardo et al., this
volume

Radium activity in produced water from offshore production areas other than the
northern Gulf of Mexico often is low (Table 9), with mean ***Ra and ***Ra activity
usually less than 200 pCi/L. Produced water from some production facilities in the
North Sea, particularly the Dutch sector, contain high “**Ra activity. Preliminary
studies of produced water from platforms discharging to Atlantic Canada show low
radium isotope activity, still several orders of magnitude higher than activity in
natural seawater. However, due to high natural dispersion, only background activity
can be detected in seawater samples collected near production platforms located on
the Grand Banks and the Scotian Shelf (Nelson, 2007). Slightly elevated radium
isotope activity has been detected near production facilities on the Norwegian
continental shelf (NRPA, 2004).

Several other radionuclides may be present at low activity in produced water. The
only radioisotope that sometimes is present in produced water at a higher activity
than that of *°Ra and ***Ra is *'°Pb, a daughter of **Ra (Table 10). Mean *'°Pb
activity in treated produced water from four platforms off Louisiana ranged from
5.60 £ 5.50 pCi/L to 12.50 + 2.60 pCi/L (Hart et al., 1995). Another daughter of
26Ra, *'%Po, is present at low activity in produced water from the North Sea,
probably because of its short half-life, 138.4 days (NRPA, 2004). Activity of parents
of the radium isotopes, 28U and »*Th, are low, as is the short-lived **Ra (half-life,
3.66 days).

Table 10 Activity (pCi/L except where noted) of radium isotopes and a few of their
parents and daughters in produced water and seawater (from Jonkers et al., 1987 and

NRPA, 2004)
Radionuclide Seawater Produced Water
2Ra 0.027 — 0.04 0.054 — 32,400
2Ra 0.005 — 0.03 8.1 - 4860
2Ra 0.0002 — 0.008" 13.5 - 1080
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=8y 1.1 0.008 — 2.7
ITh 0.003 0.008 — 0.027
21%pp 0.026 —0.12° 1.35 - 5130
21po 0.018 — 0.068° 0.005—0.17

*Rasmussen, 2003
°Cherry et al., 1987

2.7 Production Chemicals

Large numbers of specialty additives (treatment chemicals) are available for use in
the production system of a well to aid in recovery and pumping of hydrocarbons, to
protect the production system from corrosion, to facilitate the separation of oil, gas,
and water, and prevent methane hydrate (ice) formation in gas production systems.
These include biocides, scale inhibitors, emulsion-breakers, and gas-treating
chemicals (Table 11). Many of these chemicals are more soluble in oil than in
produced water and remain in the oil phase. Others are water-soluble, remain in the
produced water, and are disposed with it (Tables 11 and 12). Concentrations of most
production chemicals are low in treated produced water (Table 13). Corrosion
inhibitors, scale inhibitors, and gas treatment chemicals (glycol and methanol) may
be high in production systems with these problems.

The point in the production stream where the chemical is added influences the
amount that may be discharged or re-injected with the produced water. Treatment
chemicals are used to solve specific problems and are not added if there is no
demonstrated need. Environmental problems may arise if the more toxic treatment
chemicals, such as biocide or corrosion inhibitor, are used at a frequency or
concentration greater than needed to solve the problem. Environmental concerns
associated with the use of treatment chemicals are effectively managed through the
use of best management practices such as the Offshore Chemical Selection System
(OCSS), regulatory compliance effluent toxicity testing protocols, or use of the
DREAM model to estimate environmental impact factors (EIF) for individual
produced water treatment chemicals (Johnsen and Frost, this volume; Reed and Rye,
this volume). Production chemicals with a high EIF can be replaced with less toxic
alternatives or managed in such as way as to reduce amounts discharged to the
ocean.

Table 11 Production chemicals used on North Sea oil and gas platforms and the
estimated amounts discharged in produced water to the ocean (from Johnsen et al.,
2004)

Typical Use Phase Amount
Chemical Concentration Association of|  Discharged to
(ppm, v/v) Chemical North Sea (t/y)
Scale inhibitor 3-10 Water 1143
Corrosion inhibitor 25-100 Oil 216
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H,0/0, scavenger 5-15 Water 22
Biocide 10 — 200 Water 81
Emulsion Breaker 10 - 200 il 9
Coagulants & flocculants <3 Water 197
Gas treatment chemicals Variable Water 2846

Table 12 Concentrations (mg/L) of several production treatment chemicals in
produced water discharged in the Gullfaks and Statfjord fields in the North Sea with
trade names of commercial formulations included (from Karman et al., 1995)

Chemical Concentration Chemical Concentration
Process biocide (MB554) 1.2 Well treatment 6.8
scale inhibitor
(S432)
Water injection biocide <0.0001 Antifoam (AF 0.1
(Kathon OM) 119)
Corrosion Inhibitor (PK 1.5 Flocculent (ML 2.4
6050) 2317W)
Corrosion inhibitor (VN 0.3 Glycol 7.7
6000K)
Process scale inhibitor (SP 2.1 Methanol 0.3
250)
Process scale inhibitor (SP 0.2
2945)

3 Produced Water Treatment

3.1 Regulation of Produced Water Discharge

Most environmental regulatory agencies in countries that have significant offshore
oil and gas production place limits on the concentrations of petroleum (usually
measured as total oil and grease) that can be present in produced water destined for
ocean discharge. Table 13 summarizes examples of limits imposed by different
countries on total oil and grease or total petroleum hydrocarbon concentration in
produced water destined for ocean discharge. Different countries have proposed
different standard methods for measuring oil in produced water (Yang, this volume).

The different methods measure different fractions of the total organic chemicals in
produced water and, therefore, give different results (Veil, this volume; Yang, this
volume). For example, in the U.S., total oil and grease is defined as those materials
that are extracted by n-hexane, not evaporated at 70°C, and capable of being
weighed (gravimetric) or quantified by infrared analysis (IR). In the OSPAR
countries, total (dispersed) oil is defined as the sum of the concentrations of
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compounds extractable with n-pentane, not adsorbed on Florisil, that can be
quantified by gas chromatography/flame ionization detection (GC/FID) with
retention times between those of n-heptane (C;H4) and n-tetracontane (CgHsgy),
excluding toluene, ethylbenzene, and xylenes. Gravimetric and IR methods tend to
measure many nonpolar organic chemicals in addition to petroleum hydrocarbons,
whereas GC/FID, if properly performed, measures mainly semi-volatile aliphatic
and aromatic hydrocarbons. None of the methods quantitatively measure the low
molecular weight, volatile aromatic hydrocarbons, such as BTEX and naphthalene,
that contribute to the aquatic toxicity of produced water.

Table 13 Monthly average and daily maximum concentrations (mg/L) of total oil
and grease permitted by several countries for produced water destined for ocean
disposal (from Veil, 2006)

Country Monthly Average Daily Maximum
Canada 30 60
USA 29 42
OSPAR (NE Atlantic) 30 ---
Mediterranean Sea 40 100
Western Australia 30 50
Nigeria 40 72
Brazil - 20

Current regulatory guidelines for produced water discharge in Canada are based on
total petroleum hydrocarbon concentration, measured by IR. Under the 2002
Offshore Waste Treatment Guidelines, the hydrocarbon concentration of produced
water must be reduced to acceptable levels prior to discharge into the ocean (NEB,
2002). The minimum regulatory standard for the treatment and/or disposal of wastes
associated with the routine operations of drilling and production installations
offshore Canada is a 30-day weighted average of oil in discharged produced water of
30 mg/L and a 24-hour arithmetic mean of oil in produced water not to exceed 60
mg/L. Similar limits on total petroleum hydrocarbon concentrations in produced
water destined for ocean disposal have been promulgated by environmental
regulatory agencies in most other countries with offshore oil and gas production
(Table 13).

3.2 Produced Water Treatment

Produced water intended for ocean disposal usually is treated on the platform or at a
shore treatment facility to meet these regulatory limits. The objectives of oil-water-
gas treatment on an offshore platform are to produce stabilized crude oil and gas for
pipeline or tanker transport to shore facilities, and to generate a produced water that
meets discharge requirements (if discharged to the ocean) or is suitable for
reinjection into the producing formation or another geologic formation (Bothamley,
2004). The discharge requirements for ocean disposal are based on best available
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technology available for treating the produced water. Research is being performed in
several countries to determine if the regulatory limits are sufficiently protective of
the marine environment.

It is necessary to treat produced water before ocean discharge to avoid the harmful
effects that the chemicals in the waste waters may have on the receiving
environment. Treatment removes solids and dispersed non-aqueous liquids from the
wastewater, including dispersed oil, suspended solids, scales, and bacterial particles,
as well as most volatile hydrocarbons and corrosive gases, such as CO, and H,S.
Experience by the offshore oil industry with produced water treatment for ocean
disposal has shown that, if dispersed oil is removed, concentrations of volatile and
dissolved hydrocarbons are reduced to acceptable levels (Ayers and Parker, 2001). If
the treated wastewater is intended for disposal to freshwater, recycling for steam
generation for the various thermal enhanced oil recovery (EOR) technologies, or for
reinjection into the formation, most of the dissolved salts and metals also should be
removed. Salt removal is not necessary if the discharge is to the ocean.

The oil/gas/water mixture may be processed through separation devices to separate
the three phases from each other. The types of equipment used on many platforms
to remove oil and grease from produced water include mechanical and hydraulic gas
floatation units, skimmers, coalescers, hydrocyclones, and filters (Otto and Arnold,
1996; Veil, this volume). Higher molecular weight, more toxic PAH, alkylphenols,
and naphthenic acids are associated almost exclusively with dispersed oil droplets in
produced water (Fakness et al., 2004). Efficiency of removal of these toxic
chemicals can be improved by removing droplets with high-speed centrifuges and
membrane filters, capable of removing particles in the 0.01 to 2 um range (Veil, this
volume). Chemicals may be added to the process stream to improve the efficiency of
oil/gas/water separation. The combination of mechanical and chemical treatment is
effective in removing volatile compounds and dispersed oil from the produced
water, but is ineffective in removing dissolved organics, ions, and metals. However,
even with the most advanced separation equipment, the oil/water separation is not
100% efficient.

Produced water from offshore oil and gas wells is treated to remove volatile
hydrocarbons, dispersed petroleum, and suspended solids to the extent afforded by
current waste water treatment technology. The worldwide average concentration of
total petroleum hydrocarbons in produced water discharged offshore in 2003 was 21
mg/ L, with a range for different geographic regions from 14 to 39 mg/L (OGP,
2004; Figure 3). The quality of the produced water discharged is a function
primarily of the efficiency of the treatment technologies and the strictness and
degree of enforcement of environmental discharge regulations.

Within Canada, the formulation of regulatory guidelines for produced water
discharge is an adaptive process that promotes the development of improved
environmental effects monitoring (EEM) programs and takes into consideration the
level of environmental risk, the Best Available Technology (BAT) for mitigative
measures, and the social-economic benefits.
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4 Fate of Produced Water Following Discharge into the Ocean

4.1 Plume Dispersion Models

Treated produced water on offshore platforms may be discharged above or below the
sea surface if regulatory compliance concentrations are achieved. The location of
subsurface discharge pipes may range in depth from 10 m to 100 m. Saline
produced waters usually are as dense as or denser than seawater and disperse below
the sea surface, diluting rapidly upon discharge into well-mixed marine waters. Low
salinity produced water may form a plume on the sea surface and dilute more
slowly, particularly if discharged at or above the sea surface (Nedwed et al., 2004).
Dispersion modeling studies of the fate of produced water differ in specific details,
but all predict a rapid initial dilution of discharges by 30- to 100-fold within the first
few tens of meters of the outfall. This is followed by a slower rate of dilution at
greater distances (Terrens and Tait, 1993; Brandsma and Smith, 1995; Stremgren et
al., 1995; Smith et al., 2004). When discharge volumes of buoyant or neutral-
density produced water are very high, dilution may be slower. Factors that affect the
rate of dilution of produced water include discharge rate and height above or below
the sea surface, ambient current speed, turbulent mixing regime, water column
stratification, water depth, and difference in density (as determined by temperature
and total dissolved solids concentration) and chemical composition between the
produced water and ambient seawater (Niu et al., this volume; Reed and Rye, this
volume).

Brandsma and Smith (1995) modeled the fate of produced water discharged under
typical Gulf of Mexico conditions. They used two discharge rates: 115.7 m’/day,
which is the median flow rate for offshore discharges to the Gulf of Mexico, and
3,975 m’/day, which is the maximum allowable discharge rate from a single
discharge pipe to the Gulf of Mexico under the general National Pollutant Discharge
Elimination System (NPDES) permit. The effluent was a hypersaline brine that was
discharged at a temperature of about 29°C. Therefore, it was denser than the
ambient seawater and tended to sink. For a median produced water discharge rate of
115.7 m’/day, the predicted concentration of produced water in the plume 100 m
down-current from the discharge ranged from 0.043 to 0.097%, depending on
ambient current speed (Table 14). At the higher discharge rate, dilutions at 100 m
down-current from the discharge ranged from 0.18 to 0.32% produced water,
depending on current speed. High-volume discharges into high current speeds in the
North Sea (10,000 m’/day) or Bass Strait off southeast Australia (14,000 m*/day)
were diluted to 1.3% and 0.47%, respectively at 100 m from the outfall (Table 14).
Brandsma (2001) estimated a rapid decrease of plume centerline concentration to
~2% at 100 m from the high-volume (6359 m’/day) the discharge from platform
Irene off Santa Barbara, California.
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Table 14 Predicted dilutions of produced water in the receiving waters at different

discharge rates and current speeds (from Brandsma and Smith, 1995)

Location Discharge Rate Current Speed Concentration at
(m’/day) (cm/sec) 100 m (% PW)

Gulf of Mexico 115.8 3.3 0.043
Gulf of Mexico 115.8 9.5 0.073
Gulf of Mexico 115.8 25.3 0.097
Gulf of Mexico 3977.8 3.3 0.18
Gulf of Mexico 3977.8 9.5 0.32
Gulf of Mexico 3977.8 25.3 0.32
North Sea 10,000 22 1.3

Bass Strait 14,000 26 0.47

High dilution rates for produced water discharges to well-mixed receiving waters
appear to be the norm. Terrens and Tait (1994) used the Offshore Operators
Committee (OOC) model to estimate dilution of a 14,000 m® per day discharge from
the Halibut platform in Bass Strait, Australia. The produced water was dynamically
indistinguishable from the receiving waters due to the high degree of initial dilution
(dilution range of 100:1 to 252:1). At 6 km, the dilution factors were about 13,000:1
for suspended oil droplets and 18,000:1 for dissolved oil. Skatun (1996) used a
BJET model to study the near-field mixing of a warm (T = 32°C), high salinity
(84%o0) produced water released from a platform in the Gulf of Mexico. The plume
had a dilution factor of 400:1 when the current speed was 15 cm/s at 103 m
downstream from the release point, The physical dispersion models of projected
discharges from the Sable Offshore Energy Project (SOEP) wells (SOEP 1996),
located on the Scotian Shelf of Canada, also indicated that rapid dilution of the
discharge to non-acutely toxic levels within very short distances from discharge
points.

The OOC model was designed to estimate only short-term fate and other models
described above only considered the near field mixing. However, it also is important
to study the long-term, far-field transport of produced water. Hodgins and Hodgins
(1998) studied the dispersion of produced water from the Terra Nova FPSO (floating
production, storage, and offloading facility) off the east coast of Canada using the
UM3 (Three-dimensional Updated Merge) model coupled with a particle tracking-
based far-field model. For the maximum discharge of 18,000 m3/day, the estimated
worst-case initial dilution was 5:1. As the pooled effluent near the hull of the FPSO
was carried away by the ambient currents, the far field model predicted a minimum
secondary dilution of 5:1 and this yielded a combined total dilution of 25:1 after the
plume had been dispersed a few hundred meters from the FPSO. The same
modeling concept was applied to the White Rose development off the east coast of
Canada (Hodgins and Hodgins, 2000). The near-field UM3 model estimated an
initial bulk dilution of 35:1 for a discharge of produced water with a density of 728
kg per m’ at a maximum rate of 30,000 m*/day from a 36-cm pipe at 5 m below sea
surface, (Hodgins and Hodgins, 2000). The far-field dispersion simulation showed
that the 1% impact line (concentration greater than 0.1 mg L' or dilution < 400:1 for
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at least 1% of the time) extended to 1.8 to 3.2 km. Similar results were described by
AMEC (20006) that predicted near-, intermediate- and far-field dilution rates with the
US EPA Visual Plumes model (Baumgartner et al., 1994), the USACE CDFate
model (Chase, 1994), and an advection/diffusion model. The models estimated a
dilution of 70:1 at 500 m from the discharge and 400:1 at 2 km from the discharge
for a maximum flow rate of 6400 m3/day of produced water from the Deep Panuke
facility off the coast of Nova Scotia.

The ASA™ MUDMAP model (Spaulding, 1994) was run by Burns et al. (1998) to
study the dispersion of produced water from the Harriet oil field on the northwest
shelf of Australia. Based on an averaged daily produced water discharge of 8000
m’/day and a total oil concentration ranging from 5.9 tol6 mg/L, the model
predicted that the plume had an oil concentration range from 0.006 mg/L near the
discharge to 0.00016 mg/L at about 8 km down current.

Zhao et al. (2008) integrated a random walk based particle tracking model with the
Princeton Ocean Model (POM), which enable the fast prediction of future dispersion
and risks of produced water discharges. For a produced water discharge of 21,200
m’/day from the Hibernia platform off the east coast of Canada, the model predicted
a Pb concentration of 0.002 pg/L (about the concentration in clean seawater: Table
8) at about 5.3 km south of the platform. An overestimation of dilution and
underestimation of chemical concentration may result from the approach of Zhao et
al. (2008) due to omission of near-field buoyant jet behaviors. The accuracy of the
model can be improved by coupling a near-field model with the particle-tracking
model using the method described by Zhang (1995) and Niu et al. (this volume).

Mukhtasor et al. (2004) estimated a mean concentration of 0.5% the initial
concentration of the produced water plume at about 225 m from the discharge in a
hypothetical study of the produced water discharge from the Terra Nova FPSO. The
95%-tile concentration from their analysis at the same location was about 2.25% the
initial concentration. Similar approaches were used by Niu et al. (2009a) to study
the effects of surface waves on the dispersion of produced water. Because the
models of Mukhtasor (2004) and Niu et al. (2009a) can only be used for a limited
number of discharge conditions, Niu et al. (2009b; this volume a, b) expanded the
same approach into a probabilistic based steady state model (PROMISE) that was
coupled to a MIKE3 model to study dispersion over a wide range of non-steady state
discharge and environmental conditions. Niu et al. (2009b; this volume a, b)
performed a validation study of the PROMISE/MIKE3 model and reported good
agreement between model predictions and laboratory measurements.

As is evident in this overview, during the last two decades, a significant amount of
effort has been put forward to model the dispersion of produced water plumes in the
marine environment. Researchers from different disciplines have approached the
problem from different perspectives and developed models with various degrees of
sophistication. Produced water plume dispersion models have evolved from the
simple steady state near-field, short term dilution models to comprehensive coupled
hydrodynamic/dispersion models that predict both the near- and far-field dispersion
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processes in 3-D non-steady state conditions. Although the dispersion models are
now able to simulate the near-field mixing process very well and predict the far-field
mixing process reasonably well, they are still limited in their capacity to predict the
fate of the various chemical components of produced water.

4.2 Chemical Fate/Transport Models

In the majority of physical transport models, the chemicals in the produced water
stream are treated as passive tracers. Similarly, dye injection tracer studies of
produced water plumes (e.g., DeBlois et al., 2007) are based on the same
assumptions. The drawback of using dyes is that they may not become fully
integrated within the produced water plume, resulting in an inaccurate prediction of
the transport of various contaminants that react chemically and separate from the
plume. Based on recent studies by Lee et al. (2005a) and Azetsu-Scott et al. (2007),
consideration also must be given to the chemical transformations that may influence
the subsequent transport, fate, and effects of the contaminants of concern in the
produced water following its discharge.

Berry and Wells (2004a, b) first used the CORMIX model (Doneker and Jirka,
2007) to determine the exposure pathways and potential compartment interactions
and then employed a Level III fugacity model (Mackay, 1991) to study the
distribution of benzene and naphthalene among environmental media such as water,
suspended particles, fish, and sediments from produced water discharges from the
Thebaud platform on Scotian shelf. They predicted that the averaged water column
bulk concentrations of benzene and naphthalene over a 1 km by 1 km area are 5.28 x
10 pug/g and 8.49 x 107 pg/g (~5.28 and 0.85 ng/L (parts per trillion), respectively)
for the maximum discharge rate of 211.7 m*/day. These concentrations are close to
the measured background concentrations of benzene and naphtalene in ocean waters
(~1 ng/L: Neff, 2002). Because the CORMIX model predicted that the produced
water plume may not be fully mixed within the selected compartments, the fugacity
model may underestimate the concentration within the produced water plume and
overestimate the concentration outside of the plume.

Smith et al. (1996), used a coupled model to simulate the transport of produced
water from the Pertamina/Maxus operation area in Java Sea, Indonesia. The
CORMIX model (Doneker and Jirka, 2007) was first used to predict the effluent
dispersion and the results were then used in the PISCES model (Turner et al., 1995)
to study the partitioning, degradation, and volatilization of chemicals in the
produced water plume. The model predicted that the concentration of mercury was
about 0.0055 to 522 pg/L at 500 m from the discharge and the concentration of
arsenic was about 5 to 12 pg/L. At 3000 m downstream, the mean mercury and
arsenic concentrations decreased to 65 pg/L and 3 pg/L, respectively. These
concentrations are about 10,000 times and slightly higher than the mercury and
arsenic concentrations in clean seawater (Table 8).
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The use of separate dispersion, fate, and chemical models cannot account for the
dynamic changes of chemical concentrations following discharge. Murray-Smith et
al. (1996) applied the particle-based model, TRK, to the Clyde platform in the UK
sector of the North Sea. The model combined physical dispersion with first order
degradation to simulate biodegradation and other removal processes. The study
found that the initial dilution was rapid, with a minimum dilution factor of between
300 and 3000 within 100 m from the discharge. Further away, the physical dilution
was less rapid and other removal processes, such as precipitation, biodegradation
may have become important. The model predicted an overall dilution (including
biodegradation) of plume chemicals of 1000-16,000-fold at 1 km from the discharge.

Reed et al. (1996) described a PROVANN model for the simulation of 3-
dimensional transport, dilution, and degradation of chemicals associated with
produced water discharges from one or more simultaneous sources. The model
included various transport processes such as adsorption/dissolution kinetics,
entrainment and dissolution of oil droplets, volatilization, degradation, and
deposition from water column. For two platforms off Trondheim, Norway, the
simulation showed that the naphthalene concentration at the edge of the plume at
about 40 km downstream after 50 days was extremely low (~0.00006 pg/L). The
simulation showed that inclusion of degradation is clearly an important factor in
modeling long term fate of produced water chemicals.

PROVAN evolved over several years to the Dose-related Risk and Exposure
Assessment Model (DREAM), a 3-dimensional, time-dependent numerical model
that computes transport, exposure, dose, and effects in the marine environment
(Reed et al., 2001; Reed and Rye, this volume). Reed and Rye (this volume) describe
DREAM and its application in modeling the fate and effects of produced water
discharges to the marine environment (Figure 4).

4.3 Model Validation with Field Measurements

Field measurements are important for both understanding of the fate of produced
water and for model validation. Traditionally, this was achieved by either collecting
water samples at pre-determined stations or by continuous towing of a fluorometer
(Murry-Smith et al., 1996; Smith et al., 1994; Smith et al., 1996; Smith et al., 2004;
Terrens and Tait, 1996). Traditional ship-based sampling methods often are
expensive and time consuming and, therefore, only limited information can be
collected. The greater water depth of recent offshore production activities also
increases the level of sampling error. Recently, new and innovative means of
conducting field measurements using Autonomous Underwater Vehicles (AUV)
have been proposed and may be used in future studies of produced water fate and to
collect data to validate mathematical fate/transport models (Niu et al., 2007; Niu et
al., this volume a).
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Field measurements of produced water dilutions usually are highly variable but
confirm the predictions of modeling studies, that dilution usually is rapid. The
comparison of field measurements of concentrations of hydrocarbons and various
other organic produced water components from both fixed sampling stations and
continuous towed fluorometers with modeled data showed that measured dilutions
were generally much higher than predicted (Murray-Smith et al.,, 1996). The
measured dilutions for alkanes and methylnapthalenes at 100 m to 1000 m from the
discharge ranged from 5000- to 50,000-fold, much greater than predicted. The study
also found that the measured concentrations of other organics such as phenol and
methylphenol, in the water column were below detection limits, probably because of
their rapid biodegradation. Similar results were reported for the concentrations of
five heavy metals in produced water samples discharged to the Java Sea where a
high dilution ratio was observed as predicted in the models (Smith et al., 1996).

Results of the DREAM model have been validated with field measurements in the
North Sea. Concentrations of PAH were measured in the water column and in blue
mussels (Mytilus edulis) deployed at different distances from production platforms
in the Norwegian sector off the North Sea (Johnsen et al., 1998; Ree Utvik et al.,
1999; Durell et al., 2006; Neff et al., 2006). Direct measurements of PAH in the
water gave inconsistent results, because concentrations were too low and variable.
However, the mussels did bioaccumulate PAH from the water. PAH concentrations
in mussels decreased with distance down-current from platforms. The advantage of
using mussels to estimate concentrations of nonpolar organic chemicals in the water
column is that they integrate (average) water concentrations over time, whereas
discrete water samples or fluorometer surveys can only measure concentrations at a
single time.

PAH residues in mussel tissues were used to estimate PAH concentrations in surface
waters (Neff and Burns, 1996). Estimated surface water total PAH concentrations
ranged from 0.025 to 0.35 pg/L (parts per billion) within 1 km of platform
discharges and reached background levels of 0.004-0.008 pg/L within 5-10 km of
the discharge, representing a 100,000-fold dilution of the total PAH concentration in
the discharge water (Durell et al., 2006; Neff et al., 2006). Dilution modeling
showed that most of the produced water plume was restricted to the upper 15 m to
20 m of the water column. Dilution was very rapid.

Total and individual PAH concentrations in the upper water column, estimated from
residues in mussel tissues, were compared to concentrations predicted by the
DREAM model (Durell et al., 2006; Neff et al., 2006). There was very good
agreement for measured and modeled concentrations of individual and total PAH in
the Ekofisk but not the Tampen field. The poor predictions in the Tampen field were
caused by lack of accurate physical oceanographic data for the period of the mussel
deployment. DREAM tended to overestimate naphthalenes concentrations and
underestimate concentrations of 4- and 5-ring PAH (Figure 5).
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Harman et al. (2010) confirmed these results by deploying passive sampling devices,
semipermeable membrane devices (SPMDs) and polar organic integrative chemical
samplers (POCIS), in the vicinity of an offshore oil production platform discharging
produced water to the North Sea. There was a gradient of decreasing concentrations
in the receiving waters of low molecular weight PAH and alkylphenols with distance
from the platform. However, there was no gradient of concentrations of high
molecular weight PAH with distance from the platform.

The DREAM model predicted that the concentrations of PAH and other chemicals in
the produced water plume at different distances down-current from the discharge
exhibited wide cyclic concentration variations due to tidal and wind-driven current
flows (Figure 6). Because of rapid dilution and fluctuating water-column
concentrations, the model predicted that potentially toxic concentrations and contact
times of PAH would not occur even in the near-field.

Terrens and Tait (1996) measured concentrations of BTEX and several PAH in
ambient seawater 20 m from a 11,000-m’/day produced water discharge from a
platform in the Bass Strait off southeastern Australia (Table 15). There was an
inverse relationship between molecular weight (and volatility) and the dilution of
individual aromatic hydrocarbons. Twenty meters down-current from the produced
water discharge containing an average of 6,410 pg/L BTEX, the average BTEX
concentration in the plume was 0.43 pg/L, a dilution of 14,900-fold. PAH were
diluted by 11,000-fold (naphthalene) to 2,000-fold (pyrene). Concentrations of
higher molecular weight PAH were below the detection limit (0.0002 pg/L) in the
ambient seawater 20 m from the outfall. The inverse relationship between aromatic
hydrocarbon molecular weight and their rates of dilution probably was due in large
part to the high temperature (95°C) of the discharged produced water, favoring
evaporation of the lighter aromatic hydrocarbons.

Table 15 Concentrations (ug/L = parts per billion: ppb) of toluene and three PAH in
the produced water discharged from the Kingfish B Platform in the Bass Strait,
Australia, and in near-surface seawater collected 20 m down-current from the
discharge (from Terrens and Tait, 1996)

. Kingfish Ocean 20 m from o
Chemical Producegd Water Discharge Dilution
Toluene 3000 0.18 16,700
Naphthalene 440 0.04 11,000
Phenanthrene 18 0.003 6000
Fluoranthene 0.8 0.0002 4000

Continental Shelf Associates (1993) measured a dilution factor of 426 at 5 m and of
1,065 at 50 m from the discharge for **Ra in a 1070 m’/day produced water
discharge plume in a water depth of 18 m in the Gulf of Mexico. The current speed
at the time of the measurements was 15 cm/s and there was little vertical
stratification of the water column. The OOC (but not the CORMIX) model
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accurately predicted the dilutions measured in the field. Produced waters from the
Gulf of Mexico often contain high concentrations of dissolved barium. It is probable
that the radium in the produced water co-precipitated rapidly with barium sulfate in
the sulfate-rich receiving waters.

In summary, the majority of plume dispersion and chemical fate/transport models
developed to date focus on the process of dispersion and treat produced water as a
single conservative contaminant. Only a few models have attempted to include other
transformation processes, such as biodegradation, metal speciation, evaporation, and
adsorption. Among these models, the most comprehensive appears to be DREAM
that is capable of handling a multitude of complex processes and data including
discharge volumes, physical, chemical and biological fates of discharged substances,
biological uptake and effects (Reed et al., 2001; Reed and Rye, this volume).
DREAM is capable of predicting the fate of individual chemicals associated with
produced water and currently is used extensively by North Sea operators to achieve
the regional regulatory goal of “zero harmful discharges”. The model can also be
used to predict environmental effects by two approaches: the environmental impact
factor (EIF) and a body burden related risk assessment model (Johnsen and Frost,
this volume; Reed and Rye, this volume).

5 Environmental Effects of Produced Water Discharges

Based on the concentrations and relative toxicity of chemicals in most produced
waters and predicted dispersion and biodegradation/transformation rates in the
receiving waters, it is likely that there is only a limited potential for acute toxicity
beyond the immediate vicinity of produced water discharges to offshore waters of
Atlantic Canada. This hypothesis is supported by sensitive biotests — primarily
regulatory acute toxicity assays, and the rapid dispersion and degradation of the
produced water plume in the receiving waters (Lee et al., 2005a). However,
Holdway (2002) proposed that the chronic impacts associated with long-term
exposures must be quantified to fully assess the potential long-term ecological
impact of produced water discharges. Continual chronic exposure may cause sub-
lethal changes in populations and communities, including decreased community and
genetic diversity, lower reproductive success, decreased growth and fecundity,
respiratory problems, behavioral and physiological disorders, decreased
developmental success and endocrine disruption.

