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Macondo source oils and artificially weathered oil residues from 150 °C+ to 300 °C+, including artificially photo
oxidized oils, were prepared and used for generating low energy water accommodated fractions (LE-WAFs) in
order to assess the impact of oil weathering on WAF chemistry composition and toxicity to marine organisms.
Two pelagic species representing primary producers (the marine algae Skeletonema pseudocostatum) and in-
vertebrates (the marine copepod Acartia tonsa) were tested. Obtained acute toxicity levels, expressed as EC/LC50
values, were in the same range or above the obtained maximum WAF concentrations for WAFs from most
weathering degrees. Based on % WAF dilutions, reduced toxicity was determined as a function of weathering.

The chemical compositions of all WAFs were compared to compositions obtained from water samples reported in
the GRIIDC database using multivariate analysis, indicating that WAFs of photo oxidized and two field weathered
oils resembled the field data the most.

1. Introduction

Assessing the environmental effects of accidental releases of crude oil
to the marine environment is a complex process. The crude oil is
compositionally complex and reservoir-specific, and the influence of
environmental factors on the fate and weathering of the released oil adds
to the complexity. As oil weathers, the exposure scenarios for marine
organisms become highly dynamic. Many components in crude oils are
considered toxic and their environmental effects dependent on envi-
ronmental concentration as well as on their bioavailability. Dissolved
components are considered more bioavailable and more acutely toxic
than components residing in dispersed oil droplets (Hansen et al., 2009,
2018b). Oil exposure can cause a variety of adverse effects in marine
copepods such as narcosis (Hansen et al., 2012, 2016), altered growth
and development (Toxvard et al., 2018) and reduced fecundity (Hansen
et al., 2015; Olsen et al., 2013) in marine copepods.

In terms of acute toxicity, low molecular weight aromatic com-
pounds (mono aromatics (MAHs)) and polycyclic aromatic hydrocar-
bons (PAHs) are considered the main toxicity drivers due to their
solubility in water. The weathering process is expected to reduce the
toxicity of spilled crude oils due to evaporative loss of volatiles and
microbial degradation of aromatic hydrocarbons (Faksness et al., 2015;
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Neff et al., 2000), however, some studies have shown that crude oil may
be more toxic during weathering (Hansen et al., 2018a), particularly
shown after photo-oxidation and photo-toxicity (Barron et al., 2003;
Duesterloh et al., 2002). The impact of weathering on oil toxicity is a
very important aspect to consider when performing environmental risk
and damage assessments of acute oil spills, like the Macondo spill in the
Gulf of Mexico (GoM) in 2010.

To increase the understanding of the weathering processes during
the Macondo oil spill, a comprehensive laboratory study of the physical
and chemical properties of fresh and field collected Macondo oils was
performed by Daling et al. (2014). The mass of the Macondo oil, a light
paraffinic crude oil, was reduced by 50-55 wt % through evaporation
within 3-5 days on the sea surface (Daling et al., 2014). Artificially
weathered source oil residues from 150 °C+ to 300 °C+ were prepared,
representing the range from newly surfaced oil (150 °C+) to oil found
after approximately 5 days on the sea surface (300 °C+). Corresponding
evaporated oils additionally subjected to photo oxidation by artificial
sunlight for 18 and 40 h were also included prepared. The results were
used as inputs to the SINTEF Oil Weathering Model (OWM) to predict
the change in properties due to weathering on sea surface and the
effective “time window” for application of dispersants under various sea
surface weather conditions (Daling et al., 2014).
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In the present work we utilized Macondo source oils and all artifi-
cially weathered crude oils generated by Daling et al. (2014) in order to
assess changes in chemical composition and acute toxicity of these
artificially weathered residues of the Macondo oil. Alaska North Slope
(ANS) crude was also included as a reference oil, as ANS has been
studied extensively in laboratory toxicity assessments to evaluate the
acute and chronic aquatic toxicity to different species (Carls et al., 1999;
Heintz et al., 1999).

