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EDITOR’S NOTE:
This is 1 of 5 papers reporting on the results of a 4-year project to develop an environmental risk-based decision support tool, to assist
the oil industry in establishing cost-effective measures for reducing risk to the marine environment from drilling discharges.

ABSTRACT

Drilling discharges are complex mixtures of chemical components and particles which might lead to toxic and nontoxic
stress in the environment. In order to be able to evaluate the potential environmental consequences of such discharges in
the water column and in sediments, a numerical model was developed. The model includes water column stratification,
ocean currents and turbulence, natural burial, bioturbation, and biodegradation of organic matter in the sediment.
Accounting for these processes, the fate of the discharge is modeled for the water column, including near-field mixing and
plume motion, far-field mixing, and transport. The fate of the discharge is also modeled for the sediment, including sea floor
deposition, and mixing due to bioturbation. Formulas are provided for the calculation of suspended matter and chemical
concentrations in the water column, and burial, change in grain size, oxygen depletion, and chemical concentrations in the
sediment. The model is fully 3-dimensional and time dependent. It uses a Lagrangian approach for the water column based
on moving particles that represent the properties of the release and an Eulerian approach for the sediment based on
calculation of the properties of matter in a grid. The model will be used to calculate the environmental risk, both in the water
column and in sediments, from drilling discharges. It can serve as a tool to define risk mitigating measures, and as such it

g
=
7
O
W
—y
D
v
8
“

provides guidance towards the “zero harm” goal.
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INTRODUCTION

Activities associated with offshore drilling operations lead
to a variety of discharges with different durations and
behavior in the recipient. Examples of the types of drilling
muds used include water-based mud, synthetic-based mud
(SBM), and oil-based mud. The discharges can take place
from the drilling rig (when drilling deeper well sections) or
directly to the sea floor (when drilling top well sections).
Some constituents of the discharge are water-soluble chemical
additives which dissolve into the water column while others
are particulates (cuttings and weight material like barite) or
highly lipophilic chemicals with a large octanol-water
partition coefficient (log Kgy). Chemicals with sufficiently
large K, values, may attach to particulate matter in the
discharge. Heavy metals in barite may also cause environ-
mental impacts in the sediment. Due to their particle content,
the discharges will have a tendency to sink, and mineral
particles typically separate from the discharge plume and sink
to the sea floor. Therefore, the drilling discharges may cause
impacts both in the water column and in the sediment.
Sediment impacts can extend over long time scales (years)

after the discharge period has ceased (UKOOA 2003),
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whereas the potentially harmful effects in the water column
fade rather quickly after the end of the discharge period due
to the dilution with the ambient water.

Numerical models describing the fate of chemicals and
particles discharged to the sea during drilling have been
developed and applied previously. However, these models are
of different types and complexities. Some models incorporate
environmental risks caused by the discharges, while some are
limited to calculating the fate of the discharge (compounds)
only. Other models focus on the actual deposits on the sea
floor, without considering the actual processes within the
sediment layer. Examples of models that do not include risks
or processes in the sediment are described in Brandsma and
Smith (1999), Brandsma (1996), Rye et al. (1998, 2004), and
Rye, Reed, Frost, et al. (2006). Other models have attempted
to include the actual time development of the environmental
risk for the sediment caused by drilling discharges (Sabeur et
al. 2002). However, as highlighted in a review article by
Khondaker (2000), a comprehensive model that incorporates
all of these essential processes and their resulting environ-
mental risks in both the water column and sediments is
lacking. The model presented in this paper attempts to meet
this requirement by incorporating all essential stressors that
can have potential impacts on biota in both the water column
and in the sediments, from drilling discharges.
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Meinhold (1998) identifies the various impacts caused by
drilling discharges that will be encountered in the sediment.
Organic enrichment and toxicity both contribute to oxygen
depletion (anoxia) within sediments. These stressors have also
been incorporated in the development of the present model.
In addition, Meinhold (1998) discusses the physical effects of
the material deposited. This includes burial effects and
changes of grain size caused by deposition of particles with
diameters differing from the natural grain size at the drilling
site. These effects have also been included in the development
of the present model. Whilst Meinhold (1998) states that the
effects for the water column are minimal, the model
developed herein also includes the water column toxicity of
the chemicals discharged as well as particle effects on filtering
organisms. The latter effects are according to Cranford and
Gordon (1999), who showed effects on filtering organisms
from exposure to barite in the water column at concentrations
below 1 ppm.

This paper describes the development of a model which can
be used for risk management of drilling discharges. The
guidelines for environmental risk assessment as described in
the European Technical Guidance Document (TGD; EC
2003) are used as a basis. The TGD provides recommenda-
tions on prediction of environmental concentrations (PEC) of
single substances both for the water column and the
sediments. However, the complex nature of the drilling
discharges concerning the complexity and nature of the
stressors are not fully dealt with in the TGD. For instance,
highly adsorptive or insoluble, solid substances may not be
considered by the approach described in the TGD, as they are
not in equilibrium between water and ambient suspended
matter. This is due to their strong affinity to suspended
matter. However, they may be desorbed or dissolved after
ingestion by benthic organisms. Also particles are not covered
by the TGD.

