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Abstract
In support of the Deepwater Horizon (DWH) Oil Spill Natural Resource Damage
Assessment (NRDA), oil fate modeling of the DWH discharge was performed to estimate oil
droplet and dissolved hydrocarbon concentrations in the water column between the release
location and the surface layer (i.e., to 20 m below the surface). Pipe-discharge, blowout and
droplet size models were used to develop mass and droplet size distributions used as input to the
far-field oil fate model. The concentrations of soluble and semi-soluble hydrocarbon components
predicted by the simulation of the actual event were validated by comparisons with chemistry
data from the NRDA program. Due to the differences between the modeled and actual field
conditions and the patchiness of observed chemistry, there is the potential for displacement
between modeled and observed concentrations in both space and time. Therefore, a direct
overlay of the detectable chemistry measurements on the model would be insufficient for
evaluating if the concentrations predicted by the model were realistic. To account for likely
displacement, results are plotted as probability distributions within a spatial and time window
containing a population of chemistry samples. The chemistry samples and modeled results were
ordered by concentration so that the distributions could be compared. In general, the modeled
concentrations of the various components were of the same order of magnitude as the measured
concentrations.
1

Introduction
The scope of the DWH oil spill was extensive, with areas potentially affected including the
entire Northeastern Gulf of Mexico. Oil released from the broken riser both dispersed at depth
and rose through nearly a mile of water column before reaching the surface. In addition, there
were logistical constraints in obtaining sufficient field sample data to completely characterize the
contamination in space and time over and after the 87 days of oil and gas release. For these
reasons, a modeling effort was undertaken to analyze the blowout, deepwater oil plume, rising
oil droplets and fate of the spilled oil during its journey through the water column to (just below)
the surface. Figure 1 illustrates the oil release features and models used to evaluate the plume
and rising oil. The SIMAP (Spill Impact Model Application Package) oil fate model (French
McCay, 2003; 2004) was used to evaluate concentrations of oil and components in the water
column encompassing the deepwater plume and rising oil resulting from the spill.
The modeling analysis began with pipe-discharge, blowout and droplet size sub-models
(Spaulding et al., 2015) to evaluate the release conditions and the height above the discharge
where the oil and gas plume had entrained enough water to become neutrally-buoyant with the
surrounding seawater. At this so-called trap height, oil droplets were released into the water and
rose at varying rates towards the surface according to their individual buoyancy. The analysis by
Spaulding et al. (2015) provided the initial release conditions, i.e., oil mass and droplet sizes
released at the trap height, that were used as input to the SIMAP oil fate model calculations.
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Figure 1

Conceptual model and approach for modeling the plume and rising oil.

For the water column exposure analysis (described herein), the three-dimensional SIMAP
oil fate model estimated oil droplet and dissolved hydrocarbon concentrations in waters between
1,400 m and 20 m (below the water surface). Oil droplets reaching 20 m would rapidly surface to
form floating oil slicks. The DWH Trustees’ evaluation of the oil fate and concentrations
resulting from surface oil was based on observational data and chemistry measurements in
surface waters (Travers et al., 2015a, b). The processes affecting surfaced oil and determination
of hydrocarbon concentrations in the water column above 20 m are not evaluated here.
The oil fate model estimates the distribution and mass of oil in the water column and on
the sediments through time. Processes simulated by the physical fates modeling include oil
droplet transport and dispersion, dissolution of soluble components into the water column,
partitioning of oil components between water and suspended particulate matter (SPM),
adsorption of oil droplets to SPM, sedimentation of oil droplets and SPM, and degradation. The
model results provide estimates of water volumes that were exposed to hydrocarbon
concentrations above several thresholds. The output of the fate model includes the concentrations
of hydrocarbon constituents in the water and fluxes of hydrocarbons to the sediment over time.
Concentrations of particulate (oil droplet) and dissolved hydrocarbon concentrations were saved
to files for later viewing and calculations, as well as provided input data for exposure, toxicity,
and biological effects evaluations (see pDARP, DWH Trustees [2015]).
In addition to the initial conditions provided by the blowout model (i.e., the locations, oil
masses, and droplet sizes of the oil droplets released at the trap height), the oil fate model may
utilize current data as an input. The IAS ROMS hydrodynamic model simulation provided
currents from April to September of 2010 (Chao et al., 2014). These currents were used to
evaluate the transport of oil in the water column below 1,100 m from the initial release at the trap
height. This simulation provides time- and spatially-varying oil droplet and dissolved
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hydrocarbon component concentrations, describing the fate of the oil within a region identified
as the “deep plume.”
For the purposes of evaluating exposure and toxicity to water column biota (i.e., fish and
invertebrate plankton), a simpler static approach without currents was utilized. The approach for
evaluating toxicity in the water column (Morris et al., 2015a, b; Forth et al., 2015a) used daily
mean total polycyclic aromatic hydrocarbon (PAH) concentrations in a three-dimensional spatial
grid extending from 1400 m to 20 m. The currents used in the oil fate model simulation
described above moves the oil contamination at each time step of the simulation. Plankton would
be moving with the water and oil plume throughout the day. Thus, averaging concentrations over
time at a particular location (i.e., for one static grid cell) would not characterize the exposures to
plankton because the oil and plankton would be flowing through that cell together and be highly
variable over time. Thus, for exposure calculations, the oil fate model was run without currents
(i.e., Static Cone, with the larger oil droplets rising vertically, and the smaller oil droplets and
dissolved components only dispersing by diffusive processes) to enable averaging of
concentrations in each spatial grid cell for each day of the simulation. These cells were
representative of the moving parcels of water that were affected by the oil (i.e., as if the modeled
cells were allowed to move with the water). The underlying assumption is that the dissolved
PAHs, oil droplets remaining in the water column, and the plankton all moved together.
Therefore, the gridded daily-average concentrations, based on the simulation without currents,
characterize the exposure experienced by plankton for each day as they moved with the oil
plume. The plume was held in place within each grid cell in the simulation for the purposes of
estimating plankton exposure.
2
2.1

Methods
Model Description
RPS-ASA’s SIMAP model (French McCay, 2003, 2004), which quantifies fates and
concentrations of subsurface oil components (dissolved and particulate) as well as the transport
and fate of floating oil, was run to simulate the oil fate and exposure concentrations below 20m.
The model algorithms in SIMAP (French McCay, 2002, 2003, 2004) have been developed over
the past three decades to simulate fate and effects of oil spills under a variety of environmental
conditions. SIMAP was derived from the Natural Resource Damage Assessment Model for
Coastal and Marine Environments (NRDAM/CME, French et al., 1996), which was developed
for the U.S. Department of the Interior (USDOI) as the basis of Comprehensive Environmental
Response, Compensation and Liability Act of 1980 (CERCLA) Natural Resource Damage
Assessment (NRDA) regulations (43 CFR PART 11 [1995], as amended at 61 Fed. Reg. 20609,
May 7, 1996) for Type A. The model has been validated with data from more than 20 large
spills, including the Exxon Valdez (French and Rines, 1997; French McCay, 2003, 2004; French
McCay and Rowe, 2004), as well as test spills designed to verify the model (French et al., 1997).
In this study, only the processes applicable to waters below 20 m were used. Thus, the
model algorithms for these subsurface processes (i.e., oil droplet transport and dispersion,
dissolution of soluble components into the water column, partitioning of oil between water and
SPM, sedimentation of oil droplets, and degradation) are briefly described here. Further details
on model algorithms are available in French McCay (2004) and French McCay et al. (2015a).
2.1.1 Oil Components
Oil is a mixture of tens of thousands of hydrocarbons of varying physical and chemical
characteristics. Thus, oil hydrocarbons have varying fates. In the model, oil is represented by
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component categories, and the fate of each component is tracked separately. The “pseudocomponent” approach (Payne et al. 1984, 1987, French et al. 1996, Jones 1997) is used, where
chemicals in the oil mixture are grouped by physical-chemical properties, and the resulting
component category behaves as if it were a single chemical with characteristics typical of the
chemical group. The lower molecular weight soluble and semi-soluble hydrocarbons were
divided into chemical groups (components) based on volatility, solubility, and hydrophobicity
(using the octanol-water partition coefficient, Kow, of the chemicals). The water solubility of
compounds having log(Kow) values greater than about 6 is very limited (Di Toro et al., 2000,
French McCay, 2002). In the model, the oil is treated as comprising aliphatic and aromatic
components with log(Kow) < 6 (defined in Table 1). All but the residual oil component
(representing non-volatile and insoluble aromatics and aliphatics) dissolve at rates specific to the
component. Solubility is strongly correlated with volatility, and the solubility of aromatics is
higher than aliphatics of the same volatility. Of the aromatics, the monoaromatic hydrocarbons
(MAHs) are the most soluble, the 2-ring PAHs are less soluble, and the 3-ring PAHs slightly
soluble (Mackay et al., 2006a,b). The solubility of the aliphatic hydrocarbons is much less than
for the aromatics of similar molecular weight. Dissolved concentrations are calculated in the
model for each of the soluble and semi-soluble components (named AR1 to AR9). Note that
non-aromatic (aliphatic) compounds that are soluble (i.e., C1-C10 n-alkanes, isoalkanes and
cycloalkanes) are included in the “AR9” component.
The initial (at the point of release to the water column) mass concentrations of the eight
soluble aromatic components (AR1 - AR8) and the soluble aliphatic component (AR9) were
computed using measured source oil sample hydrocarbon (HC) concentrations (see Section
2.2.5). The mass concentrations of the eight non-soluble aliphatic components (AL1 - AL8) were
based on measured weight fractions of a boiling curve for fresh source oil, using the boiling
point ranges listed in Table 1. For components AL1 and AL2, all of the measured compounds are
soluble, and so their mass concentrations were included in component AR9. Thus, AL1 and AL2
represent unmeasured compounds in their respective boiling ranges (where solubility is unknown
and not considered in the model). This approach avoids “double counting” aliphatics that would
otherwise be included in AL1 and AL2 as well as AR9. Component AL9 is reserved for tracking
dispersant component(s) or other contaminants. Each of the components is tracked in both the
whole oil (droplets and floating) and dissolved phases.
2.1.2 Modeled Processes
In the three-dimensional oil fate model SIMAP, sublots of the spilled oil are represented by
Lagrangian elements (“spillets”), each characterized by mass of hydrocarbon components and
water, location, thickness, diameter, density, and viscosity. A separate set of Lagrangian
elements is used to track movements of the dissolved hydrocarbons.
Each time step of the model, calculations of the transport and fate processes are made for
each spillet: transport and dispersion, dissolution of soluble components into the water column,
partitioning of soluble hydrocarbons between water and SPM, adhesion of oil droplets to SPM,
sedimentation of oil droplets and SPM, and degradation.
Transport is the sum of advective velocities by currents input to the model, vertical
movement according to particle (droplet or SPM) buoyancy (using Stoke’s Law), and
randomized turbulent diffusive velocities in three dimensions. The modeling approach developed
by Mackay and Leinonen (1977), which is based on Raoult’s Law, is used in SIMAP for
dissolution, applied to each of the soluble and semi-soluble hydrocarbon components separately
using component-specific properties. Once dissolved, soluble hydrocarbons partition between
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dissolved and particulate (SPM) phases and the settling rate of the SPM is calculated based on
Stoke’s Law using the density of the SPM. Adhesion of oil droplets to SPM is based on collision
rate with SPM, a function of the concentrations of droplets and SPM. Stoke's Law is used to
calculate the settling or rise rate of the combined particle, based on relative buoyancy and the
particle diameter. Sedimentation of oil droplets and SPM occurs as these particulates reach the
sea floor. These algorithms are described in French McCay (2004) and French McCay et al.
(2015a).
Table 1
AR or
AL
Component #
1
2
3
4
5

