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Figure 1. Pathways for the photo-enhancement of crude oil toxicity by (a) in-vivo
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Figure 7. (a) OxyPAHSs and their respective PAH derivatives and (b) methylated naphthalene
concentrations in HOPs formed from irradiated CI Crude oil.
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ABSTRACT

This study was conducted to map the chemical properties of hydrocarbon oxidation products
(HOPs) that could form under the environmental conditions of Cook Inlet (CI) within south-
central Alaska from CI crude oil and diesel feedstocks exposed to sunlight over a 10-day period.
Two sets of analyses were performed to identify and characterize the HOPs. The first set of
analyses performed was non-targeted and included high-resolution mass spectrometry and
fluorescence excitation-emission matrix spectroscopy. Liquid chromatography coupled with an
Orbitrap mass spectrometer uncovered that HOPs formed from CI crude oil and diesel are
relatively reduced, saturated, and unsaturated compounds. The molecular composition of HOPs
from crude oil are more aromatic, whereas those formed from diesel are more aliphatic. Six
unique chemical features of HOPs were revealed by fluorescence excitation-emission matrix
spectroscopy, including two unique petroleum signatures. The parallel factor model for
fluorescence excitation-emission matrix spectroscopy accurately tracks temporal compositional
changes of HOPs. The second set of analyses was targeted and included the quantification of
polycyclic aromatic hydrocarbons (PAHS) and oxygenated polycyclic aromatic hydrocarbons
(oxyPAHSs) in HOPs using tandem mass spectrometry. Two oxyPAHSs, phenanthrenequinone,
and 1,4-anthraquinone, were quantified in HOPs formed from CI crude oil and related to eleven
PAHSs. No oxyPAHs were detected in mussel tissues, which we believe indicates that targeted
analytical approaches are not environmentally relevant for classifying HOPs. Instead, non-
targeted approaches have the potential to be much more successful in describing this class of
compounds. The results from this study uncover a comprehensive approach to monitoring
compositional changes of hydrocarbon oxidation products in a crude oil or diesel spill event.



INTRODUCTION

Background.

Response to oil spills at high latitudes is challenging due to complicated mechanical oil recovery
techniques in icy environments. With the increase in petroleum development, presence of
infrastructure to hold and deliver petroleum, and the problematic nature of responding to high
latitude spill events, it is imperative to understand the characteristics, transport, and fate, of
spilled oil in the Arctic and subarctic environments.!

Hydrocarbon oxidation products (HOPs) are formed in the environment by weathering of spilled
oil. HOPs are dissolved oxidized petroleum products that have not fully degraded into seawater.
Crude oil and diesel fuel are complex mixtures of naturally occurring organic matter
predominantly composed of hydrocarbons, with minor contributions from nitrogen, sulfur,
oxygen, and trace metals. Once spilled into the marine environment, oxygenation by
photochemical and microbial processes result in the formation of HOPs?. Photochemical
degradation processes produce HOPs in oxic environments by reacting with aromatic compounds
that absorb light in the solar spectrum; microbes can also produce HOPs through both aerobic and
anaerobic biotransformation processes®®. Both of these pathways result in the production of an
entire range of highly water-soluble bioavailable compounds, including both parent and “dead-
end” oxidation products’®. HOPs may be distributed throughout aquatic environments once it is
mobilized as a result of dissolution, impacting coastal ecosystems.

HOPs are more bioavailable in the marine environment than their parent petroleum molecules and
must be detected accurately to assess the extent of petroleum-derived contaminants. Aquatic
ecosystems are particularly susceptible to contamination from HOPs that can be readily
transported through water movement (e.g., in fluvial networks, ocean currents, between
groundwater and surface waters)!®12. Tracking the migration, concentration, chemical
composition, and potential toxicity of these complex mixtures is critical for making both short-
and long-term spill-response decisions. Post spill, long-term observations are required to determine
the fate of the contaminants and degradation products in the surrounding marine environment*3.
Although detection, response, and cleanup efforts focus on the visible and water accommodated
fractions of petroleum, the dissolved fraction of oxygenated weathered products are more mobile
in aquatic ecosystems'*. The high solubility of HOPs enables it to rapidly diffuse both vertically
and laterally in a water column, which means these compounds can travel undetected vast distances
ahead of any signs of a visible oil front, particularly in the case of a surface spill.

HOPs and their petroleum parent compounds are challenging to characterize with traditional
mass spectrometry techniques because the chemical composition of oil is complex, with over
100,000 identified molecular formulae, and they reside in the unresolved complex mixture.?0-22
Recent studies employed various complementary analytical techniques, such as gas
chromatography-mass spectrometry (GC-MS), ultrahigh-resolution mass spectrometry (UHR-



MS), etc., to address this knowledge gap 2% 2329, This study utilizes complementary non-targeted
and targeted techniques. Non-targeted analyses include two complementary analytical methods,
LC-Orbitrap, to characterize the molecular-level composition and fluorescence excitation-
emission matrix spectroscopy (EEMSs) to characterize the optical properties of HOPs. The non-
targeted techniques employed, LC-Orbitrap and EEMs, utilize similar fingerprinting type
analyses that produce data, without a-priori knowledge, that is further reduced into chemical
categories grouped by compositional similarities. The targeted analysis includes liquid
chromatography — triple quadrupole mass spectrometry (LC-QQQ) to quantify a suite of
commercially available oxyPAHs in HOPs generated from CI crude oil and diesel.>° OxyPAHs
are more water soluble and thus are potentially more bioavailable than PAHSs.3!32 Some studies
indicate the class of oxyPAH compounds are more toxic in the environment33-2°,

It is important to monitor HOPs because photo-enhanced toxicity of crude oil is a real possibility.
In both ice-associated and open water conditions, whenever oil is exposed to the surface, the
presence of sunlight may be a confounding variable affecting the weathering of oil and our
understanding of spilled oil toxicology®®. Exposure to sunlight adds oxygen to crude oil, changing
the oil’s chemical and physical properties and allowing the oxygenated hydrocarbons to dissolve
in water. Photo-enhanced toxicity, (i.e. the increase in toxicity associated with the presence of
sunlight), of oil has been identified in many studies over the past 20 years to various marine
species, including copepods?, eastern oyster larvae*!, crab larvae*®42, mysid shrimp, and various
fish#344, Pelletier et al. (1997)* determined that light enhanced the toxicity of crude oil 2-100 fold
and the toxicity of anthracene, fluoranthene and pyrene (chemical compounds in oil) 12-50,000
fold. There are two pathways of photo-enhanced toxicity (Figure 1): photosensitization (initial
hydrocarbon bioaccumulation, followed by UV activation of residues in translucent tissue) and
photomodification (exposure to the oxidized hydrocarbons formed upon exposure of oil to
sunlight)®®. Given that the shells of mussels act as a shield for UV exposure, we anticipate that
photomodification is most relevant to observed toxicological endpoints. This pathway has been
documented previously in juvenile bivalves*’. An oil spill in Cook Inlet regions during the summer
would expose oil to sunlight for 16 hours per day and may result in significant photo-enhanced
toxicity. Photo-enhanced toxicity can be a factor in the decision to deploy oil spill response
chemicals, e.g., dispersants, conduct in-situ burning, deploy surface cleaning agents, collect oil
with chemical herder prior to in-situ burning, etc. The “decision-tree” strategy for the
“appropriate” response requires careful consideration of the process whereby oil is transformed
into a water-soluble (more bioavailable) state. Prior studies have focused on chemical changes that
accompany photo-modified oil, toxicological effects in mussels, but there is a lack of basic
understanding of the bioaccumulation potential and baseline presence of oxidized residues in
mussel tissues, which may be generated through either photo-sensitized or photo-modified means.
This need has been established in the Gulf of Mexico region following the Deepwater Horizon Qil
Spill*8, and with new advances in the capacities of Mass Spectrometry and spectrofluorimetry to



profile oxidized hydrocarbons, our project addresses the BOEM-relevant needs to understand these
effects and enable future efforts on fate, transport, and monitoring.
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Figure 1. Pathways for the photo-enhancement of crude oil toxicity by (a) in-vivo
photosensitization and (b) ex-vivo photo-modification of polycyclic aromatic hydrocarbons
(PAHS). Mussels have shells that shield UV light; therefore pathway (b) is most relevant to this
organism.

PAHSs have been the focus of past research because this class of compounds could be easily
analyzed using the prevailing technology available at the time. Since the Deepwater Horizon event,
new technologies have opened the analytical window to HOPs and established the significance of
HOPs. Thus, there is a need to establish a baseline monitoring of HOPs in Cook Inlet. This is
needed to assist in future tracking of a potential spill in the region and to determine their ultimate
fate in the environment. Recent studies have demonstrated the bioaccumulation and toxicological
importance of this chemical compound class®'8; however, no baseline information exists for Cook
Inlet. Existing research is difficult to apply to Cook Inlet because it was often conducted in regions
of warmer temperatures and/or on different oil types. For instance, polycyclic aromatic
hydrocarbon levels have been extensively monitored, however little/no information in this region
exists on baseline levels of their transformation products, oxygenated polyaromatic hydrocarbons
(oxyPAHSs). This project aims to identify HOPs, which includes oxyPAHSs!®, formed by crude oil
and diesel fuel in simulated bench-scale spills, perform correlations to broad molecular
characterization, and identify potential uptake in marine organisms.