Low energy water accommodated fractions (LE-WAFs) were pre-
pared, chemically characterized, and acute toxicity tests on the marine
algae Skeletonema pseudocostatum (clone: NIVA BAC1) and the herbiv-
orous copepod Acartia tonsa were performed to evaluate the weathering
mediated changes in toxicity of the oils. The CROSERF group (Chemical
Response to Oil Spills: Ecological Research Forum) has specified the
technical definition of WAF as “a laboratory-prepared medium derived
from low-energy (no vortex) mixing of e.g. an oil or a petroleum product
that is essentially free of particles of bulk material” (Aurand and Coelho,
2005). The mixing is maintained for e.g. 2 days for the water-soluble
components to reach an approximate equilibrium between water and
oil and thus representing the highest achievable dissolved concentration
at a defined oil-water ratio. The term WAF, as opposed to “water soluble
fraction” (WSF), is considered to be technically more accurate because
solutions do not undergo steps to ensure that particulate bulk oil has
been removed. Such steps would require physical handling (i.e. filtration
or centrifugation) of the medium and are likely to introduce uncon-
trolled chemical loss or change in composition. As such, WAFs only
illustrate “snapshots” in the dynamic process of weathering and disso-
lution occurring during a spill situation. We investigated the environ-
mental relevance of our laboratory prepared WAFs by comparing
compositional data with field collected water samples provided in the
Gulf of Mexico Research Initiative Information & Data Cooperative
(GRIIDC (https://data.gulfresearchinitiative.org/data-discovery)) using
principal component analysis (PCA). The GRIIDC data base covers water
chemistry data describing over 24000 samples by up to 321 analytes.

The objectives of this study were to provide a better understanding of
how changes in water soluble components caused by weathering influ-
ence acute toxicity to the marine organisms, and to provide comparisons
between laboratory-based studies utilizing artificial weathering of oils
and field data from the Deepwater Horizon oil spill and with regard to
weathering degree, water depth and sampling time.

2. Materials and methods
2.1. Crude oil and weathering procedures

Source oil B was collected aboard the Enterprise Discover on May 22,
2010, directly from the MC252 well via the riser insertion tube down-
stream of the separators, and has been used as a basis for the bench scale
toxicity testing and artificial weathering (Echols et al., 2015; Faksness
et al., 2015).

The artificial weathering of Source oil B was performed to mimic the
natural weathering of the oil at sea; the residues and their estimated
times at sea are given in Supporting Information (SI6, Table S4). The
distillation procedure used to simulate evaporation is described in Stiver
and Mackay (1984). A simple one-stage distillation to vapor tempera-
tures of 150 °C (all compounds with a boiling point lower than 150 °C
are evaporated off) to 300 °C resulted in oil residues with increasing
evaporative loss. These distillation residues are referred to as 150 °C+,
200 °C+, 250 °C + 275 °C+, and 300 °C+, respectively. Photo-oxidation
was performed by irradiating a layer of oil with a sunlight simulator (4
kW lamp; K.H. Steuernagel Lichtteknik GmbH, Waldorf, Germany) for a
defined period. The solar simulator was calibrated for mid-summer
North Sea conditions in a wavelength area of 200-3000 nm (CIE,
1989). The oil was spread to a 2 mm thick slick on seawater in a
temperature-controlled vessel. As the oil was exposed, a fan created a
gentle wind which caused the oil to flow around in the vessel. Two
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photo-oxidized samples were prepared; irradiated for 18 and 40 h
respectively.

In addition, an artificially weathered Macondo oil, submitted to
SINTEF from AECOM, and an Alaska North Slope (ANS) crude oil,
submitted to SINTEF from Oregon State University, were tested. The
Macondo oil was artificially weathered by B & B Laboratories following
the procedure developed by NOAA (NOAA, 2012), which is also based
on evaporative loss. This oil is called “NOAA weathered” in tables and
figures. GC chromatograms of all oils are shown in Supporting Infor-
mation (SI5, Fig. S1).

2.2. Preparation of water accommodated fraction (WAF)

LE-WAFs were prepared under controlled conditions following the
guidelines established by Chemical Response to Oil Spills: Ecological
Research Forum (CROSERF) (Aurand and Coelho, 2005). Briefly, a
volume (9.25 L) of sterile filtered (0.2 pm) natural seawater collected
from 90 m depth in the Trondheimsfjord was added to 10 L bottles
giving water to air headspace ratio of 4 to 1. An oil-to-water loading of
1-10000 (100 mg oil/L seawater) was chosen and the oil was carefully
applied to the water surface. The water was stirred gently with a mag-
netic stirrer (<200 rpm) assuring that the oil film rested on the water
surface without creating a vortex and without dispersing oil droplets
into the water. The preparation was carried out in darkness in room
temperature (approximately 22 °C) using a mixing time of 48 h. Samples
for chemical analysis and toxicity testing were collected in glass vials
and bottles with Teflon lined caps, without headspace in order to
minimize the loss of volatiles. Samples for chemical analysis were
acidified (hydrochloric acid to pH < 2) immediately after sampling to
avoid biodegradation during storage.