The 19 Pseudo-components Modeled in the SIMAP Oil Fate Model.
All HCs
Volatility
Volatiles

Intermediate
Volatility

6
7
8

SemiVolatile

Soluble and semi-soluble HCs
(AR Components)
Range of
Compounds
log(Kow)
MAHs (BTEX*, styrene)
1.9-2.8
C3-benzenes
2.8-3.6
C4-benzenes
3.1-3.8
Decalins
4.1-6.0
C0-C2 Naphthalenes, C0C2 Benzothiophenes,
2.3-4.3
biphenyl, acenaphthene,
acenaphthylene
C3-C4 Naphthalenes, C34.2-5.20
C4 Benzothiophenes
Fluorenes & C0-C1 34.0-5.6
ring PAHs
4-ring PAHs & C2-C3 34.9-6.0
ring PAHs

Non-soluble aliphatic HCs
(AL Components)
BP Range
Compounds
(oC)**
Volatile aliphatics **
< 150
Volatile aliphatics **
150-180
Semi-volatile aliphatics (C11)
180-200
Semi-volatile aliphatics (C12)
200-230
Semi-volatile aliphatics (C13C16)
Low volatility aliphatics
(C17-C18)
Low volatility aliphatics
(C19-C20)
Low volatility aliphatics
(C21-C23)

Highly
Volatile and Low MW Alkanes,
N.A. (Used for Dispersant
9
2.3-5.6
Isoalkanes, Cycloalkanes
Soluble
Indicators)
Aliphatics
Residual
High molecular weight
Residual (nonHigh MW PAHs
>6.0
aliphatics (C24+)
volatile)
* Benzene, toluene, ethylbenzene, and xylenes
**Comprised of unmeasured non-soluble compounds in the boiling point (BP) range.

230-280

280 - 300
300-350
350-380

<180

>380

Degradation may occur as the result of photo-oxidation, which is a chemical process
energized by ultraviolet light from the sun, and by biological (microbial) breakdown, termed
biodegradation. Primary biodegradation is the first breakdown step of the microbial action on
hydrocarbons. Below 20 m, photo-oxidation is negligible. A first order decay algorithm is used
to estimate primary biodegradation (as described in French McCay, 2004 and French McCay et
al., 2015a), the rate being specified for each of the hydrocarbon components modeled. Based on
the NRC (2005) review of the different biodegradation mechanisms for the aromatic and alkane
compounds, microbial degradation occurs primarily in the dissolved phase for soluble
components, but on the particulate phase for the insoluble aliphatics. For the soluble and semisoluble components (AR1 to AR9), degradation within subsurface droplets in the water column
are assumed negligible while in the particulate phase, as degradation rates are much slower than
their dissolution rates. Therefore, in the application of degradation rates in the oil fates model,
biodegradation rates of the soluble and semi-soluble components are calculated for the dissolved
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fraction, while the degradation rates of the insoluble alkanes are calculated for the dispersed
particulate oil fraction.
2.1.3 Estimation of Concentrations and Model Outputs
For subsurface oil, the model outputs after each time step of calculations include the
location, dimensions and physical-chemical characteristics of each spillet representing the oil;
concentrations of each of the 19 components in the particulate (oil droplet) and the dissolved
phases in three dimensions; and total hydrocarbons and components deposited on the sediments.
The dissolved and droplet hydrocarbon concentrations in the water column, by
hydrocarbon component, are calculated from the mass in the spillets, as follows. Concentration is
contoured on a three-dimensional grid system. This grid is fixed in dimensions to provide
concentration output of a consistent resolution throughout the model run. Distribution of mass
around the spillet center is described as Gaussian in three dimensions, with one standard
deviation equal to twice the local diffusive distance (2Dxt in the horizontal, 2Dzt in the vertical,
where Dx is the horizontal and Dz is the vertical spreading diffusion coefficient, and t is particle
age). Concentrations depend highly on the resolution of the concentration grid used. Thus, a
post-processor is used to calculate concentrations in user-defined resolutions, as well as in
specific spatial and temporal windows.
2.2 Model Inputs
2.2.1 Geographical and Model Grid
For geographical reference, SIMAP uses a rectilinear grid to designate the location of the
shoreline, the water depth (bathymetry), and the habitat type. Bathymetry for the Gulf of Mexico
was obtained from the Gridded Global Relief Data (ETOPO2v2) supplied by the U.S.
Department of Commerce, National Oceanic and Atmospheric Administration (NOAA),
National Geophysical Data Center (NOAA NGDC, 2012). The data were interpolated into the
model grids for each area, by averaging all soundings falling within a cell. The shoreline was
compiled from NOAA’s ESI data: http://response.restoration.noaa.gov/esi. Table 2 describes the
bathymetric grid resolution. Maps of this grid are available in French McCay et al. (2015a).
Table 2

Dimensions of the bathymetric grid.
Aspect
Grid SW corner
Cell size (olongitude and olatitude)
Cell size (m) west-east at spill site
Cell size (m) south-north
# cells west-east, # cells north-south
Water cell area (m2)