According to the TGD the sediment may be contaminated
when the discharge plume is in contact with the sediment.
However, experience has shown that even at high water depth
the sediment may be impacted by discharges of drill cuttings
and mud, even though the plume are not in contact with the
sea floor at all. Therefore, the need for the development of
algorithms which describe this process was evident. The
mechanisms bringing the discharges down to the sea floor are
sinking particles and/or chemicals attached to the particles (or
chemicals that agglomerate to form new particles). Chemicals
that are able to attach (or “adhere™) to particles are generally
those with large log K. These are typically muds like SBM
and/or oil-based mud that tend to adhere to cuttings and/or
other particle matter in the discharge. The mineral particles
may then be coated with the mud that, in turn, may give rise
to the formation of “agglomerated particles” consisting of
mud and mineral particles, forming new and larger particles
that deposit quickly on the sea floor (Delvigne 1996; CAPP
2001). The model presented includes all these processes.

The present model calculates the (time and space variable)
PEC in the recipient caused by drilling discharges. The model
developed uses the Dose-Related Risk and Effect Assessment
Model (DREAM model; Reed and Hetland 2002), which was
originally developed for produced water discharges originat-
ing from oil and gas fields under production. The DREAM
model was developed to quantify the environmental risks
from disposal of produced water to the marine environment
based on toxicity in the water column as the stressor (Johnsen
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et al. 2000). The revised DREAM also addresses contribu-
tions from additional stressors typically related to drilling
discharges. These include suspended matter concentrations in
the water column, burial, change of sediment texture
(alterations of median grain size), and oxygen depletion in
the sediment. The model also incorporates the calculation of
environmental risk of drilling discharges, expressed as the
PEC/(predicted no effect concentration [PNEC]) ratio. The
PNEC is the concentration of the chemical in the environ-
ment below which it is unlikely that adverse effects on the
biota will be observed. This risk assessment procedure is in
accordance with the recommendations in the TGD (EC
2003) for toxicity issues. The ratio of the PEC to the PNEC
indicates the likelihood of the occurrence of adverse effects on
the biota.

Some dispersion/dilution models also include elements of
risk calculations. Sadiq and collaborators (Sadig 2001; Sadiq,
Husain, Bose, et al. 2003; Sadiq, Husain, Veitch, et al. 2003)
model exposure concentrations adjusting for the probability
of the exposure. Moreover, the method is such that a single
predicted concentration is arrived at, averaged over time, and
given sediment area or given water volume. The model
presented in this paper differs in the way that the environ-
mental concentrations are calculated as a function of space
and time. In addition, the environmental concentration is
calculated as a deterministic function based on causality.

The US Environmental Protection Agency (USEPA; USEPA
1999a, 1999b) considered the use of SBM and the resulting
impact on sediments. Use of SBM may cause benthic
smothering, and because some of the SBMs are highly bio-
degradable, they may lead to hypoxia in the sediment. Due to
the high biodegradation rate, the period of hypoxia in the
sediment may be relatively short, and the recovery time of the
sediment will generally be much shorter than experienced
with the use of oil-based mud. Sadiq, Husain, Veitch, et al.
(2003) used a multicriteria decision-making method to arrive
at the recommendation that a 4 w% SBM attached to cuttings
in the discharge may represent the best compromise between
costs and environmental impacts.

The present paper focuses on the part of DREAM that
calculates the exposure. The full environmental risk approach
is outlined in a series of papers that all are published in the
current journal (see Altin et al. 2008; Neff 2008; Singsaas et al
2008; Smit, Rye, et al. 2008). The exposure model developed
is comprehensive and is described more extensively by Rye et
al. (2006b) and Rye, Johansen, et al. (2006).

MATERIALS AND METHODS

The model approach

The numerical model approach is based on the DREAM
model, as it has been applied to produced water risk
assessments (Johnsen et al. 2000). In addition, some modules
of the numerical model ParTrack for calculation of dispersion
and deposition of drill cuttings and mud (Rye et al. 1998,
2004; Rye, Reed, Frost, et al. 2006) were implemented. The
model concept applied is a ‘“particle,” or Lagrangian
approach. The model generates particles at the discharge
point, which are transported with the currents and turbulence
in the sea. Different properties, such as the mass of various
compounds, densities, and sinking velocities, are associated
with each particle. Model particles can also represent different
state variables, such as gas bubbles, droplets, dissolved matter,
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Figure 1. An example illustrating the vertical cross section of the near-field
plume and the deposition of particles on the sea floor. Discharge point to the
upper left corner of the figure. Sea floor at about 400 m depth.

and solid matter. For discharges of drill cuttings and mud,
solid particles, organic matter, metals attached to solid
particles, and dissolved matter will be of particular interest.
The formulas applied for spreading in the water column are
given in Reed and Hetland (2002).

The ocean current field applied in the DREAM model is
usually imported from outputs generated from 3-dimensional
and time-variable hydrodynamic models. It is also possible to
apply observed ocean current profiles generated from
measurements at a specific location.

Generic features for the calculation of deposition

A more reliable description of the behavior of drilling
discharges has been undertaken by incorporation of additional
modules into the model system. These include a near-field
plume, sinking velocities of particles depositing on the sea
floor, and particle size distributions specified for each particle
group (cuttings, barite).

