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ABSTRACT OF THE DISSERTATION

Disentangling Coastal Carbon Reservoirs using Carbon Isotopes
by
Niels Egilsson Hauksson
Doctor of Philosophy in Earth System Science
University of California, Irvine, 2023

Professor Ellen R.M. Druffel, Chair

Coastal waters connect the terrestrial and marine carbon cycles and are the location
of alarge portion of the organic carbon (OC) burial in the ocean. Anthropogenic activity has
affected the carbon (C) cycling in these waters. However, the heterogeneity of these
systems makes generating global estimates challenging. Thus, detailed information about
the mechanisms and long-term trends of C fluxes and storage are needed to assess past and
future changes to the coastal C cycle.

This dissertation examines the mixing of multiple pools of C in coastal waters using
C isotopes (13C and 14C). First, we performed a series of laboratory experiments that
examined whether sorption of riverine dissolved OC to sediments could be isotopically
selective. We found that compounds with higher A14C values and lower $13C values were
selectively sorbed by the sediments. Lignin phenols and black C were suspected as possible
sorbed compounds. Second, we report a timeseries of A1*C and 613C values from dissolved
inorganic C at the Newport Beach Pier, CA. This record showed a steady decrease in the

A14C and 613C values over the study period that indicates an increasing quantity of fossil

Xiv



fuel derived CO2 dissolved in the surface waters. Third, we compare the magnitude and
composition of particulate OC and sedimentary OC from the Santa Clara River Estuary
during periods of extreme precipitation and extreme drought. The results mirror the
change in the C isotope values of atmospheric CO2 and show that even in low precipitation
years, significant quantities of eroded petrogenic OC are exported by this watershed. The
amount of recently produced plant- and algae-derived OC is highly variable in the estuary
while the amount petrogenic OC is relatively stable over the study period. Together, these
studies enhance our understanding of the processes that control C cycling within coastal

waters.
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Chapter 1. INTRODUCTION

1.1 Significance of coastal systems for carbon cycling

Coastal waters (<200m depth) are hot spots of carbon (C) cycling that link
terrestrial systems, the atmosphere, and the open ocean (Cole et al, 2007). These waters
account for 85% of total oceanic burial flux of organic carbon (OC) to sediments (Dunne et
al, 2007) and they emit significant quantities of CO2 to the atmosphere from the
remineralization of OC and from outgassing of C-rich, upwelled waters (Smith and
Hollibaugh, 1993; Bauer et al, 2013). Global estimates of coastal C fluxes are not well
constrained due to the limited studies and the heterogeneity of these ecosystems (Bauer et
al,, 2013). Improving our understanding of mechanisms that underlie coastal C fluxes and
the effect of anthropogenic activity on them is key for understanding the future fate of the
global C cycle.

Coastal waters are part of the land-ocean aquatic continuum (LOAC), which is the
system of waters that interface between the terrestrial biosphere and the open ocean
(Billen et al,, 1991). Currently, about 2.9 Pg C yr-1 from terrestrial systems is entrained by
LOAC and 0.95 Pg C yr-1 of this flux is exported to the ocean (Global Carbon Project, 2022).
The remainder is either buried in lake and river sediments or remineralized (Aufdenkamp
etal, 2011). About 1.0 Pg C yr-1of the flux from the terrestrial biosphere to the LOAC is the
result of human activity (Regnier et al, 2013). Of this anthropogenic flux, roughly 40% is
remineralized and outgassed, 50% buried in sediments, and 10% exported to the open
ocean (Regnier et al, 2013). Human activities have and will continue to alter the
morphology and biogeochemistry of these waters, which will subsequently impact the fate

of the C that moves through them.
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Figure 1.1: C budget of the LOAC, terrestrial ecosystems, and ocean (Global Carbon Project,
2022).

Despite intense C cycling in coastal waters, between 1993 and 2012 dissolved CO2
concentrations in coastal waters have not increased as much as those in the open ocean
(Bourgeois et al,, 2016). This is due in part to anthropogenic inputs of macronutrients and
sediments that increase C fixation and burial in these regions and drive down dissolved CO2
concentrations (Dai et al, 2022). Additionally, the shallow depths and relatively low flow in
coastal waters limit the rate at which new CO2 poor waters from the open ocean can
replace waters enriched in CO2z by the coastal heterotrophy (Bourgeois et al.,, 2016). The
already high rates of remineralization of OC that occur in these waters also limits the
atmospheric COz uptake in these regions (Ver et al, 1999). It has been estimated that the

coastal ocean acts as a carbon sink of 0.25 + 0.05 Pg C yr-1 (Dai et al,, 2022).



