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ABSTRACT
Molecular biomarkers were first used in fossil fuel geochemistry, marking the beginning

of the organic geochemistry field, but soon their utilization expanded to environmental research.
This thesis uses both nonpolar and polar biomarker analysis of environmental samples to track
inputs, transport, and transformations of organic carbon in the marine environment. In the
second chapter, the results showed a massive accumulation of petroleum-derived compounds in
Gulf of Mexico sediments after the Macondo well blowout that reached a maximum in the fall of
2010, followed by a strong decrease in concentration. In the third chapter, increased levels of
energy reserve compounds (e.g. sugars) and n-alkanols were determined to be an indicator of
seasonal thermal stress that corals located in the Florida Keys were subjected to in 2000, and
possibly in previous years, providing a chemical distinction between bleaching resistant and non-

resistant zooxanthellae (a symbiotic dinoflagellate species that lives in the coral tissue).
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1. Biomarkers

The analytical technique of using molecular biomarkers to uncover information about
organic matter is one that has greatly expanded its applicability over eighty years of research.
Molecular biomarkers have beginnings in fossil fuel geochemistry though the term was not
coined until 1969 (Streibl and Herout). In 1936, Treibs found a diagenic link between
chlorophyll-a from living organisms and porphyrins in petroleum. This link elucidated the
organic origin of petroleum. From the 1950s through the 1970s, organic chemists used both low
and high resolution mass spectrometry (MS) to determine structures of natural products, marking
the beginning of the organic geochemistry field (Medeiros and Simoneit, 2007). The
development of biomarkers experienced a major advancement when gas chromatography (GC)
was coupled with the mass spectrometer, giving rise to the GC-MS. In this coupled instrument,
the GC separates the compounds and the MS acts as the detector, providing information about
the compound ions and fragment ions. At first this method was only applicable to nonpolar
compounds, but later different instrumentation and derivatization (mainly silylation of the polar
functional group) methods were introduced, which expanded the analytical window of the
biomarker technique (Medeiros and Simoneit, 2007). The development of derivatization meant

that polar compounds could be transformed into a GC-MS amenable fraction, opening an entirely



new realm of study. Molecular biomarkers could now be used for investigations of both
nonpolar and polar compounds, as well as studies on the fossil record (e.g. petroleum) and
studies of modern organic samples (e.g. fresh material produced by an algae bloom or the
terrestrial material transported from land to ocean).

Not only do molecular biomarkers provide the data to identify and quantify specific
compounds in a sample, but biomarkers also allow for the analysis of the organic origin of a
sample. This is due to the strong chemical signature left by flora, fauna, and microorganisms in
the distribution and relative abundances of organic compounds in the environment. For example,
a sample that shows a predominance of high molecular weight n-alkanes (C > 21) with an odd to
even carbon number preference in the carbon chain (Czs-Css) is likely influenced by major
terrestrial inputs (Simoneit, 1977). Additionally, the hopane series (biomarkers derived from
bacteria) provides an important tool used in environmental petroleum studies due to its resistance
to degradation throughout the geological time (Simoneit, 1984; Jaffé, 2003). Thus, molecular
biomarkers are not just useful for contamination studies, but are in fact applicable to numerous
environmental investigations of organic matter fate in the atmosphere (e.g.,Simonet and
Mazurek, 1982; Rogge et al., 1993; Fine et al., 2001; Killin et al., 2004), soils (e.g., Rohmer et
al., 1980; Zelles and Bai, 1993; Malosso et al., 2004), and sediments (e.g. Simoneit, 1977; Gofii
and Hedges, 1990; Hedges et al., 1997; Jaffe et al., 2001). Furthermore, this technique is
expanding to other disciplines such as the pharmaceutical industry (e.g., disease detection), food
industry (e.g., fraudulent alterations), and forensic science (e.g., crime investigation; Medeiros

and Simoneit, 2007).



2. Thesis Overview

All the work in this thesis is concerned with using organic compounds (i.e. molecular
biomarkers) to track inputs, transport, and transformations of organic carbon in the marine
environment. The progression of this thesis follows the development of biomarkers, thus chapter
two begins at the origin of organic geochemistry - nonpolar biomarkers used for the analysis of
petroleum-derived investigations. This chapter looks at the levels and distribution pattern of
petroleum derived compounds in Gulf of Mexico sediments following the catastrophic
Deepwater Horizon oil spill that occurred in April 2010. Sediment samples were collected to the
northwest of the Macondo well from approximately 20 days after the accident in 2010 to the
summer of 2013. The third chapter takes the thesis to the time after the development of
derivatization methods and therefore uses the analysis of polar biomarkers to examine the suite
of organic compounds found in coral tissue. The aim of this study is to characterize biomarker
indicators of stress and/or recovering conditions following a major bleaching event in 1997-1998
during the strongest El Nifio on record (McPhaden, 2015). Appendix A uses an extensive dataset
to look at the South Atlantic Bight system in order to investigate the seasonal evolution and
distribution of terrestrial dissolved organic matter (DOM) across the continental shelf and to
assess the mechanisms controlling terrestrial DOM distribution and potential importance of
degradation processes. Although this appendix does not use molecular biomarkers, it uses an
advanced mass spectrometry technique, Fourier Transform lon Cyclotron Resonance (FT-ICR)
mass spectrometry, along with bulk carbon measurements such as total dissolved organic carbon
(DOC), stable carbon isotope (5'*C), and chromophoric dissolved organic matter (CDOM). This

Appendix demonstrates the power of using different techniques with different analytical



windows in order to get a full picture of a system, a growing approach used in conjunction with

biomarkers to better understand complex environmental processes.
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CHAPTER 2

HYDROCARBON COMPOSITION AND LEVELS IN THE GULF SEDIMENTS WITHIN 3

YEARS FOLLOWING THE MACONDO WELL BLOWOUT!

'Babcock-Adams, L., Chanton, J. P., Joye, S. B. & Medeiros, P. M. To be submitted to Environ.

Sci. Technol.



Abstract

In 2010, the Macondo well blowout in the northern Gulf of Mexico resulted in an
unprecedented release of oil into the water column at a depth of approximately 1500 m. Surface
and subsurface sediments were collected to the northwest of the well from 2010 to 2013 for
molecular biomarker and carbon isotopic analyses. The time series of surface sediments showed
a clear pattern: total concentrations of n-alkanes, unresolved complex mixture (UCM), and
petroleum biomarkers (terpanes, hopanes, steranes) increased from May to September 2010,
peaking in November 2010, and strongly decreased in the subsequent years. The hydrocarbon
concentrations were corroborated by higher organic carbon contents, more depleted A*C values
and biomarker ratios similar to those of the initial MC252 crude oil reported in the literature.
These results indicate that at least part of the submerged oil plume observed in the first stages
after the accident sedimented on the seafloor in the subsequent months, resulting in an apparent
accumulation of hydrocarbons by the end of 2010. In the following years, oil-derived biomarker
concentrations strongly decreased and geochemical parameter signatures of oil input were not as
clear as before. Sediment resuspension and transport in the deep sea may have contributed to the
redistribution of sedimented oil-fallout after the Macondo well spill. In addition, overlying
deposition of organic matter from multiple sources may further lead to the dilution of oil

signatures in those sediments.

1. Introduction

The Gulf of Mexico (GoM) is a prolific hydrocarbon basin encompassing an area of 1.6 x
10° km?. At least 22,000 natural seeps exist in the GoM (Joye et al., 2014), releasing in up to
604,150 liters of oil per year (MacDonald, 1998). These largely diffuse and variable oil inputs

pale in comparison to the focused discharge generated through the 2010 Macondo blowout. The



catastrophic explosion and sinking of the Deepwater Horizon drilling rig at the MC252 Macondo
well site in April 2010 released 650 million liters of oil (Bianchi et al., 2014) into the northern
GoM during an 86-day period. The blowout resulted not only in a massive, but also an
unprecedented release of oil into the water column at a depth of approximately 1500 m. This
intense, localized input of oil was roughly 15 times the total input from natural seeps across the
entire GoM ecosystem (Joye et al., 2014). Previous oil discharges into the deep sea were from
sunken ships with finite cargos (NRC, 2002) or from well blowouts at depths within the oceanic
mixing layer such as the Ixtoc | exploratory well in the Bay of Campeche, Gulf of Mexico,
considered the largest oil spill in the history of oil exploration (Jernelév and Lindén, 1981) until
the Macondo accident.

Nearly 7 million liters of dispersants were applied to the oil in an effort to protect the
Gulf’s ecologically sensitive coastlines, with about 3 million of which applied directly to the
wellhead at a depth of 1544 m (Hazen et al., 2010; Schmidt, 2010). A subsurface layer of oil
between approximately 1000 m and 1400 m deep was first detected in May 2010, less than a
month after the explosion (Schrope, 2010). Several teams of researchers confirmed the presence
of a large and deep plume extending at least as far as 13 km to the west of the wellhead during
later research cruises in the Gulf (Camilli et al., 2010; Schmidt, 2010; Valentine et al., 2010). To
some degree, subsurface plumes may arise from intense physical pressures at the mile-deep
wellhead, which breaks the oil into droplets that never reach the surface; however, underwater
use of dispersants may also play a part by shaping the oil into smaller droplets (Schmidt, 2010;
Schrope, 2010). While observations of the presence of subsurface oil have been made in
conjunction with both natural (Harvey et al., 1979) and human-induced releases (e.g., Boehm

and Fiest, 1982; Johansen et al., 2003), studies of subsurface distributions of oil and its chemical



components in deep waters remain limited, particularly for a release of the magnitude of the
Deepwater Horizon event. Much of what happens to chemically dispersed oil at sea remains a
mystery. The rate at which it binds to sediments, how quickly it breaks down in the ocean, how it
is taken up by undersea organisms, and what sorts of by-products are created when microbes
degrade it are mostly unknown (NRC, 2005). However, after the spill, studies on the interactions
between dispersed oil and microbes have started revealing important findings on the
biodegradation of oil versus dispersed oil (e.g., Kleindienst et al, 2015; Seidel et al., 2015). More
recently, it has been suggested that the oil initially suspended in deep waters settled to the
underlying seafloor (Valentine et al., 2014; Chanton et al., 2015).

Here, we present time series data from the three years following the Macondo oil spill
(2010-2013) that tracks the composition and levels of oil-derived hydrocarbons in deep
sediments collected in the Gulf of Mexico. We used a multi-tracer approach encompassing oil-
derived molecular biomarkers and carbon isotopic analyses in order to elucidate the temporal and

spatial oil distribution and depositional characteristics to the northwest of the Macondo well.

2. Experimental Methods

2.1. Sample Location and Collection

Sediment samples were collected mostly to the northwest of the Macondo well (Figure
2.1) using multi-cores during multiple research cruises to the Gulf of Mexico: May, September,
and late November 2010, July 2011, 2012, and 2013. The sampling site located to the southeast
of the well was our control site. Immediately after collection, sediments were sliced in 3 cm
layers, placed in pre-cleaned glass jars with Teflon lids, and stored frozen at -20°C until lab

analyses. Here, we present the results of surface (0-3 cm) and sub-surface (3-6 cm) sediments.
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2.2. Extraction and Analyses

2.2.1. Oil-Derived Hydrocarbons

The analytical procedure summarized below is based on UNEP (1991) and Medeiros and
Bicego (2004). Hydrocarbons were extracted from dried and ground sediment samples (~ 10 g)
with a mixture of hexane:dichloromethane (1:1, v/v) using accelerated solvent extraction (ASE
350, Dionex) at 100°C and 1000 psi (3 static cycles). The extracts were concentrated in a
RapidVap (solvent evaporation system) to about 3 mL, then fractionated into aliphatic and
aromatic hydrocarbons using a column of alumina and silica-gel, and gradient solvents as eluent:
n-hexane and 3:1 dichloromethane:hexane for aliphatic and aromatic fractions, respectively.
Fractionated extracts were concentrated again to ~ 5 mL, and then further to 1 mL using a stream
of ultra-high purity nitrogen. Here, we report results for the aliphatic fraction containing n-
alkanes, isoprenoids, petroleum biomarkers (hopanes, terpanes, and steranes), and UCM
(unresolved complex mixture); analyses of aromatic hydrocarbons are underway and will be
reported elsewhere. Sediment extracts were analyzed by GC-MS with an Agilent 6890 gas
chromatograph interfaced with an Agilent 5973 mass selective detector (MSD). The injector and
ion source temperatures were set to 280 °C and 230 °C, respectively. A DB5-MS capillary
column (30 m x 0.25 mm i.d. and film thickness of 0.25 um, Agilent) was used with helium as
the carrier gas. The GC operating program consisted of injection (splitless) at 50 °C, hold for 1
min, temperature increase of 5 °C min™ to 300 °C, followed by an isothermal hold at 300 °C for
10 min. The MSD was operated in the electron impact mode with an ionization energy of 70 eV
and scan range from 50 to 650 Da. In addition to the full scan mode, selected samples were
analyzed for petroleum biomarkers using selected ion mode (SIM) for specific mass to charge

ratios (m/z) of 191.
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Data were acquired and processed with the HP-Chemstation software. Individual
compounds were identified by comparison of mass spectra with literature and library data,
comparison of mass spectra and GC retention times with those of authentic standards and/or
interpretation of mass spectrometric fragmentation patterns. Compounds were quantified using
the total ion current (TIC) peak area, and converted to compound mass using calibration curves
of external standards: n-eicosene (Sigma-Aldrich) for n-alkanes, isoprenoids, and UCM; 178,
21B-hopane (Chiron Laboratories) for petroleum biomarkers (terpanes, hopanes, steranes). A
procedural blank was run in sequence to sediment samples, which presented no significant

background interferences.

2.2.2. Bulk Organic Carbon Contents and Isotopic Compositions

Prior to analysis, key sediment samples were treated with 10% HCI to remove
carbonates, rinsed, freeze-dried, and ground. Samples were then analyzed for percent organic
carbon (%0C), and 8"3C and A'C signatures. The first two analyses were performed on a Carlo
Erba elemental analyzer coupled to a Delta XP Thermo Finnigan isotope ratio mass
spectrometer. Results are presented relative to VPDB (5'°C = (Rsam/Rstd — 1) x 1000, where R
=13¢C/*C) and the standard is known relative to NBS-19 (Chanton at al., 2015). The analytical
precision is +0.1%o or better. Sediments for **C analysis were combusted and purified CO,
samples (water vapor and noncondensable gases were removed by cryogenic separation on a
vacuum line) were prepared as graphite targets and analyzed by accelerator mass spectrometry at
the National Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS). Values are
reported according to the A notation. The A notation normalizes the radiocarbon content of a

sample to nominal 8*3C value (—25%o) and the collection time point. The scale is linear and starts

12



at —1000%o when a sample has undetectable levels of **C, which represents petroleum residue
(Chanton et al., 2015). The *C blanks were generally between 1.2 and 5 pg of C, producing a
negligible effect on samples which were over 1200 pg of C. The analysis of 17 replicate

sediment samples yields an average analytical reproducibility of £6.5%o.

3. Results and Discussion

Table 2.1 gives the total concentrations of n-alkanes (ranging from Cyo to Cgg), isoprenoids
(pristane and phytane), petroleum hydrocarbons (terpanes, hopanes and steranes) and unresolved
complex mixture (UCM) for surface and sub-surface sediment samples collected from 2010 to
2013, as well as their bulk total organic carbon contents (%OC) and isotopic values (5*°C and
A™C). Concentrations of all individual compounds found in this study are shown in Supporting

Tables 2.S1 and 2.S2.

3.1. Total Organic Carbon and Hydrocarbon Biomarkers

Total organic carbon percentages for all sediments ranged from 0.9 to 2.2%, with higher
contents found in the surface samples collected in September and November 2010 (1.7% OC on
average; Table 2.1). These sediments presented ~20% more OC than those collected in May
2010 (1.4%) and subsequent years (1.3%). Interestingly, while all other subsurface sediments
had on average 1.3% OC, subsurface sediments collected in September and November 2010 had
higher OC contents, ranging from 1.2 to 1.8% OC (1.5% on average), indicating an additional
source input of OC to these sediments during these months that was detected not only on the top

(0-3 cm), but also down core (3-6 cm).