2.3. Chemical composition of the WAFs

The samples were analyzed for semi-volatile organic compound,
SVOC (decalins, PAHs and phenols)) using gas chromatography-mass
spectrometry (GC-MS), for total petroleum hydrocarbons (TPH) using
gas chromatograph with flame ionization detector (GC-FID), and for
volatile organic compounds (VOC, Cs-Co), including BTEX (benzene,
toluene, ethylbenzene, and xylenes), by use of Purge and Trap GC-MS
(P&T GC-MS). Extraction and analyses procedures have previously
been published (Faksness et al., 2015), but are also supplied in Sup-
porting Information (SI1) including a list of all target analytes (SI2,
Table S1). This list includes the recommended analytes given by Singer
et al. (2000) as a typical standard list for the target compounds used
during post-oil spill damage assessments. For the toxicity testing, the
individual dilutions were not analyzed, but concentrations were calcu-
lated from the analysis of the undiluted WAF, representing the highest
exposure concentration. To avoid accumulation of error due to serial
dilution, each tested concentration was prepared as a dilution from the
100% WAF.

2.4. Growth inhibition experiments with marine algae

The unicellular marine algae Skeletonema pseudocostatum was chosen
to represent primary producers. The bioassays were performed as a
modification of ISO 10253 (ISO, 1991) with growth rate and biomass
production as endpoints (EC50 or EC10). The original protocol is not
designed for testing of solutions containing volatiles and was adapted for
testing of WAFs by exchanging the recommended semi open Erlenmeyer
flasks (250 mL) with closed culture tubes (15 mL) in borosilicate glass
following recommendations in ISO 14442 (ISO, 2006).

To maintain the chemical composition of the WAF solution during
preparation of the exposure solution, the eight dilutions were performed
within the individual culture tubes from undiluted (100%) to 3% LE-
WAF in autoclaved water as previously described (Faksness et al.,
2012). Briefly, 6 replicates were used for each treatment and 12 tubes
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with sea water were used as negative controls. All tubes were inoculated
with the algae/nutrient mix and filled to a headspace of 0.5 mL. In vivo
fluorescence was measured after preparation and daily for 72 h during
which the tubes were placed horizontally on a rocking shaker in a
temperature-controlled room at nominally 20 + 2 °C under a mixture of
white (Philips TLD 965 18W) and pale yellow (Philips TL20W/33RS)
fluorescent tubes.

The calculated effect concentration values (EC50/EC10) were
normalized by setting the response in the control series to 100% for both
growth rate and biomass production and then calculating the effect
within the span 0-100%. The top and bottom of the concentration-effect
curve were constrained to 100 and 0, eliminating any stimulatory
effects.

2.5. Acute toxicity to Acartia tonsa

Potential effects on primary consumers were assessed with the ma-
rine pelagic copepod Acartia tonsa. The bioassays were performed as a
modification of ISO/DIS 14669 (ISO, 1999) with lethal immobilization
(LC50 or LC10) as endpoint. The original protocol was not designed for
testing of solutions containing volatiles and was adapted as described in
Faksness et al. (2015). All bioassays were performed with a fixed
number of vessels and a dilution series of WAF ranging from undiluted
(100%) to 4% WAF in sea water with 4 parallel vessels for each dilution.
Eight vessels filled with seawater were used as negative controls. After
adding exposure media, the vessels were added 10-15 sub-adult
(copepodite V) or adult A. tonsa and incubated in a
temperature-controlled room at nominal 20 + 2 °C under a light regime
comparable to culturing conditions. Vessels were inspected daily for the
next 2 days (48 h) for immobilized animals and recording of tempera-
ture. At the end of exposure, the pH and saturation of oxygen were
measured in one vessel in each of the exposure dilutions and in two
control vessels. The calculated effect values (LC50/LC10) were cor-
rected for mortality in the control series and the effect is calculated
within the span 0-100% by constraining the top and bottom of the
concentration-effect curve to 100 and 0.

