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determining the toxicity of complex mixtures. The SARA fraction (Saturates, Aromatics,
Resins, and Asphaltenes), specifically the aromatics and asphaltenes, have significant
correlations with the formation of photoproducts and their associated toxicity.

The data generated within this study will be used to develop and validate models, to
predict and assess the toxicity of these new generation fuel oils.
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Photomodification Of Low-sulfur-fuel-oils Investigations of Toxic Effects (POLITE)

1. Study Overview

The changes in International Maritime Organization (IMO) regulations regarding the lower
limits of sulfur content in marine fuel oils (IMO 2020) have initiated the transition to a new
generation of low sulfur fuel oils (LSFO) that meet the requirements for lower atmospheric
sulfur emissions. These new generation fuels are diverse, and their physical, chemical
and toxicological properties are less well understood compared to their traditional
counterparts. Only limited data are available about the range of properties and chemical
composition LSFOs can exhibit. These properties are subject to change following a spill
as environmental processes and weathering begin to take place. The significance of
these processes, especially the effect of photooxidation by ultraviolet or visible light is a
significant data gap.

Through chemical characterization, toxicity assays, and modeling, we addressed the
following THREE GOALS and advanced our understanding of the environmental effects
of LSFOs after oil spills:

e GOAL 1: COMPARE THE TOXICITY AND CHEMICAL COMPOSITION OF
VLSFOs RELATIVE TO CONVENTIONAL FUEL OILS: Low-energy water-
accommodated fractions (WAFs) were prepared with a set of U/VLSFO products
(at least 4 distinct products). These WAFs are used in toxicity assays with Atlantic
cod (Gadus morhua) larvae, American lobster (Homarus americanus) larvae, and
green-sea urchin (Strongylocentrotus droebachiensis) embryos, along with
appropriate positive and negative controls.

e GOAL 2: INVESTIGATE HOW PHOTOOXIDATION CHANGES THE TOXICITY
AND CHEMICAL COMPOSITION OF VLSFOs: The selected VLSFOs were
subjected to photooxidation by irradiating the oil in a full-spectrum solar simulator
for 18h during WAF preparation. The resultant WAFs were used in bioassays and
were chemically evaluated.

e GOAL 3: EVALUATE AND COMPARE METHODS TO PREDICT TOXICITY OF
PHOTOOXIDIZED AND NON-PHOTOOXIDIZED LSFOs: The relationship
between chemical composition toxic effects was evaluated based on a set of
available models.

The toxicological effects of photooxidized and non-photooxidized oils were determined
on early-life stages of marine organisms, while state-of-the-art analytical capabilities were
be used to investigate the formation of photoproducts. Collectively these data may be
used to validate models which predict toxicity based on the chemical composition of the
product and species-specific sensitivity.
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Figure 3: Sulphur content, API gravity, pour point (showing the test temperatures employed in this study,
6, 10, and 15°C) and %mass less than 370°C from simulated distillation (SIMDIST) of the 49 VLSFOs
provided by AMSA, the ULSFO, and two conventional crudes (ESRF and CONV) grouped by viscosity, with
the blue triangles indicating the products (n = 17) selected for toxicity screening.
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2.3. UV light exposure

Full spectrum light exposures (composed of both UV and visible light) were generated
using an Atlas Solar Constant MGH 1200 simulator (Atlas Material Testing Technology;
Mount Prospect, IL). The spectrum ranges from 280nm to 3000nm and is designed to
emulate natural sunlight. Irradiance was measured at the beginning of the UV exposure
near the surface of the exposure media using a model UV203-3 Irradian portable
radiometer (Irradian Limited, East Lothian, UK). UV doses were also be quantified using
a surrogate unit containing a chemical actinometer. The UV light intensity used in the
study was selected based on previously published literature of photo-enhanced toxicity
at the values recorded on a sunny summer day in St. Andrews, NB using the Irradian
radiometer. The radiometer measured the UV dose at the height of the oil being exposed.
The average values measured * the standard deviation were as follows: UV A =543 +
1.11 W/m?, UV B = 0.57 £ 0.13 W/m?, and total visible light = 55.56 + 5.53 W/m?. Based
on the intensity measured (UV-A + UV-B) the total UV dose for the 18 hours of exposure
was 108.0 + 21.8 W/m?x hour.

