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ABSTRACT OF THE DISSERTATION 

 

Constraining marine refractory dissolved organic carbon cycling using carbon isotopes 

by 

Christian B. Lewis 

Doctor of Philosophy in Earth System Science 

University of California, Irvine, 2021 

Professor Ellen R. M. Druffel, Chair 

 

 Dissolved organic carbon (DOC) is the largest exchangeable pool of organic carbon in the ocean, 

and is similar in size to atmospheric carbon. DOC is formed during surface ocean primary production by 

marine phytoplankton and can survive on average >6000 14C years in the deep ocean. This residence time 

greatly exceeds that of dissolved inorganic carbon (DIC), and indicates that a majority of DOC is 

refractory, or unreactive. Even though previous estimates of refractory DOC (RDOC) abundance is ~95% 

of total DOC, the mechanisms that facilitate its formation, cycling, and sinks are still poorly understood. 

A better understanding of these mechanisms is important because the ocean’s role in the global carbon 

cycle, and global physical climate, may link closely to the strength of the biological pump and DOC 

storage. 

  This dissertation research characterizes the stable and radiocarbon isotopic compositions (13C 

and ∆14C) of solid-phase extracted DOC (SPE-DOC), which is representative of RDOC. First, the mass 

and isotopic composition of extraneous carbon (Cex) in the SPE method is analyzed. This study identifies 

that one SPE resin commonly used to extract DOC from seawater (Bond Elut PPL) elutes SPE-DOC with 

isotopic heterogeneity. Incomplete elution may exclude terrestrial-like organic matter that elutes later. An 

updated protocol including an extended elution is developed to ensure no fractionation of SPE-DOC 

occurs.  



 

xv 
 

 This updated protocol is used to characterize SPE-DOC 13C and ∆14C values at the highest 

latitudinal resolution to date, using samples from three GO-SHIP Repeat Hydrography Cruises spanning 

the central and eastern Pacific Ocean and a portion of the western Indian Ocean. SPE-DOC 13C and ∆14C 

values are significantly lower than those for total DOC. Low 13C values relative to total DOC indicate 

preferential respiration of large biomolecules with high 13C values. An additional product of this 

heterotrophic respiration is carboxy-rich alicyclic matter, which is known to be extremely recalcitrant (C-

rich and low in oxygen and hydrogen). These low SPE-DOC 13C and ∆14C values point to the microbial 

carbon pump (MCP) as a major driver of the marine carbon cycle through the removal of biomolecules 

with high 13C, and addition of refractory products that resist degradation. This increases DOC residence 

time and drives low ∆14C values. The large meridional span in this ∆14C dataset also allows for the first 

regional estimates of RDOC abundance. These estimates match the simple yet powerful “two-pool” 

model of DOC cycling proposed in 1987, in which the deep ocean is a well-mixed pool of old RDOC, and 

the surface is a mixture of RDOC from depth and labile DOC from recent photosynthesis.  

Although the importance of the MCP, and the two-pool model are not new ideas, sampling has 

been spatially and temporally sparse. This dissertation research provides a high-resolution isotopic 

perspective from under-sampled regions in the open ocean that supports these concepts.



 

1 
 

Chapter 1: Introduction 

1.1 Using carbon isotopes to study the global carbon cycle  

 The global carbon cycle refers to the exchange of carbon between Earth’s atmosphere, land, 

oceans, and geological reservoirs. Processes such as chemical weathering of rock act on timescales of 

millions of years, while processes, such as photosynthesis, heterotrophic respiration, air-sea gas exchange, 

and many others, act on timescales of days to thousands of years. The movement of carbon among Earth’s 

reservoirs influences the atmospheric concentration of carbon dioxide (CO2), which plays a significant 

role in global climate. Since the beginning of industrialization, humans have altered the natural carbon 

cycle by burning fossil fuels at unprecedented rates. In order to understand how each of the Earth systems 

will respond to increased atmospheric CO2 concentrations, it is important to study the natural systems, 

such as the global carbon cycle.  

 

Figure 1. Adapted from Schuur (2016), this diagram shows the different major carbon reservoirs in terms 

of size (Pg C, black numbers) and fraction of total carbon (percent, red numbers). 
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 Earth’s oceans contain the largest reservoir of carbon active on “short” timescales, with 36,000 

Pg of dissolved inorganic carbon (DIC) stored primarily in the deep ocean (Takahashi et al., 1981). The 

oceans also contain 662 Pg of dissolved organic carbon (DOC), which is similar in size to atmospheric 

carbon (700 Pg) (Hansell et al., 2009). Isotope analyses are a powerful way to trace carbon exchange 

through these different reservoirs. An isotope is an atom that contains a different number of neutrons than 

another atom of the same element. Carbon has three naturally occurring isotopes. The most abundant, 12C 

(98.89%) and 13C (1.11%)) are stable and are created during nucleosynthesis in stars. The least abundant 

is the radioactive isotope 14C, which is a cosmogenic radionuclide. Cosmic rays interacting with Earth’s 

atmosphere create neutrons that collide with 14N atoms, producing radiocarbon (14C). After a few weeks, 

14C is oxidized to carbon monoxide (14CO) and then carbon dioxide (14CO2), mixes throughout the 

atmosphere and becomes part of the global carbon cycle (Trumbore et al. 2016). Biogeochemical 

processes such as photosynthesis, or surface ocean dissolution, equilibrate 14CO2 between the atmosphere 

and other reservoirs. When this equilibration is interrupted or stopped, the 14C in a given substance will 

decay by beta-decay with a half life of 5730 years. This reduces the amount of 14C relative to the 

atmosphere. Measuring the ratio of 14C to 12C relative to an oxalic acid standard and correcting for isotope 

fractionation yields a ∆14C value, defined by (Stuiver & Polach, 1977), and described by the equation 

below (Beaupré, 2015).  

∆14𝐶 =  𝛿14𝐶 − 2(𝛿13𝐶 + 25)(1 + (
𝛿14𝐶

1000
))  

∆14C values are useful for determining reservoir ages of carbon in soils, atmospheric CO2, and ocean 

water, the latter of which is the focus of this dissertation. The book Radiocarbon and Climate Change 

(2016) provides more information about the history, technical development, calibration, and other uses of 

radiocarbon in earth science that are not covered in this Introduction.   

The heavier stable isotope (13C) is used in different ways to trace the carbon cycle. During 

physical and chemical transformations (such as phase changes or biosynthesis), the ratio of 13C to 12C can 
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change, due to the tendency for lighter atoms (12C) to react more quickly than heavier ones (13C). The 

ratio 13C/12C (R) is measured relative to that of a known standard (“PDB” Pee Dee Belemnite), and 

expressed as “13C”. 

𝛿13𝐶 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) 1000‰ 

 In this notation, lower values represent more depletion of 13C in the sample. This isotope 

fractionation varies depending on the processes occurring during synthesis. Terrestrial photosynthetic 

pathways each yield different 13C values in bulk and compound specific organic matter. C3 

photosynthesis results in organic matter that is lower in 13C (depleted in 13C) relative to C4 

photosynthesis (-30‰ to -25‰ versus -16‰ to -10‰, respectively). There is an extensive body of 

literature on this topic, and is summarized in multiple review papers (Hobbie & Werner, 2004; Hayes, 

2001). Marine phytoplankton have distinct 13C signatures (-24‰ to -19‰) that are dependent on growth 

rate, water temperature, and CO2 concentration (Goericke and Fry 1994; Hinga et al., 1984.; Rau et al. 

1982; Rau et al. 1989; Wilkes et al. 2018; Williams and Gordon 1970).  

Specific biosynthetic pathways in phytoplankton, such as amino acid production, can be traced 

using 13C values as well (Abelson and Hoering 1961; Close 2018; Macko et al. 1987). Heterotrophic 

remineralization generally imparts less fractionation than photosynthesis (<1‰ (Shaffer et al., 1999, 

Beaupre 2015). However, the contribution of microbes to marine organic matter characteristics and their 

13C values are active areas of research (Close, 2018), and may depend on oxygen availability and 

substrate composition (Abraham et al. 1998; Close 2018; Gong and Hollander 1997; Macko and Estep 

1984; Teece et al. 1999). Measured 13C values from primary production and secondary remineralization 

can often overlap, making 13C values of organic matter difficult to interpret. For example, a mixture of 

organic matter produced by both C3 and C4 pathways may combine to resemble the 13C value of marine 

phytoplankton (Pancost & Boot, 2004). However, in well constrained systems, and in parallel with ∆14C 
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and molecular-level characterization, 13C values can be used for source appropriation and in mixing 

models used to trace carbon flow.   

 

 

1.2 The role of marine dissolved organic carbon (DOC) in the global carbon cycle   

 According to Sarmiento & Gruber (2006), “the greatest puzzle in ocean carbon research is our 

inability to explain the large glacial-interglacial variations in atmospheric CO2”. The oceans are widely 

accepted as facilitating the changes in atmospheric carbon dioxide during these interglacial cycles 

because it is the largest of the “fast-changing reservoirs”. Changes in the strength of the biological pump, 

and deep ocean storage of DOC may have played a role (Solomon et al., 2007).  The mechanisms behind 

the cycling and long-term storage of DOC in the global ocean are still under investigation, and are the  

subject of this dissertation work.  

 DOC is primarily produced during surface ocean phytoplankton photosynthesis, with a small 

amount entering via rivers (Opsahl & Benner, 1997). Surface DOC concentrations are high in 

downwelling regions of the surface ocean (~70-80 µM DOC), such as the subtropical gyres, where water 

masses converge. Concentrations are low in upwelling zones, where DOC depleted waters mix upwards 

(~40-50 µM DOC). In the deep ocean, concentrations decrease along the thermohaline circulation, from 

50 µM in the North Atlantic Ocean to 36 µM DOC in the deep North Pacific (Hansell et al., 2009).  

Table 1. List of reported 13C values of bulk and compound specific organic matter in marine and terrestrial 

systems.  
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 Early ∆14C measurements of total DOC in seawater revealed 14C ages of 4000-6500 years 

(Williams & Druffel, 1987). This result was significant because it showed DOC 14C ages are thousands of 

years older than those of DIC (see Figure 2), which have ages of ~800-2400 14C years and are controlled 

by the global overturning circulation (Stuiver et al., 1983). This implied that a large fraction of DOC has 

remained undegraded long enough to become well-mixed in the ocean. A simple “two-pool model” of 

DOC cycling was proposed by (Williams & Druffel, 1987). The surface pool consists of younger, labile 

DOC  mixed with older, refractory DOC (RDOC), while the deeper layer is well-mixed RDOC. Although 

this simple model explained observations, the mechanisms driving total DOC age and concentrations 

were still uncharacterized.  

1.3 Low molecular weight and solid-phase extracted DOC (SPE-DOC) 

To understand the mechanism that drives this long-term storage, and increased age relative to 

DIC, much effort has been put into molecular characterization of DOC. Are some molecules within DOC 

more labile or more refractory than others? Are some molecules longer-lived than others? To answer 

these questions, DOC must first be concentrated and separated based on size, polarity, or compound class. 

High molecular weight DOC (HMW DOC) is isolated by tangential flow ultrafiltration (1-100 nm, 

(Benner et al., 1997)), while hydrophobic solid-phase extraction (SPE) resins are used to isolate typically 

lower molecular weight DOC (LMW DOC) based on polarity. DOC isolated using SPE is known as SPE-

DOC. HMW DOC contains the large biomolecules produced by phytoplankton during photosynthesis, 

including carbohydrates, proteins, nucleic acids, and lipids (Aluwihare & Repeta, 1999; Aluwihare et al., 

2002; Benner et al., 1992; Sannigrahi et al., 2005; Zigah et al., 2014). These labile and semi-labile 

compounds are degraded on timescales from days to decades (Walker et al., 2016a) and used as substates 

for heterotrophic remineralization. Due to their faster turnover rates than RDOC, these compounds 

constitute a minority of the total pool (24-28%) (Benner et al. 1997; Skoog and Benner 1997).  
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Figure 2. Adapted from Druffel and Griffin (2015), a depiction of the common offset in ∆14C values 

between DIC (higher ∆14C, younger 14C age) and DOC (lower ∆14C, higher 14C age), indicating that DOC 

survives multiple ocean mixing cycles and is important for long-term carbon storage.   
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The majority of DOC is LMW DOC (Benner et al. 1992; Ogawa and Ogura 1992; Amon and 

Benner 1994). Relationships between DOC size and age (Walker et al., 2016a, 2016b; Guo et al., 1996; 

Walker et al., 2011; Loh et al., 2004), and size and polarity (Koch et al., 2008), have established that 

LMW DOC is older (low ∆14C) and more hydrophobic than HMW DOC. This is shown conceptually in 

Figure 3. Hydrophobicity of LMW DOC makes SPE on non-polar resins an efficient way to study the 

cycling of LMW DOC. Molecular characterizations of  LMW DOC isolated on XAD and C18 resins 

showed high abundances of double-bonds, and little difference between the surface and deep ocean, or 

marine and terrestrial waters. This was indicative of a consistent background material (Koch et al., 2005) 

soon identified as carboxyl-rich alicyclic molecules (CRAM) (Hertkorn et al. 2006). Bond Elut PPL was 

identified as the most efficient SPE resin (Dittmar et al., 2008), and has replaced XAD and C18 resins in 

recent studies. SPE-DOC isolated using PPL resins have led to many recent discoveries about the 

molecular characteristics of LMW DOC. Studies in the Eastern Atlantic and Southern Oceans have found 

that CRAM and ketones increase with depth, and a robust relationship between ∆14C, H/C and O/C ratios 

can be used to predict degradation indexes (Flerus et al. 2012; Hertkorn et al. 2013; Lechtenfeld et al. 

2014). Low ∆14C values as a characteristic trait of SPE-DOC has also been shown in subsequent work 

(Broek et al., 2017, 2020; Coppola & Druffel, 2016; Zigah et al., 2017). These characteristics all point 

toward SPE-DOC, and LMW DOC, being refractory in nature, and potentially representative of RDOC. 

