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ABSTRACT OF THE DISSERTATION 

 

 

Chemical characterization of refractory dissolved organic matter 

 

by 

 

Neal Ken Arakawa 

 

Doctor of Philosophy in Oceanography  

 

University of California, San Diego, 2016 

 

Professor Lihini I. Aluwihare, Chair 

 

The primary objective of this thesis was to combine a chemical degradation 

technique together with an analytical framework centered primarily around gas 

chromatography (GC) to more fully interrogate the composition of aquatic dissolved 

organic matter (DOM). Previous studies had suggested that aliphatic compounds could 
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represent a significant fraction of refractory organic matter isolated by solid phase 

extraction (SPE). These studies had also uncovered the vast complexity of DOM. Gas 

chromatography coupled to mass spectrometry provides superior separation capability 

and is ideal for examining complex mixtures of lipid-derived molecules. As such I sought 

to develop a comprehensive GC analysis methods to provide molecular level information 

for DOM isolated by solid phase extraction (SPE) onto a hydrophobic resin- PPL 

(Agilent Bond Elut).  In Chapter II, a comprehensive chemical reduction procedure was 

developed and first applied to the environmental DOM standard Suwannee River Fulvic 

Acid (SRFA) as a proxy for marine DOM.  The resulting hydrocarbons were amenable to 

comprehensive gas chromatography time-of-flight mass spectrometry (GCxGC-TOF-

MS), and effectively resolved into multiple series of alicyclic, unsaturated compounds. 

This was the first direct demonstration of the isomeric complexity of aquatic DOM. 

Similar alicyclic compounds were recovered from the reduction of terrestrial source 

material, implicating resin acids and sterols as potential precursors of SRFA.  In Chapter 

III the reduction process was applied to marine surface DOM from the Scripps Institution 

of Oceanography Pier, and similar alicylic compounds were found.  The GCxGC-TOF-

MS identified carbon backbones closely resembling carotenoids, implicating these 

ubiquitous and highly reactive biomolecules as the source of a significant fraction of 

DOM accumulating in the marine water column. The structural assignment was 

supported by the identification of carotenoid derived resonances in two dimensional 

nuclear magnetic resonance (NMR) spectra, which indicated that these molecules were 

highly oxidized compared to the parent molecules consistent with their present in DOM.  

Following up on this work in Chapter IV the carotenoid β-carotene was irradiated with 
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natural sunlight to test the hypothesis that photodegradation was one pathway that 

converted carotenoids into water-soluble degradation products.  The first finding was that 

the reaction produced a series of compounds identical to compounds isolated from marine 

DOM. The second important result was that the reaction produced a complex mixture of 

isomers from a single compound that helps to at least partly explain the compositional 

diversity in marine DOM. Together, the data in Chapters III and IV allowed us to link a 

large fraction of DOM to a ubiquitous biomolecule that can now serve as a model for 

studies examining the formation and fate of DOM that accumulates in the ocean on long 

timescales. Finally, in Chapter V we sought to examine how the composition of DOM – 

both the complex alicyclic fraction and small, polar biomolecules, which are considered a 

“fresher” signal of biological input – evolved across a salinity gradient. Although core 

biochemical classes were present in all regions the data supported in situ production of 

compositionally similar material rather than mixing across the gradients as proposed in 

some studies. Together, the chapters in my thesis provide new insight in the composition 

of dissolved organic matter in marine and terrestrial environments. The thesis also 

represents the most comprehensive molecular level characterization of DOM isolated by 

this solid phase extraction method, which is the most commonly used isolation method in 

the field. My findings also provide an important foundation for future lab-based 

mechanistic studies of DOM cycling in the marine environment.  
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Chapter I 

 

Introduction 
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Dissolved organic matter (DOM) and Dissolved organic carbon (DOC) 

Dissolved organic matter (DOM) and dissolved organic carbon (DOC) are two 

terms that are used, often interchangeably, to describe compounds that are dissolved in 

natural waters (e.g. rivers, lakes, oceans).  As consistently as possible, I will use DOM 

when discussing qualities of entire compounds (such as chemical structure) and DOC 

when discussing qualities of the carbon contained within those compounds (such as 

concentration or radiocarbon age).  DOM is an operational definition; compounds are 

referred to as DOM (and DOC) if they pass through a filter and are not inorganic (e.g. 

CO2, HCO3
- , CO3

2-).  The pore size of this filter is not standardized, and ranges from 

0.1-1μm.  In Chapters 3 and 4 I use a 0.2µm filter, which largely excludes bacteria.     

Global significance of DOC 

  As a reservoir, global oceanic DOC is estimated at 662 Gt (1Gt = 1015g) of carbon 

(C) (Hansell et. al. 2009).  It is similar in scale to the amount of carbon contained in the 

atmosphere as CO2, ~760 Gt C, or the amount of carbon contained within the terrestrial 

biosphere, 800 Gt C (Falkowski et al. 2000).  While terrestrial carbon is largely contained 

within woody tissue (and thus temporarily protected from oxidation), aquatic DOC is 

easily accessible to heterotrophic bacteria and photoxidation.  Given that the ocean 

surface is saturated in oxygen and light can penetrate even 100s of meters in most open 

ocean environments, I would expect organic compounds to be oxidized completely to 

CO2.  However, early radiocarbon measurements (14C) (Druffel, 1987, Druffel et al 1992) 

indicated that deep ocean DOC has an average radiocarbon age of 4000-6000 years, with 

some compounds perhaps being significantly older; recent studies classifying DOM into 
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different reactivity states estimate that 95% of oceanic DOC is not easily accessible to 

bacterial degradation or photoxidation (Hansell 2013).  Since much of the deep ocean 

reservoir of DOC has a radiocarbon age that exceeds the mixing time of the ocean, old, 

degradation resistant organic compounds are mixed throughout the entire oceanic water 

column. Given the capacity of DOC to effectively double atmospheric CO2, the cause of 

this recalcitrance is the key to understanding the full role of DOC in impacting past 

(Sexton, 2011), as well as future, climates.    

Chemical characterization of DOM 

 Photosynthetically produced biochemicals (e.g. sugars, amino acids, lipids) are 

the source of most of the carbon in DOM, with small contributions from 

chemoautotrophy and hydrothermal systems.  Biologically mediated and abiotic 

processes transform these compounds into DOM, such that known biochemicals 

represent less than 10% at the surface and less than 2% in deep water (Benner, 2002).  

The majority of DOM therefore exists as a chemically complex mixture of innumerable 

compounds.  Most chemical studies of DOM have utilized isolation methods that 

fractionate DOM by size or chemistry, and none of these methods can isolate >60% of 

DOC on their own. Currently under development is a method that couples reverse 

osmosis and electrodialysis, which is capable of isolating nearly the entire reservoir.  

However, it is currently difficult to implement and restricted to only a few laboratories 

(Koprivnjak et al. 2009). Largely, studies characterizing DOM have used one of two 

general techniques to isolate DOM: ultrafiltration (UF) or solid-phase extraction (SPE).  

As each targets a different attribute of DOM (UF: size, SPE: hydrophobicity) with 
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different efficiencies, these methods introduce a sampling bias that must be 

acknowledged.  In these studies (Chapters 3-5) analyze DOM isolated by SPE using a 

proprietary resin identified as PPL (Agilent Bond-Elut).  This particular SPE method 

consistently isolates a larger (%) fraction – 40-60% - of available DOC. Its radiocarbon 

signature is as depleted as bulk DOC (-180-200‰) at least in surface waters 

(Lechtenfeld, 2014)  whereas ultrafiltration consistently isolates a fraction that is younger 

than the bulk (Aluwihare et al. 2002) and other SPE resins such as XAD, isolates a more 

depleted fraction (e.g., Druffel et al., 1992).  

Chemical analyses of DOM range from bulk to highly targeted, with each offering 

distinct advantages and limitations.  One such bulk measurement is the isotopic ratio of 

naturally occurring 13C/12C within DOM, which has long been used to distinguish marine 

from terrestrial DOM.  Bulk measurements are attractive because they integrate the entire 

sample, and does not introduce an additional bias. However, chemical characterization is 

limited by analytical bias. Unfortunately, even high-powered bulk techniques such as 

two-dimensional nuclear magnetic resonance spectroscopy (e.g., HSQC, HMBC) 

ultimately reach analytical limitations due to the overwhelming complexity of DOM. 

Recently, ultrahigh resolution mass spectrometry (FTICR-MS) has emerged as 

perhaps the most popular analytical tool for DOM analysis.  FTICR-MS is a prime 

example of the power and limitations of targeted analytical techniques.  Functionally, 

FTICR-MS resolves complexity by separating DOM ions in a strong magnetic field.  The 

strength of this separation (or resolving power), and accuracy of the instrument are 

sufficiently high enough to determine exact chemical formulae for many of the ions, an 
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unprecedented feat in DOM analysis.  While inferences about chemical composition can 

be drawn based on the elemental ratios of constructed formulas, FTICRMS does not 

provide structural information.  Additionally, all mass spectrometric techniques require 

ionization, which also introduces bias to the analysis.      

This discussion underscores the importance of combining and integrating 

different analytical approaches when analyzing DOM structure.  Arguably, the most 

important “breakthroughs” in DOM structure elucidation have occurred by combining 

analytical techniques.  Recently, FTICR-MS and multiple NMR techniques (i.e. HSQC, 

DEPT 13C) were combined to model a component of DOM present in deep (old) DOM 

(Hertkorn et al., 2006).  Structural features present in these NMR spectra gave birth to the 

term carboxy-rich alicyclic molecules (CRAM) to describe this fraction of DOM. These 

features are consistent with carboxylated sterol structures, however, CRAM cannot be 

definitively tied to any particular class of compounds, and uncovering the connectivity 

between the prominent functional groups to provide plausible chemical structures 

remains a challenge.  More recently, a distinct class of oxygen-rich, aliphatic compounds 

was identified in terrestrial DOM, through the combination of HSQC and HMBC NMR 

analysis (Lam et al., 2007).  This class was labeled molecules resembling degraded, 

linear, terpenoids (MDLT), and is distinct from CRAM. 

A central theme in this dissertation is the use of chemical alteration of DOM in 

combination with instrumental analysis.  Chemical degradation/alteration of DOM is not 

novel and has historically been applied to combat the complexity of the DOM.  For 

example, cupric oxide (CuO) based oxidation of organic matter to analyze lignin 
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oxidation products was first applied to organic matter samples 40 years ago (Hedges and 

Parker 1976), and is still widely used today.  Other popular techniques include TMAH 

thermochemolysis, acid hydrolysis (Panagiotopoulos et. al. 2007), and recently benzene 

polycarboxylic acid (BPCA) analysis (Glaser et. al. 1998). In fact, exhaustive chemical 

reduction of marine dissolved organic matter was also accomplished ~40 years ago 

(Gagosian and Sturmer, 1977).  Had currently available high-resolution analytical 

methods, and specifically, superior chromatographic separation, been accessible at the 

time, these authors would have likely reached the same conclusions as I am present in my 

thesis. The structural characterization that I performed utilized comprehensive gas 

chromatography time of flight mass spectrometry (GCxGC-TOF-MS).  This instrument 

greatly increased our separation power, and as a result, our ability to provide definitive 

chemical structures for some fraction of PPL extracted DOM. 

GCxGC-TOF-MS is a powerful tool which increases gas chromatographic 

resolution through the inclusion of a second, in-line, column.  While its most direct 

application is the separation of oil samples (as no derivatization is necessary), it can be 

applied to any extremely complex mixture of compounds amenable to gas 

chromatography, and has already shown promise in analyzing environmental samples 

(Ball & Aluwihare, 2014).   

Organization of the dissertation 

 The central goal of this dissertation is to better understand the chemical 

composition of DOM, with a particular focus on the aliphatic compounds that accumulate 

in this reservior.  All of the chapters include the use of an exhaustive chemical reduction 
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method to make DOM amenable to comprehensive GC (GCxGC) TOF-MS. 

Comprehensive GC affords remarkable chromatographic resolution, making it perhaps 

the most powerful tool currently available for structural elucidation of complex mixtures.  

When possible, we have complimented chemical reduction data with other analytical 

datasets to lend further support to our conclusions.  

 Chapter II of this dissertation applied a previously published, chemically 

exhaustive reduction method to an environmental DOM standard, Suwannee River Fulvic 

Acid (SRFA).  This chapter was published in Environmental Science and Technology and 

introduced a novel analytical framework – coupling DOM reduction to comprehensive 

GC TOF-MS – to provide fundamentally new data on the chemical backbones present in 

DOM. Ultimately, the study identified alicyclic hydrocarbons as prominent reduction 

products of terrestrial DOM (Arakawa and Aluwihare, 2015). The study also applied the 

reduction to a broad suite of standard molecules, which provided a template for proposing 

parent structures for reduction products from complex environmental samples. 

 Chapter III applies the reduction method developed in Chapter II to a marine 

DOM sample isolated from the Scripps Institution of Oceanography (SIO) Pier by SPE.  

This chapter is currently in review at Science Advances.  In this chapter we determine that 

alicyclic reduction products are present in 14C aged SIO-SPE DOM, and that these 

hydrocarbons originate from degraded carotenoids.  This work is supported by advanced 

NMR experiments conducted in collaboration with colleagues at the University of 

Tortona, Canada. The reduction coupled to comprehensive GC TOF-MS uncovered 
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molecules with carotenoid-like carbon backbones and the NMR experiments successfully 

tied these compounds to oxidized carotenoid-structures accumulating in DOM.   

 Chapter IV tests the hypothesis that carotenoids can be degraded to form 

compounds which resemble DOM.  In this chapter a single carotenoid, β-carotene, was 

oxidized over relatively short (~1 month) time periods.  Using standard compounds, 

comprehensive GC, and proton NMR experiments I was able to conclusively demonstrate 

the structural similarities between the diverse set of carotenoid photo-oxidation products 

and PPL-DOM from the SIO Pier.   