Cook Inlet is a crucial watershed in Southcentral Alaska due to the major population centers
surrounding it, commercial fishing, subsistence, tourism, and the diverse wildlife it supports. In
addition, the region is an oil-producing basin with new lease sales and developments.® The
Environmental Impact Statement (EIS) of Cook Inlet oil and gas lease sale uses an Oil Weathering
Model (OWM) that assumes a crude oil or diesel spill would be 1,700-5,100 bbls, occur at the
surface or near-surface, over a short period, and persist up to 30 days.* The OWM conditions allow
spilled oil to be weathered into HOPs, which is acknowledged in the EIS, but no fate/transport
models include this class of compounds. The routine analysis of petroleum compounds in Cook
Inlet as aromatic hydrocarbons (benzene, toluene, ethylbenzene, and xylene (BTEX); polycyclic
aromatic hydrocarbons (PAHS); and total petroleum hydrocarbons (TPH)) has occurred for the
past 40 years.> Currently, there are no routine monitoring of HOPs in Cook Inlet. The techniques
outlined in this study can supplement existing analyses to more accurately understand the effects



of an oil spill in Cook Inlet. This will help promote the Bureau of Ocean Energy Management
(BOEM) mission to promote environmentally safe development of petroleum resources in Cook
Inlet. This research helps identify the molecular composition of this chemical class that could result
from spilled crude oil or diesel fuel in Cook Inlet, and identify whether ambient levels exist in
simulated seawater, and mussel tissues across the region. This data would assist BOEM in
evaluating the fate and transport of a hypothetical spill for environmental impact assessment.

Blue mussels are well-established biomonitors for toxicity assessments. This project focuses on
connecting the weathering patterns of spilled oil to the bioaccumulation of oxidized and fresh
petroleum-derived residues using blue mussels (Mytilus trossulus) as a sentinel species. Mytilus
trossulus are ubiquitous, sessile organisms that bioaccumulate pollutants through filter-feeding.
They are an integral component of coastal ecosystems and an important food source for both
wildlife and humans®®. Blue mussels are easily sampled for cost-effective monitoring programs in
the case of an oil spill. Therefore, we selected Mytilus trossulus for use in this project because it
is a cold-water species of commercial, subsistence and ecological importance in both the Arctic
and subarctic. Mussels are ubiquitous invertebrates in the intertidal zone of Cook Inlet and are
important prey for a variety of organisms including snails, sea stars, octopus, crabs, seabirds, sea
ducks and sea otters®’. In addition to adult mussels serving as a primary food resource for many
species, mussel larvae are an important component of plankton, contributing up to 50% of total
zooplankton during peak spawning season, an important food resource for larval fish, filter feeders
and other zooplankton3®, Mussels also clear the water through continuous filter feeding and can
accumulate contaminants such as crude oil. Mytilus trossulus is found from the Arctic south along
the Alaskan coast to northern California and in the northern Atlantic. Mussels are lipid rich,
indicating a possibility for bioaccumulation of toxicants such as HOPs and biomagnification at
higher trophic levels. Additionally, spawning may be a mechanism for the organism to reduce its
contaminant burden, as the majority of lipids are in the gonads. These factors all indicate Mytilus
trossulus is an appropriate model organism for this region and class of contaminants.

Objectives and Hypotheses.

The goal of this project is to identify HOPs that are produced when CI crude oil and diesel are
discharged into Cook Inlet. The results from the successful completion of the project provide new
insights into the transformations of hydrocarbons in seawater and a superficial assessment of the
levels of these compounds in mussels. Information about the concentration and chemical
composition of the HOPs will lead to better treatment and monitoring strategies. Information on
HOP bioaccumulation can inform future toxicological studies such as the assessment of sublethal
stress. Also, fluorescence data is useful to both characterize HOPs and inform the development of
new sensors for future baseline monitoring of these products in Cook Inlet, e.g., those that can be
deployed on weather buoys and monitored in real-time over cellular or satellite data networks. The



use of a combination of analytical techniques enables us to distinguish signatures and/or classify
compounds to account for contributions from hydrocarbons and HOPs.

This study is organized around three Objectives to accomplish the overall goal. Objective 1 is to
simulate leaks and spills of crude oil and diesel with Cook Inlet seawater; Objective 2 is to identify
the production of HOPs in laboratory simulations; and Objective 3 is to identify bioaccumulation
of HOPs in Cook Inlet mussels in laboratory simulations. We hypothesize that HOPs can be
detected in Cook Inlet seawater when incubated with oil and exposed to sunlight; and we
hypothesize that HOPs bioaccumulate in mussel tissues when exposed to sunlight-exposed oiled
seawater

METHODS
Laboratory Simulated Oil Spill.

Laboratory simulated oil spills of CI crude oil (provided by Blue Crest Energy) and diesel
(obtained by Shoreside Petroleum) were performed using a solar simulator (Atlas Suntest
XLS+). Diurnal seawater temperature (12 °C) and sunlight exposure (250 W/m?) of Cook Inlet in
the summer (June—August) was used.*® Each oil substrate was added to artificial seawater (made
with Instant Ocean Sea Salt at 36.86 g/L in Milli-Q water (18.2 MQ cm)) at an oil load of 63.8 ul
per 50 mL water in 100 mL thermostatically controlled jacketed beaker, consistent with prior
studies that aim to create ~100 um film thickness. Artificial seawater was used in this study to
avoid background interference from dissolved organic matter or reactions from natural water.
The composition of Instant Ocean Sea Salt has been previously reported and accurately
represents the ionic strength of natural seawater.>® Each jacketed beaker represents a single time
point (irradiation period). There were four time points in the experiment, 1, 4, 7, and 10 days.
Each time point for each oil substrate was analyzed in triplicate. Quartz lids were used to cover
each beaker to reduce evaporation. An additional set of samples were incubated in the dark as a
control to address any concerns of oxidation due to non-photolytic processes. Day 10 dark
control samples for CI crude oil and diesel were completed on a larger scale of an oil load of
12.78 mL per 1000 mL of water to ensure enough control substrate was produced for ultrahigh
resolution mass spectrometry. After each exposure, water and oil were separated and filtered
through a 0.27 um glass fiber filter pre-combusted at 550 °C and stored at -20 °C until analysis.

Dissolved Organic Carbon (DOC) Analysis.

Each sample was filtered through a pre-combusted (550 °C > 4 hours) Advantec GF-75 0.3 pum
glass fiber filter into a pre-combusted amber glass vial. The pH of each sample was adjusted with
high-purity hydrochloric acid to pH < 2. Samples were stored in the dark and refrigerated (< 4
°C) until they were ready for analysis. Samples were analyzed for DOC concentration with a
Shimadzu TOC-V system equipped with an autosampler. DOC was measured as hon-purgeable



organic carbon converted to CO2 and detected by a non-dispersive infrared detector.> DOC was
calibrated with potassium hydrogen phthalate, and DOC standards were run regularly.

Excitation-Emission Matrix Spectroscopy (EEMS).

The pH of filtered samples was adjusted to pH 8 with NaOH for absorbance and fluorescence
measurements with an Aqualog® fluorometer (Horiba Scientific, Kyoto, Japan).52* Optical
measurements were carried out in a 10 mm quartz cuvette, an excitation range from 240-800 nm
in 5 nm increments, and an emission range from 240-828.16 nm in 2.34 nm increments with an
integration period of 1.5 s for light-exposed samples and 15 s for dark control samples. Each
sample was diluted to an absorbance of 0.1 at 254 nm to reduce inner filter effects, using Milli-Q
water (18.2 MQ cm) to dilute.>>° Spectra were blank subtracted and corrected for instrument
bias in excitation and emission prior to correction for inner filter effects. Fluorescence intensities
were normalized to Raman scattering units, and dilution was corrected prior to PARAFAC
analysis. The drEEM toolbox and MATLAB code were utilized to complete PARAFAC of the
EEMs.>" The spectral properties of the resulting statistical model were validated by residual and
split-half analysis.%®%° The validated model was uploaded to the OpenFluor database to compare
with published models above 95% similarity score.®®

LC-Orbitrap mass spectrometry.

The filtrate from light-exposed samples on days 4, 7, and 10 and dark control day 10 for CI crude
oil and diesel were acidified to pH 2 and extracted via solid phase extraction (SPE) with Varian
Bond Elut PPL cartridges (1 g, 6 mL).%* SPE is an efficient method for isolating high-purity
dissolved organic carbon extracts from the water-soluble fraction of 0il.62 The final
concentrations of the extracts were adjusted to 500 pgC mL* to normalize carbon loads across
samples to uncover compositional trends and stored at -20 °C before analysis.®* Due to low
DOC values and limited sample amount in the dark samples, only day 10 of dark CI crude oil

and diesel underwent LC-Orbitrap analysis.