Finally, a landmark study from (Lechtenfeld et al., 2015) found that heterotrophic bacteria create DOC 

similar to that of RDOC in marine systems (such as CRAM) from simple substrates. This is strong 

evidence to support the idea that heterotrophic bacteria and the microbial carbon pump (MCP) play a key 

role in driving the long-term storage of RDOC (Jiao et al., 2010). (This complex history of LMW DOC 

characterization is summarized in Table 1).  
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Figure 3. Conceptual diagram of the size-age continuum of DOC adapted from Amon and Benner (1996). 

Compounds in the top left, typically produced during phytoplankton photosynthesis are larger, have 

higher H/C and O/C ratios, and are degraded on timescales of years to decades. Compounds in the lower-

right are hypothesized to be products of the MCP. These transformed organics have lower H/C and O/C 

ratios, and often contain CRAM, which contribute to their refractory nature, and low ∆14C.  
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Despite the recent progress in molecular characterization of marine DOC, large spatial gaps in 

SPE-DOC sampling remain. The Pacific Ocean is largely under sampled save a few measurements from 

Station ALOHA and the North Pacific Ocean (Bercovici et al., 2018; Broek et al., 2020) and the Indian 

Ocean contains no measurements prior to this work. Additionally, very few studies (Broek et al., 2017, 

2020; Zigah et al., 2017) provide SPE-DOC isotopic measurements relative to total DOC, which allows a 

more in-depth understanding of LMW DOC cycling .  This dissertation aims to characterize the cycling of 

SPE-DOC in the central and eastern Pacific Ocean and the western Indian Ocean using the highest 

resolution dataset available to date, using direct comparisons between SPE-DOC and total DOC 13C and 

∆14C 

1.4 Summary of the dissertation 

This dissertation uses the isotopic characterization of SPE-DOC in the Pacific and Indian Ocean 

to provide new constrains to the two-pool model, and support the hypothesis that the MCP may be a 

driving force in the ocean carbon cycle. SPE-DOC measurements presented in this dissertation were made 

on DOC that was initially concentrated using Bond Elut PPL SPE resins. Although these resins were in 

wide use before this research project was started, there were few published studies on carbon blank 

Table 2. An abbreviated history of the last 15 years of DOC characterization using SPE-DOC and related 

techniques. Columns filled in gray indicate which analyses were made.  
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characterization. Chapter 2 of this work aims to show how 13C and ∆14C values change over the course 

of a typical methanol elution of SPE-DOC. Additionally, the magnitude and isotopic signature of blank 

carbon associated with this SPE method is quantified using an indirect isotopic approach (Santos et al., 

2010).  

 Chapter 3 and Chapter 4 focus on the isotopic characterization of SPE-DOC samples collected 

aboard three GO-SHIP Repeat Hydrography Cruises in the Eastern and Central Pacific Ocean, and the 

Western Indian Ocean. Chapter 3 reports SPE-DOC ∆14C values in direct comparison with total DOC 

∆14C signatures to make the first regional estimates of RDOC abundance. These new data support the 

original two-pool model of DOC cycling, where the deep ocean background pool is stable and the surface 

pool is a two-component mixture of RDOC and labile DOC. Chapter 4 uses 13C SPE-DOC 

measurements to suggest that preferential remineralization of biomolecules with high 13C values may be 

a major mechanism through which the ocean’s MCP drives marine carbon cycling. Finally, Chapter 5 

summarizes the main conclusions of this work, and outlines new questions that arose, and potential areas 

of future research.  
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Chapter 2: Isotopic and optical heterogeneity of solid phase extracted marine dissolved organic 

carbon 

This chapter was published in Marine Chemistry in 2020: 

Lewis, C. B., Walker B.D.W, and Druffel E.R.M. 2020. “Isotopic and Optical Heterogeneity of Solid 

Phase Extracted Marine Dissolved Organic Carbon.” Marine Chemistry 219 (February): 103752. 

https://doi.org/10.1016/j.marchem.2020.103752. 

 

2.1 Abstract 

Marine DOC is the ocean’s largest exchangeable reservoir of organic carbon. The 

biogeochemical cycling of DOC plays an important role in ocean carbon storage on various timescales. 

This study examines how  isotopic (∆14C, 13C) and optical (absorbance) properties of SPE-DOC change 

as a function of eluent volume (and hydrophobicity). These properties were measured in 28 SPE-DOC 

fractions incrementally eluted from Bond Elut PPL (styrene-divinylbenzene polymer) cartridges, totaling 

32 mL of methanol. We show that the early eluted SPE-DOC has distinctly different ∆14C and 13C values 

than those eluted later. This study reveals isotopic heterogeneity as a function of SPE-DOC elution 

volume. These results show a partitioning of two distinct sources of SPE-DOC during elution, indicating 

a gradual transition from “marine-like” DOC to “terrestrial-like” DOC along a hydrophobicity continuum.  

2.2 Introduction  

The marine DOC pool contains ~662 Pg of carbon (Hansell et al., 2009) and is comprised of 

thousands of individual molecules. Identifiable compound classes include carbohydrates, proteins, lipids, 

and black carbon (Coppola & Druffel, 2016; Dittmar & Paeng, 2009; Repeta, 2015; Ziolkowski & 

Druffel, 2010). Early radiocarbon (∆14C) measurements revealed that the age of deep Pacific Ocean DOC 

is ~6000 14C years (∆14C = -525‰), indicating that bulk DOC is much older than DIC (2000 14C years, -

240‰) (Williams and Druffel 1987). This implies that DOC survives multiple mixing cycles of the deep 

ocean. Understanding the processes responsible for this extended residence time of DOC is important for 
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our understanding of the oceanic carbon cycle. A large effort has been underway to characterize DOC on 

a molecular level, but large gaps remain in our understanding of the biogeochemical cycling of this 

complex carbon pool.  

SPE is a common method for isolating DOC from seawater salts for further molecular and 

isotopic analysis. This technique sorbs the hydrophobic fraction of DOC onto a resin that is eluted in a 

concentrated aliquot of solvent, usually methanol. Bond Elut PPL (styrene-divinylbenzene polymer) SPE 

resins have been widely used by the marine DOC community for their ease of use and relatively high 

recoveries of DOC from seawater and freshwater (>40% and 60%, respectively; Dittmar et al. 2008).  

SPE-DOC can be processed for 13C and ∆14C analyses, which are powerful tools used to 

investigate the sources and cycling of DOC. The PPL method has been used to study changes in SPE-

DOC ∆14C with depth in the open ocean (Broek et al., 2017; Flerus et al., 2012; Zigah et al., 2017), and 

on a molecular level using FT-ICR-MS (Li et al., 2017). ∆14C analysis paired with FT-ICR-MS of SPE-

DOC extracted using PPL resins helped refine our understanding of how DOM degradation is linked to 

molecular formulae (Flerus et al., 2012; Lechtenfeld et al., 2014). DOC isolated using SPE is usually 

LMW DOC, and typically has either the same or lower 13C and ∆14C values than bulk seawater (Broek et 

al., 2017; Coppola & Druffel, 2016; Druffel et al., 1992), indicating that PPL resins selectively isolate a 

specific fraction of older molecules. This result is echoed in CDOM and FDOM measurements that found 

less variability in SPE-DOM than bulk DOM (Wünsch et al., 2018). These studies provide evidence that 

SPE-DOC is different from bulk DOC.  

Although PPL SPE-DOC extracts are used for isotopic analyses, there are little detailed carbon 

mass and isotopic blank assessments for seawater SPE-DOC protocols. A measured ∆14C value represents 

the weighted-average ∆14C value of all compounds in a sample, as well as that of the process-blank. 

Therefore, the mass and the isotopic value of the process-blank must be determined to accurately assess 

the true ∆14C value of the sample. In addition, changes in seawater SPE-DOC isotopic and chemical 

composition during elution remain undetermined. 
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The first objective of this study was to optimize the PPL resin protocol (Dittmar et al., t) for 

maximum SPE-DOC recoveries for future compound specific radiocarbon analyses. Our second objective 

was to assess extraneous-carbon blanks in our SPE-DOC ∆14C and 13C measurements. Extraneous 

carbon refers to the amount of carbon added to the sample from the resin and other processes, and must be 

quantified in order to correct for true environmental isotope values. Our third objective was to determine 

whether the isotopic and optical composition of SPE-DOC changes with increasing elution volume, and if 

so, how this impacts final ∆14C and 13C measurements of SPE-DOC.   

We present evidence that PPL resins elute marine-derived SPE-DOC first, followed by terrestrial 

SPE-DOC, based on changing stable isotopic (δ13C) and radiocarbon (∆14C) signatures of SPE-DOC 

captured at different elution volumes. We also present a detailed blank assessment of PPL SPE-DOC 

using the applied background correction method (Santos et al. 2010). 

2.3 Materials and methods 

2.3.1  Sample collection  

 Seawater samples were collected from the Newport Beach Pier, CA (33° 36 21 N, 117 55 52 

W). We collected large volume samples (12.5 to 15 L) to match the requirements needed for compound 

specific radiocarbon analysis of dissolved black carbon. A flowchart to clarify sampling dates, volumes, 

and subsequent analyses is shown in Figure 4. On March 13, 2017, one 15 L sample (herein called sample 

1) was collected for CDOM (chromophoric dissolved organic matter) absorbance analyses. On April 20, 

2017, 30 L were collected: 5 L were allocated to one PPL resin for CDOM absorbance analyses (sample 

2A), and two 12.5 L aliquots were allocated to two PPL resins for duplicate isotopic analyses (samples 2B 

and 2C). On August 23, 2017, 15 L were collected using one PPL cartridge for isotopic analyses (sample 

3).  

Seawater was collected from 0–1 m depth using bucket casts off the pier and filtered using 

Whatman GF/F filters (0.7 M) into 1 gallon glass jugs. All glassware and filters were previously baked 
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at 540°C for 2 hours to eliminate organic carbon contamination. One-gallon samples were immediately 

acidified to 0.01 M with H2SO4 (ACS grade, Lot# 160128). Seawater was extracted using the PPL SPE 

method (Dittmar et al. 2008) on the day of collection.  

 

Figure 4. Flow chart describing all sequentially eluted SPE-DOC samples. One 15 L sample was 

collected in March 2017, eluted sequentially, and measured for CDOM absorbance to obtain a 

preliminary estimate for where absorbance drops to baseline. Thirty-two mL of methanol was required 

before absorbances returned to pure methanol absorbance. In April 2017, 30 L were collected. 5 L were 

allocated to one PPL resin for subsequent CDOM analysis, and the remaining 25 L were split between 2 

PPL resins, each for isotopic analyses. Sample 2B was measured for ∆14C, and 2C was measured for ∆14C 

and 13C. 15 L were collected in August 2017 for extraction on one PPL cartridge and ∆14C and 13C 

analyses.  

2.3.2 Solid-phase extraction and elution of SPE-DOC 

 PPL cartridges (Bond Elut-PPL, 1 gm 6 mL, Part No: 12255002) were activated with methanol 

(LC-MS grade, CAS# 67-56-1) and rinsed with Milli-Q water (TOC <4 ppb) that had been acidified to 

0.01 M with H2SO4  (ACS grade, Lot# 160128). The cartridges were loaded with acidified seawater 

samples at 40 mL/minute using acid-cleaned (10% HCl) Teflon tubing and a Masterflex peristaltic pump. 

Cartridges were then rinsed with 40 mL of 0.01 M H2SO4 and stored at 4°C for 18 hours. Before elutions, 

cartridges were dried for 30 minutes under UHP N2. Typically, SPE-DOC is eluted with methanol in a 

single volume before further processing. For this study, SPE-DOC was eluted in many increments. The 

first set of samples was eluted in increments of 1 mL, measured by height in a cleaned spectrophotometry 
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cuvette. Sample 2A, 2B, 2C and 3 were also eluted incrementally, but the volume of each incremental 

sample was measured by weight difference. It is assumed that the density of methanol at 22.0°C is 0.792 

g cm-3. Sequential elutions were carried out until a total of 27-28 SPE-DOC fractions were obtained, for a 

total volume of 32 mL methanol. It is assumed that the eluted liquid is 100% methanol, containing no 

residual water from sample storage. 

2.3.3 Spectrophotometric, manometric, and isotopic analyses of SPE-DOC 

 SPE-DOC from samples 1 and 2A were measured for CDOM absorbance at 325 nm and 443 nm 

on a Thermo Fisher G10S Spectrophotometer. The instrument was tared to a pure methanol baseline. 

SPE-DOC methanol extracts were homogenized in the cuvette using a baked glass pipet prior to each 

analysis.  

 SPE-DOC from samples 2B, 2C, and 3 were dried for 24 hours in a centrifugal evaporator 

equipped with a -60°C chiller trap. Cupric oxide and silver wire were added to quartz tubes containing the 

dried samples. Quartz tubes were flame-sealed under vacuum and combusted at 850°C for 2 hours. The 

resultant CO2 gas was extracted on a vacuum line and purified cryogenically. The mass of CO2 gas was 

quantified using a calibrated manometric pressure gauge in a known volume of the glass line. Assuming 

complete combustion, the mass of inorganic C in CO2 is representative of the amount of organic C from 

the SPE-DOC sample. The CO2 gas was then transferred to Pyrex tubes for sealed-tube zinc 

graphitization (Walker & Xu, 2018; Xu et al., 2007). For samples >45 g C, an isotopically equilibrated 

split was taken for 13C measurement. Fractions yielding less than this total mass do not have an 

accompanying 13C measurement. Radiocarbon measurements were performed at the UC Irvine Keck 

Carbon Cycle Accelerator Mass Spectrometer Facility. Radiocarbon data are reported as ∆14C (Stuiverr & 

Polach, 1977) for geochemical samples without known age. Stable isotopic (13C) measurements were 

performed on a Gas Bench II and Thermo Electron Delta Plus mass spectrometer, corrected using 
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calibrated isotopic gas standards (to NIST NBS-19) and are reported in standard permille (‰) notation 

relative to V-PDB (Vienna Pee-Dee Belemnite) scale.  