Fisheries and Oceans Canada and other environmental regulatory agencies
worldwide are performing ongoing chronic toxicity studies to support the
development of cost-effective and sensitive monitoring and environmental
assessment protocols for regulatory use.
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5.1 Potential for Effects in Water-Column Organisms

Harmful biological effects in water-column biological communities near open-ocean
produced water discharges are expected to be minimal and localized, because of the
rapid dilution, dispersion, and transformation rates of most produced water
chemicals. However, some produced waters contain chemicals that are highly toxic
to sensitive marine species, even at low concentrations. When discharge is to
shallow, enclosed coastal waters, or when discharge is of a low-density produced
water in an area with low water turbulence and current speeds, concentrations of
produced water chemicals may remain high for long enough to cause ecological
harm (Neff, 2002). The chemicals of greatest environmental concern in produced
water, because their concentrations may be high enough to cause bioaccumulation
and toxicity include aromatic hydrocarbons, some alkylphenols, and a few metals.
Highly alkylated phenols (octyl- and nonyl-phenols) are well-known endocrine
disruptors, but rarely are detected in produced water at high enough concentrations
to cause harm to water column animals following initial dilution (Thomas et al.,
2004; Boitsov et al., 2007; Sundt et al., 2009). Most metals and naturally-occurring
radionuclides are present in produced water in chemically reactive dissolved forms
at concentrations similar to or only slightly higher than concentrations in seawater
and, therefore, are unlikely to cause adverse effects in the receiving water
environment (Neff, 2002). Nutrients (nitrate, phosphate, ammonia, and organic
acids) may stimulate microbial and phytoplankton growth in the receiving waters
(Rivkin et al., 2000; Khelifa et al., 2003). Some production treatment chemicals are
toxic and, if they are discharged at high concentration in produced water, could
cause localized harm (Sverdrup et al., 2002). Inorganic ions (e.g., sodium,
potassium, calcium, and chloride) are not of concern in produced water discharges to
the ocean (Pillard et al., 1996), but are of environmental concern when the treated
water is discharged to land or surface fresh or brackish waters.

5.2 Potential for Accumulation and Effects in Sediments

If produced water is discharged to shallow estuarine and marine waters, some metals
and higher molecular weight aromatic and saturated hydrocarbons may accumulate
in sediments near the produced water discharge (Neff et al., 1989; Means et al.,
1990; Rabalais et al., 1991), possibly harming bottom living biological communities.
In well-mixed estuarine and offshore waters, elevated concentrations of saturated
hydrocarbons and PAH in surficial sediments sometimes are observed out to a few
hundred meters from a high-volume produced water discharge. The concentrations
of PAH in sediments near offshore produced water discharges are related to the
volume and density of produced water discharged, the PAH concentration in it,
water depth, and local mixing regimes. PAH in sediments near offshore platforms
also may come from drilling discharges, particularly if oil based drilling muds are
used and oily drill cuttings are discharged, a practice no longer allowed in most
marine waters (Neff, 2005).
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Barium, iron, and manganese are the metals most often greatly enriched in produced
waters compared to their concentrations in natural seawater. Speciation occurs
following the ocean discharge of produced water, in which the metals precipitate
rapidly when produced water is discharged to well-oxygenated surface waters
containing a high natural sulfate concentration. Trefry and Trocine (this volume)
showed that dissolved barium in produced water precipitates more slowly than
predicted when the produced water is discharged to sulfate-rich seawater. However,
precipitation of barium and dilution of the resulting barite in the produced water
plume are rapid enough that dissolved barium concentrations rarely exceed acutely
toxic concentrations. Other alkaline earths, such as strontium, magnesium, and
radium, co-precipitate with barium and are rapidly deposited with barium sulfate in
bottom sediments (Neff, 2002; Trefry and Trocine, this volume).

Dissolved iron and manganese precipitate rapidly as oxyhydroxides when the anoxic
produced water plume mixes with oxygen-rich receiving waters. The extremely fine-
grained iron and manganese oxides adsorb to or co-precipitate with several other
metals from the produced water plume (Lee et al., 2005a; Azetsu-Scott et al., 2007).
These particulate metals tend to settle slowly out of the water column and
accumulate to slightly elevated concentrations in surficial sediments over a large
area around the produced water discharge (Neff, 2002; Lee et al., 2005a). In
addition, the transport and concentration of inorganic constituents within produced
water (e.g., metals) to the surface microlayer may be promoted by the interaction
between residual oil droplets and metal precipitates (Burns et al., 1999; Lee et al.,
2005a). Toxicity assessment using the Microtox” test, a regulatory bioassay
protocol based on inhibition of a primary metabolic function of a bioluminescent
bacterium, showed that unfiltered produced water samples containing metal
precipitates generally had higher toxicity than filtered samples (Azetsu-Scott et al.,
2007). Current results from regulatory environmental effects monitoring programs
generally show that natural dispersion processes appear to control the concentrations
of toxic metals in the water column and sediments just slightly above natural
background concentrations.

5.3 Agquatic Toxicity of Produced Water

Most treated produced water has a low to moderate toxicity. A typical distribution of
produced water toxicities can be seen in data for produced waters discharged to the
Gulf of Mexico off the Louisiana coast (Table 16). A small number of produced
water samples are moderately toxic to mysids (a small shrimp-like crustacean) and
sheepshead minnows, with acute and chronic toxicities less than 0.1 percent (1,000
mg L) produced water. A few produced waters are practically nontoxic with acute
and chronic toxicities higher than 35 or 40%. Most produced waters have moderate
toxicities, with acute and chronic toxicities between about 2 and 10% for mysids and
5 to 20% for sheepshead minnows. Based on earlier toxicity studies for produced
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waters from the Gulf of Mexico, Neff (1987) reported that nearly 52 percent of all
median lethal concentrations (LCsy) were greater than 10% produced water, 37
percent were between 1 and 9.9%, and 11 percent were less than 1%. These toxicity
threshold limits are consistent with those reported for Atlantic Canada. A 1:100
dilution of the produced water, as usually occurs within a few tens of meters of the
discharge pipe, would render all but a few of these produced water samples not
acutely toxic.

Table 16 Acute and chronic toxicity of more than 400 produced water (PW) samples
from the Gulf of Mexico off Louisiana, USA, to mysids (Mysidopsis bahia) and
sheepshead minnows (Cyprinodon variegatus), exposure concentrations are percent
produced water (from Neff, 2002)

Test Number Mean Value  Standard Maximum

of Tests (% PW) Deviation Value

Mysidopsis bahia

96h Acute Toxicity 412 10.8 10.4 86.3

Chronic Survival (NOEC) 407 3.4 5.8 50.0

Chronic Growth (NOEC) 391 24 3.6 42.0

Chronic Fecundity (NOEC) 274 2.7 3.2 25.0

Cyprinodon variegates

96h Acute Toxicity 359 19.2 14.8 >100

Chronic Survival (NOEC) 401 6.3 9.0 >100

Chronic Growth (NOEC) 395 5.2 8.1 >100

NOEC: no observed effect concentration

In a comprehensive study on the acute effects of produced water recovered from a
Scotian Shelf offshore well on the early life stages of haddock, lobster and sea
scallop in terms of survival, growth and fertilization success, Querbach et al. (2005)
noted that fed, stage I lobster larvae were the most sensitive with an observed LCsg
of 0.9%. Feeding stage haddock larvae and scallop veligers were the least sensitive
with LCs, values of 20 and 21% respectively. In terms of chronic responses, the
average size of scallop veligers was significantly reduced after exposure to produced
water concentrations >10%.

There are poorly characterized species differences in the toxicity of produced waters
to marine organisms. When bioassays were performed with two or more marine
taxa and the same sample of produced water, crustaceans were generally more
sensitive than fish (Neff, 1987; Louisiana Department of Environmental
Conservation, 1990; Jacobs and Marquenie, 1991; Terrens and Tait, 1993). Mixed
function oxigenase (MFO) enzyme activity was highly induced in the liver, gills and
heart of juvenile cod exposed to 5% produced water for 72 hours (Andrews et al.,
2007). However, no differences in mortality were observed between control and
experimental copepods (Calanus finmarchicus), a major prey species for fish in the
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northwest Atlantic, when they were exposed to 5% produced water for 48 hours
(Payne et al., 2001a).

Gamble et al. (1987) introduced produced water at a concentration equivalent to a
400 — 500 fold dilution of produced water (expected within 0.5 to 1.0 km from the
Auk and Forties platforms in the North Sea) into 300 m*® mesocosm tanks containing
natural assemblages of phytoplankton, zooplankton, and larval fish. Bacterial
biomass increased but phytoplankton production and larval fish survival were
unaffected in the produced water-dosed containers. However, early life stages of
copepods were sensitive to the produced water and suffered high mortalities. The
decrease in zooplankton abundance resulted in an increase in the standing stock of
phytoplankton and a reduction in the growth rates of the fish larvae. In other
mesocosm studies summarized by Stephenson et al. (1994), larval mollusks and
polychaete worms also were adversely affected. These mesocosm studies show that
low concentrations of produced water may have subtle effects on marine planktonic
communities. However, it should be pointed out that mesocosm studies represent
conservative, worst-case exposure scenarios, because produced water chemicals in
the mesocosm enclosures do not degrade and disappear as rapidly as they do in well-
mixed ocean environments.

5.4 Bioaccumulation and Biomarkers as Evidence of Exposure

Bioaccumulation is the uptake and retention of a bioavailable chemical from one or
more possible external sources such as water, food, substrate or air (Neff, 2002).
Marine animals near a produced water discharge may bioaccumulate metals,
phenols, and hydrocarbons from the ambient water, their food, or bottom sediments.
An attempt was made to measure bioaccumulation of four metals (arsenic, barium,
cadmium, and mercury), BTEX, phenol, and PAH by two species of bivalve
molluscs from platform legs and five species of fish collected within 100 m of
produced water discharging and non-discharging platforms in the Gulf of Mexico
(Neff et al., this volume). There was no difference in concentrations of any of the
metals, phenol, or BTEX in tissues of bivalves and fish from discharging and non-
discharging platforms. Concentrations of total PAH were low and highly variable in
tissues of the two bivalves and five species of fish from all platforms. Total PAH
concentrations were higher (usually by an order of magnitude or more) in the
mollusc tissues than in the fish tissues, probably because of the high activity of
PAH-metabolizing enzymes in fish. Total PAH concentrations were significantly
higher in tissues of one or both species of bivalves from the discharging platforms
than from the reference platforms at the time of one or both field surveys. Alkyl
naphthalenes, phenanthrenes, or dibenzothiophenes, all characteristic of petroleum
sources, were the individual PAH that were present most frequently at elevated
concentrations in bivalves from discharging platforms. Thus, there was evidence of
exposure to and bioaccumulation of PAH, but not metals, phenol, or BTEX from
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produced water by bivalves associated with the biofouling community on submerged
structures on produced water discharging platforms in the Gulf of Mexico.

Biomarkers are biochemical, physiological, or histological changes in an organism
caused by exposure to and bioaccumulation of specific chemicals in water, food, or
sediments (Forbes et al., 2006). Biomarkers usually are not direct indicators of
harmful effects caused by the exposure, but can be used as early warnings of
possible risk to the exposed organism. The most useful biomarkers respond to a
single or small group of chemical contaminants and, so, can be used as evidence of
exposure to a particular class of chemicals. For example, any of several measures of
the induction (increase in activity) of the enzyme system, cytochrome P450 mixed
function oxygenase (CYP1A or MFO), can be used as evidence of exposure to PAH,
polychlorinated biphenyls (PCB), and any of several chlorinated hydrocarbon
pesticides.

As discussed above, produced water often is a source of PAH in waters and
sediments near offshore oil and gas production facilities. Exposure to and effects of
PAH, including those in produced water, have been the focus of numerous
laboratory and field studies using endpoints based on biochemical, histopathological,
immunological, genetic, reproductive, and developmental parameters (Neff, 2002;
Payne et al., 2003).

Borseth and Tollefsen (2004) monitored bioaccumulation and biomarker responses
in mussels (Mytilus edulis) and Atlantic cod (Gadus morhua) held in cages in the
vicinity of the Troll B Platform on the Norwegian continental shelf. Cages were
deployed for six weeks both inside (500 and 1,000 m from the source) and outside
the zone of expected influence of the produced water plume. They reported that
concentrations of metals and PAH in soft tissues of the caged mussels correlated
well with distance from the discharge, with highest body burdens in mussels closest
to the platform. The PAH assemblage in mussel tissues was dominated by alkyl
homologues of naphthalene, phenanthrene, and dibenzothiophene, suggesting
exposure to PAH from the produced water discharge. Biomarker responses in the
mussels were weak, providing only equivocal evidence of exposure to produced
water chemicals.

Durell et al. (2006) and Neff et al. (2006) confirmed the results of Berseth and
Tollefsen (2004) with mussels deployed at different distances from production
platforms in the Ekofisk and Tampen fields off Norway. Concentration of total PAH,
decalins (decahydronaphthalenes), and heterocycyclic aromatic compounds
(dibenzothiophenes) in mussel tissues decreased with distance from production
platforms in the Ekofisk field (Table 17). Concentrations of total PAH in the water
were estimated from tissue residues in the mussels, and were low at all distances
from the produced water discharges. The PAH assemblage in the nearfield receiving
waters (0.5 km) was dominated by alkyl-decalins, and naphthalenes. Decalins were
lost rapidly from the water column with distance from the discharges, probably
because of their relatively high volatility (Durell et al., 2006). There were only traces
of the 4- through 5-ring PAH that are largely responsible for CYP1A induction
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(Neff, 2002). Concentrations in the water of these high molecular weight PAH did
not decrease much with distance from the discharge, probably because of deposition
of pyrogenic PAH from the atmosphere throughout the area.

Borseth and Tollefsen (2004) found no significant difference in levels of plasma
vitellogenin (an indicator of exposure to endocrine-disrupting chemicals) in male
cod from exposed and reference sites. No significant differences were detected in
ethoxyresorufin-o-deethylase (EROD) activity (biomarker of exposure to chemicals,
including PAH, that induce the cytochrome P450 mixed function oxygenase enzyme
system) in livers of fish from exposed and reference locations, indicating little or no
exposure to PAH. Levels of PAH metabolites in cod bile were low, confirming the
low level exposure to PAH. Concentrations of naphthalene metabolites in cod bile
decreased with distance from the platform, indicating that the low-level exposure to
PAH was probably from the platform‘s produced water discharge. Other biomarkers
showed little or no evidence that the cod were exposed to chemicals from the
produced water plume. The authors concluded that mussels and cod deployed near a
produced water discharge probably were exposed to low concentrations of produced
water chemicals, below levels that might represent a health risk to water-column
organisms. The low biomarker responses can be explained by the low concentrations
of PAH, particularly the higher molecular PAH that are the strongest inducers of
CYPI1A biomarkers (Durell et al., 2006; Neff et al., 2006).

Table 17 Concentrations of total PAH, decalins, and dibenzothiophenes in tissues of
mussels (Mytilus edulis) following deployment at different distances down-current
from production platforms in the Ekofisk field off Norway and estimated
concentrations of total PAH in the receiving waters based on PAH residues in
mussel tissues (from Neff et al., 2006)

Distance from PW Mussels Water
discharge (km) (ng/g dry wt) (ug/L)
0.5 8630 0.086

5 2710 0.025

10 231 0.008

20 100 0.005

90 189 0.006

As part of the Biological Effects of Contaminants in Pelagic Ecosystems
(BECPELAG) Program, bioaccumulation and several biomarkers were measured in
wild and caged marine animals along a transect away from a Statfjord platform in
the North Sea (Hylland et al., 2006). Produced water discharge is 74,100 m® per day
from three platforms in the Statfjord field (Durell et al., 2006), among the highest
discharge rates of any offshore field in the world. Ferlin and Hylland (2006)
measured hepatic EROD activity and bile metabolites in juvenile cod caged at
several distances down-current from one of the discharges. There were no significant
trends in EROD activity in male and female cod with distance from the discharge,
though there was a trend for EROD activity in female cod to increase with distance
from the discharge, a trend opposite the expected one (Figure 7). However,
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concentrations of alkyl naphthalene metabolites (alkylnaphthalenes are abundant in
produced water) in fish bile were highest in cod near the platform and decreased
with distance from the platform (Figure 8). There were no distance trends in
concentrations of other PAH metabolites in cod bile. The authors concluded that the
cod were exposed to low levels of PAH from the produced water discharges, but
exposure levels were well below those that would pose a health risk to fish living
near the platforms.

Sturve et al. (2006) exposed juvenile Atlantic cod (Gadus morhua) to North Sea oil,
nonylphenol and a combination of the North Sea oil and an alkylphenol mixture in a
flow-through system. Several hepatic biomarkers were monitored. Although
exposure to North Sea oil resulted in strong induction of CYP1A protein levels and
EROD activities, exposure to oil plus nonylphenol resulted in decreased CYP1A
levels and EROD activities. Thus, nonylphenol appeared to down-regulate CYP1A
expression in Atlantic cod. Meier et al. (2007, 2010) described the effects of
produced water and alkylphenols (AP) on early life stages and the reproductive
potential of first-time spawning Atlantic cod. Cod were fed with feed paste
containing a mixture of four reference alkylphenols, at a range of concentrations for
either 1 or 5 weeks. The AP-exposed female fish had impaired oocyte development,
reduced estrogen levels, and an estimated delay in the time of spawning of 17-28
days. Male AP-exposed fish had impaired testicular development, with an increase
in the amount of spermatogonia and a reduction in the amount of spermatozoa
present. Meier et al. (2007) concluded, based on the results of these laboratory
studies, that AP associated with a produced water discharge may have a negative
influence on the overall reproductive fitness of cod populations.

Abrahamson et al. (2008) exposed juvenile cod for two weeks in the laboratory to
several concentrations of produced water from the Oseberg C platform in the
Norwegian North Sea. There was a dose-related increase in gill EROD activity in the
fish. However, when cod were caged for six weeks at 0.5 to 10 km from the Troll B
and Statfjord B platforms, gill EROD activity was low in all fish and there was not a
clear gradient of decreasing activity with increasing distance from the discharge.
Thus, the concentration of higher molecular weight PAH in the produced water
plume usually is not high enough at 0.5 to 1.0 km from North Sea produced water
discharges to induce hepatic and gill EROD activity.

Elevated CYP1A enzyme activity has been observed in fish larvae collected
downstream of the Hibernia field (Payne et al., 2003). However, induction may be
occurring only near the platform site with the induced larvae being transported
downstream by currents. Petro-Canada and Husky Energy have performed
biomarker studies with American plaice (Hippoclossoides platessoides) collected in
the vicinity of the Terra Nova and the White Rose offshore developments on the
Grand Banks of Newfoundland (DeBlois et al., 2005; Husky Energy, 2005; Mathieu
et al., this volume). These studies showed that the overall health of the American
plaice collected in the vicinity of Terra Nova and White Rose was similar to the
health of American plaice collected at distant reference sites. American plaice are
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demersal (bottom-living) fish and may not have been exposed to the produced water
plume in the upper water column.

Meier et al. (2010) exposed cod to produced water during the embryonic, early
larval (up to 3 months of age), or the early juvenile stages (from 3 to 6 months of
age). Alkylphenols bioconcentrated in fish tissue in a dose and developmental stage
dependent manner during produced water exposure. However, juveniles appeared
able to effectively metabolize the short chain APs. However, exposure to produced
water had no effect on embryo survival or hatching success. However, 1% produced
water, but not 0.01 or 0.1%, interfered with development of normal larval
pigmentation. After hatching, most of the larvae exposed to 1% produced water
failed to begin feeding and died of starvation. This inability to feed was linked to an
increased incidence of jaw deformities in exposed larvae. Cod exposed to 1%
produced water, had significantly higher levels of the biomarkers, vitellogenin and
CYPI1A, in plasma and liver, respectively.

Hamoutene et al. (this volume) investigated the effects of produced water on cod
immunity, feeding, and general metabolism by exposing fish to diluted produced
water at concentrations of 0, 100 and 200 ppm for 76 days. No significant
differences were observed in weight gain or food intake. Similarly, serum
metabolites, whole blood fatty acid percentages, and mRNA expression of a brain
appetite-regulating factor (cocaine and amphetamine regulated transcript) remained
unchanged between groups. Other than an irritant-induced alteration in gill cells
found in treated cod, resting immunity and stress response were not affected by
produced water. Catalase and lactate dehydrogenase changes in activities were
recorded in livers but not in gills, suggesting an effect on oxidative metabolism
subsequent to hepatic detoxification processes. To evaluate potential effects of
produced water discharges on cod immunity, fish from the three groups were
challenged by injection of Aeromonas salmonicida lipopolysaccharides (LPS) at the
end of exposure. LPS injection affected respiratory burst activity of head-kidney
cells, and circulating white blood cell ratios, and increased serum cortisol in all
groups. The most pronounced changes were seen in the group exposed to the
highest dose of produced water (200 ppm).

In a followup study, Pérez-Casanva et al. (2010) reported that chronic exposure of
juvenile cod to produced water had no significant effects on growth, hepatosomatic
index, condition factor or plasma cortisol. The immune response of respiratory burst
(RB) of circulating leukocytes was significantly elevated and the RB of head—kidney
leukocytes was significantly decreased during exposure to low concentrations of
produced water There also was a significant up-regulation of the mRNA expression
of B-2-microglobulin, immunoglobulin-M light chain, and interleukins-1p and —8,
and down-regulation of interferon stimulated gene 15 at slightly higher exposure
concentrations. However, because toxic effects are directly linked to dosage and
exposure time, the ecological significance of laboratory biomarker studies is
questionable. Factors such as fish movement and contaminant uptake/elimination are
not taken into account and alkylphenol concentrations in seawater near platforms
usually are below the limits of detection.
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Andrews et al. (this volume) conducted chronic toxicity studies on adult cunner
(Tautogolabrus adspersus) and juvenile cod (Gadus morhua) exposed to produced
water from the Hibernia field on the Grand Banks. The health effect indicators
studied included fish and organ condition, visible skin and organ lesions, levels of
MFO enzymes, haematology (differential white blood cell counts), a variety of
histological indices in liver and gills and vitellogenin - a biomarker for “estrogenic”
endocrine disruption. The fish were dosed every 2-3 days for 6-8 h with 1-2 parts-
per-thousand of produced water. Exposures were carried out for a 3-month period.
No changes in various indices were noted with the exception of red and white pulp
in the spleen which is associated with red and white blood cells respectively.
Lymphocyte levels also were depressed in the blood (Payne et al., 2005). Similar
results were obtained with juvenile cod, except that haematological effects were not
observed in cod. However, elevated levels of MFO and vitellogenin were recorded
in the exposed fish (Payne et al., 2005).

Gagnon (this volume) and Codi King et al. (this volume) performed similar studies
with tropical fish in the vicinity of offshore production platforms on the Northwest
Shelf of Australia. Gagnon (this volume) collected three species of fish from surface
waters near three production platforms or FPSOs discharging large volumes of
produced water and measured several physiological parameters and biomarkers in
the fish. Condition factor was slightly reduced in fish from one platform and liver
somatic index was elevated in fish captured at two of the platforms. EROD activity
and incidence of DNA damage were high at one facility discharging high volumes of
produced water. Stress proteins HSP70 were elevated in fish collected at all three
facilities. High concentrations of naphthalene and pyrene metabolites were detected
in the bile of fish collected at all three facilities. Gagnon (this volume) concluded
that the chemical composition and discharge rate of produced water affected the
biological responses observed in resident fish.

Codi King et al. (this volume) deployed juvenile Spanish flag snapper (Lutjanus
carponotatus) in cages for ten days at ~200 m, ~1000m, and a distant reference
location from a platform on the Northwest Shelf of Australia. The produced water
contained 10-14 ppm monocyclic aromatic hydrocarbons, about 2.6 ppm phenol and
C;- and C,-phenols, and about 1 ppm total PAH, mostly naphthalenes and
phenanthrenes. None of these chemicals were detected in bulk water samples
collected from the deployment sites; however, low concentrations of several PAH
were detected in SPMDs deployed for ten days with the fish cages. A large number
of biomarkers were evaluated for evidence of response to chemicals in the produced
water. Bile metabolites, CYPIA, CYP2K- and CYP2M-like protein, and liver
histopathology provided evidence of exposure and effects after 10 days at the two
sites near the platform, in comparison to results for fish at the reference site.
Hepatosomatic index, cholinesterase, and total cytochrome P450 were not
significantly different in fish from the three sites, whereas EROD activity was
inconclusive. Principal component analysis (PCA) validated that the most useful
diagnostic tools for assessing exposure to, and effects of exposure to produced water
in snapper were the CYP proteins.
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Payne et al. (this volume) studied the toxicity to cunner of particulate barite (BaSOy)
that forms when produced water containing a high concentration of dissolved barium
mixes with seawater, rich in inorganic sulfate (Trefry and Trocine, this volume).
Cunner were exposed on a weekly basis for 40 weeks to 200 g “clouds” of
microparticulate barite in a 1,800-L tank (nominal concentration, 111 mg/L BaSO,,
compared to a seawater solubility of 0.08 mg/L). Barite that accumulated on the
bottom of the tank was not removed. Fish survival and indices of fish health, as
assessed by fish and organ condition as well as detailed histological studies on liver,
gill and kidney tissue did not differ between control and experimental groups.
However, slightly elevated activity of EROD was observed in the exposed fish. The
cause of the induction is not known.

A preliminary study was performed with scallops. The scallops were exposed to
2000 ppm produced water from the Hibernia field every 2-days for a period of ~ 4
months. No differences in mortality or condition indices were observed between the
control and exposed groups. A similar long-term study with mussels found no effect
of produced water on mortality (J. Payne, DFO — personnel communication).

6 Ecological Risk of Produced Water Discharges

The toxicity and ecological effects of a complex chemical mixture, such as produced
water, to marine organisms and communities is a product of its chemical
composition, environmental fates of each component in the mixture, and the relative
toxicities of each component and its degradation products. Increasingly complex
and sophisticated fate and effects models, such as DREAM, are being developed to
predict the long-term effects and ecological risks of produced water discharges to
different marine environments (Reed and Rye, this volume). Risk assessments can
be performed with the DREAM model by two approaches: 1) a dose-effect risk
assessment model, in which the dose is measured as the concentration of each
component in the ambient water or tissues of the target marine animals, and 2) the
determination of an environmental impact factor (EIF). The assessment is based on
the ratio of the predicted environmental concentration (PEC) to a predicted no-effect
concentration (PNEC), known as the PEC/PNEC ratio (Karman and Reerink, 1998).
This can be followed up with the calculation of an environmental impact factor
(EIF) to be used for produced water impact reduction, management and regulation
(Johnsen and Frost, this volume). The EIF is a measure of the volume of seawater
that contains high enough concentrations of produced water chemicals to exceed a
pre-determined risk criterion. The EIF provides a regional-scale, quantitative
estimate of the potential ecological risks to marine organisms of produced water
discharges (Johnsen et al., 2000).

The Norwegian oil and gas industry advocates ecological risk assessment as the
basis for managing produced water discharges to the North Sea. Neff et al. (2006)
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compared estimates of ecological risks of PAH from produced water to water-
column communities based on data on hydrocarbon residues in soft tissues of blue
mussels deployed for a month near offshore platforms and based on predictions of
the DREAM model. The study was performed near produced water discharges to the
Tampen and Ekofisk regions of the Norwegian Sector of the North Sea. Because
PAH are considered the most important contributors to the ecological hazard posed
by produced water discharges, comparisons focused on this group of compounds.

In the DREAM model, predicted environmental concentrations (PECs) for three
PAH fractions were estimated in the three-dimensional area around the produced
water discharge. Predicted no effects concentrations (PNECs) for each fraction were
based on the chronic toxicity of a representative PAH from each fraction divided by
an application factor to account for uncertainty in the chronic toxicity value. The risk
characterization ratio (RCR) is the sum of the ratios of PEC estimated by the
DREAM to the PNEC for several PAH groups (Figure 9). The hazard index (HI) is
the sum of the ratios of the measured concentrations of individual PAH in the water
to an equilibrium partitioning/toxicity-based PNEC value for each target PAH. A
risk value of 1 or higher indicates a possible risk to the health of marine organisms
from the site.

The deployed mussel approach is based on PECs of individual PAH, estimated from
PAH residues in mussels that had been deployed at different distances from
produced water discharges, and PNECs based on a K, regression model. The
mussel method gave much lower estimates of ecological risk than the DREAM
method (Figure 9). The differences are caused by the much lower PNECs used in
DREAM than derived from the regression model, and by the lower concentrations of
aqueous PAH predicted by DREAM than estimated from PAH residues in mussel
tissues. However, the two methods rank stations at different distances from
produced water discharges in the same order and both identify two- and three-ring
PAH as the main contributors to the ecological risk of PAH in produced water
discharges. Neither method identifies a significant ecological risk of PAH in the
upper water column of the oil fields. The DREAM model may produce an overly
conservative estimate of ecological risk of produced water discharges to the North
Sea, because of the extremely conservative PNEC values for PAH fractions.

Myhre et al. (2004) have studied the reproductive effects of alkylphenols (APs) on
fish stocks in the North Sea using the DREAM model. The fish stock distributions
(cod, saithe and haddock, from the international bottom trawl surveys (IBTS)
database) and a PNEC for APs of 4 ng/L were used as the basis data for the
calculations of effects from the combined produced water discharges from three
major Norwegian oil fields (Tampen, Ekofisk and Sleipner). The total amount of
APs>C, discharged from all the oil installations was estimated to be 25.6 kg per day,
dissolved in 364,300 m*/day of produced water (~7 pg/L total >C,-APs). DREAM
predicted that none of the fish accumulated APs to concentrations above the critical
body burden of 2 ug/kg in any of the simulations. The highest accumulated body
burden in any of the fish was 0.09 pg/kg. Myhre et al. (2004) concluded that the
overall results of the simulations with DREAM show that there is not a significant
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ecological risk from >C,-alkylphenols in produced water discharges to the
Norwegian North Sea.

The accuracy of contaminant risk assessment models is dependent on the
identification and quantification of the various chemicals that induce the toxic
effects. Unfortunately, the causative agents of toxicity in the most toxic produced
waters are not known. Toxic responses may be linked to the extremely high total
dissolved solids (salinity) concentrations, altered ratios of major seawater ions, and
elevated concentrations of ammonia in some Gulf of Mexico produced waters
(Moffitt et al., 1992). Salinity and ion ratios quickly return to those in seawater
following ocean discharge of produced water and ammonia evaporates or degrades
rapidly. Thus, these contaminants of concern within the produced water discharge
stream rarely cause acute toxicity responses in the field.

Bacteria have very short generation times and respond rapidly to environmental
changes. Because bacteria are involved in primary production processes including
the production of organic carbon, nutrient cycling and the biodegradation and
biotransformation of contaminants, their use has been recommended for
environmental effects monitoring programs (Lee and Tay, 1998; Wells et al., 1998).
Studies (Anderson et al., 2000; Lee et al., this volume) with naturally occurring
bacteria have indicated the potential for produced water to both inhibit (short term
exposure at high concentrations) and enhance bacterial growth (lower concentrations
over an extended period).

Chemical reactions that occur following the release of hypoxic produced water into
well-oxygenated open ocean water alter the toxicity of produced water over time
following its discharge (Lee et al., 2005a; Binet et al., this volume). The significance
of this process is clearly illustrated in controlled dose-response experiments using
natural microbial populations as the test organisms (Figure 10). A typical toxicity
dose-response curve (initial increase in productivity at low concentrations of
produced water due to addition of nutrients, followed by inhibition above a threshold
value) is observed with fresh produced water. However, following aeration for 44
hours (to simulate equilibration in the ocean following discharge) additions of the
produced water over the same concentration gradient elicited a stimulatory response.
The difference is attributed to the loss of low molecular weight hydrocarbons,
precipitation of redox- or sulfate-sensitive metals, such as barium, iron, and
manganese that sequester toxic metals, and photo oxidation of some organic
produced water chemicals. The results summarized in Figure 10 imply that accurate
comparisons of toxicological studies with similar end-points (e.g., LCsp) cannot be
made unless sample collection, handling, and storage protocols are standardized
prior to toxicity testing.

In a modeling study to assess potential perturbations in food web structure and
energy flow due to the discharge of produced water, Rivkin et al. (2000) predicted
significant increases in productivity and sedimentation fluxes over large spatial
domains in response to ammonia and dissolved organic carbon from produced water.
However, at current discharge rates, the effects of produced water discharges may be
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limited. Yeung et al. (this volume) monitored changes in indigenous microbial
community structure in response to produced water discharges from an offshore
platform on the Grand Banks of Canada by denaturing gradient gel electrophoresis
(DGGE). The DGGE results showed that the produced water did not have a
detectable effect on microbial community structure in the surrounding water.
Cluster analysis showed a >90% similarity for all near surface water (2 m) samples,
~86% similarity for all the 50 m and near bottom (NB) samples, and ~78% similarity
for the whole water column from top to bottom across a 50 km range, based on two
consecutive yearly sampling events. However, there were clear differences in the
composition of the bacterial communities within the produced water compared to
seawater near the production platform (~50% similar), indicating that the effect of
produced water may be restricted to the region immediately adjacent to the platform.
Members of the genus Thermoanaerobacter and of the Archaca genera
Thermococcus and Archaeoglobus were identified as significant components of the
produced water. These particular signature microorganisms could become useful
markers to monitor the dispersion of produced water into the surrounding ocean.