Collected mass spectra were co-added across the chromatogram, internally recalibrated with a
“walking” calibration equation, followed by a blank subtraction and molecular formula
assignment (C4-50, H4-100, O1-40, N0O-2, S0-1) with Composer software (Sierra Analytics).
Molecular formula assignment constraints were based on Hawkes et al. (2020), including double
bond equivalents minus oxygen < 10, O/C < 1.2, 0.3 <H/C < 2.2, and Kendrick mass defect <
0.4 or > 0.9.5 Molecular formulae were classified based on stoichiometry into the following
categories: condensed aromatic (CA) (modified aromaticity index (Almod ) > 0.67), aromatic
(0.67 > Almod > 0.5), unsaturated low oxygen (ULO) (Almod < 0.5, H/C < 1.5, O/C < 0.5),
unsaturated high oxygen (UHO) (Almod < 0.5, H/C < 1.5, O/C > 0.5), aliphatic (H/C > 1.5), and
classically defined naphthenic acids (CnH2n+:O2 in which n is the number of carbon atoms and Z
IS zero or a negative even number that represent hydrogen deficiency, and exclusion rules



reported by Holowenko et al. (2002) to eliminate carbon number groups and Z family values that
do not conform to the empirical formula).54-68

Targeted analysis of OxyPAHs and PAHSs.

Eight oxyPAHSs and 24 PAHs were chosen for the targeted analysis of oxyPAHs and PAHSs in
HOPs formed from CI crude oil and diesel. The oxyPAH compounds were, 1-naphthol, 2-
naphthol, phenanthrenequinone, 1,4-anthraquinone, 1-hydroxy-9,10-anthraquinone, 1,4-
chrysenequinone, 5,12-naphthacenequinone and benzanthraquinone. The PAH compounds were
naphthalene, acenaphthylene, 1-methylnaphthalene, 2-methylnaphthalene, acenaphthene,
fluorene, 9-methyl-9H-fluorene, phenanthrene, 2,6-dimethylnaphthalene, anthracene,
fluoranthene, 2,3,6-trimethylnaphthalene, 9-methylanthracene, pyrene, 9,10-dimethylanthracene,
1-methylpyrene, benz(a)anthracene, chrysene, benzo(a)pyrene, benzo(b)fluoranthene,
benzo(k)fluoranthene, benzo(ghi)perylene, dibenzo(ah)anthracene, and indenopyrene.

The aqueous filtrate of the dissolved phase from ClI crude oil and diesel experiments was added
into different separatory funnels, and deuterated PAH surrogates (Table A10) were added to the
filtrate to make a 1 pg/L concentration. Liquid-liquid extraction was performed three times with
20 mL of 9:1 chloroform:tetrahydrofuran as a solvent and anhydrous Na2SO4 as a drying agent
for the organic layer. A liquid-liquid extraction procedure was optimized as extraction recoveries
using dispersive liquid-liquid micro extractions reported in the literature were not reproducible.5°
During optimization, chloroform yielded higher extraction recoveries for both PAHs and
oxyPAHSs when compared to ethyl acetate and dichloromethane; further addition of
tetrahydrofuran as a dispersive solvent to increase chloroform-artificial seawater biphase
interaction improved oxyPAH extraction efficiency. Approximately 60 mL of the organic extract
was evaporated to 0.1 mL under N2 at 25 °C. 5 ul of 10 pg/mL deuterated PAH internal standard
solution was added. Each extract was then reconstituted in 10 mL of methanol before being
evaporated to 1 mL. Finally, the extracts were filtered through a 0.2 um nylon filter and stored at
-20 °C until analysis. Average recoveries (n = 6) were 69.3 + 13.6 - 88.4 = 15.2 % and 89.7 £ 6.9
- 125.4 + 26.0 % for oxyPAHSs and PAHS, respectively, with the exception of anthraquinone
(24.8 £ 7.7 %) and 1,4-chrysenequinone (5.8 £ 1.8 %) which were ineffectively recovered by this
method (Table A6). To our knowledge, no previous studies report higher recoveries for
oxyPAHSs."®

Mussel Exposure to HOPs.

In the fall of 2021, collaborators from the Cook Inlet Regional Citizens Advisory Council
collected 326 blue mussels (Mytilus trossulus) from Kachemak Bay, near Seldovia, AK. The
mussels were transported to the Alaska SealL ife Center in Seward, AK, where they were
acclimated before undergoing a controlled exposure at 12 °C to (1) clean seawater, (2) seawater
with diesel hydrocarbon oxidation products, or (3) seawater with Cook Inlet crude oil
hydrocarbon oxidation products. Mortality checks and measurements for pH, dissolved oxygen
content, and temperature were taken daily. Mussels were collected in triplicate after 24, 48, and



96 hr of exposure. Twenty-seven mussels from each exposure type were collected at each time
point, allowing for 3 mussels in each exposure type to be subjected to a 96-hour recovery period
in clean seawater. However, at the 24-hour time point, 30 mussels from the diesel exposures had
expired, at which point their tissue was removed from the shell and stored for later analysis.
While this petroleum load was identical to crude oil (volume equivalency basis), the mortality
rates of diesel were surprisingly high. At 48 hours, an additional 10 mussels from the diesel
exposure were found deceased, and their soft tissue was collected. Due to the exceedingly high
mortality rate in the diesel exposures, those remaining, living mussels from the diesel exposure
began their 96-hour recovery period after 48 hours instead of 96 hours; all mussels from the
diesel exposure containers survived the 96-hour recovery period in clean seawater. There were
no mortalities observed in the clean seawater containers, and only one mortality was observed in
the containers with seawater and crude oil from 96 hr exposure. Mussels were collected and
stored individually after measurements of sex, shell length, height, width, total weight and empty
shell weight were recorded. The tissue was stored at -80°C until extraction.

Analysis of oxyPAHSs in Mussels.

Mussels were extracted according to protocols developed by DeWitte et al. (2019)% Briefly,
mussels from each treatment and timepoint were homogenized and 3 g of tissue was extracted
via pressurized liquid extraction using an ASE 200 (Dionex). Mussel tissues were spiked with 5
pL of 10 pg/mL solution of the surrogate standard 1-pyrenecarboxaldehyde prior to filling
extraction cells with sodium sulfate and diatomaceous earth. Each sample was extracted in three
cycles (5 min, 100 °C) with hexane:acetone (3:1, v/v). Extracts were reduced to 1.0 mL under N2
prior to solid phase extraction (SPE) cleanup with silica gel. Cleaned extracts
(hexane:isopropanol, 90:10, v/v) were solvent exchanged into methanol and reduced to 1.0 mL
under N2 prior to LC-Orbitrap targeted analysis. The targeted analysis of oxyPAHs was migrated
to LC-Orbitrap from LC-QQQ to incorporate the surrogate standard 1-pyrenecarboxaldehyde, 9-
fluorenone, and 9-hydroxyfluorene which were found to ionize via APCI (+), but not APPI (-)
used in the targeted analysis of oxyPAHSs in water.



RESULTS AND DISCUSSION

Photoproduction of HOPs.
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Figure 2. Temporal shifts in DOC for HOPs in all samples. (N = 3, + SD)

The concentration of DOC is positively correlated with light exposure time (Pearson Correlation
Coefficient, rerude = 0.90, rdiesel = 0.92) (Figure 2). CI crude oil and diesel samples exposed to
light resulted in higher DOC than dark samples (p < 0.05 (One-way ANOVA)) (Table Al). Only
minor changes in DOC concentrations of dark samples are attributed to readily available water-
soluble compounds in petroleum.” As time increases, the water-soluble compounds in petroleum
can partition into the aqueous phase, resulting in a small increase in DOC.

Light-exposed diesel initially produced higher DOC on days 1 and 4 compared to CI crude oil,
where CI crude oil produced more DOC on days 7 and 10. Diesel is a refined fuel that consists of
C8-C21 compounds distilled from crude oil. This character can make it more readily
photosolubilized compared to whole crude oil. These results match a report by Zito et al. 2019
that showed DOC concentrations produced from a relatively light crude oil increased more
rapidly at early irradiation periods. Still, with extended exposure, the DOC from the light crude
oil plateaued while that from heavy fuel oil continued to increase.

Optical Characterization of HOPs.