2.3.4 Carbon mass and isotopic blank determinations and corrections 

 SPE-DOC ∆14C measurementswere corrected for modern and dead carbon contamination using 

an indirect-blank assessment. The applied background correction method is described by (Santos et al., 

2010). Tannic and salicylic acids (Sigma Aldrich, Lot # MKCD6313 and Lot # MKCC5914) were chosen 

as standard materials, because they both contain aromatic rings that have a high affinity for the PPL resin. 

Our tannic and salicylic acid standards were determined to have ∆14C values of 9±2‰ and -859±1‰, 

respectively. Three masses of each standard, ranging from 30-700 g C (See Table 4 for exact masses), 

were loaded onto PPL cartridges according to standard procedure and eluted with 6 mL of methanol (LC-

MS grade, CAS# 67-56-1), in order to assess changes in carbon blank with increasing sample size. This 

process was repeated a second time with an elution volume of 32 mL, to assess changes in carbon blank 

with increased methanol volume. For clarity, Figure 10 describes this experimental procedure using a 

flow chart. Eluted samples were dried and prepared for isotopic measurements as described in Section 

2.3.3. Blanks of 1.1 g C/ mL methanol for the 0-6 mL elutions, and blanks of 0.1 g C/mL methanol for 

6-32 mL, were determined. A mass-balance was applied using the measured PPL resin ∆14C value of  -

998±1‰ to blank-correct the sample ∆14C values. Observed 13C values remain uncorrected, because 

resin C contributes <1% of the mass for these samples, and is negligible for mass-balance correction of 

13C values.  
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2.4 Results  

2.4.1 SPE-DOC concentrations  

 Figure 5a shows cumulative elution volume versus the blank corrected carbon mass of the SPE-

DOC fractions. Distinct peaks in carbon mass appear at 1.6, 1.8 and 2.0 mL for samples 2B, 2C, and 3 

respectively. Within the initial 2 mL elution, 60±1% of cumulative carbon by mass was recovered for 

samples 2B and 2C, and 16±1% was recovered for sample 3. Although sample 3 eluted more gradually, 

all samples reached 96±1% cumulative SPE-DOC by 6 mL eluted methanol. Extending the elution to 32 

mL yielded 4.8±1.0% more SPE-DOC for all three samples, than if the elution was stopped at 6 mL. 

Duplicate samples 2B and 2C had [SPE-DOC] values of 26.3±2.0 M and 28.6±2.0 M, respectively. For 

sample 3, [SPE-DOC] was 33.7±2.0 M. Concentrations were calculated by dividing the sum of blank-

corrected carbon masses of all fractions in one profile by the volume of seawater extracted.  

2.4.2 SPE-DOC absorbance  

 Raw absorbance data measured at 325 and 443 nm were converted to natural logarithm 

absorption coefficients following (Braslavsky, 2007) and were carbon normalized. Absorbances at 325 

nm divided by 443 nm (E3:E4) are plotted in Figure 6 as a function of eluted methanol volume. The E3:E4 

values for samples 1 and  2A are maximum at ~3 mL eluted methanol, then decrease to ~10 mL eluted 

methanol. After 10 mL eluted methanol, sample 1 E3:E4 values increase, while those for sample 2A 

remain lower than 2. We acknowledge that a degree of caution should be used with the interpretation of 

these CDOM data in context to previous work, because the volumes of extracted seawater differ between 

Sample 1 and 2A (See Figure 4), and the wavelengths measured are different than those recommended for 

spectral slope studies (275 to 295 nm) (Helms et al., 2008). Basic implications of the decreasing ratio of 

absorbance at 325 to 443 nm in context to previous absorbance studies and our isotopic measurements are 

presented in Section 2.8. 
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Figure 5. (a) Eluted SPE-DOC masses for samples 2B, 2C and 3 show peaks at 1.6-2.0 mL of eluted 

methanol. (b) The cumulative percent of isolated SPE-DOC eluted with increasing volume. Percent 

values were normalized using the total amount of SPE-DOC recovered for each sample.  
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Figure 6. Ratio of CDOM absorbance at 325 and 443 nm (E3:E4) from sample 1 and sample 2A versus 

total volume eluted. From ~3-10 mL, both samples 1 and 2A have negative slopes, indicative of a relative 

increase in eluted CDOM that absorbs at longer wavelengths (443 nm) versus shorter wavelengths (325 

nm). Horizontal bars indicate the integrated volume for each sample. Vertical bars represent standard 

error.  

2.4.3 SPE-DOC ∆14C values 

Radiocarbon measurements of SPE-DOC from the sequential elutions for samples 2B, 2C and 3 

are shown in Figure 7. There is variability in the ∆14C values for all samples. Samples 2B and 2C have 

local minimum ∆14C values of -251±5‰ and -221±5‰ between ~1.5-2 mL eluted methanol. As the 

elution continues, 2B and 2C have progressively higher ∆14C values, rising to maxima of +253±9‰ and 

+386±23‰ at 5.8 and 8.1 mL, respectively. The similarities between the ∆14C profiles of duplicate 

samples 2B and 2C indicates that our method is reproducible and robust. This pattern of early ∆14C 

minimum values corresponding with peak [SPE-DOC] elution, is also found in sample 3. Sample 3 has a 

minimum of -302±4‰ at 2 mL, then values steadily increase to -123±31‰, and plateau between 5-12 mL 
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eluted methanol. The major difference between samples 2B and 2C versus sample 3 is the gradient of 

change between the local minimum at 2 mL and the progressive increase in ∆14C value throughout the 

elution. Reasons for this are discussed in section 2.5. 

 

Figure 7. ∆14C values of sequentially eluted fractions from samples 2B, 2C and 3 versus methanol 

volume eluted. Horizontal bars indicate the integrated volume of eluted methanol related to each sample, 

and measured ∆14C value. Vertical bars represent the propagated uncertainty of our ∆14C measurement 

including the contribution of extraneous carbon. 

 

2.4.4 SPE-DOC 13C values 

The 13C values of the sequential elutions for samples 2C and 3 are shown in Figure 8. SPE-DOC has 

high 13C values early in the elution, and lower values by 3.5 mL. Sample 2C decreases from a 13C value 

of -20.2‰ to -23.7‰ from 1.5 to 6 mL eluted methanol. Sample 3 decreases from -21.8‰ to -24.4‰ 
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from 1.9 to 6.6 mL eluted methanol. Unfortunately, 13C could not be measured for SPE-DOC fractions 

containing less than 45 g C, limiting this dataset to the early (high C mass) eluent fractions.  

 

Figure 8: SPE-DOC 13C versus methanol volume eluted. Horizontal bars indicate the duration of eluted 

methanol related to each sample, and measured 13C value. Fractions less than 45 g SPE-DOC (fractions 

<1 mL and  > 7 mL) were not measured for 13C. Vertical bars indicate the uncertainty of 0.2‰ for 

Sample 2C and 0.1‰ for Sample 3.  

 

2.5. Discussion 

 Most SPE-DOC in our samples is contained within the first 2 mL of elution, whose ∆14C and 13C 

values closely resemble those of phytoplankton-derived, open ocean DOC (Druffel et al. 1992; Williams 

and Gordon 1970). Over the next ~5 mL of eluted SPE-DOC, the 13C values are lower, similar to those 

of terrestrial C3 plants (Williams and Gordon 1970), and ∆14C values reach maximum values. Our ∆14C 

and 13C datasets together imply that there is a compositional shift in the eluted SPE-DOC, from marine-

derived to terrestrial-derived SPE-DOC.  
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Mid-elution ∆14C values for samples 2B and 2C were greater than -50‰, which indicates the 

presence of bomb-14C that was produced during the late 1950s and early 1960s (Nydal & Lövseth, 1983). 

During the equilibration of bomb-14CO2 between the atmosphere and surface ocean, DIC ∆14C values in 

seawater rose to values no higher than +195‰ in the Pacific (Ostlund and Stuiver, 1980). Therefore, 

samples with ∆14C values greater than +195‰, such as those > 6 mL in samples 2B and 2C, must contain 

terrestrially-derived organic matter that was produced after the early 1960s.  

 Stable carbon isotopic signatures, in this case, are the weaker source indicator because many 

factors can influence the 13C signature of organic matter. Terrestrial C3 plants synthesize tissues depleted 

in 13C relative to their C4 counterparts (-23‰ to -27‰ versus -12‰ to -13‰, respectively), while marine 

phytoplankton have more positive values (-21‰) (Williams and Gordon 1970; Benner et al. 1987). For 

example, a value of -21‰ could indicate the presence of SPE-DOC that originated from phytoplankton, 

or a mixture of C3 and C4 plant organic matter. It is difficult to assign a source to SPE-DOC based only on 

13C. In this case, our ∆14C data clearly show the presence of terrestrially-derived DOC where values are 

>+195‰, because these values could only have been produced on land. These values appear in the same 

elution volume as the low 13C values (Fig. 7 and 8).  

 PPL has been shown to preferentially sorb hydrophobic SPE-DOC that is lower molecular weight 

and typically older than bulk DOC (Broek et al., 2017; Coppola & Druffel, 2016; Druffel et al., 1992). 

Our data indicate PPL is actively partitioning the DOC during methanol elution according to a 

hydrophobicity continuum. Because hydrophobicity and aromaticity are linked, partitioning according to 

aromaticity may also be involved. Further experimental evidence of changes in aromaticity indices with 

increased elution volume and decreases in molecular polarity could be used to deconvolute these 

properties.  
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2.6. Implications for further work 

 One objective of this study was to optimize the PPL protocol for SPE-DOC isotopic analysis. We 

found that an extra 5% of SPE-DOC can be extracted from coastal seawater using increased elution 

volume. Another objective of this study was to assess changes in SPE-DOC isotopic composition with 

increased elution volume. The isotopic heterogeneity indicates gradients in composition and polarity of 

the SPE-DOC. This implies that SPE-DOC that elutes early is relatively polar, while SPE-DOC that 

elutes later is relatively non-polar, based on SPE-DOC affinity to the non-polar PPL resin.  

This work could be expanded by integrating analyses capable of showing individual molecular 

group or aromaticity changes with increased eluted volume. More research is needed to show if these 

trends are applicable in other marine environments, such as estuaries and the open ocean. For example, 

FT-ICR-MS analyses of sequentially eluted SPE-DOC may shed light on the oxidation state of molecular 

groups in different parts of the hydrophobicity continuum. This technique could be used in open ocean 

studies of refractory DOM, allowing separation of SPE-DOM based on polarity before assessing where 

they fall in reference to the “island of stability” (Lechtenfeld et al., 2014). This approach may provide 

more information about the correlation between ∆14C values, which is a measure of degradability, and 

molecular structure.  

Sequential elutions such as those presented here may provide more detail about the diversity of 

isotopic signatures within a given SPE-DOC sample. In samples 2B and 2C, the distinctly terrestrial SPE-

DOC signature (>+195‰) would have gone unnoticed had it not been eluted in discrete aliquots. Because 

the later elution samples were a much smaller mass-fraction of the total sample, the weighted-average 

SPE-DOC ∆14C signature would have been lower and hidden this interesting piece of information. 

Sequential SPE-DOC elutions using this method could be used with other analyses to pair changing 

isotopic composition of each fraction to molecular level characterizations along a hydrophobicity 

continuum.   
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2.8. Supporting Information for Chapter 2 

2.8.1. SPE resin extraneous carbon assessment 

 SPE techniques are useful for concentrating organic matter out of seawater for biogeochemical 

analyses.SPE techniques must be assessed for extraneous carbon (Cex) that may leach from the resin.  Cex 

contributes a discrete mass and isotopic composition that contributes to an observed value according to 

the following equation:  

∆14Cobserved = (Fractionextraneous)(∆14Cextraneous) +  (Fractionenvironmental)(∆14Cenvironmental) 

 Assessing the mass and isotopic composition of Cex allows this equation to be solved for 

∆14Cenvironmental, a geochemical sample of unknown ∆14C. Direct and indirect approaches for assessing Cex 

are described below.  

2.8.1.1. Direct blanks 

 Direct blanks involve loading 15 L of acidified MilliQ water onto a 1 g PPL (Bond Elut-PPL, 1 

gm 6 mL, Part No: 12255002) resin according to standard procedures (Dittmar et al., 2008), eluting 

sequentially, and measuring the mass and isotopic composition of the carbon that was leached. 15 L of 

MilliQ were acidified to 0.01 M with H2SO4 (ACS grade, Lot# 160128). This volume was pumped onto 

the PPL resin using acid-cleaned (10% HCl) Masterflex silicone tubing at 40 mL/minute. After loading, 

the PPL resin was dried for 30 minutes under a UHP N2 and eluted sequentially using methanol (LC-MS 

grade, CAS# 67-56-1) into 5” quartz tubes. Volumes of each fraction were determined by taking the 

difference of the weight of the empty and full elution vial, assuming the density of methanol at 22.0°C is 

0.792 g. Samples were flame sealed under vacuum with cupric oxide and silver wire, combusted at 

850°C, and measured for C mass using vacuum line manometry.  

As shown in Figure 9and Table 3, the eluted C mass quickly drops from 7.7 g C/mL in 0-1.25 

mL methanol eluted to 0.5 g/mL at 6 mL methanol eluted. An important caveat of this direct blank 
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assessment is the presence of organic matter in MilliQ. Our lab MilliQ contains 3 ppb TOC, meaning in 

15 L there is ~150 g. In 22 mL methanol eluted, 53.7 g C were cumulatively eluted, meaning a 35% 

recovery of MilliQ TOC. Indirect blank assessments discussed below are a more accurate assessment of 

Cex. 

 

Figure 9: Mass of extraneous carbon (Cex) from the PPL resin and MilliQ water plotted versus volume of 

methanol eluted. Cex mass decreases over time; indicating an initial leaching of Cex that may be dissolved 

in methanol. 
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Table 3 Mass of Cex eluted per mL methanol in direct blank assessment. 

 

 

 

2.8.1.2 Indirect-blanks 

 

Indirect process blanks assess the difference between the consensus ∆14C value of a standard and the ∆14C 

of that standard after processing. If there is no Cex present, the ∆14C value after processing will be equal to 

the consensus value. More Cex will yield more deviation from the consensus value. Tannic acid and 

salicylic acid were chosen as indirect standards because they contain aromatic rings and have quite 

different ∆14C values; the consensus value of tannic acid is 9±2‰, and that for salicylic acid is -859±1‰. 