2.6. Comparison to BP’s Gulf Science database

When data used in this study was downloaded, the water chemistry
data in the GRIIDC Database contained 2.4 million lines of data
describing 24072 samples by up to 321 analytes. The data had been
collected from 6243 different geographical sampling points (i.e.
different latitude/longitude). This comprised a data file counting 1.4
GB. To enable comparison of chemical composition data from the WAFs
(components displayed in Supporting Information, SI2, Table S1) with
the database, nine data sets covering different depth ranges were con-
structed where concentrations for 77 compounds from the AQAP
(NOAA, 2012) SVOC and VOC lists (Supporting Information, SI3,
Table S2) were collected for the samples in the database. The raw text
files of the GRIIDC were processed using Python (version 2.7) and the
csv module. The data were transformed from the original format to a
format with one line per sample ID. This process reduced the size of the
database from 1.4 GB to about 30 MB, while keeping all chemical in-
formation intact. After dividing the datasets into the desired depth in-
tervals, R (R-Core-Team, 2014) was used to sort and filter data using the
plyr library filter (Wickham, 2011). Principal component analysis (PCA)
was done using the command “prcomp” (Mevik and Wehrens, 2007).
Two analyses were done for each comparison, where the data were used
with and without normalization to mean = 0 and variance = 1.

An overview of the number of samples for each depth is given in
Supporting Information (SI4, Table S3). To obtain the final dataset to be
compared with the WAF data, the data from 2010 (comprising 23284 of
the 24072 records in the database) were extracted from the database,
and subsequently, the data with a TPH of zero were removed together
with samples with no concentrations for the compounds found in the
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SVOC and VOC lists.

Comparing the chemical composition of the 13 prepared WAFs
(Table 1) with those of the field samples (Supporting Information, SI4,
Table S3) involved comparing 77 components in between 32 and 248
samples. To do this in a practical way, multivariate analysis (PCA) was
required. This reduced the complexity of the comparison significantly.
PCA separates the data into scores, which were new variables describing
the samples, and loadings which described differences in the original
variables. The relatively few score values of the PCA have the potential
of showing similarities and dissimilarities between samples where the
differences are dependent of the largest variations in the dataset. The
corresponding PCA loadings still retained the information on differences
in compounds so that no information was lost in the data reduction. For
this study, when described by their scores, WAF samples closely clus-
tered with field samples would be expected to have a similar chemical
composition, whereas samples with larger differences in their scores
would be expected to have larger differences in their composition.

3. Results and discussion
3.1. Chemical characterization of the oils and their WAFs

The artificial weathering procedure causes a loss of light saturated
hydrocarbons which increases with distillation temperature and photo
oxidation (Supporting Information, SIS, Fig. S1). Based on the evapo-
rative loss, they can be used as representatives for oil with increasing
estimated time at sea. The residue after weathering to 150 °C+ is
representative of surfacing oil, while the estimated time at sea for the
300 °C+ is 3-5 days. The evaporative loss after artificial weathering to
250 °C+ and the artificially weathered oil received from NOAA are
similar, representing approximately 0.5-2 days on sea. Details on the
physical properties of the oil residues from the artificial weathering are
discussed in detail in Daling et al. (2014), and some properties are given
in Supporting Information (SI6, Table S4).

The composition of the main hydrocarbon groups measured using
GC-MS are summarized for all oil residues in Fig. 1A. The fractions of the
different hydrocarbons of the source and weathered oils reflect the ef-
fects of evaporative weathering. The naphthalenes and PAHs become
relatively more important contributors to the total oil concentration
compared to the source oils as the volatiles are lost during evaporative
weathering. The slight increase of the relative content of naphthalenes
in the 150 °C+ and 200 °C+ residues is due to the total mass of evap-
orative loss (mainly the BTEX) which is larger relative to the total loss of
the naphthalenes. In the heavily weathered oils, the relative content of
naphthalenes and PAHs is reduced.