7 Environmental Effects Monitoring and Research Needs

This overview has highlighted our advances in scientific knowledge, during the past
decade regarding the composition, environmental fate and biological effects of
produced water discharges to the ocean.

The principal alternative to ocean discharge of treated produced water is
underground injection. However, the feasibility of this practice at offshore
installations is dependent on a number of site-specific factors including access to a
suitable disposal geologic formation, chemical interactions that may result in
precipitates that may plug the receiving formation, and cost. Furthermore, the net
environmental benefit of reinjection must be considered. On the basis of energy
requirements, it is estimated that 2.6-4.3 g of CO, emissions are produced for each
liter of produced water reinjected into a sub-surface well (Shaw et al., 1999).

The general consensus of the 2007 International Produced Water Conference (St.
John’s, Newfoundland, Canada) was that any effects of produced water on
individual development sites in the open ocean are likely to be minor. The toxicity
threshold limits for acute effects are not likely to occur beyond the immediate
vicinity of the discharge pipe due to the effectiveness of natural dispersion processes
driven by tides and currents. However, unresolved questions regarding aspects of
produced water composition and its fate and potential effects on the ecosystem
remain. The chronic effects on important marine communities may become evident
only after monitoring several life stages, generations of keystone species, or long-
term ecological effects. It is important to acknowledge the consequences of long-
term effects from offshore oil and gas facilities that may have a 15-20 year life-
cycle. Furthermore, cumulative effects linked to future expansion of production
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operations must be considered. It is evident that additional information is needed to
improve the accuracy of existing risk assessment models for produced water
discharge. Multidisciplinary scientific studies are needed under an ecosystem based
management (EBM) approach to provide information on the environmental fates
(dispersion, precipitation, biological and abiotic transformation) and effects of
chronic, low-level exposures of the different chemicals in produced water.

Numerical models need to be improved to better predict the fate and effects of
chemical constituents in produced water plumes that are rapidly dispersed. There is a
need to develop improved sample recovery and analytical techniques to support
model validation needs. At present, many of the potential contaminants of concern in
produced water cannot be detected in the open ocean environment with standard
analytical protocols. The future development of high efficiency, cost-effective
produced water treatment technologies is dependent on the identification and
monitoring of the primary target constituents of environmental concern (e.g. PAH,
phenols, naphthenic acids, metals) in produced water and the produced water plume.

Interpretation of ecological risk from biological effects studies based on biomarker
techniques remains a challenge. Biomarkers may be used to indicate that: 1) an
organism has been exposed to a specific chemical or group of chemicals, 2) an
organism is affected by a contaminant and is responding to it, 3) the organism has
been injured. However, as discussed by Gray (2002) in an editorial comment
entitled, “Perceived and real risks: Produced Water from oil extraction,” the question
is, “What is the risk to populations in the field?”

For a comprehensive protection plan, there is a need to support the development of
improved monitoring protocols to provide early warning of any potential problems
related to sediment and water quality (such as primary productivity), fish quality,
and fish health. Development of real-time monitoring systems (contaminant-specific
sensors and data transfer technologies) will enhance our capacity to manage the
ocean and its living resources. In consideration of natural perturbations currently
occurring within the ocean (climate change, for instance) and the impacts potentially
associated with other users of the oceans (marine transport, fisheries, etc.), an
ecosystem based integrated management approach must be taken to fully evaluate
the risks of produced water discharge into the oceans.
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Figure Captions

Fig. 1 Concentrations of individual PAH in produced water from two production
facilities in the U.S. Gulf of Mexico (based on data in Neff et al., this volume)
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Fig. 2 Concentrations of phenol and C1- through C9-alkylphenol congener groups
in produced water discharged from three production facilities on the Norwegian
outer continental shelf (data from Boitsov et al., 2007)

Fig. 3 Mean concentrations of total petroleum hydrocarbons (TPH) in produced
water discharged offshore in several regions of the world, based on reports to OGP
(2004) — no data were available for the former Soviet Union

Fig. 4 Diagram of the processes governing the physical, chemical, and biological
behavior of target chemicals from produced water in DREAM (Reed and Rye, this
volume)

Fig. 5 Concentrations (ng/L = parts per trillion) of three PAH fractions in surface
waters at five distances down-current from production facilities in the Ekofisk
field in the Norwegian North Sea, based on measured concentrations in tissues of
deployed mussels and predictions of the DREAM model; concentrations in water
at R2 are considered background for the southern North Sea (data from Durell et
al., 2006, and Neff et al., 2006)

Fig. 6 Time series of modeled (DREAM) total PAH (naphthalenes through 5-ring
PAH) concentrations at Station S4 and Station S6, 0.5 and 5 km downcurrent,
respectively from a produced water discharge in the Ekofisk Field (from Durell et
al., 2006)

Fig. 7 Hepatic EROD activity in juvenile cod after five to six weeks deployment
in cages at different distances from production platforms in the Statfjord oil field
in the North Sea (from Forlin and Hylland, 2006)

Fig. 8 Alkylnaphthalene metabolite concentrations in the bile of cod deployed for
five to six weeks in cages at different distances from production platforms in
Statfjord oil field (from Ferlin and Hylland, 2006)

Fig. 9 Risk characterization ratios (RCRs) and hazard indices (HIs) for total
polycyclic aromatic hydrocarbons (PAHs) at different distances from produced
water discharges in the Ekofisk field in the North Sea; stations are identified in the
x-axis by their distance (km) and direction (U = up-current; D = down-current; P =
parallel to) relative to the nearest produced water discharge (Neff et al., 2006)

Fig. 10 Toxicity dose-response data illustrating the effect of produced water
recovered from the Terra Nova FPSO, the Grand Banks, on microbial productivity
in natural seawater (measured by *H-thymidine uptake into DNA); identical
samples were evaluated under identical conditions, immediately after collection
(Fresh) and after aeration (Aerated) for 44 hours (Lee et al., 2005)
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Figure 1. Concentrations of individual PAH in produced water from two production
facilities in the U.S. Gulf of Mexico. Based on data in Neff et al. (this volume).
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concern is linked to effects of produced water. Alkylphenols (AP) and polyaromatic hydrocarbons (PAH)
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1. Introduction

Offshore oil and gas activities have been established on the
Norwegian Continental Shelf (NCS) over the past 40 years. At pre-
sent about 65 oil and gas producing fields are in operation and the
number is increasing. In 2012 the total Norwegian production of oil
and gas was 226 million standard cubic meters of oil equivalents
(Sm>oe), 39% of which was oil (Norwegian Oil and Gas, 2013).

Environmental pressures from offshore oil and gas operations
are greatest in the North Sea (NS), but there are also high activities
in the Norwegian Sea and the Barents Sea. The NS is probably the
most studied offshore oil and gas production area in the world.
Formation water brought up with the hydrocarbons (produced
water, PW) and rock cuttings from drilling (drill cuttings) are the
major sources of contaminants entering the sea from regular

* Corresponding author.
E-mail address: torgeir.bakke@niva.no (T. Bakke).

operations. Drilling waste and PW are cleaned by various physical
means before discharge and regulations put strict limits on levels of
contaminants which can be discharged to the sea. Also reinjection
has been used to reduce overall discharges for many years.
Displacement and drain water are also discharged, but the total
amount of contaminants discharged is relatively low compared to
the other two sources. Accidental spills of oil and chemicals can
arise during operation. In 2012 totally 122 small incidents were
reported with a total oil discharge of 16 m>. Acute spills of chem-
icals have been stable at 100—150 incidents per year on the NCS
over the past decade (Norwegian Oil and Gas, 2013). Large chemical
spills in 2007, 2009 and 2010 came from leakages from injection
wells. No leakage has occurred after that due to technical im-
provements (Norwegian Oil and Gas, 2013).

Until the mid 1990s the discharge of cuttings with oil based
drilling mud (OBM cuttings) was the main source of oil hydrocar-
bons entering the marine environment from the offshore petro-
leum industry in the NS. The average annual discharge of oil on
cuttings to the NCS for the period 1981—-1986 was 1940 tons
(Reiersen et al., 1989). This source was gradually eliminated by
regulation, in 1993 in Norway and in 1996 and 2000 within the
OSPAR region (OSPAR Commission, 2000). Concurrently oil

0141-1136 © 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY license
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discharged with PW on the NCS has increased and amounted to
1535 tons in 2012 (Norwegian Oil and Gas, 2013) i.e. almost at level
with the former peak discharges of oil on cuttings. This is primarily
due to an increase in overall PW volumes due to well ageing and
rising number of producing fields.

One of the main objectives of environmental monitoring is to
assess if discharge regulations are sufficiently protective. The his-
tory of sediment monitoring on the NCS has demonstrated that
detection of unexpected ecological effects alone has led to stricter
discharge legislation. The most conspicuous example is the iden-
tification in the early 1990’s of much larger areas with fauna effects
from OBM cuttings discharges than previously known (Gray et al.,
1990), leading to the prohibition of such discharges by OSPAR in
1996 (Gray et al., 1999). Extensive experimental and field studies
have later been made to assess the ecological effects of the dis-
charges. This review summarizes the findings of a large, Norwegian
research program' which combines experimental research and in
situ monitoring on the NCS to address the likelihood of population
and ecosystem effects from operational discharges of PW and drill
cuttings. The concern and focus of the program is very much on PW
since the potential environmental effects are less clearly under-
stood than for drilling waste.

2. Produced water

PW is water from the formation produced along with oil or gas.
It may sometimes also contain injection water and condensation
water. The composition and characteristics of naturally-occurring
chemical substances in PW are closely coupled to the geological
characteristics of each reservoir. The composition of PW is complex
and can comprise several thousand compounds that vary in con-
centration between wells and over the lifetime of a well. Dispersed
oil, aromatic hydrocarbons and alkylphenols (AP), heavy metals,
and naturally occurring radioactive material (NORM) are of
particular environmental concern (Neff et al., 2011). PW can also
contain large amounts of organic material, particles, inorganic salts,
and low molecular weight organic acids like acetic acid and pro-
pionic acid, and can have high levels of sulfur and sulphide.
Furthermore, injected water following PW can bring traces of
added chemicals such as biocides, corrosion inhibitors, scale in-
hibitors, emulsion breakers, coagulants/flocculants and oxygen
scavengers to the surface (Johnsen et al., 2004; Neff, 2002). Sulfate
reducing bacteria may also be present in PW (Kaur et al., 2009). The
large overall discharge volumes, the complex content of partially
hazardous chemicals, and the lack of knowledge on possible long
term ecological impact has made PW discharges the strongest
target for concern and research in recent years.

2.1. Discharges

Summary reports on emission and discharge data for the NCS
are published annually by the Norwegian Oil and Gas Association
(http://www.norskoljeoggass.no/) based on separate reports from
all oil and gas installations. In 2012 about 130 million cubic meters
(m?) of PW were discharged to the NCS. The highest average daily
discharge from a single field was 76 700 m>. Since 2007 the OSPAR
regulation has required that dispersed oil in PW discharges shall
not exceed a performance standard of 30 mg L' (OSPAR
Commission, 2001). In 2012 the average oil concentration in Nor-
wegian PW discharges was 11.7 mg L™, Currently used cleaning

1 PROOF/PROOFNY: Long-term effects of discharges to the sea from petroleum-
related activities. A program under The Research Council of Norway (2002—-2015).

equipment seems able to reduce the levels to less than 5 mg L~}
(Voldum et al., 2008).

2.2. Composition

Monocyclic aromatic hydrocarbons (BTEX: benzene, toluene,
ethyl benzene, xylenes), polycyclic aromatic hydrocarbons (PAH),
and related heterocyclic aromatic compounds are considered major
toxicants in PW (AMAP, 2010; Neff et al., 2011). A compilation of
data from field specific discharge reports for 2012 shows that the
average BTEX concentrations in PW on NCS installations varied
between 2 and 58 mg L~! (http://www.norskoljeoggass.no/no/
Publikasjoner/Miljorapporter/Miljorapport-2013/Feltspesifikke-
utslippsrapporter-20121/). The variation in concentrations was
0.4-6.7 mg L' for 2- and 3-ring aromatic hydrocarbons (NPD:
naphthalene, phenanthrene, dibenzothiophene and their C;—Cs
alkylated homologs) and 0.4—12 pg L~! for 4- to 6-ring PAH (sum
benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, ben-
zo(k)fluoranthene benzo(ghi)perylene, chrysene, dibenzo(a,h)
anthracene, fluoranthene, indeno(1,2,3-cd)pyrene, pyrene).

BTEX are rarely included when considering the effects of PW
since they evaporate rapidly from seawater (Neff, 2002; Neff et al.,
2011; Terrens and Tait, 1996). However, for organisms in close
contact with discharge points one cannot totally exclude subtle
biological effects caused by chronic exposure to BTEX over a longer
period. More concern has been expressed due to discharges of 2—6
ring PAHs. PAH constitute a diverse class of hydrophobic substances
that are ubiquitous environmental contaminants (Harvey, 1997).
Some PAH are known to be potent carcinogens and this class of
contaminants is therefore given high priority for environmental
pollution regulation and in risk assessment of industrial discharges.
Ecotoxicological issues related to PAH have been investigated in
detail for many years and have been reported in a high number of
scientific papers and reviews. PAHs may cause e.g. DNA damage
(Aas et al.,, 2000a) oxidative stress (Sturve et al., 2006), cardiac
function defects (Incardona et al., 2004), or embryotoxicity (Carls
et al., 2008). Fish growth may be affected by aryl hydrocarbon re-
ceptor (AhR) agonists such as PAHs (Carls et al., 2005). Some PAHs
may form DNA adducts and neoplasia in fish liver through meta-
bolic intermediates (Myers et al., 1991). A recent overview of bio-
logical effects of aromatic hydrocarbons and oil hydrocarbons has
been published by AMAP (2010).

Alkyl phenols (AP) have created the greatest concern due to
their documented hormone-disrupting effects (e.g. Arukwe et al.,
2000, 2001; Nimrod and Benson, 1996; Soto et al., 1991). Phenol
and AP are both hazardous and toxic and can cause a range of
biological effects (Priatna et al., 1994). In 2012 the total amount of
phenol and C;—Cg AP discharged on the NCS was 206 and 316 tons
respectively. Naphthenic acids, another constituent of PW, have
been reported to function as xeno-estrogens (Thomas et al., 2009).
In 2012 the total amount of naphtenic acids discharged was 96 tons.
In 2012 concentration of phenol in PW discharged from different
installations on the NCS varied between 0.004 and 41 mg L~! and
for C;—Cg AP between 0.1 and 23 mg L1 C;—C3 APs dominate, with
lower levels of C4—Cg AP and very low levels of C;—Cg AP. Other
publications have shown that concentrations of total AP typically
vary between 0.6 and 10 mg L~! with phenol plus C;—Cs APs
constituting more than 95% (Boitsov et al., 2007; Brendehaug et al.,
1992; Ree, 1998; Utvik, 1999).

Metals in PW include arsenic, cadmium, copper, chromium,
lead, mercury, nickel and zinc. In the 2012 reports for all PW
discharges on the NCS (http://www.norskoljeoggass.no/no/
Publikasjoner/Miljorapporter/Miljorapport-2013/Feltspesifikke-
utslippsrapporter-20121/) the highest levels of lead, mercury and
zinc were more than a factor 1000, and arsenic and cadmium
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more than a factor 100 above Norwegian coastal water back-
ground levels. The highest concentration reported for arsenic,
cadmium, copper, and lead was from one low volume PW source
from a gas and condensate field. If these values are excluded the
levels of all metals except mercury were a factor <100 above
naturally levels in seawater. Barium and iron are also exceeding
background concentrations in seawater (by a factor more than
1000). In 2012 the concentration range for barium was 0.0017—
1100 mg L~ ! and for iron 0.8—75 mg L~'. The highest values are far
above the solubility of these elements in seawater. Dilution and
chemical processes will reduce the concentration of inorganic
elements rapidly when entering the sea. Barium and iron are
redox-sensitive and may precipitate upon discharge (Azetsu-Scott
et al,, 2007; Lee et al.,, 2005). Barium will precipitate as barium
sulfate and iron as oxide/hydroxide. Such processes may also in-
fluence the behavior of other metals, e.g. by co-precipitation. The
study by Azetsu-Scott et al. (2007) indicated three different
pathways for inorganic elements: components that 1) stayed in
solution would dilute along with the PW plume, 2) oxidize/pre-
cipitate to form insoluble inorganic compounds that would sink,
3) associate with oil droplets that are lighter than seawater and
rise to the surface. There are a range of biogeochemical processes
affecting the behavior and fate of inorganic elements in seawater,
the treatment of which goes beyond this review. Monitoring
studies on the NCS have only found elevated levels of trace metals
in sediments collected close to the installations. This is primarily
due to discharges of drill cuttings. There is no indication that the
levels of trace metals in fish and shellfish collected close to
offshore installations are significantly above natural background
concentrations.

The most abundant NORM elements in PW are radium-226 and
radium-228. PW from different installations and areas on the NCS
contain low and varying levels of these elements (Gaifvert et al.,
2007). Monitoring studies carried out at NCS fields have not seen
any evidence for increased environmental concentrations of
radium-226 (seawater, sediments, biota) caused by PW discharges.

The chemical composition of PW from the NCS has been
described in many scientific papers (e.g. Durell et al., 2006; Johnsen
et al., 2004; Lee et al., 2005; Neff et al., 2011; Utvik, 1999; Utvik
et al., 1999). These studies show high variability in PW composi-
tion from different fields. Utvik et al. (1999) found that there was no
correlation between the total hydrocarbon content (THC, present
regulatory standard), and the content of aromatic compounds in
PW. The toxicity of PW may be influenced by chemical partitioning
and kinetics following discharge (Lee et al., 2005). Consequently,
the effects of PW discharges cannot be inferred from regulatory
compliance of THC alone, but must be based on field-specific and
detailed chemical characterization of each PW effluent. This large
variability also makes it difficult to generalize about dose-
dependent biological effects of particular effluents.

2.3. Measurement of environmental levels of contaminants

It is difficult to quantify environmental concentrations of PW
compounds by direct extraction with organic solvents or using
absorbents, as the discharge is rapidly diluted in the receiving
seawater. Various passive sampling devices have therefore been
developed to provide unattended large-volume and time-
integrated sampling (see review by e.g. Namiesnik et al., 2005).
Back-calculation from sampler to seawater concentrations is un-
certain, but reliability of the method has been greatly improved by
use of performance reference compounds (PRC) (Booij et al., 2002;
Huckins et al., 2002).

Harman et al. (2008a, 2008b) used a flow-through exposure
system to test the uptake of APs and PAHs from seawater in SPMDs

(semi-permeable membrane devices) and POCIS (polar organic
chemical integrated sampler) spiked with PRCs. SPMDs were found
suitable to determine in situ seawater concentrations of PAHs, but
were not appropriate for extraction of more polar compounds such
as APs. The POCIS extracted APs more effectively except for some
C4—Cg APs. The absence of these compounds was explained by a
combination of their hydrophobic nature and rapid degradation of
the n-alkylphenols. The POCIS did not provide reproducible results
for low concentrations of phenol and C;-AP due to their volatility
and the presence of background contamination. Despite these
limitations, the authors concluded that the combined application of
SPMD and POCIS samplers improves the detection limits for PAHs
and APs in seawater compared to older methods. Harman et al.
(2009b) reported levels of total PAH between 32 and 49 ng L~!
(SPMD) and total APs between 20 and 55 ng L~ (POCIS) out to a
distance of 1 km from a NS offshore installation. By use of SPMDs
and caged mussels Durell et al. (2006) estimated seawater levels of
total PAH in the range 5—37 ng L~! within 1 km distance from the
same NS installation.

Results from field and laboratory studies have shown that levels
of APs in fish muscle and liver tissue are very low, often below
detection. One reason is that both PAHs and APs are rapidly
metabolized by vertebrates. Analysis of tissue concentrations of
parent compounds is therefore of limited value when assessing
exposure to PW contaminants in fish around rigs. Since the early
1980s analysis of PAH metabolites in fish bile has been used to
assess exposure to PAHs (e.g. Aas et al., 2000b; Krahn et al., 1986;
McDonald et al., 1995). Sundt et al. (2009) used radio-labeled APs
to demonstrate that the concentrations of APs in liver were low
whereas AP metabolites were mainly present in the bile. Reviews of
methods to determine contaminant metabolites in fish bile have
recently been published; for PAH by Beyer et al. (2010) and for APs
by Beyer et al. (2011, 2012).

Quantitative analysis of PAH and AP metabolites in bile is useful
in integrated monitoring systems as it indicates both chemical
contamination and a biological response. The relationship between
exposure to PW or oil and levels of PAH and AP metabolites in bile
has been studied in several laboratory experiments with Atlantic
cod (Gadus morhua) (Grung et al., 2009; Skadsheim et al., 2009) and
other fish species (Jonsson and Bjorkblom, 2011). Grung et al.
(2009) found a dose and lipophilicity dependent relationship of
bile metabolite levels of specific PAHs and APs in Atlantic cod
exposed to seawater containing a simulated PW mixture for 2 and 8
months. The relationship was stronger in fish exposed to PW
compounds in the water than in the diet, and less clear for the more
volatile substances such as phenol and naphthalene. Most of the
compounds were detected as monohydroxy-metabolites. Sundt
et al. (2009) found that the bioconcentration of four radio-labeled
APs in Atlantic cod was ten times higher from water-borne expo-
sure (8 ng L~!) than from absorption through the gut wall following
food-borne exposure (5 pg kg~1). Skadsheim et al. (2009) and
Jonsson and Bjorkblom (2011) found that PAH metabolites in
different fish species exposed to dispersed crude oil correlated both
with exposure parameters (PAHs and THC) and effects (DNA
adducts).

Sundt and Bjorkblom (2011) detected elevated levels of AP
metabolites in the bile of Atlantic cod exposed to 0.125% PW. Meier
et al. (2010) found that Atlantic cod embryos, larvae up to 3 months
of age, and juveniles from 3 to 6 months of age exposed to 0.01, 0.1,
and 1% PW accumulated APs dependent on dose and develop-
mental stage. Such dilutions are typically encountered between
50 m and 1 km from a PW outfall (Meier et al., 2010). Sundt et al.
(2011) and Brooks et al. (2011b) detected a significant increase in
bile metabolite levels of APs in Atlantic cod caged for 6 weeks about
200 m from a NS PW outfall.
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Juvenile Atlantic cod are able to effectively metabolize and
excrete short chain APs (Meier et al., 2010). Tollefsen et al. (1998)
found that heptylphenol (4-n-HEPP) accumulated rapidly in most
tissues of juvenile Atlantic cod. Depuration was also rapid with an
estimated half-life of 13 h. This corresponds well with the half-lives
of 10—20 h observed for APs in Atlantic cod tissue (Sundt et al.,
2009), and to earlier studies with other fish species (Arukwe
et al., 2000; Pedersen and Hill, 2002). Therefore, elevated levels
of AP metabolites in offshore caged fish indicate recent exposure to
APs.

2.4. Environmental effects

2.4.1. Field studies

Monitoring surveys focusing on the effects of PW were first
performed on the NCS in 1997 and surveys have been repeated
almost annually up to present (Bakke et al., 2011; Brooks et al.,
2011a,b; Durell et al., 2004, 2006; Hylland et al., 2008; Neff et al.,
2006; Nilssen and Bakke, 2011; Sundt et al., 2011). The present
strategy is based on the results from the international BECPELAG
(Biological Effects of Contaminants in Marine Pelagic Ecosystems)
workshop (Hylland et al., 2002). The surveys cover one selected
field each year and comprise direct measurements and estimates of
levels of PW compounds in the water column (Harman et al., 2009a,
2009b, 2010) as well as analysis of contaminant body burden and
biomarkers in Atlantic cod and blue mussel (Mytilus edulis) caged
for 6 weeks at various distances from the PW outlet (Brooks et al.,
2011b; Hylland et al., 2008; Sundt et al., 2011). In mussel the in-
formation of PAH body burden has been combined with biological
responses such as lysosomal membrane stability (LMS, neutral red
retention time assays) DNA-damage (micronuclei frequency) and
digestive gland histochemistry (Brooks et al., 2009). In cod the
exposure conditions indicated by biliary PAH metabolites have
been linked to cytochrome P450 1A protein (CYP1A) responses and
formation of DNA adducts (Aas et al., 2000a, 2001; Sanni et al.,
2005; Skadsheim et al., 2009). Other parameters analyzed in cod
include biliary AP metabolites, vitellogenin, zona radiata protein,
glutathione S-transferase and gill histopathology. The surveys have
mostly detected exposure to PAH and AP from PW and biomarker
responses no further than 0.5—1 km from the discharge points, but
in one survey effects out to 1.6 km were detected (Sundt et al.,
2008). Corresponding biliary PAH metabolites and biomarker re-
sponses in wild fish caught within 100 m from three Australian
offshore platforms where the PW comes from a heavy crude oil also
suggest that the effects were local as no effects were detected at
5 km distance (Gagnon, 2011). There is, however, a concern that
current methods are not sensitive enough to reveal subtle effects
further out. Also, few of the biomarker endpoints look beyond the
compensatory capacity of the organisms, and the significance of
these responses for the fitness and survival of the organisms is still
debated. Extrapolation from short-term biomarker effects in indi-
vidual organisms to long term effects on populations and com-
munities is inherently difficult (Forbes et al., 2006), and the
conclusion that impacts are largely local is still unverified (Wells,
2005).

Some fish species seem to be attracted to production platforms.
Jorgensen et al. (2002) showed that about half the cod tagged near
an NS platform remained there or around neighboring platforms.
Gill net catches have been bigger near platforms than further away
(Lokkeborg et al., 2002). Monitoring studies on free living fish in the
NS have shown interesting results with respect to effects on bio-
markers. Samples collected in 2002 from two areas with extensive
oil and gas production showed induction on biotransformation
enzymes, oxidative stress, altered fatty acid composition, and
genotoxicity in natural populations of haddock (Melanogrammus

aeglefinus) (Balk et al., 2011; Gresvik et al., 2010). Genotoxicity was
reflected by a hepatic DNA-adduct pattern typical for exposure to a
mixture of PAHs. Atlantic cod showed similar, but less pronounced
responses. Repeated monitoring in 2005, 2008 and 2011 confirmed
this pattern, although with weaker genotoxic signals in haddock
from the northern NS (Tampen area). It is still not clear whether the
effects are caused by PW contaminants, contaminated drill cut-
tings, smaller oil spills, or a combination of these sources (Hylland
et al.,, 2006). These findings as well as results from caging experi-
ments have shown that individual fish can be affected sublethally
in several ways by PW discharges (Brooks et al., 2011b). Whether
these biomarker effects can result in effects at the population level
depends on what percentage of the total population is exposed
sufficiently, which again depends on PW contaminant levels, the
total rate of discharge, plume dilution pattern, and population
distribution.

2.4.2. Endocrine and reproductive effects

APs can affect a number of reproductive parameters in fish,
including gonadal development (Meier et al., 2007b), induction of
plasma vitellogenin (Vtg) in male and juvenile fish (Jobling and
Sumpter, 1993; White et al., 1994), inhibition of spermatogenesis
(Gimeno et al., 1998; Jobling and Sumpter, 1993; Miles-Richardson
et al,, 1999; Weber et al., 2002), and oogenesis (Tanaka and Grizzle,
2002; Weber et al., 2003). Tollefsen et al. (2007) and Tollefsen and
Nilsen (2008) found that APs were able to bind to plasma sex
steroid-binding proteins (rtSBP) in rainbow trout (Oncorhynchus
mykiss). The highest affinity was seen for mono-substituted APs
with 4—8 carbon chain length, but this was still 10*—10° times
lower than the affinity for the natural sex steroid 173-estradiol (E2).
The results suggested that endocrine disruption may occur after
exposure to realistic concentrations of APs and a variety of other
PW compounds. Tollefsen et al. (2006) further showed that
chemicals in solid phase extracts of PW were able to displace E2
from the rtSBP and induce estrogenic effects. The bioactive chem-
icals were not identified.

Tollefsen et al. (2011) demonstrated that complex mixtures of
oil-related compounds could modulate the endocrine physiology of
Atlantic cod. Fish were exposed to either diluted PW (0.5% and
0.1%), dispersed oil (0.2 mg L™1), or artificial PW water mixed with
nine low to medium molecular weight APs and PAHs. The total sex-
steroid binding capacity was up-regulated in the blood of female
cod, indicating interference with blood steroid transport. Induction
of plasma Vtg was not found, although the number of males and
females with elevated Vtg was higher in certain exposure groups
than in the control group. General health parameters such as
gonadosomatic, hepatosomatic or fish condition index were not
affected, which suggests that the endocrine disrupting effect was
too low to elicit clear physiological or growth effects. When
exposing late larvae and juveniles of Atlantic cod to PW Meier et al.
(2010) found that individuals exposed to 1% PW had significantly
higher levels of Vtg and CYP1A in plasma and liver, respectively. No
similar effects were seen at exposure to 0.1% and 0.01% PW.

Serious reproductive disturbance was demonstrated by Meier
et al. (2007b) in first-time spawning Atlantic cod that were force
fed a paste containing C4—C7 APs. Total AP doses during 1 and 5
weeks were 0.02—80 mg kg~! body weight. Treatment impaired
oocyte development, reduced estrogen levels, and delayed
spawning by 17—28 days in female fish. Male fish demonstrated
reduced 11-keto-testosterone, a small induction of Vtg levels, and
impaired testicular development with increased amount of sper-
matogonia and reduced amount of spermatozoa. Extended expo-
sure (14 weeks) to the lowest dose (0.02 mg AP kg~!) gave similar
results (Meier et al., 2011). These exposure levels are difficult to
compare with real-life exposure to PW plumes, especially since
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many endocrine disruptors seem not to produce linear dose—
response curves (Vandenberg et al., 2012), but the authors them-
selves consider the exposure level higher than what is realistic,
possibly demonstrating a worst-case disturbance of reproductive
fitness in the cod. Also, Sundt and Bjorkblom (2011) recorded
impaired oocyte development and reduced estrogen levels in pre-
spawning female Atlantic cod, as well as altered testicular devel-
opment, an increase in the amount of spermatogonia and primary
spermatocytes, and a reduction in the amount of mature sperm in
males following exposure to realistic concentrations of PW (0.066—
0.2%) for twelve weeks. Therefore, one cannot exclude that APs in
PW effluents under certain circumstances could cause reproductive
disturbance in sensitive stages (e.g. pre-spawning) of wild fish that
stay close to offshore platforms for long periods of time. However, it
seems unlikely that this could affect a significant fraction of Atlantic
cod populations.

Estrogens are involved in many biological processes, including
control of gonad maturation in male and female fish. The enzyme
cytochrome P450 aromatase converts androgens, like testosterone
or androstenedione to estrogen (E2) and estrone. Teleost fish have
two aromatase genes; one that is mainly expressed in the gonads
(aromatase A or cyp19ala), and one that is mainly expressed in the
brain (aromatase B or cyp19alb) (Diotel et al., 2010). Meier et al.
(2011) did not find any regulation of cyp19ala in the ovary (mRNA
expression or enzyme activity), or of aromatase activity in the brain
of female cod exposed to AP or PW. The specific activity of aromatase
in the ovary was therefore not affected by the AP-exposure.

Tollefsen et al. (2007) and Thomas et al. (2009) used recombi-
nant yeast estrogen and androgen screens to determine the in vitro
estrogen receptor (ER) agonist and androgen receptor (AR) antag-
onist potencies of solid phase extracts (SPE) of PW collected from
20 Norwegian installations. They found estrogenic activities at
levels equivalent to <0.1—4 ng L~! E2 (dependent on PW source),
similar to those previously reported for the UK continental shelf
(UKCS) (Thomas et al., 2004). No activity was detected after expo-
sure to filtered oil droplets from PW suggesting that ER activity was
primarily associated with the dissolved phase. Thomas et al. (2009)
identified short-chain petrogenic APs to be responsible for around
35% of estrogen receptor (ER) agonist activity measured in vitro.
Androgen receptor (AR) antagonists were detected both in the
dissolved and oil associated phase. They also reported that naph-
thenic acids, which occur in significantly higher concentrations
than C4—C7 APs in PW, were weak ER agonists. Naphthenic acids
accounted for much of the 65% of the “unknown” ER agonist po-
tency in the PW samples tested, and further disrupted the binding
of AR agonists to the androgen ligand receptor. PAHs were also
reported to be AR antagonists. The study indicated that these pet-
rogenic compounds are responsible for most of the ER and AR
mediated activity in PWs.