13



3.1.1. Aliphatic Hydrocarbons
Resolved aliphatic hydrocarbons consisted mainly of C15-Cgg n-alkanes with total n-

alkane concentrations ranging from 534 to 6159 ng g for surface and from 325 to 1415 ng g™
for subsurface sediments (Tables 2.1 and 2.S1). The time series of surface sediments showed a
clear pattern: total n-alkane concentrations progressively increased from May to September,
peaking in November 2010, and strongly decreased in the subsequent years (Figure 2.2A; Table
2.1). In general, the short-chain n-alkane (C < 21) distributions had no significant odd/even
carbon number preferences (CPlyg.21 ~ 1.0) for most sediments in both the surface and
subsurface, suggesting fossil fuel inputs as an important source for these locales (Mazurek and
Simoneit, 1984). The long-chain (C > 23) n-alkane profiles prevailed and accounted for > 50%
of the total n-alkanes in most samples. The dominant peaks (Cmax) occurred mainly at Cyg or Cg;
with an elevated odd to even carbon number preference, as reflected in the high CPl,3.35 values
(mostly > 2.5), especially for the subsurface samples (Table 2.1). This pattern is characteristic of
higher plant waxes (Eglinton and Hamilton, 1967) and, thus reveals the occurrence of prominent
terrestrial inputs to these sediments. These sampling sites are located to the NW of the Macondo
well (see Figure 2.1), and therefore, the terrigenous signature in these sediments may be due to
the influence of the Mississippi and Atchafalaya Rivers. However, relatively lower CPl,3.35
values (average 1.8) were detected in surface sediments collected in September and especially
those collected in November 2010, which is indicative of oil derived hydrocarbons, mixing with
the terrigenous OC, thus lowering the CP1 values.

Total n-alkanes found in the samples represented only a minor amount of the total aliphatic
hydrocarbons. The majority of the compounds present in the aliphatic fraction are molecules that

cannot be resolved by capillary GC columns and termed UCM (Unresolved Complex Mixture).
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The UCM was present in all sediment samples encompassing > 80% of the total aliphatic
hydrocarbon concentrations. Lowest UCM values were present in the control and most
subsurface sediments, as well as in May 2010 top sediments (Table 2.1). The May collection
occurred 20 days after the explosion of the Macondo rig, when research vessels could not
approach the area surrounding the well. The UCM concentrations followed a similar pattern
observed for the n-alkanes with a more prominent increase from May to September, and a huge

peak in November 2010, and a progressive decrease afterwards (Figure 2.2B).

3.1.2. Petroleum Biomarkers

The terpane, hopane and sterane series were determined in the GC-MS data by
monitoring m/z 191 and 217 + 218, respectively. Petroleum-related hopanes are resistant to
environmental alteration and, therefore, can be used to detect oil input in recent sediments even
after fairly extensive degradation has occurred, and/or in the presence of an overwhelming
abundance of biogenic compounds (Bouloubassi et al., 2001). Their composition is usually
characteristic for sources of petroleum allowing for their use as a source identifier of petroleum
inputs (Peters and Moldowan, 1993). Hopanes were the most abundant petroleum biomarker
series analyzed ranging from C,7 to Css (Table 2.S1). The major identified compounds had the
thermodynamically stable 17a(H),21B(H) configuration, maximizing at the C30 homologue,
supporting the petrogenic origin of the hydrocarbons of those sites (Philp, 1985; Peters and
Moldowan, 1993). Extended hopanes (C > 31) were also present as pairs of the C-22
diastereoisomers (22R, 22S), which also typifies petrogenic material (Aboul-Kassim and
Simoneit, 1996). The total hopane concentrations ranged between 36 and 1572 ng g™ (Table

2.1). The presence of the tricyclic terpanes (ranging from C,; to Cyg), an important geochemical
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tracer occurring in most crude oils, and tetracyclic terpanes (from Cy4 to Cyg), derivatives of
hopanes (Aquino Neto et al., 1983), is a further indication for an input of oil derived
hydrocarbons at these sites. Steranes and diasteranes are also useful biomarker indicators for
petroleum input in urban coastal areas (e.g., Grimalt et al., 1990; Aboul-Kassim and Simoneit,
1996) and were detected in all samples analyzed. While diasteranes had 13f,17a configuration,
steranes were had mainly the 50,143,178 and minor 5a,14a,17a configurations, both occurring
as 20S and 20R epimers. The total sterane concentrations in the study area ranged between 10
and 1128 ng g™ (Table 2.1).

Identically to n-alkanes and UCM, higher concentrations for all petroleum biomarkers were
observed in surface samples, especially for September and November 2010 collections
particularly at stations close to the well (Figure 2.2C). Station #1 in November presented
approximately 20 times more total petroleum biomarkers than subsurface sediments collected at

this locale.

3.2. Organic Geochemical Ratios

In order to better understand the source, distribution and extent of biodegradation of the
oil-derived compounds identified and quantified in the sediment samples collected from 2010 to
2013, we used specific biomarker ratios and carbon isotopic compositions. Geochemical ratios
have been applied successfully to characterize and elucidate molecular changes in oil compounds
subjected to various environmental processes (e.g., Aboul-Kassim and Simoneit, 1996; Natter et

al., 2012).
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3.2.1. Biomarker Ratios

Pristane (2,6,10,14-tetramethylpentadecane) and phytane (2,6,10,14-
tetramethylhexadecane) are products of geologic alteration of phytol and other isoprenoidyl
natural products, and are not primary constituents of most terrestrial biota (Peters and
Moldowan, 1993). In uncontaminated sediments, the ratio pristane/phytane (Pr/Ph) is higher than
1, typically between 3 and 5 (Steinhauer and Boehm, 1992). Sediments had Pr/Ph ratios ranging
from 0.94 to 2.2, with values lower than or close to 1 observed for samples collected in
September and November 2010 (Figure 2.3A), indicating mainly an oil source.

The extent of biodegradation was determined using the individual concentrations of
pristane/Cy7 and phytane/Cg since bacteria generally attack n-alkanes before the isoprenoids
pristane and phytane (Peters et al., 2005). It was clear that the oil that reached our sediment
samples in September 2010 had been subjected to biodegradation to some extent reflected in the
high ratios of both pristane/Cy7 (Figure 2.3B) and phytane/C;g (Figure 2.3C). In November
2010, though, when the highest concentrations were observed for all petroleum biomarkers, both
ratios strongly decreased to values similar to those found in the subsequent collections. This
result indicates that further degraded oil was collected by the end of 2010 with the posterior
biodegradation of pristane and phytane following the n-alkanes. Since isoprenoids are subject to
removal as degradation advances, we used specific petroleum biomarkers as parameters for
identifying source correlations of oil compounds as cyclic biomarkers resist biodegradation
(Peters et al., 2005). Biomarker ratios of selected parameters (e.g., Ts/Tm, 24Tri/23Tri,
C29/C30) have been used to correlate solvent extracts of oiled samples with BP crude oil
(Rosenbauer et al., 2010; Natter et al., 2012). Unfortunately, we did not have access to initial BP

crude oil, therefore we used parameter ratios of selected biomarkers associated with initial BP
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crude oil available in the literature. The ratios of selected parameters of m/z 191 terpane and
hopane biomarkers agreed well with those found in Natter et al. (2012) for both BP crude oil and
sediment samples. Ts/Tm (Ts/Tm = 18a-22,29,30-trisnorneohopane/17a-22,29,30-trisnorhopane)
ratios of our samples varied from 0.687 to 1.086 for surface, and from 0.466 to 1.543 for
subsurface sediments (see individual compound concentrations in Tables 2.S1 and 2.S2). The
closest values to initial BP crude oil ratio (1.070; Natter et al., 2012) were found in surface
samples collected in September and November 2010 (Ts/Tm = 1.024 on average, Figure 2.4A).
Lower ratios compared to BP crude oil were observed for other time collections similar to
sediments analyzed by Natter et al. (2012). Similar results were obtained for 24Tri/23Tri
(24Tri/23Tri = C24 tricyclic terpane/C23 tricyclic terpane), C29/C30 (C29/C30 = 170,21B(H)-
30-norhopane/170,21B(H)-hopane) and 35S/34S (35S/34S = 170,21p(H)-pentakishomohopane
(22S)/170,21p(H)-tetrakishomohopane (22S)) ratios presenting values more similar to BP crude
oil in the fall of 2010 (Figures 2.4B,C,D, respectively). These biomarker ratios indicate BP
crude oil as a likely source for the apparent input of oil-derived compounds to our sediments

observed in September and November 2010.

3.2.2. Carbon Isotopic Composition

Stable (8*3C) and radiocarbon (A'*C) isotopic measurements were conducted in
sediments in order to better elucidate source inputs to these samples. Before the spill, the likely
sources of organic matter to the seafloor included recent photosynthetic production at the
surface, sediments and POC from Mississippi and Atchafalaya Rivers, organic materials from
natural seeps, and material from upslope that was advected downward (Chanton et al., 2015).

After the Macondo blowout, this natural background sediment organic matter was superimposed
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by an overlying layer of sediment containing fossil petrocarbon. BP MC252 oil has a §*C value
of -27 £ 0.2%o (Natter et al., 2012), comparable to other reported values (-26.6 t0 -33.0%o) of
crude oils from different reservoir rocks in the Gulf of Mexico (Stahl, 1977; Macko et al., 1981),
as well as with the values observed in sediments sampled at GC600, a natural seep (-26.5 £
0.8%o), measured in this study. Sediment isotopic values varied from 8*3C = -20.3 to -23.1%o and
AYC = -144.2 to -484.5%o in the 0-3 cm interval (Table 2.1). The mean value for surface
samples is §'°C = -21.3%o which is identical to the mean value reported for Gulf sediments by
Chanton et al. (2015), but slightly enriched relative to the values found in station #1 in
September and November 2010 (5'*C = -23.1%o). As mentioned previously, these samples
presented higher concentrations of petroleum biomarkers (Figure 2.2), which could explain the
relatively more depleted 5'*C values. However, this is difficult to affirm due to other OC sources
potentially influencing the isotopic composition of these samples. For example, POC associated
with the outflow from the Mississippi River has been reported to range from §°C = -23.3 to -
26.0%o (Roseinheim et al., 2016), masking the oil signatures. **C is a more powerful tool to trace
oil input to the sediments than stable isotope composition because of the greater range in **C
composition between oil and potentially more modern natural sources of carbon to the sediments.
In fact, the most depleted A*C values were observed in September and November 2010 surface
samples at stations closer to the well (#1 and #2, Table 2.1). Whereas the mean value for A¥*C
previous and after the fall 2010 collections is -220.9%o., surface sediments collected in September
and November 2010 at those stations had A*C ranging from -210.1 to -484.5%o (-281.6%o on
average). These values are more depleted than those reported for the Mississippi River POC
(A*C -86 t0 -223%o, Roseinheim et al., 2016) as well as for the subsurface sediments (mean

AY™C -269%o) (Table 2.1). These results indicate the deposition of radiocarbon depleted
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petrocarbon within the 0-3 cm interval in the fall 2010 especially at stations closer to the well,

corroborating the hydrocarbon data.

3.3. Temporal Changes in Hydrocarbon Distribution and Levels in the Gulf Sediments

Our data showed that there was a prominent input of oil-derived compounds to the
sediments located to the northwest of the Macondo well in 2010. Our collections captured a
progressive increase in concentrations of n-alkanes, UCM and the petroleum biomarkers
(terpanes, hopanes and steranes) from May to September 2010, peaking in November 2010 at
stations closer to the well. Interestingly, hydrocarbon levels in May 2010 (sediments sampled
approximately 20 days after the accident) were comparable to those observed for collections
conducted in 2011 to 2013. This may be due to the fact that we could not approach the well at
that time for seafloor sediment collection. The biomarker results were corroborated by more
depleted A™C values indicating petrocarbon inputs to the same surface samples and biomarker
ratios similar to those of the initial MC252 crude oil reported in the literature. Since a deep
subsurface layer of oil was first reported in May to the northwest of the well (Camilli et al.,
2010; Schrope, 2010), our results indicate that at least part of this oil plume sedimented on the
seafloor in the subsequent months being reflected in our results in September (when a ~5-cm
fresh flocculated layer was visible on the top of our cores collected in the NW of the well,
probably a result of sinking oil-particle aggregates; Ziervogel et al., 2014), and in November,
reflecting the accumulation of an apparent oil deposition by the end of 2010. In the following
collection conducted in July 2011, oil-derived biomarker concentrations strongly decreased and
geochemical parameter signatures of oil inputs were not as clear as before. Not even a more

pronounced UCM was observed as would be expected in the subsequent years as biodegradation
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advances with time. Bottom nepheloid layers (BNLs) in the deep sea transport and remobilize
considerable amounts of particulate matter (Ziervogel et al., 2015). Such resuspension had been
proposed as a possible mechanism for the redistribution of sedimented oil-fallout after the
Deepwater Horizon spill (Ziervogel et al., 2015), thus diluting its signature. In addition,
overlying deposition of OC from multiple sources (e.g., Mississippi River, algal blooms, etc.)
makes the understanding on the fate of Macondo oil on surface sediments even more

challenging.

4. Conclusions

Collectively, our results showed increasing concentrations of oil-derived compounds in
surface samples collected in the NW of the Macondo well approximately 5 months after the
blowout. The subsurface oil plume observed in the first stages of the spill seemed to start
sedimenting on the seafloor by September 2010 increasing the concentrations of n-alkanes,
petroleum biomarkers, UCM, and total organic carbon contents with the concomitant depletion
of A™C values. These parameters peaked by late November indicating that oil-particle
aggregates continued to settle in the fall 2010. However, a different scenario was observed for
the subsequent collections in July 2011-2013 with a strong dilution of petrocarbon signatures in
the surface sediments including oil-derived biomarker concentrations and isotopic data,
presenting values much closer to those observed in May 2010 and subsurface sediments. Strong
resuspension and lateral transport in the deep sea may be the primary cause for the redistribution

of sedimented oil fallout from the Macondo spill.

21



Figures and Tables
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Figure 2.1. Location of sediment samples collected during multiple cruises in the northern Gulf
of Mexico: May, September, and late November 2010, July 2011, 2012, and 2013. Red cross
shows location of Macondo well blowout.
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Table 2.1. Total aliphatics and petroleum biomarkers, and bulk measurements for surface and subsurface sediments
collected in the Gulf of Mexico from 2010 to 2013.

Month/Year-Station
Surface sediments
May/2010 - #2
May/2010 - #3
May/2010 - #4
May/2010 - #5
September/2010 - #1
September/2010 - #2
September/2010 - #3
September/2010 - #4
September/2010 - #5
September/2010 - #6
November/2010 - #1
November/2010 - #2

November/2010 - #3
November/2010 - #4
July/2011 - #1
July/2011 - #2
July/2011 - #6
July/2012 - #1
July/2012 - #2
July/2012 - #3
July/2013 - #1
July/2013 - #2
July/2013 - #3

Aliphatics Petroleum Biomarkers Bulk measurements
n-Alkanes CPI®° Cp.’ UCM® Terpanes Hopanes  Steranes oc &% a"cC
(ngg”) (g g™) (hgg™  (gg™) (gg?) (%)  (%0) (%)
1765.2 27 C; 32161 27.2 277.0 84.1 19 -208 -1794
864.7 25 Cy 18541 5.3 86.9 19.4 1.0 -204 -207.7
1604.4 2.5 Css 26417 29.6 258.2 75.1 15 -208 -192.8
1155.6 2.7 Css 16134 11.9 148.8 38.4 1.2 -205 -2215
2440.3 1.8 Cs; 84679 61.2 399.1 168.3 14 -23.1 -2904
1825.3 1.3 Cs; 54341 39.4 262.6 136.0 16 -21.3 -3114
1230.6 2.0 Css 93175 37.0 266.7 143.0 22 212 -2675
1538.3 24 Cy 63259 46.5 349.0 118.6 19 -221 -2164
1731.4 2.5 Cs; 66972 49.9 374.7 149.1 1.8 -223 -225.6
489.5 1.9 Cs; 5452 5.0 46.0 9.6 1.2 -208 -246.5
6158.9 11 Cs3 461241 338.0 1572.2 1128.1 1.8 -23.1 -4845
3456.8 1.8 Cs; 217990 146.2 793.0 444.8 18 -21.1 -210.1
3156.3 1.8 Cs; 105779 81.2 694.3 273.3 15 -21.7 na’
2501.8 14 Css 65441 47.2 347.8 201.0 1.6 -21.1 na
2006.3 14 Cgy 89931 70.4 291.4 184.0 11 -21.3 -276.4
865.8 3.0 Csy 170599 64.3 199.9 100.2 20 -215 -2195
534.4 4.1 Cyo 10894 12.6 62.3 17.7 1.2 -211 na
2765.0 2.8 C,y 118567 92.8 316.9 92.4 1.0 -20.7 -273.8
1622.3 2.0 Cs; 80302 515 251.6 98.9 11 -20.3 -187.6
1334.6 2.8 Cy 34461 29.2 122.8 37.6 1.0 -204 na
3063.6 15 Cs1 132544 85.2 424.7 225.7 21 -21.0 -209.8
13721 5.0 C, 102854 50.6 387.1 162.1 12 -216 -185.1
1216.0 34 Cy 26247 31.2 242.8 132.4 1.3 -21.8 -196.8
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July/2013 - #6