Value
95° 0' 0"W, 25° 0' 0"N
0.006o
650.4
667.9
2000, 1000
404,348

2.2.2 Temperature and Salinity
Water temperature and salinity data used varied spatially, with depth, and by month.
Climatic monthly mean water temperature and salinity data were obtained from the NODC
Ocean Climate Laboratory’s Monthly Climatology data set for the Gulf of Mexico (Boyer et al.
2005, 2009, Locarnini et al., 2010; Antonov et al., 2010). This NODC analysis uses all data for
the region that had been collated in the World’s Ocean Database to provide gridded monthlymean climatological data. We used the most recent version of the NODC database, which
contains data through 2013, gridded on a ¼ degree grid.
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2.2.3 Currents
Hydrodynamics used in the simulation with currents were IAS ROMS. IAS ROMS is a
Regional Ocean Modeling System (ROMS) application (built off the South Atlantic Bight and
Gulf of Mexico [SABGOM] model, Hyun and He 2010), that consists of a single domain
covering the entire Gulf of Mexico and much of the western Atlantic Ocean (between the equator
and 40oN). The model has a grid resolution of ~6 km in the horizontal, with 30 levels in the
vertical (Chao et al. 2014). The lateral boundary conditions for the model domain are provided
by real-time global 1/12o Hybrid Coordinate Ocean Model (HYCOM) currents (Chassignet et al.
2009), for which outputs were generated by the Naval Research Laboratory (NRL) at Stennis
Space Center and distributed by Florida State University. Every 12 hours, IAS ROMS
assimilates observational data (e.g., temperature, salinity, sea surface height, and ADCP data)
using its 3-dimensional variational (3DVAR) data assimilation algorithm (Li et al. 2008a,b; Chao
et al. 2009). The solution is a combination of the observational data and the model first-guess
field, which is the 12-hour IAS ROMS forecast (without data assimilation) initialized from the
previous nowcast. An IAS ROMS simulation for 2010, that included a 2-km nested grid within
the larger IAS ROMS domain, was provided by Chao et al. (2014) in April 2014. This simulation
was forced with North American Mesoscale (NAM) winds.
In the simulation with currents, the horizontal diffusion (randomized mixing) coefficient
was assumed to be 2 m2/sec in the upper 40 m and 0.1 m2/sec below 40 m in the water column.
The vertical diffusion (randomized mixing) coefficient was assumed 10 cm2/sec in the upper 40
m and 0.1 cm2/sec below 40 m. These are reasonable values for oceanic waters based on
empirical data (Okubo and Ozmidov, 1970; Okubo, 1971, Csanady 1973, Socolofsky and Jirka
2005) and modeling experience.
In the no-current case, the assumption is that currents are multidirectional at random such
that currents effectively disperse the rising oil analogous to diffusion. The horizontal dispersion
coefficients for the no-current case were scaled to disperse the contaminants (oil) at rates
indicated by the variance of ADCP-measured currents at the wellhead
(http://www.ndbc.noaa.gov/station_page.php?station=42916, and …. station=42868); i.e., the
horizontal dispersion coefficients were estimated from the dispersive distance, defined as 2
standard deviations of a Gaussian-shaped spread of mass around the release location, using the
standard deviations of ADCP data at the 2 stations next to the wellhead: #42916 (4.7 cm/sec) and
#42868 (5.2 cm/sec). The horizontal dispersion coefficient scaled from a standard deviation of 5
cm/sec and using a 30-min time step was 2.25 m2/sec. The vertical dispersion coefficients used
for the no-current case were the same as described above for the with-current case.
2.2.4 Suspended Particulate Matter (SPM)
Based on a review of the surface SPM distribution in the Northern Gulf of Mexico, the
mean total suspended sediment concentration in the offshore Northern Gulf of Mexico is 3 mg/L
(D’Sa et al. 2007, D’Sa and Ko 2008). Estimates of organic matter concentrations in the area and
time of the spill were not identified. Therefore, adherence of oil to varying amounts of organic
matter was not included in these model simulations. This may result in an underestimated flux of
oil to the sediments. Oil sedimentation is not evaluated herein, other than as a loss term from the
water column.
2.2.5 Oil Properties
Table 3 provides a summary of the oil properties for the spilled MC252 oil used in the
modelling. Tables 4 and 5 summarize the fractional composition of MC252 oil by component
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group, based on measurements by Stout (2015a). The sum of AR and AL components totals
approximately 61% of the whole oil. The remaining 39% is treated as an insoluble and nonvolatile “residual” fraction.
Table 3
Oil Properties for MC252 Oil (based on Stout, 2015b; sample ID GU2988A0521-09805).
Physical Parameters

MC252 Oil

Oil Type

Light Crude Oil
o

Surface tension (mNm) at 20 C
o

Interfacial tension (mNm) at 20 C
o

3.43
19.63

Pour Point ( C)

-28

Density at 30oC (g/cm3)

0.8372

Density at 15oC (g/cm3)

0.8483

o

3

Density at 5 C (g/cm )

0.8560
o

4.503

o

Dynamic Viscosity (cP) @ 15 C

7.145

Resin Content (weight %)

10.1

Asphaltene Content (weight %)

0.27

Dynamic Viscosity (cP) @ 35 C

Table 4
Fractional composition of whole MC252 source oil: measured soluble and semisoluble concentrations (Stout, 2015a) were summed by component group.
Code
AR1
AR2
AR3
AR4
AR5
AR6
AR7
AR8
AR9

Hydrocarbon Component
BTEX & styrene
C3-benzenes
C4-benzenes
Decalins
C0-C2 Naphthalenes
C3-C4 Naphthalenes
Fluorenes & C0-C1 3-ring PAHs
4-ring PAHs & C2-C3 3-ring PAHs
Soluble alkanes

Fraction in Oil (g g-1 oil)
0.019124
0.007836
0.004674
0.003786
0.005634
0.002434
0.002339
0.001667
0.133190

Table 5
Fractional composition of whole MC252 source oil: insoluble component
concentrations in the oil were based on boiling curve cuts (based on Stout, 2015a).
Code
AL1
AL2
AL3
AL4
AL5
AL6
AL7
AL8
Σ AR#s + Σ AL#s

Hydrocarbon Component
Aliphatics: BP < 150
Aliphatics: BP 150-180
Aliphatics: BP 180-200 (C11)
Aliphatics: BP 200-230 (C12)
Aliphatics: BP 230-280 (C13-C16)
Aliphatics: BP 280-300 (C17-C18)
Aliphatics: BP 300-350 (C19-C20)
Aliphatics: BP 350-380 (C21-C23)
Total volatiles and semi-volatiles

Fraction in Oil (g g-1 oil)
0.006923
0.060913
0.034279
0.053814
0.095099
0.036292
0.092923
0.049473
0.610400

2.2.6 Biodegradation Rates
Degradation rates in the water column below 20 m for each component are summarized in
Table 6. These rates are based on data obtained from literature reviews that included estimates
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for compounds and/or components of MC252 oil and crude oil generally (French McCay et al.,
2015a). See Appendix C therein for details regarding the literature review and derivation of the
values in Table 6.
Table 6
Biodegradation rates (kd, instantaneous, daily) and corresponding half-lives
(0.693/kd) for components of oil in the water column used as model input.
Component Group
AR1
AR2
AR3
AR4
AR5
AR6
AR7
AR8
AR9
AL1
AL2
AL3
AL4
AL5
AL6
AL7
AL8
Residual

Instantaneous Rate (day-1)
0.23
0.29
0.28
0.06
0.28
0.18
0.15
0.10
0.17
0.24
0.12
0.06
0.06
0.06
0.05
0.04
0.04
0.02

Half-Life (days)
3.0
2.4
2.5
11.6
2.5
3.9
4.6
6.9
4.1
2.9
5.8
11.6
11.6
11.6
13.9
17.3
17.3
34.7

2.2.7 Amounts, Timing, and Droplet Sizes of Oil Release
The total amount of oil released to the water column was 3.19 million barrels, based on the
Phase II Court findings (USDC 2015). The oil was released into the (SIMAP) model from April
22 to July 15, 2010, using relative release volume fractions based on the analysis by the Flow
Rate Technical Group (FRTG, McNutt et al., 2011). The effects of subsea dispersant applications
on oil droplet sizes are accounted for in the nearfield blowout modeling (Spaulding et al., 2015)
used to initialize SIMAP.
The release of oil and gas to the water column varied in amount released per day, location,
and the amount treated with dispersant throughout the spill event. Early in the spill event, oil and
gas was only released from the end of the broken riser. After approximately six days, it was
discovered that oil and gas were flowing from two different locations, the end of the broken riser
and from holes in the riser, where a kink formed when the rig sunk and the riser collapsed. This
division of flow between the riser and kink varied over time, with the kink release increasing
with time due to the evolution of more kink holes. As the number of holes increased, the larger
cross-sectional area of the exit openings allowed more flow through. The kink flow occurred for
34 days, after which time the riser was cut just above the BOP (i.e., on June 3rd). This meant
from that point on, all oil and gas was released from the cut riser at the wellhead. Throughout the
spill event, there were various levels of collection and dispersant treatment. While the amount of
time pre-cut versus post-cut was the same (42 days each), the resulting mass of oil released to the
water column during pre-cut and post-cut was 60% and 40%, respectively, based on the analysis
by the FRTG (McNutt et al. 2011). Spaulding et al. (2015) provide a detailed discussion of the
time line and sources of information used in our analysis. Oil collection at the release points, i.e.,
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the Riser Insertion Tube (RITT) and the Top Hat, was assumed to not have entered the
environment, and is not tracked in the modeling of oil fate.
The analysis of the releases from the riser (pre- or post-cut on June 3) indicates that if all of
the oil was effectively treated with dispersant, then the droplet size would range from 20 to 500
μm; if all the oil was untreated the range would be from 1,000 to 10,000 μm. More than 99% of
the dispersant treated oil droplets would have diameters, d, ≤ 500 μm, whereas more than 99% of
non-treated oil droplets would have d ≥ 1,000 μm. Because the droplets with d ≥ 1,000 μm would
surface after a few hours from ~1,500 m, the droplet size distribution remaining in the water
column would be dominated by dispersant-treated oil (Spaulding et al. 2015). The analysis by
Spaulding et al. (2015) indicates that during the pre-riser cut time period (prior to June 3), oil
dispersion (formation of smaller droplets) was a result of mechanical processes (e.g., high exit
velocities) at the kink holes and, to a more limited extent, dispersant application of low
effectiveness at the end of the riser. During the post-cut period, oil dispersion appeared to be
primarily due to more effective dispersant treatment above the BOP. The droplet size predictions
made by Spaulding et al. (2015), using the Court release volume, were used as input to the
SIMAP model (Figure 2).

Figure 2

Daily fractional mass distribution by size bins (microns) throughout the release.