Near-field plume—Discharges of drill cuttings and mud have
densities that are significantly higher than the ambient water.
A near-field plume is therefore included in order to account
for the descent of the plume. This descent will cease when the
density of the descending plume equals the density of the
ambient water. The plume path is governed by the ocean
current velocities (and directions) and also by the vertical
variation of the ambient salinity and temperature (stratifica-
tion). The combination of these factors causes the plume to
level out at some depth (the “depth of trapping™) or sink
down to the sea floor and level out there. Mineral particles
(cuttings, weight material) are allowed to fall out of the
plume, dependent on the sinking velocity and the rate of
entrainment of water into the plume. The principal features
of the near-field plume model are given in Johansen (2000,
2006).

Descent of particles on the sea floor—Figure 1 shows a vertical
cross section of an underwater plume on the downstream side
of the release site calculated with the DREAM model. The
depth of trapping in the case shown indicates that this appears
at about 20 m depth (discharge depth is about 5 m). At this
depth, the underwater plume separates into 2 parts: 1) To

spread horizontally at the depth of trapping. This part consists
of dissolved compounds (not sinking) and of solid particles
that are so small in diameter that sinking velocities are
negligible. 2) The other part of the discharge appears to sink
down to the sea floor. This part may consist of coarser
particles (like cuttings particles with relatively large diame-
ters) with some chemicals attached to them.

The sinking velocities of the particles can be divided into 2
regimes, the Stokes regime and the constant drag regime. The
sinking velocities within the Stokes regime for smaller
particles are given by Equation 1:

2 o/
- fsgv M
where W) is laminar Stokes sinking velocity of a particle, d is
the particle diameter, g’ is the reduced gravity = g(pparticie —
Pwater)/Pwater, & is the standard gravity, p is the density of
particle or seawater, and v = kinematic viscosity = 1.358 X
10°% m?/s at 10 °C for seawater.

The 2nd contribution to the sinking of the particles is the
friction-dominated constant drag regime for larger particles. A
general expression for this sinking velocity can be derived
from the balance between buoyancy forces and drag forces
acting on the particle (Hu and Kintner 1955) calculated by
Equation 2.

Wi

4dg’

Wi = 3Ch (2)

The drag coefficient Cp in this equation is a function of the
Reynolds number (Re = W>d/v). On this basis, 2 asymptotic
regimes are identified, the Stokes regime and the constant
drag regime (Eqn. 3):

) ng/
1) Stokes regime (Re < 1), W) =—2>-
18v

2) Constant drag regime (Re > 1000), W, = K+\/dg’

(3)

where K is an empirical dimensionless constant. For
intermediate values of the Reynolds number (1 < Re <
1000), an interpolation equation for the total sinking velocity
W of the particle may be used, expressed by Equation 4.

wo_— 1 (4)

()
The empirical constant K is chosen so that correspondence is
reached between the friction dominated sinking velocity as
given in US Army Corps of Engineers (2007) and Equation 3
above. This equation takes into account that grains are usually
nonspherical and have therefore generally lower sinking
velocities than grains with spherical shapes.

A graphical presentation of the curve shape given by
Equation 4 is shown in Figure 2. For low diameter particles
(diameters lower than 2 X 107* m), the equation corresponds
well with the Stokes sinking velocity (Eqn. 1). For larger
particle diameters (diameters larger than 2 X 1073 m), the
equation corresponds well with the friction dominated
velocity (Eqn. 2). In the diameter range in between, the
sinking velocities are influenced by contributions from both
regimes.

Deposition of chemicals on the sea floor—In water-based mud,
most of the added chemicals are mainly assumed to dissolve in
the water column. For other types of mud (e.g., oil-based mud
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Figure 2. Particle size dependent variation in fall velocity of mineral particles
in seawater. Solid density 2500 kg/m>. Thin lines: Stokes law and constant
drag law according to Equation 3. Thick line: Interpolation formula (Eqn. 4).

and SBM), dissolution of the chemicals in the water column
may be slow. These chemicals (typically exhibiting large
octanol-water partition coefficient, K,,,) may also have a high
capacity for adsorption to organic matter present in the
sediment or water column.

According to the EC (2003), substances with K,. < 500-
1000 L/kg are not likely to adsorb to sediment. The EC
(2003) states that, “To avoid extensive testing of chemicals, a
log K. or log K, of >3 (or >1000 L/kg) can be used as a
trigger value for sediment effects assessment.”

In accordance with the TGD the chemicals with low K, or
K, values (<1000 L/kg) are assumed to dissolve (completely)
in the water column. For large K, or K,. values (>1000 L/
kg), the chemicals are assumed to adsorb (or “attach™) to
particles and eventually deposit on the sea floor. This process
may take place either through “agglomeration” (in which new
particles are formed) or by attachment, where chemicals are
thought to attach to individual mineral particles in the
discharge. The K., and K, are partition coefficients, the K,
is the octanol-water partition coefficient, and the K. is the
particle organic carbon partition coefficient. The relationship
between K,. and K., has been studied by Di Toro et al.
(1991). It was found that K, and K,,, are closely related. The
TGD (EC 2003) does not differentiate between use of K, or
K. Therefore, it is recommended to use K., if no K, value is
available for organic substances. The octanol-water partition
coefficient denoted P,,, is assumed equal to K.