Optical spectroscopy is employed to uncover changes in chromophore composition in HOPSs.
Table A2 reports spectral indices of the fluorescent dissolved organic matter found in HOPs from
each sample. The humification index (HIX) is of particular interest in uncovering compositional
trends in HOPs, as it is a general indicator of aromaticity and oxygen content. HIX is derived
from the intensity of emission within the ranges 435-480 nm and 300—345 nm with an excitation
wavelength of 254 nm.”* As HIX increases, the ratio of hydrogen to carbon decreases and
oxygen content increases.’* Increasing HIX values represent the relative increase in long-
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wavelength, “humified”, water-soluble, oxidized compounds and decrease in short-wavelength
compounds. HOPs formed from CI crude oil range in HIX values from 0.58 £ 0.03 at day 1 to
0.66 £ 0.01 at day 10, and HOPs created from diesel range from 0.36 + 0.02 at day 1 t0 0.20 £
0.01 at day 10. The inverse relationship between the two fuel types suggests that HOPs formed
from CI crude oil are more aromatic and oxygenated as time increases. In contrast, HOPs formed
from diesel become less aromatic and oxygenated as time increases. Aromaticity and
oxygenation trends in diesel and CI crude oil are further explored through non-target molecular
characterization techniques discussed later in this report. This relationship can be attributed to
compositional differences in the parent petroleum. Crude oil consists of relatively higher
molecular weight and aromatic compounds relative to diesel.”

Specific UV absorbance at 254 nm (SUV Azs4) is another optical parameter of interest for
tracking compositional changes in HOPs as it measures the amount of light-absorbing dissolved
organic matter. SUVAzs4 is calculated by dividing absorbance at 254 nm (azs4) by the DOC
concentration (azss m/DOC mg L1). SUVA2s4 values track compositional changes in HOPs
through aromaticity. Increasing SUV Azs4 after light exposure for both fuel types suggest
aromatic HOPs are produced.” ClI crude oil and diesel exposed to light varied in maximum
SUVA2s4 (Table Al). CI crude oil SUVA2s4ranged between 0.0100 = 0.005 (day 1) and 0.0169
+0.001 L mg?* cm? (day 10). Diesel SUVAzssranged between 0.0108 + 0.001 (day 1) and
0.0139 £ 0.001 L mg* cm™ (day 4). The temporal difference of SUVAz2s4 maxima for Cl crude
oil and diesel suggests compositional differences in the photoproduction of HOPs from different
fuel sources and time points, which is explored further in detail in this experiment. CI crude oil
maximum SUV A2s4 at day 10 suggests aromatic HOPs are produced throughout the total
irradiation time, supported by increasing HIX values. Diesel maximum SUVAzss 0n day 4
indicates a decrease in aromatic HOPs production after day 4, which, combined with increasing
DOC after day 4, suggests that relatively aliphatic HOPs are produced from days 4-10. These
results are consistent with reduced HIX values as both indicate relative loss in aromaticity and
could allude to photodegradation of small aromatic molecules to aliphatic-like features. The
Whisenhant et al. 2022 study, utilizing high-latitude irradiation conditions, follows similar values
for both crude oil (0.009 (day 1) —0.015 L mg* cm™ (day 10)) and diesel (0.011 (day 1) — 0.012
L mgt cm (day 10)). These combined results illustrate the photoproduction of diverse
compositional HOPs occurs when CI crude oil and diesel are exposed to light.

Parallel factor (PARAFAC) analysis was used to uncover underlying fluorescence components
present in the EEMs dataset, allowing for an optical index for tracking compositional changes
through the production of HOPs over time. A validated six-component PARAFAC model was
derived from the EEMs (Figure 3a and Al). Component 1 (C1) had excitation and emission
(EX/Em) maxima of 240/374 nm and did not match any other components in the OpenFluor
database (>95% similarity score), suggesting a unique HOPs signature is present. Although there
were no matches in the OpenFluor database for C1, ExX/Em spectra with similar wavelengths are
reported for petroleum degradation products and naphthenic acids (NAs).”*”> Component 2 (C2



Ex/Em 260/376 nm) (matched 97% similarity score) is consistent with a previous report by Zito
et al. (2020)?°, indicating a petroleum-derived DOM signal produced from irradiating heavy and
light oils from a surrogate Macondo oil (light) produced after 24 hours. These results show that
C2 from this study is indicative of HOPs fluorescent signatures. Component 3 (C3 EX/Em
270/294 nm), Component 4 (C4 Ex/Em 280/340 nm), and Component 6 (C6 Ex/Em 240/320 nm)
matched three, five, and seven entries in the OpenFluor database, respectively. These
components are called “tyrosine-like” and “tryptophan-like” (“protein-like) fluorescent
signatures in the organic biogeochemistry community.’®-82 However, there are no proteins or
amino acids in petroleum. Rather, these fluorescence signatures correspond with relatively
reduced (aliphatic, low heteroatom) HOPs.8384 Moreover, there are reports of similar
fluorescence signatures from water-soluble aliphatic acids photo-oxidation products produced
from irradiated oil films and NA standard mixtures.2>8 Component 5 (C5 Ex/Em 250/460 nm)
matched with seven components representing “terrestrial humic-like” fluorescence at a range
from 95-96% OpenFluor similarity score.7-%3
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Figure 3. (a) PARAFAC components (b) PCA biplot, loadings represent PARAFAC
components. (c) Temporal relationship between C3 and C4 in HOPs formed from light irradiated
diesel. (N =3, £ SD)

Contributions of each component in all samples are reported in Table A3. Principal component
analysis shows the relationship between each component and the samples (Figure 3a). CI crude
oil light samples positively correlate with C1, C2, and C5. Days 4 and 7 are closely related to C2
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and C1, respectively, the two petroleum unique components, with C1 being unique to this study
(no matches in OpenFluor above). For the CI crude, day 10 is closely related to C5 or the
“humic-like” fluorescence that suggests more aromaticity and oxygenation, which aligns with the
photodissolution of petroleum. Another interesting relationship is between C4 and C3 and the
amount of time diesel is irradiated with light (Figure 3b). C3 represents the production of HOPs,
and C4 represents the degradation of parent petroleum compounds. These results show
fluorescent signatures can accurately monitor temporal and compositional changes in HOPs.

The HIX values, SUVA2s4 values, and PARAFAC model show a cohesive description of the
chemical composition of HOPs formed from CI crude oil and diesel. HOPs produced from CI
crude oil are more oxygenated and aromatic in nature, correlating with increasing HIX,
increasing SUVAzs4, and long-wavelength "humic-like" fluorescence (C1, C2, C5). HOPs
produced from diesel are more reduced and aliphatic, correlating with decreasing HIX,
decreasing SUV A2s4, and short-wavelength “protein-like” fluorescence (C3, C4, C6). Optical
characterization emphasizes the compositional changes and temporal trends in the formation of
HOPs from different petroleum sources.

Molecular Characterization of HOPs.
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Figure 4. Heteroatom oxygen class graphs from day 10 samples, CI crude oil (red), diesel (blue),
irradiated (top), dark (bottom). (N=3, + SD)

Molecular-level characterization is utilized to further understand the composition of HOPs and
complement optical characterization results. Liquid chromatography (LC)-Orbitrap mass

13



spectrometry was used to characterize the molecular composition of day 4, 7, and 10 sunlight-
irradiated CI crude oil and diesel. Heteroatom oxygen class composition uncovers trends in
oxygenation (Figure 4). CI crude oil and diesel-derived HOPs are composed of compounds that
have 2—17 and 2—16 oxygens per molecule, respectively. The most abundant species in Cl crude
oil derived HOPs and CI crude oil dark control are in the Oa class. Diesel-derived HOPs and
diesel dark controls have the most abundant species in the Os class. Dark control samples express
the composition of the water-soluble fraction of parent petroleum. The water-soluble compounds
from parent petroleum (dark control samples) are composed of compounds that have 2—-20
oxygens per molecule. Low concentrations of these compounds can be attributed to the low
abundance of polar, water-soluble compounds found in parent petroleum.®*
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Figure 5. van Krevelen subtraction plots of day 10 dark and light treatments for CI crude oil and
diesel where each data point represents a unique molecular feature. Photochemical processing of
ClI crude oil has 2484 unique features and diesel has 2293 unique features.

A van Krevelen diagram can be used to better characterize HOPs in terms of their molecular
composition (Figure 5).% The dots on the plot represent unique molecular features assigned
from mass spectral data with the same O/C and H/C ratios.% The diagram can be further
decomposed into discrete molecular classification regions (condensed aromatic (CA), aromatic,
unsaturated low oxygenation (ULO), unsaturated high oxygenation (UHO), and aliphatic). van
Krevelen diagrams can also highlight molecular compositional differences between petroleum
source and illumination through a subtraction plot (Figure 5). There are 2,483-2,492 and 1,986—
2,293 unique features resulting from photochemical processing in CI crude oil and diesel-derived
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HOPs, respectively (Table A4). The unique photochemical features mainly consist of aliphatic
(19.21 £ 6.24 — 35.26 + 20.38 % relative abundance), ULO (48.01 + 15.10 — 65.14 + 4.95 %
relative abundance), and aromatic (9.93 + 0.49 — 15.94 + 2.17 % relative abundance) molecular
classifications (Table A5). The molecular composition classifications of HOPs reveal that
relatively reduced, saturated, and aromatic compounds are produced by sunlight in high-latitude
environments from both CI crude and diesel during summer. The production of CI crude oil and
diesel-derived HOPs featuring relatively low oxygenated maximum abundance species (O4 and
Os, respectively) indicates that relatively reduced compounds are produced.
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Figure 6. PCA biplot, loadings represent molecular classifications.