Subsurface sediments
May/2010 - #2
May/2010 - #3
May/2010 - #4
May/2010 - #5
September/2010 - #1
September/2010 - #2
September/2010 - #3
September/2010 - #4
September/2010 - #5
September/2010 - #6
November/2010 - #1
November/2010 - #2
July/2011 - #1
July/2011 - #2
July/2011 - #6
July/2012 - #1
July/2012 - #2
July/2012 - #3
July/2013 - #1
July/2013 - #2
July/2013 - #6

639.3

1415.6
940.8
1320.3
1249.5
608.8
689.8
1414.7
957.0
1217.6
942.8
1004.8
639.9
480.1
394.0
432.4
476.8
324.7
425.2
1070.9
667.1
399.1

3.9

3.2
3.9
3.1
3.0
21
3.4
3.4
3.4
4.3
2.5
2.5
35
3.0
45
5.3
2.4
4.3
2.7
3.4
3.9
4.7

19764

8877
4879
9649
8877
53387
46328
33936
16501
18703
5327
49841
25637
26131
5963
10894
7241
5985
4657
53438
29764
9750

18.2

5.1
4.2
8.3
5.1
34.4
16.6
23.9
16.7
115
1.9
37.2
20.7
21.8
15.9
12.0
8.7
16.2
10.3
33.3
215
15.9

92.8

77.6
44.4
78.7
78.4
273.4
188.9
144.1
76.4
87.1
355
158.6
102.1
90.7
39.3
46.7
46.4
53.6
43.6
226.2
163.5
67.3

421

25.1
17.7
24.3
25.1
96.4
57.2
66.7
26.7
34.0
10.3
66.0
27.7
73.5
53.1
41.2
42.5
38.4
41.2
119.4
51.0
49.6

1.1

1.3
1.1
1.2
1.1
1.6
1.5
1.8
1.5
1.7
1.2
1.6
1.4
1.1
1.2
0.9
1.0
1.1
1.2
1.6
1.5
0.9

-21.1

-21.0
-20.4
-20.8
-20.5
-20.6
-21.2
-21.0
-21.4
-22.3
-20.2
-21.1
-20.9
-20.5
-21.3
-20.6
-20.7
-20.2
-20.6
-20.7
-21.7
-20.7

-144.2

na
na
na
na

-265.8
na
na
na
na
na

-271.3
na
na
na
na
na
na
na
na
na
na

Carbon Preference Index - CPly3 3, OCmax = dominant peak; ‘UCM = Unresolved Complex Mixture.

%na = not analyzed.
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Figure 2.2. Total concentrations of n-alkanes, UCM, and petroleum biomarkers in surface and
subsurface sediments in the Gulf of Mexico. Bars are color coded according with timing of
sampling. Scale is shown on the top right corner of each panel in orange. Numbers on top panels
are CPIs, which are defined on the bottom right corner of the top panels. Red cross shows
location of Macondo well blowout.
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Figure 2.3. Ratios Pristane/Phytane, Pristane/n-C,7, and Phytane/n-C,g in top sediments in the
Gulf of Mexico. Bars are color coded according with timing of sampling. Scale is shown on the
top right corner of each panel in orange. Horizontal line on top panel indicates a ratio = 1. Red
cross shows location of Macondo well blowout.
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Figure 2.4. Ratios Ts/Tm (18a(H)-22,29,30-trisnorneohopane/17a-22,29,30-trisnorhopane),
24Tri/23Tri (C24 tricyclic terpane/C23 tricyclic terpane), C29/C30 (17a,21B(H)-
norhopane/170,21B(H)-hopane) and 35S/34S (17a,21B(H)-pentakishomohopane
(22S)/170,21p(H)-tetrakishomohopane (22S)) in top sediments in the Gulf of Mexico. Bars are
color coded according with timing of sampling. Scale shown on the top right corner of each
panel in orange indicates characteristic value of BP crude oil (Natter et al., 2012). Horizontal
orange line in each panel also indicates the characteristic value of BP crude oil for reference. Red
cross shows location of Macondo well blowout.
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Table 2.S1a. Concentration (ng g™) of aliphatic and petroleum biomarkers found in surface sediments collected in the Gulf of Mexico
in 2010.

May 2010 September 2010 November 2010
Class #2 #3 #4 #5 #1 #2 #3 #4 #5 #6 #1 #2 #3 #4
Individual compound
n-Alkanes
n-Decane 10.7 16.2 16.1 12.3 14.5 16.1 17.8 12.4 18.4 5.4 - - - -
n-Heneidecane 17.4 17.5 21.9 28.1 16.4 17.7 11.6 7.9 12.7 5.5 - - - -
n-Dodecane 18.3 16.6 25.9 29.2 16.5 18.1 114 11.9 12.2 5.2 9.4 - - -
n-Tridecane 16.9 13.7 18.5 19.4 14.3 17.1 10.0 11.4 10.5 4.1 15.4 10.0 25.4 28.2
n-Tetradecane 28.0 28.1 39.1 39.7 27.1 24.6 21.2 18.7 18.6 8.5 20.9 19.3 38.2 35.7
n-Pentadecane 24.5 19.8 35.7 28.0 44.7 27.2 26.1 21.1 30.4 8.0 41.0 35.3 55.8 28.3
n-Hexadecane 14.0 13.3 26.6 18.9 21.1 22.6 18.0 13.0 13.4 4.1 68.3 74.5 32.2 33.7
n -Heptadecane 16.8 14.6 26.5 16.8 30.3 22.1 20.7 12.9 20.3 3.6 148.4 101.9 67.4 33.2
Pristane 9.5 10.4 15.8 11.9 60.5 25.7 33.7 12.7 25.8 29 155.4 91.9 71.6 36.8
n-Octadecane 11.8 10.1 18.2 12.9 23.2 16.8 17.2 9.5 13.7 2.1 136.7 80.0 59.3 35.9
Phytane 6.5 5.0 9.1 6.8 44.4 26.3 35.8 10.9 24.9 2.5 146.0 93.7 65.5 37.4
n-Nonadecane 14.0 11.1 16.9 13.2 28.8 31.0 12.1 16.8 16.1 3.6 106.7 55.9 39.9 41.9
n-Eicosane 23.2 13.8 38.9 19.8 34.8 44.0 18.8 18.6 14.4 9.4 91.7 57.4 459 55.1
n-Heneicosane 22.8 14.2 19.7 22.9 37.1 41.6 19.7 271.8 31.9 6.7 76.4 78.1 48.2 52.7
n-Docosane 27.4 17.0 20.8 19.7 46.4 54.6 235 34.5 34.1 15.9 57.2 75.2 57.5 65.7
n-Tricosane 41.3 20.2 28.6 26.1 48.0 62.2 24.4 42.8 41.1 10.5 80.8 83.0 59.1 73.3
n-Tetracosane 33.8 14.4 23.2 18.5 434 58.0 19.6 56.3 39.1 8.4 74.2 76.0 54.5 68.9
n-Pentacosane 63.4 28.6 48.5 38.3 71.5 60.9 41.4 56.5 72.3 12.9 108.6 120.8 82.6 72.0
n-Hexacosane 39.7 18.6 28.7 24.8 67.4 65.9 27.8 26.7 32.1 12.7 121.8 92.5 78.5 76.8
n -Heptacosane 113.2 55.7 94.6 75.3 127.6 77.8 74.5 118.4 134.2 29.8 157.0 267.1 238.7 88.9
n-Octacosane 70.8 28.7 51.7 40.2 94.0 78.0 40.0 80.5 68.8 20.4 133.6 157.5 105.4 88.8
n-Nonacosane 303.0 117.1 225.1 168.0 317.9 174.7 158.2 247.0 275.0 69.2 245.8 394.1 428.9 285.7
n-Triacontane 72.6 31.2 60.6 43.1 191.0 120.1 53.4 95.9 95.7 23.5 425.7 167.4 292.0 231.1
n -Hentriacontane 335.8 136.2 269.0 184.8 413.6 187.4 192.0 293.4 326.8 86.1 861.9 422.9 524.6 298.4
n-Dotriacontane 67.6 28.5 60.9 33.2 126.3 113.1 61.8 71.1 108.2 29.0 903.9 287.9 247.3 224.1
n-Tritriacontane 119.7 56.2 132.5 65.9 176.9 120.2 79.7 112.7 129.8 28.4 916.3 391.9 287.9 231.2
n-Tetratriacontane 39.4 21.5 43.8 24.8 111.0 94.5 53.7 25.4 27.8 15.0 658.0 226.9 111.0 104.7
n -Pentatriacontane 72.2 29.1 59.0 41.7 95.9 86.5 57.2 40.4 51.1 154 444.3 181.3 101.0 97.6
n -Hexatriacontane 41.8 22.4 43.9 25.8 64.1 71.1 42.3 16.1 27.1 12.0 254.7 - 75.2 82.2
n -Heptatriacontane 60.2 28.4 56.8 36.2 81.1 56.7 38.8 20.5 335 12.7 - - - 67.8
n -Octatriacontane 44.8 21.7 52.8 28.0 55.6 44.6 37.8 18.0 21.7 21.1 - - - -
Total n-Alkanes 1765.2 864.7 1604.4 1155.6 2440.3 1825.3 1230.6 1538.3 1731.4 4895 6158.9 3456.8 3156.3 2501.8
CPlp3.39 2.7 2.5 2.5 2.7 1.8 13 2.0 2.4 2.5 1.9 11 18 1.8 1.4
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Tricyclic terpanes
C,y-tricyclic
Cys-tricyclic
C,4-tricyclic
Cys-tricyclic
Cye-tricyclic (S)
Cye-tricyclic (R)
C,g-tricyclic
C,g-tricyclic
Tetracyclic terpanes
C,4-tetracyclic
C,g-tetracyclic
C,q-tetracyclic

Total Tri + Tetracyclic terpanes

Pentacyclic triterpanes or Hopanes
18a(H)-22,29,30-Trisnorneohopane (Ts)
17a(H)-22,29,30-Trisnorhopane (Tm)
170.,21B(H)-Norhopane
178,21a(H)-Norhopane
170,21B(H)-Hopane
170,21B(H)-Homohopane (22S)
170,21B(H)-Homohopane (22R)
170,21B(H)-Bishomohopane (22S)
17a.,21B(H)-Bishomohopane (22R)
17a,21B(H)-Trishomohopane (22S)
170.,21B(H)-Trishomohopane (22R)
170.,21B(H)-Tetrakishomohopane (22S)
170,21B(H)-Tetrakishomohopane (22R)
170,21B(H)-Pentakishomohopane (22S)
170.,21B(H)-Pentakishomohopane (22R)
Total Pentacyclic triterpanes

Steranes + Diasteranes
13B,17a(H)-Diacholestane (20S)
13B,17a(H)-Diacholestane (20R)
Sa,14a,17a(H)-Cholestane (20S)
13B,17a(H)-Ethyldiacholestane (20S)
50,140,170(H)-Cholestane (20R)

1.6
4.0
3.0
3.2
35
2.6
11
1.9

3.2

21

1.0
27.2

6.5
7.6
545
8.8
69.6
32.6
214
18.0
15.0
14.2
7.5
7.4
5.6
5.2
3.3
277.0

6.2
3.3
7.6
12.1
1.6

0.3
0.5
0.4
0.5
0.4
0.4
0.2
0.4

13
0.7
0.2
53

15
17
10.8
14
15.8
7.6
6.1
6.1
4.1
8.6
35
7.8
4.9
5.4
1.6
86.9

1.0
0.6
1.9
21
0.7

1.2
35
2.6
2.7
44
3.6
0.9
17

55

2.8

0.7
29.6

7.5
7.9
49.5
9.0
66.3
29.0
193
18.5
14.7
13.2
7.1
6.4
4.0
35
2.2
258.2

5.2
3.0
5.2
9.2
4.9

1.0
2.0
15
11
1.0
0.9
0.5
1.0

14

1.0

0.5
11.9

3.4
4.0
26.6
3.7
36.9
16.2
115
1.1
7.6
10.2
4.5
4.6
3.7
2.9
1.9
148.8

2.4
13
3.0
4.9
11

3.4
7.3
6.8
7.2
8.4
12.5
13
1.2

9.4

2.6

11
61.2

12.8
12.2
575
151
100.1
45.9
34.2
26.8
19.8
19.7
13.7
14.3
11.8
10.8
4.5
399.1

13.8
9.2
13.7
26.3
3.9

35

4.0
5.2
5.0
3.4
35
3.4
11
17

7.9

3.7

0.5
39.4

7.3
7.0
49.9
3.8
85.9
24.2
16.8
15.7
11.5
14.3
7.4
7.2
41
55
2.0
262.6

7.1
4.6
7.3
20.9
3.1

31
4.9
5.0
4.8
29
4.2
20
2.3

31

2.8

21
37.0

3.0
29
40.1
7.8
67.9
30.7
27.2
24.6
13.6
13.3
10.3
9.7
5.7
7.5
2.3
266.7

7.5
3.2
9.3
21.9
3.5

2.9
8.4
7.6
6.8
34
4.3
21
0.9

6.9

2.8

0.5
46.5

14.1
14.0
54.3
16.5
92.6
37.1
29.9
26.3
14.4
12.6
8.0
10.3
8.4
7.7
2.7
349.0

8.7
55
8.1
17.9
24

4.6
7.9
71
59
53
4.7
18
25

7.0

2.0

11
49.9

14.1
14.1
66.3
14.0
111.7
38.5
29.4
24.7
11.3
13.6
9.3
9.2
7.4
7.0
4.1
374.7

13.7
7.2
8.5
235
4.7

0.4
0.4
35

0.2

0.4
0.2
5.0

0.7
0.7
5.6

11.7
5.2
3.9
33
25
2.8
1.9
2.6
2.3
18
0.9
46.0

53.6
735
711
62.8
415
17.7

12.5
53

338.0

75.8
69.8
273.8
473.5
165.1
123.4
105.3
73.4
69.6
43.3
34.9
24.7
285
11.2

1572.2

49.6
28.4
47.1
207.4
57.3

15.2
26.7
25.6
24.5
18.0
7.7

285

146.2

53.6
51.2
138.7
235.2
72.3
53.1
43.6
313
27.2
18.0
245
16.9
19.8
7.7
793.0

20.1
13.2
16.4
94.7
10.0

44
8.3
7.8
8.2
9.4
22.5
2.3
2.2

10.4
3.6
21

81.2

23.9
23.3
118.6
26.2
200.1
56.8
453
37.9
29.9
29.8
24.8
27.4
229
219
5.6
694.3

24.9
10.3
24.8
37.4
4.8

5.0
6.2
6.0
44
55
4.4
21

8.9
4.7

47.2

8.4
8.1
59.8
4.9
97.0
35.2
27.9
26.8
22.6
254
8.5
8.3
5.2
6.6
3.1
347.8

8.2
5.7
8.4
31.8
4.2



13B,17a(H)-Ethyldiacholestane (20R)
Sa,14a,17a(H)-Methylcholestane (20S)
Sa,14B,17p(H)-Methylcholestane (20R)
Sa,14B,17p(H)-Methylcholestane (20S)
Sa,14a,17a(H)-Methylcholestane (20R)
Sa,140,17a(H)-Ethylcholestane (20S)
5a,14B,17p(H)-Ethylcholestane (20R)
5a,14p,17p(H)-Ethylcholestane (20S)
Sa,14a,170(H)-Ethylcholestane (20R)
Total Steranes + Diasteranes

Total Petroleum Biomarkers

8.9
4.9
35
6.2
19
9.6
7.7
5.4
5.0

84.1

388.3

UCM (Unresolved Complex Mixture, pg g?) 32161

18
0.9
0.8
0.9
0.9
2.6
21
1.2
21
19.4

111.6

18541

7.8
3.0
3.0
4.5
2.0
8.7
8.1
5.7
4.9
75.1

362.9

26417

3.6
2.3
17
3.0
14
4.9
3.9
2.2
2.6
38.4

199.1

16134

151
8.4
8.1
11.2
4.3
18.6
14.0
10.3
114
168.3

628.5

84679

17.7
6.3
8.5
8.0
5.4
14.0
11.7
9.7
11.8
136.0

438.0

54341

20.1
51
6.8
7.5
4.9
20.1
12.6
9.6
111
143.0

446.7

93175

11.8
8.7
51
8.7
2.9
133
12.1
7.8
5.9
118.6

514.1

63259

151
8.1
6.6
9.7
5.1
15.6
12.2
9.8
9.4
149.1

573.6

66972

14
0.7
0.5
0.7
0.4
18
12
0.6
0.9
9.6

60.6

5452

177.6
19.5
69.7
61.2
40.5
105.4
105.1
74.2
85.0

1128.1

75.0
11.0
225
24.0
14.5
46.6
40.6
26.6
29.7
444.8

26.2
9.5
9.2
22.3
54
29.7
24.9
214
225
273.3

3038.3 1384.0 1048.7

461241 217990 105779

28.8
7.4
9.6
9.1
6.5
24.9
22.8
10.8
22.9
201.0

596.0

65441
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Table 2.S1b. Concentration (ng g™*) of aliphatic and petroleum biomarkers found in surface sediments collected in the Gulf of Mexico
from 2011 to 2013.