2.4. Testorganism

2.4.1. American lobster
Adult commercial size (0.5 - 2.0 kg) ovigerous (“berried”) female American lobsters

(Homarus americanus) were captured by local fishers in the Bay of Fundy Lobster Fishing
Area 36 under authority of a Fisheries and Oceans Canada license. Upon collection,
females were transferred to the Huntsman Marine Science Centre (St. Andrews, New
Brunswick, Canada) and held in communal tanks in ambient natural seawater (8-14 °C)
on a 16:8 light: dark cycle. The berried females were assessed and staged for embryo
development weekly to predict release of larvae. Berried females with mature egg
clutches were transferred to an individual tank with seawater heated to 18 °C to
encourage synchronous larval release. Released larvae were collected daily, with freshly
released Stage | larvae (< 72 hours old) used for all bioassays.
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Figure 5: Overview of the process of working with berried lobsters. A) Collection of lobsters from local
fishers after receiving required permission to do so, B) holding and feeding of berried female lobsters in
individual holding cells, C) staging and measuring the clutch to assess fecundity and development stage in
anticipation of larval release, D-H) developmental progression of the embryos.

2.4.2. Atlantic cod
Wild, sexually mature cod were captured August 2020 and were maintained year-round

in communal tanks with flow-through natural seawater (4-14°C) and lighting to mimic
ambient conditions. To obtain the embryos and larvae needed for toxicity both natural
and artificial spawning methods are used. Prior to spawning, female and male fish are
assessed to determine the gamete maturity. Once high-quality gametes were observed
during the pre-spawning assessments, fish were handled weekly to ensure a regular
supply of embryos and larvae throughout the cod spawning season (February — April). In
addition to the targeted crosses made in lab, cod also spawned naturally in their holding
tank and were captured using egg collectors which were monitored daily. Cod embryos
are incubated without feed until hatch, after which they are fed enriched rotifers 3x daily
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e

Figure 7: Holding of adult urchins under “perpetual spring” conditions prior to spawning them.

2.5. Bioassay

2.5.1. American lobster methodology
Bioassays were conducted in temperature-controlled chambers at 15 °C (+/- 2°C). For

each exposure, 20 reference individual organisms were imaged to confirm the
developmental stage and ensure larval size did not contribute to the observed differences
in toxicity. Mortality and immobilization were assessed after 24-hours of exposure
following the methods described in Philibert et al. (2021) and de Jourdan et al. (2022). In
all bioassays, water quality (pH, dissolved oxygen content, salinity and temperature) was
measured at test start and in pooled samples after 24 hours of exposure. Exposure media
was generated using low energy WAFs prepared at a loading of 1 g of oil per L of filtered
natural seawater. WAFs were prepared either under UV light (Full spectrum light
generated using an Atlas Solar Constant MGH 1200 simulator, Atlas Material Testing
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Technology; Mount Prospect, IL) or in the dark on the benchtop. Test solutions were
prepared using a gradient dilution design.

Figure 8: Lobster testing overview A) allocating the larval lobster into exposure vessels. B) Stage | larvae.
C) Assessing a lobster larvae in the exposure vessel.

For all trials, exposure solution water quality (pH, dissolved oxygen content, salinity and
temperature) was measured at test start and in pooled samples after 24 hours of
exposure. The trial was considered valid if the control survival was greater than 80%,
dissolved oxygen remained over 60% saturation, and solution temperature change
remained within 1.5 °C for the duration of the trial. Trials were performed and data were
collected consistent with OECD Principles of Good Laboratory Practice. All assessments
were blinded to observational staff and data entry, followed by data quality control, were
completed by separate staff independent of the assessments.

2.5.2. Atlantic cod methodology
Bioassays were conducted in temperature-controlled chambers at 6 °C (+/- 2°C). For each

exposure, 20 reference individual organisms were imaged to confirm the developmental
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All trials were performed and data were collected consistent with Good Laboratory
Practice standards. All assessments were blinded to observational staff and data entry,
followed by data quality control, were completed by separate staff independent of the
assessments.

2.6. Chemical characterization

2.6.1. Total Organic Carbon
Total organic carbon (TOC), was measured in each WAF by an external laboratory (RPC,

Fredericton, NB). TOC was measured using the combustion method following the APHA
5310 B method. The measurement of TOC can track the presence of carbon in the water
even as the concentrations of measured analytes have seemingly decreased to minimal
levels, supporting research into new types of toxic compounds including photoproducts
(Lara-Jacobo et al., 2021; Heshka et al., 2022).

2.6.2. Fluorometry
Fluorometry data (3D excitation and emission matrix) was collected for each of the test

solutions both at the start and at the end of the exposure period. Fluorometry, paired with
PAH and alkyl-PAH measurements, provide semi-quantitative analysis of the PAC
content in each of the different test solutions. For this study, measurements were
collected with a Horiba Aqualog under the following conditions: excitation wavelengths
ranging from 200-800nm, an integration of 0.5s, accumulations of 1, increments of 3, CCD
gain was set to high, and samples were run concurrently with a 0.22 um filtered seawater
blank.