2.2.8 Model Parameters
The start of the oil release is simulated as April 22, 2010 at 10:30AM CDT (local time).
The release duration is 2015 hours (84 days), i.e., until July 15, 2010 at 14:30 CDT.
The number of spillets, the time step, and the concentration gridding resolution are all
model inputs and are adjusted in accordance with the resolution desired. Below is a summary of
model input parameters defining the model resolution:
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•

Number of spillets (Lagrangian elements):
o Surface or subsurface oil: 100,000
o Dissolved aromatics: 1,600,000
• Simulation Time Step: 0.5 hr
• Length of the Simulation: 161 days (until September 30, 2010)
In order to obtain sufficient resolution of modeled concentrations, concentration mapping
was performed using a 500m resolution horizontal grid at 20-m depth intervals throughout the
water column (20-1400 m).
3
3.1

Observational Data
Literature Studies on DWH Oil Contamination in Deep Water
French McCay et al. (2015a) reviewed DWH observational data from offshore waters
reported in published literature that were used for model validation, including water column
chemistry and oil particle size information. When considered alongside the NRDA QA/QC’d
data summarized below, and in more detail in the reports by French McCay et al. (2015a), Horn
et al. (2015a,b) and Payne and Driskell (2015a,b,c), a more complete understanding of the DWH
spill becomes apparent, illustrating the transport, fate, and behavior of the oil and gas that was
released into the environment.
Hydrocarbons were repeatedly detected in the deep water intrusion layer at the trap height
(Figure 1). Camilli et al. (2010) confirmed a large plume at ~1,000- to 1,200-m depth and in
some areas >2km wide at ~ 4 km from the leak source during 23-27 June 2010. Their Sentry’s
methane m/z signal at 35km from the source was only 53% less than that at 5.8 km, suggesting
that plume extended considerably beyond the 35 km survey bound at that time. GC analysis
focused on MAHs confirmed the presence of BTEX (50 µg/L) within the plume at 16 km
downrange from the wellhead, suggesting a mechanism existed for direct hydrocarbon transfer to
the deep plume (i.e., rapid dissolution).
The larger droplets continued rising to the upper layer and the surface, in a volume
described as a rising cone (e.g., Ryerson et al., 2012; Spier et al., 2013), due to the buoyancy of
larger droplets relative to the ambient seawater. However, due to current shear and varying rise
rates for different diameter droplets, “plumes” of rising oil droplets would have followed
different trajectories on their way toward the surface.
In addition, while rising in the cone, the intermediate-sized droplets lost some of their
relative buoyancy due to weathering (dissolution and degradation of the lighter hydrocarbons,
fully-weathered oil having a density of ~980 kg/m3; Stout 2015a), as well as potentially
combining with SPM in the water column. Meanwhile, the ambient current higher in the upper
water column is increasingly stronger than in deep water (Hyun and He, 2010), possibly causing
separation of these intermediate sized droplets such that they left the cone and formed “multiple
plumes” of slowly rising droplets in the upper layers mimicking the deep water plume.
Fluorescence anomalies (peaks) and water column hydrocarbon chemistry data (Spier et
al., 2013; Camilli et al., 2010; Valentine et al., 2010; as well as NRDA data, Horn et al.
(2015a,b) and Payne and Driskell (2015a,b,c)) show relatively high concentrations of
hydrocarbons at various depths above the trap height of ~1,100-1,200 m (i.e., the deep plume
that is much more strongly evident in the data). This phenomenon is in agreement with the
theoretical prediction of a multiphase flow plume model (Socolofsky et al., 2011), although the
mechanism proposed by these authors differs from the model of rising independent droplets, and
the possibility that some of the oil droplets alone or in combination with SPM became neutrally
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buoyant. If multiphase flow plumes occurred, one would expect similar fresh-oil chemistry
signatures at the multiple depths, as opposed to more weathered oil signatures higher in the water
column. With oil droplets rising through currents that are highly variable in direction vertically
and over time, those shallower peaks may reflect different oil released at different times. We
have not identified a vertical profile of samples containing similar fresh-oil chemistry signatures
at the deep plume trap height and shallower depths; however, very few sample profiles were
taken within 1-2km of the release point. Samples taken from stations with vertical profiles
having peaks at multiple depths show complex and differing chemistry (Payne and Driskell
2015a,b,c; Horn et al. 2015b).
After Top Hat #4 became operational (i.e., after June 3, post riser cut), both the
concentrations and the percentage of detectable chemistry results decreased in the deep water
samples. In addition, there was a significant increase in the frequency of detections and sample
concentrations with high dispersant indicator concentrations typically associated with less watersoluble compounds, including di- and poly-cyclic aromatics/alkylated aromatics and alkanes
>C8, which is consistent with wider dispersion of reduced oil droplet sizes with application of
dispersants (Chan et al. 2015; Payne and Driskell 2015c).
Changes in chemical composition with depth also support the preceding description of the
transport of dissolved compounds, dispersed oil, and larger droplets. Most water soluble
compounds such as benzene, alkylated MAHs, and soluble C5-C10 alkanes were enriched in the
deep plume. Less water soluble compounds were present both in the deep water plumes and in
the upper water column: C13-C22 PAHs and C11-C22 alkanes were found at 1,175m and 865m,
as well as even deeper water and near the surface; C23-C40 alkanes were found at 1175m and
265m, in surface waters, and also at lower concentrations in the 865m plume (see Horn et al.
2015b, for details). These vertical changes in measured chemical composition indicate that
dissolved hydrocarbons and (likely the smallest) droplets were trapped in the intrusion layer
plume.
Valentine et al. (2010) focused on gas distribution and fate in the water column. They
found that propane, ethane, and methane were most abundant at depths greater than 799 m and
formed plume structures with dissolved concentrations as high as 8 µM, 16 µM, and 180 µM for
the three gases, respectively. Concentrations were orders of magnitude lower at shallower
depths. The persistent plume at 1,000- to 1,200-m depth was located to the southwest of the spill
site, consistent with other reports (Camilli et al. 2010; Hazen et al. 2010). Separate plumes were
also identified by Valentine et al. (2010) at similar depths to the north and to the east. A
distinctive shallower plume (or water layer containing hydrocarbons) was observed at 800- to
1000-m depth located to the east. Spier et al. (2013) calculated frequencies in each of 8 cardinal
directions of detectable hydrocarbon concentrations in samples taken at various depths and
within 45km of the wellhead, finding the highest frequency of detectable results to the southwest,
but also detections in the other directions. These findings, as well as other data sets compiled by
the NRDA program, suggest that multiple plumes of hydrocarbons moved in varying and
sometimes opposite directions, presumably originated at different times and indicative of
complex current patterns in the area before sampling.
Davis and Loomis (2014) made measurements of the oil droplet size distribution using a
holographic camera (Holocam) during the M/V Jack Fitz (JF) 3 cruise. The average volume
median droplet diameter from the JF3 cruises was 128 μm, with values ranging from 86 to 176
μm. Thus, the Holocam data provides evidence of small (volume mean diameter <300um)
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chemically dispersed oil droplets in deep and intermediate waters. Further discussions of the
Holocam and other particle size data are in Li et al. (2015).
Model simulations employing the well-known Stoke’s Law (where rise rate increases with
droplet diameter) provide additional evidence for the separation of small droplets (in the
intrusion layer) from intermediate and large droplets (slowly or rapidly rising to the surface,
respectively). For example, sensitivity analyses by North et al.’s (2011; 2015) showed that
droplets with diameters of 10 - 50 μm would form distinct subsurface plumes that would be
transported horizontally and remain in the subsurface for >1 month. Droplets with diameters ≥90
µm would rise more rapidly to the surface.
3.2