Principal component analysis between composition class contributions (Table A5), fuel types,
and illumination period was conducted to gain a better understanding of the composition and
temporal changes in HOPs (Figure 6). Day 4 light irradiated CI crude oil and diesel produced the
highest relative abundance of CA compounds, 4.89 + 0.17 and 3.07 + 0.30 %, and aromatic
compounds, 11.32 £ 0.37 and 9.46 + 0.96 %, respectively (Table A4). Day 7 light irradiated ClI
crude oil and day 10 diesel produced the highest relative abundance of ULO compounds, 47.23 £
2.05 and 48.61 * 2.05 %, respectively. Irradiated Cl crude oil HOPs consist of slightly more
condensed aromatic and aromatic compounds, whereas light irradiated diesel HOPs consist of
marginally more ULO compounds. Dark controls for CI crude oil and diesel produced the
highest abundance of UHO compounds, 19.18 + 1.48 and 21.21 + 2.03 %, respectively, and
aliphatic compounds, 39.80 £ 0.75 and 46.11 + 1.81 %, respectively.

Aliphatic and UHO groups are closely related to the dark samples, while CA, aromatic, NAs, and
ULO groups are closely related to the light samples. These trends are consistent with the
compositional changes induced by illumination of crude and diesel fuels recently observed with



UHR-MS by Whisenhant et al. (2022). The dark samples consisted of aliphatic and UHO groups
due to the readily available water-soluble compounds that the parent petroleum contains.”® HOPs
formed from CI crude oil consisted more of aromatic and CA compounds, whereas HOPs formed
from diesel are more aliphatic. Differences between CI crude oil and diesel-produced HOPs
come from the compositional differences between the parent petroleum source.® The molecular
characterization data expresses that dark control samples (representative of the water-soluble
compounds in petroleum) are more oxygenated and aliphatic than HOPs. The data also shows
HOPs generated from CI crude oil are more aromatic and oxygenated than HOPs generated from
diesel, which verifies the results from the optical studies (HIX, SUVA2s4, and PARAFAC).

Although this study focused primarily on photodegradation, it is important to draw comparisons
between other major weathering processes, such as biodegradation. Biodegradation of petroleum
consists of two major pathways: first, an aerobic process, including enzyme-mediated
metabolism and biosynthesis and second, an anoxic process, including anaerobic processes such
as fumarate addition, oxygen-independent hydroxylation, and/or carboxylation which forms
HOPs.%-101 The pathways of abiotic vs biotic degradation are both dependent on the specific
petroleum composition and the environmental conditions during a spill. Some compound classes
such as aromatic hydrocarbons, are known to be more sensitive to photodegradation, whereas
saturated hydrocarbons have been shown to be more susceptible to biotic pathways of
degradation.1%>1% podgorski et al. (2021) examined the biodegradation of oil-contaminated
groundwater, finding HOPs to exhibit lower relative abundances of condensed aromatics,
aliphatics, and unsaturated low oxygen compounds accompanied with an increase of -UHO
compounds and no temporal changes in aromatics.®* Biodegradation products, in general, are less
aromatic (2.39-3.57 %)8 with more UHO (15.5-45.1 %) than the photodegradation products
we observed in this study (aromatic: 8.15-11.32 %, UHO: 6.63-8.81 %). Aliphatic hydrocarbons
are the most bio-labile class of petroleum.102 108,109 However, both biotic and abiotic pathways
are relevant, with the relative pathway contributions being driven by seasonal environmental
factors such as temperature, redox potential, water quality, transmittance of light into the water
column, seasonality of sunlight exposure, and others.



Detection of OxyPAHs and PAHSs in HOPs.
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Figure 7. (a) OxyPAHSs and their respective PAH derivatives and (b) methylated naphthalene
concentrations in HOPs formed from irradiated CI Crude oil. (N=3, + SD)

A targeted analysis was employed to further understand the composition of HOPs formed
through CI crude oil and diesel. LC-QQQ provided quantitation of 8 oxyPAHs, which were
correlated to the analysis of 24 PAHSs in light-treated samples on days 1, 4, 7, and 10. The
oxyPAHs targeted in this analysis consisted of heteroatom oxygen classes between O1-03.
Characterization and quantification of lower oxygenated compounds are of great interest due to
their toxicity and abundance in HOPs. Two oxyPAH compounds and 11 PAH compounds were
detected (Table A6). The oxyPAHs phenanthrenequinone and 1,4-anthraquinone were present in
light-treated CI crude oil HOPs at concentrations of 0.11 £ 0.10 (day 7) - 0.13 £ 0.11 (day 10)
and 0.14 £ 0.12 (day 4) - 0.21 £ 0.01 (day 7) pg/L, respectively. OxyPAHs were not detected in
the irradiated diesel samples. Acenaphthene is a diesel-unique PAH with no detection in
irradiated CI crude oil samples. Anthracene is a CI crude oil unique PAH, with no detection in
irradiated diesel samples. The other nine PAH compounds were detected in light-treated CI crude
oil and diesel HOPs.

There is an inverse relationship between the oxyPAH, phenanthrenequinone, and its associated
PAH, phenanthrene, in irradiated CI crude oil (p < 0.05 (One-way ANOVA)) (Figure 7a).
Phenanthrene degrades over time, while phenanthrenequinone is produced. This relationship is



consistent with the photooxidation of a PAH to its respective oxyPAH. 1,4-anthraquinone and
anthracene do not have a statistically significant relationship (p > 0.05 (One-way ANOVA)).
However, 1,4-anthraquinone is strongly positively correlated with the amount of time irradiated
(r = 0.87), suggesting that 1,4-anthraquinone is produced over time. This relationship aligns with
more oxidized species being produced with longer irradiation times. Transformations of PAHSs to
oxyPAHSs have been previously reported through photochemical processes.'1111
Phenanthrenequinone/phenanthrene and 1,4-anthraquinone have potential use for tracking
overall degradation and compositional changes in an oil spill event.

Another interesting class of compounds that could be used for monitoring in a spill event is
methylated naphthalenes. The concentration of naphthalene-type compounds over time in
irradiated CI crude oil can be seen in Figure 7b. The concentration of 1- and 2-
methylnaphthalene was greater than the concentration of naphthalene following irradiation of Cl
crude oil, suggesting that single substituted methylated naphthalenes may be more useful for
monitoring CI crude oil dissipation. Future work should include methylated oxyPAHSs due to the
potential prevalence of other methylated PAHs. Furthermore, methylated PAHs produce
transient radical reactive species with relatively greater stability than non-substituted congeners,
which may increase the formation of oxidized products. Current efforts include development of a
data-dependent tandem mass spectrometry method utilizing MS2 fragmentation to detect
additional oxyPAH congeners.

OxyPAHs are a class of compounds that are commonly missed in traditional TPH analysis.*2
The reported results expand on traditional TPH methods by identifying two specific oxyPAHs in
crude oil and emphasizing the mixture's complexity due to methylated homologues in both fuel
types. Although the list of oxyPAHs and PAHSs used in this study is not comprehensive of all the
compounds in HOPs formed from CI crude oil and diesel, some promising compounds and
relationships can be used to track compositional changes of HOPs for a cheaper and more routine
analysis.

Bioaccumulation of oxyPAHSs in Mussels.

Measurement of the bioaccumulation of oxyPAHSs in mussels was confounded by a high degree
of mortality in mussels exposed to diesel HOPs which resulted in fewer mussels available for the
assessment of bioaccumulation over the entire exposure period. As diesel is a distillate
comprised of lower molecular weight species, the concentration of HOPs that photosolubilized
was much higher than that in the crude oil experiments which resulted in a larger HOP dose (60
vs 2 ppm DOC in diesel vs crude oil exposures, respectively) and increased mortality. While the
increased bioavailability of diesel relative to crude oil HOPs was apparent, oxyPAHSs on our
target list were not detected in mussel tissues. While 9-fluorenone may have been present,
measured signals in mussels exposed to diesel or crude oil HOPs could not be statistically
differentiated from those in mussels exposed to seawater only (Figure 8). These findings
corroborate the results of our targeted analysis of oxyPAHSs in water which suggest that



methylated congeners may contribute more to the overall mixture of HOPs than the non-
substituted congeners that were available as analytical standards for this work.