It has been highlighted that various processes in the sea may
alter the grain size distribution of the released particulate
matter. An example of these processes includes flocculation of
particles. Seaconsult Marine Research Limited (2000) used a
particle tracking technique to determine the fate of SBM

discharged to sea. They suggest that particles smaller than 0.1
mm will form flocs due to the presence of phytoplankton and
other organic substances in the ambient water. The flocs were
then assumed to settle with a velocity of 100 m/d. This would
represent an increase of the sinking velocities for the smallest
particles, because very small particles may sink considerably
slower than 100 m/d. An alternative formulation of enhanced
sinking velocities may be based on the experiments by
Delvigne (1996). The laboratory study focused on the
formation of agglomerated particles resulting from discharges
of oil-based mud and cuttings. This process of agglomeration
is also likely to enhance the descent of the particles to the sea
floor, as the newly formed particles were found to be
significantly larger. Therefore, in the present PEC model
Equation 4 was used for calculating the sinking velocities of
agglomerated particles as well.

The formation of mineral particle flocs may also enhance
the vertical descent of mineral particles. One attempt to
approach the flocculation process in a systematic manner has
been made by Huang (1992). Two opposing processes act
upon the floc formation process. First, increased concen-
tration of the particulate matter will stimulate the floccu-
lation process. Second, the presence of shear currents in the
ambient water (like for the presence of turbulence for a
boundary layer flow or for an underwater plume) will
typically break the bonds between the particles in the floc.
It is difficult to determine which of the processes will
dominate the floc formation (or disintegration) process
without making attempts to quantify these processes. The
floc formation could therefore both hamper and accelerate
the descent of the barite particles in the water-based mud. If
the flocs formed have a large surface area compared to their
weight, the sinking of the barite could be slowed down due to
friction (drag) forces. However, if the flocs formed have a
more dense structure, the descent of the barite can be
accelerated.

Huang (1992) conducted laboratory experiments on the
settling speeds and flocculation properties of drilling muds
(water-based mud) and river sediments. He was able to
simulate in the laboratory both the driving force of the
flocculation process (the concentration of the solids) and the
disintegration of the flocs by means of the fluid shear (by
using what he denotes as a “Couette flocculator™).

Huang was also able to formulate a nondimensional
number (the “flocculation number”) which expresses the
relative importance of these 2 forces. All of the results
reported by Huang (1992) were then expressed in terms of
this nondimensional flocculation number. In addition, he
expressed the floc diameter, the floc sinking velocity, and the
time taken to reach to the “equilibrium” state (i.e., the
balance between the floc forming and dispersing processes) in
terms of this nondimensional flocculation number.

However, by inserting typical numbers for the floc
diameter, the floc sinking velocity, and the time taken to
reach to the equilibrium state based on actual data for plume
dilutions and far-field concentrations for actual drilling
discharges, the parameter range in the field seems to be out
of range compared to the laboratory findings of Huang
(1992). If the results from the study by Huang (1992) are still
assumed to be valid for an underwater plume generated by a
discharge of drill cuttings and mud (during drilling), they
indicate that floc formation probably does take place, but that
the increase in the sinking velocity will only be slight. The
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Figure 3. Visualization of the fate of drilling discharges. The figure demonstrates the following: 1). Concentrations of dissolved compounds (and/or particle
matter) calculated for the water column, concentrations shown in ppm (mg/L). 2). Deposition of the particle matter on the sea floor (along with chemicals
attached to the particles), deposition in kg/m? sediment surface. 3). A mass balance histogram that shows the amounts that are depositing on the sea floor,
and the amounts that remain in the water column. 4). A vertical cross section that shows the plume in the water column (close to sea surface) and the
deposition of particles falling out below the plume. The actual cross section chosen is shown by an arrow on the main figure.

equilibrium state predicted by Huang (1992) will in practice
never be reached. The practical implication of these results is
therefore the questionable benefit of including flocculation
processes in the simulations. The sinking velocity of the flocks
will be more or less similar to the sinking velocities of the
particles, assuming that no flocculation processes are taking
place. Further details on the implementation of Huang’s
results for an underwater plume generated by a drilling
discharge are given in Rye (2005). Therefore, in the present
implementation of the DREAM model, flocculation processes
are not included, except the contribution from formulation of
agglomerated particles.

Figure 3 shows the basic features of the developed model
for calculating the fate of drilling discharges. Concentrations
in the water column and depositions on the sea floor are
illustrated. The particles in the model have been spread in the
recipient due to ocean currents and turbulence (after the
termination of the near-field plume phase).

CALCULATION RULES FOR EXPOSURE

Exposure in the water column

The model calculates the exposure concentrations as a 3-
dimensional and time variable concentration in the water
column. The concentrations of each compound are calculated
under the influence of near-field mixing, subsidence of plume,
currents, turbulent mixing, and reduction of concentration
levels due to biodegradation. Formulas for the actual
concentration calculated for the water column are according
to the principles outlined in TGD (EC 2003), except that
100% solubility of the substances in the water is assumed
(worst case scenario) and the recipient background values are
neglected.