Human construction within watersheds as also altered the amount of OC exported
to the coasts. By the 1990s, human activity increased soil erosion resulting in an additional
2.3 = 0.6 billion metric tons of sediment per year transported by rivers compared to
prehuman estimates (Syvitski et al, 2005). However, dams and reservoirs have reduced
the flux of sediment reaching the ocean by 1.4 + 0.3 billion metric tons per year over this
same period (Syvitski et al,, 2005). It has been estimated that between 1970 and 2000 the
trapping of sediment by dams reduced the flux of OC to oceans by 13% (0.05 Pg C yr-1)
(Maavara etal,, 2017).

Storms are a major driver of particulate OC (POC) export from rivers to the ocean
(Hilton et al,, 2008). As storm frequency and intensity increase with climate change this
may amplify the OC exported to coasts to either be remineralized or buried. These
anthropogenic disturbances are spatially and temporally heterogenous, and therefore will
require a fine-tuned understanding of their mechanisms and significant monitoring to

predict their future impact.

1.1 The use of carbon isotopes in studying carbon cycling

Naturally occurring C isotopes are invaluable tools for measuring environmental C
cycling, source apportionment, reactivity, and age. The ratio between the two naturally
occurring stable carbon isotopes (13C/12C) in a substance is primarily controlled by the
kinetic and equilibrium isotope effect. The heavier mass of 13C means that molecules with
13C atoms have different reaction rates and equilibrium constants than molecules with only
12C atoms (Wolfsberg, 1969; Bigeleisen et al,, 1973). Thus, variations of the 13C/12C ratios of

a sample can be used to infer the chemical history of that sample. For example, OC has



characteristic 13C/12C ratios based on the photosynthetic pathway of the organism that
fixed the C as well as the 13C/12C ratio of the CO2 feedstock and the temperature at which
the organism lived (Sternberg et al.,, 1984; Mook, 1986).

The unstable C isotope, radiocarbon (14C), has a half-life of 5730 + 40 yr (Godwin
1962). 14C is generated in the upper atmosphere when cosmic radiation generates high
energy neutrons that react with nitrogen nuclei. The 14C nucleus then reacts with
atmospheric oxygen to create a 14CO2 molecule. The 1#C atoms from these molecules
become fixed by primary producers or are dissolved into surface waters. Even though 14C
undergoes radioactive decay, a system that exchanges CO2 with the atmosphere will
contain a relatively constant amount of 1#C. When the exchange stops (e.g., an organism
dies or a water parcel moves below the mixed layer), the 14C/12C ratio within the system
will decrease. 14C measurements by AMS correct for isotopic fractionation and therefore,
reflect only the changes due to radioactive decay.

Since the Industrial Revolution, humans have altered the C isotopic ratios of the
major above-ground C reservoirs through two main mechanisms. First, humans have added
massive quantities of COz to the atmosphere that is predominantly derived from the
combustion of fossil fuels and land use changes. The emitted CO2 has lower 14C/12C and
13C/12C ratios than atmospheric COz and the mixing of this excess COz into the atmosphere
have lowered the overall 14C/12C and 13C/12C ratios of atmospheric COz. This dilution of
atmospheric C isotopes is known as the generalized Suess Effect (Keeling 1979). Second,
between 1945 and 1963, above ground nuclear weapons testing doubled the 14C content of
atmospheric CO2 in the northern hemisphere. With the passage of the Limited Test Ban

Treaty in 1962, above ground tests nearly stopped. Since that time, exchange of CO2 with



the ocean and the biosphere and the continued emission of fossil fuel CO2 has drastically
reduced the 14C content of the atmosphere, while raising the 14C content of the terrestrial
biosphere and the surface ocean. The presence of bomb-radiocarbon has enabled
numerous experiments that improved our understanding of C cycling on decadal scales
(Jain et al,, 1995; Lassey et al,, 1995; Wang et al,, 2019). As of 2022, atmospheric CO2 has
approximately the same 14C/12C ratio as the pre-bomb atmosphere, and this ratio is
expected to continue to decline as more fossil fuel COz is emitted (Graven et al, 2022). As
the bomb 14C becomes more evenly distributed between the atmosphere, the terrestrial
biosphere, and the ocean, the emission of fossil fuel CO2 will become the major forcing on
changes in C isotopic ratios.