Summary of NRDA Chemistry and Sensor Data
During the DWH blowout and resulting spill, a variety of environmental data were
collected by NRDA samplers aboard numerous ships and analyzed using NRDA protocols.
Alongside collected chemical and forensic data, concurrent and continuous measurements of
dissolved oxygen and fluorescence were recorded. A detailed description of the chemistry data
used for validating the model may be found in Horn et al. (2015a,b). A detailed description of
forensic findings may be found in forensics reports by Payne and Driskell (2015a,b).
Considerable spatial heterogeneity was evident in the distribution of hydrocarbons at
various depths and as a function of distance from the wellhead. These resulted from variations in
the oil release rate and subsea dispersant applications over time (changing droplet size
distributions of the oil over time, see Section 2.2.7), spatially- and temporally-varying currents
(both horizontally and vertically), dissolution, dispersion, and degradation of hydrocarbon
constituents, as well as irregularly positioned sampling stations and different sampled depths.
The multiple plumes observed moving in opposing directions presumably originated at different
times, and indicated the complex current patterns in the area before sampling.
Based on the analysis of the water column chemical and physical data, as well as the
consideration of major events during response, four distinct periods of time are identifiable
during the spill period in 2010. These are described as Observable Chemistry Regimes (OCR):
• OCR 1: pre-top-kill (Apr-20 to May-26)
• OCR 2: top-kill, riser-cutting, and initial top-hat (May-26 to June-6)
• OCR 3: post-cut and collection (June-6 to July-15)
• OCR 4: post-cap (after July-15) phase
Sampling of the active release of oil and gas during the three phases (OCR 1-3) was
focused around the wellhead (<20 km), while more extensive and broad-scale sampling into the
far-field (focused to the south and southwest) did not commence until after the well shut-in was
completed (OCR 4). (See French et al. (2015) and Horn et al. (2015a,b) for maps summarizing
this data). In-water concentrations remained elevated during the blowout and the released
hydrocarbons began to dissipate just after the well was contained and oil flow to the water
column ceased.
In April and May, oil was released from the broken riser (at 1509 m deep) and from holes
that developed at the kink in the riser pipe (at 1,503 m deep). The fluorescence and DO
anomalies, chemical concentrations, and blowout models (Socolofsky et al. 2011; Spaulding et
al. 2015) indicate that a considerable portion of the released oil rose from the depth of release to
several hundred meters above the release depth as part of the buoyant plume. Several times
during May 26-28, the spill responders attempted to fill the riser pipe with heavy drilling mud
and bridging material, but the procedures did not stop the release and the mud and “junk” were
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forced out of the riser. Relatively high hydrocarbon concentrations and fluorescence anomalies
were observed during this period. During June 1-3, while the riser pipe was being cut, oil flowed
freely from the riser, and this is evident in the data as elevated fluorescence peaks and
hydrocarbon concentrations between 1,000 and 1,300m compared to periods prior to and after
this event. In OCR 3, oil was released from the blowout preventer (BOP) at a depth of 1,506 m
deep from the opening of the Top Hat oil recovery installation or the gap between the Top Hat
and the BOP. During OCR 4, after the release was stopped on July 15, in water hydrocarbon
concentrations decreased with increasing time and space.
The maximum hydrocarbon and dispersant concentrations occurred at the surface (<40 m)
and at depths between roughly 1,100 and 1,300 m deep (Figure 3). Note that all points in Figure
3 represent significant hydrocarbon/dispersant concentrations above the method detection limit
for each investigated compound (Horn et al., 2015a). With slow rise rates, the smallest droplets
were trapped below 1,100 m, where both whole oil and dissolved phase hydrocarbons were
found alongside dispersants. Elevated dispersant concentrations were identified between 1,0001,300m near the wellhead and between 1,100-1,200 m to out beyond 150 km. Forensically
identified MC252 oil was commonly observed radially within roughly 50 km of the wellhead
(Figure 3). See Payne and Driskell (2015a) for a full description of forensically identified
MC252 oil in subsurface water samples, including as particulate- and dissolved-phase
hydrocarbons.
Elevated hydrocarbon concentrations at depth were observed in each of the investigated
groupings of chemicals (i.e., components) ranging from BTEX (AR1) through to the soluble
alkanes (AR9). The highest concentrations at depth were of the BTEX group and soluble alkanes
(Figure 3). When considered together, the total soluble compounds, the total investigated
compounds, and PAH groups all had highest observed concentrations between 1,000-1,300 m.
The highest measurements of total investigated compounds in the deep plume were >100-700
μg/L, with concentrations up to ~80 μg/L between 200-1,000 m. When considered individually,
soluble alkanes (AR9) typically had the highest concentrations between 1,000-1,300 m with
values of >100-400 μg/L, while BTEX (AR1) were typically >100-200 μg/L, and PAHs were
typically <120 μg/L.
While most attention has been focused on hydrocarbon concentrations near surface waters
and the region between 1,000-1,300 m, elevated concentrations in excess of the method detection
limits were identified throughout the water column beyond 150 km. Sampling in the depth range
between 100-1,000 m was much more sporadic. The highest concentrations at depth in this
region were for the BTEX group and soluble alkanes. The spatial extent in these intermediate
waters is slightly more proximal to the wellhead, with highest concentrations observed typically
within 25 km of the wellhead (Horn et al., 2015a,b; Payne and Driskell, 2015a,b,c).
There were consistently observed fluorescence anomalies (relative high values or “peaks”)
and dissolved oxygen “sags” (i.e., relatively low values of dissolved oxygen in vertical profiles
when compared to baseline profiles) at depths between approximately 1,000-1,300 m (JAG
2010). Maximum anomalies occurred between roughly 1,100-1,200 m. The highest fluorescence
values were observed near the wellhead; the fluorescence anomalies decreased as distance from
the wellhead increased. Anomalies of high fluorescence values at depths of 1,000 - 1,300 m were
typically associated with elevated hydrocarbon concentrations in the water column, when water
samples were collected concurrently with fluorescence measurements. These fluorescence peaks
were observed mainly to the southwest of the wellhead. Although maximum fluorescence peaks
were identified within a narrow range at depth, significantly elevated fluorescence values were
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noted throughout large portions of profiles. Peak fluorescence values at depth typically tapered to
lower values in shallower waters. It was very common to observe significantly elevated
fluorescence values up to 600 m and occasionally shallower. As distance from the wellhead
increased, dissolved oxygen anomalies first increased and then decreased. As sags decreased in
magnitude, they frequently became slightly broader, covering larger depth ranges. These
observations are indicative of microbial degradation (i.e. hydrocarbon consumption) at depth
followed by mixing with surrounding waters (Horn et al., 2015b; French McCay et al., 2015a).

Figure 3 Total measured chemical concentrations (µg/L, or ppb) by component on a log10 scale (color) through the full water column (0-2500 m, vertical axis) as a function of
distance from the wellhead (0-25 km, horizontal axis) – all NRDA samples collected AprilSeptember 2010 .
The consistent pattern of observed anomalies at depth supports the assessment of trapping
of the buoyant oil and gas plume between 1,000-1,400 m. This subsurface region of hydrocarbon
contamination contained trapped oil, dissolved hydrocarbons (primarily BTEX and soluble
alkanes), and dispersants, which were slowly dispersed and consumed at depth. Results from
chemical and physical measurements suggest that in general, after about July 1 hydrocarbons in
this “deep plume” predominantly moved to the southwest. The southwestward movement of the
deep water contamination continued throughout the fall of 2010. Deep ocean currents in the
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region are dominated by cyclonic flows along the isobaths, which near the spill site are generally
to the southwest (Schmitz et al. 2005); therefore, the chemistry and sensor indicators are
consistent with understanding of the circulation in the area.
4

Results
Two simulations were performed:
• Static Cone: For the purposes of estimating daily mean concentrations of PAHs in the
exposure volume affected by rising oil and the deep plume, the oil fate model was run
without currents. This simplification allowed daily averaging of concentrations in a
stationary grid and so generated a better representation of plankton exposures than
possible if horizontal transport and displacements were included. The analysis assumes
that the dissolved hydrocarbons and oil droplets remaining in the water column and the
plankton all moved together; such that the gridded daily-average concentrations based on
the simulation without currents characterizes the exposure experienced by plankton each
day as they moved with the oil plume. Daily average exposure concentrations of total
(dissolved plus particulate) PAHs (using 50 analytes, “TPAH50”, Forth et al. 2015b)
were calculated for each horizontal grid cell and 20-m depth layer of the water column.
• Deep plume: SIMAP was run for the entire release utilizing IAS ROMs currents as input.
The modeled concentrations of oil components in the depth range of 1,100-1,400 m were
analyzed to describe the transport and fate of the oil in the deep plume.
The model inputs for these simulations were the same, as described in Section 2, except for
inclusion or not of the currents as input and the dispersion coefficients in the horizontal
directions (as described in Section 2.2.3).
4.1

Results of the Static Cone Simulation
Because the Static Cone simulation does not include currents as input, but does simulate
dispersive spreading from the central axis of the rising oil via turbulent mixing processes, the
footprint of the rising oil droplets is in the shape of an inverted cone; hence the terminology. The
vertex of the cone is at the trap height and the widest radius is at 20 m below the water surface
(the upper depth limit of the simulation). Rising oil droplets with the largest diameter are found
in the center of the cone along the cone axis. Progressively smaller droplets are found moving
out from the axis, as the slower rise rates of smaller droplets increases their residence time in the
water column, therefore increasing their dispersion.
Most of the oil surfaced within a 2-km radius of the wellhead in the Static Cone
simulation, consistent with observations by Ryerson et al. (2012). Payne and Driskell (2015d)
reported fresh oil surfacing between 1.5 and 4 km from the wellhead, slightly further out but in
the real situation with currents. This is consistent with our no-current near-surface 2-km radius.
A typical snapshot of the concentration distributions produced by the Static Cone
simulation, for June 16, 2010) is in Figure 4. The figure is a pair showing concentrations in the
particulate (i.e., droplet, upper panel) and dissolved (lower panel) phases, each with a top-down
view providing the vertical maximum concentration in the water column in horizontal space and
an associated west-east cross-section (along the blue line in the top-down view) through the
center of the inverted cone (bell).
Concentrations of contaminants are highest along the cone axis, decreasing toward the
edges in a Gaussian shape that is typical of dispersion from a central source. The concentrations
of droplets and dissolved constituents are also higher closer to the source at the bottom (i.e., at
and just above ~1,200 or ~1,300 m). Because of these patterns, the cross-section of the
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concentration field looks more like a cylinder, or even has a bell shape with highest
concentrations at the center just above the base of the bell near 1,100 - 1,220 m (and around
1,300 m near the kink holes present in May), and much less like an inverted cone. Because the
smaller oil droplets spread out considerably at the top of the cone, the concentration profiles
show much lower concentrations higher in the water column and farther from the axis of the
inverted cone.
The cone diameter is relatively small during April when subsea dispersants were not
applied, the kink holes had not yet formed, and most droplets were > 1mm in diameter (Figure
2), rising to the surface within hours. The diameter of the cone (measured at the point where the
vertical maximum total hydrocarbon concentrations are greater than 1 µg/L, a conservatively low
concentration) is about 3 km on April 26. From May through mid-July, the cone diameter grows
to 12 km by May 17, 16 km by June 16 (Figure 4), and 20 km by July 15. After the well is shut
in, this diameter shrinks as concentrations disperse and components degrade. Total hydrocarbon
concentrations are <100 µg/L in all locations on August 20 and on September 30 they are <10
µg/L, for the most part. In the simulation, dissolved soluble and semi-soluble hydrocarbon
concentrations decrease to <1 µg/L in all locations by August 20. Note that the total hydrocarbon
concentrations in droplets that are predicted by the model are based on the total mass of the
release (i.e., the mass equivalent of 3.19 million bbl; USDC, 2015), much of which cannot be
chemically measured in water samples. Thus, the modeled total hydrocarbon concentration is not
comparable to a total petroleum hydrocarbon measurement. For this reason, model-predicted
concentrations of the soluble and semi-soluble hydrocarbons, i.e., of the AR components, are
compared to field sample measurements of those same chemical components. Note also that the
aliphatic AL components are defined by boiling point ranges, and so those components contain
much more mass then is measurable using GC/MS or other existing techniques to measure
aliphatic hydrocarbons in the water.
The concentrations for each of the modeled hydrocarbon components are depicted in the
figures available in French McCay et al. (2015a). For example, Figure 5 shows modeled BTEX
concentrations on May 17. The soluble and semi-soluble hydrocarbon concentrations are in low
concentrations in a narrow cylinder stretching toward the surface in April, when the release was
mostly of large droplets (Figure 2). During May when the kink holes appeared and subsea
dispersant began to be applied, the concentrations are much higher and over a wider diameter
(Figure 5). The higher concentrations continue in June when more effective subsea dispersant
applications were used (Spaulding et al., 2015). The highest dissolved concentrations are of
BTEX and soluble alkanes, whereas most of the 3-ring PAHs are still in the particulate phase.
Concentrations of BTEX (AR1) produced by the Static Cone simulation on May 17
(Figure 5) show two vertical maxima at the two depths of release: the deeper (~1,300 m) from
the kink holes in the riser and the shallower ~1,200 m from the end of the broken riser. BTEX
dissolution rates are obviously rapid based on the concentration distribution; in agreement with
published accounts of field observations, such as those by Reddy et al. (2012), and the NRDA
chemistry data (Horn et al., 2015b; French McCay et al., 2015a). Outside of the core at the
release location (where field samples were not taken), the maximum BTEX concentrations in the
rising oil were predicted by the model to be 25-100 µg/L, in agreement with observations by
Reddy et al. (2012) during June 19-28, 2010, which had a plume layer concentration as high as
78 µg/L. This is also consistent with the NRDA cruise data (Horn et al. 2015a,b; Figure 3), in
which, the pre-cut (i.e., prior to June 3) plume layer median BTEX concentration value was 92
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µg/L (range 4.5 – 228 µg/L) and the post-cut plume layer median value 60 µg/L, (range 4.9 –
176 µg/L).