July 2011 July 2012 July 2013
Class #1 #2 #6 #1 #2 #3 #1 #2 #3 #6
Individual compound
n-Alkanes
n-Tetradecane - - - - - - 94.5 - - -
n -Pentadecane - - - 47.2 - - 126.0 375 15.7 2.7
n-Hexadecane 22.3 20.6 6.6 136.1 28.7 20.2 128.9 86.2 18.9 14.6
n -Heptadecane 30.5 35.4 10.7 101.4 54.0 60.7 108.1 83.2 21.7 29.5
Pristane 9.6 18.6 3.6 19.9 16.5 27.0 14.9 10.8 11.1 7.4
n-Octadecane 19.3 29.0 4.9 128.2 51.7 55.7 84.0 78.4 11.6 17.2
Phytane 8.7 16.8 1.8 16.3 13.6 21.2 11.0 6.9 5.9 4.0
n-Nonadecane 16.2 18.2 10.8 131.0 46.0 64.3 57.2 44.0 29.2 29.1
n -Eicosane 23.6 17.6 18.5 140.3 52.1 717 122.0 63.9 28.6 61.9
n -Heneicosane 29.0 25.9 15.1 151.3 45.1 53.0 51.8 425 36.9 30.2
n-Docosane 32.2 21.6 12.2 119.7 53.4 52.2 40.9 31.3 32.6 23.4
n-Tricosane 38.4 24.5 20.0 101.9 41.1 48.2 45.4 45.3 35.5 30.9
n -Tetracosane 23.1 18.0 12.0 91.3 29.2 38.3 40.0 25.7 29.0 21.5
n -Pentacosane 40.8 34.4 29.4 150.6 45.8 66.1 101.2 735 45.4 35.1
n -Hexacosane 28.1 21.7 14.1 94.0 33.3 43.6 64.5 34.7 32.7 24.2
n -Heptacosane 88.9 84.8 61.9 264.2 94.7 115.8 168.4 142.6 95.8 65.2
n-Octacosane 46.4 29.6 23.9 99.7 45.2 50.3 113.8 35.6 38.6 15.9
n-Nonacosane 184.1 135.1 118.6 384.8 176.8 186.0 257.9 251.2 246.1 112.3
n-Triacontane 158.3 39.4 17.0 65.3 100.2 53.0 192.9 31.0 48.4 16.0
n -Hentriacontane 332.8 137.9 98.8 269.8 257.3 178.4 369.8 164.1 248.9 79.9
n -Dotriacontane 252.1 38.2 14.7 83.0 140.6 40.2 284.9 29.2 49.2 10.6
n -Tritriacontane 269.2 80.9 37.6 148.7 171.9 85.6 363.7 109.6 91.9 21.9
n -Tetratriacontane 174.0 27.3 7.5 53.5 89.0 27.3 209.2 - 38.3 -
n -Pentatriacontane 127.0 25.8 - 50.4 66.1 24.0 159.4 - 36.8 -
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n -Hexatriacontane
Total n-Alkanes

CPl 2336

Tricyclic terpanes

C,y-tricyclic

Cys-tricyclic

C,,-tricyclic

Cs-tricyclic

Cye-tricyclic (S)

Cye-tricyclic (R)

Tetracyclic terpanes
C,4-tetracyclic

Total Tri + Tetracyclic terpanes

Pentacyclic triterpanes or Hopanes
18a(H)-22,29,30-Trisnorneohopane (Ts)
170(H)-22,29,30-Trisnorhopane (Tm)
17a,21B(H)-Norhopane
170,21B(H)-Hopane
170,21B(H)-Homohopane (22S)
17a,21B(H)-Homohopane (22R)
170,21B(H)-Bishomohopane (22S)
170.,21B(H)-Bishomohopane (22R)
170,21B(H)-Trishomohopane (22S)
17a,21B(H)-Trishomohopane (22R)
170,21B(H)-Tetrakishomohopane (22S)
170,21B(H)-Tetrakishomohopane (22R)
Total Pentacyclic triterpanes

70.1

2006.3

1.4

7.6
13.4
14.2
12.7
7.4
3.8

11.4
70.4

13.7
14.4
58.1
89.8
29.9
19.8
19.2
14.2
12.3
9.4

53

52

291.4

865.8

3.0

5.9
11.4
11.0
12.8
8.5
3.2

115
64.3

7.9
8.2
51.0
721
17.5
16.8
10.8

199.9

534.4
41

16
17

0.9
0.5

7.9
12.6

9.3

10.2
10.4
13.2

62.3

38

2765.0 1622.3 1334.6

2.8

12.6
10.2
10.2

6.4

535
92.8

15.9
15.7
64.9
99.4
36.2
28.9
12.5
20.6
22.7

316.9

2.0

59
7.7
7.3
8.2
6.2
2.1

141
515

11.6
12,5
52.2
75.2
25.6
18.8
15.0
10.9
10.6
6.6
6.2
6.3
251.6

2.8

5.1
4.4
5.0

2.3
0.6

11.8
29.2

4.0
4.3
21.8
28.0
155
153
13.6
7.9
12.3

122.8

99.5

3063.6 1372.1 1216.0

15

8.5
11.6
13.0
11.4
9.3
3.2

28.3
85.2

14.4
15.0
87.7
127.6
50.7
40.9
19.0
29.4
28.9
10.2
0.5
0.4
424.7

5.0

8.1
8.2
6.8
4.0
2.0

215
50.6

40.9
40.6
51.0
84.8
35.9
34.7
79.1
9.6
9.9

387.1

3.4

6.1
54
5.0

3.3
1.6

9.8
31.2

9.0
9.3
61.0
78.1
28.6
16.8
21.9
10.6
7.5

242.8

639.3
3.9

3.3
31
2.9

9.0
18.2



Steranes + Diasteranes
13p,17a(H)-Diacholestane (20S)
13p,17a(H)-Diacholestane (20R)
50,14a,170(H)-Cholestane (20S)
13B,17a(H)-Ethyldiacholestane (20S)
50,14a,170(H)-Cholestane (20R)
13B,17a(H)-Ethyldiacholestane (20R)
Sa,140,17a(H)-Methylcholestane (20S)
50,14p3,17B(H)-Methylcholestane (20R)
50,14B,17B(H)-Methylcholestane (20S)
Sa,140,17a(H)-Methylcholestane (20R)
5a,14a,170(H)-Ethylcholestane (20S)
50,143,17B(H)-Ethylcholestane (20R)
50,14p3,17B(H)-Ethylcholestane (20S)
5a,140,17a(H)-Ethylcholestane (20R)
Total Steranes + Diasteranes

Total Petroleum Biomarkers

4.2
2.4
8.9
41.9
3.6
26.5
51
9.5
9.7
7.5
20.1
17.9
12.2
14.5
184.0

545.9

UCM (Unresolved Complex Mixture, pug g™) 89931

7.5
3.9
5.6
21.9
2.7
117
11
5.0
41
15
17.4
7.2
5.2
5.6
100.2

364.4

0.5
0.3

3.0
17
1.2
0.6
2.6
2.3
2.1
19
15

17.7

92.6

170599 10894

6.6
3.6
4.7
16.2
5.0
9.0
2.0
3.9
49
2.1
11.0
9.5
7.8
6.1
92.4

502.1

118567 80302

3.2
2.5
4.9
24.0
2.8
12.1
3.2
4.8
4.6
4.3
12.3
8.0
4.8
7.3
98.9

401.9

1.8
2.3
4.6
5.8
3.1
2.5
1.8
17
4.7
3.8
2.2
3.2
37.6

189.5

34461

12.1
49
6.9
46.2
6.1
44.9
9.9
7.4
141
8.0
215
16.3
117
15.7
225.7

735.6

132544 102854 26247

13.2
117
11.2
16.8
11.2
14.5
13.6
13.0

15.9
15.4
13.3
12.3
162.1

599.8

8.0
5.3
10.0
24.8
8.6
15.4
5.8
7.7
9.0
5.3
9.1
10.0
6.8
6.5
132.4

406.4

3.2
17
1.2
6.8
1.2
4.5
3.6
3.0

59
5.4
3.3
2.3
42.1

153.1

19764

39



Table 2.52a. Concentration (ng g™*) of aliphatic and petroleum biomarkers found in sub-surface sediments collected in the Gulf of
Mexico in 2010.

May 2010 September 2010 November 2010
Class #2 #3 #4 #5 #1 #2 #3 #4 #5 #6 #1 #2
Individual compound
n-Alkanes
n-Decane 51.5 45.2 195.3 226.4 25.0 26.5 36.4 41.1 0.0 27.6 - -
n-Heneidecane 21.7 9.4 23.3 30.1 8.2 10.7 14.4 8.0 13.7 15.8 - -
n-Dodecane 21.4 11.6 21.4 28.0 8.0 9.9 12.7 9.5 11.1 12.4 9.1 6.4
n-Tridecane 17.1 11.8 16.0 19.3 6.1 8.0 10.4 8.2 10.1 9.3 7.4 7.1
n-Tetradecane 29.5 26.7 27.9 42,5 12.5 13.0 17.6 14.3 13.7 16.6 6.9 8.9
n -Pentadecane 19.1 21.4 21.8 30.0 10.5 16.1 22.3 16.4 22.3 16.6 55 5.6
n-Hexadecane 12.7 15.8 14.4 22.3 6.7 9.4 12.2 9.5 9.7 8.0 19.1 6.8
n -Heptadecane 125 17.2 14.3 19.2 6.4 10.2 10.9 10.0 12.4 9.1 9.5 9.2
Pristane 6.9 12.2 7.4 12.2 9.0 8.5 9.3 10.4 15.9 4.5 7.5 6.8
n-Octadecane 9.0 12.8 10.5 16.8 7.6 5.6 7.2 6.3 7.6 7.8 8.3 4.6
Phytane 3.8 6.5 4.5 8.1 8.2 4.8 6.1 6.3 8.3 3.5 6.1 5.8
n-Nonadecane 11.0 135 10.5 13.4 6.0 9.2 154 11.2 11.8 9.8 18.1 11.1
n -Eicosane 12.3 14.2 10.6 13.0 17.1 14.4 19.9 16.5 5.6 17.3 22.2 12.0
n -Heneicosane 17.1 20.2 15.4 17.1 13.0 10.5 19.7 30.9 20.4 17.6 31.7 13.1
n-Docosane 17.2 17.3 14.8 17.2 26.0 11.0 19.0 42.8 19.8 29.1 24.5 10.7
n-Tricosane 35.4 24.9 23.7 27.0 12.7 19.2 324 18.3 25.1 311 31.3 14.5
n-Tetracosane 22.5 17.0 16.1 19.0 10.8 12.1 24.5 14.3 17.6 24.5 22.1 10.4
n-Pentacosane 61.0 37.1 40.6 40.9 16.9 26.8 52.3 26.5 42.1 38.5 43.8 23.5
n-Hexacosane 34.5 22.8 23.3 24.9 10.3 16.8 30.2 15.6 21.3 28.8 24.1 13.2
n -Heptacosane 129.2 71.4 83.7 77.2 34.5 54.7 103.9 60.4 89.2 67.3 97.1 58.9
n-Octacosane 50.6 34.6 41.3 34.1 18.7 26.7 56.0 27.2 44.0 39.0 40.8 22.1
n-Nonacosane 222.1 154.6 196.3 147.0 73.3 1185 263.8 151.8 263.2 134.1 126.4 110.1
n-Triacontane 62.1 32.1 38.8 31.2 26.7 25.2 58.5 29.1 44.6 39.2 55.1 25.4
n -Hentriacontane 240.4 165.2 213.0 163.9 90.5 128.8 287.1 172.6 294.1 149.7 139.2 1145
n -Dotriacontane 38.3 20.5 36.1 24.3 31.8 17.3 39.4 27.9 37.5 27.2 53.1 20.6
n-Tritriacontane 108.8 51.2 75.6 55.6 37.4 38.5 90.6 75.3 91.3 54.7 85.7 57.3
n -Tetratriacontane 20.5 0.0 16.6 16.7 19.7 8.4 22.6 18.9 13.8 20.5 40.2 12.4
n -Pentatriacontane 40.0 225 31.0 27.6 22.2 15.2 49.9 29.7 33.0 24.9 28.4 16.2
n -Hexatriacontane 255 12.6 17.4 16.9 16.7 7.3 20.6 23.2 11.2 21.2 22.4 13.8
n -Heptatriacontane 44.7 28.2 32.1 22.7 16.7 10.2 38.5 23.7 16.3 24.3 18.9 15.9
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n-Octatriacontane
Total n-Alkanes

CPI (23-38)

Tricyclic terpanes
C,,-tricyclic
C,s-tricyclic
C,y-tricyclic
Cys-tricyclic
Cys-tricyclic (S)
Cye-tricyclic (R)
Cog-tricyclic
Cyg-tricyclic
Tetracyclic terpanes
C,,-tetracyclic
C,s-tetracyclic
C,q-tetracyclic

Total Tri + Tetracyclic terpanes

Pentacyclic triterpanes or Hopanes
18a(H)-22,29,30-Trisnorneohopane (Ts)
17a(H)-22,29,30-Trisnorhopane (Tm)
170.,21p(H)-Norhopane
178,21a(H)-Norhopane
170.,21p(H)-Hopane
170.,21p(H)-Homohopane (22S)
170.,21p(H)-Homohopane (22R)
170.,21B(H)-Bishomohopane (22S)
170,21B(H)-Bishomohopane (22R)
170.,21B(H)-Trishomohopane (22S)
170.,21B(H)-Trishomohopane (22R)
170.,21B(H)-Tetrakishomohopane (22S)
170.,21B(H)-Tetrakishomohopane (22R)
170.,21B(H)-Pentakishomohopane (22S)
170.,21B(H)-Pentakishomohopane (22R)
Total Pentacyclic triterpanes

27.8
1415.6
3.2

0.5
0.5
0.3
0.7
0.3
0.5

2.0
0.3

51

35
7.1
10.5
54
16.6
9.1
5.8
5.2
3.2
3.0
2.5
21
15
1.3
0.8
77.6

9.1
940.8
3.9

0.3
0.5
0.5
0.3
0.5
0.4
0.2
0.3

0.7
0.3
0.1
4.2

11
18
6.5
2.2
10.2
4.0
33
2.3
1.8
2.3
1.6
35
0.6
25
0.8
44.4

38.5 253
1320.3 12495
31 3.0
0.5 0.7
1.0 0.9
1.0 0.8
0.7 0.4
0.8 0.3
0.5 0.3
0.4 0.4
0.7 0.3
12 0.6
11 0.4
0.3 -
8.3 51
1.9 33
3.9 7.1
133 10.5
2.5 5.4
22.5 17.6
7.5 9.1
5.8 5.8
51 5.2
3.3 3.2
3.0 3.0
2.6 25
2.3 21
1.9 15
1.6 1.3
15 0.8
78.7 78.4