A key use of 13C and 14C in aquatic settings is source apportionment. Many of the
different sources of C in coastal systems have distinct isotopic ratios. The isotopic ratio of a
heterogenous, environmental sample will be the weighted average of the isotopic values of
its components. If the isotopic value of the different end members is known, the proportion
of each end member can be estimated through calculation. This method has been used in a
variety of ways. For example, it has shown that exported riverine OC is derived from plant
matter and soils or from eroded petrogenic material (Masiello and Druffel, 2001; Galy et al,
2015). It has also been demonstrated that despite the significant input of riverine DOC to
the open ocean, marine DOC appears to be predominantly derived from marine
phytoplankton (Hansell et al.,, 2009; Druffel and Griffin, 2015). Even the mixing of ocean
and riverine waters can be observed by changes in the isotope ratios of dissolved inorganic
carbon (Hinger et al,, 2010). This method is powerful and can be applied to a number of

aspects of the coastal C cycle.



1.2 Summary of the dissertation

This dissertation reports three studies that use C isotopes to examines different
pools of C in coastal systems. The first chapter describes a series of laboratory studies that
examine how sediment sorption affects the isotopic content of riverine dissolved OC (DOC).
A riverine organic matter standard was mixed with marine sediments and the C isotopic
ratios of the POC and the DOC were measured. This is the first quantitative study of how
sediment sorption affects the isotopic content of complex heterogenous DOC.

The second chapter presents an 18-year time series of C isotopes in the surface
dissolved inorganic C (DIC) at the Newport Beach Pier in Orange County, CA. The sampling
location is in the Southern California Bight. This is a region with complex hydrology,
seasonal upwelling, and extensive marine ecosystems. This study examines seasonal and
long-term variability and the distribution of bomb-derived 14C and anthropogenic CO2 in
this region.

The third chapter describes the particulate OC (POC) exported by the Santa Clara
River during the relatively dry 2021-2022 rainy season and compares it to previous high
precipitation (1997-1998) and normal precipitation (2002-2003) years. The Santa Clara
River is the largest and least developed river in Southern California, and is responsible for
significant terrestrial C export and burial in the Santa Barbara Basin during the last several
millennia (Biroski, 2006; Sarno et al., 2020). It has experienced rapid change due to
development of the watershed and the region’s changing climate. The results of this study

will help determine the response of this region to its changing precipitation patterns.
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Chapter 2. Effect of Marine Sediment on the Phase Partitioning and

Isotopic Content of Riverine DOC

2.1 Abstract
Rivers discharge significant quantities of dissolved organic carbon (DOC) to the ocean, yet
biomarker and isotope studies suggest that terrigenous DOC makes up only a small amount
DOC in the ocean. One of the removal pathways proposed for riverine DOC is sorption to
marine sediments. This process is chemically selective, but whether sorption alters the
isotopic composition of riverine DOC is unknown. Because there is isotopic variability
across different organic compound classes, sorptive removal of DOC could also alter the
isotopic composition of DOC. As a first step in addressing this question, we examined phase
partitioning and isotopic composition of a riverine DOC standard in the presence of marine
sediment particles. In a series of controlled experiments, the standard was mixed with
marine sediment in 35%o NaCl solution, then separated into particulate and dissolved
phases for analyses of mass, 613C, and A14C of organic carbon (OC). Across a range of
sediment OC to DOC mass ratios (from <0.1 to ~3), we found that: (1) sediment sorbed
0.8ug OC per mg of sediment; and (2) DOC compounds with higher A14C and lower 813C
values relative to the bulk DOC was preferentially removed from solution. In effect, mixing
a riverine DOC standard with marine sediment resulted in decreased A14C and increased
613C of the DOC that remained in solution. These results show that sorption of DOC to
sediment can alter the isotopic content of riverine DOC.
2.2 Introduction

Rivers transport 0.25 PgC of dissolved organic carbon (DOC) and 0.15 PgC of

particulate organic carbon (POC) to the ocean per year (Hedges etal, 1997). The
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partitioning of OC between POC and DOC profoundly affects the chemical reactivity,
microbial environment, and physical movement of the OC as it traverses riparian zones and
estuaries (Hedges and Keil 1999). In particular, sorption has been shown to selectively
remove certain compounds from DOC (Fox, 1983; Aufdenkamp et al, 2001; Mahamat
Ahmat et al,, 2016; Matiasek and Hernes, 2019). This chemical selectively may also result in
isotopic selectivity because different compound classes often have distinct iso topic values
(Close 2019), but the magnitude of this effect is not well constrained.