In summary, these studies document that compounds present in
PW have a potential to exert endocrine effects in fish. The experi-
mental exposure levels studied cover a range of PW concentrations
that are typically found in close proximity to PW discharge points.
They might therefore elicit effects on fish standing close to plat-
forms. Meier et al. (2010) still concluded that widespread and long
lasting xenoestrogenicity and reproduction effects of PW on the
population level in fish are unlikely. This was also supported by
Sundt et al. (2011) who compared data from PW-exposed fish in the
laboratory to similar data from Atlantic cod caged at the Ekofisk oil
field in the NS. No Vtg induction was observed in fish exposed
experimentally to PW in the dilution range 0.125%—0.5% PW giving
2.6—11 mg L~' AP metabolites in the fish bile. Levels of the corre-
sponding APs in the water ranged from 3.0 to 9.7 ug L™ In fish
caged about 200 m from the large Ekofisk PW outfall (average rate
37 000 m> day~ ') the AP metabolite levels were significantly

elevated compared to control cages, but still one order of magni-
tude lower than in bile from the lowest exposure concentration in
the laboratory experiment. It was therefore not possible to deter-
mine a LOEC (Lowest Observable Effects Concentration) for AP
metabolites from these studies. Since LOEC must be higher than the
highest observed NOEC of 11 mg L~! AP metabolites, and the AP
metabolite levels in the caged cod were only a fraction of this, the
AP content in the Ekofisk PW discharge was well below a critical
level for induction of Vtg. Still, the critical level for induction of Vtg
is probably not far above these cited values, which is supported by
Tollefsen et al. (2011) who found elevated Vtg levels in 72% of in-
dividual male Atlantic cod exposed to 21 pg L~! of sum C;—Cs APs.

Meier et al. (2011) showed that oral exposure to a mixture of 4
APs affected the endocrine system and gonad development in cod
through changes in the hypothalamic-pituitary-gonadal (HPG) axis
at doses that were much lower than those that resulted in Vtg in-
duction. So, although Vtg is a sensitive parameter for detection of
endocrine disruption, lack of response in Vtg alone does not
exclude that the endocrine system in fish may be disturbed by PW
components.

Compelling evidence thus exists from in vitro bioassays that PW
contains estrogenic compounds (Thomas et al., 2004, 2009;
Tollefsen et al., 2007) and that 0.5—1% dilutions of PW induce Vtg
in juvenile cod (Meier et al., 2010; Sundt et al., 2011). Concentra-
tions of APs lower than those that induce Vtg may also cause severe
endocrine disruption, as demonstrated for the HPG-axis in fish by
Meier et al. (2011). It is further demonstrated that PW contains
other compounds that might have estrogenic effects such as nap-
thenic acids (Thomas et al., 2009). On the other hand, in vivo studies
showed no effect on gonad maturation or the ratio of juvenile to
mature females after long-term exposure of Atlantic cod to low
levels of selected PW compounds in the laboratory (Holth et al.,
2010). Risk assessment by Beyer et al. (2012) also concluded that
the environmental exposure of fish to APs from PW is most prob-
ably too low to induce endocrine disruption to an extent that causes
significant effects on the reproduction in NS fish stocks. This
assessment takes into account that PW discharges offshore are
rapidly diluted, which reduces the risk of population effects, and is
supported by results from the monitoring of caged fish exposed to
PW offshore where no endocrine effects based on Vtg measure-
ments have been detected (Brooks et al., 2009).

2.4.3. Non-endocrine effects

APs are known to induce hydroxyl and oxygen radical genera-
tion (Fujisawa et al., 2002; Obata and Kubota, 2000; Okai et al.,
2000), but the effects on the redox status in fish are unclear.
Hasselberg et al. (2004) studied the oxidative stress response to APs
in Atlantic cod by measuring amounts of hepatic glutathione and
hepatic activity of glutathione reductase (GR), glutathione S-
transferase (GST), and glucose-6-phosphate dehydrogenase
(G6PDH). The total glutathione concentration in female cod
increased in response to 1-week of feeding with an AP-containing
diet, an effect not seen after 4 weeks of feeding. Male fish had
higher levels of glutathione than females. Increased GR activity was
seen in both males and females after 4 weeks of exposure to a
weekly dose of 0.02 mg AP kg~! body weight. GST activity was
affected only in males exposed for 1 week, and G6PDH activity
increased only in females after 1 week exposure. The results pro-
vide evidence that APs may affect the redox status in Atlantic cod
through increased oxidative stress and stimulated GSH dependent
detoxification.

When exposing rainbow trout hepatocytes to the water soluble
(by SPE) and particulate organic (by glass wool filtering) fractions of
PW from 10 different NCS oil producing installations Farmen et al.
(2010) recorded a concentration-dependent increase in reactive
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oxygen species (ROS) after 1 h exposure, and changes in levels of
total glutathione and cell death after 96 h. The water soluble frac-
tion (WSF) apparently contained most of the toxic potential, as was
also seen by Tollefsen and Nilsen (2008), but in some cases the
particulate fraction, containing mainly oil droplets, was equally
toxic. The effects were not correlated to the total oil content in the
PW. The levels of PAHs and APs varied by a factor of 10 and 60
respectively among the different PW sources tested, and the
exposure concentrations were not clearly stated. The authors
concluded that the concentrations needed to elicit oxidative stress
responses in fish hepatocytes appeared to be orders of magnitude
higher than concentrations found around representative NS oil
platforms.

Holth et al. (2010) exposed Atlantic cod for 11 months to arti-
ficial PW containing APs, PAHs and phenol at high (PAH 5.4 ug L™1;
AP 114 pg L™ 1) and low (PAH 0.54 pg L~1; AP 1.14 pg L) concen-
trations. Exposure was continuous as well as 2 weeks pulsed mode
for the high concentration. A range of toxicologically relevant genes
were differentially expressed following exposure, including AhR-
responsive genes (CYP1A, UDP-GT) and genes relevant to immune
function (complement C3, MHC 1, CYP27B), apoptosis (PERP), and
oxidative stress (hepcidin, serotransferrin, glutathione peroxidase).
Estimated spawning time was significantly delayed in the exposed
females, but not in relation to dose. Gross health parameters
(condition factor, liver somatic index, gonadosomatic index, and
hematocrit), frequency of micronucleated erythrocytes, oxidative
stress in whole blood, and survival were not affected. Holth et al.
(2011) reported reduced LMS of head kidney cells after two
weeks at the highest concentration. The LMS reduction was dose
related over the whole 11 months period and did not adapt to the
exposures. No differences in peroxisomal proliferation, measured
as acyl-CoA oxidase activity in head kidney, were detected between
treatments, although gender differences and change over time
were observed in acyl-CoA oxidase activity. In conclusion, LMS in
head kidney cells appeared to be a sensitive biomarker for exposure
of Atlantic cod to oil related compounds.

Induction of the cytochrome P-450 detoxification enzyme sys-
tem after exposure to oil and other organic contaminants has been
amply documented. Elevated hepatic CYP1A activity was found in
Atlantic cod caged for 6 weeks about 200 m from the PW outfall at
the Ekofisk oil field both in 2008 (Sundt et al., 2008) and 2009
(Brooks et al., 2009). Hasselberg et al. (2004) showed that force
feeding of Atlantic cod for 4 weeks with a paste containing 0.02—
80 ppm of a mixture of four different APs induced a slight dose-
dependent increase of hepatic CYP1A activity in females, but not
in males. The increase was not reflected in the CYP1A-mediated
EROD (ethoxyresorufin-O-deethylase) activity, implying that APs
inhibited the CYP1A enzyme activity in vivo. In vitro studies with
pooled liver microsomes from Atlantic cod confirmed the inhibi-
tion, and that the APs also inhibited CYP3A enzyme activity in vitro,
but to a lesser extent. Such inhibition complicates the interpreta-
tion of cytochrome P-450 detoxification enzyme responses in the
monitoring of PW discharges. Increase in hepatic CYP1A activity
was also seen by Meier et al. (2010) exposing early juvenile Atlantic
cod (3—6 months of age) to 1% PW for 3 months. Sundt et al. (2011)
exposed Atlantic cod to PW in laboratory and field experiments and
found CYP1A induction after exposure to 0.25% PW in the labora-
tory. Abrahamson et al. (2008) used an ex vivo gill EROD assay in
Atlantic cod as a biomarker for CYP1A-inducing compounds in NS
crude oil and PW. Exposure of cod to fairly high nominal concen-
trations of dispersed crude oil (1 and 10 mg L' THC) for 24 h
induced a concentration-dependent EROD activity. The same was
found following 14 days of exposure to typical near-zone concen-
trations of PW (0.5% and 0.1% PW) and dispersed crude oil
(0.2 mg L™1). On the other hand, EROD activity was not induced in

cod caged for 6 weeks between 500—10 000 m from two NCS
platforms (Abrahamson et al., 2008). Jonsson and Bjoérkblom (2011)
compared hepatic CYP1A enzyme activity in Atlantic halibut (Hip-
poglossus hippoglossus), turbot (Psetta maxima), long rough dab
(Hippoglossoides platessoides), Atlantic salmon (Salmo salar), and
Atlantic cod exposed to dispersed crude oil (0.3—9.1 ug L~! PAHs)
for 4 weeks. CYP1A activity was induced in all species except sprat.
The activity level varied with species and concentration level.

Changes in the hepatic lipid composition following exposure to
crude oil have been reported for Atlantic cod and winter flounder
(Pseudopleuronectes americanus) (Dey et al., 1983). Meier et al.
(2007a) studied changes in the fatty acid profile and cholesterol
content in membrane lipids from liver and brain tissues in Atlantic
cod after 5 weeks of force feeding with AP containing paste. APs
altered the fatty acid profile of polar lipids in the liver towards more
saturated fatty acids (SFA) and less n-3 polyunsaturated fatty acids
(n-3 PUFA). A similar effect was found in the brain, although with
elevated SFA content in the neutral lipids (mainly cholesterol ester),
but not in the polar lipids. The AP exposure also caused a decline in
the cholesterol levels in the brain. Changes in hepatic lipid
composition were also reported by Gresvik et al. (2010) in free-
living Atlantic cod and haddock caught in the vicinity of the
Tampen area, a northern NS region with very high petroleum ac-
tivity. Haddock from Tampen had lower hepatic lipid content than
haddock from other NCS regions. Also, the fatty acid profiles had
relatively high levels of arachidonic acid (20:4; n-6), and the ratio
between omega-3 and omega-6 polyunsaturated fatty acids was
significantly lower in neutral lipids, free fatty acids, phosphoti-
dylcholine and phosphotidylethanolamine compared with
haddock from other regions. The lipid alterations may have been
caused by exposure to PW, oil, or contaminated drill cuttings. The
biological implication, significance and reversibility of these fatty
acid alterations are not yet understood. Widdows et al. (1987)
found complete recovery within 55 days in blue mussel that had
digestive gland lipid changes and heavy digestive disorder (Lowe
and Pipe, 1987) after 8 months of exposure to 28 and 125 pg 1!
dispersed diesel oil. This may suggest that the changes in the lipid
composition seen in the haddock from Tampen would also be
reversible if exposure ceases.

Tollefsen et al. (2008) studied the cytotoxicity of a range of APs
in cultures of primary hepatocytes from rainbow trout. Toxicity
measured as metabolic inhibition and loss of membrane integrity
increased with the hydrophobicity of the APs for compounds with
logKow < 4.9, but deviated from this for more hydrophobic com-
pounds (logKow > 4.9). Metabolic inhibition occurred at lower
concentrations than loss of membrane integrity for most of the APs,
which suggests that effects on cellular metabolic functions were
the main causes of the cytotoxicity. The study gives insight into the
structure—toxicity relationship of important PW components, but it
is difficult to extrapolate to real PW exposure. Still, for chemicals
with logKow < 2—3 the metabolic inhibition and to a lesser degree
also loss of membrane integrity was claimed to correspond to re-
ported in vivo acute toxicity in fathead minnow (Pimpehales
promelas) (Schultz et al., 1986). The in vitro toxicity of the more
hydrophobic compounds underestimated the in vivo toxicity in this
fish.

Meier et al. (2010) found that exposure of Atlantic cod to PW
during the embryonic and early larval stages (up to 3 months of
age) and during the early juvenile stage (from 3 to 6 months of age)
had no effect on embryo survival or hatching success, but 1% PW
interfered with the development of normal larval pigmentation.
After hatching most of the larvae exposed to 1% PW failed to begin
feeding and died of starvation. This inability to feed may be linked
to an increased frequency of jaw deformities in the exposed larvae.
No similar effects were seen at exposure to 0.1% and 0.01% PW.



160 T. Bakke et al. / Marine Environmental Research 92 (2013) 154—169

Analysis of DNA adducts in fish tissue has been recommended
for assessment of genotoxic effects of contaminants in PW (Balk
et al., 2011; Hylland et al., 2006). Similarly, the micronuclei fre-
quency method has been found sensitive and feasible for use as a
biomarker of genotoxicity in blue mussel exposed to PW contam-
inants (Brooks et al., 2009). Holth et al. (2009) found time and dose
dependent formation of DNA adducts in Atlantic cod exposed for 44
weeks to APs and a WSF of oil. Elevated DNA adduct values have
been measured in wild haddock in the Tampen region in 2002,
2005 and 2008 (Balk et al., 2011; Grgsvik et al., 2010; Hylland et al.,
2006). The cause of the effect was unclear, as the DNA adduct signal
could possibly stem from recent PW discharges or from fish being
in contact with PAHs or other contaminants in deposits of drill
cuttings. Monitoring surveys at the Ekofisk field have detected
elevated micronuclei frequencies in blue mussel caged up to 1.6 km
from the discharge point (Sundt et al., 2008). After implementation
of a new PW treatment system elevated micronuclei frequencies
were only detected in cages at 500 m distance (Brooks et al., 2009).

Brooks et al. (2011a) studied the biological impact of treated PW
under laboratory conditions in the blue mussel. Mussel health
status was assessed using an integrated biomarker approach in
combination with chemical analysis of both water (with SPMDs),
and mussel tissues. Acyl-CoA oxidase activity, neutral lipid accu-
mulation, catalase activity, micronuclei formation, LMS in digestive
cells and hemocytes, cell-type composition in digestive gland
epithelium, and the integrity of the digestive gland tissue were
measured after 5 week exposure to 0,01%—1% PW. Significant
sublethal responses were found at 0.01-0.5% PW, even though
individual chemical compounds of PW were at extremely low
concentrations in both water and mussel tissues.

The studies above show that exposure to PW may cause a range
of non-endocrine and partly dose-dependent effects in fish and
invertebrates. Several of these responses are compensatory, such as
responses to oxidative stress and xenobiotics, and should not
necessarily cause biological dysfunction or affect survival unless
their capacity is chronically exceeded. Others suggest more pro-
found effects on the individual, such as loss of membrane integrity,
cytotoxicity, gene expression changes, DNA adducts, hepatic lipid
composition, and reproductive disorder (spawning time shift, larval
survival). One common feature seems to be that the effects are
triggered only at exposure for weeks to months and at less than
100—1000 times dilution of the PW concentrations. Even large PW
plumes will rapidly become more diluted than this, hence
damaging exposure is unlikely. Field data also strongly suggest that
the biomarker effects are local. An exception is the responses in
wild haddock caught away from platforms in areas with high pe-
troleum activity (Balk et al., 2011; Gresvik et al., 2010). It is more
likely that these effects were due to fish migrating after local
exposure rather than from low exposure at the distance where the
fish were caught. The results do not suggest that a significant part of
the fish populations would be affected in this way, but this cannot
be verified.

2.4.4. Use of “-omic” approaches

Establishing links between sub-individual responses to con-
taminants and higher level effects on individuals and populations is
an important yet unresolved challenge. To assess if such links exist
and are predictable it is necessary to increase the mechanistic
understanding of the biological effects related to PW exposures and
to develop means to screen large number of wild organisms for
effect signals. Techniques have recently been developed to screen
cells or tissues for their total fingerprint of selected compounds
such as genes (genome), RNAs (transcriptome), proteins (prote-
ome), and total metabolites (metabolome) (see review by Karlsen
et al. (2011) on proteome responses to various contaminants). It

is believed that studies of responses in “omic” patterns would not
only increase our understanding of the mechanisms involved in the
responses of marine organisms to toxicants, but could also lead to
identification of biological molecules or molecular patterns that are
sensitive, regulate important biological functions, and can be used
to screen large numbers of individuals.

Bohne-Kjersem et al. (2009, 2010) studied protein changes in
plasma of juvenile Atlantic cod and in fertilized Atlantic cod eggs
and fry. The juveniles were exposed to dispersed NS crude oil
(0.06—1.0 mg oil L) and a surrogate PW (the 1.0 mg L™ crude oil
spiked with APs and PAH). Similarly, eggs and subsequent fry were
exposed to 0.01, 0.1, and 1% NS PW for about 90 days. In juvenile cod
137 proteins were differentially expressed due to exposure, and 40
of these at the lowest exposure (Bohne-Kjersem et al, 2009).
Twenty-nine proteins were identified, and a total of 14 proteins
were considered potential biomarker candidates. These proteins
are linked to a wide range of biological systems and processes
including fibrinolysis and the complement cascade, the immune
system, fertility, bone resorption, fatty acid metabolism, oxidative
stress, impaired cell mobility, and apoptosis. Several responses
were interlinked, suggesting that an array of biomarkers may give a
better indication of the adverse effects in fish than single bio-
markers. Also, in exposed cod eggs many of the protein changes
occurred at the lowest exposure, including structural, cytoskeletal,
and signaling proteins regulating muscle development, rod/retina
function, cellular signaling, and tissue integrity of the fry. These are
important for swimming and predator escape. The changes indicate
that PW can affect liver functions such as cellular integrity, signal
transduction and metabolism. This supports earlier indications (e.g.
Meier et al., 2010) that effects of PW at low doses on cod fry are
mainly non-estrogenic.

Karlsen et al. (2011) compared the proteome changes in cod fry
and juveniles based on studies on protein changes in brain, liver,
and plasma of juvenile Atlantic cod following exposure to PW and
surrogate PW. Proteome changes in fry seemed more linked to
morphological changes and disturbances of cod development,
whereas the changes in the proteome of juvenile cod seemed to
reflect functions important for vitality. This might reflect difference
in responses between different developmental stages, but it could
also be explained by difference in function between tissues.

In another study with juvenile Atlantic cod exposed to crude oil,
17p-estradiol (E2) and 4-nonylphenol Nilsen et al. (2011) investi-
gated the suitability of the SELDI-TOF MS (Surface-Enhanced Laser
Desorption/lonization Time-Of-Flight Mass Spectrometry) tech-
nique for screening of protein biomarkers in plasma indicating
exposure to estrogenic compounds. Protein expression analysis
revealed that 13 plasma peaks were significantly altered in
response to the E2 treatment, and found reproducible when re-
analyzed six months later. Antibody-assisted SELDI-TOF MS iden-
tified two possibly E2-responsive peaks. These were identified as
fragments of the well-known biomarkers Vtg and/or Zrp. A plasma
proteomic profile assumed to be specific for AP exposure was also
found in female Atlantic cod.

The recently completed genome sequence of Atlantic cod (www.
codgenome.no) has opened up the possibility of a systems biology
approach to elucidate the molecular mechanisms of toxicity.
Karlsen et al. (2011) attempted to map and understand genomic
responses in cod to PW contaminants by combining data generated
from proteomics- and transcriptomics analyses to concurrent
searchable EST — (expressed sequence tags) and genomic data-
bases. Such an interdisciplinary study may open up new possibil-
ities of gene annotation and pathway analyses.

Gene transcription and other molecular responses relevant to
offshore discharges have been studied in the copepods Calanus
finmarchicus and Calanus glacialis kept in multi-generation cultures
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(Hansen et al., 2007, 2008a, 2008b, 2009, 2010, 2011). They found
that dissolved and dispersed crude oil, naphthalene and copper
modulated the expression of genes involved in fundamental bio-
logical functions such as feeding, ecdysis, lipid storage and meta-
bolism, amino acid and protein metabolism, cellular detoxification
and antioxidant systems. These genomic biomarkers may therefore
have a potential for use in oil and gas related effect monitoring of
zooplankton.

The application of “omic” techniques is still in its infancy and
clearly more research is required to clarify to what extent causative
patterns are linked to specific discharge factors and also to assess
their applicability as screening tools in practical monitoring.

3. Drilling waste

Waste from borehole drilling consists of crushed rock cuttings
from the borehole and remnants of drill mud. The function of the
mud is to lubricate and cool the drill bit, stabilize the borehole,
control pressure, and bring cuttings to the platform. Drilling waste
also comprises used drill mud that has lost its technical properties.

3.1. Composition and discharges

The major components of drill muds are a liquid (water, oil, or
another organic fluid) and a weighting material (typically barite,
BaS0Og4). Various additives are used to improve the technical per-
formance of the mud. Among these are viscosifiers (e.g. poly-
acrylates, and other organic polymers), emulsifiers (e.g.
alkylacrylate sulphonate and polyethylene oxide), pH and shale
control agents, and deflocculants (Davies and Kingston, 1992). The
additives vary between drilling operations and in the course of the
drilling. Three main types of drilling mud are recognized based on
the type of base liquid, water based muds (WBM) containing usu-
ally seawater as the base liquid, oil based muds (OBM) with either
diesel oil or low-aromatic mineral oil as the base liquid, and syn-
thetic muds (SM) using other types of “pseudo-oil” organic liquids
such as ethers, esters, olephins or vegetable oils. OBM and SM are
used to improve lubrication and stabilization in the borehole,
especially during non-vertical drilling. The chemicals used as ad-
ditives in the drill muds today are mostly classified as PLONOR
(Pose Little or No Risk to the Environment) by OSPAR Commission
(2012).

Cuttings with diesel OBM were discharged extensively from NS
drilling operations until 1984, but diesel oil was then replaced by
low-aromatic oils being less toxic to both workers and the outer
environment. Typical oil content of OBM cuttings at discharge was
in the range 5—15% or more (Breuer et al., 2004; Davies et al., 1989).
The total amount of oil discharged to the NS with cuttings was
25 000 tons in 1985, decreasing to 13 000 tons in 1990 (North Sea
Task Force, 1993). A tightening of the discharge control of OBM
cuttings, in Norway in 1993 and in the OSPAR area in 1996 and 2000
(OSPAR Commission, 2000), setting the discharge limit of oil
adhered to cuttings at not more than 1%, effectively eliminated this
discharge. OBMs were partially replaced by SMs being less toxic
and, for ester and olefin SMs, also more biodegradable under aer-
obic conditions (Schaanning and Bakke, 1997). Since SM cuttings
proved not to be environmentally superior to cuttings with OBM
and in particular had a negative effect on sediment oxygen condi-
tions, SM was gradually phased out. Due to tightened regulations
(OSPAR Commission, 2000) SM cuttings have rarely been dis-
charged to the NS after 2001. Today only WBM cuttings and spent
WBM are allowed for discharge in the NS. Total quantities of WBM
cuttings discharged on the NCS peaked in 2010 at 200 000 tons
(Norwegian Oil and Gas, 2012). In 2012 around 80 exploration and
production wells were drilled on the NCS and approximately

172 000 tons of cuttings were discharged at sea (Norwegian Oil and
Gas, 2013).

3.2. Environmental effects

3.2.1. Impact of old cuttings piles

Before the regulations in 1993/1996 large volumes of cuttings
heavily contaminated with OBM and SBM piled up on the seafloor
beneath and around the rigs causing widespread sediment
contamination and effects on the benthos. At some NS fields hy-
drocarbon contamination of the sediments extended out to 5—
10 km distance (Davies and Kingston, 1992; Kingston, 1992;
Reiersen et al., 1989; Stagg and McIntosh, 1996; Ward et al., 1980)
and changes in the benthic macrofauna could be traced out to 2—
5 km or more (Bakke et al., 1989; Gray et al., 1999; Olsgard and Gray,
1995; Reiersen et al., 1989). Large cuttings piles are still present in
the northern and central part of the NS, and may have volumes of
up to 45 000 m>, a height of up to 25 m, and a footprint of more
than 20 000 m? (Bell et al., 2000; Breuer et al., 2004; Kjeilen et al.,
2001). In the southern NS the cuttings have not formed extensive
deposits due to strong tidal and storm driven currents. An in-
ventory of cuttings piles present in the North Sea (Park et al., 2001)
identified 79 large (>5000 m®) and 66 small (<5000 m?) piles on
the UKCS and the NCS. The total hydrocarbon concentration
measured in NS piles is in the range 10 000 to 600 000 mg kg~!
(Bell et al., 2000; Breuer et al., 2004; Park et al., 2001; Westerlund
et al., 2001). Aerobic biodegradation of the hydrocarbons occurs
only in the upper few millimetres. Anaerobic degradation may take
place down to at least 20—50 cm, but only very slowly (Brakstad
and Ramstad, 2001; Breuer et al., 2004). The oil in deeper parts of
the piles seems to be essentially unchanged (Breuer et al., 2004).
Many studies cover toxicity of individual OBM and SM components
and of complete mud formulations (see e.g. Altin et al., 2008; Frost
etal., 2006; Kingston, 1987; Neff, 1987; Roddie et al., 1999). Toxicity
seems to be determined primarily by the hydrocarbon content
(Conklin et al., 1983; Grant and Briggs, 2002), but mud chemicals
and heavy metals from impurities in the barite may add to this.
There is also a concern that biodegradation and other diagenetic
processes in the piles over the years may have produced other
potentially toxic compounds such as complex esters and organic
acids which until recently could not be identified analytically (see
Rowland et al., 2011). Little is known of in situ toxic effects as
toxicity is confounded by other stressors and biological in-
teractions. In a field experiment Bakke et al. (1986a) ranked the
main mud types in order of decreasing toxicity in standard bio-
assays as diesel-OBM, low-aromatic OBM, and WBM. This order
was the same after 9 months in trays on the seabed. In the same
field experiment Bakke et al. (1986b) found almost no macrofauna
recolonization over a 2 year period on defaunated sediments cap-
ped with diesel and low-aromatic OBM cuttings, which suggests
that also other factors than the aromatic hydrocarbons impaired
recolonization. After 5% years on the seafloor the fauna develop-
ment was still very much reduced in sediments that had been
capped with 10 mm of diesel and low-aromatic OBM cuttings
(Bakke et al., 1989). During this time 70% of the total hydrocarbons
had disappeared from the caps, but the levels were still high
(27 000—30 000 mg kg~ 1). Besides chemical toxicity factors such as
grain size deviation and hydrogen sulphide content may retard
fauna recovery, especially close to or on the piles. Bakke et al.
(1986b) found that fauna recolonization on sediments capped
with 10 mm WBM cuttings differed little in overall diversity from
that on natural sediment after 1 year, but the species composition
was clearly different, which was thought to be due to the WBM
cuttings being classified as ‘very fine sand’ as opposed to the nat-
ural sediment being ‘medium sand’.
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Cuttings piles seem resistant to chemical change (e.g. Brakstad
and Ramstad, 2001; Breuer et al., 2004; Hartley et al., 2003), and
physical disturbance from platform activities, storms, and trawling
are thought to be the major causes for dispersion of the material.
Such erosion may repeatedly uncover deeper layers of the piles and
thus enhance leakage of contaminants. Hence, there is a concern
that older cuttings piles may be a source of episodic and continuous
contamination for many years to come.

The sediment monitoring around NS installations is focussed on
past and present discharges of drill cuttings (Bakke and Nilssen,
2004; Carroll et al, 2000; Gray et al, 1999; Kingston, 1992;
Renaud et al., 2008). In most cases spatial and temporal changes
in the benthic fauna around OBM and SM piles follow a pattern
typical for organic enrichment as described by Pearson and
Rosenberg (1978). Several of the indicator species for eutrophi-
cated sediments are also dominating close to the cuttings piles, e.g.
the polychaetes Capitellea capitata and Chaetozone setosa and the
bivalve Thyasira sp. (Ugland et al., 2008). Since the discharges of
OBM cuttings to the NCS were terminated following new legislation
in 1993, the recovery of local sediment fauna has been substantial
(Bakke et al., 2011; Bakke and Nilssen, 2004; Carroll et al., 2000;
Renaud et al, 2008; Schaanning and Bakke, 1997). At present,
recorded effects on benthic macrofauna are most often confined to
within a 250 m radius and seldom detected beyond 500 m, even
around the largest piles (Jarandsen and Fadnes, 2011; Renaud et al.,
2008).

Hartley et al. (2003) made a comprehensive assessment of the
potential for bioaccumulation, biomagnification, and food chain
transfer of organic and inorganic cuttings pile contaminants on the
basis of data from the NS and Gulf of Mexico. They concluded that
old cuttings piles most likely had no significant food chain effect
and did not pose a risk to human health. However, they also
emphasized that very little direct information existed on physical
and chemical pile structure and on contaminant accumulation in
pile surface organisms. Since then very little new information has
emerged.

Olsgard and Gray (1995) argued that as hydrocarbons become
less of a problem around old cuttings piles, the metals will become
the main source of environmental impact. This is yet to be
demonstrated. Grant and Briggs (2002) found that metal levels
were too low to explain toxicity beyond sites immediately adjacent
to a large cuttings pile at the UK “NW Hutton” field. From tests with
the amphipode Corophium ERT (1999) concluded that metals did
not contribute to the toxicity of cuttings from around the “Beryl A”
platform. Leung et al. (2005) and Bjorgesater (2009) determined
sediment quality guidelines (SQG) for several metals from field
based sensitivity distribution (f-SSD) of more than 600 macrofauna
taxa recorded between 1990 and 2001 around petroleum fields on
the NCS. A preliminary screening of later monitoring data from 147
stations around other NCS cuttings piles (Bakke unpublished)
showed that, out of 62 stations with metal levels above the SQGs of
Leung et al. (2005) and Bjogrgesater (2009) and low levels of hy-
drocarbons, macrofauna disturbance was only found at 18 stations.
These studies support the conclusion that metals dispersed from
old piles have little impact on the surrounding benthos.

3.2.2. Impact from discharge of WBM cuttings

In practice, current UK and Norwegian legislation allows only
WBM cuttings and used WBM to be discharged offshore. Typically,
modern WBMs contain fresh or salt water as the base fluid and
barite (BaSO4) or ilmenite (FeTiO3) as weighting agent. Clays or
organic polymers are incorporated to create a homogenous fluid.
Other chemicals (e.g. potassium formate and various glycols) are
added to achieve viscosity control, shale stability, cooling and
lubrication (c.f. Hudgins, 1994; Neff, 2005). There is a vast literature

on the acute toxicity of WBM components, the presentation of
which goes beyond the scope of this review, but in general the
acute toxicity of WBM is low (Neff, 1987). Monitoring in the NS
(Daan and Mulder, 1993; Olsgard and Gray, 1995; Park et al., 2001;
Renaud et al., 2008) has not revealed any in situ effects of WBM
cuttings on sediment macrofauna community structure, implying
that any such effects, if present, will be confined to bottoms inside
the innermost stations in these studies, i.e. nearer than 25—250 m
from the discharge point. The effects mechanisms of WBM cuttings
after sedimentation have been studied in several laboratory and
mesocosm experiments. Dow et al. (1990) reported that redox
values were depressed for 3 months in sediments mixed with WBM
cuttings in an onshore tank system. Schaanning et al. (2008)
exposed undisturbed fjord sediment core samples to thinly sedi-
mented layers of ilmenite based WBM cuttings. Iron sulphide
precipitated under caps thicker than 10 mm. Sediment oxygen
(SOC) and nitrate consumption, and release of silicate increased
immediately under a 12—46 mm cap. The SOC peaked after 9 days
and, for most treatments, returned to background levels after 3
weeks. The increase was positively correlated with cap thickness. A
3 mm cap on top of undisturbed sediment box cores from 200 m
depth gave no increase in SOC, and macrofauna biomass and
community structure did not change during a 3 month experiment.
In a repeat experiment a 3 mm layer of WBM cuttings caused
elevated SOC for more than 3 months and 6—24 mm layers for more
than 6 months (Trannum et al., 2010). After 6 months the macro-
fauna species richness, abundance, biomass, and diversity were
negatively correlated with layer thickness. Corresponding layers
with natural sediment did not affect the fauna. Trannum (2011)
concluded that the most plausible reason for the fauna effects
was sediment oxygen deficiency due to degradation of organic
WBM compounds, presumably mud glycol, although chemical
toxicity may have played a role as well. It is not likely that glycol
degradation will cause the same effects around a cuttings discharge
since the glycol most probably will dissipate before the cuttings
reach the bottom.