 Chapter V examines a suite of SPE-DOM samples that span a salinity transect 

from river to ocean.  This chapter uses a variety of bulk and targeted techniques to 

differentiate SPE-DOM across the gradient, and connect individual molecular features, if 

possible, to DOM produced in different salinity regimes.  The data suggests that while 

certain bulk measurements support mixing between high and low salinity endmembers as 

the major driver of compositional differences, the molecule techniques (including 

chemical reduction) point to three distinct compositional pools of SPE-DOM.     
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Abstract 

 Dissolved organic matter (DOM) that can persist for millennia represents an 

essential pathway of the Ocean’s Biological Carbon Pump. The origin of DOM’s 

persistence has never been fully explained, and so, its sensitivity to climate change 

remains unconstrained. Here, we show, using two independent analytical approaches, that 

accumulating DOM contains aliphatic compounds with cyclic head groups that are 

consistent with highly oxidized carotenoid structures.  This comprehensively 

characterized fraction of DOM had a 14C age of ~1625 years, and carotenoid derivatives 

comprise 10% to 50% of its carbon.  The reported chemical modification of carotenoids 

through oxidation implies that intrinsic stability dictates the persistence of this DOM 

fraction in the ocean. 

Introduction 

The Ocean contains approximately 700 Gt of carbon (Siegenthaler & Sarmiento 

1993) in the form of dissolved organic matter (DOM), a reservoir that has been 

implicated in modulating Earth’s past climate (Sexton et. al 2011). A significant fraction 

of this reservoir is comprised of a radiocarbon (14C)-depleted component that exists 

mixed throughout the entire water column (Williams & Druffel 1987).  How this 

component functions as a capacitor for carbon dioxide on different timescales remains 

unknown because its composition is still only poorly defined.  A variety of methods can 

isolate 14C-depleted DOM from seawater (Repeta & Aluihiare 2006, Dittmar et al. 2008, 

Flerus et al. 2012, Lechtenfeld et al. 2014), but existing analytical techniques have thus 

far struggled to provide definitive chemical structures.  Such information is necessary to 
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determine the source, ultimate fate and reason for DOM accumulation in the ocean on 

millennial timescales.   

Over the last two decades a consensus has emerged identifying terpenoids as 

major components of terrestrial DOM (Leenheer et al. 2003, Hertkorn et al. 2006, Lam et 

al. 2007, Arakawa & Aluwihare 2015), and recently molecular level analytical techniques 

provided unambiguous structural support for their prevalence (Arakawa & Aluwihare 

2015).  Additionally, comparison of surface and deep marine samples has led 

investigators to conclude that this class of compounds constitutes part of refractory 

DOM. Carotenoids, a narrow class of terpenoids, play numerous roles in marine and 

terrestrial environments including as light-harvesting and photoprotective pigments.  Of 

the 100s of unique marine carotenoids, many share two defining features:  alicyclic 

headgroups of a specific carbon arrangement, and conjugated isoprene units (Liaaen-

Jensen 1991).  Both of these features have been definitively identified in the present 

study using a combination of nuclear magnetic resonance spectroscopy (NMR) and mass 

spectrometry (MS). Such a finding confirms that many of the terpenoid features detected 

in marine DOM arise from compounds resembling carotenoids.  

Materials and Methods 

Materials.  

All solvents (ACS grade or better), model compounds and hydrocarbon standards 

were purchased commercially, and used as supplied.  n-Butylsilane (n-BS) and 

Tris(pentafluorophenyl)borane (B(C6F5)3) were purchased from Sigma Aldrich, and 
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stored in an Argon filled desiccator when not in use.  CH2Cl2 was stored over activated 

molecular sieves (3 Å, 10% wv).   

 

DOM Isolation.   

The isolation protocol was adapted from Dittmar et al. (2008).  330L of seawater 

from the Scripps Institution of Oceanography Pier (UCSD, La Jolla), were collected and 

pre-filtered through an AcroPak™ 0.8/0.2 μm polyethersufone (PES) Supor® membrane 

filter.  The filtrate was acidified to pH 2 with conc. Hydrochloric acid (HCl), and passed 

over activated (1 cartridge volume methanol (MeOH)) 1 gm Agilent Bond Elut PPL 

styrene-divinylbenzne polymer cartridges @ ~15ml/min.   9 cartridges were used and 

eluted after 20 L. Prior to elution, cartridges were rinsed with 2 cartridge volumes 0.01 M 

HCl, followed by 2 cartridge volumes pure water (MilliQ).  The MilliQ rinse was done to 

limit methylation of DOM under MeOH elution.  The cartridges were then dried under 

N2 gas, and eluted with 2 cartridge volumes of MeOH.  The combined eluents were dried 

under N2 gas, resuspended in MilliQ, frozen, and lyophilized.  The total weight of 

recovered DOM was 235 mg.   

DOM Fractionation/purification.   

PPL-DOM was hydrolyzed with 2M HCl at 90°C overnight.  The dried hydrolysate 

was re-dissolved in acidic water (0.01 M HCl) and extracted against ethyl acetate to 

remove highly lipophilic material.  The extraction was repeated twice with 0.01 M HCl 

and the acidic water layers were combined and subsequently freeze dried.  The dry, polar 

PPL-DOM hydrolysate was resuspended in 0.02 M HCl, and extracted again using a 1 g 

PPL cartridge.  The permeate, and successive acid and MilliQ rinses, were collected and 
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freeze dried.  The permeate plus wash fraction contained primarily sugars and amino 

acids as determined by NMR and GC-MS data (not presented). Finally, the PPL cartridge 

was dried, and eluted with MeOH and this eluent is identified as the Carotenoid-Rich 

fraction in the text, tables (3.1) and Figures (3.8). 

 

Radiocarbon and elemental analysis  

 Radiocarbon measurements were generated at the W.M Keck Carbon Cycle 

Accelerator Mass Spectrometry Laboratory at UC Irvine. Sample graphitizing 

backgrounds have been subtracted based on combusted glycine and glycine.  Sample 

processing backgrounds have been subtracted based on processed glycine and glycine. 

All results have been corrected for isotopic fractionation according to the conventions of 

Stuiver and Polach (1977), with δ13C values measured on prepared graphite using the 

AMS spectrometer. These can differ from δ13C of the original material, if fractionation 

occurred during sample graphitization or the AMS measurement, and are not shown.  

Independent elemental and stable isotopic (δ13C, δ15N) characterization of samples was 

performed using standard elemental analyzer isotope ratio mass spectrometry (EA-IRMS) 

at the Scripps Institution of Oceanography. 

 

Gas Chromatography-Flame Ionization Detection/Mass Spectrometry (GC-MS/FID)   

An Agilent 7890A Gas Chromatograph system coupled simultaneously to an Agilent 

5975C quadrupole mass spectrometer and a flame ionization detector was used for GC-

MS/FID characterization of the sample.  Splitless injection with 1 μL of analyte was 

used.  Separation was performed on a 5% phenyl poly(dimethylsiloxane) column (J&W 



37 
 

123-5731DB-ht, 30 m, 320 μm i.d., 0.1 μm film) with a temperature program from 50 °C 

( hold time 0.5 min) to 140 °C (at 10 °C/min, hold time 0 min)  to 320 °C (at 15 °C/min, 

hold time 10 min).  Helium was the carrier gas with a constant flow of 1.8 mL/min.  After 

separation, the effluent was split between the flame ionization detector (operating at 

310°C) and the mass spectrometer (70eV ionization, scanning 50-750 m/z).  

Quantification of reduced model compounds and reduced SIO Pier DOM was 

accomplished using a calibration curve generated using a hydrocarbon standard 

(decahydronapthalene) and assuming a constant FID response factor across unknown 

hydrocarbons.  When available, reduced model compound structures were confirmed by 

comparison to the NIST Mass Spectral Standard Reference Database.  For SIO pier 

DOM, manual integration was used to remove peaks associated with catalyst degradation. 

 

Comprehensive Two-Dimensional Gas Chromatography (GCxGC-TOF-MS)  

The GCxGC instrument used is a LECO Pegasus 4D GCxGC-Time-of-Flight Mass 

Spectrometer (GCxGC-TOF-MS).  The term GCxGC refers to the use of two distinct 

columns in series that have different chemical selectivity.  Compounds are separated 

primarily by volatility in the first column and polarity in the second.  The analysis is 

comprehensive because all of the effluent from the first column is cryofocused and 

transferred onto the second column.  Effluent from the second column is then analyzed 

by the TOF-MS, which benefits from high spectral acquisition speed (50 Hz-500 Hz).  

Finally, the data is compiled into a two-dimensional chromatogram that is visualized and 

processed by ChromaTOF® software.  Both columns are housed within an Agilent 

7890A Gas Chromatograph.  The splitless inlet temperature is set at 300°C.  The first 
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dimension column is a semi-polar Crossbond® diphenyl dimethyl polysiloxane column 

(Restek Rxi-17Si, 30m length, 0.2550mm i.d., 0.25μm film thickness).  The column was 

programmed to remain isothermal at 40°C for 1 min, and ramped to 315°C at 3°C per 

minute.  The modulator temperature was offset by +30°C to the primary oven.  The 

secondary oven (within the GC) housed the second dimension non polar Crossbond® 

dimethyl polysiloxane column (Restek Rxi-1, 1.58m length, 0.250mm i.d., 0.25μm film 

thickness).  The secondary oven temperature was offset by +25°C to the primary oven.  

The modulation period was 2.5 s, with a hot pulse time of 1.05 s and a cool time of 0.2 s.  

The carrier gas was Helium at a constant flow of 1.5 mL/min.  The acquisition delay on 

the TOF-MS was set to 160s.  The acquisition rate was set to 50Hz, with a range of 5-

1000 m/z.  Electron Ionization was run at 70eV.  Again, reduced model compound 

structures were confirmed by comparison to the NIST Mass Spectral Standard Reference 

Database. 

Reduction Procedure   

The reduction procedure directly follows Arakawa and Aluwihare (2015) which was 

modeled after Nimagadda et al. (2007).  For model compound reductions, compounds 

(~2.5 mg) were transferred by syringe to a single flame dried 2 mL vial equipped with a 

stir bar.  Under Argon atmosphere, 10 mg of B(C6F5)3 was added (100 μL of 100 mg 

B(C6F5)3/1 mL dichloromethane solution).  Immediately after addition, 100 μL of n-BS 

was added, also under Argon.  The mixture was then allowed to stir-overnight. Note that 

the sample is completely soluble in dichloromethane after the reduction. Following 

reduction the samples were treated to remove excess catalyst and siloxane by-products.  

Approximately 50 μL of the reaction mixture was transferred into 250 μL of conc. 
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KOH/MeOH.  After 1 minute the mixture was extracted with pentane (3x 100uL).  The 

pentane fractions were collected, washed with H2O, and dried over Na2SO4.  The organic 

fraction was then dried under N2 to 100μL for GC-FID/MS and GCxGC-TOF-MS 

analysis. This complete method was reproduced during the reduction of SIO Pier PPL-

DOM, with 5 mg. of starting material.  See Arakawa and Aluwihare (2015) for additional 

discussion of the reduction method. 

 

NMR Analysis  

Sample (50 mg) was re-suspended in 1 mL of deuterated methanol (CD3OD). 

Samples were analyzed using a Bruker Avance III HD 500 MHz NMR spectrometer 

equipped with a 1H-13C-15N 5 mm, triple resonance inverse (TXI) cryoprobe.  

Heteronuclear Single Quantum Coherence (HSQC) spectra were collected in phase-

sensitive mode using Echo/Anti-echo gradient selection, sensitivity enhancement and 

multiplicity editing during the selection step. All 180o carbon pulses were performed 

using matched adiabatic pulses for inversion and refocusing. 512 scans were collected for 

each of the 128 increments in the F1 dimension. 1024 data points were collected in F2, a 

1J 1H-13C value of 145. The F2 dimension was multiplied by an exponential function 

corresponding to a 15 Hz line broadening, while the F1 dimension was processed using a 

sine-squared function with a π/2 phase shift and a zero-filling factor of 2.  

Heteronuclear Multiple Bond Correlation (HMBC) were carried out in phase-

sensitive mode using Echo/Anti-echo gradient selection (Cicero et al. 2001) and a 

relaxation optimized delay of 25 ms for the evolution of long-range couplings (Lam et al. 

2007, Simpson et al. 2011). 2048 data points were collected in F2 over 1024 scans for 



40 
 

each of the 128 increments in the F1 dimension. The F2 dimension was multiplied by an 

exponential function corresponding to a 15 Hz line broadening, while the F1 dimension 

was processed using a sine-squared function with a π/2 phase shift and a zero-filling 

factor of 2. 

Spectral predictions were carried out using Advanced Chemistry Development’s 

ACD/NMR Workbook using Neural Network Prediction algorithms (version 2015.2.5). 

Parameters used for prediction including spectral resolution, and base frequency were 

chosen to match those of the real datasets as closely as possible. Due to relative fast 

relaxation in the DOM sample the optimal evolution delay was determined to be 25ms in 

HMBC experiments. Longer delays theoretically allow longer range couplings to evolve 

however in DOM fast relaxation leads to the loss of signal if longer evolution delays are 

used. As such 25ms represents the optimal compromise for the sample that provides the 

best balance between signal and correlations that can be observed (Lam et al. 2007). 

However, a 25ms delay corresponds to an (1/2Jlr 1H-13C) of 20Hz which will bias the 

stronger and shorter range correlations in the sample, very long range couplings such as 4 

and 5 bond correlation which take a long time to evolve will not be detected in DOM. To 

account for this and permit the simulations to reflect the real situation as closely as 

possible only 1H-13C couplings greater than 6Hz were included in the calculations. Both 2 

bond and 3 bonds correlations were permitted but the two bonds correlations that 

generally build up the quickest (i.e. will be detected preferentially in DOM due to the 

short evolution delay that had to be used) were weighted 2:1 over the 3 bond correlations. 

The result is that the real HMBC data for DOM will bias strong and short correlations 
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and this is matched, as best possible, by the simulations where strong couplings (>6Hz) 

and short range (preference of 2 bond over 3 bond) are also given preference. 

Results and Discussion 

Marine DOM for this study was isolated by solid phase extraction (SPE) with 

PPL resin (Dittmar et al. 2008) from surface ocean waters near the Scripps Institution of 

Oceanography (SIO) and the isolated component represented 39.6% of measurable 

dissolved organic carbon (DOC). This sample, termed PPL-DOM, has representative 

compositional and isotopic characteristics (Table Fig. 3.1, Hertkorn et al. 2006). It also 

represents a temporally consistent fraction of the SIO DOM pool as evidenced by a 

1HNMR spectrum that is nearly identical to other PPL samples from a year-long, monthly 

time series at this location (Fig. 3.1). To characterize PPL-DOM at the molecular level a 

chemical reduction (Nimmagadda & McRae, 2007, Arakawa & Aluwihare 2015) was 

employed to first make its constituents amenable to separation by gas chromatography 

(GC). The reduction converts most oxygen containing functional groups (e.g. esters, 

carboxylic acids, alcohols) to their respective hydrocarbon backbones. 