The chemical profile of a WAF (Fig. 1B) deviates from the parent oil
(Fig. 1A) due to the different water solubilities of the various oil com-
pounds. The artificially weathered oil submitted to SINTEF from NOAA,
appeared to be slightly more evaporated than the 250 °C+ residue, but
less evaporated than the 275 °C+ residue. The content of SVOC in
Source oil B and ANS comparable, but ANS contained less volatiles than
Source oil B. Concentrations of the dissolved components of the undi-
luted (or 100%) WAFs prepared with an oil-to-water ratio of 1-10000
(100 mg oil/L water) are given in Fig. 1B. Total WAF concentrations are
given as the sum of TPH (sum of SVOC and the unresolved complex
materials (UCM)) and volatiles (C5-C9, including BTEX). The VOCs
(especially BTEX and C3-benzenes) constitute a major part of the WAF
from the source oil and the less weathered oils. Parent and alkylated
naphthalenes were the dominating SVOC components because they have
a relatively high solubility in water. The total WAF concentration of the
dissolved fraction decreased dramatically as a function of increased
weathering degree, mostly due to reduction in the volatiles through
evaporation. As observed for the oil residues, a higher content of SVOC
was observed in the WAFs from 150 °C+ and 200 °C+ than from source
oil. No volatiles were detected in the WAF from 300 °C+ and the photo
oxidized residues. The remaining components consisted mainly of
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Summary of chemistry and acute toxicity results in WAFs from Macondo and ANS oils. Algae growth rate inhibition (EC10) and copepod lethality (LC10) are given as
concentrations relative to undiluted WAFs, and as % effect at 100% WAF concentration. (Skel: Skeletonema pseudocostatum, Acartia: Acartia tonsa). For comparison

data on Source oil MASS, CTC, and Juniper are included (Faksness et al., 2015).

WAF systems Concentration Relative toxicity Observed tox at test endpoint
Tot WAF TPAH vOC Skel Acartia Skel 72 h Acartia 48 h
Growth reduction Mortality
mg/L mg/L mg/L EC10 (% WAF) LC10 (% WAF) % effect % effect
Source oil B 4.04 0.14 3.37 63 43 37 89
150 °C+ 2.10 0.17 1.68 98 28 14 52
200 °C+ 1.04 0.17 0.66 67 74 23 49
250 °C+ 0.43 0.14 0.08 >100 30 7 45
NOAA weathered 0.36 0.13 0.02 >100 61 9 41
275 °C+ 0.29 0.10 0.01 >100 59 4 27
300 °C+ 0.16 0.05 ND >100 83 None 21
Phox 18 h 0.25 0.06 ND 87 38 13 34
Phox 40 h 0.27 0.03 ND 71 65 34 21
ANS crude 2.45 0.10 2.05 >100 64 2 50
Source oil MASS® 2.59 0.156 2.18 95 65 32 74
Field weathered CTC" 0.14 0.012 ND >100 >100 None 9
Field weathered Juniper® 0.10 0.004 ND >100 >100 None None

ND: Not detected.
2 Data from Faksness et al. (2015).

unresolved complex materials (UCM), which was estimated by sub-
tracting the SVOC concentration from the TPH concentration.

Fig. 1C displays more clearly how the relative composition (shown as
percentage distribution) of the different component groups change as a
function of weathering degree. In line with Fig. 1B, the relative contri-
bution from the UCM increases from approximately 5% in WAF from
source oil B (total WAF concentration was 4 mg/L) to 90% in WAF from
the residue that had been photo oxidized for 40 h (total WAF concen-
tration was less than 0.3 mg/L). Concentration levels in the Gulf of
Mexico (GoM) following the Deepwater Horizon oil spill have often been
reported as total PAH (TPAH), and Table 1 provides TPAH concentra-
tions in the LE-WAFs prepared in the current study. In the LE-WAFs from
Source oil B and the residues from 150 to 200 °C+, the TPAH concen-
trations were from 143 to 176 pg/L, which are in the same range as the
highest concentrations reported in a small number of samples from the
GoM by e.g. Boehm et al. (2016) and Diercks et al. (2010). The TPAH
concentrations in LE-WAFs prepared of the field collected oils CTC (12
pg/L) and Juniper (4.5 pg/L), reported in Faksness et al. (2015), were
also in the higher range of the larger group of water samples from the
GoM collected during the release (e.g. Boehm et al., 2016), as well as for
the field data collected as part of the Natural Resource Damage
Assessment (NRDA) program (Echols et al., 2015).

3.2. Acute toxicity of LE-WAFs to algae and copepods

The test organisms were exposed to a dilution series of WAFs in order
to determine median effect concentrations (EC50 and LC50). However,
the toxic effects observed for the algae were not sufficient in any of the
tested WAFs to calculate conclusive EC50 values after 72 h exposure.
Overall, the effects were less than 50% at 100% WATF for all oils. Also, for
the copepods, less than 50% mortality was observed at the highest
concentration for most of the WAFs. Hence, for comparison, values for
EC10 and LC10 were calculated for the two species and are included in
Table 1. There was no clear pattern of differences in toxicity as a func-
tion of weathering based on % WAF dilution. However, when comparing
the effect in the 100% WAFs between oils, a clear reduction in toxicity is
observed as a function of weathering for both species (Table 1).