Trannum et al. (2011) found only slight differences in macro-
fauna recolonization in defaunated trays with coarse and fine
sediments capped with 6 and 24 mm ilmenite based WBM cuttings
deployed in situ at 200 m depth in the Oslofjord, Norway. After six
months the species richness was the same in all treatments, but
species composition in the 24 mm treatment differed from the
others. Sediment grain size had stronger effect on recolonization
than exposure to the cuttings. In a similar recolonization experi-
ment at 10 m depth Bakke et al. (1989) found normal fauna di-
versity in azoic sediment capped for less than 2 years with 10 mm
of WBM cuttings.

The experiments described above cover one single capping
event, and there is little experimental evidence from repeated
sedimentation which is typical around multi-well rigs. Barlow and
Kingston (2001) exposed two filter feeding bivalves (Cerastoderma
edule and Macoma balthica) to daily sedimentation for 12 days by
drill mud barite equivalent to 1—-3 mm coverage at each application.
They found exposure dependent damage of gill ctenidia in both
species in the 1 mm application, and severe mortality within 12
days following the 2 and 3 mm applications.

The smallest cuttings cap eliciting effects in the experiments by
Schaanning et al. (2008), Trannum et al. (2010, 2011), and Bakke
et al. (1989) was 3 mm, which is typical for conditions less than
250 m from a drilling rig (Trannum, 2011). The conditions simu-
lated by Barlow and Kingston (2001) were typical for exposure
100—500 m from a drilling discharge. Other studies of the effects of
WBM cuttings on sediment fauna also suggest that the impact is
normally restricted to within 100—250 m and recovery seems rapid
(Bakke et al., 1986b; Candler et al., 1995; Carr et al., 1996; Currie and
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[saacs, 2005; Daan and Mulder, 1996; Daan et al., 1994; Montagna
and Harper, 1996; Neff, 1987; Netto et al., 2010; Olsgard and Gray,
1995; Trannum, 2011; Trannum et al, 2011). Hence there is
strong evidence to conclude that sedimentation of WBM cuttings
onto the seafloor has only local and short term effects on the
sediment fauna.

WBM cuttings in suspension could affect other parts of the
marine ecosystem such as pelagic organisms, sponges, corals and
other sessile, hard bottom fauna entrained in a discharge plume.
Such exposure will in most cases be short term, episodic or pul-
sewise depending on plume behaviour. Hyland et al. (1994) found
local reduction in hard bottom fauna abundance due to suspended
particle loading around a WBM discharge site outside California.
Cranford et al. (1999) showed that exposure for 6—70 days to
concentrations between 0.5 and 10 mg L~! of used WBM in sus-
pension had a negative effect on somatic and/or reproductive tissue
growth in scallops. The same was seen following exposure to barite
and OBM suspensions at less than 5 mg L. The effects were linked
to physical stress from the mud particles rather than chemical
toxicity. Bechmann et al. (2006) found that suspensions of used
barite-based WBM caused histopathological gill changes, reduced
lysosome membrane stability, oxidative stress, DNA damage,
reduced filtration rates, growth, and survival and modified hae-
molymph protein pattern in blue mussel and scallops (Pecten
maximus). These effects were dose dependent. The lowest exposure
causing effects was 0.5 mg L~! of WBM for 3 weeks. The same
exposure caused histopathological changes in gills and changes in
blood plasma in juvenile Atlantic cod. Interestingly, 1-10 mg L1
suspensions of WBM had a positive effect on feeding efficiency,
growth and survival in cod larvae after 14 days exposure. The
positive effects were assumed to be from particles of a particular
size stimulating feeding activity. Feeding efficiency and growth in
blue mussel larvae were reduced after exposure to 4 mg L~! sus-
pensions of used barite-based WBM, whereas similar exposure to
barite alone stimulated growth.

Berland et al. (2006) made a field validation of the results from
Bechmann et al. (2006) by exposing caged scallops and blue mus-
sels to an offshore discharge of WBM cuttings for 5 weeks. Scallops
caged 250 m from the platform at a depth of 35 m showed
increased GST enzyme activity and reduced gonad weight. DNA
damage was seen in the mussels from the same cage. Filtration rate
was reduced in both species, but shell growth was not affected. The
other endpoints measured by Bechmann et al. (2006) were not
affected (LMS, tolerance in mussel to air exposure, proteomics, and
barium body burden). Exposure levels around the cages were not
measured, but the average concentration of suspended cuttings
where effects were found was estimated to be 0.15 mg L~ This
corresponds well with the lowest concentration of suspended
cuttings eliciting effects in the laboratory studies mentioned above
(0.5 mg L™ 1). From their experiments Bechmann et al. (2006) pro-
posed 0.8 mg L™! as a chronic PNEC for suspended cuttings. Smit
et al. (2008) estimated PNEC values of 7.6 mg L' and 17.9 mg L~
respectively for suspended bentonite and barite clays on basis of
SSDs from tests with 12—15 marine species. Although these PNEC
estimates were made in somewhat different ways and hence are
not directly comparable, the far lower PNEC for whole WBM cut-
tings proposed by Bechmann et al. (2006) could indicate that there
may be other effects factors in play than just physical stress from
the clay particles. The proposed PNEC is also within the typical
range of natural SPM (suspended particulate matter) levels in the
open NS (0.2—1 mg L™}, Eisma and Kalf, 1987) which also indicates
that WBM in suspension may elicit stronger effects than physical
stress from suspended particles.

Studies on effects of suspended cuttings on sessile filter feeders
such as sponges and cold water corals have not been published and

there are only a few published studies on the effects of cuttings
particles settling onto these organisms. Larsson and Purser (2011)
found that the cold water coral Lophelia pertusa was able to sur-
vive repeated, slight smothering by natural sediment and drill
cuttings, but polyp death occurred when wholly covered by the
particles. The response to cuttings and natural sediment did not
differ. It was concluded that the current effects level from non-toxic
burial of 6.3 mm proposed by Smit et al. (2008), may result in
damage to L. pertusa colonies. Still, evidence of extensive growth of
L. pertusa on offshore platform legs even after many years of
discharge of OBM cuttings (Bell and Smith, 1999) suggest that the
corals must be rather tolerant to drilling waste. Video monitoring
carried out during WBM cuttings discharge episodes at the Nor-
wegian Morvin field in 2009 and 2010 revealed no significant
behavioural differences between exposed and unexposed L. pertusa
(Buhl-Mortensen et al., 2010). Polyp retraction responded more
systematically to changes in current velocity and direction than to
cuttings plumes.

In conclusion, it is evident that discharged WBM cuttings may
cause biological effects both during suspension in the water masses
and after sedimentation. The studies indicate that the effect
mechanism is mainly physical stress, but chemical toxicity cannot
be ruled out. The levels of suspended WBM and WBM cuttings
causing effects have been above 0.5 mg L™ . Such levels are typically
restricted to a radius of less than 1—2 km in the water masses (Neff,
1987). WBM cuttings deposits found to affect the benthos have a
thickness of at least 3 mm or more. Such layer thicknesses will
normally be confined to a distance of 100—500 m (Carr et al., 1996;
Currie and Isaacs, 2005; Daan and Mulder, 1996; Ellis et al., 1996;
Montagna and Harper, 1996; Neff, 1987; Trannum, 2011). Still, the
WBM cuttings discharges are large and frequent, and the material
widely dispersed and one cannot rule out that they in the long run
may cause subtle changes to the benthic community structure on a
wider geographical scale than this. One must assume that it will be
extremely difficult to distinguish such effects from the temporal
shift in the benthic community one sees on the NCS (Brattegard,
2011).

4. Population and ecosystem effects
4.1. Produced water

It has not yet been feasible to document effects of PW discharges
on the population and community levels. Most of the laboratory
and field studies described above support the conclusion that sig-
nificant biological effects on pelagic organisms will be limited to a
distance of less than one km due to rapid effluent dilution and very
short exposure time. Knowledge on individual sensitivity is a pre-
requisite, but not sufficient, for assessing effects on populations and
communities. Phyto- and zooplankton populations and most fish
species have a much wider distribution than the documented PW
impact zones. Hence, for a significant impact to occur either
harmful exposure to PW has to be sufficiently wide scale or the
population influence from locally affected individuals has to be
large enough. None of these are likely. It is also inherently difficult
to make reliable extrapolation to the population level since effects
on individuals may be masked by other factors acting on pop-
ulations e.g. distribution patterns, seasonality, species interaction,
density dependent functions, other stressors, and the complex and
dynamic physical conditions in the offshore pelagic ecosystem
(Hjermann et al., 2007).

At present, bridging the organism-population gap seems only
feasible through use of population models as demonstrated for
Arctic cod, capelin (Mallotus villosus), and herring (Clupea harengus)
by Hjermann et al. (2007) and for northern shrimp (Pandalus
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borealis) by Ravagnan et al. (2010), or by employing a risk assess-
ment approach. Beyer et al. (2012) performed a risk assessment for
effects of C4—C7 APs in PW on three economically important fish
populations on the NCS: Atlantic cod, haddock, and saithe (Pollacius
virens), based on fish distribution data, hazard information of APs in
PW, data on PW discharges, and plume dispersion described by the
exposure and risk model DREAM (Reed and Hetland, 2002; Reed
et al.,, 2001). Their conclusion was that the environmental expo-
sure to C4—C7 APs from PW is too low to have any significant effect
on the reproduction of fish stocks. Neff et al. (2006) and Durell et al.
(2006) came to the same conclusion regarding the risk from PAHs
in PW to the wider pelagic ecosystem in the NS when combining
dispersion modeling by DREAM and PAH measurements in passive
samplers (SPMDs) and caged mussels.

Smit et al. (2009) described a systematic relationship between
sub-individual and individual sensitivity to oil from SSDs for DNA
damage and oxidative stress biomarkers in 6 marine species and
similar SSDs for whole-organism chronic fitness in 26 marine
species. On average the selected biomarkers were a factor 35—50
more sensitive than the whole-organism response. The results
implied that the 95% safety level (the lower 5 percentile or HCs,
commonly used as PNEC in risk assessments), for whole-organism
exposure to total hydrocarbons would safeguarded only 86% of the
species from genotoxic damage and 79% from oxidative stress. The
authors stress that their data were insufficient to support this as a
general relationship, but data from Bechmann and Taban (2004),
Bechmann et al. (2004), Buffagni et al. (2010), Carls et al. (1999),
(Hansen et al., 2011), Heintz et al. (2000), Jonsson and Bjorkblom
(2011), Pinturier et al. (2008), Sanni et al. (2005), and Stien et al.
(1998) provide supporting evidence from a wider range of sub-
tropical to high-arctic species of fish and invertebrates that the
whole organism responses are less sensitive to oil than biomarker
responses. Smit et al. (2009) present a conceptual model suggesting
further reduction in sensitivity as one moves up to the population
level. This would concur with the idea that environmental factors
governing the health and performance of a population, may over-
ride toxic effects on parts of the population. The studies above cover
sensitivity to oil, but the authors suggest that the relationship may
be valid for PW as well. If that is the case, it is even more unlikely
that wide scale population effects should occur when individual
effects are only seen locally.

4.2. Drilling waste

It has in general been easier to study population and ecosystem
effects from drilling waste than from PW. The main reason is that
drilling waste primarily affects the sediment ecosystem for which
analysis of community responses to natural and man-made per-
turbations have a very long tradition in marine environmental
monitoring. A large number of harmonized techniques have been
developed for such studies (Elliott, 1996; Gray, 2000; Gray et al.,
1988). The sessile nature of benthic communities also facilitates
repeated studies of the same sites to assess temporal changes and
recovery over time. Extensive environmental monitoring both on
the NCS and in the Dutch and UK regions of the NS, coupled with
the mesocosm and field experiments described earlier, have given a
comprehensive and mostly coherent picture of the spatial effects of
muds and cuttings on sediment macrofauna community structure
and on the rate of community recovery from past OBM and SBM
cuttings discharges. Community restitution at previously impacted
sites has been complete within 4—10 years (Bakke et al., 2011;
Schaanning and Bakke, 1997). Around older multi-well discharge
sites on the NCS the areal extent of the fauna effects has in general
been reduced from up to 15 km? to less than 1 km? (Bakke et al.,
2011). Studies from unimpacted reference sites on the NCS

(Renaud et al., 2008) do not indicate that past and present cuttings
discharges are causing accumulative or long-lasting effects on the
macrofauna structure on a wider scale. A concern still is that one
knows little of possible effects on other elements of the benthic
ecosystem. Some studies suggest that meiofauna does not respond
fundamentally different from macrofauna to cuttings discharges
(Montagna and Harper, 1996; Moore et al., 1987; Netto et al., 2010),
but there is very little knowledge on the sensitivity of microfauna,
epifauna, hyperfauna and coral and sponge communities to drilling
waste. Feral haddock and cod caught in the NS Tampen region have
shown biomarker effects (Balk et al., 2011; Grgsvik et al., 2010)
which may reflect exposure to cuttings when the fish are foraging
on the piles, but this may also stem from exposure to PW.
Furthermore, beyond what can be inferred from the functional
roles of macrofauna species, there is virtually no information of
potential long term effects on population and community functions
such as production, reproduction, and trophic interaction.

5. Concluding remarks

Operational discharges from the offshore industry have created
public concern because they represent a very large continuous
input of contaminants to the sea from many widely dispersed point
sources. Furthermore, it is notoriously difficult to study effects of
the discharges on populations (e.g. of commercial fish stocks) and
the structure and function of marine ecosystems. This review
shows a wealth of studies on the effects of produced water on in-
dividuals of important species, and on the effects of drilling waste
on benthic communities. All evidence suggests that the effects of
present discharges are local, and in general confined to within 1—
2 km from an outlet both in the waters and on the seabed, and that
the risk of widespread impact from the operational discharges is
low. However, it is also important to stress that apart from studies
on the effects of drilling waste on sediment macrofauna commu-
nity structure there is nearly no published information on the ef-
fects on populations or communities. Hence, one cannot ignore the
possibility of subtle, cumulative effects from the operational dis-
charges which we are not able to measure at present, although risk
assessments suggest that this will not be the case. It is a discour-
aging fact that at the moment there seems to be no options other
than risk related modelling for assessing potentially significant
effects of produced water discharges at the population and
ecosystem levels. Published literature has not yet been able to
validate with confidence or empirically verify that the effects of the
discharges are only local. We believe that research addressing this
challenge should emphasize 1) development of effects methods
and endpoints that may be used in health screening of organisms
on a scale large enough to reflect population health conditions with
confidence, and 2) effects studies that encompass natural species
interaction on an ecosystem level.
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ABSTRACT ARTICLE HISTORY
There has been considerable public interest regarding the toxicity of Received 19 November 2015
chemicals used in hydraulic fracturing, but little is known about its Accepted 26 February 2016
sister technique, acidizing. Little to no research has been done on KEYWORDS

what the chemicals of acidization are and what impact they could Toxicity; acidizing; oil
have on humans and the environment. This paper discusses the exploration; hydraulic
differences between three acidizing techniques (acid maintenance, fracturing; hazard
matrix acidization, and acid fracturing) and quantifies the amounts assessment

of the chemicals used for each. Washington State’s Quick Chemical

Assessment Tool is used to identify F-graded toxins, which are

known carcinogens, mutagens, reproductive toxins, developmental

toxins, endocrine disruptors, or high acute toxicity chemicals. The

analysis of the present data shows that there have been over 600

instances of acidizing in urbanized Southern and Central California

from April 2013 to August 2015. Although most of the chemicals of

acidizing are similar to hydraulic fracturing, those used most

frequently are different. There are close to 200 specific chemicals

used in acidization, with at least 28 of them being F-graded

hazardous chemicals. Some are used frequently in the range of

100—1000 kg per treatment, such as hydrofluoric acid, xylene,

diethylene glycol, and ethyl benzene. Close to 90 more chemicals

are identified using non-specific names as trade secrets or reported

with no quantity. Unlike hydraulic fracturing the chemical

concentrations in acidizing are high, ranging from 6% to 18%, and

the waste returns can be highly acidic, in the range of pH 0—3. With

this paper it is hoped that acidization becomes part of the larger

discussion on concerns with oil exploration and be evaluated by

appropriate authorities.

1. Introduction

Unconventional oil exploration has led to greater energy independence for the USA. It has
also raised concerns among the public, NGOs, and policymakers regarding harmful
impacts. While researchers have begun exploring the potential impacts of hydraulic frac-
turing more seriously, impacts from acidizing are not being examined as closely. It is
important that acidizing be a bigger part of the discussion to protect the public and envi-
ronment from potential harm.

CONTACT Khadeeja Abdullah @ Khadeeja@ucla.edu
9 Supplemental data for this article can be accessed at http://dx.doi.org/10.1080/02772248.2016.1160285.
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The overall objective of this paper is to identify potential human health risks and envi-
ronmental hazards associated with acidizing that require further evaluation for responsi-
ble decision-making. This paper discusses the differences between three acidizing
techniques (acid maintenance, matrix acidization, and acid fracturing) and quantifies the
type and amounts of the chemicals used in them. Washington State’s Quick Chemical
Assessment Tool (QCAT) is used to identify F-graded toxins, which are known carcino-
gens, mutagens, reproductive toxins, developmental toxins, endocrine disruptors, or high
acute toxicity chemicals. QCAT is based on methodology developed by the United States
Environmental Protection Agency’s (EPA) Design for the Environment program. It looks
at various toxicological endpoints (i.e. carcinogenicity, neurotoxicity, etc.) to assign chem-
icals a hazard grade.

Recently, the California Council on Science and Technology published chemical infor-
mation for matrix acidization. This chemical information was gathered primarily from
the California Department of Conservation’s Division of Oil, Gas, and Geothermal
Resources (DOGGR). Here, we will use the chemical information from DOGGR as well
as the South Coast Air Quality Monitoring District (SCAQMD) to discuss all the acidizing
treatment types as well as look at different toxicological endpoints to assign a QCAT haz-
ard grade.

1.1. Description of acidizing techniques

The first use of acids in oil exploration was in 1895, but because of acid attack on metal in
the wellbore it was not used much (Putman 1933). The modern-day use of acid in oil
stimulation began in the 1930s when it was discovered that corrosion inhibitors could
stop acid attack on metal. Commercial use of acids finally began in the 1950s (Williams,
Gidley, and Schechter 1979). The idea of using acids for oil stimulation or cleaning a well-
bore is an old concept, but the chemicals, volumes, and techniques used in acidizing have
evolved.

Acid is used in oil wells as part of three different techniques: acid maintenance, matrix
acidization, and acid fracturing. Acid maintenance is a routine procedure used to remove
deposits formed on well surfaces, also known as scale. In acid maintenance, operators
inject acid solutions at a specific location in the wellbore to react with the scale. The scale
is thus cleaned off the surfaces of the wellbore and equipment without any acid penetrat-
ing into the formation (Robertson, Chilingarian, and Kumar 1989).

The second technique, matrix acidization, is used to remove formation damage (i.e.
blocked oil/gas pathways) around the wellbore and/or increase reservoir rock permeabil-
ity. Permeability is a characteristic that allows oil and gas to flow through the rock rather
than be stuck in pores. Operators inject acid solutions into the well to etch away at the res-
ervoir rock, creating channels for oil and gas to flow through. Matrix acidization does not
fracture the formation. Solutions are injected at pressures below the pressure required to
fracture the rock, also known as fracture pressure (Robertson, Chilingarian, and Kumar
1989). Matrix acidizing in carbonate formations can nonetheless create small channels or
tubes called wormholes that can propagate as much as 6.1 m (20 feet) into the formation,
as carbonates are easily dissolved by acids. This is similar to the result of a small hydraulic
fracturing treatment (CCST 2014). However, in sandstone, acid dissolution is limited to a
much smaller distance of 0.3—0.6 m (1—2 feet) into the formation because the silica
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matrix is harder to dissolve. Matrix acidizing in sandstone is therefore primarily used to
remove damaging solids that have reduced the near-well permeability of the reservoir.
There are some instances of matrix acidizing using HF/HCl reported in the Monterey For-
mation in California that may have had greater penetration because of the presence of
natural fractures (CCST 2014). In California, matrix acidizing is done at depths ranging
from 2000 to 11,000 feet. The wells at the lower end of this range come close to drinking
water aquifers.

The last acidizing technique is acid fracturing. Acid fracturing, like matrix acidization,
uses acids to etch the reservoir. The main difference is the injection rate. Injection rates
with pressures below the pressure needed to fracture are termed matrix acidizing, while
those above fracture pressure are termed acid fracturing (Mcleod 1986). Acid fracturing is
similar to hydraulic fracturing in that a solution is injected into the wellbore at a high
pressure to fracture the formation. The difference between acid fracturing and hydraulic
fracturing is the composition of the stimulation fluids. Hydraulic fracturing uses a solu-
tion consisting of 99.5% water and sand and 0.5% chemicals (US DOE 2009), whereas, as
determined from this research, in both matrix acidization and acid fracturing, the concen-
tration of the solution used is 6% —18% chemicals. For acid fracturing to be able to etch
channels in the fracture walls, the rock has to be soluble in acid, and the acid should not
excessively leak off into the formation without reacting. Thus this technique is mainly
used in carbonate formations (Williams, Gidley, and Schechter 1979).

1.2. Acidization fluid make up

Acidizing fluid includes water, acids, and additives. Water is the main solvent and conduit
of the chemicals to the wellbore and/or reservoir. Acids are used to dissolve minerals and
mobilize mineral grains by decomposing the rock structure. Many other chemicals are
added for various purposes that are discussed in the appendix.

The most commonly used acids are listed in Table 1. In California, oil stimulations
occur primarily in sandstone and some carbonate formations. Hydrofluoric acid (HF) in
combination with other acids is used to dissolve silicates in sandstone. Hydrochloric acid
(HCI) and other acids are used to dissolve carbonate minerals, such as limestone. See the
supplemental section for more details on which acids are used for different minerals.

Table 1. Acids used in acidizing (Scheiber 2013).

Inorganic Organic Mixtures
Hydrochloric acid (HCl) Acetic acid (CH;COOH) Organic acids/HBF,
Hydrofluoric acid (HF) Formic acid (HCOOH)

Mud acid (HCI/HF) Citric acid (CgHgO5)

Tetrafluoroboric acid (HBF,) Biodegradable acids

1.3. Chemical exposure pathways

There are many different types of chemicals used in acidizing, and the risk of each is
dependent on the chemical’s exposure, toxicity, fate and transport, transformation, and
cumulative and synergistic effects with other chemicals. Many of these factors have not
been studied. Here, we focus on the chemicals’ human exposure pathways through water.



Downloaded by [Patrick Sullivan] at 10:32 17 March 2016

4 K. ABDULLAH ET AL.

Table 2. Surface and subsurface chemical release mechanisms into waterways.

Surface Subsurface

Percolation from unlined pit Fractured/acid wormhole pathway
Siting of disposal well into aquifer Deteriorated abandoned well
Inadequately treated wastewater for reuse or disposal Failure of production or disposal well
Spills, leaks, and accidents Fault pathway

Table 2 lists the surface and subsurface chemical release mechanisms into waterways from
oil stimulation, production, and wastewater management and disposal activities in Cali-
fornia. For a diagram of the surface and subsurface release mechanisms see the supple-
mental section.

The most likely source of water contamination comes from improper handling of
wastewater at the surface. Surface release mechanisms include percolation from unlined
pits, siting of a disposal well into an aquifer, reuse or disposal of inadequately treated
wastewater, and spills, leaks, and accidents. More than half of the wastewater from frac-
tured oil wells in California is disposed of in open, unlined pits and could contaminate
groundwater. More than 900 such pits, many without proper permits from the state, lie in
the oil fields of the San Joaquin Valley, and some atop usable aquifers (CCST 2015).
Wastewater from the surface can also be directly injected into Underground Sources of
Drinking Water and “Usable” Water defined under EPA and Bureau of Land Manage-
ment regulations. The California State Water Board confirmed that at least nine wastewa-
ter disposal wells have been injecting waste into aquifers that contain high-quality water
protected under federal and state law (Bishop 2014). This becomes a serious issue in
drought-stricken places with a high water demand, like the Central Valley of California.
Another surface exposure route is reusing or disposing inadequately treated wastewater.
In California, about 25% of wastewater was injected into disposal wells or reused for oil/
gas extraction. Some wastewater has also been permitted for irrigation in California
(CCST 2015). Surface spills, another surface release mechanism, have contaminated both
groundwater and surface water. According to the available data between January 2009
and February 2014, 423 surface spills at oil and gas fields in California released nearly
2.8 million gallons of wastewater, or an average of 6500 gallons per incident. Of these, 34
spills released a total of 88,000 gallons of wastewater into California waterways (CCST
2014).

Subsurface release mechanisms include acid wormhole pathways in the rock formation
leading to aquifers, fault pathways leading to aquifers, deteriorated abandoned wells leak-
ing into the subsurface, and the failure of production or disposal wells. Modeling work
suggests that hydraulic fracturing stimulation fluid contaminating aquifers by connecting
pathways is highly unlikely, happening on a 1000—100,000 year scale (Kissinger et al.
2013; Gassiat et al. 2013; Flewelling and Sharma 2014). It is even more unlikely for worm-
hole pathways to reach an aquifer, because they do not extend very far. However, it
becomes a greater threat in California, where unconventional oil stimulation is occurring
at relatively shallow depths closer to aquifers with usable water. Matrix acid stimulation
has occurred in many fields at depths around 2000 feet (CCST 2014). In both the San Joa-
quin Valley and the densely populated Los Angeles Basin, oil stimulation has happened at
depths less than 1000 feet (CCST 2015). Pathways created by the compromised or failed
structural integrity of cement in oil and gas wells and wellbores are considered the most
likely potential pathway for groundwater contamination.
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2. Methods
2.1. Information sources

Information about the geographical location of acidizing sites in California, volume of
water used per treatment, chemical names and chemical abstracts service (CAS) registry
numbers, chemical purpose, and chemical amounts were collected, sorted, and analyzed
from two California government databases: the Division of Oil, Gas, and Geothermal
Resource’s (DOGGR) Interim Senate Bill 4 (Interim SB 4) self-reporting portal (DOGGR
2015) and the South Coast Air Quality Monitoring District’s (SCAQMD) Rule 1148.2
self-reporting portal (SCAQMD 2015). The data are inclusive of dates from the inception
of the Interim SB 4 on 1 January 2014 and SCAQMD’s Rule 1148.2 on 5 April 2013 to
mid-August 2015.

The data from DOGGR’s portal from January 2014 to June 2014 only included infor-
mation on what operators are required by law to report what they considered as acid frac-
turing or matrix acidizing; it was not based on a generally applicable regulatory definition.
Furthermore, it did not include treatments that used acid concentrations of 7% or less
(DOGGR, 2014). After June 2014, operators self-reported matrix acidization or acid frack-
ing based on a uniform regulatory definition with no acid concentration exemption
(DOGGR, 2014). As for SCAQMD’s data, all chemical information on what operators
considered as acidizing was collected. From April 2013 to March 2014 there was no way
to determine whether what was reported was acid maintenance, matrix acidizing, or acid
fracturing (SCAQMD, 2015), and the chemicals in use during this period could have been
representative of any of the techniques. After March 2014, operators reported which acid-
izing techniques they were using. Information on acid maintenance and matrix acidiza-
tion was collected from SCAQMD.

There are some clear limitations. Although information is required to be reported, self-
reporting reduces transparency; there is no real-time way to validate information or that
all information is being reported. Sometimes information is withheld because of trade
secrets. Thus, the information may not be representative of consistent and transparent
data collection. Furthermore, what was reported to SCAQMD as matrix acidization or
acid fracturing should in theory also have been reported to DOGGR because SCAQMD is
collecting information for Southern California and DOGGR for the whole state, but there
is a lack of expected overlap. The data collected from DOGGR’s portal came from only
four operators for 100 wells, whereas SCAQMD received information from over 20 differ-
ent operators for about 500 different wells.

2.2. Hazard assessment

Washington State’s Ecology Department’s QCAT was used to evaluate hazards associated
with acidizing chemicals. The QCAT evaluation is a two-step process that assigns a grade
to each chemical.

QCAT examines nine hazard endpoints; carcinogenicity, mutagenicity and genotoxic-
ity, reproductive toxicity, developmental toxicity, endocrine toxicity, acute mammalian
toxicity, acute aquatic toxicity, persistence, and bioaccumulation.

Step 1 uses authoritative sources to rank each chemical’s hazard endpoints as very high,
high, moderate, or low. The authoritative sources for Step 1 are toxicity characteristics
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lists and databases generated by internationally recognized authoritative bodies or appro-
priate government agencies (US NIH, EC-REACH SVHS, IARC, Cal/EPA Prop 65, New
Zealand HSNO, Lancet-Grandjean and Landrigan list, etc.). The chemical is ranked in
accordance with the strength of the authority and the nature of the classification (Cate-
gory 1, Priority list, etc.). Once each endpoint is ranked, a grade can be assigned. The
grade is assigned on the basis of hazard endpoint-ranking combinations (see supplemen-
tary section for the process of assigning an initial grade). For example, a rank of high in
carcinogenicity or reproductive toxicity automatically earns the chemical an F-grade.

If the hazard endpoints are found in Step 1 sources they are sufficient for assigning a
grade. If however not all the hazard endpoints are found in Step 1 sources, one proceeds
to the Step 2 sources. In some instances not all hazard endpoints are needed to assign an
F-grade. For example, if a chemical is carcinogenic it is given an F-grade and no informa-
tion from a Step 2 sources could give it a lower grade. Once the chemical is identified as
an F-grade chemical in Step 1 there is no need to look further into Step 2 sources.

Step 2 requires more technical expertize. Its sources could include measured data from
publicly available risk assessments and databases such as the Registry of Toxic Effects of
Chemical Substances (RTECS) and the Hazardous Substances Data Bank (HSDB), or esti-
mated data from PBT Profiler or other modeling tools. For the purposes of this paper
only Step 1 sources were used. All F-graded chemicals have been identified only using
Step 1 sources. More F-graded chemicals could be identified through Step 2 sources.
Table 3 explains the meanings of the grade levels assigned by the QCAT assessment.

Table 3. Grade levels from the QCAT assessment process.

Grade A Few concerns (i.e. relatively safe) Preferable

Grade B Slight concern Improvement possible

Grade C Moderate concern Use but search for safer alternative
Grade F High concern Avoid

Because a QCAT assessment only looks at selected endpoints, chemicals of concerns
could be missed during the evaluation process. The QCAT assessment is not as thorough
an evaluation of the hazards posed by a chemical as other screening methods, like the
GreenScreen® method. However, based on the level of technical expertize required to use
it, it is a good starting point to identify hazardous chemicals (Washington State Depart-
ment of Ecology 2015).

3. Results and discussion
3.1. Acidizing events

Well operators submitted chemical reports to DOGGR for matrix acidizing and acid frac-
turing only. DOGGR does not require acid maintenance activities to be reported. To
SCAQMD, operators submitted chemical reports for acid maintenance and matrix acidiz-
ing only. There were no reported instances of acid fracturing to SCAQMD. However, it
should be noted that these reports were submitted prior to the actual treatment, and it is
not possible to distinguish matrix acidizing from acid fracturing without reviewing well
completion reports to determine whether the fracture pressure was exceeded. Operators
typically do not distinguish matrix acidizing from acid fracturing. From April 2013 to
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March 2014, operators did not distinguish the type of acidizing to SCAQMD. After this
time period, operators were required to identify which acidizing technique they would
perform. But as stated before the distinction can only be made once an operation is com-
pleted. March 2014 onwards there were hundreds of reported instances of acid mainte-
nance and only a handful of cases for matrix acidizing. It is thus likely that the instances
of acidizing in the early time period were also mainly acid maintenance cases.