2.6.3. Biomimetic Extraction using Solid Phase Microextraction
A solid phase microextraction coupled to a gas chromatography-flame ionization

detection (SPME-GC-FID) instrument was used for biomimetic extraction (BE)
measurements following established protocols as described in Katz et al. 2022. Briefly,
portions of 20 mL sample were transferred into 20-mL headspace vials, and extracted
using a solid phase microextraction (SPME) fiber (30 um PDMS fiber; Supelco; 0.132 uL
PDMS; 23Ga, yellow hub part # 57289-U), installed in an autosampler with automated
and temperature-controlled stirring was used (CTC CombiPAL). The extraction time was
100 min at 30°C, using orbital shaking (250 rpm). A GC-FID system (Agilent 7890B)
equipped with an Rtx-1 column (Restek; 15m x 0.53mm i.d., 1.5um film) was used. An
inlet liner with a narrow diameter was used (1.8 mm, Restek Topaz; 280 °C inlet
temperature). The GC oven temperature was 40 °C for 3 min and then ramped to 300 °C
ata 45 °C/min rate. The carrier gas (He) flow was 17 mL/min. The FID trace was recorded
using a software (ChromaTOF, Leco). External calibration was performed using certified
reference material containing toluene, o-xylene, 2-methylnaphthalene, 2,3-
dimethylnaphthalene, and 9-methylantracene (Sigma-Aldrich Certified Reference



481
482
483
484
485
486
487
488
489
490
491

492
493

494
495
496
497
498
499
500

501

502

503
504
505
506
507
508
509

510
511
512
513

514

Marine Science Centre POLITE

HUNTSMAN Huntsman Study Number: HMSC-169
) — ’

Page 24 of 70

Material 42127). Serial dilutions of the calibration solution were automatically injected (1
ML injection volume, using a CombiPAL autosampler). The FID signals were exported as
machine-readable files (CSV) using the ChromaTOF software and integrated using an R
script. The FID signals were baseline-corrected (to subtract the column bleeding) by fitting
the column bleed signal from a no-inject temperature ramp run to the BE FID signal. BE
calibration was performed using an external calibration using liquid injection of a certified
reference material containing DMA (Sigma-Aldrich 42127-2ML, Oil Sand-Affected Water
Calibration Standard Kit; 2,3-dimethylnaphthalene concentration 2,000 pg/mL). Using the
slope from these calibration curves along with the PDMS volume of the used SPME fiber
(0.132 L), the fiber concentration of each BE sample was calculated as “umol DMA
equivalent per mL PDMS”. All BE samples were measured in analytical duplicates.

2.6.4. Gas Chromatography—Mass Spectrometry
Water samples from the WAFs were sent to an external laboratory (RPC, Fredericton,

NB) for analytical characterization of polycyclic aromatic compound (PACs) and alkyl
PAHSs by solvent extraction and gas chromatography—mass spectrometry (GC-MS; using
the method previously described in the United States Environmental Protection Agency
3510C/8270C document). Using the results of the water characterization, a toxic unit (TU)
approach was employed, where the concentration of the analytes was used to predict the
toxicity of the mixture. The toxicity of dissolved oil components was evaluated using an
additive TU model:

—_yN__GCi
TUoiais = i 7p oo

(Eq. 1)

where:

TU,;1.4is = dissolved phase toxic units

i = individual PAC

N = number of PACs measured in the oil

Ci = dissolved concentration of individual PAC, i

L(E)Cso,i= dissolved LCso (lethal concentration) or ECso (effect concentration)
causing 50% response for each individual PAC i

To estimate the EC50 for each measured PAC, the target lipid model (TLM) was applied.
The TLM posits that effect endpoints can be explained when the molar concentration at
a hypothetical target lipid site within the test organism exceeds a critical threshold value
(Parkerton et al., 2023). Based on the TLM, toxicity is described by:

log L(E)Cs0 = - 0.94 log Kow + log Aci + log CTLBB (Eq. 2)
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Figure 11: (Top) High temperature simulated distillation curves for the 49 AMSA products and the
Huntsman reference oils. The dashed horizontal lines represent the boiling point cutoffs associated with
the C11 (204°C), C25 (343°C), and C40 (524°C) alkanes. (Bottom) Overlay of the HTSD curves for the
products screened for toxicity with larval lobsters. O-43 (light purple) shows a distinctly different pattern
with 75% of the cumulative mass having been lost by 343°C. Note the HTSD data for ULSFO, CONV,
and ESRF were generated separately from the other 49 AMSA products.
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Figure 12: Grouped alkane concentrations for the products, top: concentration, bottom: percent

composition.