PPL resins used in this study are polystyrene divinyl-benzene resins with an isotopic signature  of  

-998±1‰.  
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 Both tannic and salicylic acid were evaluated for Cex  in a 3-part size-series for elutions of ~6 mL 

and ~32 mL each, yielding a total of 12 elutions. For clarity, Figure 10 outlines this experimental 

procedure in a flow chart. Stock solutions of tannic and salicylic acid were created, and pipetted by 

volume using an Eppendorf pipette with a cleaned and baked glass-pipette tip. Six mL of acidified MilliQ 

water were added, and each standard was loaded onto an individual PPL resin. Elutions and manometric 

analyses were performed as described in section 2.3.2 and 2.3.3.  

 Using the applied background correction described by (Santos et al. 2010) and our size-series 

ranging from 30 to 700 g of standard, Cex  was determined to be 6.5±3 g C for 6 mL elutions, and 9.8±4 

g C for 32 mL elutions. Assuming the following equation is true:  

Cextotal (32 mL) - Cexinitial (6 mL) = Cex (6 to 32 mL) 

 The initial 6 mL Cex  value 6.5±3 g C, normalized by volume yields 1.1 g Cex / mL. Cex for 

samples between 6-32 mL methanol was determined to be 9.8 – 6.5 = 3.3±5 ug C. Normalized by 26 mL, 

this yields 0.1 g Cex / mL. Environmental samples in the main text were corrected for Cex contribution of 

∆14C = -998±1 using a mass-balance normalized by their volume. The contribution of Cex relative to 

sample C is very small, typically <0.1% for early eluted samples, and increasing towards later eluted 

samples because Cex contribution is held constant while total sample size decreased. Radiocarbon (∆14C) 

values for sample 2A, 2B, and 3 before and after correction are overlaid in Figure 11..  

 After Cex correction, weighted average ∆14C values of different elution volumes can be compared, 

shown in Table 5(b) . Although modern SPE-DOC elutes post-6 mL, the weighted average values for 

higher elution volumes remain close to the 6 mL ∆14C value because the majority of SPE-DOC (>90%) 

mass elutes between 0-6 mL.  
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2.8.2 CDOM measurements in context  

The decrease in the 325 to 443 nm (E3:E4) absorbance ratio for sample 2A is noteworthy in 

context with the ∆14C and 13C measurements. Direct comparison to CDOM absorbance data in previous 

publications cannot be made, because we measured absorbance at wavelengths 325 and 443nm, while 

shorter wavelengths  (275 to 295 nm) were used in earlier studies (Helms et al., 2008). However, previous 

work citing both shorter (250 to 365 nm) and longer (465 to 665 nm) wavelengths found decreasing E2:E3 

and E4:E6 ratios correlated with increased molecular size and humification (Peuravuori and Pihlaja 1997; 

Summers, 1987.; Helms et al. 2008). Our decreasing ratio of 325 to 443 nm absorbances is concabeurrent 

with decreasing 13C and increasing ∆14C signatures, which imply a compositional shift during PPL 

elutions.  

 

Figure 10: Flow chart depicting the indirect-blank assessment layout. For both modern and dead 

standards, 6 mL and 32 mL elutions were performed on a size-series of the loaded standard compounds. 

This yields 12 total elutions used to assess the modern and dead Cex contribution from PPL resins.  
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Table 4. Data from indirect assessment of Cex mass.  
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Figure 11: Overlaid plots of raw (blue bars) and corrected (orange bars) ∆14C profiles for each of the 

three elution profiles. A, B, and C refer to sample 2A, 2B, and 3 respectively.  
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Table 5. (a) The cumulative percent of SPE-DOC mass eluted relative to total at different elution points. 

(b) Weighted average SPE-DOC ∆14C values for different total elutions volumes. Although more modern 

SPE-DOC elutes later, the weighted average remains close to the 6 mL value because >94% of SPE-DOC 

mass elutes in that section. 
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Table 6. Tables (a), (b), and (c) show datasets 2B, 2C, and 3, respectively. Cells with n/a represent where 

that parameter was not applicable, and cells with n.m. represent where a parameter was not measured. 

Cells with “lost” represent data lost during AMS measurement.  
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Chapter 3: New radiocarbon constraints on the global cycling of solid-phase extractable dissolved 

organic carbon  

3.1. Abstract 

 DOC ∆14C measurements in the deep ocean suggest it can be >6500 14C years old. The 

mechanisms that mediate this residence time remain unconstrained. SPE is a widely used technique that 

isolates hydrophobic, LMW DOC that is typically older. We present SPE-DOC concentrations and ∆14C 

values for three GO-SHIP Repeat Hydrography transects, spanning the Pacific and Indian Oceans. 

Comparisons of SPE-DOC with total DOC ∆14C values are used with an isotopic mass-balance to 

estimate the size of the RDOC reservoir and changes in relative abundance in the global ocean. Estimated 

RDOC abundance is similar across the deep Pacific and Indian Oceans (average = 88±1%, 33±2 µM), 

whereas surface RDOC varies as a function of total DOC. Our results fill in spatial SPE-DOC ∆14C 

sampling gaps for the global ocean, and our mass-balance RDOC estimates are consistent with previous 

observations of a “two-pool” model of DOC cycling.  

3.2. Introduction 

 The ocean contains ~662 Pg of dissolved organic carbon (DOC) (Hansell et al., 2009); the largest 

exchangeable reservoir of organic carbon in the ocean (Hedges, 1992). However, the mechanisms that 

mediate DOC cycling are still areas of ongoing research. ∆14C measurements are key tools used to 

investigate carbon cycling (McNichol & Aluwihare, 2007), including DOC. The first DOC ∆14C depth 

profiles showed DOC is 6000 14C years old in the deep ocean (Williams & Druffel, 1987). This is much 

older than DIC (2200 14C years) from which DOC is photosyntheized and implies a large amount of 

RDOC is resistant to biological degradation. 

 Measurements of total [DOC] and DOC ∆14C have been made in the North Pacific, South Pacific, 

Southern Ocean, Atlantic Ocean, and Indian Ocean (Bercovici et al., 2018; Druffel & Griffin, 2015;  

Druffel et al., 2019; Druffel & Bauer, 2000; Williams & Druffel, 1987). Measurements repeatedly show 
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high concentrations and ∆14C values in the surface ocean, and lower values below 1000m. These findings 

led to the “two-pool” model, that postulates the existence of a homogeneously old pool of RDOC in the 

deep ocean, and a surface pool containing a 1:1 mixture of RDOC and recently produced, labile DOC 

(Williams & Druffel, 1987). The “two-pool” model has remained a simple, effective representation of the 

net system. However, it does not consider the various reactivities of individual molecular classes that also 

require characterization (Beaupré, 2015).   

 Ultrafiltration (UF) is commonly used to isolate HWM DOC, while SPE is used to isolate 

hydrophobic DOC that is LMW and typically older. These techniques have yielded a wealth of 

information about different fractions of DOC (Aluwihare et al., 2002; Broek et al., 2017; Coppola & 

Druffel, 2016; Druffel et al., 1992; Hertkorn et al., 2013; Lechtenfeld et al., 2014; McNichol & 

Aluwihare, 2007; Medeiros et al., 2015; Repeta & Aluwihare, 2006; Santschi et al., 1998; Ziolkowski & 

Druffel, 2010) and demonstrated a strong relationship between apparent size and radiocarbon age (Guo et 

al., 1996; Loh et al., 2004; Walker et al., 2016(a); Walker et al., 2016(b); Walker et al., 2011). SPE-DOC 

∆14C has been characterized at Station Aloha, in the North Pacific Ocean, the Atlantic, and Southern 

Oceans (Bercovici et al., 2018; Broek et al., 2017, 2020; Hertkorn et al., 2013; Lechtenfeld et al., 2014; 

Zigah et al., 2017). SPE-DOC has been shown to overlap significantly with RDOC. It contains CRAM 

(Hertkorn et al., 2013), and groups of "stable” DOC molecules with low ∆14C and lower H/C and O/C 

ratios than labile molecules (Broek et al., 2017, 2020; Coppola & Druffel, 2016; Lechtenfeld et al., 2014; 

Zigah et al., 2017). This implies SPE-DOC contains unreactive LMW DOC (according to the size-

reactivity model). RDOC has also been classified as DOC in the deep ocean where there is no vertical 

concentration gradient (>1000 m and <42 µM) (Hansell, 2013). Although it is a simplification, for the 

purposes of this study, we assume SPE-DOC is RDOC.   

 Estimates of RDOC production in the global ocean ranges by orders of magnitude (Benner & 

Herndl, 2011; Brophy & Carlson, 1989; Hansell, 2013; Walker et al., 2016) and few global concentration 

estimates exist. DOC concentration gradients were used to estimate that 95% of all DOC is RDOC 
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(Hansell 2013). Continued efforts to constrain cycling of RDOC in more detail is important for our 

understanding of how the ocean will respond to changes in the carbon cycle. 

 This work presents a dataset of SPE-DOC ∆14C signatures from three GO-SHIP Repeat 

Hydrography cruises; two in the Pacific Ocean spanning >120° of combined latitude and several different 

ocean biomes (Moreno et al., 2020), and one cruise in western Indian Ocean. We use SPE-DOC and total 

DOC ∆14C from the same cruises and construct a mass-balance model to estimate RDOC abundance in 

different ocean regions. The unprecedented span of our dataset allows us to test new meridional 

constrains on the two-pool model. 

3.3. Methods  

3.3.1 Sample collection 

 Seawater samples were collected aboard GO-SHIP Repeat Hydrography cruises P16N (2015), 

P18 (2016/17), and IO7N (2018) aboard the NOAAS Ronald H. Brown (see Figure 12). All samples were 

collected using Bullister-type Niskin bottles through silicone tubing (soaked in 10% hydrochloric acid) 

into 1-gallon, pre-baked glass bottles (540°C for 2 hours) and acidified to pH 2 with concentrated sulfuric 

acid (ACS grade, Lot# 160128). Seawater from <200 m depth was filtered using a Whatman GF/F 0.7 µm 

filter. Due to water budget and sample volume limitations, large volumes of depth-integrated seawater 

were sampled for SPE-DOC in two depth ranges; surface water (0-200m) and deep water (2000-4000m). 

Table 8 shows sample locations, volumes, sampling depth ranges, weighted average depths, [SPE-DOC], 

and radiocarbon (∆14C) measurements. Duplicate samples were collected on P18 station 168 (50°S) in 

surface water, and from station 77 (7°S) in deep water. Post collection, P16N seawater samples were 

frozen at sea and shipped back to the laboratory at UC Irvine for future analyses, while the P18 and IO7N 

water samples were processed at sea, as described in the next section.  
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Figure 12. SPE-DOC sampling stations along three GO-SHIP Repeat Hydrography cruise transects P16N 

(2015) in the North Central Pacific Ocean , P18 (2016/2017) in the eastern Pacific Ocean, and IO7N 

(2018) in the Indian Ocean are depicted.  

3.3.2 Solid-phase extraction, elution, and radiocarbon analysis of SPE-DOC 

 For seawater samples from P18 and IO7N, SPE was performed at sea using PPL cartridges (Bond 

Elut-PPL, 1 gm 6 mL, Part No. 12255002) according to (Dittmar et al., 2008) and stored in the dark at 

4°C until extraction at UC Irvine. 

 Seawater samples from the P16N cruise were processed after four years of freezing, which 

produced crystalline precipitate in the thawed sample similar to a previous study (Beaupré & Druffel, 

2009). Seawater was thawed in a hot water bath and shaken vigorously until the precipitate was no longer 

visible. Samples were then acidified to pH 2 with sulfuric acid (ACS grade, Lot# 160128) and extracted 

onto PPL cartridges as described above.  

 Before elution, PPL cartridges were dried under a steady stream of ultra high purity N2(g) for 30 

minutes to remove residual MilliQ water (3 ppb DOC). SPE-DOC was eluted with LC/MS grade 

methanol following established methods (Dittmar et al. 2008). However the elution volume of methanol 

was increased to 32 mL following results in a recent study (Lewis et al., 2020). SPE-DOC was eluted into 
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pre-weighed and pre-combusted (540°C/2h) 50 mL round-bottom centrifuge vials (VWR product #89091-

460), and weighed after elution to determine the exact volume. Vials were stored at -20°C until further 

processing.  

 Aliquots of the total SPE-DOC extract were taken for measurements of [SPE-DOC] and ∆14C. 

First, SPE-DOC extracts were homogenized with a baked glass Pasteur pipette and ~1 mL was removed 

and transferred to 10 cm long, 6mm OD quartz vials that had been pre-baked and pre-weighed. The exact 

volume of SPE-DOC aliquots was determined by mass-difference. Splits were dried in a centrifugal 

evaporator with a -60°C chiller trap (Savant SpeedVac SC200) for a minimum of 12 hours. Pre-baked 

cupric oxide and silver wire were added, and the outside of these quartz tubes were cleaned with acetone, 

dried, and placed inside larger 9mm diameter, 20 cm long quartz vial. These ‘double tube’ samples were 

sealed under vacuum and combusted at 850°C for two hours. The process-blank of the double tube 

process was measured for mass and ∆14C via secondary standards and the indirect method (Santos et al., 

2007) and subtracted from sample values. Sample CO2 was extracted cryogenically on a vacuum line and 

quantified manometrically. Using the volume of SPE methanol extract and the carbon mass from each 

split, the concentration was calculated as [SPE-DOC] in µmol L-1 (µM). [SPE-DOC] divided by 

concentration of total organic carbon measured by UV-oxidation (total [DOC]), reported in (Druffel et al., 

2019; Druffel et al., 2021), is the “percent recovery”. Purified CO2 was converted to graphite on an iron 

catalyst at 550°C for ∆14C  analysis following the sealed tube Zn method (Walker & Xu, 2018; Xu et al., 

2007). Radiocarbon measurements were performed at the UC Irvine Keck Carbon Cycle Accelerator 

Mass Spectrometry Facility. Data is reported as fraction modern (FM) and ∆14C (Table 8) for 

geochemical samples without known age (Stuiver & Polach, 1977).  