Figure 4 Static Cone Simulation on June 16 – Total Hydrocarbon Concentration (µg/L)
in Droplets (top panel) and in the Dissolved Phase (bottom panel).
After the riser was cut June 3, new oil was released at about 1,200m. However, some
concentrations persisted at ~1,200 – 1,300 m because the oil released in that depth range in May
was in very small droplets that had very slow rise rates. The small droplets (<100µm) remained
in the deep plume layer of ~1,100 – 1,300 m. In the field, the deep plume was advected
predominantly to the southwest.
The highest measurements of total investigated hydrocarbons (including BTEX, other
MAHs, PAHs, and soluble alkanes) in the deep plume (1,000-1,300 m) were >100-700 μg/L, and
concentrations up to ~80 μg/L were measured at other depths between 200-1,000 m (Figure 3).
Fluorescence peaks and dissolved oxygen sags in the depth zone where the highest BTEX and
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PAH concentrations were measured, were observed between 1,000-1,300 m. The modelsimulated concentrations depict similar distributions and concentrations.

Figure 5 Concentrations produced by the Static Cone simulation on May 17 – AR1
component (BTEX, µg/L) in droplets (top) and in the dissolved phase (bottom).
The modeled concentrations of BTEX remaining in the oil droplets above 1,100 m were
very low throughout the simulation. Comparisons between the BTEX content of the oil droplets
and the dissolved concentrations indicate that the BTEX was rapidly dissolved below 1,100 m in
the deep plume. Dissolution continued at shallower depths as oil droplets rose through the water
column (Figure 5). Semi-soluble components (i.e., C2-benzenes, C3-benzenes, naphthalenes, low
molecular weight alkanes, isoalkanes, cycloalkanes) partially dissolved while the oil droplets
were at depths below 1,100 m. Additionally, substantial dissolution of semi-soluble compounds
occurred at shallower depths, as droplets continued to rise. In the simulation, the sparingly
soluble 3-ring PAHs were primarily in the droplet phase. Dissolved concentrations of
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components AR6, AR7 and AR8 (PAHs) were only >1 μg/L below 800 m (French McCay et al.,
2015a). These partitioning patterns are generally consistent with the weathering models and
analyses of chemistry samples, where dissolved and particulate fractions were measured (Payne
and Driskell 2015a,b,c) .
4.2

Results of the Simulation Using Currents from IAS ROMS
In the model simulation using currents from IAS ROMS, total hydrocarbons within oil
droplets at concentrations >1 μg/L were highly variable in space and over time, as the currents
shifted. The concentration at any point in space or time changes rapidly, as the water and oil
move during the continuing release. Therefore, it is difficult to portray the results in static
figures. Snapshots from this simulation are available in French McCay et al. (2015a). To portray
the movement of the oil, the “age” of the spillets (time since each particle was released) was
plotted. Snapshots of the trajectory, integrating spillets over the water column and color-coded
by the age of spillets, are provided in French McCay et al. (2015a). Figure 6 provides an example
for the simulation on June 16.
The simulation using currents from IAS ROMS depicts the extent to which currents may
transport and shear the rising oil. The shape of the cone is not depicted in the 1,100 – 1,400 m
simulation, as there is substantial displacement; later in the simulation spillets move in different
directions. ADCP data in ~30-60 m vertical bins in the water column showed slow (<10 cm/sec)
currents in adjacent depths differing by as much as 120o in the May-June 2010 timeframe.
Transport at shallower layers (not shown) may also shear the oil plume in multiple directions.
Some of the described shear is evident in Figure 6, which depicts the age of the spillets as they
move throughout the simulation.
In the simulation, dissolved concentrations move horizontally, as droplets rise out of the
1,100 – 1,400 m layer. Of the droplets, smaller droplets were transported farther from the
wellhead before rising out of the layer. This makes the oil droplet (and resulting dissolved)
concentrations highly patchy in three-dimensional space. Successful sampling of such patches
would be rare occurrences using a regularly-spaced sampling design. For this reason, NRDA
sampling was focused on locations where fluorescence and dissolved oxygen sensors indicated
the potential presence of in-water hydrocarbon concentrations (Payne and Driskell 2015d). This
targeted sampling approach was used on NRDA Jack Fitz 1, 2, 3 cruises of May and June 2010,
but did not began in earnest on the response vessels until late July and August of 2010.
While the IAS ROMS currents were weak between April 22-24, they transported the deep
oil plume (1,100-1,300m) with concentrations > 1 µg/L in the simulation to ~70 km to the
southwest by May 3 and to ~150km to the southwest by May 17. However, on May 31, the deep
plume was within 50 km of the wellhead in the simulation. In June and July 2010, eddies are
evident in the simulation as IAS ROMS transported the deep plume oil in multiple directions.
Figures in Appendix F of French McCay et al. (2015a) depict this variable transport. Transport to
the southwest, particularly from July through the fall, was observed in fluorescence and
dissolved oxygen indicators and chemistry samples collected in June to September 2010 (Payne
and Driskell 2015a). Southwest transport was also observed in the deep plume of the IAS ROMS
simulation for 1,100-1,400m.
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Figure 6 Snapshot of the spillet trajectory, vertically integrated 1,100-1,400 m, with each
spillet color-coded by age (i.e., hours since release) – June 16.
4.3