Chemicals—For chemicals in the drilling discharges the
model calculates the concentration in the water column as a
function of time and space. The TGD approach is followed,
except that adsorption to ambient suspended matter and
background concentrations are not taken into account. The
effect of degradation is included. As discussed in the previous
section, chemicals with K,,, >1000 L/kg are assumed to be
attached to particles in the discharge or to form agglomerated
particles, and will to a large extent descend down to the sea
floor. The formal equation for concentrations of chemicals in
the water column can be expressed as

PECseawater = Cdischarge X exp(—kt)/DILUTION (5)

in which
PEC,cawater = local concentration in seawater during
emission episode [mg/L]
Clischarge = concentration of the substance in the
discharge [mg/L]
k = biodegradation factor (1/d)
t = time (d)

DILUTION = dilution factor

The DILUTION factor includes the effects from near-field
mixing, currents, and ambient turbulence. Equation 5 thus
expresses the effects from the natural processes acting on the
discharge when released into the sea, including reduction of
the concentrations due to biodegradation.

Particulate matter—The fate of particulate matter dis-
charged into the water column (including barite particles) is
calculated similarly to the chemicals in the water column,
except that biodegradation is omitted. Moreover, the fall-out
of particles (due to the sinking of particles with a high
density) represents an extra “dilution” of the discharge
because this process reduces the particulate matter content
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in the discharge plume. Formally, the PEC for the particulate
matter in the water column can be expressed by Equa-
tion 6.

PECseawater - Cdischarge/DILUTION (6)

in which
PECqcawater = local concentration of discharged particles
in seawater during emission episode [mg/L]
Clischarge = concentration of the substance or particles

in the discharge [mg/L]
DILUTION = dilution factor

Heavy metals in particulate matter—The exposure concen-
tration of dissolved metals in the water column, which
originate from particulate matter in the discharge (e.g.,
barite), can be estimated based on equilibrium partitioning
between the metals in the particulate matter (barite) and the
ambient seawater. The exposure concentration of metals of
concern in water column originating from barite particles can
be estimated by Equation 7.

PEC;cawater = (Cdischarge/DILUTION)
X (FRACTION/Kpbarite/seawater) (7)

in which
PECqawater = local concentration in seawater of dissolved
metal [mg/L]
Clischarge = concentration of barite particles in the

discharge [mg/L]
DILUTION = dilution factor for dilution of the discharge
in recipient water
FRACTION = fraction of the metal in barite (kg metal/kg
barite)
= partition coefficient of the metal between
the barite particle and seawater

Pharite /seawater

The Kpmrmscmm is given by
Pharite/scawater Csol/ Caqu (8)
in which
Cso] = total available barite metal concentration in the

solid phase [mg/kg]
C,qu = available dissolved barite metal concentration in
the aqueous phase [mg/kg]

The metal concentrations in the water column are depend-
ent of the concentration of barite particles in the drilling
discharge and their dilution in the receiving environment. The
dissolved metal concentrations of concern originating from
barite particles are additionally influenced by 2 other factors:
1) The fraction of each metal in barite and 2) the dissolution
potential of the metals in barite particles into the water phase
(denoted by the Ky, 1.

At present, 6 metals originating from barite are included:
Cd, Cr, Cu, Hg, Pb, and Zn. Cuttings (and other particulate
matter) may contain heavy metals as well, but the weighting
agent barite is currently considered as the most significant
contributor to the risk from heavy metals in drilling
discharges. Values for K, . - for the selected metals
applied to calculation of metals concentrations in the water
column are given in Neff (2008). Further details on the
selection criteria and PNEC derivation for the metals selected
are described in Altin et al. (2008).
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Exposure in the sediment

Initial conditions—Four stressors related to the deposition of
drilling discharges are identified for the sediment compart-
ment, including both toxic and nontoxic stressors (Smit, Rye,
et al. 2008). The deposits, defined as the thickness of the layer
deposited, may cause burial effects by covering existing biota
on the sea floor. The grain size of the deposit may cause a
change in characteristic of the sediment expressed as change
in (median) grain size of the sediment that may favor other
species on that location at the expense of the natural habitat
(effects of adding “exotic sediment™). The grain size change is
defined as change in median grain size within the upper 3 cm
of the sediment layer. Chemical concentrations, defined as the
concentration in the sediment layer averaged over the upper 3
cm of the sediment, may result in toxic effects on the biota on
the sea floor. Only the fraction of the chemical or the metal
that is dissolved into the porewater is considered bioavailable
(and hence toxic). Biodegradation of the chemicals attached
to the particulates that have deposited on the sea floor may
cause oxygen depletion in the sediment layer. The oxygen
depletion stressor is defined as a change in the content of the
free porewater oxygen in the sediment (unit mg O,/m?
sediment surface) compared to the content of oxygen in the
sediment before discharge. The content of free porewater
oxygen in the sediment is integrated vertically over the upper
sediment layer (for each cell defined).

Depositions on the sea floor are calculated, varying with the
geographical location. Amounts deposited are calculated
within each grid cell, which then forms the basis for
calculating the impact in the sediment and its geographical
variation. For the sediment, an Eulerian approach was chosen,
which means the exposures from the various stressors are
calculated (within each cell defined for the sea floor) in a
vertical grid directed downwards into the sediment.

Time development of stressors in the sediment—Two of the
nontoxic stressors (the grain size change and the oxygen
depletion) are defined such that the vertical variation of these
parameters for the sediment must be known through the
sediment layer. These are the oxygen change and the change
of median grain size stressors. These are both related to the
state of the sediment prior to the discharge (natural grain size
and natural content of oxygen in the porewater). Therefore
vertical distributions of these stressors must be known in
order to calculate their magnitude.