In most cases the concentration of the alkanes was similar across treatments, with C15-
C20 being the most abundant grouping, with some notable exceptions. O-4 and O-17



599
600
601
602
603

604
605
606
607
608
609
610
611
612
613

614
615

616

617

Marine Science Centre POLITE

HUNTSMAN Huntsman Study Number: HMSC-169
) — ’

Page 31 of 70

have slightly greater concentration in the oil that was collected from the dark WAF
(“Extract”) than the Source or UV treated oil. O-23 shows an increase in concentrations
of the higher carbon alkanes (e.g., >C15) following UV treatment. O-43 shows a unique
pattern where the Source oil has the highest concentration of the low weight alkanes
(<C20), which are considerably reduced in both the light and dark WAF collected oil.

It is generally true that most oils exhibit decreasing concentrations of n-alkanes with
increasing carbon number. This trend occurs because higher molecular weight alkanes
are less volatile and less soluble in the lighter fractions of crude oil. Additionally, the
formation of these long-chain alkanes requires specific geological conditions and longer
periods, making them less abundant compared to shorter-chain alkanes. This general
trend does not hold for many of the VLSFOs analyzed in this project, where the low
molecular weigh alkanes (<C15) are largely depleted in the samples and there is an
appreciable amount of long-chain alkanes (e.g., >C30). This pattern is likely due to the
blending and catalytic process used to produce these products and achieve the low sulfur
requirement while meeting the RMD380 specification.

The products were analyzed for PACs (n = 46), and for visualization purposes the sum
PACs are presented in Figure 13.
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Figure 13: Sum PACs for each of the examined products as the source, extract, and UV treated.
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635  Representative profiles are provided in Figure 15 for products that had varying toxicity
636 towards American lobster larvae.

Qil 2 source (very toxic) Oil 24 source (less toxic than 2)

ke,

Al
L

1stdi

Qil 48 source (no toxicit i

Qil 14 source (almost no to;

high toxicity after UV)

637

638 Figure 15: Representative GC x GC plots from select products demonstrating a range of toxicity
639  responses.

640  Annotation of the GC x GC profiles (Figure 16) will provide inputs for environmental fate
641 and toxicity models which require hydrocarbon blocks or pseudo-components as their
642 input.
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738

Table 2: Summary of lobster immobilization (Imm.) results for 2022 and the various exposure metrics. Fold change refers to the Light to Dark.

product UV | mm. (%) FOd | TOC  Fold | Sum  Fold BE Fold g;‘\rg Fold Pr_‘?gfiéed Predicted OP?Z‘;‘C’%%'
Change | (mg/L) Change RFU Change | SPME Change Change . Imm.

(ug/L) Units Imm.

os  _Dark | 100 2.8 AE+07 12.1 168 0.10 5 95
Light | 100 1.00 8.2 293 | 16408 3.00 | 147 122 | 240 143 0.35 18 82

1, _Dark 90 2.6 3E+08 24.5 1053 0.80 20 50
Light | 100 11 33 127 | 3E+08 083 | 189 077 | 1264 1.20 0.86 43 57

o, _Dark [ 100 25 2E+08 30.7 900 0.78 39 61
Light | 100 1.00 47 188 | 3E+08 123 | 304 009 | 1045 116 0.93 46 54
oon _Dark 80 2.6 2E+08 16.0 454 2.97 100 40
Light | 100 167 54 208 | 2408 123 | 284 177 | 702 155 6.16 100 0
e _Dark 80 2.4 1E+08 0.0 222 0.25 12 28
Light 70 147 3 125 | 1E+08 090 | 101 093 | 219 098 0.23 11 59
s _Dark 10 2 3E+07 3.3 65 0.05 3 7
Light 80 8.00 3.8 100 | 9E+07 _ 3.07 5.9 177 | 133 2.04 0.35 17 63
o6 _Dark | 100 5.2 3E+08 9.0 1125 2.25 100 0
Light | 100 1.00 8 154 | 3E+08 127 | 258 129 | 1571 1.40 433 100 0

oy _Dark 80 3 TE+08 8.8 454 172 86 5
Lght | 100 125 47 157 | 2E+08 142 | 169 000 | 428 094 1.26 63 37

a5 _Dark 80 2.2 1E+08 9.9 243 0.22 T 69
Light | 100 125 47 214 | 26408 1.87 000 | 420 173 0.79 40 60
o5 _Dark 90 0 7E+07 2.0 273 0.18 9 81
Light 20 0.22 19 700 | 6E+07 _ 0.90 6.7 168 | 278 1.02 0.18 9 11