 Radiocarbon (∆14C) and [SPE-DOC] measurements were corrected for the presence of extraneous 

carbon (Cex) from the PPL SPE resin following (Lewis et al., 2020).  
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3.4. Results 

3.4.1 SPE-DOC concentrations and percent recoveries 

 [SPE-DOC] are shown in Figure 14(a) and (b) for the surface and deep ocean, respectively. 

Surface [SPE-DOC] measurements from P18 are lowest at 69°S (14.8±0.8 µM), and increase slightly in 

the Southern Ocean (duplicate samples at 50°S: 22.2±1.2 µM and 19.1±1.0 µM). Lower values are found 

in at 40°S, and increase northward before peaking at the northern edge of the Southern Hemisphere 

subtropical gyre (29.2±0.4 µM at 15°S). [SPE-DOC] decreases across the equatorial region until 20°N. In 

P16N data, the highest concentration of 38.6±2.5 µM at 30°N and lowest concentration of 25.7±0.2 µM at 

53°N. In the Indian Ocean, surface [SPE-DOC] is highest at the southernmost station (34.2±1.8 µM at 

29.5°S).  

 P18 deep ocean (Figure 14(b)) [SPE-DOC] averaged 17.7±3.0 µM. A clear gradient exists in 

deep ocean [SPE-DOC] between the highest concentrations in the Southern Ocean (22.8±1.3 µM at 69°S) 

and the lowest concentrations in the subtropics (12.3±1.0 µM at 24°S). Deep ocean P16N measurements 

are significantly offset from P18 and IO7N data. The highest concentration is found in the lone Southern 

Hemisphere station (46.0±2.8 µM at 15.5°S). Concentrations are lower, and equal within error at higher 

latitudes in the North Pacific Ocean (33.4±2 µM). Reasons for elevated [SPE-DOC] in deep P16N water 

is discussed below. Deep ocean [SPE-DOC] in the Indian Ocean showed robust consistency from 30°S to 

17°N, ranging 17.6±0.9 µM to 19.3±1.0 µM.  

 Average SPE-DOC recoveries from each cruise transect are shown in Figure 13. P18 and IO7N 

average SPE-DOC recoveries range between 46±3% and 51±10%. These recoveries are consistent with 

previous similar measurements of SPE-DOC (Broek et al., 2017; Dittmar et al., 2008; Lewis et al., 2020). 

P16N deep ocean recovery is a clear outlier, averaging 91±15% recovery (n = 6). Incomplete drydown of 

methanol could have increased [SPE-DOC] but this would also have led to a notable decrease in ∆14C 

(methanol has a fossil ∆14C signature of -1000‰). P16N deep samples average concentrations 15 µM 
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higher than deep samples from P18 and IO7N. If this excess 15 µM is from methanol contamination, and 

it assumed that P16N [SPE-DOC] and ∆14C values should be similar to P18 and IO7N, this would cause 

P16N ∆14C to decrease to -760‰. On the contrary, the P16N ∆14C is significantly higher (younger) than 

P18 ∆14C (discussed further in Section 3.5.1). Therefore, methanol contamination is unlikely the source of 

high SPE-DOC recoveries. Unlike P18 and IO7N samples, P16N seawater was frozen prior to solid-phase 

extraction. Deep samples required vigorous shaking to remove crystalline precipitate (described in 

Section 3.2); however, the mechanism through which this process would increase [SPE-DOC] remains 

unknown.  

 

 

Figure 13. SPE-DOC recoveries from three GO-SHIP cruises expressed as percent of total DOC. Deep 

ocean datasets are in striped boxes, while surface ocean datasets are in solid colored boxes. The P16N 

deep ocean dataset is a clear outlier, and reasons for this is discussed in Section 3.4.1. 
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3.4.2 SPE-DOC ∆14C results  

 SPE-DOC radiocarbon values (∆14C) of surface and deep samples are shown in Figure 14(c) and 

(d), respectively. Deep ocean ∆14C values (Figure 14(d)) from P16N and P18 average -513±22‰ (n=7) 

and -565±37‰ (n=10), respectively. The highest ∆14C values from P18 found in the Southern Ocean (-

513±15‰) are similar to those in the North Pacific from P16N (-520±32‰ to -483±39‰). Very low deep 

ocean ∆14C values are -627±90‰ and -619±47‰ at 15°S and 20°N, respectively. Reason for this are 

discussed further in Section 3.5.1. Deep ocean ∆14C values in the Indian Ocean are remarkably constant, 

ranging between -515±6‰ and -499±5‰ (average = –507±7‰ (n=5)). 

 Surface Pacific Ocean SPE-DOC ∆14C values (Figure 14(c)) are much more variable than the 

deep values. The two lowest surface ocean SPE-DOC ∆14C values are found at 69°S (-542±16‰) and 

20°N (-543±57‰). Values increase from the Southern Ocean into the Southern Hemisphere subtropical 

gyre, up to -288±11‰ at 24°S. At 20°N, a very low ∆14C signature is found in the coastal upwelling zone 

(-543±57‰) (see Section 3.5.1). North Pacific surface SPE-DOC ∆14C are variable compared to the South 

Pacific Ocean. In the Indian Ocean, values are lowest near the equator (-389±10‰ at 2°S) and increase 

toward higher latitudes (-354±8‰ and -341±9‰ at 22.5°S and 17°N, respectively.) 
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Table 7. Data regarding SPE-DOC sampling (stations, depth ranges, and weighted average depths), and 

manometric measurement of SPE-DOC ([SPE-DOC], total [DOC] from the closest available depth, and 

calculated PPL % recoveries).   
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Table 8. SPE-DOC ∆14C and δ13C data, as well as total DOC isotope measurements used to calculate 

non-retained ∆14C for the mass balance model presented in Section 3.5.2.1.  
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Figure 14. Panels (a) and (b) show [SPE-DOC] in the surface and deep ocean, respectively. Panels (c) 

and (d) show ∆14C (‰) for the surface and deep ocean, respectively. All error bars represent the 

propagated error of the measurements, including corrections for blank carbon (Cex). *The segmentation of 

the plot into four different color regions indicate where data has been ‘binned’ together for analysis of 

RDOC changes with latitude (Section 5). This only applies to P16N, and P18.  All IO7N data has been 

grouped together in our model. See Section 3.5.2.1 for more information. 
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3.5. Discussion 

3.5.1 Interpretations of regional SPE-DOC ∆14C trends  

3.5.1.1 The Southern Ocean 

 Observed [SPE-DOC] and ∆14C values in surface and deep water become increasing similar from 

the mid-latitudes toward the Southern Ocean (Figure 14(c) and (d) and highlighted in Figure 15). At 69°S, 

surface and deep SPE-DOC ∆14C values are indistinguishable within error, yet deep [SPE-DOC] is higher 

than the surface due to high SPE-DOC recoveries (58±1% at depth versus 38±1% at surface). Elevated 

deep water [SPE-DOC] may be due to increases in hydrophobic organic matter that sorb onto SPE resins, 

such as aromatic molecules or CRAM-like compounds. However, detailed molecular characterizations of 

our SPE-DOC would be required to confirm this. The general trend toward uniform values of [SPE-DOC] 

and ∆14C in the Southern Ocean is likely due to the enhanced vertical mixing in this region. Low surface 

SPE-DOC ∆14C values may also be influenced by DOC production via primary producers using low ∆14C 

DIC from upwelling of CDW (Druffel & Bauer, 2000; Follett et al., 2014). Similar patterns of relatively 

low surface concentrations and water column homogeneity in the Southern Ocean are reflected in total 

DOC measurements (Bercovici et al., 2018; Druffel & Bauer, 2000; Hansell et al., 2009; Ogawa et al., 

1999).  
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Figure 15. ∆14C values in the surface and deep Southern Ocean become increasingly similar towards the 

most Southernly latitudes. This is likely due to strong mixing and the lack of pycnocline in this region.    

3.5.1.2 The Pacific Ocean 

 Our highest surface [SPE-DOC] and ∆14C values in the Pacific Ocean are found in the subtropical 

gyres. These regions are dominated by converging water masses and downwelling, which allows DOC 

(Hansell et al., 2009) and SPE-DOC to accumulate. This effect causes measurements from P16N and P18 

to overlap at 15°S. Despite their differences in longitude, both samples are in the Southern Hemisphere 

subtropical gyre and have similar ∆14C values (-316±10‰ and -364±34‰, respectively). At 20°N, there is 

another overlapping set of datapoints from P16N and P18. At 20°N, P16N is in the subtropical gyre 

(20°N, 150°W) and SPE-DOC has a high ∆14C signature (-252±7‰). Its counterpart from P18 (20°N, 

110°W) is in the upwelling region along the western coastline of North America (Fiedler & Talley, 2006) 

and has a very low ∆14C similar to the Southern Ocean (-543±57‰). 

A two-tailed student’s t-test (DF = 14, t = 3.5, p = 0.01) reveals that the P16N deep SPE-DOC 

∆14C dataset is significantly younger than the P18 dataset. This is still the case when the two lowest 

values are removed (significant remains without outliers). Deep P18 ∆14C values may be lower (older) 
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than deep P16N values because Pacific Deep Water (PDW) flows southward at our sampling depth 

(2900m), despite net northward meridional transport of Antarctic Bottom Water and Circumpolar Deep 

Water at the bottom of the Pacific Ocean (Talley, 2013). This is also shown by low [SPE-DOC] (12.3±0.6 

µM) and the lowest ∆14C value in reported in an SPE-DOC extract (-627±44‰) in PDW at 24°S. 

3.5.1.3 The Indian Ocean 

Deep water [SPE-DOC] in the Indian Ocean showed robust consistency in from 30°S to 17°N, ranging 

only slightly from 17.6±0.9 µM to 19.3±1.0 µM. (Bercovici et al., 2018) found similar homogeneity in 

total [DOC] in the South Indian Ocean. However, we note these two datasets do not overlap in latitude. 

Bercovici and co-workers (2018) attributed this trend to the mixing of North Atlantic Deep Water 

(NADW) and CDW which dampens signatures of freshly produced DOC. Our southernmost station is on 

the northern edge of the South Indian Ocean Gyre, likely leading to high [SPE-DOC] due to the 

accumulation of young DOC in subtropical gyres, similar to the Pacific Ocean. A t-test (DF = 19, t = 3.7, 

p = 0.01) shows that the deep Indian Ocean ∆14C dataset is significantly younger than the deep Pacific 

Ocean ∆14C dataset (P16N and P18 combined). 

 

3.5.2 Meridional and basin estimates of RDOCtotal 

3.5.2.1 Developing a mass-balance framework  

 Total [DOC] and DOC ∆14C were also measured on P16N, P18, and IO7N at higher vertical 

resolution of 14 depths per station (Druffel et al. 2019; Druffel et al., 2021; Druffel, unpublished data). 

SPE-DOC is compared directly to DOC ∆14C  at the closest available measurement. Selected DOC 

sampling depths and ∆14C values used for this comparison are reported in Table 8. In the Indian Ocean, 

although each individual SPE-DOC ∆14C value is lower than corresponding total DOC ∆14C value in the 

surface and deep ocean, the datasets are not significantly different. In the Pacific Ocean (combining P16N 

and P18 datasets), SPE-DOC ∆14C is significantly lower than total DOC ∆14C in the surface, but not at 
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depth (surface: DF = 35, t = 3.0, critical-value = 2.04, p = 0.01; deep: DF = 26, t = 1.1, critical value = 

2.06, p = 0.01). This is one indication of the presence of fresh, labile HMW DOC with high ∆14C values 

superimposed on RDOC at the surface. 

  Using a mass-balance between SPE-DOC ∆14C and the closest sampled total DOC ∆14C, the 

∆14C value of non-retained DOC can be calculated (∆14Cnonretained) (Eqn 1, below), similar to (Broek et al., 

2020) (Table 8 lists all calculated non-retained DOC ∆14C values).  

 

(𝟏)      ∆14Cnonretained =  
 ∆14CtotalDOC −  ( ∆14CSPEDOC ∗ FractionSPE−DOC) 

(1 −  FractionSPE−DOC)
 

 

Since ∆14C SPEDOC is always lower than ∆14C totalDOC,  ∆14Cnonretained values are always higher than ∆14C 

totalDOC.  Despite this, ∆14Cnonretained are still much lower than surface DIC ∆14C, from which new DOC is 

produced. The offsets between these measured and derived data are shown for the surface P18 dataset in 

Figure 16. DIC ∆14C values used in this comparison are shown in Table 9. This indicates a predominance 

of RDOC within the non-retained DOC fraction. The amount of RDOC within the non-retained DOC an 

be estimated using a second mass-balance calculation (Equation 2).  



 

60 
 

Table 9. DIC ∆14C values used for comparison and the mass-balance model presented in Section 3.5.1.2. 

 

 

 

Figure 16. P18 surface SPE-DOC, total DOC, and non-retained DOC ∆14C values, with separately 

measured DIC value overlaid. SPE-DOC is lower than total DOC ∆14C, because it contains LMW DOC 

that is typically more refractory. The non-retained DOC ∆14C values are higher than total DOC ∆14C. The 

large gap that exists between non-retained DOC ∆14C and DIC ∆14C in the surface ocean indicates that a 

large proportion of DOC with low ∆14C remains within the non-retained portion.  
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(2)      ∆14Cnonretained =   (∆14Crefractory−endmember ∗ 𝐱) +  (∆14Clabile−endmember ∗ (1 − x)) 

Here, it is assumed that: 1) SPE-DOC is completely refractory and 2) that ∆14Cnon-retained comes from a two-

component mixture of a refractory -endmember (with relative abundance (‘x’) and radiocarbon signature 

∆14Crefractory-endmember. ) and a labile component (with relative abundance (‘1-x’) and radiocarbon signature 

∆14Clabile-end-member represented by surface ocean DIC ∆14C). 

By assuming that the proportions of each of these end-members add up to 1, a system of 

equations can be re-arranged to solve for the relative abundance of the refractory component ‘x’ 

(Equation 3; For the full algebraic derivation see Section 3.8). Finally, the total abundance of RDOC (sum 

of SPE-DOC and RDOC in non-retained fraction: hereby defined as RDOCtotal) is calculated using 

Equation 4. 