41

16.9
608.8
2.1

17
6.1
5.9
3.1
2.8
3.6
13
0.9

5.6

2.7

0.5
34.4

9.3
14.6
37.3
12.0
65.3
311
221
21.0
13.8
14.0
8.5
8.9
5.7
6.6
31
273.4

9.7
689.8
3.4

0.9
2.2
2.3
17
1.7
18
0.4
11

23

1.6

0.6
16.6

5.9
10.8
28.5
12.2
50.6
24.6
17.9
9.9
8.4
6.8
3.9
3.5
1.9
2.8
13
188.9

26.2
14147

3.4

2.2
3.3
3.3
3.4
14
3.0

6.3
1.0

23.9

4.7
8.6
211
7.9
37.1
18.3
14.0
12.0
7.2
5.2
25
1.9
13
11
13
1441

175
957.0
3.4

0.5
4.2
3.9
14
0.7
0.8
0.6

3.8
0.8

16.7

1.4
2.1
111

20.1
7.9
9.4
3.8
4.0
6.4
3.1
3.9
3.3

76.4

15.2
1217.6
4.3

0.9
14
15
0.9
1.0
0.9
0.0
0.5

2.5

0.7

12
115

2.0
3.8
10.9
6.1
213
11.2
7.2
5.8
4.7
3.7
2.7
3.1
1.8
2.4
0.5
87.1

20.7
942.8
2.5

0.5
0.6
0.3

0.2
0.3

1.9

0.8
17
7.4
9.8
4.1
2.8
25
2.1
2.2
1.0
0.8
0.3

35.5

13.8
1004.8
25

2.9
5.2
4.9
53
3.8
2.2

12.8

37.2

6.1
7.0
25.3
37.9
15.9
17.5
111
8.1
6.5
4.2
8.6
35
6.9

158.6

12.7
636.9
35

2.3
3.2
3.2
34
2.8
0.7

5.0

20.7

4.2
53
14.8
21.4
8.4
9.2
55
4.7
55
6.3
7.2
4.2
55

102.1



Steranes + Diasteranes
13B,17a(H)-Diacholestane (20S)
13B,17a(H)-Diacholestane (20R)
Sa,140,17a(H)-Cholestane (20S)
13B,170(H)-Ethyldiacholestane (20S)
Sa,140,170(H)-Cholestane (20R)
13B,170(H)-Ethyldiacholestane (20R)
5a,140,17a(H)-Methylcholestane (20S)
50,14p3,17B(H)-Methylcholestane (20R)
5a,14B,17p(H)-Methylcholestane (20S)
Sa,140,170(H)-Methylcholestane (20R)
Sa,140,170(H)-Ethylcholestane (20S)
5a,14B,17p(H)-Ethylcholestane (20R)
5a,14B,17p(H)-Ethylcholestane (20S)
Sa,14a,170(H)-Ethylcholestane (20R)
Total Steranes + Diasteranes

Total Petroleum Biomarkers

UCM (Unresolved Complex Mixture, pg g™)

1.0
0.8
17
2.0
14
1.3
34
11
3.0
19
1.8
2.2
0.9
2.6

25.1

107.8

8877

0.8
0.6
0.9
17
1.0
14
14
0.8
13
1.0
21
17
1.0
21

17.7

66.2

4879

14
0.7
14
2.8
1.2
2.0
1.8
14
2.5
12
2.3
24
11
2.3
24.3

111.3

9649

1.0
0.8
17
2.0
14
1.3
34
11
3.0
1.9
18
2.2
0.9
2.6
251

108.6

8877

8.9
55
4.8
16.3
2.2
10.5
5.2
4.1
6.4
2.5
10.0
8.3
5.9
5.7
96.4

404.2

53387

3.8
2.3
4.6
7.4
14
5.7
4.3
2.1
4.2
1.9
6.7
5.5
3.0
4.3
57.2

262.7

46328

53
3.1
3.9
9.6
2.0
6.6
4.4
35
4.1
2.6
7.2
5.8
4.0
4.5
66.7

234.8

33936

13
0.8
2.1
3.9
0.6
2.6
13
15
16
12
3.0
25
2.0
2.3
26.7

119.8

16501

5.1
2.3
4.7
12
2.1
1.9
1.2
7.5
3.2
2.3
2.5
34.0

132.7

18703

15
1.0
0.8
0.6
0.7
0.6
15
14
0.9
13
10.3

47.7

5327

3.6
1.9
3.2
11.8
31
85
14
3.8
43
2.5
7.6
6.1
3.8
4.6
66.0

261.8

49841

17
13
18
4.4
21
33
0.6
11
19
05
3.2
24
1.7
17
27.7

150.5

25637

42



Table 2.52b. Concentration (ng g™) of aliphatic and petroleum biomarkers found in sub-surface sediments collected in the Gulf of
Mexico from 2011 to 2013.

July 2011 July 2012 July 2013
Class #1 #2 #6 #1 #2 #3 #1 #2 #6
Individual compound
n-Alkanes
n-Tetradecane - 2.8 - - - - - - -
n -Pentadecane 13.3 9.3 - 6.1 7.4 7.3 18.1 2.7 -
n -Hexadecane 3.7 3.0 5.5 9.9 1.3 6.9 435 14.6 4.1
n -Heptadecane 334 15.5 9.6 17.9 16.4 18.9 70.5 29.5 18.2
Pristane 45.9 24.7 19.7 35.7 29.7 49.1 48.6 45.3 44.8
n -Octadecane 28.5 11.9 7.7 15.5 13.1 15.7 45.8 42.2 21.9
Phytane 40.0 185 115 22.1 19.4 22.1 35.8 38.7 30.5
n-Nonadecane 24.7 13.8 9.7 16.2 10.2 12.8 35.3 29.1 15.5
n -Eicosane 26.6 13.6 13.5 20.4 9.7 17.0 32.9 61.9 16.6
n -Heneicosane 26.8 15.3 10.1 22.4 13.2 19.0 45.9 30.2 18.4
n-Docosane 23.7 10.5 7.2 18.7 9.2 15.3 315 23.4 15.7
n-Tricosane 30.4 21.0 15.0 10.4 17.0 7.0 49.5 30.9 24.4
n-Tetracosane 19.1 12.7 9.0 20.9 125 175 271.2 215 15.7
n-Pentacosane 40.1 40.0 25.4 46.4 35.4 43.0 75.9 35.1 32.2
n-Hexacosane 18.5 13.7 9.1 23.3 10.6 19.9 335 24.2 14.0
n -Heptacosane 60.7 76.7 52.9 74.0 60.9 70.6 115.6 65.2 52.3
n-Octacosane 19.1 14.3 18.9 22.6 9.6 19.2 34.0 15.9 12.7
n-Nonacosane 64.5 72.6 108.6 74.8 61.9 71.4 155.9 112.3 75.3
n-Triacontane 13.1 7.6 12.0 17.4 7.2 14.0 54,5 16.0 7.4
n -Hentriacontane 21.7 23.9 85.8 30.8 19.9 27.4 132.4 79.9 46.0
n -Dotriacontane 5.7 6.3 9.7 17.3 5.8 13.9 21.5 10.6 0.8
n -Tritriacontane 6.5 9.4 22.6 11.6 3.4 8.2 47.4 21.9 1.7
Total n-Alkanes 480.1 394.0 4324 476.8 3247 425.2 1070.9 667.1 399.1
CPl 23.33) 3.0 4.5 5.3 2.4 4.3 2.7 3.4 3.9 4.7
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Tricyclic terpanes

C,y-tricyclic

Co5-tricyclic

C,,-tricyclic

Cys-tricyclic

Cye-tricyclic (S)

Cye-tricyclic (R)

Tetracyclic terpanes
C,,-tetracyclic

Total Tri + Tetracyclic terpanes

Pentacyclic triterpanes or Hopanes
18a(H)-22,29,30-Trisnorneohopane (Ts)
170(H)-22,29,30-Trisnorhopane (Tm)
170,21B(H)-Norhopane

170,213 (H)-Hopane
170,21B(H)-Homohopane (22S)
170,213 (H)-Homohopane (22R)
170,21B(H)-Bishomohopane (22S)
170,213 (H)-Bishomohopane (22R)
170,21B(H)-Trishomohopane (22S)
170,213 (H)-Trishomohopane (22R)
170,21B(H)-Tetrakishomohopane (22S)
170,21B(H)-Tetrakishomohopane (22R)
Total Pentacyclic triterpanes

Steranes + Diasteranes

13B,17a(H)-Diacholestane (20S)
13pB,170(H)-Diacholestane (20R)
50,140,17a(H)-Cholestane (20S)

2.7
3.4
3.5
2.9
2.8
0.9

5.5
21.8

4.1
4.3
16.4
24.2
8.1
6.3
6.4
4.8
5.2
4.3
3.9
2.8
90.7

3.9
2.9
6.5

2.1
3.2
3.7
18
2.1
14

1.6

15.9

4.9
5.1
5.8
8.0
4.4
3.4
2.0
15
1.8
1.2
13

39.3

4.3
3.3
5.3

1.9
1.6
1.7
2.1
0.9
0.5

3.3

12.0

6.4
7.2
7.4
9.2
4.6
3.9
2.7
2.0
1.9
14

46.7

2.5
3.3
6.6
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1.2
11
1.2
11
15
0.8

1.7
8.7

4.2
4.9
8.5
13.3
4.2
3.1
2.6
2.5
18
13

46.4

2.5
2.7
3.4

2.3
3.5
3.6
18
2.1
13

1.6
16.2

5.1
6.3
8.2
10.3
5.8
4.8
4.3
3.2
31
2.6

53.6

2.5
2.1
4.3

11
11
13
13
2.1
1.6

18

10.3

3.3
3.5
5.4
7.6
5.3
4.8
4.5
3.2
3.6
2.4

43.6

3.1
2.2
2.8

7.5
5.0
4.9
3.9
3.3
31

5.6
33.3

24.7
24.5
25.9
37.3
27.3
24.4
15.6
11.3
10.8
9.3
8.6
6.5
226.2

8.0
5.3
10.0

3.3
3.1
3.1
2.5
2.7
18

5.1
21.5

6.5

6.8

30.7
43.2
18.2
15.2
13.7
11.7
9.5

8.0

163.5

4.4
3.3
3.9

2.2
2.8
3.0
18
2.1
1.7

2.3
15.9

4.5
5.1
9.1
11.9
8.3
7.2
6.8
5.4
4.9
4.1

67.3

5.1
2.7
2.6



13B,17a(H)-Ethyldiacholestane (20S)
Sa,,14a,17a(H)-Cholestane (20R)
13p,17a(H)-Ethyldiacholestane (20R)
50,14a,17a(H)-Methylcholestane (20S)
50,14B,17B(H)-Methylcholestane (20R)
50,14B,17B(H)-Methylcholestane (20S)
50,140,17a(H)-Methylcholestane (20R)
5a,14a0,17a(H)-Ethylcholestane (20S)
50,14B,17B(H)-Ethylcholestane (20R)
50,14B,17B(H)-Ethylcholestane (20S)
5a,14a,17a(H)-Ethylcholestane (20R)
Total Steranes + Diasteranes

Total Petroleum Biomarkers

UCM (Unresolved Complex Mixture, pg g?) 26131

10.1
5.4
9.6
7.9
8.0
6.4
4.7
3.2
1.6
1.9
14

73.5

186.0

8.7
4.8
6.7
5.1
4.6
3.8
2.7
2.6

1.2

53.1

108.2

5963

7.1
5.1
6.7
1.2
0.6
2.6
13
2.3

1.9

41.2

99.9

10894

6.7
3.2
5.8
4.1
3.5
3.3
2.8
2.1
13
11

42.5

97.6

7241

5.4
3.7
4.9
3.7
2.8
31
2.4
2.3

1.2

38.4

108.2

5985

6.7
3.3
4.1
2.7
0.6
2.5
1.6
4.4
3.9
3.2

41.2

95.1

4657

14.8
8.6
11.4
5.8
7.7
9.0
5.3
91
11.0
6.8
6.5
119.4

378.9

53438

7.9
4.4
6.2
4.9
2.4
3.5
1.6
2.4
2.0
2.2
18
51.0

236.0

29764

8.7
4.6
5.0
3.5
4.1
2.2
2.3
5.0
3.7

49.6

132.8

9750
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CHAPTER 3

ASSESSING CORAL RESPONSE TO BLEACHING EVENTS USING MULTIMOLECULAR

BIOMARKERS!

'Babcock-Adams, L., Mifarro, S., Fitt, W. K. & Medeiros, P. M. To be submitted to Coral

Reefs.
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Abstract

In the past, coral studies focused on the investigation of coral response to various
environmental stressors using analyses of bulk lipid fractions. However, a compound specific
analysis (such as biomarkers) can provide information about more subtle changes in composition
that occur within a chemical class. In this study, coral tissue samples with various zooxanthellae
clade associations (resistant, non-resistant, and a mixture of the two) from two reefs in the Upper
Florida Keys (Little Grecian Reef and Admiral Reef) were collected in March, May, August, and
November of 2000 — two years following the mass bleaching event caused by the 1997-1998 El
Nifio. These tissue samples were analyzed using a coupled gas chromatography-mass
spectrometry (GC-MS) system to identify and quantify molecular biomarkers. The aim of this
study was to characterize specific biomarkers indicative of stress and/or recovery. Two trends
were seen in the biomarker data — a seasonal trend due to sea surface temperature and a long-
term recovery trend from the 1997-1998 EI Nifio event. Due to the time period sampled, the
seasonal trend was more easily detected in the dataset. A seasonal thermal stress event in August
(sea surface temperature of just under 30°C) was reflected in the corals by changing
concentrations of monosaccharides, sugar alcohols, n-alkanols, fatty acids, and sterols. In fact,
corals associated with resistant zooxanthellae exhibited higher levels of monosaccharides and
sugar alcohols, i.e. energy reserve components, whereas corals associated with non-resistant
zooxanthellae presented higher levels of n-alkanols, especially hexadecanol (a biomarker for

zooplankton). These findings indicate that while corals with resistant zooxanthellae seem to
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store energy compounds to overcome the thermal stress, those associated with non-resistant

zooxanthellae seem to increase consumption of zooplankton.

1. Introduction

Coral bleaching events can be caused by increased or decreased seawater temperatures,
solar radiation, salinity, sedimentation, pollution, and/or ocean acidification (Brown, 1997,
Hughes, 2003). One or a combination of these physical stressors can result in an expulsion of
the endosymbiotic zooxanthellae found in the coral tissue, giving the coral a white or “bleached”
appearance. While any of the aforementioned physical conditions could induce coral bleaching,
elevated sea surface temperature (SST) is the dominant cause of mass bleaching events, and
since corals live at the high end of the tolerated temperature range a relatively small increase in
SST can exceed the temperature threshold of the zooxanthellae (Porter et al., 1989; Stat and
Gates, 2011). The mutualistic symbiotic relationship between the coral host and the
zooxanthellae (dinoflagellate in the genus Symbiodinium) operates in such a way that the coral
receives photosynthetically fixed organic carbon from the zooxanthellae and the zooxanthellae
receive inorganic compounds and a protected living environment inside the coral tissue
(Muscatine, 1967). When healthy, the zooxanthellae can provide the coral with up to 100% of
its daily metabolic energy requirements (Grottoli et al., 2006), and excess fixed carbon can be
stored within the coral tissue as lipids (Harland et al., 1993). This symbiotic relationship is
broken when the zooxanthellae are expelled due to a bleaching event leaving the coral without its
energy source, and if the duration of the bleaching event is too long the coral is likely to die.
However, it has been found that clade D Symbiodinium is resistant to thermal bleaching (Rowan,
2004) and thus has been called a “nugget of hope” for coral reefs (Berkelmans and VVan Oppen,

2006). This clade D Symbiodinium is opportunistic and will repopulate the coral following the
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expulsion of non-resistant symbionts (Kinzie 111 et al., 2001). Furthermore, it has been shown in
the field that clade D increases in abundance following a bleaching event (Jones et al., 2008),
aiding the recovery of the coral (Buddemeier and Fautin, 1993). While clade D Symbiodinium is
resistant to bleaching, corals with this symbiont have been found to grow more slowly than when
associated with a non-resistant clade (Little et al., 2004; Jones and Berkelmans, 2010). Thus,
over a period of 2-3 years after the bleaching event, the coral will typically revert back to the
original symbiont composition (Thornhill, 2006). This makes the clade D a useful biological
marker of a stressed coral due to abiotic conditions (Stat and Gates, 2011).