The global flux of riverine DOC is significant with respect to the size of the marine
DOC pool (662 PgC) (Hansell et al, 2009). A DOC flux of 0.25 PgC yr-1 would support a
marine DOC turnover time of ~2600 years (= 662 PgC/0.25 PgC yr-1). However, the
radiocarbon age of marine DOC ranges from 4900-6600 years in the deep ocean (Druffel et
al, 2022). In this system, this discrepancy could occur if: (1) the contribution of riverine
DOC to marine DOC is significantly less than 0.25 PgC yr-! due to rapid removal of riverine
DOC from seawater; (2) riverine DOC contributing to the marine DOC pool has an older
radiocarbon age than modern photosynthetically produced compounds; (3) “young”
riverine DOC is preferentially degraded in the ocean, leaving older riverine DOC; or (4) a
combination of (1), (2), and (3). In rivers with broad DOC age distributions, sorption to
sediment particles could contribute to both mechanisms; the sorption itself would reduce
the total flux of riverine DOC to the open ocean, and if this sorption selectively removed
compounds with a younger radiocarbon age, the radiocarbon age of remaining DOC would
increase.

There is also a mismatch between the stable carbon isotope signatures (313C) of

riverine DOC and those of marine DOC. Riverine DOC contains recently produced
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compounds from local plants, aged material mobilized from soils and bedrock by
weathering, or from anthropogenic inputs (Raymond and Spencer, 2015). The 613C values
of the plant material depend on the photosynthetic pathway (-23%o to -28%o for C3, -12%o0
to -16%o for C4, -11%o to -13%o0 for CAM) (Sternberg et al,, 1984). Petrochemical inputs
have no measurable radiocarbon (A1*C =-1000%0) and 813C that is similar to C3 plants (-
22%o0 to -27%o0) (Reed and Kaplan, 1977). In contrast, 813C values of marine DOC range
from -18%p to -23%o0 at <1000 m depth, and from -21%o and -23%o at >1000 m depth
(Druffel and Griffin, 2015; Druffel et al., 2021), similar to those of marine phytoplankton (-
21%o) (Williams and Gordon 1970). This points to either significant removal or isotopic
alteration of terrigenous DOC as it reaches the ocean. If sorption of DOC to sediments is
isotopically selective, then this could contribute to the alteration of the 513C values and the
masking of the terrigenous signal.

Sorption of DOC to sediments is mediated by various physiochemical interactions
between the DOC and the sediments (Kleber et al,, 2007). Cations within sediments can
form ionic bonds with charged molecules in the DOC, such as carboxylic acids, or interact
with the m-systems of aromatic rings (Keiluweit and Kleber, 2009; Kleber, et al., 2007).
Additionally, organic molecules already bound to the sediment can interact with DOC
through hydrophobic interactions, enabling attraction of long alkyl chains (Kleber, et al,
2007). Lignin monomers, long chain fatty acids, and n-alkanes, all biomarkers of terrestrial
OC, contain either aromatic rings, carboxylic acids, or alkyl chains. These biomarkers are
not found in abundance in pelagic environments but are found in estuarine and coastal

sediments (Benner and Opsahl, 2001; Close 2019; Xing et al,, 2011). Selective sorption of
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these biomarkers to sediments could help explain their absence in the ocean, despite the
large flux of riverine DOC to the ocean.

Carbon isotope signatures (A14C and 813C) are useful tracers of organic matter in
complex environments. Chemical heterogeneity of a sample can result in isotopic
heterogeneity, and consequently, any chemically specific processes could also affect the
isotopic content of a sample. As a first step in examining how the isotopic content of
terrigenous DOC could be affected by the presence of sediment particles, we carried out a
series of controlled experiments where we combined a riverine DOC standard (Suwanee
River Natural Organic Matter; SRNOM) with marine sediment from the eastern N. Pacific
Ocean (Coppola et al, 2014) under fixed ionic strength, and measured the OC content and
isotopic signatures in both the dissolved and particulate phases. Our specific objectives
were to determine: (1) the amount and isotopic composition of SRNOM that is sorbed by
marine sediment; and (2) the isotopic composition of SRNOM that remains in solution. We
conducted this work as an initial investigation into isotopic fractionation during DOC
sorption, and not as a simulation of riverine DOC loss in estuaries and the coastal ocean. We
also note that these experiments were conducted during the height of the COVID-19
pandemic when field work was virtually impossible; experiments were therefore

conducted using materials that were then readily available in our laboratory.