Comparison of the Modeled Concentrations to Field Measurements
The modeled concentrations of oil components were compared to measurement data
reported in the literature, as available, and from chemistry samples collected for the NRDA
chemistry program (described in Horn et al. 2015a). Careful consideration was needed when
comparing the model results to measurements from samples. Samples were not collected at the
maxima at the center axis of the inverted cone, and therefore much lower concentrations would
be anticipated further from the center axis. Furthermore, due to the differences between the
modeled and actual field conditions and the patchiness of observed chemistry, there is the
potential for displacement between modeled and observed concentrations in both space and time.
Therefore, a direct overlay of the detectable chemistry measurements on the model would be
insufficient for evaluating if the concentrations produced by the model are reasonable. To
account for this displacement, results are plotted as probability distributions within a spatial and
time window, containing a population of chemistry samples. The chemistry samples and
modeled results were ordered by concentration so that the distributions may be compared.
Most of the chemistry samples were analyzed as whole water samples, which includes both
the in-droplet and dissolved concentrations. The chemistry sampling was targeted at fluorescence
peaks and dissolved oxygen sags, which indicated the presence of oil and preferentially targeted
regions with higher chemical values (Payne and Driskell 2015d). If a randomized sampling plan
were used both horizontally and vertically, then many more samples would likely be present with
non-detectable hydrocarbons. Therefore, only the modeled concentrations with hydrocarbon
concentrations greater than zero were compared to the chemistry results.
The comparisons were made for five vertical intervals within a 25 km by 25 km box
centered on the wellhead. Section 3.2 identifies the four time domains (OCRs) considered for the
statistical analysis. However, only the OCR1, OCR2 and OCR3 time intervals had sufficient
samples (>5 samples in each depth interval and the domain considered) for meaningful
comparisons. The single latitude, longitude domain used is: Longitude: 88.5029o to 88.2529o W;
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Latitude: 28.6223o to 28.8468o N. The depth range 40-1400 m was divided into 5 depth intervals:
40-200 m, 200-500 m, 500-800 m, 800-1100 m, 1100-1400 m.
For the evaluation of toxicity to water column biota (Morris et al., 2015b; DWH Trustees,
2015), the components of concern were total PAHs. Most of the released mass of the fifty PAHs
(TPAH50) included in analyses used in the Trustee’s NRDA toxicity program (Forth et al.,
2015b), is encompassed by AR5 to AR8 in the SIMAP modeling. The remaining PAHs in
TPAH50 have log(Kow) values >6.0, and so are included in the residual (non-soluble and nonvolatile) component for the modeling. The percentage of the residual represented by these PAHs
with log(Kow) >6.0 is 0.0385%. The TPAH50 concentrations in the dissolved and particulate
(droplet) phases were calculated from the SIMAP model output and the total of these (i.e.,
dissolved + particulate = total TPAH50) was used for the toxicity evaluations and injury
quantification (French McCay et al., 2015b). While comparisons of the modeled concentrations
with sample measurements were made for all 9 AR components (see French McCay et al.,
2015a), given the focus on PAHs for injury quantification, example comparisons for PAH
components are shown here.
Histograms are used to compare the frequency distribution of the modeled concentrations
within each grid cell to the frequency distribution of the measured samples. This is presented in a
cumulative percentile format (Figures 7-10). Selected percentiles of modeled concentration are
plotted as horizontal lines (minty green) for representative values between 50-100%. For
example, if the observed chemistry data, plotted as points, are above the frequency distribution
for the SIMAP model, then it indicates that the observed chemistry values as a whole are higher
than the modeled values. If one follows a horizontal percentile line (e.g. 75th percentile model
concentration), the intersection with the blue chemistry data indicates the concentration and
percentile of the observed chemistry that corresponds (Figures 7-10).
Components AR5 and AR6 include the C0-C4 naphthalenes and C0-C4 benzothiophenes.
These comprise the semi-soluble PAHs, whereas AR7 and AR8 include the slightly soluble 3ring PAHs (Table 1). Figures 7 through 10 show comparisons of the model concentrations to the
sample measurements for AR5 through AR8, respectively, in the depth ranges 800-1,100 m and
1,100-1,400 m. The typical pattern for the comparison of modeled AR5 and AR6 to observed is
that the highest concentrations are of similar magnitude (~1-3 µg/L), but the frequency
distributions of the observations show somewhat higher concentrations than the model’s
frequency distribution of concentrations (i.e., there are more samples with concentrations > 1
µg/L than there are grid cells with concentrations of that magnitude. The comparisons for AR7
and AR8 at 1,100-1,400 m show a similar pattern as the naphthalenes (AR5 and AR6). Overall,
considering all time windows and depth zones for all chemical components, the closest results to
the observed are in the depth range 800- 1,000 m.
It should be noted that concentrations above 1 µg/L TPAH50 were assessed as acutely
toxic (in waters below 20m) by the DWH Trustees (Morris et al., 2015b; DWH Trustees, 2015).
Only a few percent of the samples and model estimates within the 25 km by 25 km box centered
on the wellhead were above 1 µg/L PAH, and these modeled and observed concentrations
compared well.
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Figure 7 AR5 component (C0-C2 naphthalenes and C0-C2 benzothiophenes) –
Comparison of total (in-droplet + dissolved) concentrations (µg/L) predicted by the model
to measurements from chemistry samples for June 6 – July 15, 2010 in 1100-1400m. [Left:
ROMS, 1100-1400m; Center: No Current, 1100-1400m; Right: No Current: 800-1100m].

Figure 8 AR6 component (C3-C4 naphthalenes and C3-C4 benzothiophenes) –
Comparison of total (in-droplet + dissolved) concentrations (µg/L) predicted by the model
to measurements from chemistry samples for June 6 – July 15, 2010 in 1100-1400m. [Left:
ROMS, 1100-1400m; Center: No Current, 1100-1400m; Right: No Current: 800-1100m].
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Figure 9 AR7 component (fluorenes & C0-C1 3-ring PAHs) – Comparison of total (indroplet + dissolved) concentrations (µg/L) predicted by the model to measurements from
chemistry samples for June 6 – July 15, 2010 in 1100-1400m. [Left: ROMS, 1100-1400m;
Center: No Current, 1100-1400m; Right: No Current: 800-1100m].

Figure 10 AR8 component (4-ring PAHs & C2-C3 3-ring PAHs) – Comparison of total
(in-droplet + dissolved) concentrations (µg/L) predicted by the model to measurements
from chemistry samples for June 6 – July 15, 2010 in 1100-1400m. [Left: ROMS, 11001400m; Center: No Current, 1100-1400m; Right: No Current: 800-1100m].
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For the AR9 component, the modeled concentrations and the frequency distributions of
concentrations compare favorably with the observations (not shown, see French McCay et al.,
2015a). The AR9 component contributes the most to the total soluble and semi-soluble
hydrocarbon concentrations, so the comparisons of modeled to observed are similar for total
soluble and semi-soluble hydrocarbon concentrations as well.
The maximum BTEX concentrations predicted by the model were generally ~25-100 µg/L,
with the exception of a core cell with concentration >100 µg/L. The typical pattern of the
comparisons was that there were occasional (a few percent of) observations above 100 µg/L and
many observations less than the MDL, whereas the model results smoothly transition between
these values. Thus, the non-zero concentration model results agree with the >MDL BTEX
concentrations, but do not show as many (500 m x 500 m x 20 m) cells with concentrations >100
µg/L as there are samples with concentrations >100 µg/L (French McCay et al., 2015a).
It was clear from these comparisons that statistical analyses of these relationships would be
complex and dependent on the resolution of the model concentration grid cells; they are not
attempted herein. However, in summary, the modeled concentrations of the various components
are generally of the same order of magnitude as the measured concentrations. In order to be
meaningful, comparisons need to be made on a component basis, as the components have
different properties and behaviors (e.g. dissolution rates) that would cause their concentration
distributions to vary. In many instances, the frequency distributions between the modeled
concentrations and the measured samples compared well. However, in some cases the model
overestimated concentrations observed in the samples, whereas in others it underestimated the
concentrations. The differences between observed and modeled concentrations were not large
and there was no obvious bias, overall.
As the modeled TPAH50 concentrations were carried forward to the analysis of toxicity
(Morris et al., 2015a, b), the comparisons of the PAH components AR5 through AR8 were of the
most interest. The frequency distributions of the modeled and measured concentrations were
more similar for PAH components than for some of the other components. Additionally, the
frequency distributions between the two modeled simulations (i.e., for 1,100-1,400 m) were very
similar. These findings support the use of the Static Cone simulation for exposure evaluations.
The magnitudes of the peak concentrations between the modeled and measured samples
compared well, providing further confidence that the concentrations used for exposure and
toxicity evaluations were reliable.
Uncertainties in these comparisons may result from the modeled transport or rate
processes, field measurements of hydrocarbon chemistry (e.g., GC/MS has constrained TPAH50
values only reflecting the target analytes amenable to analytical methods that can be measured,
see Payne and Driskell, 2015b), or the input data used for modeling. In addition, the large gaps
between sampling locations in both space and time contributed a considerable amount of
uncertainty, which precludes any interpolation of the sample concentrations in this dynamic
environment. Furthermore, the sampling efforts to depict hydrocarbon distributions within the
water column were complicated by the unavoidable heterogeneity in the water column and
sampling complications. For these reasons, sampling gaps in space and time can make
conclusive interpretation of field observations quite difficult when attempting to assess the
contaminant conditions on a larger scale. Furthermore, there is no evidence of either the
presence or absence of oil in regions that were not sampled.
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4.4

Mass Balance and Comparison of Simulations
The two model simulations were compared in order to evaluate whether the simulation
without currents provided results in line with those predicted by a simulation using currents as
input. The mass balance of oil over time (as the percent of total mass spilled to date) for the
Static Cone simulation is shown in Figure 11. That of the IAS ROMS simulation is essentially
identical. The output is broken into four categories: oil that was in the water column, that
surfaced (through the upper boundary of the model domain at 20 m), that had settled to the
sediments, or that degraded in the water column. The overall mass balances of the two
simulations on September 30, 2010 are summarized in Table 7. In both simulations, the
percentage of the released oil that surfaced was 87%, and that settled to the sediment was <0.1%.
The results indicated that the modeled mass balance of subsurface oil (below 20 m) was
essentially unaffected by the inclusion of current transport.