(3) 

 % RDOC in nonretained portion =  𝐱 =
            ∆14Cnon−retained − ∆14Clabile−endmember

∆14Crefractory endmember − ∆14Clabile−endmember
 

 

(4) RDOCtotal =   FractionSPE−DOC + (𝑥 ∗ (1 − FractionSPE−DOC)) 

 

This calculation is made for different ocean regions by binning our SPE-DOC and total DOC data 

into meridional zones, and averaging the data within each zone (Southern Ocean: 70°S to 45°S, South 

Pacific Ocean: 45°S to 10°S, Equatorial Pacific: 10°S to 15°N, North Pacific Ocean: 15°N to 56°N, 

(depicted by background gradations in Figure 14). The Indian Ocean is binned using the average of all 

data from IO7N, and is not broken up by latitude. Note, deep North Pacific data was removed due to 

anomalously high [SPE-DOC] resulting in an estimate only at the surface. Low data from P18 Stn 10 

(20°N) was removed from North Pacific surface bin because, instead of the meridian, its proximity to the 

coastline was the primary control on ∆14C values, this may have skewed the estimate. An estimate of deep 
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Atlantic Ocean RDOCtotal is made by comparing deep SPE-DOC ∆14C from (Flerus et al., 2012) (-464‰) 

to total DOC ∆14C data from (Druffel et al., 2016) where the transects intersect (A16N Station 66 (32°N) 

and A10 Station 35 (30°S) (data points are averaged).  

It is important to note that the accuracy of these calculations are dependent upon selecting 

appropriate labile and refractory end-member ∆14C values.  We select surface DIC ∆14C values for labile 

end-members because freshly produced DOM in the surface ocean will reflect these DIC ∆14C values 

(Table 9). Selecting the most appropriate end-member for refractory RDOC is important because the non-

retained portion can only be observed indirectly, and the ∆14C value can come from different mixtures. 

The lower the value of ∆14Crefractory endmember the lower the resulting RDOCtotal (and the higher the labile 

DOC estimate). This is because, with lower ∆14C, less mass or contribution of a component is required to 

create the same total DOC ∆14C. 

 In order to select the most representative RDOC ∆14C end-member, we explore RDOCtotal using 

three different end-members: first, the minimum possible RDOC ∆14C  end-member (-1000‰) (similar to 

(Beaupré & Druffel, 2009)), second, a deep LMW hydrophilic ∆14C measurement from (Zigah et al., 

2017) (-762‰), and finally the LMW SPE-DOC ∆14C  value from (Broek et al., 2020) (-573‰). The 

results of this experiment are shown in Figure 17, and summarized briefly here. The minimum (-1000‰) 

and (Zigah et al., 2017) end-members produce RDOCtotal estimates that are too low to match previous 

independent measurements of RDOC abundance. Using our mass-balance, RDOCtotal in the surface 

averages 58±6% and 63±7% for these end-members, respectively. This is on the lower bounds of 

previous estimates of LMW DOC abundance in the surface ocean (65-75%, shown as dotted area in 

Figure 17) (Benner et al. 1992; Ogawa and Ogura 1992; Amon and Benner 1994). Using the (Broek et al., 

2020) end-member produces an RDOCtotal estimate that fits within this range (70±8%). Calculating deep 

ocean RDOCtotal similarly shows that end-members -1000‰ and -762‰ produce RDOCtotal estimates of 

66±3% and 74±2%, respectively. This range is far lower than previous estimates of RDOC that range 

from 80% (Amon & Benner, 1994; Benner et al., 1992) to 95% (Hansell, 2013). The endmember 
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suggested by Broek and co-workers (2020) yields an estimate of 88±2%, which fits in this previously 

reported range, within error. When converting to units of concentration, this end-member also yields 

concentrations of labile DOC (average = 4±1 µM) within range of deep Pacific ocean [UDOC] 

(ultrafiltered DOC) and [HMW DOC] concentrations (4-6 µM) (Benner et al., 1997; Broek et al., 2017; 

Kaiser & Benner, 2009) depicted in Figure 18. We therefore use the (Broek et al. 2020) end-member to 

estimate RDOCtotal in each meridional zone, discussed in Section 5.2.3.  

 

 

Figure 17.  Mass-balance modeled RDOCtotal using three different end-members for RDOC in the non-

retained fraction (∆14Crefractoryendmember in Eqn 3). Using the end-member -573‰ yields an estimate that falls 

within the range of previous independent estimates (Benner et al. 1992; Ogawa and Ogura 1992; Amon 

and Benner 1994), depicted by the dotted-rectangle.  
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Figure 18.  Derived concentrations of labile DOC, using the estimated percent abundance of RDOCtotal 

and measured total [DOC]. Using the end-member -573‰ from (Broek et al., 2020) yields an estimate of 

labile DOC in the deep ocean that falls within the range of previously reported measurements (Benner et 

al., 1997; Broek et al., 2017; Kaiser & Benner, 2009). Error bars represent propagated error throughout 

the mass-balance model.  
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3.5.2.2 Surface and deep ocean estimates of RDOCtotal 

 Figure 18 shows the results of our mass-balance estimate of RDOCtotal in each ocean region, using 

the refractory end-member -573‰, in terms of percent abundance (a) and derived concentration (b). 

Global deep ocean RDOCtotal estimates range 85±3% (Atlantic Ocean) to 92±4% (South Pacific). All deep 

ocean RDOCtotal estimates are equal within error (88±3%) and within two standard deviations of the 

previous RDOC estimate of 95% (Hansell, 2013). Together the consistency of global RDOC percent 

relative abundance are consistent with SPE-DOC comprising a major fraction of the ocean’s ubiquitous 

and isotopically homogenous RDOC “background” pool – a key assumption shaping the “two-pool” 

model paradigm of DOC cycling (Williams & Druffel, 1987). 

 Our estimates of RDOC are largely driven by similarities between SPE-DOC ∆14C and total DOC 

∆14C. When these values are more similar, ∆14Cnon-retained (Equation 2) remains further from the DIC ∆14C 

(labile end-member), and RDOCtotal increases. When SPE-DOC ∆14C is much lower than total DOC ∆14C, 

∆14Cnon-retained values approach DIC ∆14C (the labile end-member) and RDOCtotal decreases. Such is the case 

in the surface South Pacific and Equatorial Pacific. 
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Figure 19. Estimated abundances of RDOC in different ocean regions, (a) expressed as percent 

abundance and (b) concentration. Error bars all represent propagated error through the mass-balance 

model. The deep North Pacific Ocean was not modeled due to anomalously high [SPE-DOC] recoveries.  

 

 The question remains: what is driving the difference between SPE-DOC ∆14C and DOC ∆14C, and 

therefore low RDOCtotal, in the South Pacific and Equatorial surface oceans? Total [DOC] and DOC ∆14C 

both increase in the Southern Hemisphere subtropical gyre (Druffel et al., 2021). While [SPE-DOC] and 

SPE-DOC ∆14C are also highest in these regions, the magnitude of increase in total DOC is enough to 

create larger offsets between SPE-DOC and total DOC ∆14C in the South Pacific and Equatorial surface 

ocean (See Table 8). This is due to the addition of more fresh, labile DOC superimposed on the RDOC 

pool. Normalizing to units of concentration (Figure 18(b)) shows more clearly how surface and deep 

ocean RDOCtotal are similar. [RDOCtotal] in the surface and deep ocean are 41±6% and 34±4%, the same 

within error.  Higher concentrations of total DOC at the surface in the South Pacific and Equatorial region 

dampen RDOCtotal percent abundance (Figure 19a). This echoes the surface mass-balance proposed by 
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(Williams & Druffel, 1987), in which labile DOC is superimposed on RDOC that is similar to the deep 

pool.  

3.6. Conclusion 

 This work provides the first basin-scale transect of [SPE-DOC] and SPE-DOC ∆14C  in the 

Pacific and Indian Oceans. Pacific Ocean [SPE-DOC] and SPE-DOC ∆14C values show meridional 

variability in both the surface and deep ocean. In the Indian Ocean, [SPE-DOC] and SPE-DOC ∆14C 

values are variable at the surface but constant at depth. This work fills in spatial gaps in SPE-DOC 

sampling, and provides high-resolution direct comparisons of SPE-DOC and total DOC concentrations 

and radiocarbon values. These comparisons are used to develop a mass-balance model and estimate 

RDOC abundance in the surface and deep ocean. This work independently derives a model of deep 

RDOC that is consistent with the two-pool model  under the constrains of more meridional 

measurements. By matching our estimates of labile DOC and RDOCtotal to other independent estimates, 

this study provides support that RDOC in the non-retained DOC pool may have a ∆14C signature similar 

to that of LMW SPE-DOC in (Broek et al., 2020). Although our results show that RDOC may be 

approximated as one well-mixed pool, these estimates of [RDOC] at different latitudes may be useful to 

future ocean biogeochemical models that attempt to resolve recalcitrant DOC cycling with higher 

resolution. 
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3.8. Supporting Information for Chapter 3 

Additional Detail about algebraic derivation of Section 3.5.2 mass-balance model 

The total amount of RDOC is a function of the amount of SPE-DOC, and the amount of RDOC in the 

“non-retained” portion. 

Step 1.: Solve for the radiocarbon signature of the non-retained portion. 

Variables: 

Total DOC ∆14C: from UV-oxidation measurements 

SPE-DOC ∆14C: from values in this work 

FracSPE-DOC : SPE-DOC recovery  

Fracnon-retained : 1- SPE-DOC recovery (if SPE-DOC recovery was 40%, non-retained was 60%).  

Non-retained ∆14C: the unknown radiocarbon signature of DOC that was not isolated on the resin.  

X = the fraction of labile C within “non-retained” portion (unknown) 

Y = the fraction of RDOC within the “non-retained” portion (unknown) 

∆14CX= the radiocarbon signature of labile C (based on surface ocean DIC ∆14C signatures) 

∆14CY= the radiocarbon value of the RDOC ((-573±6‰),based on LMW-DOC measurement from (Broek 

et al. 2020)) 

∆14Cnr = the radiocarbon signature of the “non-retained” portion. This value was calculated via a mass 

balance between SPE-DOC ∆14C, DOC ∆14C, and the SPE-DOC recovery 
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𝑆1. 𝐵𝑢𝑙𝑘 𝐷𝑂𝐶 ∆14𝐶 = (𝑆𝑃𝐸−𝐷𝑂𝐶 ∆14𝐶 ∗ 𝐹𝑟𝑎𝑐𝑆𝑃𝐸−𝐷𝑂𝐶) + (∆𝟏𝟒𝑪𝒏𝒓 ∗ 𝐹𝑟𝑎𝑐𝑛𝑜𝑛𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑)
              

  

 

𝑆2. ∆𝟏𝟒𝑪𝒏𝒓 =  
𝐵𝑢𝑙𝑘 𝐷𝑂𝐶14𝐶 − (𝑆𝑃𝐸−𝐷𝑂𝐶 ∆14𝐶 ∗ 𝐹𝑟𝑎𝑐𝑆𝑃𝐸−𝐷𝑂𝐶) 

(𝐹𝑟𝑎𝑐𝑛𝑜𝑛𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑)
  

 

Step 2.  The radiocarbon signature of the non-retained portion are still very low, indicating there may still 

be an abundance of DOM with  RDOC signature. If we know what the ∆14C of the labile material should 

be (based on known surface ocean DIC ∆14C values), we can estimate the relative abundance of labile and 

refractory material within the “non-retained” portion.  

 

S3. 𝟏𝟒𝑪𝒏𝒓
= (𝑋 ∗ 14𝐶𝑋

) + (𝑌 ∗ 14𝐶𝑌
) 

 

S4. 1 = X + Y,  

 

Solving for Y:  

 

Set X = 1-Y, substitute into equation S3.  

14𝐶𝑛𝑟
= ((1 − 𝑌) ∗ 14𝐶𝑋

) + (𝑌 ∗ 14𝐶𝑌
) 

14𝐶𝑛𝑟
= (14𝐶𝑋

− 𝑌 ∗ 14𝐶𝑋
) + (𝑌 ∗ 14𝐶𝑌

) 

(
1

𝑌
) 14𝐶𝑛𝑟

= (
1

𝑌
) (14𝐶𝑋

− 𝑌 ∗ 14𝐶𝑋
) + (𝑌 ∗ 14𝐶𝑌

) 
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(
1

𝑌
) 14𝐶𝑛𝑟

= (
1

𝑌
) 14𝐶𝑋

− 14𝐶𝑋
+ 14𝐶𝑌

 

(
1

𝑌
) 14𝐶𝑛𝑟

− (
1

𝑌
) 14𝐶𝑋

=  −14𝐶𝑋
+ 14𝐶𝑌

 

(
1

𝑌
) (14𝐶𝑛𝑟

− 14𝐶𝑋
) =  −14𝐶𝑋

+ 14𝐶𝑌
 

(
1

𝑌
) =

(14𝐶𝑌
− 14𝐶𝑋

)

(14𝐶𝑛𝑟
 − 14𝐶𝑥

)
 

𝒀 =
𝟏𝟒𝑪𝒏𝒓

− 𝟏𝟒𝑪𝑿

𝟏𝟒𝑪𝒀
− 𝟏𝟒𝑪𝑿

 

 

Y is the relative abundance of RDOC within the “non-retained” pool. The total amount of RDOC is the 

amount in SPE-DOC, for example: (50% + (Y*(1-50%)).  