Based on GC-based quantification the chemical reduction of SIO Pier PPL-DOM 

yielded 10% of its original carbon as GC-amenable products.  Calculation is based on 

quantitative FID analysis using decahydronampthalene as a hydrocarbon standard, and 

manual integration of reduction products.  Further interrogation of PPL-DOM with 

comprehensive GCxGC MS (Fig. 3.4) revealed several related series’ of isoprenoid-

based, alicyclic hydrocarbons very similar to those previously reported in terrestrial 

DOM (Arakawa & Aluwihare 2015). It was previously reported that for a terrestrial 
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DOM sample, the most abundant reduction products were attributed to three different 

series of alicyclic hydrocarbons (Arakawa & Aluwihare 2015). To arrive at this 

conclusion a systematic evaluation was conducted with model compounds containing 

different types of functional groups. These compounds were reduced using the same 

protocol as described here and the number, composition, and yield of the product(s) of 

these reactions were then used in combination to interpret the outcome of the PPL-DOM 

reduction.   First, during the reduction most organic compounds are reduced completely 

to hydrocarbons.  Second, the chemical formula (based on molecular ions, M+) of 

reduced hydrocarbons indicated unsaturation in the form of rings or double bonds.  Third, 

double bonds were found to be stable to the reduction only in alicyclic (ring) systems.  In 

the reduced terrestrial DOM, as with marine PPL-DOM, each observed series contained a 

multitude of compounds with the same degree of unsaturation (equal to sum of rings and 

double bonds), but varied in overall size. In both types of samples the most prominent 

series contained hydrocarbons with two degrees of unsaturation, which were attributed to 

either hydrocarbons with an alicyclic ring and double bond, or bicyclic hydrocarbons.  

Exact chemical structures could not be supported by mass spectra alone.   

 The determination of reduction products observed by MS as specifically alicyclic 

is based primarily on the observed chemical formulae of reduction products and 

knowledge of the reaction mechanism revealed from reducing standard compounds.  As 

with terrestrial DOM (Arakawa & Aluwihare 2015), the reduction of marine DOM 

uncovered remarkable structural homogeneity and large isomeric diversity consistent 

with inferences made from Fourier Transform Ion Cyclotron MS studies (Stenson et al. 

2003, Witt et al. 2009, Dittmar 2015). 
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Two prominent reduction products (Fig. 3.4, peaks A and B) were structurally 

characterized by matching their retention times (1RT, 2RT) and fragmentation patterns 

with those of reduced model compounds (Fig. 3.2).   Their carbon skeletons are entirely 

consistent with terpenoids, and specifically carotenoids.  For example, known carotenoid 

degradation products loliolide and abscisic acid (Taylor & Burden 1970) would produce 

similar compounds when reduced (Fig. 3.3). The detection of carotenoid-like head group 

structures in the chromatogram (Fig. 3.4) unambiguously confirms previous NMR reports 

implicating oxidized terpenoids (Hertkorn et al. 2006) and specifically compounds 

resembling carotenoids (Lam et al. 2007) as major components of DOM. 

Characteristics of the remaining hundreds of ions in reduced PPL-DOM (Fig. 3.4) 

were also scrutinized to identify further support for the presence of carotenoid 

degradation products.  Hypothetically breaking carbon-carbon bonds in a generic 

carotenoid (Fig. 3.4) can result in unsaturated alicyclic hydrocarbons between C10 and 

C15 that match the more prominent series observed in the chromatogram (Fig. 3.4).  The 

reduced abundance of C12H22 products (less red) highlights the improbability of breaking 

multiple carbon-carbon bonds during degradation.  The large backbone size of 

carotenoids (C40) would easily accommodate the wide size range of observed 

hydrocarbon products from C10 to >C25 (Fig. 3.4).   The reduction process does not add 

or remove carbon atoms, and so, this size diversity is present in native DOM.  The 

isomeric diversity of products, observed as many peaks of identical mass within a region, 

also unambiguously confirms previously implied isomerism in native DOM samples 

(Hertkorn et al 2013, Dittmar 2015). Consistent with the highly unsaturated tail of 

carotenoid molecules is the remarkable isomeric diversity of reduction products, a trait 
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previously attributed to PPL-DOM (Witt et al. 2009) but never directly detected. Using 

molecular ions (M+) detected for several compounds it was possible to define regions of 

the chromatogram that contained compositionally related molecules.  For example, all the 

peaks within the C12H22 region, indicated by a dotted ellipse, contain similar mass 

spectra with identical molecular ions (Fig. 3.4).  The regions to the left and right are 

offset (-/+) by 14 Da (a difference of CH2), resulting in isomers of the chemical formula 

C11H20 and C13H24 respectively.  The multiply unsaturated and branched carotenoid 

cleavage products (Fig. 3.4) must be highly oxidized at different locations to be 

consistent with NMR data, which could ultimately lead to some rearrangement of the 

carotenoid carbon skeleton either in native DOM or during the reduction.  Previously, the 

reduction mechanism was shown to produce isomers from certain types of model 

compounds (Chart 1 and Fig. 1 in Arakawa & Aluwihare 2015).  However, the large 

chromatographic regions over which isomers elute confirm the presence of multiple 

isomers in native DOM samples (i.e., progressively larger contiguous carbon skeletons 

that cannot be an artifact of the reduction). 

 

The recovered 10% of the carbon post-reduction, while significant, is a small 

fraction of the original sample.  The reduction process has poor recoveries of certain 

model compounds, in particular those with olefinic protons (Arakawa & Aluwihare 

2015).  Thus, the observed yield certainly underestimates the true percentage of degraded 

carotenoid material in DOM.  It was therefore necessary to seek another method, in this 
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case, NMR, to accurately interrogate the anticipated abundance of degraded carotenoids 

in DOM. 

Terpenoids, and specifically carotenoids, as known precursors to DOM were first 

proposed using advanced NMR techniques (Leenheer et al. 2003, Hertkorn et al. 2006, 

Lam et al. 2007, Woods et al. 2012).  Past studies applied heteronuclear multiple bond 

correlation experiments (HMBC) to identify the major fragments in DOM but combining 

fragments to provide complete structures was not possible (Lam et al. 2007). However, 

GC-MS identification of carotenoid degradation products provides a definitive model to 

augment previous interpretations of NMR data.  Here, Heteronuclear Single Quantum 

Coherence experiments (HSQC; Fig. 3.5A and 3.5C), which correlate proton chemical 

shifts and carbon chemical shifts over one bond in a sample, were combined with HMBC 

(Fig. 3.5B and 3.5D), which correlates long-range functional group interactions. Together 

HSQC units identify the H-C fragments in a structure and HMBC explains how these H-

C fragments link together to form a complete molecule.  

The GC-MS identification of a size range of degraded carotenoids with alicyclic 

head groups complements NMR data which bears the fingerprint of relatively intact 

carotenoid structures.   In the HMBC spectrum it is possible to pick out both key one 

bond correlations from the conjugated double bonds (orange circle, Fig. 3.5) as well as 

the long range correlation between the double bond and the methyl units (blue dashed 

circle, Fig. 3.5D), which are distributed throughout carotenoid structures. The abundance 

of methyl functionalities in PPL-DOM is demonstrated by the edited HSQC (Fig.  3.5C, 

green and purple highlights). 
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However intact carotenoids have very low aqueous solubility, suggesting the 

majority of molecules must have been degraded/transformed to make them polar enough 

to become water-soluble (Fig. 3.6A vs. 3.6C).  Generating hypothetical oxidized 

carotenoid structures consistent with the NMR data was challenging; spectra of 100’s of 

potential structures containing hydroxyl (OH) and carboxyl (COOH) functionalities were 

simulated to identify matches to PPL-DOM resonances. These simulations indicated that 

OH groups are unlikely to be present on the terminal ring (no prominent long range CH2-

CHOH couplings were detected; Fig. 3.5D vs. Fig. 3.6B, region V). Therefore, the 

heavily unsaturated main chain unit seems to be the logical point to introduce much of 

the oxidation necessary to satisfy NMR correlations, and indeed these double bonds are 

likely the most reactive sub-unit (Britton 1995). Interestingly, only NMR simulations 

where model structures contain fully hydroxylated chains accurately approximate the 

dominant correlations observed in PPL DOM (Fig. 3.6B). Considering that COO- (44Da) 

losses are commonly observed when PPL-DOM is analyzed by mass spectrometry 

(Reemtsma et al. 2008), it is likely that carboxylation of the structure has also taken 

place. Position-specific enzymatic cleavage of the main chain can produce ketones and 

aldehydes that are subsequently oxidized to carboxylic acids (Schwartz et al. 1997). 

Additionally, methyl groups may also be converted into COOH groups (Kitaoka et al. 

2015).   For the purpose of reproducing observed NMR correlations the random 

carboxylation of a portion of the methyl groups produces correlations that are then 

consistent with DOM (Fig. 3.7B and 3.6C).  

Modeled NMR correlations suggest that carotenoids and oxidized carotenoids are 

abundant in PPL-DOM. Absolute quantification of carotenoid-like components is 
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challenging due to spectral overlap with other compounds. However, these components 

clearly dominate the HMBC experiment. Considering HMBC is one of the most 

insensitive NMR experiments the detection of these structural components during this 

experiment suggests they are amongst the most abundant in PPL-DOM. Estimations for 

both HSQC and carbon data suggest these regions may account for approximately 50% of 

the total signal. Signals from relatively intact linear carotenoids (i.e., conjugated double 

bonds) are ~10 times less intense when compared to oxidized components in the HMBC, 

suggesting that the oxidized components dominate in the mixture. 

The PPL-DOM has a measured radiocarbon signature of -183‰ (Table 3.1) 

corresponding to a 14C age of 1625 years, which is consistent with previous reports for 

marine PPL-DOM (Lechtenfeld et al. 2014, Flerus et al. 2012).  Upon acid hydrolysis of 

PPL-DOM it was noted that several small polar compounds (sugars, amino acids, and 

small acids) were liberated that could confound the potential, true radiocarbon signature 

of the terpenoid fraction. Isolation of the terpenoid fraction from these compounds was 

achieved by a second SPE step, which yielded carotenoid-rich DOM with a measured 

radiocarbon value of -240‰, or 2700 radiocarbon years (Table 3.1, Fraction 1). 1HNMR 

experiments showed that this fraction is rich in the methyl proton resonances 

characteristic of intact and oxidized carotenoids (Fig. 3.8); a carbon mass balance 

revealed it to represent 58% of PPL-DOM carbon, or approximately 23% of the total 

ambient dissolved organic carbon (DOC).  The radiocarbon value of -240‰ is still 

relatively enriched compared to deep ocean DOM (e.g., -540‰) (Willams & Druffel 

1987).  Therefore, carotenoid degradation products while contributing to refractory DOM 

in the surface ocean, must also occupy a range of 14C signatures in surface waters. This is 
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the first study to link the structural components previously attributed to refractory DOM 

(Hertkorn et al. 2006, Lam et al. 2007) to a depleted radiocarbon signature. 

The findings reported here support post biosynthesis modification of abundant 

biochemicals -carotenoids- to produce the isomeric diversity observed for PPL-DOM 

(Fig. 3.9). That carotenoid-related material is structurally distinct from the biosynthetic 

precursor could support the hypothesis that it is intrinsically refractory.  Perhaps most 

important is the assignment of structure and potential biosynthetic precursors to a 

component of refractory DOM in aquatic systems. This is a crucial step forward as it 

enables testable hypotheses to be designed to identify important processes (e.g., 

photochemistry versus the microbial carbon pump) that shape refractory DOM, and 

control its removal from the ocean (Lang et al. 2006, Hawkes et al. 2015).  Carotenoids 

are widespread in marine photosynthetic organisms, evidenced by the variety observed in 

marine particulate organic matter (Repeta & Gagosian 1982).  Therefore, data presented 

here links the ocean’s Biological Carbon Pump to DOM and provides evidence for the 