These vertical distributions are calculated by solving a set of
“diagenetic equations.” These are differential equations which
have to be solved numerically. One example of such an
equation can be written as (simplified version):

c_J (DE) —KcC+Qc 9)

o oz 0z

where 9 is the partial derivative symbol, t is the time
dimension, z is the vertical dimension, C(z,t) is the concen-
tration of matter in the sediment, D is the diffusion
coefficient or bioturbation coefficient, K¢ is the biodegrada-
tion rate of matter C, and Qc is the sink or source term for
matter C.

The 2 last terms on the right-hand side are reaction or sink
(or source) terms. The 1st term on the right-hand side is a
diffusion term (which could represent bioturbation in the
sediment or molecular diffusion through pore water), while
the term on the left hand side expresses the rate of change of
the concentration C (which could be a chemical, organic
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matter in the sediment, oxygen, or some content of solid
matter).

Four equations of this kind are used to simulate the fate of
the deposits on the sea floor (1 equation each for oxygen,
natural carbon, added biodegradable matter caused by the
discharge, and the grain size change). The equations are
solved in 1-dimensional form (vertical coordinate z is included
only, along with the time variation), but has then to be solved
for each horizontal grid in the horizontal (x and y). The
matter deposited within each cell on the sea floor is then the
starting point for the exposure calculations in the sediment.
Details of the technique used for calculating concentrations
and changes in the sediment (the PECs) due to depositions of
chemicals (attached or agglomerated to particles), cuttings,
and barite (and heavy metals in barite) are comprehensive and
not described in detail in the present paper. A more detailed
description of the use of the diagenetic equations is given in a
separate publication (Rye et al. 2006a).

Organic substances in the sediment—The added chemicals
and organic substances (with K., > 1000 L/kg) and
particulate matter are brought down to the sea floor as
described in the Materials and Methods section. The
diagenetic equations are then activated in order to redistribute
the chemicals in the sediment (bioturbation effect). The
exposure then becomes time variable. Once the matter is
deposited on the sea floor, the exposure (or PECs in the
sediment) of potential toxic chemicals in sediments are
formally calculated according to the following equation.

PECsediment = PEC(t = 0) X eXp(*kt)/BIOTURB
(10)

sediment

in which

PECsediment = concentration of substances in the
sediment [mg/kg]

PEC (= 0)sediment = same as above for the initial time step

t=0

k = biodegradation factor for substances
in the sediment [1/d]

t = time [d]

= dilution factor in the sediment due to
effects from bioturbation

BIOTURB

The PEC (t = 0)sediment fOr organic matter represents the
initial concentration of the organic substances in the sediment
at the time of the discharge. This factor varies with the
distance and the direction from the discharge point. The
deposition calculated is dependent on the actual ambient
currents and the sinking velocities of the particles (and the
chemicals attached) that are depositing, as explained in the
Materials and Methods section. The k factor is a biodegrada-
tion factor which is specified as a constant, but may be
reduced considerably during the computation, in situations
where the oxygen in the porewater is consumed. This factor
will therefore vary with the availability of free oxygen in the
porewater. If the free oxygen is reduced to zero, the k factor
will reduced to zero also. The factor BIOTURB is a dilution
factor representing spreading of the organic matter below a
sediment depth of 3 cm due to the effects of bioturbation.
These effects are included in the model simulations through
the use of diagenetic equations (Rye et al. 2006a).

In order to compare the PEC to an environmental tolerance
level (PNEC) based on porewater concentrations following
the equilibrium partitioning approach (Altin et al. 2008), the

Integr Environ Assess Manag 4, 2008—H Rye et al.

sediment concentration of organic substances must be ex-
pressed as the porewater concentration as well. The pore-
water concentrations of organic chemicals in the sediment are
based on equilibrium partitioning expressed in Equation 11.

PECporewater = PECsediment/K (1 1)

Psediment
in which

PEC,orewater = concentration of dissolved organic substan-
ces in the porewater [mg/L]
PEC,ediment = concentration of organic substances in the
sediment [mg/kg]
= partitioning coefficient between organic
substances in sediment and porewater

[L/kg]

Psediment

The K, for nonionic organic substances in the sediment is
given in Equation 12.

Prctimen. = Foc X Kaoc (12)
in which
Koo = partition coefficient organic carbon-water
[L/kg]
Pedimens. — PArtition coefficient between organic substances

in sediment and porewater [L/kg]
Foe = weight fraction of organic carbon in the sedi-
ment [kg/kg]

Equations 10 and 11 outline the calculation formulas
implemented in the DREAM model for determination of the
concentration of organic chemicals in the sediment. The
following comments can be made regarding the various
factors determining the PECs of organic chemicals in the
sediment.

K, is assumed to correspond to the K,,, coefficient. The
F,. factor is assumed to be 0.01 (i.e. the natural total organic
carbon in the sediment is assumed to be 1 w% of the total
sediment). The choice of 1 w% for F,. may seem to be toward
the low end of the range when the natural content of total
organic matter is typically between 1 w% and 10 w%.
However, the content of the total organic carbon is typically
only a fraction of the total organic matter, therefore use of 1
w% for the determination of F,_ is found reasonable; numbers
for total organic matter for the Norwegian Continental Shelf
(NCS) are given in Trannum et al. (2006).