 

𝑻𝒐𝒕𝒂𝒍 𝒓𝒆𝒇𝒓𝒂𝒄𝒕𝒐𝒓𝒚 % = ((
[𝑆𝑃𝐸 − 𝐷𝑂𝐶]

[𝐷𝑂𝐶]
) ∗ 100) + (𝑌 ∗ (1 − (

[𝑆𝑃𝐸 − 𝐷𝑂𝐶]

[𝐷𝑂𝐶]
) ∗ 100) 
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Chapter 4: Low SPE-DOC stable carbon isotopic signatures driven by the ocean microbial carbon 

pump 

4.1 Abstract 

 Oceanic storage of marine DOC plays a key role in long-term carbon sequestration from the 

atmosphere. The 14C age of DOC suggests it can be stored in the deep ocean for over  6500 14C years. It is 

believed that most recalcitrant molecules are transformed by bacteria from large bio-molecules into 

smaller recalcitrant DOC forms. One example is carboxyl-rich aliphatic material (CRAM). However, the 

precise mechanisms of this transformation remain unconstrained. SPE is used to isolate the hydrophobic, 

low molecular weight, refractory portion of marine DOC. Here we show that stable carbon isotopic 

signatures (13C) of SPE-DOC in the Pacific and Indian Oceans are significantly lower than those of total 

DOC. We hypothesize that this 13C isotopic results from the MCP that preferentially respires portions of 

large biomolecules with high 13C values to CO2, leaving the residual pool with low values. This may be 

a core mechanism driving the marine DOC 13C signature, and adds new evidence to the argument that 

the MCP may be a primary driver of deep ocean DOC storage. 

4.2 Introduction  

 DOC is the largest pool of organic carbon in the ocean (Hansell et al., 2009), about the same 

magnitude as CO2 in the atmosphere. The majority of DOC is produced during phytoplankton 

photosynthesis in the surface ocean although a small amount of allochthonous DOC comes from 

terrestrial runoff (Opsahl & Benner, 1997). Radiocarbon measurements of DOC in the deep ocean reveal 

14C ages of 4000-6500 years (Druffel et al. 1992; Williams and Druffel 1987), indicating a significant 

portion is recalcitrant and survives multiple ocean overturning cycles. This discovery highlighted the 

importance of marine DOC for long-term carbon storage; however, the predominant mechanism leading 

to DOC recalcitrance is still under investigation.  Understanding this mechanism is fundamental to our 

understanding of the ocean’s role in the global carbon cycle and climate.  
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 The processes governing marine DOC cycling are complex. During photosynthesis, plankton 

synthesize HMW DOC (Aluwihare & Repeta, 1999), including major biomolecular groups such as 

carbohydrates, nucleic acids, lipids, and vitamins. (Aluwihare & Repeta, 1999; Aluwihare et al., 2002; 

Benner et al., 1992; Sannigrahi et al., 2005; Zigah et al., 2014). Up to half of this primary production is 

released directly into the water column as DOC (30-50%) (Ducklow et al. 1995). Other processes, such as 

grazing of phytoplankton, “sloppy feeding”, and viral lysis add yet more DOC to the mix (Brussaard et 

al., 2008; Jiao et al., 2010; Suttle, 2007; Wilhelm & Suttle, 1999).  

 The HMW DOC pool cycles on timescales of weeks to several decades (Amon & Benner, 1994, 

1996; Repeta & Aluwihare, 2006; Santschi et al., 1995; Walker et al., 2016) and comprises 24-28% of the 

total DOC pool (Benner et al. 1997; Skoog and Benner 1997). Heterotrophic bacteria use HMW DOC as 

substrate for remineralization to inorganic carbon and nutrients, or secondary production of organic 

matter. Secondary production of DOC results in organic matter that is lower molecular weight (LMW 

DOC),  abundant in carboxyl-rich alicyclic molecules (CRAM) with lower O/C and H/C ratios than those 

in larger biomolecules (Hertkorn et al., 2013; Hertkorn et al., 2006; Lechtenfeld et al., 2015). These 

chemical characteristics make LMW DOC recalcitrant in the deep ocean (RDOC), allowing it to 

accumulate high net abundances (68-75% of total DOC) (Skoog & Benner, 1997), and low ∆14C values 

(Broek et al. 2017; Zigah et al. 2014,). These characteristics are commonly found in SPE-DOC (Hertkorn 

et al. 2006; Lechtenfeld et al. 2014; 2015). Although DOC molecular-level characterization has shown 

that heterotrophic bacteria facilitate the net transition from HMW to LMW DOC (Ogawa, 2001), and 

RDOC, the magnitude with which this process effects the DOC pool remains undetermined, and can be 

constrained by carbon isotope studies.  

  A key tool to understand mechanisms driving biogeochemical cycles is 13C measurements. The 

13C value of HMW and LMW DOC is influenced by reversible equilibrium fractionation and non-

reversible kinetic isotope effects. Different photosynthetic pathways have well known isotope effects that 

cause distinct 13C signatures. C3 photosynthesis results in organic matter that is lower in 13C (depleted 
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in 13C) relative to C4 photosynthesis (-30‰ to -25‰ versus -16‰ to -10‰, respectively) (Hayes, 2001). 

Marine phytoplankton photosynthesis yields a 13C value in-between, around -21‰ (Williams and 

Gordon 1970) and can be dependent on growth rate, temperature and CO2 concentration, and taxa 

(Goericke and Fry 1994; Hinga et al., 1994.; Wilkes et al. 2018; Rau et al. 1982; Rau et al. 1989). Source 

appropriation using 13C of bulk material alone can be difficult. For example, a two-component mixture 

of C3 and C4 biomass could mimic the marine phytoplankton signature, and lead to incorrect source 

appropriation (Pancost & Boot, 2004). Compound specific studies of terrestrial biomarkers, such as lignin 

phenols, reveal extremely low concentrations (Opsahl & Benner, 1998), indicating that the vast majority 

of marine DOC is phytoplankton derived.  This example is insightful because it reveals the limits in 

simple 13C end-member mixing models and the power of compound specific analyses to deconvolute 

complex biogeochemical cycling processes. 

 Compound specific isotope analyses have been made on amino acids, cellulose, lignin, proteins 

and carbohydrates in terrestrial and marine dissolved organic matter (Abelson and Hoering 1961; Benner 

et al. 1987; Degens et al. 1968; van Dongen et al. 2002). Summarized well in Close (2018), the 13C 

values organic matter follows the order: carbohydrates > proteins ≈ nucleic acids > lipids. This order is 

echoed in degradation rates; nucleic acids, carbohydrates and proteins are degraded much faster than 

lipids (LaRowe & Van Cappellen, 2011; Rodger Harvey et al., 1995). Preferential remineralization of the 

compounds with high 13C values results in depletion of the remaining DOC pool. This effect has been 

shown through decreasing 13C values of POC with depth in the Eastern Tropical North Pacific Ocean 

(Jeffrey et al., 1983). Microbial respiration also effects 13C values of organic carbon, depending on 

factors such as oxygen availability, growth stage, substrate or even ice cover in polar seas (Abraham et 

al., 1998; Gong & Hollander, 1997; Macko & Estep, 1984; Shah et al., 2013; Teece et al., 1999). Overall, 

respiration effects on DOC are significantly lower than primary biosynthesis (<1‰) (Beaupre 2015); the 

predominant way bacteria influence total DOC 13C values is through the compounds they choose to 

remineralize.  
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 In this study, 13C values of SPE-DOC are presented for a meridional transect of two ocean 

basins from 70°S to 45°N.Through comparisons to bulk DOC 13C, it is shown that observed offsets of 

SPE-DOC and total DOC 13C is ubiquitous in the Eastern Pacific and Western Indian Ocean at all 

depths. This study provides new, basin-scale observations supporting the microbial carbon pump (MCP) 

and preferential remineralization of labile DOC with high 13C values as a primary mechanism leading to 

low LMW DOC 13C values, its recalcitrance, and the storage of DOC in the deep ocean.  

4.3 Methods 

 Field sampling methods and laboratory sampling preparation follow those described in Chapter 3. 

Stable carbon isotopic measurements (13C) were made using a Gas Bench II and Thermo Electron Delta 

Plus mass spectrometer, and corrected using calibrated isotopic standards (NIST NBS-19). Measurements 

are reported as standard permille (‰) relative to V-PDB (Vienna Pee-Dee Belemnite) scale. 13C 

measurements are corrected for the presence of Cex as described in Chapter 2, with Cex having a measured 

mass of 9±2 µg C. Because the known size of Cex is so small relative to our sample size, (0.2%), corrected 

13C values are the same as raw measured 13C values.  

4.4 Results and discussion  

4.4.1 SPE-DOC 13C values and identifiable trends 

 Corrected SPE-DOC 13C values are shown in Figure 20(a) and (b) for the surface and deep 

ocean, respectively, and shown in Table 8. The mean and standard deviation of total DOC 13C 

measurements collected within the SPE-DOC sampling range (0-200m in (a) and 2000-4000m in (b)) are 

represented by the dashed line and shaded regions. Surface ocean measurements of SPE-DOC 13C in the 

North Pacific Ocean (P16N) are all equal within error (-22.6±0.1‰). P18 surface SPE-DOC 13C values 

range from -22.4±0.2‰ at 69°S to -23.4±0.2‰ at 20°N (average -22.9±0.3‰, n = 9). The low 13C value 

at 20°N corresponds to an extremely low SPE-DOC ∆14C value (-543±57‰) from the same sample 
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(Chapter 3). Values are high in the center and southern edge of the Southern Hemisphere subtropical gyre 

(-22.5±0.2‰ to -22.6±0.2‰), and the highest surface value (-22.4±0.2‰ at 69°S) is found at the 

southernmost station. Surface SPE-DOC 13C values in the Indian Ocean increase from south to north. 

SPE-DOC 13C is -23.2±0.2‰ at 29.5°S, and increases to -22.0‰ at 17°N.  

 Deep Pacific Ocean SPE-DOC 13C values from P18 are equal within error between 69°S and 

24°S, ranging from -22.5‰ to -22.3‰ (average = -22.4±0.1, n=5). Values are lower between 15°S and 

20°N, ranging from -23.2‰ to -22.8‰ (average = -23.0±0.2‰, n = 4). Deep ocean SPE-DOC 13C 

values from the P16N cruise in the central Pacific range from -22.5‰ at 16°S to -23.2±0.2‰ at 30°N 

(average  -22.8±0.3‰ n=4). In the Indian Ocean deep waters, SPE-DOC 13C values range -22.2‰ to -

22.7‰ (average -22.5±0.2‰ n=5), decreasing from south to north.   

 In the surface Pacific Ocean, SPE-DOC 13C values may be linked to regional biogeochemistry. 

High nutrients, high DIC, and low oxygen are all indicators of the upwelling of older, deeper water, and 

strong microbial respiration (Capone & Hutchins, 2013). These conditions are found in the oxygen 

deficient zone in the Eastern Tropical North Pacific Ocean (20°N, Figure 21), and corresponds to our 

lowest surface SPE-DOC 13C value. Thus, higher oxygen concentrations may indicate less 

remineralization has occurred. Our highest surface Pacific Ocean SPE-DOC 13C value corresponds to 

high oxygen concentrations in the Southern Ocean (69°S to 60°S, Figure 21). Links between 

remineralization strength and 13C value are further discussed in Section 4.4.2.  

In the surface Indian Ocean, a similar decrease in 13C toward the oxygen minimum zone is not 

seen (Figure 22). This may be due to our weighted average sampling depth (represented by the y-axis in 

Figure 22) being shallower than the core of the oxygen minimum zone, which begins at ~150m north of 

10°N.  

A few other processes must be briefly addressed that may contribute slightly to low SPE-DOC 

13C values.. First, it is unlikely that extraneous carbon (Cex) with a low 13C value is contributing to 
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systematic low 13C values in SPE-DOC, as described briefly in Section 4.3. Our samples were corrected 

for the mass and isotopic composition of  Cex according to (Lewis et al. 2020). Second, the SPE process 

likely sorbs dissolved black carbon (DBC) which has high double-bond equivalence and polycyclic 

aromatic rings (Koch et al. 2005; Hertkorn et al. 2013). These thermogenically produced compounds may 

have low 13C values if their sources were wildfires (containing low C3 photosynthesis 13C signature) or 

fossil fuels. However, recent observations have shown that DBC in the ocean has marine-like 13C, and at 

the observed concentrations, DBC is too dilute in seawater to be the major contributor to low 13C in 

SPE-DOC (0.6 – 3 µM) (Coppola & Druffel, 2016; Wagner et al., 2019). Fluvial sources of carbon to the 

ocean would provide a source of low 13C organic matter as well. Terrestrial organic matter may sorb 

onto the SPE resin because of high concentrations of aromatic carbon and phenols (Hedges, 1992). 

Previous studies show that 0.7% of total DOC in the Pacific Ocean is of terrestrial origin (Opsahl & 

Benner, 1997). With average SPE-DOC recoveries of 46±8%, if SPE captured all terrestrial DOC, this 

would comprise 1.52±.05% of SPE-DOC. This may be a contributing factor but likely not the driving 

mechanism behind low SPE-DOC 13C. Future studies that combine analysis of lignin phenol with SPE-

DOC isotope characterizations may confirm this.  
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Figure 20. SPE-DOC 13C values from P16N, P18, and IO7N from the surface ocean (a) and deep ocean 

(b). The dashed line indicates the mean total DOC 13C values from the sampling depths (0-200m in the 

surface ocean and 2000-4000m in the deep ocean). The shaded areas represents the standard deviation of 

the means. (n = 50 and 68 for the surface and deep ocean respectively.) 
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Figure 21. Top panel (a) shows dissolved oxygen concentrations in the surface Pacific Ocean sampled on 

P18; contour lines depict total carbon concentrations, [DIC] (µmol kg-1). The bottom panel (b) shows 

SPE-DOC as a function of latitude and depth with 13C values denoted by the colorbar. The same DIC 

contours from (a) are overlaid. In the surface Pacific Ocean, SPE-DOC may be linked to regional 

biogeochemistry, with lower 13C values in regions with lower oxygen.  