long-term accumulation of a product of marine photosynthesis in the DOM reservoir. 
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Figure.  3.1.  1H NMR spectra of 7 PPL-DOM, time series samples collected at the SIO 
Pier  
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Figure.  3.2.  Structures given for model compounds (Model A, Model B), and resulting 
reduced hydrocarbons (Comp A, Comp B).  I, II. Mass spectra for Comp A and Comp B 
are consistent prominent peaks identified as III, IV (DOM A, B from Fig. 3.4).  Retention 
times in Dimension 1 (1RT) and Dimension 2 (2RT) are also consistent. 
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Figure. 3.3.  Structures for known carotenoid degradation products Loliolide and Absicic 
acid, and potential resulting reduced hydrocarbons.  
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Figure. 3.4.  GCxGC selected-ion chromatogram (95 m/z) of chemically reduced, PPL-
extracted marine DOM (PPL-DOM).  Ion abundance displayed as green (low) => red 
(high).  Individual compounds appear as sharp ellipses.  Exact chemical structures are 
linked to two distinct peaks (A, B), and the mass spectrum of A is provided with m/z 95 - 
a prominent hydrocarbon fragmentation ion - identified in red. Chemical formulas shown 
in the figure were validated with hydrocarbon standards. Inset shows a generic carbon 
backbone of carotenes/carotenoids and identifies positions where carbon bond cleavage 
can form alicyclic compounds of sizes (C10-C15) denoted in the chromatogram. Blue line 
estimates the range of C25 hydrocarbons, which are among the largest compounds 
identified in marine PPL-DOM.  
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Figure. 3.5. Identification of intact carotenoids through 1H-13C NMR correlations. One 
bond (A), and multiple bond (B) modelled 1H-13C correlations for an intact carotene. 
Colors highlighted on the structure correspond to the same colored regions in each 
spectrum. One bond (C) and multiple bond (D) 1H-13C correlations for PPL-DOM, with 
overlaid regions.  Blue regions correspond to long-range correlations.  
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Figure. 3.6.  (A). Long range 1H-13C correlations for carotene. Region I shows terminal 
ring alkane correlations, CDB and II show correlations to conjugated double bonds 
(orange in structure). (B). Long range 1H-13C  correlations for hydroxylated carotene. 
Regions III and IV  identify correlations to COH groups. Region V is where correlations 
between COH and ring alkyl groups would be expected if the terminal ring is 
hydroxylated. Region VI is where coupling between COH and double bonds would be 
expected if the main chain was only partially hydroxylated.  (C). Long range 1H-13C 
correlations between hydroxylated and partially carboxylated carotene (red, region VII). 
Black, green, orange and red boxes correspond to similarly color-coded NMR 
correlations and are simulated. Blue boxes identifying missing resonances as described in 
the text. The intact, fully oxidized structures presented are used to generate model NMR 
data. However, as confirmed by GC data, a complex mixture of smaller oxygenated 
products with different chain lengths is likely more representative of the DOM sample.  
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Figure. 3.7. Identification of oxidized carotenoids through 1H-13C NMR correlations. (A) 
Long range modeled  1H-13C correlations for carotene. See Fig. 3.5B for description of 
regions.  (B) Long range modeled 1H-13C  correlations for oxidized carotene. See Fig. 
3.6C for description of regions. (C) Long range 1H-13C correlations for PPL-DOM with 
modeled regions of A and B highlighted. 
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Figure.  3.8.   1H NMR spectra of PPL-DOM (Red), Carotenoid-rich fraction (Green; 
retained on 2nd PPL column following acid hydrolysis, see text), and sugar and amino 
acid-rich fraction (Blue; not retained by 2nd PPL column following acid hydrolysis). 
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Figure. 3.9. Conceptual figure depicting how carotenoid degradation contributes soluble, 
structurally diverse molecules to the DOM reservoir. Photochemistry (hν) and other 
oxidative processes (O2) are depicted as leading mechanisms of post-biosynthesis 
modification, 
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Table 3.1.  Isotope and elemental data for PPL-DOM samples collected from SIO Pier 
(32.87°N, 117.26°W).  At this location typical total DOC concentrations range from 70-
80 μ M and chlorophyll a is between 1-2 μg L-1 .  PPL-DOM and carotenoid-rich 
fractions have δ13C values that reflect those of 16 temporally spaced PPL-DOM samples 
obtained from a monthly SIO Pier time series (-23.1±0.6‰). 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Δ14C (‰)  δ13C (‰)  δ15N(‰)  C/N  

PPL-DOM  -183  -21.8  4.3  26  

Carotenoid-Rich  -286  -22.1  4  27.7  
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Oxidation of β-carotene produces compounds that resemble dissolved organic matter 
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Abstract 

We oxidized β-carotene in both freshwater (MilliQ) and filtered seawater, 

recovering up to 6.6% of the original carbon as a mixture of complex water-soluble 

oxidation products.  Degraded compounds have a proton (1H) nuclear magnetic resonance 

(NMR) spectrum resembling that of marine dissolved organic matter (SIO DOM).  

Analysis by comprehensive gas chromatography (GCxGC) time of flight (TOF)  mass 

spectrometry (MS) confirmed a large compositional diversity of degraded compounds, 

some of which share mass spectra similar to compounds found in SIO DOM.  Finally, 

chemical reduction of degradation products resulted in a series of alicyclic hydrocarbons 

also observed in reduced SIO DOM, and previously attributed to degraded carotenoids, 

confirming these ubiquitous compounds as a source of a significant fraction of DOM that 

accumulates in aquatic environments. 

Introduction 

Carotenoids are organic biomolecules which function as light harvesting pigments 

in photosynthesizing organisms, and are therefore ubiquitous in nature.  Generally, they 

exist as C40 compounds with an extended network of conjugated double bonds, 

synthesized from 5-carbon branched (isoprene) building blocks (Liaaen-Jensen, 1991).  

The contribution of carotenoids to either terrestrial or marine dissolved organic matter 

(DOM) is understudied;  although carotenoids have been widely observed in sediments 

and particulate organic matter (Repeta & Gagosian, 1982, 1987), only lately have 

structural features indicative of carotenoids been observed in DOM (Lam et. al., 2007).   

Recently, degraded carotenoids were directly detected in a marine DOM sample (Chapter 
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3), yet there is no model for DOM formation from carotenoids.  Here, we demonstrate 

that structurally diverse compounds that closely resemble major DOM structural 

characteristics can be produced through abiotic oxidation of β -carotene, a single 

carotenoid.  There is much debate over what drives compositional diversity in DOM 

(Dittmar, 2015), and our results demonstrate the potential significance of abiotic 

processes.  Furthermore, this represents the first study to observe considerable molecular 

level transformation of water-insoluble biomolecules into dissolved compounds, all over 

relatively short timescales.   Such processes are rarely considered to significantly 

contribute to DOM formation (Hansell and Carlson 2015).  We expect this work to be a 

starting point for a wide range of studies, from mechanistic insights into carotenoid 

oxidation to high-resolution mass spectrometric targeting of carotenoid degradation 

products within environmental DOM samples.    

Materials and Methods 

Oxidation of β-carotene and isolation of products 

β-Carotene (BC) was purchased from Sigma Aldrich and stored at -20°C.  For 

oxidations, 20-60 mg of BC was placed into combusted quartz tubes.  Either MilliQ 

water, or pre-filtered (AcroPak™ 0.8/0.2 μm polyethersufone (PES) Supor® membrane 

filter) seawater from the Scrippos Institution of Oceanography (SIO) Pier (UCSD, La 

Jolla) was added to the tubes. “Dark” replicates were covered with aluminum foil and/or 

opaque plastic bags.  All tubes were placed in a seawater bath on the SIO Pier, and left 

exposed to natural sunlight cycles.  To extract samples, tube contents were emptied into 

separation funnel and tube was rinsed with dichloromethane (DCM).  DCM layer was 
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extracted from aqueous layer (1:1 ratio).  Aqueous layer was extracted again 2x with 

DCM, and organic layers were combined as Residual starting material.  Emulsion layer 

was collected (if present) , and the aqueous layer was bubbled with N2 gas under mild 

heat (50°C) for 30 minutes to remove residual DCM.  Aqueous layer was then acidified 

to pH ~2 with concentrated HCl.  Aqueous-soluble BC degradation products were then 

isolated by extraction onto 1 gm Agilent Bond Elut PPL styrene-divinylbenzne polymer 

cartridges @ ~15ml/min. Prior to elution, cartridges were rinsed with 2 cartridge volumes 

0.01 M HCl, followed by 2 cartridge volumes pure water (MilliQ).  The cartridges were 

then dried under N2 gas, and eluted with 2 cartridge volumes of MeOH.  The combined 

eluents were dried under N2 gas, resulting in PPL-extractable. 

DOM isolation from SIO Pier    

The isolation protocol was adapted from Dittmar et al. (2008).  330L of seawater 

from the Scripps Institution of Oceanography Pier (UCSD, La Jolla), were collected and 

pre-filtered through an AcroPak™ 0.8/0.2 μm polyethersufone (PES) Supor® membrane 

filter.  The filtrate was acidified to pH 2 with conc. Hydrochloric acid (HCl), and passed 

over activated (1 cartridge volume methanol (MeOH)) 1 gm Agilent Bond Elut PPL 

styrene-divinylbenzne polymer cartridges @ ~15ml/min.   9 cartridges were used and 

eluted after 20 L. Prior to elution, cartridges were rinsed with 2 cartridge volumes 0.01 M 

HCl, followed by 2 cartridge volumes pure water (MilliQ).  The MilliQ rinse was done to 

limit methylation of DOM under MeOH elution.  The cartridges were then dried under 

N2 gas, and eluted with 2 cartridge volumes of MeOH.  The combined eluents were dried 
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under N2 gas, resuspended in MilliQ, frozen, and lyophilized.  The total weight of 

recovered DOM was 235 mg. 

Elemental and Stable Isotope (13C ) Analysis  

Elemental measurements were made at the Scripps Institution of Oceanography 

using standard elemental analyzer isotope ratio mass spectrometry (EA-IRMS).  

Elemental carbon  is reported as %C.  Nitrogen content of all samples was extremely low 

(0.01-0.2%).  Stable isotopes of carbon is reported in standard δ notation (‰, per mil) 

relative to Pee Dee Belemnite (PDB). 

Proton (1H) Nuclear Magnetic Resonance (NMR) Spectroscopy 

Samples (1-4 mg) were dissolved in 0.5 mL of deuterated methanol (CD3OD) or 

deuterated chloroform (CDCl3) and 1H-NMR spectra were determined on a 500MHz 

Varian NMR spectrometer at the Scripps Institution of Oceanography.  Typically, 

samples were typically acquired with 128 scans.  NMR spectra were referenced to either 

7.26 ppm (CDCl3) or 3.31 ppm (MeOD).  Mestrenova software was used to integrate 

spectra. 

Derivatization procedure 

Samples were weighed (~1mg, in MeOH, dried overnight at 60°C) into 

combusted 400 μL GC Vial inserts on a balance accurate to ±0.05 mg.  Samples were 

derivatized in 400μL (3:1 BSTFA10%TMCS: Pyridine, Ball and Aluwihare 2014).  GC 

vials were capped and heated at 70°C for 1 hour.  Samples were then analyzed by GC-

MS/FID and GCxGC-TOF-MS    
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GC-MS/FID Analysis 

An Agilent 7890A Gas Chromatograph system coupled simultaneously to an 

Agilent 5975C quadrupole mass spectrometer and a flame ionization detector was used 

for GC-MS/FID characterization of the sample.  Splitless injection with 1 μL of analyte 

was used.  Separation was performed on a 5% phenyl poly(dimethylsiloxane) column 

(J&W 123-5731DB-ht, 30 m, 320 μm i.d., 0.1 μm film) with a temperature program from 

100 °C ( hold time 2 min) to 200 °C (at 5 °C/min, hold time 0 min)  to 320 °C (at 8 

°C/min, hold time 8 min).  Helium was the carrier gas with a constant flow of 1.8 

mL/min.  After separation, the effluent was split between the flame ionization detector 

(operating at 310°C) and the mass spectrometer (70eV ionization, scanning 50-750 m/z).  

Each FID signal was manually integrated in triplicate and the average value was used. 

The average standard deviation for triplicates was 0.6%.   FID areas are either presented 

normalized to sample amount, or by percent FID values corresponding to each region of 

interest (where percent was calculated by dividing FID area of interest by total FID area).   

Comprehensive Two-Dimensional Gas Chromatography (GCxGC-TOF-MS) 

The GCxGC instrument used is a LECO Pegasus 4D GCxGC-Time-of-Flight Mass 

Spectrometer (GCxGC-TOF-MS).  The term GCxGC refers to the use of two distinct 

columns in series that have different chemical selectivity.  Compounds are separated 

primarily by volatility in the first column and polarity in the second.  The analysis is 

comprehensive because all of the effluent from the first column is cryofocused and 

transferred onto the second column.  Effluent from the second column is then analyzed 

by the TOF-MS, which benefits from high spectral acquisition speed (50 Hz-500 Hz).  
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Finally, the data is compiled into a two-dimensional chromatogram that is visualized and 

processed by ChromaTOF® software.  Both columns are housed within an Agilent 

7890A Gas Chromatograph.  The splitless inlet temperature is set at 300°C.  The first 

dimension column is a semi-polar Crossbond® diphenyl dimethyl polysiloxane column 

(Restek Rxi-17Si, 30m length, 0.2550mm i.d., 0.25μm film thickness).  For analysis of 

reduced products, the column was programmed to remain isothermal at 40°C for 1 min, 

and ramped to 315°C at 3°C per minute.  The modulator temperature was offset by 

+30°C to the primary oven.  The secondary oven (within the GC) housed the second 

dimension non polar Crossbond® dimethyl polysiloxane column (Restek Rxi-1, 1.58m 

length, 0.250mm i.d., 0.25μm film thickness).  The secondary oven temperature was 

offset by +25°C to the primary oven.  The modulation period was 2.5 s, with a hot pulse 

time of 1.05 s and a cool time of 0.2 s.  For analysis of TMS-derivatized compounds, 

temperature program was as follows; 115°C for 3 min, 320°C at 8°C/min.  Modulation 

period of 4s, 1.6s hot pulse time, 0.4s cool time. The carrier gas was Helium at a constant 

flow of 1.5 mL/min.  The acquisition delay on the TOF-MS was set to 160s.  The 

acquisition rate was set to 50Hz, with a range of 5-1000 m/z.  Electron Ionization was run 

at 70eV. 

Reduction procedure 

The reduction procedure directly follows Arakawa and Aluwihare (2015) which 

was modeled after Nimagadda et al. (2007).  For reductions, compounds (~5 mg) were 

weighed to a flame-dried 2 mL vial equipped with a stir bar.  Under Argon atmosphere, 

10 mg of B(C6F5)3 was added (100 μL of 100 mg B(C6F5)3/1 mL dichloromethane 
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solution).  Immediately after addition, 100 μL of n-BS was added, also under Argon.  The 

mixture was then allowed to stir-overnight. Note that the sample is completely soluble in 

dichloromethane after the reduction. Following reduction the samples were treated to 

remove excess catalyst and siloxane by-products.  Approximately 50 μL of the reaction 

mixture was transferred into 250 μL of conc. KOH/MeOH.  After 1 minute the mixture 

was extracted with pentane (3x 100uL).  The pentane fractions were collected, washed 

with H2O, and dried over Na2SO4.  The organic fraction was then dried under N2 to 

100μL for GC-FID/MS and GCxGC-TOF-MS analysis.  