2.3 Methods
2.3.1 Site selection and sediment collection
The sediment used in this project was collected from 4100 m depth in the northeast

Pacific Ocean in June 1994 at Station M, located 200 km west of Pt. Conception, CA
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(34°50°N,123.0°W). This site was established to monitor multi-decadal time-series of the
benthic boundary layer, features strong seasonal variability in surface primary productivity
and minimal turbidity at abyssal depths, and offers ease of access for research vessels
(Smith et al,, 2016). Samples from Station M were selected for this study because our
laboratory has previously conducted numerous isotopic studies at this location, and we had
material from prior studies (Coppola et al, 2014; Hwang et al,, 2005; Wang et al.,, 1996).

Sediments were collected with a box corer mounted on a free vehicle grab
respirometer by Ken Smith and colleagues on the R/V New Horizon on 9 October 1996, stn
#1309. A 10 cm diameter subcore was taken from the box core. The core was sub -sampled
and sectioned on board ship, placed in precombusted, borosilicate bottles, and frozen at -
20 °C until analysis at UCI. Sediment from the 12-14 cm depth interval was used in the

sorption experiments.

2.3.2 Riverine organic matter standard

Suwanee River Natural Organic Matter (SRNOM), 2R101N Humic Substances
Society, was used for the experiments as riverine DOC. The chemical composition of this
standard is well characterized, and it is used for assessing new dissolved organic matter
related methodologies (Nwosu and Cook, 2015; Chen etal,, 2016; Li etal,, 2016). SRNOM
was isolated from Suwanee River water using reverse osmosis and cation exchange
chromatography, and lyophilized, recovering 94% of total DOC (Green et al., 2014). SRNOM
was used as a type of DOC sample from temperate rivers, and its chemical and isotopic

composition are not considered to be representative of all river systems. SRNOM was
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chosen due to 1) its availability, 2) its widespread use in other laboratory studies of DOC,

and 3) its high recovery from total DOC.

2.3.3 Sediment sorption experiments

Due to difficulty conducting field work during the COVID-19 pandemic, we elected to
use sediments collected from the open ocean during prior field campaigns, and under ionic
strength similar to that of seawater. We were primarily interested in the effect of the
sediment on the DOC isotopes, so we chose to vary that parameter alone.

An overview of the sorption experiments is presented in Figure 2.1. All glassware
and metal implements were precombusted at 5402C for 2 hours prior to use. The sediment
from Station M was homogenized, and aliquots ranging in size from ~5 mg to ~200 mg
were weighed into borosilicate centrifuge tubes. Approximately 2 mg of SRNOM and 1 mL
0of 35%o0 (w/w) NaClin MilliQ water (from here on, referred to as “saltwater” for simplicity)
were accurately quantified and placed in each tube. The NaCl was precombusted in the
same manner as the glass and metal implements. The mixture was homogenized by
swirling the tubes by hand for 5 minutes atroom temperature and then stored overnight at
4°C in the dark.

Samples were then centrifuged at 2600 x g for 60 minutes, and the supernatant was
removed with a 2-mL glass pipette and vacuum filtered through a pre-combusted 0.7-pm
25-mm quartz fiber filter. Filter and filtrant were rinsed with an additional 1.5 mL of
saltwater. The filtrate was acidified with 3 drops of 3% H3PO4 (Fisher Scientific, HPLC
Grade), allowed to sit overnightat 42C to remove inorganic C, then transferred to 9-mm OD

quartz combustion tubes and dried. Experiments with < 50 mg of sediment were dried by
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lyophilization in a Labconco FreeZone 2.5 L benchtop freeze dry system. However, it was
later discovered that this yielded a correctable, but significant amount of carbon
contamination (54-75 ug C, A1#C=-925%o). The likely cause of the contamination was oil
fumes from the pump. The remaining samples (experiments with 250 mg of sediment)
were dried directly on the vacuum line with lower blanks (2pg C, A14#C=-383%0). The A14C
values were corrected for the contamination using the direct method described by Santos
etal. (2010).

The sediment pellet and filter were acidified by HCl fumigation in a desiccator for 3
to 4 hours at room temperature to remove inorganic C (Komada etal,, 2008), and
transferred to separate quartz combustion tubes. Pre-combusted quartz wool was used to
collect the sediment and transfer it from the centrifuge tube to the quartz tube. Samples
were dried directly on a vacuum line before preparation for isotope analysis. The sediment
pellet and supernatant filtrant were combined to represent the solid phase.