DOGGR acidizing events were primarily in Elk Hills Oil Field in Kern County, Califor-
nia, 40 miles east of Bakersfield, California. They represent 5% of the total unconventional
oil stimulation techniques reported to DOGGR; 95% were hydraulic fracturing or listed as
other stimulations.

SCAQMD acidizing events were in highly urbanized city centers of Southern Califor-
nia. They represent 65% of the total events reported to SCAQMD. A breakdown of the
reported acidizing events can be seen in Table 4. Surprisingly, the SCAQMD matrix acid-
izing events did not show up in DOGGR’s database, though based upon legal jurisdiction
they should have. The way local and state authorities define matrix acidizing or an issue
of enforcement could explain this discrepancy. There were few acid fracturing events
reported to DOGGR and none to SCAQMD. This is probably due to the geology of the
region. Acid fracturing is most effective in carbonate formations, whereas most of the oil-
bearing formations in California are sandstone. Given the lack of oversight and enforce-
ment and broad range of discretion afforded operators, it is possible that the acidizing
events are under-reported.

Table 4. Reported acidizing events in California.

Treatment type Submitted proposals as of mid-August 2015
SCAQMD acid maintenance 474

SCAQMD acid matrix 6

DOGGR acid matrix 90

DOGGR acid fracturing 10

3.2. Acidizing chemicals

There are many chemicals used in acidizing with data gaps. Many chemicals are listed as
trade secrets; others have no toxicological or even basic chemical property information
available. As for chemicals with known hazardous endpoints, the amounts used are sub-
stantial and create high toxic loads per treatment. The high acidity creates uncertainties
as to how chemicals will transform or how much heavy metal will leach out.

This section details the composition and amount of chemicals in acidizing fluids and
compares it with hydraulic fracturing. It also details the amounts of F-graded chemicals
used in acidizing and what the toxicological load per treatment is — meaning what mass
of carcinogens or reproductive toxins, for example, are used per treatment. Finally, it
looks at the potential impacts of the acidic fluid.

3.2.1. Composition of acidizing fluids
There are about 200 different chemicals and around 90 chemical families, trade secrets, or
chemicals of undefined amount used in acidizing in California. A list of all the chemicals
and their amounts reported to DOGGR and SCAQMD, grouped by acidizing technique,
is set out in the supplemental materials.
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Acidizing Fluid Composition
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Figure 1. Acidizing fluid composition in California.

Unlike hydraulic fracturing fluid, where chemicals make up only 0.5% of the fluid
(US DOE 2009), acidizing chemicals (acids and other chemicals, not including silica in
acid fracturing) can make up 17% (acid fracturing), 5%—18% (matrix acidizing), or 6%
(acid maintenance) of the fluid. Figure 1 shows a graphical representation of these percen-
tages. Matrix acidizing as reported to DOGGR on average is the most concentrated with at
least 81.7% being water and up to 18.3% other chemicals, of which 15% is acid. Acid frac-
turing as reported to DOGGR is about 8% acid and 9% other additives. In general, acidiz-
ing reported to SCAQMD had acids making up 3% of the fluid and other additives
around 2.5% of the fluid.

These concentrated fluids have a greater impact than diluted hydraulic fracturing fluid.
Microbes are not as effective at breaking down organic chemicals at higher concentrations,
making them more persistent in the environment (Kekacs et al. 2015). Furthermore, new
research is beginning to show that biocides that are used in unconventional oil stimulation
techniques are also not effective at higher concentrations, possibly contributing to bacterial
resistance to antibiotics (Kahrilas et al. 2015; Vikram, Bomberger, and Bibby 2015).

Although overall most of the chemicals used in acidizing are similar to the chemicals
used in hydraulic fracturing (Stringfellow et al. 2014), those used most frequently in the
two operations are different. If we compare the top 20 chemicals in Table 8 of the US
EPA Report (2015) (20 most frequently reported additive ingredients in oil disclosures,
ranked by frequency of occurrence) to the top 20 frequently used chemicals of acidizing
techniques (Tables S4—S7), we see that only 10 of the most frequently used hydraulic frac-
turing chemicals are those that are used in acidizing treatments (the 10 most frequently
used chemicals that are not among the most frequently used chemicals of hydraulic
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Average Amount (kg) of Water, HF, and HCl used in
Acidizing Techniques
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Figure 2. Average amount of water, HF, and HCl used in acidizing techniques.

fracturing are marked with an asterisks in the Tables S4—S7). In other words, 50% of the
most frequently used chemicals of acidizing are different from the most frequently used
chemicals of hydraulic fracturing, highlighting the need for increased research regarding
the effects of acidizing.

Taking a closer look at water and acid use, Figure 2 shows the average amount of water,
HF, and HCl used in acidizing.

The treatments reported to DOGGR, whether acid fracturing or matrix acidizing, used
more water and acid. Acid fracturing used the most water, close to 700,000 kg/treatment.
Acidizing is not as water intensive as hydraulic fracturing, and in general, California oil
well stimulations use less water compared to other states. In other states hydraulic fractur-
ing uses 4—12 million kg/well (CCST 2014), whereas in California the average use of
water for the various acidizing techniques is between 60,000—700,000 kg/treatment.

Acid fracturing also used the most HF (~14,000 kg/treatment) of the treatments.
Matrix acidizing as reported to DOGGR used the most HCI (~71,000 kg/treatment). The
acidizing treatments reported to SCAQMD used the least HF (~200 kg/treatment) and
HCI (~2300 kg/treatment).

HF is one of the more concerning chemicals, and is used in some of the largest quanti-
ties. HF is typically used in a combination with HCI and called mud acid (HF 4 HCI) to
dissolve sandstone as well as remaining drilling mud. In Central California there is a
greater use of mud acid. The average concentration by mass percentage (%w/w) of HF
and HCI used in mud acid treatments is 0.5%—3% and 4%—15%, respectively (Scheiber
2013). Figure 2 shows that acid fracturing uses the most HF, more than 14,000 kg/treat-
ment, followed by matrix acidizing (reported to DOGGR) at 1870 kg/treatment. All the
treatments use more than the minimum reportable quantity of 45.4 kg, as set out by the



Downloaded by [Patrick Sullivan] at 10:32 17 March 2016

10 K. ABDULLAH ET AL.

Emergency Planning and Notification Act, 40 CFR part 355. Even though acid mainte-
nance uses on average 175 kg/treatment, it is such a common and routine procedure used
in wells that the total accumulated load of HF in a region becomes significant. As for
matrix acidization, more HF and HCI are used per treatment in Central California
(reported to DOGGR) as opposed to Southern California (reported to SCAQMD). This
difference could be because of geology or the scale of the activity in these regions. HF is
primarily used to dissolve silicates and HCI for carbonates.

HF is of great concern because of its very high acute mammalian toxicity and neuro-
toxicity. Exposure to fumes or very short-term contact with liquid HF may cause severe
and painful burns; it penetrates the skin to cause deep-seated ulceration that may lead to
gangrene (National Center for Biotechnology Information 2015). Transport and storage
of such large quantities of HF prior to use are serious concerns.

In addition, HF use in wells leaves fluoride behind which can also have detrimental
impacts. Fluoride is beneficial in limited quantities for the mineralization of bones and
formation of dental enamel. However, excessive fluoride is detrimental; 1.5—4 mg/L
results in dental fluorosis, 4—10 mg/L results in skeletal fluorosis, and > 10 mg/L results
in crippling fluorosis (Dissanayake 1991). If this excessive fluoride reaches drinking water
sources, exposure becomes a serious concern.

The amount of HCI used also creates some concern. Individual reports show that HCI
can be up to 270,000 kg/treatment. The %w/w of HCI reported in treatments other than
mud acid mixtures is 15%—28%. HCl is corrosive to the eyes, skin, and mucous mem-
branes. Chronic (long-term) occupational exposure to HCI has been reported to cause
gastritis, chronic bronchitis, dermatitis, and photosensitization in workers. Prolonged
exposure to low concentrations may also cause dental discoloration and erosion (US EPA
1999). Markey et al. (2014) also discuss the health and safety concerns of using HCl in oil
drilling, as well as its corrosive impact on flow lines and equipment and environmental
effects of the produced HCL.

3.2.2. F-graded chemicals

A main goal of this report was to identify the most toxic acidizing chemicals against a
standard criterion. Table 5 lists the QCAT F-graded chemicals that are used in acidizing
in California. They are listed in decreasing frequency of use. The primary hazardous toxi-
cological endpoints of these chemicals are noted. These endpoints are detailed with refer-
ences in the supplemental section.

There are at least 28 F-graded chemicals. The frequency of use and average amount per
treatment gives an idea of exposure. However, information about the fate and transport of
the chemicals, their transformations, synergistic and cumulative effects, as well as routes
of exposure, are vital to understanding their true risk. The most commonly used F-graded
chemicals in all acidizing treatments that were used on average in the 100’s—1000’s kg/
treatment are methanol, HF, xylene, and diethylene glycol. These four chemicals are all
neurotoxins and in some cases are also developmental or reproductive toxins. Methanol
was used in almost all the treatments. HCI, although not listed as an F-rated chemical was
also used in most treatments. HF, polyethylene glycol nonylphenyl ether, ethylene glycol,
and formaldehyde were used in about half of the treatments. The amount used per treat-
ment and how often a treatment is done are important in understanding the toxicological
load put on a certain area.
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The maximum reported use is also listed in Table 5. Some values are far above the aver-
age amounts used and may have been mis-reported. Methanol is reported to be used in up
to 32,000 kg/treatment, HF up to 25,000 kg/treatment, xylene up to 12,000 kg/treatment,
ethylbenzene up to 2600 kg/treatment, diethylene glycol up to 5000 kg/, and silica and
cristobalite up to 32,000 kg/treatment. Their various toxicological endpoints can be seen
in Table 5.

3.2.3. Toxicological load

In addition to identifying the F-rated chemicals, it is important to understand the toxico-
logical load, or amount of carcinogens or reproductive toxins, for example, per acidizing
treatment (see Figure 3).

In acid maintenance there is a high reproductive toxin load from xylene, ethylbenzene,
and toluene. The high neurotoxin load is primarily from xylene and HF. Crystalline silica,
ethylbenzene, and nitriloacetic acid are the main contributing carcinogens. HF and crys-
talline silica cause the high acute mammalian toxicity load.

In matrix acidizing as reported to SCAQMD there is a higher reproductive toxin load
from xylene and ethylbenzene as well as a neurotoxin load from xylene, methanol, and
HEF. In matrix acidization reported to DOGGR the high developmental toxin and neuro-
toxin load are primarily from methanol. HF, xylene, and diethylene glycol also add sub-
stantially to the neurotoxin load. The acute mammalian toxicity is primarily from HF.
Nitrotriacetic acid is the main carcinogen accounting for the high load.

The acid fracturing treatments have the largest carcinogen load from silica use. The
high neurotoxicity and high acute mammalian toxicity in acid fracturing are from HF.

There are between 7000—90,000 kg/treatment of these seven toxicological endpoint
chemicals listed in any one acidizing treatment at one time. The actual amounts used in
the treatment can be found in the supplemental section (Tables S4—S7). The weighted
toxicological impact of these chemicals do not take into account any transformation, or

Toxicity Load of Acidizing Techniques
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Figure 3. Toxicity load of acidizing techniques in California.
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Table 6. Range of pH of matrix acidizing flowback water.

Range of pH Time period or volume
Treatment type of flowback amount measured over Reference
HCI/HF (5 diff. treatments) 0.5-3.5(2.2-3.2) 200 min 500—700 bbl Schuchart (1995)
15% HCI/1.5% HF 0-3 600 bbl Gdanski and Peavy (1986)
15% HCl 0.2-5 5h Taylor, Nasr-EI-Din, and Dajani (1999)

“bbl — oil barrel = 42 US gallon.

synergistic or cumulative impacts. In a highly acidic environment the stability and reactiv-
ity of the chemicals are unknown. The potential environmental impact of these chemicals
and their byproducts is also unknown. Another problem of acidic solutions is the dissolu-
tion and mobilization of naturally occurring heavy metals and other pollutants from the
oil-bearing formation, the extent of which is also unknown (CCST 2015).

It should be noted that not only is the acidizing fluid acidic, but the “flowback,” in the
case of matrix acidization for example, can also be acidic. A few industry reports show
that the pH of returning waste is mainly between 0 and 3 for the first few hours (see
Table 6). It is unknown how much of the chemicals returns to the surface for acidizing,
but recent data submitted to DOGGR by operators show that the volume of recovered flu-
ids collected after matrix acidization is 50%—60% (CCST 2015)

4, Conclusions

The analysis of the present data shows that there have been 474 reported acid mainte-
nance events in Southern California, 96 reported matrix acidization events in Central and
Southern California, and 10 reported acid fracturing events in Central California from
April 2013 to mid-August 2015. In Southern California, acidization events are occurring
in highly urban areas around Los Angeles County. There are about 200 chemicals used in
acidization, and 50% of the most commonly used acidizing chemicals are most commonly
used hydraulic fracturing treatment chemicals. Unlike hydraulic fracturing, the chemical
concentrations in the fluids for acidization are high, ranging from 6% to 18% chemicals,
and the waste that returns can also be highly acidic.

The amounts of chemical used per treatment are anywhere between 100’s of milligrams
and 100,000’s of kilograms. Some of the chemicals are known to be of concern for both
human health and the environment. An initial hazard assessment was done, and 28
QCAT F-graded chemicals of concern have been identified. It should be noted that close
to 90 other chemicals are identified by non-specific names, family classes, or chemicals of
undefined amount.

Furthermore, the flowback conditions, pH of the fluid and what chemicals are return-
ing are unknown. The toxicity, the chemical fate and transport, and exposure potential of
all these chemicals should be understood, and if a hazard is noted then substitute chemi-
cals should be suggested. Understanding where these chemicals are likely to end up in our
environment is critical in predicting how vulnerable populations will be affected. Under-
standing the toxicity will help us to identify possible impacts we might see in the near to
distant future on humans and other living organisms. The stability and reactivity of these
chemicals under such strong acid conditions is also unknown. The potential hazard of
these chemicals and their byproducts have unknown environmental impacts.
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The aim of this paper was to present potential problems of acidizing that need to be
investigated so that scientists and legislators can evaluate the environmental impact of
acidization. There is a need for the most up-to-date information on what chemicals and
quantities are being used and the specific uses of these chemicals. The information in this
paper only includes self-reported information, which is limited. There needs to be a trans-
parent way to gather information from industry. Even more important is the need for
monitoring and reporting of what is returning as wastewater.

Future research should include identifying appropriate stable indicator chemicals or
stable byproduct chemicals from the process that can be monitored in groundwater to
track any leakage from wellbores or disposal wells and pits. Possible treatment techniques
for chemicals of concern in the wastewater as well as the water remaining in the ground
that can contaminate groundwater should also be researched. The feasibility of treatment
needs to consider cost effectiveness. If acidization is to be used in oil exploration we need
to be aware of the possible impacts and ways to prevent them, including appropriate treat-
ment of residual water at the surface and in the ground.Finally, understanding the current
regulatory framework and jurisdiction that is in place to regulate acidization effectively, as
well as identifying the gaps that exist, are important in moving forward to safely regulate
acidization.
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Offshore oil platform above and on cover by Drew Bird Photography

xtreme oil and gas extraction methods such as fracking and acidizing have become increasingly common

in offshore oil and gas production. Federal waters off the Gulf Coast of Alabama, Mississippi, Louisiana

and Texas generate about 98% of all offshore oil and gas produced in the United States,! making the area
ground zero for offshore fracking and its threats to wildlife and public health.

This report from the Center for Biological Diversity’s science and policy experts analyzes industry reports,
publicly available data, federal permitting documents and published scientific studies to develop the following
findings:

e The federal government has approved fracking more than 3,000 times and acidizing at least 700 times
since 2010 in the Gulf of Mexico alone,” with no meaningful oversight or environmental review.

e With no limits on toxic discharge, oil companies have dumped at least 66.3 million gallons of fracking
fluids, containing many substances known to be toxic to both people and wildlife, into the Gulf from
2010 through 2020.’

e Chemicals used in offshore fracking and acidizing pose significant health risks to people and wildlife;
these include reproductive harm, neurotoxicity, cancer and even death.

e Extreme oil and gas extraction worsens the climate crisis.

The fossil fuel industry hurts tourism and fishing, which create about 2.85 million jobs,* more than 10
times the jobs created by the fossil fuel industry” in the Gulf of Mexico. Tourism and fishing also provide
more in tax revenue.

e State and federal agencies have failed to adequately monitor and regulate fracking and acidizing; these
extreme oil and gas extraction techniques should be banned.

Offshore fracking pollutes the Gulf of Mexico with hazardous chemicals. The federal government allows oil
companies to dump produced wastewater, including fracking and acidizing chemicals, into the Gulf without
limit. The Gulf’s communities and ecosystem experience a heavy pollution burden from concentrated fossil fuel
infrastructure and cannot bear additional fracking pollution.

OFFSHORE FRACKING IS NOW COMMON

According to federal data, there has been a fracking boom over the past 10 years in the Gulf of Mexico, with
some form of offshore oil and gas well stimulation happening almost every day. There have been at least 3,039
instances of fracking and at least 760 instances of acidizing from 2010 through 2020 in the Gulf.® Offshore
fracking (also called hydraulic fracturing) blasts water and industrial chemicals into the seafloor to fracture the

'BOEM: https://www.boem.gov/sites/default/files/oil-and- -program/I_easing/Five-Year-Program/2019-2024/DPP/NP-

Draft-Proposed-Program-2019-2024.pdf (2018)

2 Federal data from FOIA 2016, 2018 and BSEE.gov

3 AECOM. Year 1 Interim Report: Joint Industry Project Study of Well Treatment, Completion, and Workover Effluents. (discharges
from fracking averaged 520 bbls with a range of 30 - 1,577 bbls). (2021)

4 Stokes and Lowe. Datu. Wildlife Tourism and the Gulf Coast Economy. (2013)

> BOEM https://www.boem.gov/sites/default/files/oil-and- -program/Leasing/Five-Year-Program/2019-2024/DPP/NP-Eco-
nomic-Benefits.pdf

¢ FOIA data provide by BSEE (2010-2019); also see: https://www.data.bsee.gov/Well/eWell APM/Default.aspx (2020)
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https://www.boem.gov/sites/default/files/oil-and-gas-energy-program/Leasing/Five-Year-Program/2019-2024/DPP/NP-Economic-Benefits.pdf
https://www.data.bsee.gov/Well/eWellAPM/Default.aspx

rock and release oil and gas. Acidizing injects hydrofluoric and hydrochloric acid to etch channels in the rock
walls, creating pathways for oil and gas to escape”’

A majority of offshore production wells are anticipated to undergo some form of well stimulation during their
production life.® The reported fracks from 2010 through 2020 in the Gulf of Mexico are mapped below. Many of
these wells have been fracked multiple times.

Offshorewells that have been fracked between 2010 2020
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Figure 1: Fracking and acidizing in federal waters in the Gulf of Mexico (2010 - 2020). Data from BSEE FOIA records (2010-
2019) and BSEE.gov 2020.

MILLIONS OF GALLONS OF TOXIC FRACKING WASTEWATER POLLUTE THE GULF OF MEXICO

The U.S. Environmental Protection Agency permits companies to discharge unlimited volumes of fracking
wastewater into the Gulf. Chemicals used in fracking and acidizing can be discharged either as well treatment,
completion and workover fluids (collectively called TCW fluids) or as part of produced wastewater.’

A 2021 preliminary report provided to the EPA by the oil industry analyzed fracking waste in concentrations
likely to occur around offshore drilling platforms. The report found that fracking effluent kills species in
laboratory tests.'’ The report indicated that 520 barrels, or 21,840 gallons, of TCW fluids with industrial
chemicals like biocides, polymers and solvents were discharged with every frack. From 2010 through 2020, the
oil industry discharged an estimated 66.3 million gallons of TCW fluids chemicals into the Gulf of Mexico."
The actual amount discharged is likely higher as the industry is not required to report or track the amount of
fracking chemicals discharged along with produced wastewater.

Toxicity data indicate that fracking fluid discharges from offshore platforms in the Gulf may cause acute toxicity
to marine organisms such as fish and mysids in concentrations that are likely to occur near offshore wells.'> Many

7 https://ci.carson.ca.us/content/files/pdfs/planning/oilcodeupdate/staffreports 04142015/A New_Calif Oil Boom Drill Monter-

ay_Shale.pdf

8 BOEM. Gulf of Mexico OCS: Oil and Gas Lease Sales 2017-2022. (2017)

® CCST 2015

1"AECOM 2021

" AECOM, 2021 (discharges from fracking averaged 520 bbls with a range of 30 - 1,577 bbls).
2 AECOM 2021
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of the reported chemicals" found in biocides, surfactants, gels, emulsifiers and other fracking and acidizing
fluids are known to cause reproductive and behavioral harm and even kill wildlife."

An analysis of substances present in wastewater for 14 fracks in federal waters and 15 reports from fracking
in state waters in the Gulf of Mexico shows that the chemicals are toxic to aquatic life and may have damaging
impacts on the environment. The table below summarizes those chemical disclosures, which represent a very
small share of the total chemical compounds used in extreme oil and gas extraction methods offshore.

Chemical Ingredient Name CAS No. Harmful Effects

1,2,4-trimethylbenzene 95-63-6 Toxic to aquatic life with long lasting effects

2-bromo-2-nitro-1,3- 52-51-7 Very toxic to aquatic life; harms reproduction

propanediol

2-butoxyethanol 111-76-2 Causes mutation; harms reproduction; causes tumors

2-mercaptoethanol 60-24-2 Very toxic to aquatic life with long-lasting effects; harms
reproduction; causes organ damage

2-monobromo- 1113-55-9 Very toxic to aquatic life with long lasting effects

3-nitrilopropionamide

2,2 dibromo- 10222-01-2 Very toxic to aquatic life with long lasting effects

3-nitrilopropionamide

Ammonium chloride 12125-02-9 Retarded growth in small mouth bass; long-term, high dose
exposure affected the blood of coho salmon.

Chlorous acid, sodium salt 7758-19-2 Very toxic to aquatic life with long lasting effects; causes organ
damage; harms reproduction; causes tumors

Cinnamaldehyde 104-55-2 Fish exposed to cinnamaldehyde in combination with ethanol
experienced cardiovascular and pigmentation defects and
delayed hatching.

Crystalline silica, quartz 14808-60-7 Reductions in species richness and biodiversity in benthic
(X{idh} communities; human carcinogen
Ethanol 64-17-5 Carcinogenic to animals; harms reproduction; mutagenic;

causes hyperactivity in zebrafish

Ethoxylated nonylphenol 9016-45-9 Extremely toxic to aquatic organisms as an endocrine
disruptor and inhibitor of development, behavior, growth and
survival

Formaldehyde 50-00-0 Carcinogenic; mutagenic

Gluteraldehyde 111-30-8 Very toxic to aquatic life with long-lasting effects; reproductive
effects

Hydrochloric acid (Hydrogen 7647-01-0 Causes developmental abnormalities in fetuses; the effect of

chiloride) hydrochloric acid on the organisms depends on the buffer
capacity of the aquatic ecosystem

Methanol (Methyl Alcohol) 67-56-1 Causes organ damage; harms reproduction; negative effects
on swimming behavior in aquatic organisms; possibly causes
tumors

Naphthalene 91-20-3 Very toxic to aguatic life with long lasting effects; confirmed

animal carcinogen & reasonably anticipated to be a human
carcinogen; harms reproduction

Nonylphenol 9016-45-9 Toxic to aquatic life with long lasting effects

13 See: www.FracFocus.org
14 MSDS https://www.msdsonline.com/sds-search/
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Phenol 108-95-2 Very toxic to fish; suspected mutagen; prolonged exposure
causes organ damage; harms reproduction

Polyalkylene glycol (DB-964) 9003-11-6 Harmful to aquatic life with long lasting effects
Poly(oxy-1,2-ethanediyl), 9043-30-5 Harmful to aquatic life with long lasting effects
a-isotridecyl-w-hydroxy-

Poly(oxy-1,2- 127087-87-0  Toxic to aquatic life with long lasting effects; endocrine
ethanediyl,alpha-(4- disruptor

nonylphenyl)-omega-
hydroxy-branched

Polyoxyalkylene glycol butyl 9004-77-7 Confirmed animal carcinogen and possible human carcinogen;

ether harms reproduction

Potassium chloride 7447-40-7 Study of native Gulf of Mexico species revealed toxicity to
sensitive life stages of fish and invertebrates

Propanol 71-23-8 Reproductive harms and fetotoxicity; carcinogenic in animals

Quaternary ammonium 68424-85-1 Very toxic to aquatic life with long lasting effects

compounds, benzyl-C12-16-

alkyldimethyl, chlorides

Sodium chlorite 7758-19-2 Very toxic to aquatic life with long-lasting effects; causes organ
damage; harms reproduction; causes tumors

Tetrakis(hydroxymethyl)phos  55566-30-8 Very toxic to aquatic life with long-lasting effects; causes

phonium sulfate genetic defects; harms reproduction
Tributyltetradecylphosphoniu  81741-28-8 Very toxic to aquatic life with long-lasting effects

m chloride

Trisodium nitrilotriacetate 5064-31-3 Harms reproduction; causes tumors; known animal and

possible human carcinogen

Figure 2: Known toxic chemical compounds discharged as reported by the AECOM 2021, Federal and industry disclosures
for well stimulation in state waters as reported by FracFocus. Chemical effects are from the Material Safety Data Sheets
(MSDS)."»

The disclosed chemicals in fracking fluids and wastewater include hundreds of known toxic pollutants, but
most of the chemicals are unnamed or their impacts are unstudied. A study evaluating 1,021 fracking chemicals
found that information on human health impacts was lacking for 76% of the chemicals; of the remaining 240
substances, evidence suggested reproductive toxicity for 103 (43%), developmental toxicity for 95 (40%), and
both for 41 (17%).'¢ Similarly, most of the chemical products used in the Gulf of Mexico lacked an aquatic
toxicity hazard assessment,"” but many that had been assessed were ranked as very toxic, toxic, or harmful to
aquatic life and people.'®

Produced water containing toxic fracking chemicals flows back from the well once the production of oil and gas
has begun. It can contain additional substances mobilized from underground such as arsenic, lead and naturally
occurring radioactive materials."” Fracking chemicals can also enter the water through leaks and spills at wells,
platforms and pipelines, and during transportation of chemicals to or from the well.°

When wastewater is not dumped into the ocean, it is reinjected into the seafloor or transported onshore in
pipelines. Even injection as a disposal method can result in leaks. Studies show that 30% of offshore oil wells in
the Gulf of Mexico experienced well-casing damage in the first five years after drilling, and damage increased

1 MSDS 2021

!¢ Elliott, et al. A systematic evaluation of chemicals in hydraulic-fracturing fluids and wastewater for reproductive and developmental
toxicity. (2016)

7 AECOM, 2021.

18 MSDS https://www.msdsonline.com/sds-search/

19 [CCST] California Council on Science and Technology. Advanced Well Stimulation Technologies in California: An Independent
Review of Scientific and Technical Information. Downloaded at http://ccst.us/publications/2014/2014wst.pdf Volume III. (2015)

2 CCST 2015
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Exxon Mobil Refinery in Baton Rouge, Louisiana by WClarke, CC-BY-SA

over time to 50% after 20 years.*' Fracking may also raise the risk of well failure and consequent oil or chemical
spills.*

A study of Marcellus and Fayetteville hydraulic fracturing flowback fluids and Appalachian conventional
produced waters found high levels of bromide, iodide and ammonium in these fluids at levels that pose risks to
both human health and the environment if discharged.> The routine use of biocides, such as glutaraldehyde and
quaternary ammonium compounds, in fracking fluids has spurred concern regarding the impact on ecosystem
and human health of inadvertent releases into the environment.*

Harmful chemicals present in these fluids can include volatile organic compounds (VOCs), such as benzene,
toluene, xylenes and acetone.” The oil and gas industry has self-reported fracking products containing 29
chemicals that are (1) known or possible human carcinogens, (2) regulated under the Safe Drinking Water Act
for their risks to human health,* or (3) listed as hazardous air pollutants under the Clean Air Act. ¥

2! Vengosh et al. A critical review of the risks to water resources from unconventional shale gas development and hydraulic fracturing
in the United States, 48 Environmental Science & Technology 8334-8348 (2014)

22 Davies, R.J. et al., Oil and gas wells and their integrity: Implications for shale and unconventional resource exploitation, 56 Marine
and Petroleum Geology 239-254 (2014)

2 Harkness, J.S. et al. 2015

24 Kahrilas, G. et al. Biocides in hydraulic fracturing fluids: a critical review of their usage, mobility, degradation, and toxicity. Envi-
ronmental Science and Technology 49: 16-32. (2014)

» United States Environmental Protection Agency. Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water
Resources. (2011)

26 United States House of Representatives, Committee on Energy and Commerce Minority Staff Chemicals used in hydraulic
fracturing (“House Report”) at 8, 11-12 (2011)

27 McKenzie, Lisa et al. Human health risk assessment of air emissions form development of unconventional natural gas resources, Sci
Total Environ doi:10.1016/j.scitotenv.2012.02.018 (2012)



ENVIRONMENTAL JUSTICE AND HUMAN HEALTH IMPACTS

Offshore drilling takes a heavy toll on Gulf Coast communities and imposes a disproportionate burden on
communities of color. There are 1,751 active offshore drilling platforms in federal waters in the Gulf of Mexico.?®
There are also 35 refineries on the Gulf Coast, making up 46% of the nation’s refinery capacity,®® as well as
numerous support facilities and pipelines. This industrial landscape pollutes the air, land and water and causes
coastal erosion. The industry’s negative impacts include oil spills, air and water pollution, wetlands loss and
contributions to climate change.

Four of the top 10 toxic pollution-emitting oil refineries in the United States, and all 10 of the worst polluting
petrochemical facilities, are located in Texas and Louisiana. Most of them are in low-income communities

of color.*® Compounding the persistent exposure to criterion pollutants from standard oil and gas industry
operations are the all-too-frequent and devasting impacts of oil leaks, spills and explosions. Federal records show
that between 2011 and 2020, U.S. pipelines had an average of 298 significant incidents per year that involved
death, injury and property or environmental damage.”'

Offshore fracking and other forms of extreme oil and gas extraction only intensify the risk of such accidents and
add additional toxic chemicals to the environment. Exposing these communities and workers to more hazardous
chemicals is compounding the existing environmental racism on the Gulf Coast.

People living near an oil or gas well reported reproductive, neurological, gastrointestinal, dermatological,
respiratory and musculoskeletal health effects in humans, food animals and companion animals. Food animals
displayed a significant spike in reproductive symptoms, which the researchers attributed to extreme initial
exposure to toxic chemicals from the extraction site.*> Numerous studies also suggest that higher maternal
exposure to fracking and drilling can increase the incidence of high-risk pregnancies, premature births, low-
birthweight babies and birth defects.”

More than 75% of the chemicals used in fracking could affect the skin, eyes and other sensory organs and the
respiratory and gastrointestinal systems; approximately 40% to 50% could affect the brain/nervous system,
immune and cardiovascular systems, and the kidneys; 37% could affect the endocrine system; and 25% could
cause cancer and mutations.*

Numerous studies have highlighted the fact that health assessments of drilling and fracking emissions often fail
to consider impacts on vulnerable populations, including environmental justice communities* and children.*

Fracking increases onshore truck traffic, oil production and ship traffic, all of which lead to increases in air
pollution. The people living closest to shipping ports in the Gulf and the petrochemical chemical plants and
refineries where oil and gas are processed should not suffer any more air-quality impacts from the fossil fuel
industry. Places like St. James Parish, Louisiana, Houston and Port Arthur, Texas, Cherokee, Alabama, and other
low-income communities of color see elevated levels of asthma, heart and lung disease and cancer, in addition to
elevated rates of COVID-19 mortality that have been linked to air pollution.