 

Results and Discussion 

Initially, β -Carotene was placed in a quartz tube with fresh water and exposed to 

natural light cycles.  After 18 days the tube was processed to identify degradation 

products.  Fractions recovered through processing have been labeled as residual starting 

material (Fig. 4.1B), emulsion (Fig. 4.1C), and PPL-extractable (Fig. 4.1D).  Elemental 

analysis confirms that all fractions of recovered material are less carbon-rich than the 

starting material (91%C >73%C; 61%C; 57%C, Fig. 4.1).  A mass balance of these 

fractions found that 82% of the starting β –carotene carbon is recovered in the residual 

(unreacted) material fraction, while 2.9% is recovered in the emulsion fraction, and 2.7% 

recovered in the PPL-extractable fraction.  Given the simple experimental conditions and 

low nitrogen content of all fractions (Table 4.1), the results demonstrate that all fractions 

of the starting material represent β –carotene compounds that are oxidized to varying 

degrees.  The extent of oxidation has a direct effect on the solubility of degraded 
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products, such that the most oxidized compounds were observed in the PPL-extractable 

fraction.  This fraction is directly comparable in isolation protocol to marine DOM 

samples and specifically to the SIO Pier PPL sample (Fig. 4.1E, and Chapter 3), isolated 

from surface waters near the Scripps Institution of Oceanography.  Given that an initial 

extraction of β –carotene prior to any experimental manipulation did not show any water-

soluble compounds, these results are interpreted to demonstrate direct oxidation of 

oxygen-free biomolecules to produce water soluble products. 

NMR spectra of the isolated fractions largely support a model of progressive 

oxidation.  Although the residual starting material fraction (Fig. 4.1B) appears largely 

similar to the starting material β –carotene (Fig. 4.1A), there is a slight increase in the 

ratio of alkyl (0.5-2.5 ppm) to allylic (5.5-7 ppm) protons from 3.27:1 to 4.57:1 (β-

Carotene has a 3:1 ratio).  This indicates a decrease in olefinic protons, likely due to 

oxidation and cleavage.  Both the emulsion and PPL-extractable fractions contain 

comparatively small amounts of allylic protons.  In conjunction with the elemental data 

and observed solubility, this is interpreted as further oxidation of double bonds.  It is 

important to note, but not overemphasize, the striking visual similarities between the 

PPL-extractable fraction and SIO Pier samples.  One notable feature present in both 

spectra is the broad alkyl region found between 1-1.3 ppm (Fig. 4.1D, 4.1E) associated 

with methyl groups in environmental DOM samples.  Broad peaks such as this have been 

attributed to spectral overlap of innumerable individual compounds (references).  This 

result is therefore surprising, given the simple, single compound starting material. 
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In order to examine the end production of the photooxidation, all fractions were 

derivatized and analyzed by GC-MS/FID and comprehensive GCxGC-TOF/MS.  GC-

MS/FID chromatograms support the oxidation/degradation of β-Carotene accompanied 

by a concurrent increase of small degradation products (Fig. 4.2).  A few of these 

products have been identified as known carotenoid degradation products (Isoe et. al. 

1969, Fig. 4.3).  However, the emulsion and PPL-extractable fractions contain many 

unknown degradation products that are broadly distributed.  Comprehensive GCxGC is a 

powerful tool for separating complex mixtures, accomplished through the use of two 

(chemically orthogonal) columns.  The inclusion of an additional column creates an 

additional level of separation such that chromatograms are visualized as two-dimensional 

landscapes as opposed to a single chromatogram.  Like GC-MS/FID chromatograms, the 

GCxGC chromatograms of all fractions (Fig. 4.4A-E) show the oxidation/degradation of 

β –carotene and the production of smaller degradation products.  β –Carotene is present 

as both cis and trans isomers, thus leading to two different elution regions for the starting 

material (Fig. 4.4A, the large elution regions are largely due to column overloading).  

While β –carotene is present in residual starting material (Fig. 4.4B), it is not present in 

any other fraction.  The chromatograms of the emulsion and PPL-extractable fractions 

(Fig. 4.4C, 4.4D) indicate that each fraction is a mixture of many different compounds in 

low individual concentrations.   The presence of many structurally similar yet distinct 

compounds is consistent with the observed NMR peak broadening (Fig. 4.1C, D) for 

these samples.  Comparison of the emulsion (Fig. 4.4C) and PPL-extractable fractions 

(Fig. 4.4D) also shows the preferential accumulation of more oxidized (and therefore 

larger – higher molecular weight and more polar compounds corresponding to later 
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elution times) degradation products in the PPL-extractable fraction.  Finally, the 

chromatogram of the PPL-extractable fraction highlights the large diversity of oxidized 

degradation products, once again similar to the distribution of compounds observed for 

SIO Pier PPL-DOM (Fig. 4.4E).  Material eluting in the same chromatographic regions of 

Fig. 4.4D and Fig. 4.4E possess similar mass spectra (Fig. 4.5).  However, we cannot 

conclude from these data alone that the degraded compounds present in the PPL extract 

of oxidized β –carotene, are those that are observed in SIO Pier PPL-DOM.  However, 

these initial results do confirm that once phootooxidized, β –carotene can produce 

structurally diverse compounds that bear a close resemblance to compounds found in 

marine DOM (SIO Pier). 

In a concurrent experiment, it was found that β –carotene oxidized in filtered 

seawater resulted in more PPL-extractable DOM (4%) than the Milli-Q experiment.  

Thus, in a second round of experiments, multiple bottles of β-Carotene in filtered 

seawater were exposed to natural sunlight cycles, and removed and processed at different 

times.  After 7 days, the PPL-extractable fraction was recovered at 3.2% of initial carbon; 

at 24 days, 6.6% carbon; at 41 days, 6.3% carbon.  For comparison a “dark” control 

recovered 2.7% of carbon at 42 days, and its PPL extractable material had a similar but 

not identical, NMR spectrum to its photochemically transformed counterparts (Fig. 4.6).   

These results are interpreted to suggest that oxidation processes are accelerated by light, 

but may occur whenever sufficient oxidation potential is available.  The recovered 

material from filtered seawater oxidations was analyzed by NMR, and found to be largely 

similar to material recovered from fresh water trials (Fig. 4.7).      
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Photooxidized products from the β –carotene experiment conducted in filtered 

seawater were isolated by PPL and chemically reduced following previously established 

protocols (Chapter 2 and 3), and analyzed by GCxGC-TOF-MS.  The most prominent 

feature observed in the reduction product was a series of unsaturated alicyclic 

hydrocarbons.  Two of these compounds (peaks 1and 3, Fig. 4.8A) were previously 

observed in the reduction products of marine DOM (Fig 4.8B), and used as support for 

the presence of carotenoid degradation products.   Peak 2 (Fig. 4.8A) is evenly spaced 

between 1 and 3, and contains a mass spectrum consistent with a C12 alicyclic backbone 

of a degraded carotenoid (Fig. 4.9).  This compound has never before been clearly and 

prominently observed in reduced environmental DOM samples.   Furthermore, the mass 

spectra of other evenly spaced peaks (Fig. 4.9) displays new compounds in the series 

from C10-C14 .  Surprisingly, the distribution of reduction products is nearly identical to 

the distribution observed for reduced, marine DOM (Fig. 4.8B).   The large size range of 

reduction products demonstrate that the β –carotene backbone is susceptible to oxidation 

at several points along its linear backbone, although smaller (<C20) reduction products 

are the most abundant.   We have previously demonstrated that chromatographically 

resolvable isomeric diversity (diagonal curved regions in Fig. 4.8B; Chapter 2 and 3) of 

reduction products may be either present in native DOM samples or could be a function 

of the reduction process.  However, the structural diversity (Peaks 1 vs. 2 vs. 3; Fig 4.8A) 

is a real reflection of carbon backbone diversity in native DOM samples.  Additionally, 

mass spectra of the chromatographically unresolvable areas of both reduced β –carotene 

degradation products and reduced marine DOM (Fig 4.10) are highly similar.  Thus, the 



74 
 

current study confirms previous observations implicating carotenoid degradation products 

as major components of terrestrial (Chapter 2) and marine (Chapter 3) DOM. 

Conclusions 

Taken together, the results conclusively demonstrate that abiotic processes alone 

are sufficient to generate large amounts of structurally diverse carotenoid degradation 

products from a single carotenoid precursor.  Thus given the 100s of known carotenoids 

from marine and terrestrial environments, it is easy to envision carotenoid degradation 

products as one driving force behind the incredible diversity of compounds found within 

environmental DOM samples.   
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Abstract 

We analyzed a suite of solid-phase extracted (SPE) dissolved organic matter 

(DOM) samples across a salinity transect to examine the transformation of DOM in these 

highly dynamic environments.  Bulk elemental data (e.g. N/C ratio, 13C/12C) indicate 

mid-salinity inputs of nitrogen-rich compounds.  GC-FID of derivatized samples 

indicates significant molecular-level differences between mid-salinity samples and high-

salinity samples even though the compound classes present in each environment are very 

similar. This finding supports the fresh production of related biochemical classes in 

different salinity environments, but also suggests that conservative mixing does affect 

some of the underlying chemical composition observed across the gradient. 

Comprehensive gas chromatography mass spectrometry (GCxGC-TOF-MS) analysis of 

the same samples indicates that in particular, the relative contribution from small amino 

acids and sugar monomers increase across the salinity gradient.  Production of fucose 

increased noticeably in mid-salinity samples, while relative concentrations of other 

known amino acid and sugar monomers stayed relatively constant.  Chemical reduction 

identified carotenoid derived material in all samples but their relative molecular weight 

distribution changed discernibly toward bigger isomers in marine samples indicating that 

the degradation products of these compounds in the marine environments may be distinct 

from those in terrestrial environments, perhaps as a result of the major transformation 

mechanisms that differ among these environments. 

Introduction 
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Dissolved organic matter (DOM) is commonly isolated from aqueous 

environments using one of two means, ultrafiltration or solid-phase extraction (SPE).  

Ultrafiltration primarily extracts DOM by size, resulting in a fraction of DOM termed 

high molecular weight (HMW) DOM.  This fraction has been examined using a variety 

of different techniques including nuclear magnetic resonance (NMR) spectroscopy (1H, 

13C, 15N and 31P), infrared spectroscopy, and electron microscopy for the bulk; and lipid, 

carbohydrate, amino acid, lignin, and benzene poly carboxylic acids following molecular 

level analyses of chemically degraded HMW DOM (Benner, 2002). Solid-phase 

extraction relies upon adsorption of compounds to nonpolar resins through hydrophobic 

interactions, and so typically recovers a more carbon-rich, smaller molecular weight 

fraction of the available DOM pool. Early studies employing the XAD and C-18 resins 

subjected this fraction of DOM to the same types of analyses listed above for HMW 

DOM (e.g., Gagosian & Stuermer, 1977, Druffel et al., 1992, Engbrodt and Kattner, 

2005). A study employing DEAE cellulose resin subjected freshwater SPE DOM to 

sophisticated NMR analyses and concluded that linear terpenoid material had to be 

prevalent in DOM. (Lam et al., 2007) More recently PPL resins have been broadly 

applied and characterized primarily by fourier transform ion cyclotron mass spectrometry 

(e.g., Flerus et al. 2012, Stubbins et. al. 2010) (FTICRMS). Based on elemental ratios 

these studies have identified primarily highly reduced aliphatic compounds but a few 

peaks appear in regions consistent with carbohydrate and protein elemental ratios. 

Although FTICRMS has effectively demonstrated the complexity of DOM it has not 

successfully provided precise information on chemical structures. A few investigators 

have utilized NMR spectroscopy to examine the dominant composition of PPL extracted 
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DOM and have confirmed the importance of cyclic lipids that are functionalized with 

oxygen containing groups (Hertkorn et al. 2013).  The only studies that have chemically 

manipulated PPL DOM for structural characterization have focused on lignin oxidation 

products (Medeiros et. al. 2016) 

In this study we have analyzed a suite of PPL DOM samples isolated across a 

salinity transect.  To observe and identify change across samples we used a combination 

of bulk analyses and molecular-level characterization following chemical degradation of 

the sample.   Our results are presented with an initial focus on bulk analyses.  Elemental 

analysis shows trends that are consistent with two end member mixing between marine 

and terrestrial DOM, but also indicates production in mid-salinity (Mid) samples.  This 

departure from a conservative mixing model is further supported by gas chromatography 

(GC) flame ionization detection (FID) of derivatized samples, which observed increases 

in small molecule contributions to Mid samples.  In the second section, we evaluate the 

use of comprehensive gas chromatography time-of-flight mass spectrometry (GCxGC-

TOF-MS) as a tool to investigate the “small molecule” region, finding increased support 

for compositionally different DOC pools across the salinity gradient.  In the third section, 

we focus on the utility of single compound quantification within a DOM sample, 

highlighting the production of the deoxysugar fucose in Low to Mid salinity samples.  

Finally, in the last section we apply a previously published chemical reduction to select 

samples to examine how alicyclic lipids, implicated in refractory DOM cycling, varied 

across this salinity gradient. 

Materials and Methods 
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DOM extraction and isolation 

Estuarine and open ocean samples were collected by solid phase extraction in 

May 2014 on the R/V Savannah by collaborators from the Skidaway Institute of 

Oceanography.  At the same time Altamaha River samples (A#) were collected by small 

boat. To isolate DOM all samples were acidified and passed through a Bond Elut PPL 

cartridge is now a widely used method (e.g. Hansman et. al. 2015, Sherwood et. al. 2015, 

Lechtenfeld et. al. 2014) based on an established protocol (Dittmar et. al. 2008).  A 

largely similar extraction and elution procedure is outlined in Chapters 3, and 4. Fig. 5.1 

shows the sampling region, with locations for samples Sapes, Altes, C1, C3, C5, C7, C11, 

and C12.  Samples A1, A2, A3, A4, A5, and A6 were isolated from the boxed region in 

Figure 5.1.  Table 5.1 lists the isolated samples, along with the salinity and total DOC 

concentration at each site.  Extraction efficiencies were calculated by collaborators based 

on DOC recovered following elution of the PPL cartridge with methanol.  PPL DOC is 

the extraction efficiency converted to a carbon concentration based on the total volume of 

water that was extracted via PPL. 

Elemental and Stable Isotope (13C and 15N) Analysis 

Elemental and stable isotope measurements were made at the Scripps Institution 

of Oceanography using standard elemental analyzer isotope ratio mass spectrometry (EA-

IRMS).  Elemental carbon and nitrogen content of each sample is reported as %C and 

%N.  Carbon to nitrogen molar ratios are determined from measured elemental 

compositions.  Stable isotopes of carbon and nitrogen are reported in standard δ notation 

(‰, per mil) relative to Pee Dee Belemnite (PDB) or atmospheric nitrogen gas.  DON 
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(Fig. 5.2A) are calculated from PPL-DOC (Table 5.1) and N/C ratio (Fig. 5.2B).  DOC 

and DON mixing lines (Fig. 5.32) assume linear, conservative mixing between two 

endmembers.   