As the oil become more weathered, the total concentration of the
WAFs also decreased (Fig. 1B and Table 1). However, traditional mass-
based toxicity analysis relating the effect concentrations to mg/L total
WAF concentration suggests that the acute toxicity of WAFs increased
with weathering degree, as the EC10 and LC10 decreased, suggesting

that the residues with the highest degree of weathering (artificially
weathered to 250 °C+ or more) are more toxic than WAF from Source
oil. To relate the toxicity to the solubility of the WAF, the maximum
concentrations obtained after the 48 h WAF generation is indicated as a
diagonal line in Fig. 2. We observed that the 10% effect concentrations
(in mg/L total WAF) decreases with the solubility of the WAF. The mass-
based toxicity for A. tonsa (slope 0.98 + 0.10, r> = 0.91) decreased in
proportion to the reduction in solubility (slope = 1) and the average
concentration required to reach 10% mortality was 52% (+sd = 18%) of
the maximum WAF concentrations. A similar pattern was seen for
S. pseudocostatum growth rate inhibition, but here the effect was some-
what less than for A. tonsa and did not reach 10% inhibition in undiluted
WATF for four of the artificially weathered oil residues (Fig. 2, vertical
arrows).

The copepod A. tonsa was more sensitive to exposure than
S. pseudocostatum, and on average the LC10s were a factor of two lower
for A. tonsa. In the current experiments, a mixing time of 48 h was used
to create equilibrium WAFs. Thus, given the expected rate of dilution in
a field situation, the maximum WAF concentration used in the current
tests most likely overestimates the actual concentrations reached under
field conditions.

In a previous study, we found that the maximum concentration in
WAFs (100% WAF) generated from the field collected CTC and Juniper
weathered oils in the range 0.10-0.14 mg/L (Faksness et al., 2015), and
these were lower than the most weathered residue (300 °C+) used in the
current study (Fig. 1 and Table 1). Furthermore, the exposure of
S. pseudocostatum and A. tonsa to WAFs from the field collected oils
caused <10% effect for both species when tested with the same pro-
cedure as used for the artificially weathered oils. The most probable
explanation for this may be that the field collected oils were subject to
dissolution of components into the water column as the oils rose to the
surface and by evaporative loss after reaching the surface. This caused a
reduction in the potential for acute toxicity and is supported by obser-
vations showing that the fraction of naphthalenes is significantly
reduced in the field collected oils compared to the oils artificially
weathered by evaporative loss (Faksness et al., 2015). A large number of
tests have been performed on field collected samples from the water
column, but only a small fraction of these have shown significant acute
toxicity (Echols et al., 2015; OSAT, 2011) indicating that the potential
for acute mortality during the incident was limited.
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Fig. 1. A: Composition of aromatic compounds in the oils used for WAF preparation given in g analyte/kg oil. No phenols were detected. B: Chemical composition of
the WAFs, all prepared with an oil-to-water ratio of 1-10000 at room temperature. Chemical compositions shown in mg/L seawater. C: Chemical composition of the

WAFs based on percentage of total concentration.

3.3. Comparison with the chemistry data in the GRIIDC database

The WAF samples were first subjected to PCA analysis separate from
the GRIIDC data to obtain an overview of the clustering behavior of the
samples. The initial PCA of all WAF samples revealed a cluster of all
samples except WAFs prepared with the two source oils and the artifi-
cially weathered residues 150 °C+ and 200 °C+ (as illustrated in Sup-
porting Information SI7, Fig. S2A). The loadings of this analysis revealed
the differences between these four samples and the others to be largely
attributed to more and differing ratios of VOC compounds and naph-
thalenes. This was expected from the compositional data in Fig. 1 where
these compounds were easily identifiable as the largest difference

between WAFs. These four samples were removed from the dataset in a
subsequent PCA analysis, resulting in a better description of the differ-
ences between the weathered samples (Supporting Information SI7,
Fig. S2B). It was then possible to rank WAF samples with respect to their
similarities with the two field-collected weathered oils, CTC and Juni-
per. The WAF of the 40 h photo-oxidation residue oil (Phox 40h) was
closest and the NOAA weathered oil was the least similar to field-
collected weathered oil. As with the preceding analysis, differences in
the naphthalenes and VOC composition were revealed by the loadings to
be responsible for the major differences (Supporting Information, SIS8,
Fig. S3).