Heavy metals in barite deposited on the sea floor—Heavy
metals attached to the barite may enter the sediment layer
along with the barite particles. In the model, the bioavailable
proportion of the metals is determined through equilibrium
partitioning. The formula for calculation of the total metal
barite concentration in the sediment is given by Equation 13.

PEC.diment = PEC(t = 0)_y;. .. X FRACTION/DILUTION
(13)

in which
PECjediment = concentration of total barite metal in

the sediment [mg/kg]
PEC (t = 0)sediment = concentration of deposited barite in
the sediment at t = 0 [mg/kg]

FRACTION = content of the metal in barite [kg
metal/kg barite]
BIOTURB = dilution factor in the sediment due to

effects from bioturbation
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The PEC (t = 0)sediment is the initial concentration of the
barite in the sediment similar to the initial concentration of
the organic chemicals in the sediment given by Equation 10.
The FRACTION parameter in Equation 13 is the fraction of
the metal in barite. The BIOTURB factor is calculated by the
model, and represents the downward mixing of the metal in
the sediment caused by the movement of organisms in the
sediment (bioturbation effect).

As for nonionic substances, the PEC of metals in the
sediment must be transferred to the porewater concentration
in order for it to be comparable to the defined environmental
tolerance level of the metal of concern (Altin et al. 2008). The
porewater concentrations of the metals in the sediment are
based on equilibrium partitioning and can be calculated
similarly to Equation 11 applied for organic substances.
However, for metals the partition coefficient is not related to
the content of carbon in the sediment, as expressed in
Equation 12. For metals the partition coefficients should be
based on measured values rather than estimated partitioning
values. The partitioning coefficients used in PEC estimations
of metals in water column and sediments are derived from
laboratory experiments simulating realistic conditions. The
partitioning coefficients (K, .. 3 for different metals
between barite and porewater in the sediment are given by
Neff (2008) and are different from the K, coefficients
applied for the water column as given by Equation 8 (Neff
2008).

Nontoxic stressors—The time developments of the 2 non-
toxic stressors grain size change and oxygen depletion are
influenced by biodegradation of added chemicals (oxygen
depletion only) and bioturbation. The bioturbation is ex-
pressed through mixing coefficients for the sediment. This
mixing is caused by the motion of biota in the sediment. The
oxygen depletion is determined by the biodegradation of the
added chemicals in the sediment. The biodegradation process
causes consumption of the free oxygen present in the
porewater. This then has to be replenished through diffusion
of new oxygen through the porewater from the free oxygen in
the sea above the sediment layer. This diffusion process
though the porewater is a relatively slow process. A balance is
therefore established between the rate of biodegradation of
organic matter in the sediment and the supply of new oxygen
diffusing downwards into the sediment from above. All these
processes are modeled with the DREAM model by use of the
diagenetic equations (Rye et al. 2006a).

Restitution of the sediment

The model also calculates the time required to restitute the
natural state of the environment when the discharge has
ceased to occur. For the water column, this will happen
shortly after the termination of the drilling period. However,
for the sediment layer, the restitution time may extend over
several years. UKOOA (2003) presented a review of the
experiences on environmental recovery from a selection of
cuttings piles in the North Sea area. They found that “rates of
ecosystem recovery are variable depending on location, and
nature and spread of contaminant inputs.” Generally, the
impacted areas are local to the discharge sites.

Recolonization—The DREAM model was developed in
order to provide an estimate of the local area affected and
the time necessary to restitute the sediment layer. For the
biodegradable and potential toxic compounds, this will be
dependent on the biodegradation of the chemicals. When
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biodegradation has taken place, the porewater free oxygen
will then replenish the sediment and pave the way for a
recolonization of the sediment. Estimated times for recolo-
nization vary in the literature. Based on judgment of the
present literature data, a recolonization time of 5 y is used in
the model until more information becomes available. A brief
literature study on recolonization is reported in Rye,
Johansen, et al. (2006).

Another case considered is for relatively large depositions
where the thickness of the deposition exceeds the bioturba-
tion depth. For such a case the grain size changes will be of a
more permanent nature (neglecting effects from resuspen-
sion). Then a permanent change of community may occur
due to the change of the substrate. In such a case, it is assumed
that this new community is “accepted” after a time period of
5 y. It is therefore built into the model that the grain size
stress is reduced gradually over a time period of 5 y, assuming
that the toxic and/or oxygen consuming chemicals have
biodegraded completely or to negligible levels. Details are
given in Rye, Johansen, et al. (2006).

Resuspension—Particles deposited on the sea floor may
redistribute due to the action of currents and waves. This
redistribution can alter their potential impact on the sediment
by moving the impacted area downstream. At the same time,
the matter deposited will spread to larger areas. Resuspension
and redistribution of particulate matter deposited on the sea
floor is therefore a critical process for estimation of the time
duration of the impacts. In areas with shallow water exposed
to wave action, the particles on the sea floor may be spread
out very efficiently. A simulation option is therefore included
in the DREAM model for resuspension of added particulate
matter, given the wave (wind), the current conditions, the
grain sizes, and densities of the particles deposited (Rye,
Johansen, et al. 2006). Only unconsolidated material and
deposited matter were considered. Model predictions were
compared to measurements of remnants of cuttings piles at
the Frigg Field in the North Sea. The simulations show that
the results are sensitive to the input grain size distribution.
Due to lack of data on grain size distributions for the matter
deposited, it proved difficult to verify the comparison
between simulation results and the observed results. The
resuspension model as such is implemented, but at present it
is recommended that case-specific grain size distribution data
for the discharge be used. The availability of field data will
obviously increase the reliability of model applications. The
theory of the actual model development is not given in the
present paper, but is addressed in more detail in Rye,
Johansen, et al. (2006).