Figure 11 Static Cone simulation: Modeled mass balance of oil over time as percentages of
oil released to date.
Table 7
Mass balance from SIMAP model runs on September 30, 2010. Note that about
40-50% of the degraded mass was of dissolved soluble and semi-soluble hydrocarbons.
Fate
Surfaced

Static Cone simulation
87.3

IAS ROMS simulation
87.2

Water column
Degraded in water
column
Sediments

0.057

0.025

12.7

12.7

0.0015

0.0319

The 13% degraded in the water column (by September 30, 2010), represents the total
percentage of the released oil that remained in waters below 20 m in the model simulation, either
as the released components or as degradation products and microbial biomass. This falls within
the predicted range of 4-31% of the released oil that was reportedly sequestered in the deep sea
(Valentine et al. 2014). Daling et al. (2014) estimated dissolution loss into the water during the
ascent from 1,500 m water depth to the surface was ~15% of the oil, comprised of: saturates <
C7 (10 wt % of the stabilized source oil), BTEX (3 wt % of the source oil), and C-3-Benzenes

French McCay, D., Z. Li, M. Horn, D. Crowley, M.L. Spaulding, D. Mendelsohn, and C. Turner, Modeling Oil Fate and Subsurface
Exposure Concentrations from the Deepwater Horizon Oil Spill, Proceedings of the Thirty-ninth AMOP Technical Seminar, Environment
and Climate Change Canada, Ottawa, ON, pp. 115-150, 2016.

141

(1.5 wt % of the source oil). The 15% estimate accounts for all of the water soluble hydrocarbons
in the released oil, so the implicit assumption made by Daling et al. was that dissolution of the
soluble hydrocarbons was complete for all droplet sizes before the oil surfaced. Additionally,
Daling et al. (2014) estimated about 18% of the total PAH’s (PAHs representing 1.1 wt % of the
total oil), corresponding to about 0.2 wt % of the source oil, was dissolved into the water before
the oil surfaced. In the SIMAP model results, about 40-50% of the degraded mass (that
amounted to 13% of the released oil) derived from dissolved soluble (AR1, AR2, AR3, AR5, and
AR9; Table 1) and semi-soluble (AR4, AR6, AR7, and AR8; Table 1) hydrocarbons. On average
over the entire spill, 6% of the total oil hydrocarbons released into the environment dissolved
before oil droplets reached 20 m on the way to the water surface. Since 18% of the released oil
was soluble and semi-soluble hydrocarbons, the remaining 2/3 of the soluble and semi-soluble
hydrocarbons rose through 20 m to the surface water, and either dissolved in the upper 20 m or
volatilized. All soluble and semi-soluble hydrocarbons in droplets remaining below 20 m
dissolved and eventually degraded in the model simulation, whereas soluble components did not
completely dissolve from the large droplets that rose to the surface in a few hours. One would
expect this to be the case, as surfaced fresh oil did contain measurable BTEX and soluble alkanes
(Stout 2015c), which volatilized rapidly. Ryerson et al. (2012) measured these volatiles in the
atmosphere above the rising oil and fresh oil slicks.
Ryerson et al. (2012), using chemical analysis of hydrocarbon data, estimated that, on June
10, 19-20% of the total oil hydrocarbon mass released to the environment was trapped in the
deep plume, 8-9% was in the surface slicks, 17.4-18.4% was evaporated; leaving ~54%
unaccounted for in their analysis. The missing fraction of oil would presumably be biodegraded,
suspended in the water column other than in the intrusion layer deep plume, and/or sunken to the
seabed. The Ryerson et al. (2012) mass balance analysis has a number of sources of uncertainty,
including that it depends on an estimate of the total integrated DO anomaly from field samples
by Kessler et al. (2011) and Hazen et al.’s (2010) estimated ratios of alkanes to toluene in the
plume phase versus in the leaking fluid phase being a surrogate of the ratio of droplet to
dissolved phase hydrocarbons – on the premise of the co-location of the dissolved versus droplet
phases. To the extent that droplets rose (or sank) out of the deep plume preferentially leaving
dissolved-phased hydrocarbons at depth (processes known to have occurred), the Ryerson et al.
(2012) estimate of 19-20% being in the deep plume is an overestimate. The SIMAP model
estimates for June 10 are about 5% in the water column, 8% degraded (in the water column), and
87% surfaced (which would be either as slicks, evaporated or ashore), i.e., that more oil rose to
the surface than derived from Ryerson et al.’s analysis.
5

Conclusions
As the oil and gas was released from the DWH blowout near the seafloor, the jets and
subsequently buoyant plumes of oil and gas mixture quickly rose through the water column,
entraining ambient seawater until the plume reached neutral buoyancy due to the balance of
densities from the increasing density of the plumes and the decreasing density of ambient
seawater (i.e., at the trap height; Spaulding et al. 2015). After being released from the trapped
plume, a considerable amount of oil was dispersed as oil droplets into the water column. The
smaller droplets remained in the water column for an extended period of time due to their slow
rise velocities, while larger droplets rose to the surface on the time scale of hours. The data and
studies reviewed herein support the conceptual model that large droplets rose quickly in the
immediate vicinity of the leaking wellhead, forming surface oil slicks in a relatively confined
area near the wellhead (as described in Ryerson et al., 2012); intermediate sized droplets
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extended further afield in the mid water column as they continued to rise through the water
column, surfacing tens of kilometers from the wellhead (consistent with observations by
MacDonald et al., 2015); and a number of small droplets remained suspended in the deep water
column intrusion layer (as evidenced by the many observations of the deep plume).
Soluble and semi-soluble hydrocarbons (primarily MAHs and PAHs, but also including
low molecular weight alkanes) dissolved from oil droplets into the water column over time. The
rates of dissolution of hydrocarbons from rising oil droplets are functions of the droplet sizes
present (because it involves mass transfer across the surface area of the droplet); thus, the
amount of hydrocarbon mass dissolved increases with the oil mass, soluble hydrocarbon content
of the oil, and smaller droplet sizes (which are reduced by surfactant dispersants and more
energy at the point of formation). Dissolution from small droplets is rapid and significantly
enhanced by the application of dispersants (Payne and Driskell 2015c). Thus, exposure of water
column biota below 20 m to smaller droplets and dissolved components was much more wide
spread than it was to the surfacing large droplets.
The modeled concentrations agreed well with field observations, based on comparisons
with the NRDA chemistry results, data from multiple sensors that indicated the presence of oil,
and reported information (e.g., water column hydrocarbon concentrations and microbial
activities) in the literature. Vertical distributions of dissolved and total PAHs indicated the
highest concentrations in the deep plume layer and up to about 800 m, with substantial
concentrations throughout the water column. These model results compare favorably to
fluorescence signals and DO sags indicating presence of oil hydrocarbons at these depths (JAG
2010, Horn et al. 2015b, Payne and Driskell 2015 a,b) and literature reports of hydrocarbon
distributions in the water column (e.g., Diercks et al., 2010; Hazen et al., 2010; Camilli et al.,
2010; Ryerson et al., 2012; Reddy et al., 2012; Spier et al., 2013). Dissolved concentrations of
BTEX and soluble alkanes were highest below 800 m, consistent with findings reported in the
literature (e.g., Camilli et al. 2010, Reddy et al. 2012, and Ryerson et al. 2012, Payne and
Driskell 2015 a, b) in that the deep water plume layer was primarily comprised of dissolved
hydrocarbons, particularly BTEX and soluble alkanes.
The model successfully simulated the partitioning of PAHs between deep water and the
surface. PAHs partially dissolved from droplets as they rose through the water column. Chemical
measurements of floating oil and surface waters indicate that some of the PAHs remained in the
larger oil droplets when they reached the surface; floating oil and surface water samples were
observed to be enriched with 3- and 4-ring PAHs (Diercks et al. 2010, Spier et al. 2013; Stout
2015c, Payne and Driskell 2015a, b). Diercks et al. (2010) noted that the PAHs in the deep
plume were enriched in naphthalenes, as compared to surface samples where 3- ring PAHs were
relatively enriched, a pattern consistent with water partitioning of more water soluble PAH
compounds during transport to the surface. This pattern was predicted by the modeling.
While there is uncertainty in the model estimates of pathway and hydrocarbon
concentrations, the Static Cone model simulation provided reliable estimates of exposure
concentrations for water column biota. In order to quantitatively characterize the hydrocarbon
contamination in the water column by field sampling alone, water samples would need to have
been taken in a comprehensive sampling design. This sampling would have had to cover all the
potentially-contaminated areas, as well as unaffected areas. In addition, the frequency of
sampling would have had to occur at frequent time intervals over the entire release period (87
days) and a period after the well was shut in. Because hydrocarbon contamination from any spill
is patchy in distribution, large numbers of stations and samples would be needed to map
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concentrations reliably. Such extensive sampling of all affected areas was not feasible, given the
rapidity at which the contamination may be reduced by dilution and degradation.
Thus, the practical and realistic approach undertaken to define the scope of water column
contamination and exposure was to combine the available field sampling data with a modeling
approach that evaluated oil component fate. The concentrations of hydrocarbons were estimated
using the spill volume, knowledge of the physical and chemical properties of the oil, and
understanding of current transport in the environment. The mass balance must be maintained in
the model, such that all of the oil is accounted for and alternatively, concentrations are
constrained to not exceed the total amount of hydrocarbons spilled.
In summary, the strengths of this modeling analysis are that the model:
• Completes the mass balance and provides an analysis of pathways and exposure;
• Differentiates background from spilled contamination;
• Provides an objective measure that falls out of what is known and scientific
understanding; and
• Fills the gaps of the field sampling of water column distribution of dissolved and total
hydrocarbon component distributions, making possible the estimation of TPAH50
exposure concentrations in all locations and times of interest.
By using a probability distribution approach of the hydrocarbon carbon components in the
water column, rather than point-to-point comparison of the predicted results with the
measurements, a robust comparison of the model prediction and field observation data was made
possible to account for the inevitable uncertainty.
6
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