We believe that the reason we did not detect any oxyPAHSs in mussel tissues is because the
compounds which bioaccumulated are 1) not available as reference standards and 2) were not the
degradation products of the specific PAHs we have on our target list. Therefore, we conclude
that the bioaccumulation potential of photo-solubilized oil cannot be easily accomplished by
traditional targeted methods. On the other hand, our non-targeted approach provides insight into
which ‘chemical features’ (e.g., aliphatic, aromatic, etc.) are present and how these chemical
features change over time. However, it does not provide compound-specific information, which
is what traditional water quality criteria are based on. Therefore, traditional compliance-based
monitoring programs that utilize targeted approaches (analysis of a pre-set list of compounds) are
not adequate for HOP bioaccumulation. We suggest that non-target analyses using emerging
tools such as fragmentation spectra from high-resolution mass spectrometry be further
investigated to assess this knowledge gap.
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Figure 8. Mussel tissue analyses of oxyPAHSs. (a) Detection of 9-fluorenone by LC-Orbitrap
confirms good spike recovery of 9-fluorenone with trace detection in samples and method blank.
Unfortunately, detections in mussels exposed to HOPs could not be distinguished from
background seawater controls. (b) Product ion spectrum for 9-fluorenone positively confirms
compound identity based on the characteristic fragmentation of the precursor ion (181.0650 m/z).

CONCLUSIONS

This study identifies HOP formation resulting from irradiation of both CI crude oil and diesel
over simulated seawater using simulated environmental conditions of the sub-Arctic. DOC
measurements confirmed that sunlight irradiation mobilizes petrogenic carbon into seawater. Six



unique fluorescence EEM components were identified in irradiated HOPs, ranging across
reduced and oxidized compounds. Irradiated seawater produced greater abundances of CA,
aromatic, and ULO chemical features and higher oxyPAH loads predominated by
phenanthrenequinone and 1,4-anthraquinone. While the toxicological significance of HOPs is
still an emerging research area, the production of HOPs, which this study identifies, could have
important toxicological implications during an oil spill event. This report details findings
corresponding to high-latitude regions during the summer, but has general implications for
monitoring HOPs in any region.
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APPENDICES

Appendix Al: Instrumentation Parameters

LC-Orbitrap Instrument Parameters

SPE- DOC extracts were analyzed using a VVanquish Flex Binary ultra-high performance liquid
chromatograph coupled to an Exploris 120 high resolution orbitrap mass spectrometer (Thermo
Scientific). Samples were injected (20 pL) onto a Kinetix C18 column (150 x 2.1mm; 1.7u) with
an Ultra-high pressure liquid chromatography (UHPLC) C18 2.1 mm Security Guard Column
(Phenomenex) and eluted at 0.4 mL min-tusing with a gradient of water (A) and acetonitrile (B)
each containing 0.1% formic acid (v/v). The column was maintained at 60 °C while the mobile
phase composition was ramped from 5 to 99% B over 15 min and held for 10 min before
resetting to initial conditions; total run time was 32 min. Eluted compounds were ionized via
negative mode electrospray ionization (3200V). The nitrogen sheath gas, auxiliary gas, and
sweep gas flows were 50, 5, and 5 (arbitrary units), respectively. The vaporizer and ion transfer
tube temperatures were 350 and 300 °C. lonization parameters were optimized by infusing the
calibration solution (FlexMix, Thermo Scientific) into 0.4 mL/min 50% A post column at 5
pL/min. Full scans were collected over the range 150-1500 m/z with a resolution of 120,000 and
RF lens set to 70%. Automatic gain control was used to accumulate 1e6 ions in the trap allowing
a maximum injection time of 200 ms. Orbitrap mass accuracy was externally calibrated prior to
analysis via infusion of the calibration solution while a mass lock was established during each
scan using the fluoranthene (M-, 202.0788 m/z) internal calibrant discharge source (Easy-IC,
Thermo Scientific). A standard solution containing 10 pg/mL each of metsulfuron methyl,
chlorsulfuron, capsaicin, rotenone, usnic acid, and ibuprofen was analyzed after every ten
samples for quality assurance.

Targeted oxyPAH and PAH Instrument Parameters

OxyPAHSs and PAHs were analyzed separately using a 1260 Infinity series liquid chromatograph
coupled to a 6410A triple quadrupole mass spectrometer controlled by Mass Hunter v. B.06.00
(Agilent). 10 pL injections were made onto a Zorbax Eclipse PAH (2.1x100 mm; 3.5um)
column with matching guard cartridge (2.1x12.5 mm; 5u) (Agilent) and eluted at 0.2 mL min-t
with a gradient of water (A) and methanol (B) each containing 0.1% formic acid, the column
compartment was maintained at 40 °C. Gradient parameters for OxyPAHs and PAHs are
available in the supporting information (Table A8 and A9). OxyPAHSs were ionized via negative
mode atmospheric pressure photoionization (APPI) assisted with post column addition of
acetone (0.4 mL min! of 85:15 methanol:acetone v/v; final composition 10% acetone) dopant.
PAHSs were ionized via postive mode APPI assisted with post column addition of chlorobenzene
and 2,4-difluoroanisole (0.4 mL min-! of 84.25:15:0.75 methanol:chlorobenzene:2,4-
difluoroanisole v/v; final composition 10% chlorobenzene and 0.5% 2,4-difluoroanisole) dopant.
Analyte retention times and triple quadrupole acquisition parameters are available in the
supporting information (Table A10).
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Appendix Table Al. DOC and SUVA:2s4 values. (Averages N=3)

Sample Composition DOC SUVA254
(mg/L) (L mg-1
cm-1)
Fuel Light Type Irradiation Average Standard Average Standard
Period Deviation Deviation
(days)

1 4.22 2.764 0.01 0.005
4 10.61 2.028 0.015 0.002
Cook Inlet Light 7 18.84 4,931 0.0168 0.004
Crude Oil 10 20.54 2.319 0.0169 0.001
1 0.84 0.067 0.008 0.002
Dark 4 1.59 0.408 0.0029 0.001

7 1.67 0.158 0.0024 0
10 1.47 0.291 0.0034 0.002
1 6.27 0.521 0.0108 0.001
4 11.51 0.885 0.0139 0.001
Light 7 13.49 1.294 0.0137 0.003

Diesel 10 14.76 0.993 0.0128 0
1 0.77 0.209 0.0056 0.002
Dark 4 1.05 0.338 0.0058 0.005
7 0.98 0.179 0.0045 0.001

10 0.95 0.124 0.0046 0
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Appendix Table A2.a. Spectral Indices (Raman Specific Units, RSU). (Averages N=3)

Sample Composition T A M C N
ot | v | e | vesoe SO | avroe S | e ST | more S | e S0
1 171 0.36 1.69 0.5 1.34 0.35 0.43 0.11 1.42 0.37
4 2.84 0.19 4.07 0.25 3.22 0.18 1.27 0.56 3.35 0.18
Light 7 1.68 0.34 242 0.28 2.05 0.3 0.62 0.06 212 0.31
Cook Inlet 10 1.16 0.28 15 0.3 1.33 0.29 0.42 0.1 1.39 0.29
Crude Oil 1 0.14 0.04 0.05 0.01 0.05 0.01 0.02 0 0.06 0.02
Dark 4 0.24 0.15 0.07 0.02 0.09 0.04 0.02 0.01 0.1 0.05
7 0.14 0 0.06 0 0.06 0 0.02 0 0.07 0.01
10 0.13 0.02 0.07 0.01 0.06 0.01 0.02 0 0.06 0.01
1 4.99 0.22 0.66 0.07 14 0.07 0.26 0.03 1.43 0.08
4 25 0.28 0.52 0.03 0.79 0.08 0.24 0.01 0.84 0.08
Light 7 1.3 0.16 0.34 0.07 0.47 0.08 0.17 0.03 0.49 0.09
Diesel 10 0.9 0.11 0.25 0.04 0.34 0.05 0.12 0.02 0.36 0.05
1 0.08 0.02 0.06 0.04 0.03 0.01 0.02 0.01 0.03 0.01
Dark 4 0.08 0.02 0.04 0.02 0.02 0.01 0.01 0 0.03 0.01
7 0.09 0.02 0.04 0.02 0.03 0.01 0.01 0 0.03 0.01
10 0.04 0.04 0.02 0.01 0.01 0.01 0.01 0 0.01 0.01
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Appendix Table A2.b. Spectral Indices (Raman Specific Units, RSU). (Averages N=3)

Sample  Composition Flul Fri BIX HIX
Fuel LOMtTYPe | parodtaayy | A9 Doaton | A | Devadon | A | Dedadon | A% | Daation
1 1.21 0.02 1.44 0.02 1.63 0.03 0.58 0.03
4 1.22 0.01 131 0.02 143 0.03 0.68 0
Light 7 1.2 0.02 1.22 0.03 1.29 0.04 0.69 0.01
Cook Inlet 10 118 0.01 1.15 0.04 121 0.05 0.66 0.01
Crude Oil 1 14 0.03 157 0.04 1.69 0.05 0.28 0.03
Dark 4 1.45 0.06 1.62 0.19 1.76 017 0.29 0.07
7 14 0.06 1.69 0.04 1.89 0.07 0.31 0.01
10 1.35 0.04 1.69 0.05 191 013 0.35 0.04
1 1.19 0.02 1.35 0.04 137 0.03 0.36 0.02
4 1.19 0.01 0.89 0.01 0.9 0.01 03 0.02
Light 7 1.19 0.02 0.82 0.05 0.82 0.04 0.24 0.05
Diesel 10 1.14 0.02 0.81 0.01 0.83 0.02 0.2 0.01
1 1.48 0.07 1.34 0.35 148 0.35 03 0.03
Dark 4 1.35 0.06 1.39 0.2 158 0.25 0.24 0.07
7 141 0.06 156 0.16 172 0.09 0.23 0.06
10 14 0.08 114 0.36 1.28 0.29 0.34 011
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Appendix Table A3.a. Relative contribution of PARAFAC components (%). (Averages N=3)