Conservative mixing curves for N/C and δ13C have to be scaled to PPL DOC 

concentrations (Abdulla et. al. 2013), and follow the general form of Eq. (1) 

𝐼M =
(𝑓A5 ∗ 𝐼A5 ∗ DOCA5 + 𝑓C12 ∗ 𝐼C12 ∗ DOCC12)

DOCM
 

where IM is the conservative value (either N/C ratio or δ13C) at a mixing point M, where 

fA5, and fC12 are the fractions of a terrestrial water (sample A6, Table 5.1) and marine 

water (sample C12, Table 5.1) as calculated from salinity, IA5 and IC12 are the 

conservative (endmember) values of A5 and C12, DOCA5 and DOCC12 are the respective 

PPL DOC concentrations at A5 and C12, and DOCM is the conservative mixing estimate 

(Fig. 5.2A) for mixing point M.  Generating an accurate mixing curve for δ15N requires a 

conversion to DON, such that the equation changed to Eq. (2). 

  

δ15NM =
(𝑓A5 ∗ δ15NA5 ∗ DOCA5 ∗ (N/C)A5 ∗ +𝑓C12 ∗ δ15NC12 ∗ DOCC12 ∗ (N/C)C12)

DOCM ∗ (N/C)M
 

where (N/C)A5 and  (N/C)C12 represent the N/C molar ratios at A5 and C12, and (N/C)M  

represents the calculated N/C molar ratio at mixing point M (as calculated for Fig. 5.3B). 

Hydrolysis protocol 



93 
 

 

Bulk samples were weighed (~1mg, in MeOH, dried overnight at 60°C) into 

combusted 400 μL GC Vial inserts on a balance accurate to ±0.05 mg.  300 μL of 2M 

HCL was added to each insert, which was placed into a GC Vial w/ screw top cap and 

heated overnight at 90°C. Vials were then transferred to a CentriVap bench top vacuum 

concentrator and concentrated under reduced pressure at 50°C to dryness.  MilliQ 

deionized water was then added to remove any residual acid and samples were taken to 

dryness again.  This process was repeated as necessary (typically 2x total) until the pH 

measured was approximately equal to 4.  For GC analysis samples were taken to dryness 

prior to derivatization. 

Derivatization procedure, Bulk and Hydrolyzed samples 

Bulk samples were weighed (~1mg, in MeOH, dried overnight at 60°C) into 

combusted 400 μL GC Vial inserts on a balance accurate to ±0.05 mg.  Hydrolyzed (see 

above) and non hydrolyzed bulk samples were derivatized in 400μL (3:1 

BSTFA10%TMCS: Pyridine, Ball and Aluwihare 2014).  GC vials were capped and 

heated at 70°C for 1 hour.  Samples were then analyzed by GC-MS/FID and GCxGC-

TOF-MS    

GC-MS/FID Analysis 

An Agilent 7890A Gas Chromatograph system coupled simultaneously to an 

Agilent 5975C quadrupole mass spectrometer and a flame ionization detector was used 

for GC-MS/FID characterization of the sample.  Splitless injection with 1 μL of analyte 

was used.  Separation was performed on a 5% phenyl poly(dimethylsiloxane) column 
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(J&W 123-5731DB-ht, 30 m, 320 μm i.d., 0.1 μm film) with a temperature program from 

100 °C ( hold time 2 min) to 200 °C (at 5 °C/min, hold time 0 min)  to 320 °C (at 8 

°C/min, hold time 8 min).  Helium was the carrier gas with a constant flow of 1.8 

mL/min.  After separation, the effluent was split between the flame ionization detector 

(operating at 310°C) and the mass spectrometer (70eV ionization, scanning 50-750 m/z).  

Each FID signal was manually integrated in triplicate and the average value was used. 

The average standard deviation for triplicates was 0.6%.   FID areas are either presented 

normalized to sample amount, or by percent FID values corresponding to each region of 

interest (where percent was calculated by dividing FID area of interest by total FID area).   

Comprehensive Two-Dimensional Gas Chromatography (GCxGC-TOF-MS) 

The GCxGC instrument used is a LECO Pegasus 4D GCxGC-Time-of-Flight 

Mass Spectrometer (GCxGC-TOF-MS).  The term GCxGC refers to the use of two 

distinct columns in series that have different chemical selectivity.  Compounds are 

separated primarily by volatility in the first column and polarity in the second.  The 

analysis is comprehensive because all of the effluent from the first column is cryofocused 

and transferred onto the second column.  Effluent from the second column is then 

analyzed by the TOF-MS, which benefits from high spectral acquisition speed (50 Hz-

500 Hz).  Finally, the data is compiled into a two-dimensional chromatogram that is 

visualized and processed by ChromaTOF® software.  Both columns are housed within an 

Agilent 7890A Gas Chromatograph.  The splitless inlet temperature is set at 300°C.  The 

first dimension column is a semi-polar Crossbond® diphenyl dimethyl polysiloxane 

column (Restek Rxi-17Si, 30m length, 0.2550mm i.d., 0.25μm film thickness).  For 
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analysis of reduced products, the column was programmed to remain isothermal at 40°C 

for 1 min, and ramped to 315°C at 3°C per minute.  The modulator temperature was 

offset by +30°C to the primary oven.  The secondary oven (within the GC) housed the 

second dimension non polar Crossbond® dimethyl polysiloxane column (Restek Rxi-1, 

1.58m length, 0.250mm i.d., 0.25μm film thickness).  The secondary oven temperature 

was offset by +25°C to the primary oven.  The modulation period was 2.5 s, with a hot 

pulse time of 1.05 s and a cool time of 0.2 s.  For analysis of TMS-derivatized 

compounds, temperature program was as follows; 115°C for 3 min, 320°C at 8°C/min.  

Modulation period of 4s, 1.6s hot pulse time, 0.4s cool time. The carrier gas was Helium 

at a constant flow of 1.5 mL/min.  The acquisition delay on the TOF-MS was set to 160s.  

The acquisition rate was set to 50Hz, with a range of 5-1000 m/z.  Electron Ionization 

was run at 70eV. 

 

Amino acid and sugar standard derivatization 

A total of 24 amino acid and sugar monomer standards were selected to develop 

classification regions.  Standards were individually prepared in MilliQ stock solutions, 

and then combined to form 4 different mixtures.  Samples in each mixture were selected 

for a variety of amino acids, pentose and hexose sugars to be sure of identity.  Mixtures 

were then transferred CentriVap bench top vacuum concentrator and concentrated under 

reduced pressure at 50°C to dryness, and derivatized.  The following standards were 

used: D-galactose, myo-Inositol, D-glucose, D-xylose, D-fucose, D-glucoronic acid, D-

glucosamine, L-Rhamnose, D-arabinose, glycine, β-alanine, D-phenylalanine, L-
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phenylalanine, D-serine, L-threonine, isoleucine, L-leucine, L-alanine, L-glutamic acid, 

L-valine, D-tyrosine, L-aspartic acid, phthalic acid, mannopyranose.   

Reduction procedure 

The reduction procedure directly follows Arakawa and Aluwihare (2015) which 

was modeled after Nimagadda et al. (2007).  For reductions, compounds (~5 mg) were 

weighed to a flame-dried 2 mL vial equipped with a stir bar.  Under Argon atmosphere, 

10 mg of B(C6F5)3 was added (100 μL of 100 mg B(C6F5)3/1 mL dichloromethane 

solution).  Immediately after addition, 100 μL of n-BS was added, also under Argon.  The 

mixture was then allowed to stir-overnight. Note that the sample is completely soluble in 

dichloromethane after the reduction. Following reduction the samples were treated to 

remove excess catalyst and siloxane by-products.  Approximately 50 μL of the reaction 

mixture was transferred into 250 μL of conc. KOH/MeOH.  After 1 minute the mixture 

was extracted with pentane (3x 100uL).  The pentane fractions were collected, washed 

with H2O, and dried over Na2SO4.  The organic fraction was then dried under N2 to 

100μL for GC-FID/MS and GCxGC-TOF-MS analysis.  

 

Results and Discussion 

Bulk-level analysis of SPE-DOM 

All 14 samples from the study area were analyzed by elemental analyzer isotope 

ratio mass spectrometry (EA-IRMS), which quantifies carbon, nitrogen, and their stable 

isotopes (12C, 13C, 14N and 15N) in a sample.  To initially test the strength of a 
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conservative mixing model, the concentration of DOC that the sample represents (PPL 

DOC, as calculated from total available DOC and extraction efficiency, Table 5.1) was 

plotted against salinity for each sample (Fig. 5.2A, blue diamonds).  It is observed that 

for all of the samples where salinity exceeds 5 PSU, the measured DOC has a positive 

deviation from a conservative mixing line (Fig. 5.3.A, blue line). DON values for each 

sample (Fig. 5.2.A, red triangles) were calculated based on elemental data (N/C ratio) and 

PPL DOC concentrations.  Again, the data show strong positive deviations from the 

mixing line (Fig. 5.2A, red line), the strongest of which occur in the 20-30 PSU salinity 

range.     This consistent positive offset in both PPL-DOC and PPL-DON is interpreted to 

show nitrogen rich organic matter production in mid-salinity waters.   

Similar observed positive deviations in both δ13C (Fig.5.2C) and N/C elemental 

ratios (Fig.5.2B) in HMW DOM across a salinity transect have previously been attributed 

to production (Abdulla et. al. 2013).  The carbon isotopic signature (δ13C) is an often 

used as a proxy to differentiate terrestrial from marine samples.  Terrestrial organic 

matter is typically more depleted (more negative δ13C) than marine organic matter (e.g. 

Hedges et al. 1997, Opsahl and Benner 1997, Goldberg et. al 2015), a characteristic 

largely attributed to the more depleted δ13C signature of the inorganic C that is used by 

terrestrial primary producers.  An increase in δ13C (Fig. 5.2C) for mid-salinity samples is 

therefore, consistent with aquatic carbon production in the mid salinity region.  The N/C 

ratio of a sample is also a good tracer of DOM inputs where terrestrial DOM is carbon 

rich and thus typically has low N/C ratios (Abdulla et. al. 2013, Perdue and Koprivnjak, 

2007). Positive deviations in N/C ratio (Fig. 5.2B), suggest production of non-terrestrial, 
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nitrogen-rich compounds in mid-salinity regions.  Finally, the measured δ15N of samples, 

another source marker of DOM composition (Goldberg, et. al. 2015), appears to be 

relatively constant across the transect.  This indicates that in this ecological system, 

nitrogen compounds in marine and terrestrial SPE-DOM have similar isotopic signatures.   

To complement EA-IRMS data, Gas Chromatography-Mass Spectrometry/Flame 

Ionization Detection (GC-MS/FID) was used as a semi-quantitative method to compare 

SPE-DOM samples.  Derivatization is a necessary step to access hydrophilic compounds 

by GC-MS/FID, and the BSTFA process was selected for its versatility and ease of use 

(Ball and Aluwihare 2014).  In addition to analyzing native PPL-DOM extracts by GC-

MS, these same samples were also hydrolyzed in 2M HCL, then derivatized and analyzed 

by GC-MS/FID.  The hydrolysis was employed to mimic previous studies of HWM 

DOM and SPE-DOM, which sought to increase the molecular level information obtained 

for each sample.  As the hydrolysis is mild, it would be expected to cleave primarily ester 

bonds, potentially liberating more GC-accessible compounds with minimal chemical 

alteration.  In GC-MS/FID chromatograms for all samples (bulk and hydrolyzed), we 

observed discrete peaks eluting up until ~20 minutes.  We have termed this region the 

“small molecule” region of the chromatogram (Fig. 5.3).  The composition of this region 

will be addressed in the following sections.  After this region (20-40 minutes) is a hump 

of chromatographically unresolvable material, which can be termed an “unresolved 

complex mixture,” or “UCM.” For the remaining discussion it is assumed that all PPL 

DOM is accessible to GC-FID detection as either “small molecules” or “UCM.” This 
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assumption is supported by the complete dissolution of sample material in the 

derivatizing solution (BSTFA and pyridine).  

To semi-quantitatively discern differences between samples the two regions – 

“small molecule” and “UCM” - were integrated for each GC-FID chromatogram.  Flame 

Ionization Detection (FID) is the most quantitative method available for analyzing 

carbon-containing compounds by GC.  However, as we lack true standards for most 

compounds, the data is best applied for relative (between samples), rather than absolute, 

quantitation.  In Fig. 5.4A, the small molecule and UCM regions for bulk and hydrolyzed 

samples are expressed normalized to the sample amount derivatized (units: FID area/ mg 

sample).   To compare compositional characteristics across salinity gradients the samples 

were binned into salinity “groups”.  DOM samples isolated from waters with salinity less 

than 10 (n=4) were grouped into “Low” salinity samples; samples from waters where 

salinity was between 10 and 30 (n=3) were grouped into “Mid;” samples with salinity 

greater than 30 (n=6) were grouped into “High.”   

Samples grouped in this manner, exhibited two trends.  First, small molecule 

abundances increased from Low to Mid to High salinity samples. Second, for every 

sample, hydrolysis increased the area of the small molecule region as quantified by FID.  

The post hydrolysis increase in small molecules is interpreted to result from the 

redistribution of molecules from the UCM into the small molecule region.  The average 

FID area under the UCM for each salinity ‘bin’ does not change significantly before and 

after hydrolysis (Fig. 5.4A) in part because of the large variability in UCM area between 

samples.  Also, the FID response associated with the UCM is large compared to the 
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change in the small molecule region pre- and post-hydrolysis. Therefore, it is unlikely 

that the GC-FID signal would be sensitive to the redistribution of compounds from the 

UCM to the small molecule region.  The overall increase in the small molecule region 

with salinity is consistent with the positive deviation from the expected two endmember 

mixing line for both PPL-DOC and δ13C signature across the salinity gradient. Together 

the data confirm the addition of new DOM in mid-salinity and high salinity regions.   

In contrast, when comparing between salinity bins the UCM region of the 

chromatogram exhibited significant differences in FID area only between Mid and High 

salinity samples (Fig. 5.4A).  Although the fraction of the FID represented by small 

molecule groups did not differ significantly between Mid and High salinity samples (Fig. 