 

 

Figure 22. Top panel (a) shows dissolved oxygen concentrations in the surface Indian Ocean sampled on 

IO7N; contour lines depict total carbon concentrations, [DIC] (µmol kg-1). The bottom panel shows SPE-

DOC as a function of latitude and depth with 13C values denoted by the colorbar. The same DIC 

contours from (a) are overlaid.  
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4.4.2 Basin-scale offset between SPE-DOC and total DOC 13C 

 The average of all available DOC 13C values from  P16N (Druffel et al., 2019), P18 and IO7N 

(Druffel, 2021) is -21.4±0.5‰. Extracting DOC 13C values from the sampling depth ranges for SPE-

DOC (0-200m and 2000-4000m) yields means of -21.3±0.7‰ and -21.5±0.4‰ in the surface and deep 

ocean, respectively. This is depicted by the dotted line and shaded regions of Figure 20. The difference 

between SPE-DOC 13C and total DOC 13C values was tested for statistical significance using a two-

tailed student’s t-test at 99% confidence. Significant differences were found when comparing SPE-DOC 

and total DOC 13C values from each cruise at both depths and when all available data were aggregated 

(all SPE-DOC 13C measurements vs all total DOC 13C measurements) (DF = 83, t-value = 14.02, p = 

0.01). This dataset shows that previously reported differences between SPE-DOC 13C and total DOC 

13C (Broek et al., 2017, 2020; Coppola & Druffel, 2016) are systematic on a basin-scale. It also links the 

recalcitrant characteristics of SPE-DOC (Hertkorn et al., 2006; Lechtenfeld et al., 2014) with low ∆14C 

values ((Broek et al. 2020; 2017; Zigah et al. 2014; Lechtenfeld et al. 2014, Chapter 3) and now, low 13C 

values.  

 What is causing the systematic depletion of 13C values in SPE-DOC, and what does it mean for 

our understanding of ocean biogeochemistry? As described in the Introduction, processes that can 

influence organic matter 13C values are myriad and complex. One or many biogeochemical processes 

that decrease 13C in SPE-DOC is  overcoming other processes that may increase 13C. The most likely 

cause for the low SPE-DOC 13C offset is the MCP.. Marine heterotrophic bacteria are a dominant 

presence throughout the oceans (Pomeroy et al., 2007), and effectively “monopolize the utilization” of 

DOM (Jiao et al., 2010). Microbes consume large biomolecules such as carbohydrates, proteins, and 

amino acids (Keil & Kirchman, 1993; Reintjes et al., 2017) with high 13C values, and leave the residual 

pool low in 13C. This is similar to decreasing 13C in POC with depth reported by (Jeffrey et al., 1983). 

A difference with depth is not found here because SPE largely isolates the background refractory DOM 
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pool in both the surface and deep ocean (Chapter 3). Instead, our results point to a general decrease in 

13C with increasing microbial respiration, and water mass age. This can be seen by the comparison of 

13C and dissolved oxygen in the surface Pacific Ocean (Section 4.4.1). In older water masses with low 

oxygen due to remineralization, SPE-DOC 13C is more likely to be lower because the majority of HMW 

DOC (high 13C) has been stripped out.  

 Another explicit link between SPE-DOC and the MCP is the presence of CRAM, which has been 

experimentally shown to be produced by heterotrophic bacteria in laboratory experiments (Lechtenfeld et 

al., 2015), and is consistently observed in the SPE fraction (Broek et al. 2020; Hertkorn et al. 2013; 

Lechtenfeld et al. 2014). This, along with the presence of D-amino acids in LMW DOC (Kaiser & 

Benner, 2008; McCarthy et al., 1998), all point to the MCP fingerprint.  

4.5 Conclusion 

 We present SPE-DOC 13C values from the Pacific and Indian Ocean and show that SPE-DOC 

has systematically low 13C values relative to total DOC. Through the preferential remineralization of 

HMW DOC with high 13C and high ∆14C, microbes lower the 13C signature of DOC and produce 

CRAM, changing the DOC pool from HMW to LMW, 13C-rich to 13C-depleted, and high ∆14C to low 

∆14C. This link between size and reactivity (age) has been reported previously using radiocarbon (Walker 

et al., 2016a, 2016b; Guo et al., 1996; Walker et al., 2011; Loh et al., 2004). This study shows that these 

connections extend to the 13C signature of DOC isotopes. We suggest that the MCP is the dominant 

mechanism in controlling the RDOC cycle. Future studies that aim to understand how DOC 

biogeochemistry will respond to perturbations to the global carbon cycle will be aided by these isotopic 

constraints. 
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Chapter 5: Conclusions and future research 

 Motivated by the facts that deep ocean DOC has the same mass as atmospheric carbon (Hansell et 

al., 2009) and 14C ages of thousands of years (Williams and Druffel 1987), marine geochemists have 

focused efforts to understand the mechanisms controlling this long-term carbon sink in the global ocean, 

and its connection to global climate. What processes lead to the dilute concentrations of ~40 µM and low 

∆14C values below 1000 m depth?  The canonical “two-pool” model presented by Williams and Druffel 

(1987) described a surface system with a 1:1 mixture of RDOC and labile DOC, and a well-mixed deep 

ocean of RDOC. Although this general framework has held up, as time progressed, more details about the 

mechanisms that control the flux of carbon from the surface to depth, from labile to refractory, and from 

high-molecular weight (HMW) to low molecular weight (LMW) have emerged. Advanced 

instrumentation such as NMR spectroscopy, FT-ICR MS, compound specific isotope studies, and the 

advancement of isotope measurements of very small samples, have allowed a more detailed 

understanding of marine DOC cycling.  

 This dissertation improved our understanding of the sources and cycling of RDOC through 13C 

and ∆14C measurements of solid-phase extracted DOC (SPE-DOC). The following topics were addressed.  

5.1 Isotopic heterogeneity in elutions of marine solid-phase extracted DOC 

 Solid-phase extraction (SPE) is commonly used to isolate the hydrophobic portion of DOC that is 

typically low-molecular weight, and refractory. This technique was popularized for its ease of use and 

high recoveries of carbon (Dittmar et al., 2008). Although this technique was reported increasingly in the 

scientific literature, there was little information about the mass or isotopic composition of extraneous 

carbon (Cex) associated with the SPE resin. Additionally, there was also a lack of information about the 

use of 6 mL methanol recommended for SPE elutions. At the outset of this work, we implemented the use 

of SPE method at-sea to extract DOC for future isotopic analyses, but needed to know how much our 

isotopic measurements would be affected by SPE Cex.  
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 In Chapter 2 of this dissertation, the characteristics of the SPE method are explored using 

spectrophotometry, 13C and ∆14C analyses, and an indirect isotopic assessment of Cex. Seawater from the 

Newport Beach Pier (NBP), CA extracted using the SPE method was tested using spectrophotometry to 

determine the elution volume needed to establish the methanol baseline. We determined that ~32 mL was 

required for elution, and this volume was used for future experiments. Four sets of subsequent SPE 

extractions and elutions were used to analyze the changes in 13C and ∆14C throughout the elution. The 

heterogeneity of 13C and ∆14C values indicated that marine-like SPE-DOC with low ∆14C values elute 

first, and terrestrial-like SPE-DOC with higher ∆14C values eluted later, with highest values obtained at 

around 6-7 mL.  

 This result is significant because 1) the isotopic heterogeneity is shown in triplicate, indicating 

this is a robust result that can be reproduced, and 2) the isotopic composition of a sample may depend on 

the volume of methanol used. In our case, the majority of SPE-DOC mass eluted with the ∆14C minimum 

around 3 mL. The relatively small amount of material with high ∆14C values did not change the weighted 

average ∆14C values. However, this study may serve as a proof of concept that such sequential elutions 

can be used to gain new understanding of heterogeneity of a given sample, and that some material could 

be missed if the elution is too low in volume.   

 Another significant result of this study is the indirect isotopic characterization of the mass of Cex 

related to the SPE method. The mass of Cex is 9.8±5.5 µg C with a ∆14C of -997‰. These values are used 

in the blank-corrections SPE-DOC samples in this dissertation. However, future SPE-DOC analyses 

should re-constrain Cex as it may vary between users and laboratories. 

5.2 Basin-scale depletion of SPE-DOC ∆14C 

 Chapter 3 of this dissertation focuses on characterizing the basin-scale offset in 

∆14C values between SPE-DOC and total DOC. Seawater from two GO-SHIP Repeat Hydrography 

Cruises in the Pacific Ocean and one in the Indian Ocean were used to create a database of SPE-DOC 
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radiocarbon (∆14C) values at 0-200 m and 2000-4000 m. These SPE-DOC ∆14C values were compared 

directly to total DOC ∆14C and the ∆14C value of the non-retained fraction was calculated. Although the 

non-retained fraction has higher ∆14C than total DOC ∆14C, it is still much lower than DIC ∆14C. This 

indicates that a residual amount of RDOC exists in the non-retained portion and may have escaped solid-

phase extraction due to hydrophobicity or other unidentified characteristics.  

Assuming that SPE-DOC approximates RDOC, and that non-retained DOC is a two-component 

mixture of more RDOC and labile DOC, a simple mass-balance model is used to estimate the percent 

abundance of RDOCtotal at different regions. Percent abundance of RDOCtotal refers to the sum of RDOC 

in the SPE-DOC and non-retained portions. Estimates of RDOCtotal in the deep ocean are the same within 

error. In the surface ocean, estimates of RDOCtotal are more variable. When percent abundance of 

RDOCtotal is normalized to units of concentration (µmol L-1), RDOCtotal is less variable. Surface ocean 

RDOCtotal is variable in terms of percent, but not concentration, in the surface ocean because of variable 

overlying concentrations of labile and semi-labile DOC, especially in the tropics and subtropical gyres. 

This result is reminiscent of the two-pool model, and provides new support for this theory of DOC 

cycling. Estimates of RDOCtotal abundance in the deep ocean average 88±3%, within two standard 

deviations of the previous RDOC estimate of 95% (Hansell 2013). These latitudinal estimates of RDOC 

may aid future biogeochemical models that resolve DOC cycling with higher resolution.  

5.3 Basin-scale depletion of SPE-DOC 13C supports evidence of the predominant ocean microbial 

carbon pump 

 The ∆14C measurements described in Section 5.2 have accompanying stable carbon isotopic 

(13C) measurements. Similar to the relationship between SPE-DOC and total DOC ∆14C values, SPE-

DOC is lower in 13C across the Pacific and Indian Oceans. Lower values have been shown previously in 

a few measurements; however, they have been sparse both spatially and temporally. The dataset presented 

in Chapter 4 shows this phenomenon is present systematically in the global Pacific and Indian ocean. The 
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likely reason for this pattern is the preferential remineralization of large biomolecules with high 13C 

values, leaving the DOC pool with small bacterial remineralization products such as CRAM, and with 

lower 13C values. These compounds are also refractory in nature, allowing them to avoid degradation 

and become older (low ∆14C values). The influence of the microbial carbon pump has been demonstrated 

previously (Jeffrey et al., 1983; Jiao et al., 2010; Lechtenfeld et al., 2015). However, this is the first 

instance in which 13C and ∆14C values, on a basin-scale, have been used as evidence to support this 

mechanism in controlling the ocean carbon cycle. 

5.4 Future work 

What is the role of dissolved black carbon in the low ∆14C values of marine DOC?  

 This dissertation has found key isotopic evidence that supports the MCP as a driving mechanism 

behind long-term DOC storage. However, individual molecules with significantly low ∆14C may also 

contribute to the observed age of total DOC. Compound specific isotope analyses can be used to identify 

the concentration and isotopic characteristics of individual molecular classes.  One key molecular class 

that requires more constraints is dissolved black carbon (DBC). Black carbon (BC) is formed during the 

incomplete combustion of fossil fuels and biomass. Masiello (1998) found that BC in deep sea sediments 

had 14C ages 13,900 years older than non-BC sedimentary organic carbon deposited at the same time, 

indicating BC was an ancient component of DOC. Ziolkowski and Druffel (2010) and Coppola and 

Druffel (2016) found DBC was 4,800±620 14C years old in the surface ocean and 23,000±3000 14C years 

old in the deep ocean. There are few measurements of DBC that are sparse spatially.  

A new dataset of [DBC] and DBC 13C and ∆14C values from samples that were collected on the 

GO-SHIP cruises mentioned above will be key pieces of information in our understanding of the role 

pyrogenic carbon and its low ∆14C values play in low total DOC ∆14C signature. Interestingly, new 

research has suggested that oceanic DBC has marine-like 13C values (Wagner et al., 2019), in contrast to 

the previous paradigm that such molecules must be pyrogenic or hydrothermal in nature due to their high 
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double bond equivalences  (Dittmar & Koch, 2006; Dittmar & Paeng, 2009). This potential GO-SHIP 

dataset of DBC could also include 13C values to compare with this intriguing work.  

Characterization of non-retained DOC 

 About 60% of the DOC pool is viewed on a molecular level only indirectly through differences 

between SPE-DOC and total DOC. Through this approach, the 13C, ∆14C, and C/N values of this non-

retained DOC pool has been estimated (Broek et al. 2020; Zigah et al. 2017, this work). However, no 

study has yet directly observed the molecular characteristics of this sub-pool that avoids isolation on 

solid-phase extraction resins likely due to hydrophilic properties. In the non-retained DOC pool, the 

observed 13C, ∆14C, and C/N values could arise from a number of different combinations of DOC from 

the biological pump, MCP, fluvial sources, or chemosynthesis in the deep ocean. Molecular 

characterization of the non-retained DOC pool is important for our complete understanding of DOC 

cycling.  

 Until new techniques are developed to directly observe the non-retained DOC, studies that 

combine all available techniques to compare DOC sub-pools may provide a wider window through which 

to view the non-retained DOC. This includes the combination of FT-ICR MS and carbon isotope 

measurements, which are often reported in separate studies. Table 1 (Introduction) outlines many 

noteworthy studies that use SPE-DOC for further molecular characterization; however, FT-ICR MS 

analyses are often not used alongside isotopic measurements. These are both powerful analytical tools in 

their own right; but may lead to new discoveries when combined.  

5.5 Conclusion  

 In summary, this dissertation advanced our understanding of commonly used SPE protocols and 

how isotopic characteristics of SPE-DOC change during elutions. An updated SPE protocol was used to 

create a high-resolution dataset of SPE-DOC 13C and ∆14C values on three GO-SHIP Repeat 

Hydrography Cruises that span the Pacific Ocean and western Indian Ocean. Through direct comparison 
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with total DOC isotopic measurements, systematically low SPE-DOC 13C and ∆14C suggest that the 

MCP drives long-term storage of DOC in the deep ocean through the selective respiration of large 

biomolecules with high 13C, and the production of RDOC that has low ∆14C. 
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