Oil and gas production creates conditions that amplify the risks associated with COVID-19. A major study of
air pollution and COVID-19 mortality in the United States found that exposure to even a small increase in fine
particulate matter (PM2.5) was linked to an 8% greater chance of dying from COVID-19.””

2 BOEM https://www.data.boem.gov/

» US Energy Information Administration, supra note 3. (2016)

% Donaghy. Research Brief. Environmental Justice Across Industrial Sectors. (2021)

31 US Department of Transportation, Pipeline and Hazardous Material Safety database. (2021)

32 Bamberger and Oswald Long-term impacts of unconventional drilling operations on human and animal health. Journal of
Environmental Science and Health, Part A 50: 447-459 (2015)

33 Currie, et al., Hydraulic fracturing and infant health: New evidence from Pennsylvania, 3 Science Advances 1603021 (2017)

3% Colborn, et al. Natural Gas Operations from a Public Health Perspective Pages 1039-1056 | Received 08 Jun 2010 (2011)

33 NRDC [Natural Resources Defense Council], Drilling in California: Who’s At Risk?, (2014); Clough, et al. Just Fracking: A Dis-
tributive Environmental Justice Analysis of Unconventional Gas Development in Pennsylvania, USA, 11 Environmental Research
Letters 025001 (2016); McKenzie, et al., Population Size, Growth, and Environmental Justice Near Oil and Gas Wells in Colorado, 50
Environmental Science & Technology 11471 (2016)

3¢ Webb et al., Potential Hazards of Air Pollutant Emissions From Unconventional Oil and Natural Gas Operations on The Respiratory
Health of Children And Infants. 31 Reviews on Environmental Health 225 (2016)

7 Xiao 2020; see also: https://www.nytimes.com/2020/04/07/climate/air-pollution-coronavirus-covid.html
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A pod of sperm whales by Gabriel Barathieu, CC-BY-SA

Many chemicals emitted during fracking are designated as Hazardous Air Pollutants (HAPs), which can

enter the air during the venting of gases during fracking or the evaporation of chemicals from fracking and
produced fluids, leading to dangerous human exposures.”® For instance, ethylbenzene, formaldehyde and
methylene chloride are all known or suspected carcinogens, while methanol is linked to reproductive harm and
hydrochloric acid and hydrofluoric acid can cause both eye irritation and respiratory harm.* Therefore, being
near fracking operations can lead to serious health effects, putting workers in particular at risk.

Drilling and fracking jobs are among the most dangerous jobs in the nation, with a fatality rate five times
higher than the national average, as workers suffer high risks from toxic exposure and accidents.”’ At the same
time, research shows that many gas field workers, despite these serious occupational hazards, are uninsured or
underinsured and lack access to basic medical care.*

WILDLIFE IMPACTS

While the biological diversity and economic importance of species located in the Gulf are well understood, the
effects of the persistent dumping of fracking and acidizing chemicals are unknown and unregulated.** However,
the available scientific evidence indicates that offshore fracking threatens marine life.

Many of the species found in the Gulf of Mexico are listed as threatened or endangered under the Endangered
Species Act. For example, the Gulf is home to critically endangered Rice’s whales — among the most imperiled
marine animals on Earth — endangered sperm whales, threatened coral species, threatened and endangered sea
turtles and threatened Gulf sturgeon.*

The Gulf of Mexico is also home to many marine mammals, including killer whales, beaked whales, dolphins
and melon-headed whales.* Fish species, mussels and oysters are also essential species in the ecosystem of

the Gulf Coast and are important global food sources. Just 100 miles south of the Texas-Louisiana border is

the Flower Garden Banks National Marine Sanctuary, which is a one-of-a-kind subtropical coral reef.* The
numerous wetlands and islands dotted along the Gulf’s shores also provide a breeding ground for about 75% of
the migratory waterfowl traversing the United States.*

38 Esswein et al. Occupational Exposures to Respirable Crystalline Silica During Hydraulic Fracturing (2013)

3 (Journal of Occupational and Environmental Hygiene (2013); Esswein et al., Evaluation of Some Potential Chemical Exposure
Risks during Flowback Operations in Unconventional Oil and Gas Extraction: Preliminary Results (2014)

40 Harrison, et al., Sudden Deaths Among Oil and Gas Extraction Workers Resulting from Oxygen Deficiency and Inhalation of
Hydrocarbon Gases and Vapors (2013)

4! United States, January 2010—March 2015. 65 MMWR Morb Mortal Wkly Rep 6 (2016); PSR at 80 (2016)

“2CCST 2015

43 Case: 18-60102 Document: 00514503503 Page: 28 Date Filed: 06/06/2018

4 GMG0000674

4 NOAA https://oceanservice.noaa.gov/ocean/sanctuaries/flower-garden.html

46 See: https://www.gulfbase.org/environmental-issue/tourism#:~:text=It%20is%20estimated%20that%20the,tens%200f%20thou-
sands%200f%20jobs. (2004)
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Fracking fluids can have adverse impacts on marine species at concentrations likely to occur from offshore
fracking. A study of mahi mahi exposed to fracking wastewater showed muscle depletion affecting their ability to
swim after they were exposed to a 2% dilution.”” According to a scientific review of fracking chemicals routinely
used offshore in California, at least 10 could kill or harm a broad variety of marine species, including sea otters,
fish and benthic invertebrates.*

There is significant scientific evidence of the impacts on aquatic life from onshore fracking. For example,
water-treatment plants in Pennsylvania had been accepting wastewater from hydraulic fracturing activity and
subsequently discharging it into streams. Fish in the Susquehanna River have been exhibiting abnormalities.
Studies show that 40% of adult smallmouth bass within one river section had black spots and lesions; 90% to
100% of fish observed were cases of intersex, possibly due to endocrine disruption.* Even one week’s exposure to
produced water from fracking was linked to decreased growth and survival of fish and mussels. *

Furthermore, the toxicity of fracking chemicals can increase when they are combined with other chemicals
and environmental stressors such as climate change. For example, when combined with other chemicals, some
endocrine disruptors become more dangerous and produce effects even when the chemicals are below the
threshold known to cause endocrine disruption.*

Fracking chemicals raise grave ecological concerns because the waters in the Gulf of Mexico are already suffering
from significant environmental pressures, including a large annual hypoxic zone, depletion of essential coastal
mangroves and wetlands, and other climate-related stressors. The marine environment of the Gulf is constantly
exposed to pollution because oil spills are routine; the U.S. Coast Guard documented 42,041 oil spills in the

Gulf of Mexico between 1973 and 2011.°* In 2010 the Deepwater Horizon disaster spilled 206 million gallons

of oil into the Gulf.”* Following the spill, the Gulf experienced the longest mortality event recorded for marine
mammals and sea turtles.”* The areas around offshore drilling platforms are important for whales, seabirds, sea
turtles and fish and are the most impacted as they are likely in the flow of the effluent stream from produced
water and other discharge from extreme oil and gas extraction.

CLIMATE IMPACTS

Current levels of carbon emissions will drive the global average temperature to rise far above the 1.5 degrees
Celsius climate limit established under the international Paris Agreement to avoid catastrophic harms to people
and life on Earth. Exceeding 1.5°C will cause devastating biodiversity loss, crop failure and greater harms to
coastal communities from more powerful storms and higher sea-level rise.” The world must cut global carbon
emissions by half by 2030 and reach near zero emissions by 2050 to keep warming below 1.5°C, and that means
ending new fossil fuel production and phasing out existing production.”

47 Folkerts, et al. Environmental Science & Technology 2020 54 (21), 13579-13589

48 Diehl, J. et al. 2012. The distribution of 4-nonylphenol in marine organisms of North American Pacific Coast estuaries. Chemo-
sphere 87:490-497

4 Pennsylvania Fish & Boat Commission, “Ongoing problems with the Susquehanna River smallmouth bass, A case for impairment,”
(2012)

% Wang, et al. Biological Effects of Elevated Major lons in Surface Water Contaminated by a Produced Water from Oil Production
Ning (2019)

> CCST 2015

52 US Coast Guard, Polluting Incidents In and Around U.S. Waters, A Spill/Release Compendium: 1969-2011 (2012)

33 Pallardy. “Deepwater Horizon oil spill”. Encyclopedia Britannica, (2021)

3 NOAA. Sea Turtles, Dolphins, and Whales 10 years after the Deep Horizon Oil Spill. (2020)

55 Allen, et al. Framing and Context. In: Global Warming of 1.5°C. An IPCC Special Report on the impacts of global warming of 1.5°C
above pre-industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global response

to the threat of climate change, sustainable development, and efforts to eradicate poverty. (2020)
¢ 1d., Oil Change International, The Sky’s Limit: Why the Paris Climate Goals Require a Managed Decline of Fossil Fuel Production
(September 2016), http://priceofoil.org/2016/09/22/the-skys-limit-report/, Oil Change International, Drilling Toward Disaster: Why

U.S. Oil and Gas Expansion Is Incompatible with Climate Limits (January 2019), http:/priceofoil.org/drilling-towards-disaster, IEA.
Net Zero by 2050, IEA, Paris https://www.iea.org/reports/net-zero-by-2050 (2021)
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Current U.S. climate commitments are not compatible with continuing fossil fuel extraction from federal
waters. The 2017-2022 OCS Oil and Gas Leasing Proposed Final Program stated that lifecycle greenhouse gas
emissions coming from past offshore oil and gas leasing and the 2017-2022 Program could represent up to
9% of the total remaining carbon pollution the United States can emit for a reasonable chance of constraining
global temperature rise to 2°C — itself a reckless target. Well stimulation enhances oil and gas production by
making the reservoir rocks more permeable, thus allowing more oil or gas to flow to the well’” and increasing
production, thereby worsening the climate crisis.

The United Nations’ November 2019 “Production Gap” report shows that countries like the United States are on
course to extract vastly more fossil fuels than what’s consistent with meeting a 1.5°C or even 2°C target.” The
United States is a primary contributor to this dangerous overproduction of fossil fuels as the world’s largest oil
and gas producer and third-largest coal producer, with current policies projected to lead to a 30% increase in oil
and gas production by 2030.”

According to data from the Bureau of Ocean Energy Management, as of May 2021 there were 29.57 billion
barrels of oil and 54.83 trillion cubic feet of gas in undiscovered, technically recoverable resources (UTRR) in
the Gulf of Mexico.”” UTRR are defined to include oil and gas that could be produced using other secondary
recovery methods® like extreme extraction techniques such as fracking. If extracted and burned, this reserve
would unleash 12.7 billion metric tons of carbon pollution,** which is vastly incompatible with staying below the
1.5°C limit.

Climate change is already wreaking havoc on the Gulf Coast by, for example, increasing the risk of extreme
weather. In 2020 the southeastern United States endured a record number of named storms,* and many of them
caused flooding in vulnerable communities.** While global average temperatures continue to rise, shifting Arctic
currents hit Texas in February 2021, causing massive power outages® and killing people and wildlife unprepared
for the extreme freezing event. We need a just transition to clean, renewable energy sources as quickly as possible
to protect coastal communities, and rather than doubling down on dangerous and polluting extreme oil and gas
extraction that will only worsen the climate emergency.

ECONOMIC IMPACT

Tourism, commercial fishing and sport fishing are huge drivers of the Gulf Coast economy and generate billions
in dollars in revenue for local, state and federal taxes. These industries provide jobs for a diverse cross section
of people in all regions of the Gulf Coast but are directly threatened by environmental degradation, including
climate change, caused by the oil and gas industry.

The northern Gulf provides fish nursery and feeding grounds in the form of expansive marshes, mangrove
stands, swamp forests and seagrass beds. It boasts some of best beaches and waters in the United States for
recreation and tourism. All forms of tourism generate 2.6 million jobs in the Gulf states, nearly five times the
number of jobs provided by the region’s other three largest resource-based industries: commercial fishing, oil
and gas, and shipping.®® One study estimated that wildlife tourism along the Gulf Coast supports more than $19
billion in spending and generates more than $5 billion in federal, state and local taxes each year. ¢

STCCST 2015

%8 See: https://www.unep.org/resources/report/production-gap-report-2019; https://www.sei.org/publications/trends-in-fossil-fuel-ex-
traction/

% See: https://www.eia.gov/international/data/country/US A

% See: https:/www.boem.gov/sites/default/files/documents/oil-gas-energy/resource-evaluation/2021 National Assessment Map
BOE_COLORS UpdatedScale.pdf

61 See: https://www.boem.gov/sites/default/files/documents/oil-gas-energy/resource-evaluation/2021%20Fact%20Sheet.pdf

62 See: https://www.epa.gov/energy/greenhouse-gases-equivalencies-calculator-calculations-and-references

% NOAA: Record-Breaking Atlantic Hurricane Season Draws To An End. (2020)

6 See how extreme oil and gas production contribute to climate change in the climate impact section.

5 NOAA: https://www.noaa.gov/news/us-had-its-coldest-february-in-more-than-30-years

% Stokes and Lowe. Datu. Wildlife Tourism and the Gulf Coast Economy. (2013)

67 See: https://www.govinfo.gov/content/pkg/GPO-OILCOMMISSION/pdf/GPO-OILCOMMISSION.pdf
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According to the National Oceanographic and Atmospheric Administration, commercial and recreational
fishing in the five Gulf states produced $31.89 billion in revenue in 2017. % For fiscal year 2015, commercial
fishing created 146,004 jobs and recreation fishing created 107,549 jobs in Gulf Coast states, for a total of 253,553
full-time equivalents. ® These jobs tend to be distributed among a diverse workforce.”

For comparison, the Bureau of Ocean Energy Management estimates that in fiscal year 2016, only 220,500 jobs
in the offshore oil and gas industry are held by people located in the Gulf Coast.”* BOEM estimates that the
offshore oil and gas industry contributed more than $30 billion, but that includes a multiplier effect based on the
spending of employees.”

POLICY RECOMMENDATIONS

Offshore fracking and other extreme oil extraction techniques are inherently dangerous. These practices pose

an unacceptable risk to the Gulf of Mexico's ecosystem and our climate and communities. Additionally, because
fracking and acidizing expand the lifespan of offshore oil and gas development and increase production, allowing
these practices is inconsistent with the national interest in addressing the climate crisis. In light of these threats,
bold leadership is needed to move quickly to end the use of offshore fracking and acidizing.

State and federal agencies should prohibit the use of extreme oil and gas techniques and stop issuing permits for
offshore fracking and acidizing. They should also immediately stop permitting oil companies to discharge toxic
chemicals into the Gulf of Mexico.

The secretary of the Interior should create a comprehensive program that restores, supports and protects
communities and workers affected by offshore oil and gas development. As part of the program, the Interior
secretary should examine how offshore fracking impacts the climate, the Gulf of Mexicos wildlife, and frontline
communities that bear the burden of pollution from the oil industry.

In developing the program, the secretary should establish a task force that consults with affected communities,
including meaningful consultation with labor and unions and Indigenous, Black and other communities of
color. Doing so would be consistent with the policy of this administration to create well-paying jobs, deliver
environmental justice and hold polluters accountable for their actions.”

¥ NOAA https://www.fisheries.noaa.gov/national/sustainable-fisheries/fisheries-economics-united-states#current-report (2017

% NOAA https://www.st.nmfs.noaa.gov/Assets/economics/publications/FEUS/FEUS-2015/Report-Chapters/FEUS%202015%20
09-GulfofMexico Final2 508 v4.pdf (2016)

70 See:https://www.lsuagcenter.com/~/media/system/3/0/e/e/30eeed5170ea8fabadad44a4 11a55b3fb/rr117racialandethnicgroupsinthegul-
fofmexicoregiona.pdf

""BOEM https://www.boem.gov/sites/default/files/oil-and-gas-energy-program/L easing/Five-Year-Program/2019-2024/DPP/NP-Eco-
nomic-Benefits.pdf

2 BOEM https://www.boem.gov/sites/default/files/oil-and- -program/Leasing/Five-Year-Program/2019-2024/DPP/NP-Eco-
nomic-Benefits.pdf

7 Executive Order On Advancing Racial Equity and Support for Underserved Communities Through the Federal Government (Jan.
20, 2021) and Executive Order on Tackling the Climate Crisis at Home and Abroad (Jan. 27, 2021)
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fishore hydrocarbon extraction is an important energy
source, with most offshore hydrocarbon extraction
performed on shallow continental shelves. More recently,
improved technologies (e.g., deep-water drilling and hydraulic
fracturing) along with the depletion of easily accessible
hydrocarbons have led to an increase in hydrocarbon
exploitation from deep-sea environments (Figure 1)."
Hydraulic fracturing is a process that extracts oil and gas
from low-permeability hydrocarbon-bearing reservoirs using
high volumes of chemicals and water under extreme pressures.
Primarily used for terrestrial extractions, hydraulic fracturing
has also been extended to offshore hydrocarbon extraction in
estuarine, shallow, and deep-sea marine environments.
Concerns now exist that the chemical composition of the
resulting hydraulic fracturing—flowback and produced water
(HF-FPW) may impact the marine ecosystem.” Studies of HF-
FPW produced from terrestrial hydrocarbon extractions show
that it contains a wide variety of salts and metals (e.g, Sr, Ba,
Cu, Zn, Cd, V), chemical additives (e.g, scale inhibitors,
surfactants, biocides), petrogenic organic compounds (e.g.,
polycyclic aromatic hydrocarbons), and transformation com-
pounds (e.g., halogenated methane and acetone derived from
the chemical additives in injected HF fluid through both biotic
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and abiotic reactions).” To date, publicly available composi-
tional information for HF-FPW produced from offshore
hydrocarbon extraction is scarce.

Compared with fluid and oil spills reported from conven-
tional offshore hydrocarbon extraction, HF-FPW from offshore
wells has a different fluid composition. Seawater is often used
as a base fluid to make hydraulic fracturing fluids in offshore
HF operations, whereas freshwater is most commonly used in
terrestrial HF wells. The injected chemical additives (e.g,
stabilizers) therefore also differ due to the use of seawater-
based hydraulic fracturing fluids as well as other constraints
specific to offshore platforms. Although some of the fluid
composition is likely to be similar, such as prevalent elements
found in the formation water or leached from the rocks via
water—rock interactions (e.g., Na, Cl, Ca, Sr, Ba), different
transformation compounds are also likely to be generated in
the marine subsurface due to chemical additives specific to the
seawater-based HF fluid and broader types of halotolerant
organisms carried by the seawater-based HF fluid.”

Despite the poor understanding of the composition of HF-
FPW from offshore hydraulically fractured wells, this waste
fluid is allowed to be directly released to the the marine
environment after treatment with discharges permitted under
the National Pollutant Discharge Elimination System
(NPDES) in the United States., whereas in China, permits
for HF-FPW discharge are allowed under the Effluent
Standards for Oil-Bearing Wastewater from Offshore Petro-
leum Development Industry Guideline (GB 4914-85). These
discharged wastewaters are not yet classified as hazardous
waste in the U.S. or Canada and are therefore allowed, despite
ample evidence of adverse effects on marine and freshwater
biota due to the exposure to inorganic and organic
components and synergetic effects.”* Additional inputs to
the marine ecosystem may also come from terrestrial inputs or
offshore HF-FPW spills or infrastructure failures. Despite
regulated releases already occurring, the current knowledge on
the potential impacts of HF-FPW on deep-sea organisms and
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Figure 1. Ongoing and projected global distribution of ultradeep
water (>1500 m) oil and gas extraction (top) and increasing water
depths of oil extraction from the U.S. in the Gulf of Mexico, 1948—
2018 (bottom). Data to make this figure were taken from Murawski et
al. (2020)."

changes in biogeochemical cycling in the surrounding
environment is scarce, making prediction difficult.

Publicly available studies of the direct impact of HF-FPW on
marine ecosystems, including shallow marine and deep-sea
environments, are limited. To the best of our knowledge and
based on the growing literature of HF-FPW effects on
freshwater and a limited number of seawater organisms,”
HEF-FPW entering the marine environment is also likely to lead
to adverse effects on the exposed ecosystem. For example,
elevated dissolved metals and organic carbon concentrations in
HE-FPW may change the bioavailability of metal species under
marine conditions, in particular, for those that are redox-active,
with ecotoxicological implications. Additionally, organics (both
anthropogenically and geogenically derived) found in HF-FPW
(e.g., polycyclic aromatic hydrocarbons, polyethylene glycols)
may have adverse effects on marine organisms and also shift
the marine microbial community composition and biodiversity,
thereby altering the marine element cycling. Furthermore,
organic compounds are known to enter the food chain through
uptake into phytoplankton and zooplankton, leading to the
bioaccumulation of selected contaminants in the upper trophic
levels and a resulting decrease in the survival and reproductive
fitness of individuals.

The deep-sea environment is far less studied than shallow
water systems, exists under extreme pressures, and is aphotic
(no light energy). Organisms inhabiting the deep sea are
specialized to survive under these particular conditions, and
these fauna may be less resilient to major perturbations in
water chemistry influencing the survival of both individuals and
ecosystems in these deep-sea regions. Except for deep-sea
hydrothermal vents and cold seeps, the deep-sea environment
and abyssal basins have low rates of chemical degradation and
are inhabited by lower densities of organisms who possess
higher lipid contents and greater potential to bioaccumulate
nonpolar compounds. The potential for adverse environmental
impacts is therefore significant. It is not difficult to envisage
that exposure to HF-FPW-derived pollutants may lead to local

extirpation or even global extinction of some deep-sea species.
A common approach to quantify the ecosystem impacts from
contaminant exposure is to use biomarkers from model
indicator species and marker genes and proteins to evaluate
the responses to contamination by an organism. However,
unlike shallow water ecosystems, the baseline information, in
particular, toxicity biomarkers, that is representative of deep-
sea habitats remains largely missing. Culturing deep-sea
animals in the laboratory to mimic in situ conditions is
challenging in traditional ecotoxicological studies. Therefore,
the development of novel markers of exposure coupled to
omics-sequencing techniques that can effectively estimate the
impacts of HF-FPW on deep-sea environments is urgently
needed.

A major complicating factor in assessing risk in offshore
extraction zones and, in particular, the deep-sea environment is
that the contamination from offshore spills/releases can easily
enter various distinct ecosystems that extend vertically and
horizontally, often crossing multiple political boundaries.
Complex laws and politics obstruct the remediation efficiency
when contamination does occur, with some countries more
vulnerable to the detrimental impacts of marine contamination
due to a lack of resources to conduct remediation and assess
the environmental and human health impacts on their own
(e.g., the MV Wakashio oil spill: A Japanese ship ran aground
on a coral reef in Mauritius in the Indian ocean in July 2020
and spilled its contents of 4000 tonnes of fuel oil into the
ocean, which has caused adverse impacts on the local
ecosystems and human health).’

In conclusion, offshore hydrocarbon extraction via hydraulic
fracturing and the release of waste HF-FPW, in particular, in
deep-sea environments, may result in long-term and irrever-
sible impacts on sensitive marine ecosystems. Future studies
are needed to understand the effects of discharged HF-FPW on
deep-sea marine (micro)organisms, including studying the fate
of pollutants and developing new biomarkers with effective
assessment methods. Filling this knowledge gap promises to
reveal the impact of HF-FPW release on extreme marine
environments and organisms that traditional ecotoxicological
studies do not normally report on. The resulting data will
provide a solid foundation to establish effective and protective
regulation schemes and environmental monitoring programs
for marine resource protection and conservation. Furthermore,
these data are essential in assessing the overall sustainability of
hydrocarbon extraction and allowing more accurate compar-
isons with the risks associated with alternative energy
resources.
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Hydraulic fracturing of deep shale formations generates large volumes of wastewater that must be
managed through treatment, reuse, or disposal. Produced wastewater liberates formation-derived
radionuclides and contains previously uncharacterized organohalides thought to be generated within the
shale well, both posing unknown toxicity to human and ecological health. Here, we assess the toxicity of
42 input media and produced fluid samples collected from four wells in the Utica formation and
Marcellus Shale using two distinct endpoint screening assays. Broad spectrum acute toxicity was
assessed using a bioluminescence inhibition assay employing the halotolerant bacterium Aliivibrio
fischeri, while predictive mammalian cytotoxicity was evaluated using a N-acetylcysteine (NAC) thiol
reactivity assay. The acute toxicity and thiol reactivity of early-stage flowback was higher than later
produced fluids, with levels diminishing through time as the natural gas wells matured. Acute toxicity of
early stage flowback and drilling muds were on par with the positive control, 3,5-dichlorophenol
(6.8 mg L™Y). Differences in both acute toxicity and thiol reactivity between paired natural gas well
samples were associated with specific chemical additives. Samples from wells containing a larger
diversity and concentration of organic additives resulted in higher acute toxicity, while samples from
a well applying a higher composition of ammonium persulfate, a strong oxidizer, showed greater thiol
reactivity, predictive of higher mammalian toxicity. Both acute toxicity and thiol reactivity are consistently
detected in produced waters, in some cases present up to nine months after hydraulic fracturing. These
results support that specific chemical additives, the reactions generated by the additives, or the
constituents liberated from the formation by the additives contribute to the toxicity of hydraulic
fracturing produced waters and reinforces the need for careful consideration of early produced fluid
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Environmental significance

Hydraulic fracturing stimulates the release of natural gas and other hydrocarbons from low permeability shale formations. We identified temporal shifts from
higher to lower acute toxicity and predictive mammalian cytotoxicity as four shale gas wells matured. Our findings add to the growing body of work quantifying
the toxic effects of hydraulic fracturing waste fluids, and links higher toxicities by these end points with chemical composition. As the volume of hydraulic
fracturing waste fluids produced increases year after year, it is imperative to utilize information regarding their composition and toxicity to inform safe and
effective wastewater management.

1. Introduction drilling and hydraulic fracturing techniques, remains a growing
practice in the oil and gas industry, especially in North Amer-
The process of extracting hydrocarbon resources from low ica.! During hydraulic fracturing, a large-volume (up to 20 mil-
permeability formations, such as black shales using horizontal ~lion L or more*?) of a water-based fluid is injected into the well
at a high pressure (up to 69 MPa*), generating new fractures in
the formation to enhance the release of hydrocarbons. Injected

“Department of Civil and Environmental Engineering, University of New Hampshire, fluids are Prlmarﬂy water (~900/0) combined with proppants

USA. E-mail: paula.mouser@unh.edu such as ceramic beads or sand (~9%), and a short list of
"West Virginia Water Research Institute, West Virginia University, Morgantown, WV chemical modifiers (~1%), commonly including biocides,
26506, USA gelling or foaming agents, pH adjustors, clay stabilizers, and

t Electronic ~ supplementary information (ESI) available. See DOIL

surfactants,®” with the fluid chemistry designed specifically for
10.1039/d1em00023¢
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the conditions of each well. Additionally, the composition of the
flowback fluid (generated during the first few weeks after well
completion) and produced water (generated once the well
transitions into production), collectively abbreviated as FPW,
are highly variable and depend on the fracture fluid chemistry,
formation-specific geogenic constituents, chemicals formed in
situ by industry design, or those generated through unantici-
pated subsurface reactions.”™ Well age exerts the greatest
influence over major ion concentrations in FPW.*?

Despite the wide-spread application of these technologies in
unconventional oil and gas formations, there remain substan-
tial environmental concerns surrounding water resource use,
management, and pollution.>*"® One major water resource
challenge is the management of large volumes of wastewater
containing elevated levels of dissolved solids,'” salts, radionu-
clides,"*® bromide,** and iodide,**** which are difficult to treat
using conventional treatment processes.”* Treatment of FPW
fluids has also been associated with the generation of toxins
resulting from disinfection byproducts, including organo-
iodides and brominated sulfonates.”® Additionally, accidental
release of hydraulic fracturing fluids, flowback fluids, and
produced waters during well integrity issues, on-site fluid
handling and transportation to disposal wells has resulted in
contamination of surface water and groundwater.* Spills have
been shown to negatively affect freshwater invertebrate and fish
species, highlighting the potential for both short and long-term
environmental impacts to downstream aquatic ecosystems>***
and water resource users.”

As the practice of hydraulic fracturing in oil and gas extrac-
tion continues to grow, the need for research evaluating FPW
toxicity also increases. In a recent review, Danforth and co-
authors summarized toxicity information for individual
produced water constituents, finding ecological or human
health risk values for only 14% of identified chemicals.”®
Moreover, interaction effects between fracture fluid chemicals
and the FPW itself on toxicity remains poorly understood. The
salt content of FPW samples (up to 400 g L™')*" can be far
beyond the salinity of seawater (~33 g L '),%” representing
a significant physiological challenge to freshwater and estua-
rine organisms. As a result, the high salt content alone of FPW
can disrupt organism ionic balance, leading to toxicity;**?**
aquatic invertebrate acute toxicity has been primarily attributed
to the high salinity from Duvernay Basin and Appalachian Basin
produced waters.>***** FPW toxicity beyond acute salinity effects
have been observed in several model aquatic organisms,>*>7?%3*
with some toxicity endpoints linked to higher organic
compound concentrations®* as well as the solid phase, which
may concentrate some toxicants (e.g., polycyclic aromatic
hydrocarbons) relative to the dissolved phase.*

Whole organism toxicity tests are invaluable in linking
adverse outcomes of chemicals on organisms and their recep-
tors, and can be used to assess both individual and synergistic
effects. However, whole organism studies are frequently time
consuming to perform, may require large fluid volumes, and
FPW salinity may mask a range of additional adverse effects.
Toxicity screening assays provide a complimentary tool to whole
organism tests to quickly assess toxic bioactivity across a large
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number of environmental samples. The Alitvibrio fischeri (A.
fischeri) bioluminescence assay**?° is a widely employed acute
toxicity screening test that is sensitive across a wide range of
organic and inorganic contaminants and effective in an array of
complex waste matrices.’”*®* Hull and coauthors®* applied this
approach to track acute toxicity over 220 days in produced fluids
from a Denver-Julesberg Basin (Colorado) shale well, finding
BioLuminescence Inhibition Assay (BLIA) inhibition stabilized
in the 4 months after hydraulic fracturing. Biological assays
have also identified the induction of mutagenicity,* estro-
genicity,* and specific cellular pathways indicative of xenobi-
otic toxicity response (including pregnane-X receptor, aryl
hydrocarbon receptor®®*®) to compounds concentrated in the
organic fraction of shale gas flowback and produced waters.
Halogenated organic compounds identified in the organic
fraction have the potential to cause a biological response by
inducing cysteine thiol in glutathione as a reductant, which can
lead to adverse effects including an immunotoxicity reac-
tion.*>** The NAC thiol reactivity assay has recently been applied
to environmental samples to detect interactions between
organic chemical constituents and biological thiols,**** and can
be utilized on FPW extracts previously characterized to include
a diverse array of halogenated organic compounds.** Although
these two screening assays are not capable of characterizing
specific toxicity effects at the whole organism level, they provide
a rapid, high throughput measure of broad acute toxicity (BLIA)
to thiol reactive toxicity (NAC thiol) that can be applied to
complex and variable FPW samples.

Although the health effects of some disclosed chemicals
used in hydraulic fracturing are known,” many gaps remain,*
and toxicity studies evaluating synergetic effects between
compounds is relatively unexplored. With the exception of the
aforementioned temporal study for a shale well in the Denver-
Julesberg Basin,* long term assessment of FPW temporal
toxicity also remains limited. Barriers to such studies include
gaining continuing access and coordinating sampling with
operators at well pads, obtaining and transporting sufficient
sample volume for toxicity studies, and sample matrix shifts
that occur during well maturation, possibly influencing toxicity
results. Among the existing studies, toxicity of flowback
collected from a shale well in the Canadian Duvernay formation
was highest among most aquatic species at the earliest time*?
while a second study from this same formation noted an inverse
relationships through time in toxicity of FPW organic extracts
for two different endocrine disrupting assays.*

Given the continued need to better understand the character
and possible environmental impacts from unconventional oil
and gas wastewaters, the goal of this work was to compare and
track temporal changes in toxicity for input media and
produced fluid samples from multiple hydraulically fractured
natural-gas wells in the northern Appalachian Basin using two
high throughput screening assays.***” We hypothesized that
toxicity would decrease through time after fracturing and that
both geological formation and chemical additive components
would play an important role in toxicity differences. We were
also interested in assessing the toxicity of specific sample
fractions to better understand the source of toxicity through

This journal is © The Royal Society of Chemistry 2021
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time. Results from this study improve our understanding of the
toxicity of hydraulic fracture wastewaters and its variability
through time in the Appalachian Basin to better inform moni-
toring and risk assessment efforts in these and other forma-
tions slated for future hydraulic fracturing development.