5.4B), the total FID response per mg of sample was greater for the High salinity samples.  

There are two possible explanations for this. The first is that more of the High salinity 

sample is amenable to GC analysis (more volatile) – this finding would also challenge the 

earlier assumption that all of the PPL-DOM is amenable to GC-FID.  The second is that 

the UCM in particular, of High salinity samples, is compositionally distinct, such that 

there are more functional groups that can be derivatized. This is distinct from the first 

explanation because a single TMS group has a significant FID response. So the more 

TMS groups that are added to a sample the greater the FID response, even if the sample 

carbon is invariable.  In either case, Mid and High salinity samples clearly differ in their 

composition.   

Taken together, the data indicate that a simple two endmember mixing model 

cannot effectively explain the observed elemental and chemical composition of Mid 
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salinity samples.  Specifically, elemental data indicate that Mid samples are isotopically 

distinct (Fig. 5.2C) from Low samples, and compositionally different (Fig. 5.4A) from 

High samples.  One likely explanation is that the composition of all three bins is distinct. 

This data is further supported by the incorporation of our two endmember standards, 

Suwannee River Fulvic Acid (SRFA) and SIO Pier DOM (SIO-SPE).  As shown in Fig 

5.4A, both hydrolyzed samples have FID integrations similar to samples within the 

appropriate salinity bin but are clearly distinct from one another. Discernible 

compositional differences across a salinity gradient are consistent with Abduallah et al., 

(2013) who observed a sharp transition in composition at salinities >20 in a setting 

similar to the current study.  

   

Small molecule region mass spectrometric analysis 

Samples were analyzed by comprehensive gas chromatography (GCxGC), 

coupled to time-of-flight mass spectrometry (TOF-MS) to further separate individual 

compounds and assist with structural characterization.  Through the use of a second 

column, GCxGC-TOF-MS provides enhanced chromatographic resolution.  Single ion-

chromatograms are visualized as two-dimensional landscapes, in which individual peaks 

are identifiable as ellipses (Fig. 5.5A).  The 73 m/z ion was selected for visualization and 

quantification, as it is a prominent fragment of Trimethysilyl-derivatized (BSTFA) 

compounds.  As shown in Figure 5.5A, compounds from the small molecule region elute 

over a 2-D space and are separated more effectively, which enables accurate 

identification.  The UCM region is still irresolvable, but present now as a blob instead of 
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a broad hump. A suite of amino acid and sugar monomer standards (n=20, see 

experimental section for list) were also derivatized and analyzed by GCxGC-TOF-MS to 

confirm the identity of a subset of compounds common to each sample.  In addition, 

these standards served to establish regions within the GCxGC landscape where related 

compounds, for which exact standards were unavailable, would elute.  In total, 6 regions 

were established that encompassed most of the chromatographically resolvable small 

compounds. 

The Pentasilylsugars region (2, Fig. 5.5A) was established based on the elution 

times of sugar monomer standards with 5 free alcohol groups, which incorporated 5 

TMS-groups following derivatization.  This group included mannose, galactose, and 

glucose. Two peaks corresponding to either the alpha or beta configuration at the 

anomeric carbon were detected for each sugar monomer.  Both anomers were combined 

when quantifying each monomer. The Persilylsugars region (3, Fig. 5.5A) was 

established by sugar monomers with 4-TMS groups.  These sugars include deoxysugars 

like rhamnose and fucose, and pentoses such as arabinose and xylose.  Two other regions 

were created which contained compounds with mass spectra similar to TMS-derivatized 

sugars.  The larger of these two regions has been designated the Trisilylsugar region (4, 

Fig. 5.4A).  The smaller region has been termed the Silylsugar region (5, Fig. 5.5A).  In a 

later section, we briefly present spectral and chromatographic evidence to support the 

identification of compounds within these two regions as methyl sugars.  The two 

remaining regions were created based on the elution geography of amino acid standards.  

The first region (1, Fig. 5.5A) contained all of the amino acid standards (e.g.,, glycine, D-
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serine, isoleucine).  Typically, amino acids are derivatized with 3TMS-groups, with 2-

TMS groups on the amine group and one on the carboxylic acid. Thus we speculate that 

compounds within this chromatographic region are generally derivatized with 3TMS-

groups.  The remaining group, Small Acids (6, Fig. 5.5A), encompassed compounds 

derivatized with 2 TMS-groups, although no standards were used to confirm the general 

structural characteristics of compounds eluting in this region. However, mass spectra are 

consistent with the general structure of small acids. 

The ChromaTOF software was used to first identify compound peaks within each 

classification region in order to compare characteristics of the 6 classification areas 

across the sample set.  Subsequently, compounds were quantified on the basis of the 

abundance of the 73 m/z ion that was present in the mass spectrum of each compound 

that was derivatized with BSTFA.  The total area of all peaks integrated by using the 73 

m/z ion, normalized to mg. sample (Fig. 5.6) is roughly in agreement with estimates 

made by GC-FID (Fig. 5.4A).  Low salinity samples have the lowest peak area and High 

salinity samples have the highest total peak area (Fig. 5.6).  Surprisingly, using the 

abundance of the 73 m/z ion to examine differences between the bulk and hydrolyzed 

samples indicated that they are not statistically different.  This is in contrast to the trends 

shown in Fig. 5.4A and Fig. 5.4B for FID quantitation. The FID responds to the carbon 

content of the sample and is thus directly proportional to the abundance of GC amenable 

compounds. The 73 m/z ion on the other hand is directly proportional to the number of 

derivatizable functional groups present in the sample. It is possible that this property of 

the sample does not change appreciably following hydrolysis. 
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Focusing on peak area (73 m/z) by different regions, we observed trends largely 

consistent with elemental and FID data.  The Amino Acid region increased from Low 

salinity to High salinity samples, although bulk samples did have higher peak areas than 

hydrolyzed samples.  This shift, however, is misleading; this region is dominated by 

aminocaproic acid, which is a likely contaminant that is released following hydrolysis 

and subsequently recognizable by GCxGC-TOF-MS.  There is evidence for its pre-

hydrolysis form in the Amino Acid region (in further discussion), but its post-hydrolysis 

form was excluded from the integration of the Amino Acid region because it was 

considered to be a contaminant.  If this peak is included in the integration then Bulk and 

Hydrolyzed samples have similar abundances.  An increase in the Amino Acid region 

from Low to Mid is consistent with positive deviations in PPL-DON (Fig. 5.3A) and N/C 

Ratio (5.3B).   

A similar decrease from bulk to hydrolyzed samples is observed in the Small Acid 

region (Fig. 5.7).  This is not unexpected given the nature of compounds in this region.  

We would expect that a portion of these compounds would evaporate  under drying 

conditions post hydrolysis.  Once again, an increase from the Low to Mid groups is 

consistent with production of new DOC in the Mid region as inferred from PPL-DOC 

concentrations (Fig. 5.2A), isotopic (Fig. 5.2C) and FID (Fig. 5.4) data 

Increases from Low to Mid to High salinity are observed in the combined Sugar 

regions, consistent with trends observed for the Amino Acids and Small Acid groups.  

However, the increase from Mid to High was significantly higher than that observed for 

Amino Acid or Small Acid regions, which indicates that the carbohydrate content and 
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composition of marine DOM is distinct.    The breakdown of all sugars by region 

indicated that abundance increases in all fractions over the salinity transect.   

Together the data presented in this section identifies differences in the small 

compound region of Low to High samples indicated by elemental (Fig. 5.2) and FID data 

(Fig. 5.4A).   Prior to hydrolysis the GC-FID indicated a total increase in small 

compounds (Fig, 5.4A) from Low to Mid that reflected the production of new DOM. The 

unique compositional fingerprint of each sample as detected by GCxGC-TOF-MS 

confirms the FID data and is consistent with the observed positive departure of  N/C 

ratios and δ13C values from the two endmember mixing line indicative of new DOM 

addition in the Mid region (Fig. 5.2).   In GCxGC-TOF-MS, the increase is evenly 

distributed among all classification regions, with compounds in the Amino Acid region 

specifically contributing to some of the increase in DON.  In contrast, the FID increase 

from Mid to High samples (Fig. 5.4A) appears to be driven by large relative increases in 

the sugar compound regions, which are more clearly detectable in the 1D chromatogram.  

Once again, the existence of two distinct transition trends (From Low to Mid, and Mid to 

High) indicates three distinct DOC pools.    

GCxGC-TOF-MS Identification of standards and single compounds 

In this section we move to a more targeted analysis of the small molecule region 

than previous sections, focusing on individual compounds.   Compounds whose retention 

times and mass spectra were consistent with the amino acid and sugar monomer 

standards that were analyzed could only be identified in hydrolyzed samples.  The 

relative abundance of amino acids (Fig. 5.8A) and sugars (Fig. 5.8B) is largely consistent 



106 
 

 

across Low, Mid and High salinity samples. Amino acids show a generally consistent 

composition across Low, Mid, and High salinity regions. This is not unexpected given 

that even functionally different proteins have similar amino acid compositions (e.g., 

Aluwihare and Meador, 2008).  The relatively constant composition of individual sugar 

monomers is only disrupted by the clear production of fucose in Mid salinity regions. An 

increase in fucose is consistent with previous studies that identified deoxysugar 

production by unique phytoplankton communities that develop in mid salinity regions 

(e.g., Abdullah et al. 2013, Meador and Aluwihare, 2014).  Fucose production, based on 

both relative abundance and normalized peak area (Fig 5.8C), is identified at salinities as 

low as 3.7 and is sustained throughout.  

The lack of identifiable sugar or amino acid standards in bulk samples 

demonstrates that these compounds were inaccessible prior to acid hydrolysis.  If the 

sugar monomers were contained within hetero biomolecules such as glycolipids, we 

would expect to see abundant fatty acids, which are not present. If fatty acids were 

present then they would have to be quite volatile and were lost during the centrivap step 

used to dry samples prior to derivatization.  It is also possible that a fraction of the 

compounds that become “identifiable” following hydrolysis were originally isolated onto 

SPE cartridges as methyl esters.  For example, aminocaproic acid is a compound that has 

been previously confirmed by GCxGC-TOF-MS of hydrolyzed SIO Pier samples (Fig. 

5.9A), and identified in hydrolyzed samples in high abundance.  The seemingly random 

(Fig. 5.9B) distribution, and lack of ecological significance, indicates that the compound 

is a contaminant.  Like sugar and amino acid standards, aminocaproic acid is only 
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identified post hydrolysis.  Pre-hydrolyzed samples contain an abundant peak with a 

similar mass spectrum (Fig. 5.9D) to derivatized aminocaproic acid (Fig. 5.9C).  Given 

that the observed unknown peak in the bulk chromatogram has shorter 1st and 2nd 

dimension retention times, we are relatively confident that it represents the methyl ester 

version of aminocaproic acid.  We dismissed the possibility that aminocaproic acid is 

modified by a methyl group on the amine based on the hypothesis that methylamines are 

far more hydrolytically stable than a methyl ester, and would thus be expected to survive 

the hydrolysis.   

The abundance of peaks with sugar type mass spectra is an interesting feature of 

hydrolyzed SPE-DOM samples.  It is best explained by the existence of several different 

methylated sugars in SPE-DOM.  In Fig. 5.10 we have extracted three peaks from the 

Pentasilylsugar, Persilylsugar, and Trisilyslsugar regions.  The top peak corresponds to a 

TMS-derivatized mannose isomer.  The middle peak corresponds to a TMS-derivatized 

xylose isomer.  The last peak corresponds to an unknown compound.  All three peaks 

have very similar mass spectra.  The fact that xylose is a pentose, and has one less TMS-

group than derivatized mannose, cannot be perceived from the mass spectrum alone.  

However, the increased size and the addition of a non-polar TMS group does extend the 

secondary retention time of mannose.  Given that the unknown compound has a shorter 

secondary retention time than xylose, we can reasonably infer that it only possesses three 

TMS groups and therefore, has only three derivatizable groups.  One shortcoming of 

electron impact ionization (for TOF-MS) is that parent ion information is lost. and so, the 

molecular weight of the compound is unknown.   If we assume that the compound is a 
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sugar monomer (a reasonable assumption based on its mass spectrum), then the unknown 

compound is a deoxysugar with only three labile hydrogens (such as deoxyribose), a 

methylated sugar, or a methylated deoxysugar.  We found that the Trisilysugar region has 

the largest number of peaks of all the sugar regions, indicating a large diversity of 

compounds. The presence of ~50 methylated sugars and methylated deoxysugars 

(Panagiotopoulos et. al. 2007) has been identified in hydrolyzed HMW DOM, so it is 

reasonable to expect the same compounds to be present in hydrolyzed SPE-DOM.  Given 

the mass spectral similarity of sugar derivatives, future work will require authentic 

standards to match chromatographic retention times and confirm the presence of methyl 

sugars.   

GCxGC-TOF-MS analysis of standard amino acids identified similarities in the 

monomer composition of DOM across salinity regions but some informative differences 

also emerge.  The relative distribution of compounds whose identity could be confirmed 

using ~20 standards did not change appreciably across the salinity gradient.  Such 

compositional consistency may reflect a recalcitrant component of DOM that is 

inaccessible to biotic and abiotic degradation, and so, accumulates across these 

environments. Alternatively, and more likely, these monomers are common to different 

producers and environments.  In contrast, fucose represents a single compound that tracks 

biological production associated with saline environments. Unfortunately, known 

compounds represent only a small fraction of the sample.  All of the compounds in the 

abundant Trisilylsugar and Silylsugar regions, which we believe to be some combination 

of deoxy and methylated sugars, are presently unknown. 
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Chemical reduction of selected samples  

Up to this point we have not discussed the composition of the UCM region of 

PPL DOM samples. In the previous three chapters the UCM was the explicit focus, and 

several lines of evidence suggested that a signification fraction of the UCM is derived 

from carotenoid degradation products. These structural features were identified in both 

terrestrial (Chapter 2) and marine (Chapter 3) samples.  Carotenoids are abundant in all 

environments where primary producers are present. If carotenoid degradation products 

are part of refractory (unreactive) DOM then we may expect terrestrial carotenoids to be 

delivered to marine environments and subsequently accumulate there. The current sample 

set provided us with an opportunity to test this hypothesis and determine whether 

terrestrial and marine UCM compounds are similar or distinct. 