Molecular biomarkers have been used previously to study coral response to stressors such
as increased temperature and light (Downs et al., 2000; Rodrigues et al, 2008) and to investigate
the coral food supply (Dodds, et al., 2009). However, previous studies have separated the coral
extract into various lipid fractions (e.g. hydrocarbons, waxy esters) and analyzed them as bulk
fractions (e.g. Rodrigues et al. 2007), and thus little is known about the specific organic
compound composition of coral tissues under stress conditions and/or recovery from a bleaching
event. In this context, the purpose of this study is to identify and quantify biomarker compounds
in the tissue samples in order to determine if the biomarker composition and/or levels differ
among the zooxanthellae clades (1) seasonally, (2) spatially, and (3) between species O.
annularis and O. faveolata. Our primary goal is to characterize a suite of biomarker indicators of

stress and/or recovering conditions after the bleaching event.
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2. Experimental Methods

2.1 Sample Collection & Clade Identification

Twenty-six coral tissue samples (Orbicella annularis and Orbicella faveolata) were
collected at Little Grecian Reef in the Florida Keys in March, May, August, and November of
2000. Additionally, eight coral tissue samples (Orbicella annularis) were collected at Admiral
Reef also in the Florida Keys in March and May of 2000, for a total of thirty-four tissue samples
(Figure 3.1). Both these sites were heavily impacted by the coral bleaching event caused by the
1997-98 El Nifio, resulting in an extreme loss of zooxanthellae (Thornhill, 2006) and providing
conditions for the opportunistic clade D Symbiodinium to populate the coral hosts. The
Orbicella genus resides in the order Scleractinia, thus the corals belonging to this genus are hard
corals that build calcium carbonate skeletons. O. annularis and O. faveolata are slow-growing
corals (Hernandez-Pacheco et al., 2011) that obtain the zooxanthellae horizontally (i.e. from the
surrounding environment; Stat and Gates, 2011). Additionally, these two species of coral
commonly have symbiont compositions that are made up of more than one clade of
Symbiodinium (Rowan et al., 1997). Little Grecian Reef is an offshore reef habitat with corals at
approximately 3 m depth while Admiral Reef is an inshore patch reef with corals at shallower
depths of 1-2 m.

Coral tissue samples were collected following the procedure described previously by
Thornhill (2006). Briefly, samples were collected via SCUBA and corals were tagged so that the
same coral was sampled at each time point. A sample with a 5 cm diameter was obtained using a
hammer and chisel from the top of the coral colony (i.e. the unshaded location) and immediately
taken to the laboratory for zooxanthellae analysis. Coral tissue was then removed from the coral

skeleton using 0.45 um filtered seawater, the Symbiodinium cells were dispersed and isolated for
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subsequent DNA extraction and identification of Symbiodinium clade following LaJeunesse
(2001, 2002). The tissue samples were then freeze-dried and kept frozen (-20 °C) until chemical

analyses.

2.2 Biomarker Extraction

Freeze-dried coral tissue samples were first weighed and then biomarkers were extracted
with a dichloromethane:methanol (2:1, v/v) mixture using a Fisher Scientific FS30 sonicator.
The extracts were concentrated in a RapidVap evaporator to approximately 2-mL, then further to
1-mL using a stream of high purity nitrogen gas. Aliquots of the total extracts were converted to
their trimethylsilyl derivatives using N,O-bis(trimethlsilyl-trifluoroacetamide (BSTFA)
containing 1% trimethylchlorosilane (TMCS) and pyridine (Pierce). The samples were
derivatized for three hours at 70 °C. Aliquots of 1 pL of silylated total extracts were analyzed
within 24 hours using an Agilent 6890 gas chromatograph interfaced with an Agilent 5975 mass
selective detector (GC-MS). A DB5-MS capillary column (30 m x 0.25 mm 1.D. and film
thickness of 0.25 um) was used with helium as the carrier gas at a constant flow rate of 1.3 mL
min™. The injector and MS source temperatures were maintained at 280°C and 230°C,
respectively. The column temperature program consisted of injection at 65°C and hold for 2
min, temperature increase of 6°C min™ to 300°C, followed by an isothermal hold at 300°C for 15
min. The MS was operated in the electron impact mode with an ionization energy of 70 eV. The
scan range was set from 50 to 650 Da and the samples were analyzed in splitless mode.

Data were acquired and processed with the Agilent-Chemstation software. Individual
compounds were identified by comparison of mass spectra with literature and library data,

comparison of mass spectra and GC retention times with those of authentic standards and/or
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interpretation of mass spectrometric fragmentation patterns. Compounds were quantified using
the total ion current (TIC) peak area and converted to compound mass using calibration curves of
external standards: hexadecanoic acid for n-alkanoic and n-alkenoic acids, hexacosanol for n-
alkanols, sitosterol for sterols, sorbitol for sugar alcohols, glucose for monosaccharides, and
sucrose for disaccharides. A procedural blank was run in sequence presenting no significant
background interferences. Recoveries for the organic compound classes analyzed ranged from

70 to 100% (Mazurek et al., 1987; Medeiros and Simoneit, 2007).

3. Results and Discussion

3.1. Seasonal Variation

3.1.1. Little Grecian Reef, Orbicella annularis

Zooxanthellae clade distribution at Little Grecian Reef (Figure 3.2) shows a continual
decrease of the bleaching resistant zooxanthellae (blue bar) and an increase of the non-resistant
zooxanthellae (green bar). Additionally, there is a maximum of corals associated with both
resistant and non-resistant clades in May and August (red bar). This distribution seems to reflect
the recovery from the 1997-1998 EIl Nifio, the event that caused a mass bleaching in the Florida
Keys due to increased water temperatures (Thornhill, 2006). In March 2000, O. annularis is still
harboring the resistant zooxanthellae clade that populated the coral after the expulsion of the
non-resistant symbiont in 1997-1998. However, throughout the year 2000 the corals are shifting
their zooxanthellae associations back to the original composition of non-resistant symbionts.
This observed pattern agrees with the premise that the coral will revert back to its original
zooxanthellae composition two to three years following a bleaching event (Berkelmans et al.,

2004; Elvidges et al., 2004; van Oppen et al., 2005;Thornhill, 2006).
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In the biomarker data for Little Grecian Reef there seem to be two separate trends
occurring during the year of sample collection- an apparent seasonal trend and a possible long-
term recovery trend from the EIl Nifio event. The seasonal trend is observed in the levels of
monosaccharides (Figure 3.3), sugar alcohols (Figure 3.4), fatty acids (Figure 3.5), n-alkanols
(Figure 3.6), and sterols (Figure 3.7). In August, monosaccharides, sugar alcohols, and n-
alkanols strongly increased in concentration, whereas fatty acids and sterols presented decreased
levels at this time. The change in concentration is especially pronounced for the resistant clade
of zooxanthellae (blue bar) in all compound classes, with the except of fatty acids that presented
similar levels between the resistant clade and those of the non-resistant clade and mixture of
resistant and non-resistant clades (Figure 3.5). This seasonal trend seems to be driven by the sea
surface temperature of the Upper Florida Keys (Figure 3.8). In 2000, the SST in August was
just under 30 °C, near the bleaching threshold for the Upper Florida Keys (Glynn and D’Croz,
1990). The increased temperature seen in August was short-lived, decreasing approximately 5
°C by the end of the year. This seasonal signal allows for a comparison of how the resistant and
non-resistant clades react to a stress event. As compared to the non-resistant clade and the
mixture of clades, the coral tissue associated with the resistant zooxanthellae showed higher
levels of monosaccharides (primarily glucose followed by mannose) and sugar alcohols
(inositols and mannitol), which are both important coral energy reserves (Schoepf et al., 2013).
Furthermore, the corals associated with the resistant symbiont showed lower levels of sterols, a
lipid class that is a component of eukaryotic membranes (Treignier et al., 2009). The reduction
in sterol concentrations was due to the decrease of brassicasterol and fucosterol, i.e., sterols
commonly found in algae (Volkman et al., 1998), indicating lower photosynthetic activity. This

difference of compound concentrations indicates that the corals associated with the resistant
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zooxanthellae have a stronger accumulation of monosaccharides and sugar alcohols and a
stronger reduction of algal-derived sterols in response to the seasonal stress.

Corals associated with resistant, non-resistant, and a mixture of the two all exhibit
lowered fatty acid and raised n-alkanol concentrations in August as a response to the thermal
stress. Similar to sterols, fatty acids also contribute to the coral energy reserve and are a
component of eukaryotic membranes. The n-alkanol that constituted the majority of the
concentration was hexadecanol, a zooplankton biomarker (Wakeham et al., 2009; Burns and
Brinkman, 2011). This indicates that the coral may have switched to heterotrophy during the
period of thermal stress. It has been found that Scleractinian corals rely on heterotrophic feeding
to survive bleaching events (Houlbreque and Ferrier-Pageés, 2009), in which the corals will
consume zooplankton. In August, the n-alkanols showed increased concentrations indicating
increased consumption of zooplankton. Interestingly, the coral associated with the bleaching
resistant zooxanthellae presented lower hexadecanol concentrations compared to the non-
resistant and mixture associated corals, indicating that the coral did not participate in as much
heterotrophy. This is likely because those corals have higher energy stores, as observed in the
monosaccharide and sugar alcohol levels, to overcome the thermal stress.

The recovery trend from the El Nifio event can be seen in the coral samples that were
associated with the resistant zooxanthellae. This recovery is reflected in the concentrations of
monosaccharides (Figure 3.3) and sugar alcohols (Figure 3.4). These compound classes exhibit
concentrations in March that is similar to the concentrations seen in August, a time of thermal
stress when the coral was perhaps increasing its energy stores in preparation for a bleaching
event (though one did not occur). Hypothetically, the corals associated with the resistant

zooxanthellae would have increased their monosaccharide and sugar alcohol concentrations prior
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to the mass bleaching event in order to survive the 1997-1998 El Nifio. Presumably, because the
thermal stress due to this El Nifio was more intense, the concentrations would have been higher
than what was seen in the period of thermal stress in August 2000. Then these energy stores
would have been consumed during bleaching in order to survive and the levels seen in March
2000 are perhaps still elevated from this event. However, in order to probe this hypothesis
additional coral tissue samples collected at Little Grecian Reef in 2014 and 2015, (a period of
strong bleaching due to thermal stress) will be analyzed and compared to results of the samples

collected in March of 2000.

3.1.2. Admiral Reef, Orbicella annularis

The zooxanthellae clade distribution at Admiral Reef (Figure 3.9) shows a decrease of
corals associated with a mixture of resistant and non-resistant zooxanthellae from March to May
and an increase of corals associated with the non-resistant zooxanthellae from March to May.
This pattern indicates that the corals have reverted to their original zooxanthellae compositions
by May 2000. Due to the low number of coral tissue samples with comparable zooxanthellae

clades, there was no observable pattern in the biomarker data.

3.2. Spatial Variation

As previously mentioned, the zooxanthellae distribution patterns at Little Grecian Reef
and Admiral Reef (locations shown in Figure 3.1) show the repopulation of the original
zooxanthellae composition during the year 2000. However, the zooxanthellae distribution at
Admiral Reef from March to May follows the change as that at Little Grecian Reef from August

to November. This indicates that Admiral Reef either has recovered more rapidly from the El
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Nifio event or that it was less heavily impacted. However, it is more likely that Admiral Reef
experienced a faster recovery because both regions were reported to have undergone extensive
bleaching during the 1997-1998 EI Nifio (Fitt et al., 2000). The specific zooxanthellae clades
present in March and May at Little Grecian Reef and Admiral Reef were different, and therefore

the biomarker data between the two did not show any definitive differences.

3.3. Variation Between Species O. annularis and O. faveolata at Little Grecian Reef

In March of 2000, coral tissue samples were taken from two species of coral at Little
Grecian Reef. The O. annularis species collected was solely associated with the resistant
zooxanthellae while the O. faveolata species was associated with non-resistant zooxanthellae
clades as well as a mixture of both resistant and non-resistant clades (Figures 3.2 and 3.10
respectively). This seems to indicate that O. faveolata has recovered more quickly from the
1997-1998 mass bleaching, similar to what was observed at Admiral Reef. Due to the differing
zooxanthellae clades found in the two coral species at Little Grecian Reef, the cause of

biomarker compound differences found could not be distinguished.

4. Conclusions

Zooxanthellae clade distributions for both Little Grecian and Admiral Reefs, and for both
O. annularis and O. faveolata, showed that the corals were repopulated with their original
zooxanthellae clade distribution during the year of 2000. Admiral Reef coral O. annularis and
Little Grecian Reef coral O. faveolata seemed to recover their typical symbiont more rapidly
than Little Grecian Reef coral O. annularis. Seasonality was evident in the biomarker data for

O. annularis at Little Grecian Reef with a brief thermal stress event in August. The overall
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response to this stress was increased energy reserves (monosaccharides and sugar alcohols) and
n-alkanols, and decreased sterols and fatty acids (membrane components). The increase in
monosaccharides and sugar alcohols was especially pronounced in the corals associated with the
resistant zooxanthellae as was the decrease in sterols, indicating a chemically different response
to thermal stress. Furthermore, the increase in n-alkanols (primarily hexadecanol, a marker for
zooplankton) was less pronounced for the corals associated with the resistant zooxanthellae,
indicating that the coral overcame the thermal stress (causing less photosynthetic activity) by
storing energy compounds instead of increasing consumption of zooplankton.

An underlying long-term trend was observed in the Little Grecian Reef O. annularis
dataset, which is thought to be continued recovery from the 1997-1998 EIl Nifio. This trend is
observed in the increased levels of monosaccharides and sugar alcohols in March, which are
similar to the levels seen in August. These compounds contribute to the energy reserves, and
thus could be at elevated levels from the zooxanthellae stress response that aided the coral
survival during El Nifio. Samples from during the bleaching event and the year after would need

to be analyzed in order to investigate this further.
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Figure 3.1. Location of Little Grecian Reef and Admiral Reef in the Upper Florida Keys,
modified from Kemp et al. (2011).
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Zooxanthellae Clade Distribution

Coral Species: Orbicella annularis

W Resistant M Mixture © Non-Resistant

Number of Coral Tissue Samples

March May August November
Year 2000

Figure 3.2. Zooxanthellae clade distribution at Little Grecian Reef for coral species O.
annularis. The resistant zooxanthellae clade (blue bar) is clade D1, zooxanthellae clade mixture
(red bar) is a combination of resistant and non-resistant clades, and non-resistant zooxanthellae
clades (green bar) are clades B1 and B10.
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Figure 3.3. Concentration of monosaccharides in O. annularis coral tissue samples from Little
Grecian Reef and monthly averaged sea surface temperature (black line) taken from NOAA buoy
at Molasses Reef. The resistant zooxanthellae clade (blue bar) is clade D1, zooxanthellae clade
mixture (red bar) is a combination of resistant and non-resistant clades, and non-resistant
zooxanthellae clades (green bar) are clades B1 and B10.
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Figure 3.4. Concentration of sugar alcohols in O. annularis coral tissue samples from Little
Grecian Reef and monthly averaged sea surface temperature (black line) taken from NOAA buoy
at Molasses Reef. The resistant zooxanthellae clade (blue bar) is clade D1, zooxanthellae clade
mixture (red bar) is a combination of resistant and non-resistant clades, and non-resistant
zooxanthellae clades (green bar) are clades B1 and B10.
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Figure 3.5. Concentration of fatty acids in O. annularis coral tissue samples from Little Grecian
Reef and monthly averaged sea surface temperature (black line) taken from NOAA buoy at
Molasses Reef. The resistant zooxanthellae clade (blue bar) is clade D1, zooxanthellae clade
mixture (red bar) is a combination of resistant and non-resistant clades, and non-resistant
zooxanthellae clades (green bar) are clades B1 and B10.
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Figure 3.6. Concentration of n-alkanols in O. annularis coral tissue samples from Little Grecian
Reef and monthly averaged sea surface temperature (black line) taken from NOAA buoy at
Molasses Reef. The resistant zooxanthellae clade (blue bar) is clade D1, zooxanthellae clade
mixture (red bar) is a combination of resistant and non-resistant clades, and non-resistant
zooxanthellae clades (green bar) are clades B1 and B10.
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Figure 3.7. Concentration of sterols in O. annularis coral tissue samples from Little Grecian
Reef and monthly averaged sea surface temperature (black line) taken from NOAA buoy at
Molasses Reef. The resistant zooxanthellae clade (blue bar) is clade D1, zooxanthellae clade
mixture (red bar) is a combination of resistant and non-resistant clades, and non-resistant
zooxanthellae clades (green bar) are clades B1 and B10.
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Figure 3.8. Monthly averaged sea surface temperature in 2000. Temperature data was taken
from NOAA buoy at Molasses Reef (MLRF1), located in between Little Grecian Reef and
Admiral Reef. Monthly temperatures are shown by the blue line and sample collections are
shown by the red squares. The black dashed line shows the coral bleaching threshold (value
taken from NOAA Coral Reef Watch).
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Admiral Reef
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Figure 3.9. Zooxanthellae clade distribution at Admiral Reef for coral species O. annularis. The
resistant zooxanthellae clade (blue bar) is clade D1, zooxanthellae clade mixture (red bar) is a
combination of resistant and non-resistant clades, and non-resistant zooxanthellae clades (green
bar) are clades B1 and C3.
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Little Grecian Reef
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Figure 3.10. Zooxanthellae clade distribution at Little Grecian Reef for coral species O.
faveolata. The resistant zooxanthellae clade (blue bar) is clade D1, zooxanthellae clade mixture
(red bar) is a combination of resistant and non-resistant clades, and non-resistant zooxanthellae
clades (green bar) is clade B1.
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CHAPTER 4

CONCLUSIONS

The advantages of using a multi-biomarker approach are clearly demonstrated in this
thesis work. The ability to identify and quantify specific compounds in an environmental sample
is an essential tool for understanding a system on the molecular level. No technique is perfect to
elucidate the wide range of sizes and polarities of all organic compounds in a sample, but
molecular biomarkers provide unique information and are a versatile analytical technique.
Additionally, new biomarkers are continually being determined, thus widening the applicability
of the technique to other disciplines such as pharmaceutical and food industries, and forensic
science (Medeiros and Simoneit, 2007).