2. Material and methods
2.1 Fluid sampling and processing

Hydraulic fracturing fluids were collected and processed as
previously described.****° Toxicity analyses were conducted on
input media and produced fluid samples from four hydraulically
fractured natural-gas wells in the northern Appalachian Basin:
two from the Marcellus Shale (M-4 and M-5) and two from the
Utica-Point Pleasant Formation (U-6 and U-7). Field samples were
collected as part of several large scale, multi-university collabo-
rative efforts to characterize a diverse array of geological, chem-
ical, and biological parameters; access to fluid samples was
contingent upon operator and collaborative research plans.
Although not all wells were sampled at the same time intervals,
the wide array of related data available for analyzed samples is
a unique advantage of these multiyear datasets. A total of 42
samples (see Table S21) were collected from drilling equipment,
holding tanks, drill muds, or from gas-fluid separators,
including: M-4 (n = 10 flowback and produced water (FPW), 1
“kill” fluid (a high density fluid pumped into a well to temporarily
stop gas flow for maintenance purposes), 1 drill mud, and 1
sidewall mud), M-5 (n = 8 FPW), U-6 (n = 9 FPW, 2 freshwater
tank, 1 produced water additive, and 1 recycled produced water
additive (make-up water from recycled produced water)), and U-7
(n = 8 FPW) for acute toxicity (bioluminescence assay) and were
immediately stored at —20 °C until analysis (see Fig. S1 for field
experimental details).

Samples for predictive mammalian cell cytotoxicity (NAC
thiol assay) were pre-processed using solid phase extraction
(SPE) as previously described,** then stored at —20 °C until
analysis (see Table S31). SPE is important for reducing inter-
ferences for the NAC thiol assay and enables increased sensi-
tivity and detection of thiol reactivity by concentrating larger
volume samples. Briefly, a 200 mL sample was filtered (0.7 mm
glass fiber filter (Whatman GF/F)) and acidified to pH 2 with
concentrated HCI to increase extraction efficiency for organic
acids and phenols.”* SPE cartridges (Agilent Bond Elut PPL SPE
cartridges (1 g, 3 mL)) were pre-conditioned with methanol
(HPLC grade, Fisher Scientific) then rinsed with 0.1% formic
acid (Acros Organics). Samples were applied to the SPE resin at
a flow rate of ~5-10 mL min~ " before rinsing the resin with
10 mL 0.1% formic acid and cleaning the cartridge exterior with
Milli-Q water to remove sample impurities. SPE cartridges were
dried under vacuum before eluting the concentrated and de-
salted sample using 10 mL methanol.

2.2 Bioluminescence inhibition assay

Acute toxicity for 42 field samples (35 FPW and 7 drill muds per
input fluids) was assessed using an A. fischeri (NRRL B11177)
bioluminescence inhibition microassay (BLIA) (Lumoplate

This journal is © The Royal Society of Chemistry 2021
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Ultimate Matrix kit, EBPI, Mississauga, ON, Canada). Briefly,
lyophilized bacteria were reconstituted into a background
diluent (supplied by the manufacturer) for 30 minutes at 4 °C,
followed by 30 minutes at 15 °C to activate the A. fischeri
reagent. Next, samples (200 pL) were added to the plate and
serially diluted (1 : 2) throughout the microplate column. The A.
fischeri reagent (100 uL) was then dispensed into microplate
wells. Luminescence was measured at 1, 5, 15, and 30 minutes
of sample exposure using a Synergy HTX microplate reader
(BioTek, Winooski, VT, USA) located in an environmental
growth chamber held at 15 °C. Orbital shaking of the plates
occurred every one second between measurements.

Samples were analyzed in duplicate and fractionated as
described below, and positive (3,5-dichlorophenol (Sigma-
Aldrich)) and negative controls (background diluent) were
included on every plate. A salt control (SW) was analyzed con-
taining Na, Mg, K, Ca and Cl, typical of Appalachian shale FPW
(Table S1t). To separate toxicity effects between solid (particles)
and aqueous (dissolved) phases, field samples were fractioned
into a sediment-containing sample (S) and a sediment-free (SF)
portion. Sediment-containing fractions were raw and unpro-
cessed fluids or muds, while sediment-free fractions contained
the supernatant after centrifugation (9.6 x g for 10 minutes)
that also passed through a 0.2 um pore size polyethersulfone
(PES) filter. When samples were outside of a circumneutral
range, the pH was adjusted to 7.0 £ 0.2 using 1.0 M NaOH or
HCI solutions for the samples shown in Table S2.T Considering
the high concentration of chloride (g L") present in flowback
and produced water samples, hydrochloric acid addition to
adjust sample pH is not expected to produce halogenated toxi-
cants. The total dissolved solids (TDS) concentration was
adjusted to 20 g L' with MilliQ water for all samples per
standard procedure for optimal A. fischeri growth (ISO
21338:2010 standard); dilution factors ranged from 3 to 7 for
FPW samples (see Table S27).

The percentage of bioluminescence inhibition (INH%) was
determined by comparing sample bioluminescence (Is5) and
background control (I¢) as follows (eqn (1))

INH% = 100 — 100 x (133()/KF) X ISl (1)

where KF is the correction factor (KF = Igzo/lci), Ici is the
control luminescence intensity at one minute, I3, is the control
luminescence intensity after 30 minutes, Is; is the sample
luminescence intensity at one minute, and Ig;, is the sample
luminescence intensity after 30 minutes. The concentration
that inhibited 50% of the population (ECs,) was determined
from bioluminescence results using EBPI toxicity calculation
software following ISO standard 21338. A Toxicity Unit (TUs,)
was then calculated as 100/ECs,. Based on the TUs, values,
samples were classified as non-toxic (TUs, = 0), slightly toxic (0
<TUsq < 1), toxic (1 < TUs, < 10), very toxic (11 < TUs, < 100), and
extremely toxic (TUs, > 100).>

2.3 N-Acetylcysteine thiol reactivity assay

The toxicity of SPE extracts for 18 FPW and 4 input fluid samples
from M-4 and M-5 were analyzed using the NAC thiol reactivity
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assay (Table S31), which is a predictor of reactive cytotoxicity for
mammalian cells.***** The NAC thiol assay quantifies the
availability of cysteine thiol groups on N-acetylcysteine as
a surrogate for glutathione, a biomolecule that defends against
reactive toxins in biological systems.> In this assay, 2-nitro-5-
thiobenzoate (NTB) is produced and measured from a reac-
tion between Ellman's reagent (5,5'-dithiobis-(2-nitrobenzoic
acid) or DTNB)* with unreacted thiol groups on NAC after
sample exposure. A dilution series of four replicate sample
extracts in Tris buffer (1 M, pH 8.0, Thermofisher) (40 pL
volume) was incubated with 4 mM NAC (10 pL) at room
temperature in the dark for 20 min with linear shaking. Next, 50
pL of Ellman's reagent (1 mM DTNB in 100 mM potassium
phosphate buffer and 0.1 mM EDTA at pH 8.0) was added to the
assay to react with any remaining NAC during 10 seconds of
linear shaking. The produced NTB was immediately quantified
by measuring absorbance at 412 nm using the Synergy HTX
microplate reader. In addition to sample extracts and their
corresponding blanks (extract, Tris buffer, and Ellman's
reagent), each plate contained a negative control (NAC, Tris
buffer and Ellman's reagent), and a positive control (NAC, Tris
buffer, Ellman's reagent, and 10 mM maleimide (2,5-Pyrrole-
dione, Sigma-Aldrich)). The percent of concurrent negative
control was defined by averaging blank-corrected negative
control data and dividing these estimates into individual
absorbance value measured at 412 nm for each FPW sample.
The data were reported as the percentage of the concurrent
negative control.

2.4 Geochemical and organic analyses

Total Dissolved Solids (TDS) were estimated based on measured
electrical conductivity on unfiltered samples using Orion star
field probes (ThermoFisher Scientific, Waltham, MA). Samples
for geochemical and organic analysis were collected in high
density polyethylene or glass containers with no headspace and
stored at 4 °C until analysis within 48 hours. Samples for total
dissolved carbon (DOC) were filtered (0.22 pm pore size PES
filters, EMD Millipore, Burlington, MA) and measured as non-
purgeable organic carbon by combustion using a TOC/TN
analyzer equipped with autosampler (TOC-V CSN/TNM-1/ASI-
V, Shimadzu, Kyoto, Japan). During the M-4 and M-5
sampling campaigns, samples were also collected for BTEX
(inc. benzene, toluene, ethylbenzene, total xylene, m,p-xylene, o-
xylene) and surfactants (methylene blue active substances
[MBAS]). Samples for BTEX were preserved using hydrochloric
acid (pH < 2) and analyzed using GC-MS using EPA SW-846
8260B while the methylene blue active substances assay was
performed per EPA SM5540C. Comparisons are also made
against a previously published chemical dataset of iodinated
organic ions detected in the same produced fluid solid phase
extracts utilized for the thiol reactivity assay.**

2.5 Statistical analyses

All statistical analyses were conducted using SigmaPlot version
14.0 (Systat Software Inc., San Jose, CA, USA). Data were first
tested for normality (Shapiro-Wilk test) and homogeneity of
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variance (Levene's test). Data that failed these tests were trans-
formed or analyzed using nonparametric statistical approaches
(e.g. Wilcoxon Signed Ranked test). Positive bioluminescence
inhibition of the sediment-containing and sediment-free
samples were compared using a Kruskal-Wallis One Way
Analysis of variance on ranks, while interactions between BLIA,
NAC-thiol reactivity, geochemical parameters, organic chemical
parameters, and halogenated organic compounds were inves-
tigated by regression analyses. Differences were considered
statistically significant at p = 0.05.

3. Results

3.1 Acute toxicity persists in some shale wells up to nine
months after hydraulic fracturing

We first investigated changes in acute toxicity on halotolerant
bacteria for FPW samples (diluted to 20 g L' TDS) collected up to
764 days after flowback began from two Marcellus shale natural
gas wells using the A. fischeri assay. We expected a decrease in
toxicity with time after hydraulic fracturing as the injected fluid
additives reacted with each other and with the shale matrix and
were diluted by formation brines before returning to the surface
as FPW. Our results support decreased toxicity as Marcellus
natural-gas wells mature, with acute toxicity of early-stage flow-
back measuring higher than that of later FPW for both sediment-
containing and sediment-free fractions in both wells (Fig. 1).
Toxicity of FPW in M-4 remained high for more than 9 months
(280 days) after flowback began, then declined in subsequent
months for both fractions (Fig. 1a). A similar temporal trend was
observed in M-5, although toxicity diminished at an earlier time,
by 4 months after flowback began (Fig. 1b). Negative INH% was
measured in FPW samples from both M-4 and M-5 after nine
months production (from 406 to 764 days), indicating the hal-
otolerant bacteria A. fischeri was actually stimulated by the
geochemistry of later produced fluid samples above that of the
negative control, which only contained cells and background
diluent (Fig. 1a and b). Although we cannot pinpoint an expla-
nation for this effect based on our collected data, one possibility
is that constituents present in these fluids might serve as addi-
tional carbon, nutrient, or energy sources for this taxon, stimu-
lating its growth.

Compared with the two Marcellus wells, FPW acute toxicity
from Utica-Point Pleasant Formation natural gas well samples
decreased very quickly. Samples from U-6 diminished in
toxicity within 30 days, while samples from U-7 showed no
acute toxicity regardless of time sampled for both sediment-
containing and sediment free fractions (Fig. 1c and d). To
put these acute toxicity values in perspective, we calculated
their half maximal effective concentration (ECs,), then applied
the classification scheme developed by Persoone et al.,* which
categorically ranks values from non-toxic to extremely toxic.
Early flowback samples in M-4, M-5, and U-6 ranged from
slightly toxic to toxic, with the highest classified toxicity in days
2, 9 and 119 of flowback in M-5. Using this criteria, FPW
samples that were collected from mature wells, or wells
producing natural gas for greater than one year, were classified
as non-toxic (Fig. 1).

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Acute toxicity of flowback and produced water measured using the A. fischeri BLIA assay from Marcellus Shale natural-gas wells M-4 (A)
and M-5 (B), and Utica natural gas wells U-6 (C) and U-7 (D). Sediment containing fractions are depicted as bars while sediment-free fractions are
shown as lines with markers. Boxes above each figure represents toxicity classification (TUsg) based on ECsq values determined from assay
concentrations of sediment containing samples; N.S. indicates no sample was analyzed at that time point.

Based on previous studies,*?**>>*¢ we expected the removal of
sediments and associated metals and/or hydrophobic organic
matter to decrease toxicity in FPW samples. However, for
samples measuring positive toxicity in the two Marcellus and
one Utica well (280 days or less, M-4; 119 days or less, M-5; 22
days or less, U-6), we detected no significant difference between
sediment-containing and sediment-free fractions for individual
wells (Fig. 2a). We observed samples from one Marcellus well

(M-5) contained average higher toxicity than the other on the
same well pad (M-4) for both sediment-containing and
sediment-free fractions (p < 0.05). However, average acute
toxicities for the Utica well samples (U-6) did not significantly
differ from sediment-containing or sediment-free fractions in
either M-4 or M-5 indicating that the toxins are primarily dis-
solved. Altogether, these data suggest acute toxicity of FPW
samples from these four natural gas wells as measured using
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Fig.2 Average acute toxicity as measured using the A. fischeri BLIA assay of (A) FPW samples (* indicates statistical significance at p < 0.05), (B)
positive control (3,5-dichlorophenol, 6.8 mg L™1) and salt control and (C) input media from the Marcellus and Utica well pads.
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the A. fischeri BLIA assay is primarily influenced by sample
timing and specific well additives, as opposed to sample frac-
tion or Appalachian shale formation.

3.2 Input media containing additives show high toxicity

In samples showing positive acute toxicity, the average INH% of
both sediment-containing fractions (M-4 and M-5) and sedi-
ment free fractions (M-4, M-5 and U-6) was less than that of the
positive control (6.8 mg L™ 3,5-dichlorophenol, INH% = 65%)
(Fig. 2b). However, per standard procedure, all FPW samples
were diluted to 20 g L~" TDS using dilution factors that varied
from 3 to 7 (see ESIT). Considering this, the undiluted toxicity of
M-5 and U-6 samples would likely be similar to or considerably
higher than the positive control during the first few months of
flowback assuming extrapolation of the acute toxicity response
within this dilution range. We verified that the assay response
was not solely due to major ions by analyzing the toxicity of
a salt control. The average INH% of acute toxicity in the salt
control was on par with the negative toxicities measured in all
four mature wells studied (Fig. 2b), which is unsurprising given
that A. fischeri is a moderate halophile.”” Among the media
tested for toxicity from these sites, input muds and fluids (drill
mud, sidewall mud, and kill fluid) exhibited the highest INH%,
while produced water and recycled produced water additives
exhibited lower INH% (Fig. 2c).

Unsurprisingly, negative inhibition was measured in the
freshwater used as the source fluid in U-6 and U-7 (Fig. 2c).
Importantly, the dilution factors for these media varied
considerably, ranging from 1 to 7 for all except the drill mud,
which required a 70-fold dilution (see Table S2}). The Marcellus
drill mud and sidewall mud were categorized as toxic while the
kill fluid was classified as very toxic based on classification of
half maximal effective concentration values (ECs).

3.3 NAC thiol reactivity persists in Marcellus wells months
after hydraulic fracturing

To further understand the specific pathways that may
contribute to the acute toxicity measured using the A. fischeri
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assay, we applied a high-throughput NAC-based thiol reactivity
assay that quantified a toxicity pathway predictive of mamma-
lian cells for FPW samples collected up to 764 days after
flowback began from M-4 and M-5. Based on our acute
toxicity results, we expected a decrease in thiol reactivity with
time after hydraulic fracturing. Our results supported this
hypothesis, as the thiol reactivity of early flowback was higher
than that of mature produced fluids (Fig. 3a). Although M-5
showed higher acute toxicity, its thiol reactivity diminished
quickly, within 70 days after flowback began. In contrast, M-4
had higher sustained NAC thiol reactivity through 182 days of
flowback, with values on average 1.3 fold higher than M-5
(Fig. 3Db). Although we were unable to apply the NAC thiol
reactivity to all input media used in the acute toxicity assay, we
tested four input media samples that were processed using SPE:
two fracture fluids and two input river fluids. The M-4 fracture
fluid had higher NAC thiol reactivity response than the fracture
fluid used in M-5, which is consistent with early FPW samples
from these wells (Fig. 3c). Recognizing sample concentration
factors (CF) were 8 times higher for FPW samples (200x CF)
compared with fracture fluids (25x CF, limited by SPE clogging
from fracture fluid additives), measured fracture fluid NAC thiol
toxicity was comparable to that of early FPW samples (Fig. 3c),
indicating injected fluids likely contained considerably higher
thiol reactivity if differences in concentration factors were
accounted for. Due to the non-linearity of thiol reactivity
response, responses of less concentrated injected fluids were
not extrapolated. Additionally, the composition of the fracture
fluid before and after breaker addition (in well) could also
influence the measured toxicity (e.g., possible formation of
organohalides following breaker addition®). Interestingly,
input river samples (200x CF) measured thiol reactivity
response similar to that in later time points for both M-4 and M-
5 (200x CF). These findings further support fracturing fluid
additives as the source of toxicity in early FPW samples, with
diminished toxicity as the natural gas well matures.

To further explore how results from the whole effluent acute
toxicity assay (BLIA) related to the NAC thiol assay, which tar-
geted electrophilic and redox reactive compounds in organic
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Fig. 3

(A) NAC thiol reactivity for flowback and produced water from Marcellus Shale natural-gas wells M-4 and M-5. Average NAC thiol

reactivity of (B) FPW samples and (C) input media from the Marcellus well pad samples.
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Fig.4 Comparison between the A. fischeri acute toxicity assay and the
NAC thiol reactivity response for all FPW samples from M-4 and M-5.

extracts, we compared their responses (Fig. 4). These two
toxicity assays were significantly inversely correlated to each
other (p < 0.0001), indicating high acute toxicity was associated
with higher thiol reactivity. Moreover, the NAC thiol reactivity
explained only about half the acute toxicity measured via the A.
fischeri assay (Fig. 4), which is not surprising, considering the
BLIA is sensitive to a broad range of chemical compounds while
NAC thiol is measuring a specific reaction between DNTB and
NAC thiol groups. The NAC thiol reaction involves the nucleo-
philic attack of the thiolate on an electrophile® and therefore its
response would not include other forms of toxicity derived from
the diverse chemical additives, products, and radionuclides
commonly present in FPW samples.

3.4 Differences in toxicity are associated with variations in
fracture fluid chemical additives

Since the samples from these four natural gas wells represent
two well pairs on two different pads, we had the opportunity to
examine differences in geochemistry and specific chemical
additives that might influence the toxicity of input media and
resulting FPW. Interestingly, the fracture fluid composition in
M-5 had 18 additives added at 1.1 to 2.7 times higher concen-
tration than M-4, while only 5 additives were higher in M-4
(Tables 1, S4 & S5t). Moreover, a larger overall fraction of
organic chemical additives were present in M-5, including the
biocide C;,-C;6 alkyl dimethylbenzyl ammonium chloride,
breaker ethylene glycol, and the corrosion inhibitor methanol
(Table 1). These compounds are associated with oral acute
toxicity® identified by the EPA's Human Health Benchmarks for
Pesticides and the EPA's Integrated Risk Information System
database, which may in part explain the higher acute toxicity
measured in M-5 through time. In contrast, M-4 fracture fluid
contained 2.7 times higher concentration of guar gum (a gelling
agent), 6.5 times higher polyacrylamide-co-acrylic acid and
alcohol ethoxylates (friction reducers), and 74 times higher
ammonium persulfate (an oxidative radical initiator) than M-5
(Table 1).

Although Hull et al. suggested labile organics (e.g., organic
acids, guar gum) may mask toxicity of other additives,* our
results show that M-4, which contained 2.7 times higher

This journal is © The Royal Society of Chemistry 2021
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concentrations of guar gum than M-5, had lower acute toxicity
but higher thiol reactivity. The combination of organic additives
in M-5 likely contributed to its higher acute toxicity, while
specific reactions initiated by ammonium persulfate®®®* may
explain the higher thiol reactivity in M-4 as compared to M-5.
Halides compete with the intended radical reaction initiated
by ammonium persulfate®® and unsurprisingly ammonium
persulfate has been shown to initiate halogenation of fracturing
chemicals including cinnamaldehyde.”®** Although these
samples were desalted prior to analysis, organohalides gener-
ated through halogenation reactions would still be present in
the extract, as evidenced by Luek et al.** In a similar capacity, we
compared the disclosed chemical additives in U-6 and U-7,
finding that six constituents were added at 1.1 to 1.5 higher
concentration in U-6, including petroleum distillates, n-alkyl
dimethyl benzyl ammonium chloride and methanol (Tables S6
& S7%). These minor differences in overall chemical additive
composition could partially explain differences in acute toxicity
for U-6 well as compared to U-7. The n-alkyl dimethyl benzyl
ammonium chloride and methanol are associated with oral
acute toxicity®>® while certain petroleum distillates may not be
readily biodegraded by the bacteria used in this assay.

3.5 Toxicity correlated with organic chemical concentrations

Based on these disclosed differences in organic chemical
compositions, we further explored the relationship between
BLIA acute and NAC thiol toxicity results and organic chemical
measurements. A general trend in hydraulically fractured
Appalachian Basin shales is a decrease in dissolved organic
carbon concentration (DOC) with time after hydraulic frac-
turing.*** Consistent with studies of other well sites, DOC
decreased through time in each of these four wells (Table S27).
Toxicity also decreased with time, therefore we identified
a significant positive correlation between DOC and acute
toxicity in the sediment free fraction (SF) of M-5 and sediment
containing fraction (S) of M-4 (p < 0.05). In addition, a weak
correlation between DOC and BLIA acute toxicity was observed
for U-6 (R* = 0.5) and U-7 (R* = 0.54). No significant correlation
was found between DOC concentrations and thiol reactivity for
either M-4 or M-5. Samples from M-4 and M-5 were also
analyzed for several organic constituents (BTEX, MBAS, oil and
grease (O&G), Table S8t) frequently detected in produced
waters.'>'>%% Lijke bulk DOC, the concentration of BTEX,
MBAS, and O&G generally decreased in M-4 and M-5 natural-gas
wells as they matured (Fig. S2A-Ct). Benzene and toluene were
found in all FPW samples, with the highest benzene (14 pg L™,
day 8) and toluene (53 pg L', 42 days) measured in M-5
(Fig. S2At). Similarly, MBAS and O&G were present in all FPW
samples, with M-5 containing higher MBAS (3 mg L™, 402 days)
and O&G concentrations (500 mg L™, 56 days) (Fig. S2A and
Bt). MBAS concentrations were positively correlated with acute
toxicity (p < 0.05) for both S and SF fractions from M-4 and for SF
fractions from M-5. Ethylbenzene, total xylenes, m,p-xylene, and
o-xylene varied through time from non-detect to 31 ug L™ " in the
two Marcellus wells (Fig. S2B and S2Cf). Both benzene and
toluene were positively correlated to acute toxicity (p < 0.05) in
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Table 1 Hydraulic fracturing fluid additives of (a) Marcellus Shale natural-gas wells M-4 and M-5, and (b) Utica Point Pleasant Formation natural
gas wells U-6 and U-7, as disclosed in the FracFocus database. Disclosed information was used to calculate fold differences in wells on the same
pad. The intensity of box shading represents the fold difference in mass fractions for hydraulic fracturing fluid additives for wells from the same
well pad and formation. Specific mass fractions for additives listed here are provided in Tables S4-S7 (see ESI). Dark grey shading indicates
additive absent/fold difference not calculated due to a lack of information

a) b)

CAS RNs Inprediont Fold dil‘fcrl:nccAin max CAS RNs Ingredient Fold diffcrence‘in max
i concentration concentration

M-4 M-5 U-6 U-7

14808-60-7 Quartz, Crystalline silica 14808-60-7 Sand

7647-01-0 Hydrochloric acid 7647-01-0 Hydrogen chloride

7783-20-2 Ammonium sulfate 69418-26-4 Acrylamide”

G000-30-0 Guar gum Proprietary Proprietary

18193-60-1 Acrylamide” 64742-47-8 Petroleum Distillate

111-30-8 Glutaraldehyde 84133-50-6 Alcohol — a]koxylaledh

68171-20-9 Sodium salt’ 124-04-9 Adipic acid

F727-54-0 Diammonium peroxidisulphate - 111-30-8 Glutaraldehyde

136793-29-8 Methyl acrylate® 7173-51-5 DD ammonium chloride®

68424-85-1 Alkyl (c12-16) DAC" 68424-85-1 n-Alkyl dimethyl BAC"

6381-77-7 Sodium erythorbate 64-17-5 Ethanol

7601-54-9 Trisodium ortho phosphate 7722-84-1 Hydrogen Peroxide

57-13-6 Urea Proprietary Sodium Polyacrylate

25322-60-4 Polypropylene glycol 2000-30-0 Guar Gum

67-56-1 Methanol 64742-47-8 Light petroleum distillates®

61790-12-3 Fatty acids, tall-oil Proprietary Organophylic Clay

68527-49-1 Thiourea, polymer® 34398-01-1 Alcohol ethoxylate

107-21-1 Ethylene Glycol 14808-60-7 Crystalline Silica

7631-86-9 Non-crystalline silica 67-56-1 Methanol | |

25038-72-6 Halogenated polymers’ *Ethanaminium, N,N,N-trimethyl-2-[(1-oxo-2-propenyl Joxy]-,

7757-82-6 Sodium sulfate -chloride, polymer with 2-propenamide

68951-67-7 Alcohols, alkoxylated® b Alcohols, C12-14-secondary, ethoxylated

64-17-5 Ethanol © Didecyl dimethyl ammonium chloride

107-19-7 Propargyl alcohol ? n-Alkyl dimethyl benzyl ammonium chloride

79-06-1 2-Propenamid (impurity) ® Distillate (petroleum), hydrotreated light

629-73-2 Hexadec-1-ene

112-88-9 1-Octadecene (C18) Legend

63148-62-9 Silicones” 10-100

64-02-8 TSEDT

67762-90-7 Silica’ 5-10

556-67-2 Octamethyleyclotetrasiloxane

G002-84-0 Poly (tetrafluoroethylene) ] _5:

50-00-0 Formaldehyde

541-02-6 Decamethyl cyclopentasiloxane 0-1 :

14807-96-6 Magnesium silicate hydrate

9003-06-9 Polyacrylamide-co-acrylic acid M‘-

7647-14-5 Sodium Chloride

Trade Alcohol Ethoxylate Surfactants

64742-47-8 Petroleum Distillate

“Acrylamide, 2-acrylamido-2-methylpropanesulfonic acid, sodium salt polymer

"Ethanol, 2,2', 2 -nitrilotris-, 1,1',1"-tris (dihydrogen phosphate), sodium salt

 Polymer of 2-acrylamido-2-methylpropanesulfonic acid sodium salt and methyl acrylate

4 Alkyl (c12-16) dimethylbenzyl ammonium chloride

® Thiourea, polymer with formaldehyde and 1-phenylethanone
"Halogenated polymers: Vinylidene chloride/methylacrylate copolymer

¥ Alcohols, C14-15, ethoxylated (7TEQ)
" Dimethyl siloxanes and silicones
' Siloxanes and silicones, dimethyl, reaction products with silica
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M-4 for both S and SF fractions, as well as the SF fractions in M-
5.

The M-4 and M-5 samples analyzed here were also assessed
for halogenated organic ions characterized in a previous study
using the non-target mass spectrometry approach FT-ICR-MS.**
Luek and coauthers* identified dozens of previously unchar-
acterized iodinated organic ions (Table S9t) and suggested the
compounds could be associated with toxicological effects based
on previously characterized species (e.g. disinfection byprod-
ucts).*>*7° A recent study demonstrated enhanced mamma-
lian cell cytotoxicity due to the generation of iodinated organic
compounds that formed during chloramination of oil and gas
wastewaters.”® Here, we found a significant correlation between
acute toxicity measurements and the number of detected
iodinated ions (p < 0.05) for both S and SF fractions from M-5.
However, a similar correlation was not seen in M-4 samples,
potentially due to the overall lower acute toxicity level measured
therein. Lastly, we investigated the relationship between NAC
thiol reactivity and specific organic chemical concentrations
(inc., BTEX, MBAS, O&G, and iodinated organic ions). Only
benzene and toluene were positively correlated to NAC thiol
reactivity in M-5 (p < 0.05) while the concentration of all other
constituents were statistically unrelated.

4. Conclusion

In this work, we sought to investigate how toxicity of hydraulic
fracturing media differed across formations and through time.
We also aimed to separate toxicity effects from inorganic salts
versus organic constituents, and constituents associated with
solids as opposed to those in the dissolved phase. The high
salinity of hydraulic fracturing wastewater is a primary mecha-
nism of toxicity for freshwater organisms, but other potentially
harmful chemical compounds are present.****** Here, our
application of a BLIA screening assay employing a halotolerant
bacterium identified acute toxicity of FPW beyond salinity that
is broadly associated with changes in dissolved constituents.
Although distinguishing between toxicity effects for specific
chemical additives, for compounds generated by these chemical
additives within the formation, or for other constituents liber-
ated by these additives outside of salinity (e.g., radionuclides)
was beyond the scope of this study, the results from our acute
screening assay is in agreement with recent whole organism
toxicity studies reporting toxicity and other adverse effects
derived from organic compounds in FPW.”"***” In contrast to
previous work that identified toxicity in higher order organisms
is associated with solid fractions,?”* here we found no signifi-
cant difference in acute toxicity for sediment-containing versus
filtered fractions of wastewater, indicating the halotolerant
bacteria used in the BLIA assay are more sensitive to dissolved
constituents.

Our work shows the acute toxicity and NAC thiol reactivity of
FPW is highest during initial flowback and diminishes as the
natural gas well matures. Importantly, toxicity as measured by
these assays was associated with the dissolved sample fraction
and was correlated to bulk organic carbon concentrations,
specific organic constituents (MBAS, benzene, toluene), and the
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number of iodinated compounds in these wells. Higher toxicity
in early flowback samples is in agreement with a study tracking
acute toxicity of FPW samples in the Denver-Julesburg Basin®*
although our data provides a broader assessment of these
trends through time, utilizes replicate wells on a pad, and
encompasses two shale formations that differ considerably in
depth and geological characteristics from Denver-Julesburg
Basin. Moreover, our work is consistent with that of Folkerts
et al.,*> who show earlier FPW samples to be more toxic to
Daphnia magna, Lumbriculus variegatus, Danio rerio, and Onco-
rhynchus mykiss. The chemical additives highlighted here could
pose toxicity in their original form, via the compounds they
generate through abiotic or biotic mechanisms before or after
injection, or through the chemicals they liberate from the
formation.’®**7> Although difficult to quantify, our work
suggests toxicity for the measured endpoints is higher for FPW
samples when larger quantities of specific chemical additives
are applied, including oxidative radical initiators, biocides and
surfactants. Moreover, we also observed that samples with the
highest NAC thiol reactivity derived from well samples utilizing
injected fluids that specifically contained a higher amount of
oxidative radical chemicals. This finding is consistent with
related studies quantifying NAC thiol reactivity in water and
wastewater samples receiving higher oxidative inputs from
disinfection processes,**”*”® which are thought to initiate the
biological thiol-specific detoxification mechanism and suggests
that similar reactions may occur in the fractured shale system.

Our results support the need for careful management of
wastewater from hydraulically fractured shale wells, particularly
during the handling of injection fluids and fluids initially
returning from the well after hydraulic fracturing in order to
reduce their release to the environment. Higher acute toxicity in
early flowback is particularly problematic for wastewater
management in “tight” hydraulically fractured formations, such
as shale gas, as the largest volume of water is produced during
initial flowback. Our findings further highlight the need for
additional testing of multiple toxicity end points to better
characterize differences in FPW toxicity that vary through time
and geologic formation as well as assess potential interactions
between chemical additives.
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