To compare the WAFs with field data from the GSD, the dataset for
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each depth interval (Supporting Information, SI4, Table S3) was com-
bined with WAF compositions. Concentrations and normalized con-
centrations (mean = 0 and variance = 1) were used in separate analyses.
In both cases, the datasets showed that the WAFs prepared from the most
highly weathered oil and field collected oils clustered together with the
field data, whereas the Source oils and the less artificially weathered oils
differ to a varying extent. Fig. S4 (Supporting Information SI9) shows
analysis of depth intervals 1-200 m and 1000-1300 m. When the

1-200m Concentration weathered only samples

normalized data were used, it was observed that the Phox 40h WAF
clustered together with Juniper and CTC and that there was a varying
degree of separation from the other artificially weathered oil WAFs. The
PCA analysis (Fig. 3) showed that the field weathered CTC and Juniper
WAFs and the Phox 40h WAF clustered well with the majority of samples
in most depth regions when the concentrations were used. The Source
oils, B and MASS, and the 150 °C+ and 200 °C + WAFs appeared to have
the most dissimilar composition from the field sample chemistry. This
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Fig. 3. PCA analysis performed with the GSD samples and WAFs (without the outlier WAFs (Source oils B and MASS, and 150 °C+ and 200 °C+)). Here the GSD
samples from depth range 1-200 m are shown (concentrations (A) normalized data (B). The samples from GSD are shown as numbers identifying the sampling month

(e.g. 5 indicates sampling in May 2010).
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could indicate that for a sub-surface release, artificial oil weathering
with photo-oxidation on the water surface will be more realistic than
evaporative loss by one-step distillation. The sampling month also had
an influence on the clustering of field data, and the WAF samples clus-
tered mostly in the proximity of samples from May and June, i.e. before
capping of the well. It is important to emphasize that the likely occur-
rence of oil droplets in some of the field collected water samples (Li
et al., 2011) will significantly affect the compositional profiles and this
will contribute to the differences observed between the current WAFs
and the field samples. Field samples, in contrast to the laboratory pre-
pared WAFs, have been subjected to both continuous evaporation and
dilution. Hence, the concentration in the water under field conditions at
comparable oil-water ratios will be limited by dissolution rates. This will
reduce the environmental concentration and affect the composition
compared to laboratory generated WAFs.

4. Conclusions

The contribution of the different oil chemical component groups of
the Source oils and weathered oils reflects the effects of evaporative
weathering in the laboratory. With the loss of the volatiles during
evaporative weathering, the naphthalenes and PAHs usually become
relatively more important contributors to the total oil concentration. For
the more heavily weathered residues, the semi-volatile compounds will
be reduced due to the evaporative loss (e.g. the residues from photo
oxidation). The maximum total concentration in WAFs decreased with
increased artificial weathering of the oil, ranging from 4 mg/L in WAF
from fresh Source oil to 0.16 mg/L in WAF of the 300 °C+ residue.

Analysis of the acute aquatic toxicity (decrease in ECx and LCx)
related to total WAF concentration may lead to the conclusion that
environmental toxicity of crude oil increases with increasing degree of
weathering. This conclusion is incorrect because the solubility of the
remaining oil components and thus maximum achievable WAF con-
centration decreases during the weathering process. The current results
show that all EC50 and LC50s were at or above the maximum total WAF
concentration tested, and that the EC10 and LC10 values decreased with
increased weathering of the oil. Consequently, the toxic potential of the
equilibrium WAFs for the tested residues (up to 300 °C+) is approxi-
mately the same because the solubility of the oil residues decreased in
proportion to their effect limit (LC/EC10).

The PCA analysis showed that the chemistry of the WAFs prepared
with the field collected CTC and Juniper oils were more similar to the
field samples in the Gulf Science Database than the artificially weath-
ered oils. Among the WAFs prepared using artificially weathered oil
residues, the PCA analyses indicated that the oil artificially photo
oxidized for 40 h was the most similar to the field collected oil samples
based on chemical composition.
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