The work in this thesis demonstrates the utility of molecular biomarkers in providing
information about organic carbon source, transport, distribution, and transformation. In the
second chapter, biomarker and isotope data from the Gulf of Mexico sediments clearly
demonstrated that at least part of the subsurface oil plume observed after the spill reached the
seafloor, peaking by the end of 2010. Furthermore, it was hypothesized that the diluted
biomarker signal seen following this mass oil sedimentation event was due to the resuspension
and horizontal movement of the sediments. In the third chapter, biomarker data from coral tissue
samples allowed seasonal and long-term signals to be distinguished. This data showed a clear

reaction to stress induced by high sea surface temperatures in August as well as the long-term
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recovery of the coral tissue samples from the 1997-1998 EIl Nifio, the strongest on record
(McPhaden, 2015). The overall response to the seasonal thermal stress was an increase in energy
reserve compounds (monosaccharides and sugar alcohols) as if preparing for a bleaching event
and n-alkanols (more specifically hexadecanol, a biomarker for zooplankton), and a decrease of
membrane components (sterols and fatty acids). The resistant zooxanthellae clade was
chemically distinct from the others with higher monosaccharide and sugar alcohol concentrations
and lower levels of n-alkanols- an indication that the corals did not participate in as much
heterotrophy (consumption of zooplankton) to overcome the thermal stress due to the larger
reserves of energy. The long-term recovery from the 1997-1998 EI Nifio presented itself as
increased levels of monosaccharides and sugar alcohols in March of 2000 similar to what was
seen in August, a period of thermal stress.

This thesis has presented an insight into the elucidation of biomarkers, and their
applications as molecular tracers for natural and anthropogenic processes. The number of novel
compounds as well as the applications of biomarker tracers is expected to keep increasing. The
utilities of GC and MS for contemporary interdisciplinary sciences will also continue to expand,
especially as the analytical instrument capabilities develop further with increased sensitivities,
ease of operation, lower maintenance, better separation technology, improved ionization
efficiencies, etc. Because many applications of GC and MS are interdisciplinary, it would be of
great utility to incorporate the missing mass spectra with corresponding GC retention data of the
numerous natural products, synthetic compounds, geological biomarkers, environmental
biomarkers, and their various derivatives (TMS, Ac) documented by organic geochemists and
environmental chemists into the commercial MS libraries. This would greatly enhance the

quality and reliability of future literature data.
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Abstract

Export of terrigenous dissolved organic matter (DOM) from rivers to the ocean is an
important component of the carbon cycle. Observations from six research cruises in 2014 were
used to characterize the seasonal evolution of the distribution of terrigenous DOM in the broad
and shallow continental shelf of the South Atlantic Bight (SAB). While DOM with a strong
terrigenous signature was restricted to a band near the coast early in the year, molecular formulae
that are plausibly indicators of riverine inputs (t-Peaks) extended all the way to the shelf break in
late spring. The offshore transport of the t-Peaks was consistent with advection in a surface layer
due to upwelling-favorable winds. On those time scales spanning about one month, t-Peaks were
mostly resistant to bio and photo degradation, and their decrease in relative abundance over the
shelf was consistent with dilution of the river plume due to entrainment of marine water
associated with wind-driven mixing. Since the t-Peaks are photo-degradable on longer time
scales, it is possible that photo-mineralization and/or photo-transformations contributed to their
removal during summer and fall. Comparisons between optical measurements and ultrahigh
resolution mass spectrometry data revealed that the fraction of the DOM pool with a riverine
signature in the SAB can be estimated using the spectral slope coefficient of chromophoric
DOM in the 275-295 nm range (S275-205). This opens up the possibility of mapping the
distribution of riverine DOM over the SAB shelf in high spatial resolution, a crucial step for

quantifying shelf-slope exchange.
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1. Introduction

Rivers represent an important source of dissolved organic carbon (DOC) to the ocean,
having a significant impact on the biogeochemistry of ocean margins. The total DOC flux to the
ocean is estimated at 250-260 Tg C year™ (Hedges et al., 1997; Raymond and Spencer, 2015),
being sufficient to support the turnover of DOC throughout the marine environment (Williams
and Druffel, 1987). The fate of this terrigenous DOC in the ocean has important ramifications for
the global carbon cycle, but remains enigmatic (Hedges et al., 1997; Cauwet, 2002; Benner,
2004; Fichot and Benner, 2014). Multiple studies have shown that a large fraction of the material
is remineralized in ocean margins (Hedges eta I., 1997; Opsahl and Benner, 1997; Bianchi, 2011;
Letscher et al., 2011; Fichot and Benner, 2014). This is because terrestrial dissolved organic
matter (DOM) can experience substantial alterations over relatively short time scales (e.g.,
Benner and Opsahl, 2001; Hernes and Benner, 2003; Hansell et al., 2004; Spencer et al., 2009;
2015), often due to a combination of photo-oxidation, microbial degradation, and flocculation
(e.g., Sholkovitz, 1978; Hernes and Benner, 2003). Despite that, a portion of the terrigenous
DOM has been shown to be transported offshore in many coastal regions (Vodacek et al., 1995;
Bates and Hansell, 1999), escaping the continental margin (e.g., Fichot et al., 2014; Medeiros et
al., 2015c; Seidel et al., 2015) and being transported to the open ocean (Opsahl and Benner,
1997; Medeiros et al., 2016).

Even though the transfer of organic matter from land to sea is one of the most important
pathways for preservation of terrigenous production in modern environments (Hedges, 1992),
much remains to be learned about the processes controlling the distribution of terrigenous DOM
in coastal environments. Understanding the production, transport and fate of terrigenous DOM in

aquatic ecosystems is of direct relevance to studies addressing a variety of issues (Spencer et al.,
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2012), from water quality to bacterioplankton community structure and function (Crump et al.,
2009; Krupa et al., 2012). Tracing the distribution of terrigenous DOM over continental shelves
is challenging, however, because of the highly dynamic nature of those environments. Although
a fraction of freshwater DOM is indistinguishable from marine DOM (Repeta et al., 2002),
significant differences have been reported between the composition of riverine and marine DOM
(e.g., Sleighter and Hatcher, 2008; Medeiros et al., 2015c). Marine DOM is comparatively
enriched with molecular formulae with high H/C ratios (characteristic of a shift to more aliphatic
structures) compared to DOM from freshwater samples (Sleighter and Hatcher, 2008; Medeiros
et al., 2015a). Rivers are known to be important sources of aromatic compounds to the ocean
(e.g., Mannino and Harvey, 2004; Stubbins et al., 2010; Ziolkowski and Druffel, 2010). As such,
characterizing the DOM composition at the molecular level provides useful information about
the distribution of terrigenous material over the shelf.

Off the southeastern United States, in the South Atlantic Bight (SAB), rivers have been
recently characterized as having unusually high yields of terrigenous chromophoric DOM
(CDOM), indicating the importance of the SAB with respect to biogeochemical cycling of
CDOM (Spencer et al., 2013). The distribution of the CDOM optical properties on the SAB inner
shelf has been shown to be strongly related to the flux of terrestrial organic matter through river
discharge (Kowalczuk et al., 2003; 2009). DOC along the salinity gradient from the terrestrial
source toward the open ocean appears to behave mostly conservatively in the northern sector of
the SAB (Avery et al., 2004). Optical analyses indicate, however, that radical changes in the
CDOM composition occur along the river-to-oceanic salinity gradient (Kowalczuk et al., 2003),
possibly associated with photo degradation of aromatic compounds (Gonsior et al., 2009). The

combination of alternating cycles of sunlight and microbial activity has also been shown to result

78



in efficient degradation of DOM and marine humic substances (Miller and Moran, 1997; Moran
et al., 2000). Here, we use an extensive data set collected in the SAB during 6 research cruises in
2014 and detailed analyses of DOM composition at the molecular level to investigate the
seasonal evolution of the distribution of terrigenous DOM over the shelf. We further assess the
different mechanisms controlling that distribution, including variations in hydrological

conditions, atmospheric forcing, and the potential importance of degradation processes.

2. Experimental Methods

2.1. Study Area and Samples Collection

Six mapping surveys were carried out in the central South Atlantic Bight (SAB) in 2014
(Figure Al). The surveys, in April, May, July, August, September and November (Figure
A.S1), were intended to sample shelf conditions under different seasons and to capture the peak
in discharge from the Altamaha River in spring. The surveys were composed of zonal sections,
starting at the mouth of the estuaries around Sapelo Island off the coast of Georgia and extending
offshore to the 400 m isobath (Figure Al). In total, one hundred samples were collected for
DOC, CDOM, stable carbon isotopes and ultrahigh resolution mass spectrometry.
Approximately 70-80 additional samples were collected in each cruise for DOC and CDOM
analyses only.

Samples were collected at the surface at each station (Figure Al). Bottom samples were
also collected at selected stations offshore of the 30 m isobath. Immediately after collection,
water samples were filtered (sequentially through 0.7 um Whatman GF/F filters pre-combusted
at 450°C for 5 h and pre-washed 0.2 um Pall Supor membrane filters) and aliquots were

collected for DOC and CDOM analyses. Filtrates were acidified to pH 2 (concentrated HCI) and
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DOM was isolated using solid-phase extraction (SPE) cartridges (Agilent Bond Elut PPL) as in
Dittmar et al. (2008).

Water from the Altamaha River (salinity S = 0) was also collected in May 2013 and
immediately incubated in the dark for 70 days following Medeiros et al. (2015b,c). Water
samples were first filtered through 0.7 pum Whatman GF/F filters (pre-combusted at 450°C for 5
h) to remove photosynthetic organisms, collected into combusted 1 L amber glass bottles in
triplicate, and kept in the dark. At the end of the experiment, after 70 days, all samples were

filtered, acidified, and DOM was extracted using PPL cartridges as described before.

2.2. Chemical Analyses

DOC concentrations from water samples and SPE extracts (i.e., dried and resuspended in
ultrapure water) were measured with a Shimadzu TOC-Lcpp analyzed with daily potassium
hydrogen phthalate (KHP) standard curves and regular analysis of Consensus Reference
Materials obtained from the University of Miami (Hansell, 2005). SPE efficiency was 72+5% of
the DOC. CDOM absorbance was measured with an Agilent UV-VIS 8453 Spectrophotometer
and converted to absorption coefficients as in D’Sa et al. (1999). The spectral slope coefficient in
the 275-295 nm range (S27s.205) Was estimated using a nonlinear exponential fit of the absorption
coefficients in that range, and are reported in units of nm™. Bulk 8*3C of extracted DOC (SPE-
DOC) were analyzed with a Finnigan MAT 251 isotope ratio mass spectrometer after complete
drying. All isotopic compositions were expressed relative to the standard VPDB (Vienna Pee
Dee Belemnite), and procedural blanks did not yield detectable amounts of carbon isotope

contamination.
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The molecular composition of the DOM extracts (15 mg C L™ in 1:1 methanol/water)
was analyzed by ultrahigh-resolution mass spectrometry using a 15T Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR MS; Bruker Daltonics) with electrospray
ionization (negative mode) as in Seidel et al. (2014). Molecular formulae were calculated in the
mass range between 150 and 850 Da. Additional details of molecular formulae assignment are
given in Seidel et al. (2014). Approximately 4,000 molecular formulae were identified in the
complex DOM mixture in each sample. As in previous studies (e.g., Flerus et al., 2012;
Lechtenfeld et al., 2014), FT-ICR MS data evaluation was based on normalized peak
magnitudes.

Patterns of variability in FT-ICR MS-derived DOM composition were distinguished by
principal component (PC) analysis (Bro and Smilde, 2014 after normalization by the standard
deviation between samples and mean centering). The first two PCs were significantly different
(95% confidence level) from results from PC analysis of spatially and temporally uncorrelated
random processes (Overland and Preisendorfer, 1982). We focused here on the first PC, which is
significantly correlated with 5'*C signatures (Figure A.S2a). The loading of PC 1 was examined
as a van Krevelen diagram, an element-ratio plot displaying molar ratios of H/C and O/C. Major
chemical classes typically found in DOM have characteristic molar ratios, clustering within
specific regions in van Krevelen space (Kim et al., 2003). Based on extensive comparisons with
geochemical tracers (e.g., lignin, dissolved black carbon, §*3C DOC) in multiple regions, the
pattern revealed by the loadings of PC 1 (Figure A.S2b) has been shown to be related to
gradients in terrigenous vs marine signatures in DOM composition (Medeiros et al., 2015a,c). As
such, PC 1 provides information about the contribution of terrigenous and marine sources to the

DOM pool (as analyzed by FT-ICR MS).
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Additional information about terrigenous inputs was obtained by tracking the distribution
of the t-Peaks, a set of 184 molecular formulae that have been recently identified as plausible
indicators of riverine input (Medeiros et al., 2016). The frequency of occurrence and relative
abundance of the t-Peaks in the global ocean were shown to be statistically correlated with
known tracers of terrigenous inputs, and they were also observed in all samples from four
different major rivers characterized by vastly different landscape and vegetation coverage
spanning equatorial, subtropical and Arctic regions (Medeiros et al., 2016). One of the rivers
used in the study identifying the t-Peaks was the Altamaha River. Here, we used the t-Peaks to
further identify and track the presence of terrigenous DOM over the shelf. We quantified both
their frequency of occurrence (i.e., the fraction of the 184 t-Peaks observed in each sample) as
well as their contribution to the total magnitude of all peaks in the spectrum (i.e., the sum of the
relative intensity of all t-Peaks divided by the sum of the relative intensity of all peaks in the
spectrum for each sample). Medeiros et al. (2016) also proposed a new index indicative of
riverine inputs (Iterr) based on the ratio of the relative abundances of molecular formulae with
relative abundance highly correlated negatively and positively with §*C SPE-DOC. The ratio
increases with the terrigenous signature of the sample, and has been shown to be highly

correlated with tracers of terrigenous input. We computed that ratio for all samples in this study.

2.3. Environmental Data

Hydrographic data were collected during the research cruises using a Sea-Bird
conductivity-temperature-depth (CTD) instrument. Winds were measured at the NOAA National
Data Buoy Center (NDBC) buoy 41008 located at 31.4°N, 80.87°W (see Figure Al for

location). Neutral wind stress was calculated following Large and Pond (1981), and then low-
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pass filtered (half-power point of 40 h) to remove short-period fluctuations (Figure A2a).
Freshwater discharge in the region is dominated by the Altamaha River. Daily values of
discharge (Figure A2b) at Doctortown, GA were obtained at the UGSG website. Climatological
discharge was computed as the average for each day of the year between 1932 and 2014. DOC
concentrations were measured at the Altamaha River from October 2000 to April 2009 as part of
the Georgia Coastal Ecosystem Long Term Ecological Research program (GCE-LTER). The
(average = 1 standard deviation) time interval between sampling during that period was 5.5 + 6.6
days. The DOC flux was computed at 15 day intervals by multiplying the average DOC

concentration by the average river discharge during that period (Figure A2c).

2.4. Plume Mixing Model

The scenario in which buoyant water is transported offshore by upwelling favorable
winds was explored in great detail by Fong and Geyer (2001) and Lentz (2004). They showed
that, while the plume is advected offshore, it is susceptible to significant mixing. A two-
dimensional model developed by Lentz (2004) was used to quantify plume mixing due to winds.
The primary model assumption is that competition between wind-driven vertical mixing and
geostrophic adjustment associated with buoyancy forcing at the offshore edge of the plume
results in continual entrainment. Assuming that wind-driven vertical mixing satisfies a bulk
Richardson criterion, the dilution of the plume as it mixes with ambient water can be computed
(e.g., Castelao et al., 2008). Model predictions have been shown to compare well with

observations (Lentz, 2004).
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3. Results and Discussion

3.1. Seasonal Evolution of Terrigenous DOM over the Shelf

The wind stress during 2014 exhibited the typical “weather band” variability, with
fluctuations of the order of a few days (Figure A2a). Alongshore winds oscillated frequently
between upwelling and downwelling favorable early in the year, until approximately mid-April.
After that, winds became predominantly upwelling favorable until late September. From October
until the end of the year, the frequency of downwelling favorable wind events increased
substantially.