A subset of samples was chemically reduced following established protocols.  

Two Low samples, two High samples, and a single Mid sample were reduced, along with 

SRFA and SIO-SPE (as end-member representatives).  In previous reductions of SRFA 

and SIO-SPE we have observed similar alicyclic hydrocarbon products, which we have 

largely attributed to carotenoid degradation products.  One difference between SRFA and 

SIO-SPE is the relative distribution of these products in 2D space.  The intensity of red in 

the chromatogram of reduced SRFA (Fig. 5.11A), indicates where recovered products are 

most abundant. In the case of SRFA, the most abundant compounds elute earlier than 

~900 seconds (white line).  However, in reduced SIO-SPE (Fig. 5.11B), the most 

abundant material is centered around the white line.  This indicates that SIO-SPE UCM 

contains carbon backbones that are larger (by intensity of distribution) than those found 
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in SRFA.  This qualitative difference, mildly discernible in 2D chromatograms of the 

sample set (Fig 5.11 C-G), is much more apparent in 1D chromatograms of the sample 

set.  In Fig 5.12 we observe that reduced SIO-SPE and SRFA have very different elution 

features, specifically in the 800-1400 second (box, Fig 5.12) region.  Like the 2D 

chromatogram, an extended distribution of reduced SIO-SPE products indicates an 

intensity shift towards larger contiguous degraded carotenoid backbones.  The reduction 

products of both samples A2 and A4, which are Low samples, are much more similar to 

reduced SRFA than reduced SIO-SPE in distribution.  In contrast, the High samples, C3 

and C7, are nearly identical in the retention time distribution to reduced SIO-SPE.  

Finally, the one Mid representative, SA, appears to be far closer in distribution to Low 

than High samples.  If mixing were driving the composition of Mid samples, we would 

expect the distribution to look like a combination (and if so likely closer to High samples, 

given the salinity).  As determined in previous chapters, quantitative reduction of SRFA 

and SIO-SPE indicate that the observed compounds represent at least 10-13% of the 

original sample. Although quantitative estimates were not made for this sample set, the 

products appear to be recovered in similar amounts.   As such it should be stated that the 

distribution of reduced compounds does not represent the majority of unidentified 

compounds in the UCM.  However, the distribution does indicate that the UCM of Mid 

samples may be more compositionally similar to Low than High samples, which is in 

agreement with GC-FID data (Fig. 5.4A) 

Conclusion 
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In our chemical characterization of solid phase-extracted dissolved organic matter 

across a salinity transect, we employed a combination of analyses that has not been 

previously applied to study SPE-DOM.  These techniques range in analytical scale from 

bulk measurements to single compound analysis, yet the results are largely coherent.  The 

sum total of the observations describes a sample set that is influenced by mixing, but is 

best characterized as three distinct pools of DOC.  Mid salinity samples, expected to be a 

mixture of endmembers, is compositionally more similar to Low salinity samples (as 

evidenced by GC-FID, and reduced samples).  However, Mid samples also contain 

elemental indicators of organic matter production, supported by the increase in the 

specific sugar fucose, which distinguish them from Low samples.  Finally, peaks 

consistent with proteins and carbohydrates in chemical formula ratios have been 

identified in FTICRMS of SPE DOM, our results demonstrate that they may be an 

underappreciated component of SPE DOM.   Single compound identification of putative 

methyl sugars is the most attractive route forward in characterizing other differences, and 

will rely upon standards and soft ionization techniques to confirm structurally unknown 

compounds.   
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Conclusions 

Refractory DOM represents most of the marine DOC reservoir (Hansell, 2013) 

and is therefore a significant fraction of the global carbon budget.  In spite of its size, the 

chemical origins of this reservoir are not known.  High field nuclear magnetic resonance 

spectroscopy has been used to assign hypothetical structures to accumulating DOM 

(Hertkorn, 2006), however, while the identified features are informative, the hypothetical 

structures have no ties to abundant biochemicals.   Thus we have little understanding of 

which biochemicals are accumulating in DOM, and what specific processes control the 

formation and ultimate removal of these compounds from the water column.  The goal of 

this thesis was to identify structural features in marine refractory DOM that could be 

linked to abundant source biochemicals and also, to test, at the molecular level, the 

hypothesis, advanced by previous studies, that much of this reservoir consisted of highly 

oxidized alicyclic compounds.   In this effort we have succeeded by demonstrating that 

degraded carotenoid compounds are prominent in DOM samples from different 

environments, including in refractory DOM.  This thesis achieved its goal by using 

multiple analytical approaches – approaches that combined bulk analyses with chemical 

degradation techniques and high-resolution chromatography. Such approaches are just as 

important as developing new DOM isolation methods that can access a greater fraction of 

the accumulating reservoir. The major contributions and further research directions of 

each chapter are outlined below.    

Chapter II 
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 Suwannee River Fulvic Acid (SRFA) is a readily available, widely studied 

environmental  DOM standard, and was thus a good proxy for aquatic refractory DOM.  

In this chapter we demonstrated unequivocally that alicylic hydrocarbon backbones are 

present in DOM, and that chromatographically isolated compounds represented 13% of 

the original carbon.  Degraded terpenoids in SRFA had been postulated using carbon 

(13C) nuclear magnetic resonance spectroscopy (NMR), but specific chemical structures 

could not be supported (Leenheer and Rostad 2004).   My study confirmed that terpenoid 

backbones do exist in SRFA as alicyclic hydrocarbons of varied contiguous carbon 

length.   High-resolution mass spectrometry of SRFA (Stenson et. al. 2003) had also 

previously observed series of molecular ions with prominent one carbon offsets (as CH2, 

CO2 differences). Such offsets were observed at the molecular level as prominent features 

in my data set, indicating that the degradation of alicyclic terpenoids represents a 

previously unknown pathway to producing compositional diversity in DOM.  The 

isomeric diversity of observed reduction products is a complicated feature to interpret.  

Model compound reductions indicated that isomers of a specific molecular formula could 

be produced during the reduction.  However, the range of isomers observed in reduced 

SRFA was much larger than has been observed for model compounds, indicating that part 

of the isomerism is native to SRFA.  Fragmentation studies of SRFA have indicated that 

structural diversity may not be high (Witt et. al. 2009), which is seemingly at odds with 

our observed data set.  However, the smooth distribution of isomers in reduction products 

demonstrated only small structural differences that were unlikely to be observed in MS 

fragmentation studies.  The reduction of bald-cypress tree litter resulted in prominent 

resin acids and sterols, both of which could conceivably be oxidized to form SRFA (a 



131 
 

hypothesis proposed in Leenheer et. al. 2003).  Unfortunately, specific structures could 

not be determined for reduction products.  By extending this analytical approach to other 

environments, specifically marine DOM, I hoped to provide more certain structural 

insights, and thus moved forward to Chapter III. 

Chapter III 

 Marine refractory DOM was isolated from the Scripps Institution of 

Oceanography (SIO) Pier.  The radiocarbon age of the isolated DOM was ~1625 years 

old.  While deep DOM would have been more representative of refractory DOM, its 

concentration is actually expected to be very similar throughout the water column. The 

drawback of working with surface DOM is that it contains a higher concentration of 

recently produced biochemicals, thus potentially increasing the complexity of DOM. 

However, previous studies had suggested that the solid phase extraction method that I 

was applying to isolate DOM consistently isolated a representative fraction of the 

refractory DOM even in surface waters. The chemical reduction of SIO DOM resulted in 

alicyclic hydrocarbons similar to those observed in Chapter II, and isolated compounds 

represented 10% of the original carbon.  In addition to the previously observed unknown 

products, I identified two compounds for which exact structures were determined.  These 

two compounds had a carbon backbone reminiscent of degraded carotenoids, and a single 

study from freshwater environments had mentioned that linear terpenoids, perhaps 

similar to carotenoids, were responsible for the aliphatic resonances identified in aquatic 

DOM (Lam et al., 2007).  As such, I decided to pursue the possibility that carotenoids, an 

abundant and reactive biomolecule, were the source of refractory nuclear magnetic 
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resonance (NMR) resonances previously identified in marine (Hertkorn et al., 2006) and 

terrestrial (Lam et al., 2007) DOM. I confirmed their direct contribution using model 

compounds with the same carbon backbone, which when reduced, produced compounds 

identical in their retention time and mass spectrum to those accumulating in marine 

DOM.  As such, I proposed that carotenoid degradation products are an important 

component of the alicyclic fraction of refractory DOM.  The presence of oxidized 

carotenoids in bulk SIO DOM was supported with two-dimensional NMR spectroscopy.  

Primary support came through the identification of resonances consistent with highly 

oxidized carotenoids.  NMR based estimates for degraded carotenoids in SIO DOM are 

greater than reduction-based estimates, at approximately, 50%.  The demonstrated 

accumulation of degraded carotenoid compounds in both terrestrial (SRFA) and marine 

(SIO) DOM is a major contribution of my thesis.  It validates other studies which imply 

compositional similarity between terrestrial and marine DOM, in spite of isotopic 

differences.  One potential for further work would be to make compound specific 

radiocarbon measurements on the alicyclic reduction products.  While attractive, this 

would require much more work, as the potential for radiocarbon contamination is 

significant.  Other conclusions and future directions will be covered in Chapter IV. 

Chapter IV 

 In this chapter, I tested whether carotenoid degradation products could be 

produced over relatively short time-scales under controlled conditions.  To that end, I 

conducted several controlled experiments with the model carotenoid β-carotene. I 

oxidized β-carotene in both freshwater (MilliQ) and filtered seawater, finding similar 
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oxidation products in both treatments.  In freshwater oxidations I recovered 2.7% of the 

starting compounds as water soluble oxidation products after 18 days.  The compounds 

present at the end of the experiment were compositionally much more diverse than the 

starting material, as evidenced by broad peaks in the 1H NMR spectrum.  The GCxGC-

TOF-MS analysis following derivatization of the DOM isolated at the end of the 

experiment revealed a broad distribution of compounds similar to that observed in 

derivatized environmental samples.  A much greater conversion was observed in seawater 

oxidations.  After 24 days, 6.6% of the carbon was recovered as water-soluble products, 

and products from both experiments appeared to be identical by NMR and GC-MS. The 

difference in conversion is in part attributed to the presence of an emulsion layer in the 

freshwater oxidations that is not present in the seawater oxidation.  After sufficient 

material was collected, the degradation products were chemically reduced.  The reduction 

products were mainly a series of alicyclic hydrocarbons identical to those that had been 

previously observed in reduced environmental samples (e.g. SRFA, SIO DOM).  In 

addition to previously observed peaks corresponding to the two reduced model 

compounds observed in Chapter III, prominent evenly spaced peaks were observed 

ranging from C10-C14, consistent with the model for carotenoid oxidation that was 

presented in that chapter.  These compounds likely correspond to the most prominent 

series of degradation products formed through oxidation of the isoprenoid backbone.  The 

presence of every compound in this series (C10-C14), without notable changes in 

abundance is surprising.  While I observed that certain fragments were much more 

prominent than others, I was not expecting to find the muted odd-even difference in 

abundance.   
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 The work conducted in this chapter leads into the first major area for future work, 

which is the mechanistic understanding of carotenoid degradation and subsequent DOM 

formation in aqueous systems.  This work would necessarily include the in-depth 

structural characterization of the water-soluble β-carotene degradation products.   High-

resolution mass spectrometry of the degraded compounds would also be useful to 

compare to environmental samples.  Finally, β-carotene is only one out of many marine 

carotenoids.  Further work is necessary to demonstrate how prevalent carotenoid 

degradation is in the environment.   

Chapter V 

In this study solid-phase extracted (SPE) DOM isolated across a salinity transect 

was chemically characterized using bulk and targeted analytical techniques, some of 

which have never before been applied to DOM analysis.  In bulk elemental and isotopic 

analysis of the sample set, I observed trends largely consistent with conservative mixing 

between terrestrial and marine DOM pools.  However I also observed increases in the 

N/C elemental ratio and 13C/12C ratio that was consistent with mid-salinity organic matter 

production of nitrogen rich compounds.  This deviation from mixing was also observed in 

DOC and DON concentrations.  Derivatization of bulk and hydrolyzed samples was used 

to semi quantitatively compare samples.  FID quantification of different regions within 

the chromatogram yielded useful information about the distribution of small versus large 

compounds.  I also identified quantifiable compositional differences between Low 

salinity (terrestrial) and High salinity (marine) samples.  Mid salinity samples, expected 

to be a mixture, were decidedly more similar to Low salinity samples.  The dataset 
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indicated a shift in DOM composition that occured in the mid-salinity range, which has 

been observed in other studies as well (Abdulla et. al. 2013).  Analysis of the sample set 

by GCxGC-TOF-MS showed an overall increase in small compounds, and specifically 

carbohydrate compounds, as salinity increased.  Overall, ratios of observed amino acid 

and sugar monomers did not change; the prominent exception was fucose, which 

increased in mid-salinity environments.  Of the 100s of identified peaks, only the ~20 for 

which standards were available could be identified.  Compounds within “sugar” regions 

shared mass spectra highly similar to standard compounds, but could not be definitively 

identified.  This is one area for immediate future work.  Based on retention times, many 

of these peaks are hypothesized to be methyl sugars, for which standards are currently 

unavailable (but have been synthesized in the literature, Panagiotopoulous et. al. 2007).  

Finally, select samples were chemically reduced.  In all samples, reduction products 

similar to those in Chapters III and IV were identified.  Direct comparison of reduction 

products showed that Low samples are distinct from High samples in distribution, and 

that each is highly similar to respective salinity endmembers (SIO and SRFA).  The one 

mid-salinity representative had reduction products that were more similar to low salinity 

reduction products than high salinity reduction products.  This is in relative agreement 

with GC-FID data that indicated that low and mid salinity compounds were 

compositionally similar.  These results suggest DOM composition is not tightly linked to 

salinity – as would be expected if conservative mixing dominated DOM composition - 

and that other factors, such as production in mid-salinity waters, could be significantly 

altering DOM composition.  This sample set was also analyzed by collaborators, and 
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would strongly benefit from those additional data sets.  These will be incorporated into 

the manuscript prior to publication.  
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