oa _Dark 10 2 7E+07 326 0.18 9 1
Light 20 2.00 25 125 | 9E+07 147 95 315 097 0.19 9 11

o _Dark 50 2.6 B8E+07 8.6 153 0.11 5 54
Light | 100 167 2.9 112 | 1E+08 146 96 112 | 229 150 0.19 10 90
Lerg _Dark 0 2 2E+07 2.6 17 0.05 2 )
Light 0 . 16 230 | 26407 153 23 0.90 33 189 0.04 2 2
oy _Dark 0 2.1 3E+07 3.8 22 0.03 1 X
Light 20 - 23 110 | 2407 0.66 8.2 215 16 0.74 0.13 5 14

739
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Figure 25: Relative fluorescence units (RFU) and the lobster immobilization response.

Fluorometry proved to be quite variable in being able to describe the observed toxicity
and may not be a reliable predictor of observed toxicity in lobsters. This may be due to
the presence of compounds in the VLSFOs (both the dark and irradiated) that are not
detectable by fluorometry but contribute to the observed toxicity.
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Figure 26: Summary of the larval lobster immobilization response data following 24-hour exposure to
irradiated (orange) and non-irradiated (blue) WAFs in the 2022 (open triangles) and 2023 (filled circles)
testing season. The dashed vertical line is the calculated BE-critical value of 6.3 umol per mL PDMS.

When comparing the lobster results from 2022 (circles) to 2023 (triangles), there was very
good agreement between BE values and toxicity, which supports the derivation of a BE-
critical value (value that corresponds to 50% mortality, analogous to an LC50 value with
the exposure metric expressed as a fiber concentration, rather than a water
concentration), that can be used to reasonably approximate the toxicity of an unknown
WAF, and potentially an environmental sample, to American lobster larvae. The lobster
BE-critical value was calculated as a fiber concentration of 6.3 umol per mL PDMS (0.7
standard error) and can be used to compare sensitivity across species.
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Figure 28: Predicted and observed toxicity. Dashed line is 1:1 with the dotted lines bounding 20%.

Using only waterborne PAC concentration, the toxic unit model consistently
underestimates the toxicity of many of the VLSFOs products, both with and without UV.
Other aspects that are not measured by traditional GC-MS (e.g., oxidized products) are
likely contributing to the toxicity.

The results of two seasons of lobster testing are presented in Error! Reference source
not found.. Stage | lobster larvae were sensitive to both UV-treated and non-irradiated
WAF, and in many cases showed increased toxicity following photomodification. The
results between the years were consistent for most products, with the notable exception
of O-23 and 0-45. With O-23, this product was selected for a repeat exposure based on
the observed result of reduced toxicity following photo-modification. In the 2023 exposure,
we were not able to repeat that result and on the basis of the exposure metrics (e.g.,
TOC, fluorometry, and BE-SPME) believe the 2022 result to be anomalous. O-43 was
selected for a repeat exposure in 2023 based on the 100% immobilization in both the UV-
treated and non-irradiated WAF, and because the AMSA report had suggested that this
product had been mislabelled (suspected to be RMD80 specification oil, and not
RMD380). This may have also had an impact on the stability of the sample, which would
explain the decrease in toxicity in 2023 compared to 2022 for the non-irradiated WAF,
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834 however the UV-treated WAF in each year elicited a 100% immobilization response in the
835 larval lobsters.
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Figure 29: Summary of the lobster immobilization in response to 24-hr exposure to irradiated (orange) and
non-irradiated (blue) WAFs in the 2022 (open triangles) and 2023 (filled circles) testing season. Where the
product was tested in both years the boxplot illustrates the range and mean response.

3.3.1.1.  Photo-modification and Photo-sensitization in lobster
American lobster larvae were exposed to dark-WAF or UV-WAF at 100% strength for 24-

hrs. Afterwards the larvae were transferred into clean seawater, and a subset of replicates
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Table 4: Results of larval cod toxicity screening prepared in the dark and under 18 hours of irradiation.

Average

Fold Increase (UV to Dark)

Oil W' Mortality (%)  '°° Sum RFU BE-SPME —Vomality TOC SumRFU _ BE-SPME
T - R R VT
A Y S 3 A S - A - T A
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07— e isaias T iray T 403 17 128 0w
om B I i w o om
O-31 DLEJE‘\r/k 466.77 2113 18016878560849333 11:32 6.97 1.57 130 0-98
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s BE B r_mmnrms i, w  m om
o — P T
cw e R 0% 0w
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