Sample Composition C1 C2 C3
Fuel Lot Tyee | prod(dayy | A% pevaton | A Devatin | AR piion
1 42.03 0.89 23.03 1.18 5.03 0.38
4 48.15 0.16 25.29 0.75 4.51 0.1
Light 7 49.32 0.49 23.31 0.39 5.1 0.33
Cook Inlet 10 48.38 0.46 20.19 0.71 6.85 0.37
Crude Qil 1 19.56 1.93 10.28 1.98 36.25 6.85
Dark 4 19.36 2.64 10.37 4.2 28.29 7.88
7 21.62 1.39 12.98 1.24 29.9 5.01
10 27.03 5.11 11.93 1.57 24.52 1.74
1 17.3 0.41 1.42 0.06 33.83 1.06
4 14.97 0.68 1.28 0.11 52.96 1.68
Light 7 13.5 3.23 1.61 0.53 56.35 5.15
Diesel 10 11.01 1.03 1.64 0.2 58.86 1.84
1 226 4.31 451 0.14 40.36 1.98
Dark 4 18.17 4.66 5.11 0.53 36.06 4.35
7 19.28 8.19 5.34 0.97 33.78 5.47
10 19.45 4.92 1.72 2.98 48.72 9.66
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Appendix Table A3.b. Relative contribution of PARAFAC components (%). (Averages N=3)

Sample Composition c4 C5 C6
Fuel LOtTYee | pgroatas | A9 Devaion | A9 paion | A ooy
1 16.87 1.27 9.52 0.36 3.52 0.53
4 9.77 0.22 9.95 0.77 2.33 0.17
Light 7 7.7 1.12 10.52 0.83 4.06 0.23
Cook Inlet 10 6.9 0.27 11.02 0.64 6.66 0.19
Crude Oil 1 18.68 2.19 6.22 0.45 9.01 9.06
Dark 4 20.16 1.72 5.81 0.83 16.02 14.64
7 18.48 2.98 5.73 0.71 11.29 7.33
10 14.25 3.44 6.91 1.06 15.36 2.92
1 39.44 1.01 6.29 0.38 1.72 0.23
4 15.2 0.48 5.45 0.44 10.13 0.3
Light 7 7.6 2.55 5.06 1.02 15.86 2.17
Diesel 10 3.39 0.71 4.15 0.39 20.96 0.95
1 6.67 1.76 9.46 2.49 16.4 1.81
Dark 4 9.66 2.24 8 1.56 23 4.94
7 12.64 6.74 7.26 1 21.71 4.19
10 10.37 3.7 8.68 2.42 11.07 11.06
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Appendix Figure Al. Validated six-component PARAFAC model.
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Appendix Table A4.a. Molecular classifications of unique features in each treatment group. (Averages N=3)

Sample Composition F%Z(glrj:s CA (%) Ar?&?ﬁc lzol}o())
Fuel Light Type zg;?/(:)iation Period Average gt::/?gggﬂ Average g?:/r;gggﬂ Average gtee\l/r;ggg?]
Light 4 2483 3.63 0.47 15.94 2.17 54.31 4.37
Cook Inlet 7 2492 3.08 0.76 11.9 4.3 48.01 15.1
Crude Oil 10 2484 3.25 0.29 12.22 0.41 52.77 5.58
Dark 10 1010 3.08 0.95 7.94 3.13 15.17 1.83
Light 4 1986 1.12 0.21 12.94 1.7 65.14 4.95
7 2090 0.97 0.66 10.39 0.76 60.93 13.81
Diesel 10 2293 0.67 0.05 9.93 0.49 64.69 4.07
Dark 10 1722 2.07 0.15 2.82 1 16.3 155
Appendix Table A4.b. Molecular classifications of unique features in each treatment group. (Averages N=3)
Sample Composition . e;’tr;ife‘;e(#) UHO (%) Aliphatic (%)
Fuel Light Type Irradiation Period (days) Average gar;gggﬂ Average gﬁ/?:ggﬂ
Light 4 2483 1.33 0.33 24.73 7.24
Cook Inlet 7 2492 175 0.4 35.26 20.38
Crude Oil 10 2484 3.54 0.88 28.25 5.9
Dark 10 1010 16.33 7.13 57.48 6.34
Light 4 1986 157 0.46 19.21 6.24
7 2090 1.86 0.42 25.94 12.64
Diesel 10 2293 2.42 0.17 22.33 4.81
Dark 10 1722 26.85 5.48 51.96 4.69
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Appendix Table A5.a. Molecular classification (%), averages masses, and NOSC. (Averages N=3)

Sample Composition CA Aromatic ULO UHO
Fuel Light Type Ir%?gc)lion Average Sﬁ/?gﬁgﬂ Average gg;gggﬂ Average gg?gggﬂ Average [S)t;/ri]:g;?]
Light 4 4.89 0.17 11.32 0.37 46.63 3.95 6.65 0.35
Cook Inlet 7 431 0.82 10.79 0.92 47.23 2.05 6.9 0.87
Crude Oil 10 423 0.7 10.6 0.7 46.47 1.79 8.81 0.77
Dark 10 2.93 0.1 6.03 0.91 30.11 0.94 19.18 1.48
Light 4 3.07 0.3 9.46 0.96 46.73 1.22 7 1.04
7 2.98 0.86 8.8 1.24 48.53 0.61 6.63 0.97
Diesel 10 2.56 0.13 8.15 0.08 48.61 2.05 7.06 0.24
Dark 10 2.46 0.22 438 0.34 24.17 0.43 21.21 2.03
Appendix Table A5.b. Molecular classification (%), averages masses, and NOSC. (Averages N=3)
Sample Composition Aliphatic Na%ﬁginic ORI AK/TQ?? :
Fuel Light Type Ir%?gt);on Average gg?gg;ﬂ Average gzavr;gggi Average g‘g/?gggﬂ Average gﬁzgggﬂ
Light 4 28.72 3.99 1.79 0.17 -0.75 0.06 395.26 8.96
Cook Inlet 7 28.83 1.98 1.93 0.38 -0.78 0.06 407.46 23
Crude Oil 10 28.1 1.33 1.78 0.35 -0.72 0.04 426.22 10.97
Dark 10 39.8 0.75 1.95 0.1 -0.66 0.07 329.85 3.95
Light 4 31.77 33 1.96 0.1 -0.71 0.04 403.07 6.68
7 31.18 2.74 1.88 0.16 -0.72 0 413.17 20.49
Diesel 10 31.68 1.98 1.93 0.16 -0.73 0.01 436.11 9.35
Dark 10 46.11 1.81 1.66 0.13 -0.63 0.07 341.66 7.96

41




Appendix Table A6.a. PAH and oxyPAH concentrations.

Sample Composition Oxy-PAH
Phenanthrequinone s
q Anthraquinone
Irradiation
Fuel Light Type Period Average Star}da}rd Average Star)de}rd
Deviation Deviation
(days)
Light 1 ND -- ND -
Cook Inlet 4 ND -- 0.14 0.12
Crude Oil 7 0.11 0.1 0.21 0.01
10 0.13 0.11 0.19 0.16
Light 1 ND -- ND -
4 ND -- ND -
Diesel 7 ND -- ND -
10 ND -- ND -
Appendix Table A6.b. PAH and oxyPAH concentrations.
Sample Composition PAH
Naphthalene 1-Methylnaphthalene
Light Irrad i_ation Standard Standard
Fuel Tvoe Period Average Deviation Average Deviation
yp (days)
Light 1 2.42 2.28 17.12 4.76
Cook Inlet 4 0.36 0.32 7.39 4.86
Crude Oil 7 ND - 1.07 0.51
10 ND - 0.33 0.33
Light 1 15.49 19.01 60.44 62.49
4 8.58 0.97 0.18 0.16
Diesel 7 28.62 44.45 0.14 0.23
10 4.17 1.56 0.09 0.16
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Appendix Table A6.c. PAH and oxyPAH concentrations.