Validation of the PEC model

3

A separate “validation” study was carried out aiming to
compare model results with field measurements. Measure-
ments were carried out in the field during a production
drilling in the North Sea. In addition to monitoring the
discharges and sediment, filtering organisms were deployed in
cages in order to study potential impacts (biomarker
responses) caused by drilling discharges from the drilling rig.
The validation of the model was therefore aimed at
comparing biomarker responses with the stresses/concentra-
tions calculated with the model for the rig locations. In
addition, the depth of entrapment for the underwater plume
was observed with an ROV, as well as the sizes of the cuttings
particles descending through the water column. A good
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correspondence was found between the calculated and
observed depth of entrapment of the underwater plume
(Berland et al. 2006).

DISCUSSION AND CONCLUSIONS

The work presented in this paper has resulted in a tool
suitable for description of the fate and calculation of
environmental concentrations and levels of toxic and nontoxic
stressors from the discharge of drill cuttings and mud to the
sea. The final model also includes a full environmental risk
assessment module based on a comparison of environmental
fate and environmental tolerance levels for the various
stressors (Altin et al. 2008; Smit, Holthaus, et al. 2008; Smit,
Rye, et al. 2008).

The present paper describes the development of fate and
exposure calculations specifically designed for drilling dis-
charges. It involves the specification of the discharge (rates,
amounts, composition), configuration of the discharge
arrangement, plume mixing and descent of the near-field
plume, the role of the oceanic conditions (stratification,
currents), the fates of the discharge in the water column
(dissolution of the chemicals, transport and deposition of
particles, biodegradation, attachment of chemicals to par-
ticles, and eventually formation of agglomerated particles),
and the fates of the discharge compounds in the sediment
(e.g., concentrations and biodegradation in the sediment,
bioturbation, equilibrium partitioning for organic chemicals
and heavy metals, oxygen content in the porewater, change of
grain size, and burial). The model represents a Ist step
towards a more comprehensive description of the essential
factors involved in the calculation of exposures and stressors
for drill cuttings and mud discharged to the sea. This
developed model is therefore concurrent with the recom-
mendation given by Khondaker (2000) who stressed the need
for a more comprehensive model to predict potential impacts
caused by drilling discharges.

The DREAM model generates valuable information of
environmental fate of discharges from drilling activities, and a
need for verification/validation of the results from the model
simulations with actual measurements in the field is present.

Additionally, the model can be used for the prediction of
environmental risk of future discharges and to be used as a
management tool. In one example, Sadiq, Husain, Veitch, et
al. (2003) found that an amount of 4 w% of SBM base fluid
attached to the cuttings in the discharge represents the best
“management option” in their study where both cost and
technical feasibility were optimized. One of the reasons for
using SBM is that the biodegradation rate is generally fast. The
time of impact is therefore expected to be relatively short. The
model presented here is able to calculate the time of impact on
the sediment for a given discharge case with SBM attached to
cuttings. It has been shown that the time of recovery for a
sediment layer impacted by SBM may be large. Simulations
carried out show that the results depend on how the SBM
attached to the cuttings is distributed on the sea floor. If it is
distributed over a larger area, the recovery time may be short
(e.g., within a year). If the deposition is concentrated over a
smaller area, the recovery time will be considerably longer
(but the impacted area will also be smaller). The biodegrada-
tion of SBM in the sediment consumes the free oxygen in the
porewater relatively rapidly, leading to hypoxia in the
sediment. The amount of free oxygen in porewater is generally
relatively small, of order 0.2 g/m? sediment surface for a
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sediment with oxygen diffusing down to approximately 3 to 4
cm below the sediment surface (porosity 0.6, oxygen level at
the sea floor assumed to be 10 mg/L). This amount of oxygen
is consumed by the biodegradation of the chemical by an equal
quantity (or less, depending on the Redfield number for the
oxygen consumption of the chemical during biodegradation).
The oxygen in the porewater must then be replaced by
diffusion of new free oxygen from the seawater above, which
is a relatively slow process. The state of hypoxia may therefore
persist over a long period of time, dependent on the amount of
chemical deposited on the sea floor per square meter of the
sediment surface. Under hypoxic conditions the biodegrada-
tion rate of the chemicals in the sediment will be slower than
the biodegradation indicated by the Harmonized Offshore
Chemicals Notification format testing of the chemicals (where
oxygen is not considered to be a limiting factor). The
biodegradation must take into account the availability of the
free porewater oxygen in the sediment. This reduction of
biodegradation rates (availability of oxygen in the sediment
layer) is built into the present sediment model (by use of the
diagenetic equations; Rye et al. 2006a). The model can
therefore be used as a tool to assess the assumptions made
when “best management options™ are considered. Finally, the
model is also considered useful for the planning of sampling
stations to be used during surveillance of the sediments at a
drill site.
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