The peak in the historical averaged discharge in the Altamaha occurs in mid-March to
early April. The seasonal evolution of discharge from the Altamaha River in 2014 was generally
consistent with climatological values (Figure A2b). A large pulse in discharge was observed in
late April, between the first and second research cruises. After that, river discharge was small for
most of the summer and fall, increasing slightly toward the end of the year. Although no high
resolution DOC flux estimates are available for 2014, climatological values from 2000 to 2009
show a picture that is consistent with the climatology in river discharge (Figure A2c). River
discharge and DOC flux from 2000 to 2009 were correlated in the Altamaha river (r = 0.91,
p<0.001), suggesting that the DOC flux out of the river in 2014 was likely large until late May,
decreasing substantially after that.

Hovmoller diagrams of surface water properties along the transect extending offshore
from the Altamaha River mouth (see Figure Al for location) are shown in Figure A3. Surface
salinity exhibited strong seasonal variability (Figure A3a), with the freshest water occurring
near the coast in spring, when the coastal band with low-salinity water extended to about 40-50

km offshore. From April to mid-May, freshwater was transported offshore, which is consistent
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with the wind transition to predominantly upwelling favorable winds (Figure A2a). Loss of
freshwater from the inner shelf has been shown to be related to northward alongshore wind stress
(Blanton and Atkinson, 1983). Salinity over the shelf away from the coastal zone increased after
that (Figure A3a) following the decrease in river discharge (Figure A2b).

We investigated the seasonal evolution of multiple geochemical tracers indicative of
riverine inputs to track the distribution of terrigenous DOM over the shelf (Figure A3b-f). The
different parameters revealed a consistent picture. In mid-April, when river discharge was large
and winds oscillated between upwelling and downwelling favorable frequently, terrigenous
DOM was observed in a relatively broad band near the coast. In mid-May, however,
comparatively high PC 1 values (which are associated with terrigenous DOM; Figure A.S2)
were observed throughout the shelf, all the way to the shelfbreak. The frequency of occurrence
of the t-Peaks, their contribution to the total magnitude of all peaks in the FT-ICR MS spectrum,
and the index indicative of riverine inputs (Iterr) were also enhanced all the way to the
shelfbreak. The distribution of §*C SPE-DOC also revealed an increased terrigenous signature
over the mid-shelf in mid-May, although observations were not available near the shelfbreak.
During that time, vertical profiles of these quantities indicated that the increase in the terrigenous
signature over the mid-shelf was restricted to the upper water column (Figure Ada,b), which is
consistent with the increase being associated with the offshore transport of low-salinity waters by
upwelling favorable winds in a surface Ekman layer. Vertical profiles during the other months in
which observations were available were nearly depth-independent. Profiles offshore of the
shelfbreak, around the 400 m isobath, were also depth-independent. Unfortunately no profile

offshore of the shelfbreak was available for mid-May (Figure A4c,d), when the significant
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increase in the terrigenous contribution to the total DOM pool over the mid and outer shelf was
observed.

The different parameters revealed that the terrigenous signature over the shelf was
substantially reduced during summer (Figure A3), being mostly limited to inshore of the 15-20
m isobath. It is important to emphasize that, despite the intensive field effort conducted in 2014
with 6 research cruises, no observations were collected between mid-May and mid-July. As such,
it is not clear if terrigenous DOM was transported beyond the shelfbreak between those two

Cruises.

3.2. What Controls the Distribution of t-Peaks over the Shelf?

Since the t-Peaks have recently been proposed as plausible indicators of riverine inputs
(Medeiros et al., 2016), it is instructive to investigate what processes controlled their distribution
over the shelf. Evidently, due to their frequency of occurrence and contribution to the total
magnitude of all peaks in FT-ICR MS spectra being enriched in rivers (Medeiros et al., 2016), t-
Peaks were abundant near the coast in early April, when river discharge was high (Figure
A3e,f). The region where the t-Peaks made an important contribution to the total DOM pool
widened from early April to mid-May, presumably due to the influence of upwelling-favorable
winds transporting low-salinity waters offshore. At that time, their contribution to the total
intensity in the FT-ICR MS spectra decreased with distance from shore. What processes
controlled that decrease?

Since the temporal evolution of the distribution of the t-Peaks closely resembles the
evolution of surface salinity over the shelf (compare Figure A3f with Figure A3a), one likely

candidate is mixing of riverine and oceanic water. Previous studies have shown that significant
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mixing occurs when buoyant water from a river plume is transported offshore by upwelling-
favorable winds (Fong and Geyer, 2001; Lentz, 2004). We used the two-dimensional model
developed by Lentz (2004) to estimate the expected amount of mixing between plume and
ambient waters as the plume was advected offshore in a surface Ekman layer in response to
winds. We used the plume characteristics (e.g., salinity anomaly) from the April cruise (April
4™ as initial conditions, and ran the model until May 17" when in situ observations from the
May cruise were available. Model results showed that wind-driven mixing would be enough to
decrease the salinity anomaly of the plume on mid-May to about 30+8% of the initial salinity
anomaly in early April (Figure A5). This agreed very well with the actual salinity anomaly
measured on May 17"offshore, which was 32% of the anomaly in early April near the coast.
This suggested that wind-driven mixing alone was enough to explain the observed dilution in the
plume between April and May. We also computed the anomaly in the contribution of the t-Peaks
to the total magnitude of all peaks in the FT-ICR MS spectrum. The anomaly was defined as the
difference between the contribution of the t-Peaks at a given sample and the contribution of the t-
Peaks in the marine end-member (i.e., the average of the samples collected at depth off the
shelf). The calculation revealed that the anomaly offshore in the plume in mid-May was 33.5%
of the anomaly near the coast in early April (Figure A5), once again agreeing with the expected
mixing between plume and ambient water. Collectively, these results suggested that the decrease
in the contribution of the t-Peaks to the total magnitude of all peaks as the low-salinity plume
was transported offshore could be explained by wind-driven mixing alone, without the need to
invoke degradation processes.

Further support for this interpretation was obtained by analyses of temporal changes in

the distribution of t-Peaks during a 70-day long dark incubation of Altamaha River water
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(Figure A.S3). The frequency of occurrence of the t-Peaks remained unaltered at 100% during
the course of the incubation. Furthermore, the contribution of the t-Peaks to the total magnitude
of all peaks in the spectrum also remained unaltered, suggesting that the t-Peaks were not
preferentially degraded, at least on the time scale of the incubation. This is consistent with the
interpretation that the distribution of the t-Peaks over the shelf between April and May was
mostly controlled by mixing.

Photo-mineralization has been shown to be an important removal mechanism for
terrigenous DOM (Obernosterer and Benner, 2004). This is because terrigenous DOM is
generally enriched in polycyclic aromatic compounds and in polyphenols (e.g., Mannino and
Harvey, 2004; Stubbins et al., 2010; Ziolkowski and Druffel, 2010; Jaffé et al., 2013). Dissolved
aromatic compounds can be highly susceptible to photo-degradation (Opsahl and Benner, 1998).
Since the aromaticity index (a measure of the aromaticity of the molecules; Koch and Dittmar,
2006) of the t-Peaks is high at 0.53 = 0.10 (Medeiros et al., 2016), one would expect them to be
highly photo-degradable. Unfortunately, no investigation of changes in composition of Altamaha
River DOM due to photo-degradation was conducted in parallel to the shelf wide sampling.
However, photo incubation experiments have been recently pursued using water collected near
the Amazon River mouth (Seidel et al., 2015). Since all 184 t-Peaks were also observed at the
Amazon River mouth (Medeiros et al., 2016), this allowed us to investigate the t-Peaks’ response
to solar irradiation. During the course of the irradiation experiment, which lasted 5 days, the
frequency of occurrence of the t-Peaks remained unaltered at 100%. The contribution of the t-
Peaks to the total magnitude of all peaks in the spectrum also remained surprisingly unaltered.
This suggested that, at least over the scale of a few days, the t-Peaks were mostly resistant to

photo-degradation. One important factor to consider is that, in the first few days of the
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experiment, the flow-through seawater in the incubation tank contained a high suspended matter
load reflecting the in situ reduced light conditions in the mixed layer of the Amazon River plume
(Seidel et al., 2015). This may have led to reduced exposure to solar irradiation, decreasing
photo-degradation.

A much longer photo-irradiation experiment has been previously conducted using water
from the Congo River (Stubbins et al., 2010), which initially also contained all 184 t-Peaks
(Medeiros et al, 2016). The 57 days continuous solar simulator irradiation used in that study
equated to 38 days under 12 hours of daylight at the mouth of the Congo River. The duration of
the irradiation experiment was chosen so that over 95% of the initial CDOM light absorbance
was removed, ensuring the occurrence of large shifts in DOM quality that could be readily
observed by FT-ICR MS (Stubbins et al., 2010). At the end of the experiment, 94% of the t-
Peaks were completely consumed (see Supporting Table of Stubbins et al., 2010), revealing that
at longer time scales, most of the t-Peaks are indeed photo-degradable.

At first glance, the 38 day-long experiment (Stubbins et al., 2010) could be thought to be
comparable to the 42 day-interval between the research cruises in early April and mid-May
represented in the mixing model (Figure A5). However, the experiment likely represents an
extreme case compared to shelf conditions observed in the South Atlantic Bight following the
peak in river discharge. This is because Altamaha River water contains high clay and silt
concentrations (Bhatti et al., 2009), which likely reduces light penetration in plume waters near
the river mouth. Additionally, a given water parcel in the Altamaha River plume will only be
near the top of the mixed layer where strong photo-degradation can occur a small fraction of the
time. Therefore, a given water parcel would presumably have to remain in the mixed layer much

longer than 38 days to experience the same amount of photo-degradation experienced in the
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Congo River irradiation experiment. If we assume that the effective photochemical depth in the
plume is about 10-20% of the mixed layer depth (for example, an effective light penetration of a
few meters in a 15-20 m-thick surface mixed layer; Kieber et al., 1990), then the 5-day long
irradiation experiment in the Amazon River (Figure A6) may be more directly relevant to the
photo-degradation of the t-Peaks in the South Atlantic Bight from early April to mid-May. If that
IS true, then the t-Peaks would be not only mostly resistant to biodegradation (Figure A6), but
also to photo-degradation on scales of 1 month or so under the observed shelf conditions in the
SAB. That is consistent with the interpretation that the observed decrease in the relative
abundance of the t-Peaks between early April and mid-May can be explained by wind-driven
mixing of plume and oceanic waters (Figure A5) as the lens of low-salinity water was
transported offshore (Figure A3). Since the t-Peaks are photo-degradable on longer time scales,
it is possible that photo-mineralization and/or photo-transformations contributed to their removal
during summer and fall. Other factors that may have contributed to the reduced signature of the

t-Peaks during summer include additional dilution and northward (and possibly off shelf) export.

3.3. High Resolution Observations of Terrigenous DOM over the Shelf

The spectral slope coefficient of CDOM in the 275-295 nm range (Sz75-295) has been
shown to be a reliable tracer for terrigenous dissolved organic carbon in river-influenced ocean
margins (e.g., Fichot and Benner, 2012; 2014). Here, we used the results from the principal
component analysis (i.e., the PC 1 values, Figure A3c and Figure A.S2) to estimate the fraction
of the DOM in each sample that was of terrestrial origin (tDOM). Similarly to the previous
studies in other regions, Sy7s.295 for the 6 research cruises in the South Atlantic Bight was found

to be significantly correlated to the riverine signature of the DOM pool (Figure A6a). tDOM for
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each sample could therefore be derived from Sy75.295 using two different linear fits, depending on
the value of Sy75.205 (Figure A6a). The correlation coefficient between the measured and
estimated tDOM was r = 0.91 (p<0.0001) (Figure A6b). We note that using two separate linear
fits led to better results than using a single nonlinear fit.

The results presented above indicated that it is possible to quantify the distribution of
riverine DOM over the South Atlantic Bight shelf using optical measurements. That is a great
advantage, since those are easier and less time-consuming to obtain compared to FT-ICR MS,
which allows for observations to be collected in high spatial resolution. That is also crucial for
future efforts to quantify shelf-slope exchange of riverine carbon in the South Atlantic Bight,
since offshore export of shelf water is thought to occur at least partially in relatively narrow (~10
km wide) filaments (Atkinson et al., 1978) that are easily missed by low resolution observations.
The spatial distribution of surface tDOM based on S,7s.205 Observations in early April is shown in
Figure A7 as an example, together with the salinity distribution in the surface layer. Consistently
with the results presented in the previous section, the distributions of tDOM and salinity were
spatially correlated. Tongues of increased tDOM could be observed extending offshore from
near the mouth of the Altamaha River and Sapelo Sound, and tDOM decreased offshore. There
was also a general tendency for high tDOM and low salinity values to extend farther offshore in
the northern part of the sampling area. This was likely because freshwater input to the south of
the Altamaha River in the South Atlantic Bight is quite small (Atkinson et al., 1983). As
upwelling favorable winds transported the low-salinity waters offshore in a surface Ekman layer,
plume waters were also presumably transported alongshelf by the wind-driven mean circulation,
which is predominantly northward during spring/summer (Lee et al., 1991). This may help

explain why the frequency of occurrence of the t-Peaks and their contribution to the total
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intensity of all peaks in the FT-ICR MS spectrum decreased rapidly offshore of the shelfbreak in
May 2014 (Figure A3f). Since the terrigenous material was likely transported alongshelf at the
same time that it was transported offshore (e.g., Figure A7), any off shelf export of terrigenous
material from the Altamaha River would presumably have occurred to the north of the main
transect where FT-ICR MS analysis were concentrated (Figure Al). Off shelf export of
terrigenous DOM along the Altamaha River transect would presumably only be observed if there
were significant inputs to the south of the Altamaha River, which is not the case (Atkinson et al.,

1983).

4. Conclusions

We investigated the distribution of terrigenous DOM over a shallow, broad continental
shelf at seasonal scales, as well as the underlying mechanisms controlling that distribution, using
ultrahigh resolution mass spectrometry and stable carbon isotope analyses. Observations were
collected during multiple research cruises in the South Atlantic Bight off the southeastern United
States, from early spring to fall. Terrigenous DOM was found to be restricted to a band near the
coast early in the year, being rapidly transported offshore all the way to the shelfbreak in a
surface layer once winds become predominantly upwelling favorable. As the low salinity plume
was transported across the shelf, wind-driven mixing and entrainment of marine water resulted in
the progressive dilution of the terrigenous DOM signature. The signature of the terrigenous
DOM over the shelf during summer and fall was substantially smaller, likely due to a
combination of reduced riverine input and northward (and possibly off-shelf) export. Since the t-
Peaks are photo-degradable on long time scales, it is also possible that photo-transformations

contributed to their reduced signature at that time. Comparing the spectral slope coefficient of
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CDOM in the 275-295 nm range (S275-295) with the overall riverine signature of the DOM
based on mass spectrometry data from all seasons revealed a statistically significant correlation.
That is important, because optical measurements are less costly and less time consuming to
obtain. As such, the availability of high resolution optical measurements spanning large sectors
of the South Atlantic Bight would contribute to better constrain shelf-slope exchange of riverine

carbon in the region.
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Figure A.S1. Spatial distribution of contribution of the t-Peaks to the total magnitude of all
peaks in the FT-ICR MS spectrum (%) for the six research cruises in 2014. Timing of sampling is
shown on the top right corner of each panel. Sample up the river in May was collected in 2013.
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Figure A.S2. (a) Slcatter plot of first principal component of FT-ICR MS-derived DOM

(b)

PC 1

0.5

composition and 6 C SPE-DOC (%o) color coded for each month. Correlation coefficient (r) is
also shown. (b) Loadings of PC1 shown in van Krevelen space.
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Dark, Altamaha Photo, Amazon
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Figure A.S3. Time series of (a,c) frequency of occurrence of the t-Peaks (%) and (b,d) their
contribution to the total magnitude of all peaks in the FT-ICR MS spectrum during (a,b) dark
microbial incubations using Altamaha River water and (c,d) photo-irradiation experiments using
Amazon River water.
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