Sample  Composition PAH
2-
Methylnaphthalene Acenaphthene Fluorene
Irradiation
. - Standard Standard Standard
Fuel Light Type Period Average Deviation Average Deviation Average Deviation
(days)
Light 1 16.14 4.58 ND -- 0.8 0.03
Cook 4 6.74 457 ND - 0.45 0.09
Inlet
Cg‘i?e 7 1.24 0.33 ND - 0.18 0.16
10 0.61 0.22 ND -- 0.97 0.04
Light 1 125.15 136.23 1.96 1.26 1.56 0.97
4 0.7 0.12 0.06 0.11 0.54 0.27
Diesel 7 0.4 0.1 ND -- ND --
10 0.33 0.04 ND -- ND --
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Appendix Table A6.d. PAH and oxyPAH concentrations.

Sample Composition PAH
2,6-
Phenanthrene Dimethylnaphthalene Anthracene
Irradiation
. - Standard Standard Standard
Fuel Light Type Period Average Deviation Average Deviation Average Deviation
(days)
Light 1 15 0.09 0.7 0.24 0.1 0.18
Cook 4 1.73 0.14 0.54 0.29 0 0
Inlet
ngi‘lje 7 141 0.03 ND - 0.23 0.4
10 1.02 0.31 ND -- 0 0
Light 1 0.75 0.41 15.17 11.73 ND --
4 0.31 0.18 0.5 0.31 ND --
Diesel 7 0.09 0.08 ND -- ND --
10 0 0 ND -- ND --
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Appendix Table A6.e. PAH and oxyPAH concentrations.

Sample Composition
2,3,6- 1-
Trimethylnaphthalene RIS Methylpyrene
Irradiation
. - Standard Standard Standard
Fuel Light Type I?g;;/(;()i Average Deviation Average Deviation Average Deviation
Light 1 0.31 0.15 0.08 0.01 0.28 0.04
Cook Inlet 4 0.09 0.15 0.08 0.02 0.25 0
Crude Oil 7 ND -- 0.11 0.05 0.23 0.02
10 ND -- ND - ND --
Light 1 12.7 6.86 0.07 0.07 ND --
4 0.91 0.62 0.04 0.06 0.08 0.13
Diesel 7 ND -- ND - 0.06 0.11
10 ND -- 0.04 0.07 0 0

Appendix Table A7. Retention time, recoveries, and instrument parameters for oxyPAH method.

Name Transition Type RT (min) Recc()\’<|e=ré/) )

Average Standard Deviation
1-Naphthol 143.1->115.1 Target 19.8 73.8 124
2-Naphthol 143.1->115.1 Target 20.6 72,5 122
Phenanthrenequinone 208.1 -> 208.1 Target 22.3 69.3 13.6
Anthraquinone 208.1 -> 208.1 Target 26.9 24.8 7.7
1,4-Anthraquinone 208.1 -> 208.1 Target 30.4 79.5 13.7
1-Hydroxy-9,10-Anthraquinone 2241 ->224.1 Target 35.6 79.2 14.9
1,4-Chrysenequinone 258.1 ->258.1 Target 46 5.8 1.8
5,12-Naphthacenequinone 258.1 -> 258.1 Target 47.4 88.4 15.2
Benzanthraquinone 258.1 -> 258.1 Target 50.8 81.9 16.5




Appendix Table A8. oxyPAH gradient parameters.

Pump 1 Pump 2 (Post
(Column Column
Mobile lonization
Phase) Additives)
Time o o Flow Max Pressure Limit Time 9 o Flow Max Pressure Limit
(min) A () (mL/min) (bar) (min) AR =) (mL/min) (bar)
0 40 60 0.2 400 0 0 100 0 400
1 40 60 0.2 400 9.99 0 100 0 400
5 60 40 0.2 400 10 0 100 0.4 400
65 100 0 0.2 400 70 0 100 0.4 400
70 100 0 0.2 400 70.1 0 100 0.4 400
70.1 40 60 0.4 400
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Appendix Table A9. PAH gradient parameters.

Pump 1 Pump 2 (Post
(Column Column
Mobile lonization
Phase) Additives)
Time (min) A (%) B (%) Flow Max Pressure Time A (%) B (%) Flow Pr't\a/liﬁre
(mL/min) Limit (bar) (min) (mL/min) .
Limit (bar)
0 20 80 0.2 400 0 100 0 0 400
1 20 80 0.2 400 18.99 100 0 0 400
20 60 40 0.2 400 19 100 0 0.4 400
33 71 29 0.2 400 59.99 100 0 0.4 400
36 75 25 0.2 400 60 100 0 0 400
46 75 25 0.2 400
56 90 10 0.2 400
60 90 10 0.2 400
60.01 20 80 0.4 400
65 20 80 0.4 400
65.01 20 80 0.2 400
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Appendix Table Al10.a. Retention time and instrument parameters for PAH method

Compound Name Transition Type ISTD Compound Name Surroga’t\leacmc;mpound RT (min) (I;e;\;:cz\'(le:rg)
Average Star)da}rd
eviation
Naphthalene d8 136.0 -> 108.0 Surrogate Acenapthylene d8 15.8
Naphthalene 128.0 -> 102.0 Target Acenapthylene d8 Napthalene d8 16.2
Acenapthylene d8 160.0 -> 132.0 ISTD 18
Acenaphthylene 152.0 ->126.0 Target Acenapthylene d8 Napthalene d8 18.5
1-Methyl Naphthalene d10 152.0 -> 122.0 ISTD 19.9
1-Methyl Naphthalene 142.0->115.0 Target 1-Methyl Naphthalene d10 Acenapthene d10 20.5 96.3 7.8
2-Methyl Naphthalene 142.0->115.0 Target 1-Methyl Naphthalene d10 Acenapthene d10 21.2 1254 26
Acenaphthene d10 164.0 -> 162.0 Surrogate 1-Methyl Naphthalene d10 221
Acenaphthene 154.0 -> 153.0 Target 1-Methyl Naphthalene d10 Acenapthene d10 22.7 100.5 5
Fluorene d10 176.0 -> 174.0 ISTD 24
Fluorene 166.0 -> 165.0 Target Fluorene d10 Phenanthrene d10 246 95.8 4.8
Phenanthrene d10 188.0 -> 184.0 Surrogate Fluorene d10 26
9-methyl-9H-fluorene 180.1 -> 165.2 Target Fluorene d10 Phenanthrene d10 26.6 89.7 6.9
Phenanthrene 178.0 -> 176.0 Target Fluorene d10 Phenanthrene d10 27 97.3 14.9
2,6-Dimethylnaphthalene 156.0 -> 115.0 Target Fluorene d10 Phenanthrene d10 28.2
Anthracene 178.0 -> 176.0 Target Fluorene d10 Phenanthrene d10 30 94.2 53
Fluoranthene 202.0 ->200.0 Target Chrysene d12 Pyrene d10 331
2,3,6-Trimethylnaphthalene 170.2 -> 155.1 Target Chrysene d12 Pyrene d10 334
Pyrene d10 212.0->208.0 Surrogate Chrysene d12 33.9
9-methylanthracene 192.2->191.1 Target Chrysene d12 Pyrene d10 34.2 89.8 3.3
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Appendix Table A10.b. Retention time and instrument parameters for PAH method

Compound Name Transition Type ISTD Compound Name Surroga’t\leacmc;mpound RT (min) (I;e;\;:cz\'(le:rg)
Average Star)da}rd
eviation
Pyrene 202.0 -> 200.0 Target Chrysene d12 Pyrene d10 34.9 115.7 10.5
9,10-Dimethylanthracene 206.2 ->191.1 Target Chrysene d12 Benz(a)anthracene d10 38.8
1-Methylpyrene 216.2 -> 215.2 Target Chrysene d12 Benz(a)anthracene d10 423
Benz(a)anthracene d10 240.0 -> 236.0 Surrogate Chrysene d12 43.3
Benz(a)anthracene 228.0 -> 226.0 Target Chrysene d12 Benz(a)anthracene d10 445 955 5
Chrysene d12 240.0 -> 236.0 ISTD 44.9
Chrysene 228.0 -> 226.0 Target Chrysene d12 Benz(a)anthracene d10 46.3 99.3 6
Perylene d12 264.0 -> 260.0 Surrogate Chrysene d12 50.1
Benzo(a)pyrene 252.0 -> 250.0 Target Benzo(a)pyrene d12 Perylene d12 52
Benzo(a)pyrene d12 264.0 -> 260.0 ISTD 55.1
Benzo(b)fluoranthene 252.0 -> 250.0 Target Benzo(a)pyrene d12 Perylene d12 56.3 96.2 3
Benzo(k)fluoranthene 252.0 -> 250.0 Target Benzo(a)pyrene d12 Perylene d12 56.4 96.7 4.6
Benzo(ghi)perylene 276.0 -> 274.0 Target Benzo(a)pyrene d12 Perylene d12 61.3 93.7 5.8
Dibenzo(ah)anthracene 278.0 -> 276.0 Target Benzo(a)pyrene d12 Perylene d12 64 96.1 7.9
Indenopyrene 276.0 -> 274.0 Target Benzo(a)pyrene d12 Perylene d12 64.2 96.2 7
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