The experiments were repeated across a large range of sediment masses, from 5 mg
to 205 mg. Insignificant amounts of SRNOM were sorbed in experiments with 5 mg of
sediment, so we did notrun experiments using smaller sediment masses. Experiments with
205 mg of sediment produced close to the maximum amount of CO2 gas that could be safely

measured on our vacuum line.
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Figure 2.1. Procedural flowchart (a) and conceptual cartoon (b) for the sediment sorption
experiments. In (b) black and orange indicate OC from Sta M sediment and SRNOM,
respectively.
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2.3.4 Control experiments

In addition to the sorption experiments, two sets of control experiments were
performed to determine the solubility of SRNOM and marine sediment OC in saltwater. One
set of control experiments (Table 2.2, SRNOM control) was performed in the absence of
sediment to determine the mass and isotopic values of the salt-water soluble and insoluble
components of SRNOM. Another set of control experiments (Table 2.2, sediment control)
was performed in the absence of SRNOM to determine the mass and isotopic values of salt-
water soluble and insoluble components of Station M sedimentary OC. 105+6 mg (n=3) of

sediment was used. All conditions were otherwise same as sorption experiments.

2.3.5 Radiocarbon and stable carbon isotope analyses

All samples were sealed in quartz tubes under vacuum with cupric oxide and silver
wire and combusted at 8502C for 2 hours. The CO2 produced (1- 757 pgC) was
cryogenically separated from water and from gasses with boiling points < -1962 C. The
samples were then reduced to graphite on iron catalyst as described previously (Xu et al,,
2007; Walker and Xu, 2019). Splits of the CO2 were taken for 613C analysis (~20ugC). Each
split was allowed to equilibrate for at least 2 minutes to avoid fractionation.

The 14C analyses of the graphite samples were performed at the Keck Carbon Cycle
AMS (KCCAMS) Laboratory at UCI (Santos et al, 2010). Direct process blanks, carbon
produced from running an experiment with no sample, were used to correct for extraneous
carbon added during the experiments. Indirect blank assessment was also used to correct
for extraneous carbon added during combustion and graphitization of samples (Santos et

al, 2010). Radiocarbon results are reported as A14C corrected for collection date (Stuiver
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and Polach, 1977). Uncertainties were determined by taking the pooled standard deviation
of replicates (Druffel et al, 2013, McNaught and Wilkinson 1997). Radiocarbon
measurements have the following uncertainties: DOC samples +6 %o; solid phase samples
with <50mg of sediment: +19 %o; and solid phase samples with 250mg of sediment: +2%o.
The 13C analysis of the CO2 splits was performed at UCI using a Gas Bench II coupled
with a Thermo Electron Delta Plus XL isotope ratio mass spectrometer. 513C measurements
have an uncertainty of +0.1%o. This was determined by calculating the standard error of
repeat measurements of the following standards: 0OX-1, glycine, and SRNOM. Because
process blanks were too small to perform 513C measurements, we performed theoretical
blank corrections using the masses of process blanks and assuming that the process blanks
had 613C values of -10%o0 and -35%o. For both values, we found that the blank corrected
813C values were within 2 standard deviations of the uncorrected measurements. Due to
the high blank and lower quantities of CO2 obtained, OC from experiments with <50mg of

sediment were only analyzed for A14C.

2.3.6 POC mass balance

We describe POC in the experimental slurries as the sum of three endmembers: OC
indigenous to the marine sediment that is insoluble in saltwater (“insoluble sediment OC"),
OC in SRNOM that is insoluble in saltwater (insoluble SRNOM), and OC in SRNOM sorbed by

the sediment (sorbed SRNOM):

Mpoc = Msedoc insoluble T MsrNOM insoluble T MsrNOM sorbed (1)
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where M; is the mass of OC from endmember i. The isotopic content of the solid phase OC

can be defined by equation (2):

ApocMpoc = Asedoc insoluble Msedoc insoluble T AsrNoM insoluble MsRNOM insoluble T

ASRNOM_sorbed MSRNOM_sorbed (2)

where A; is the A14C value of endmember i. Analogous equation can be written for 613C
values. In solving equations (1) and (2), we assumed that an invariable fraction of sediment
OC and SRNOM were insoluble in salt water, and that the isotopic composition of these
insoluble fractions remained constant across all experiments. We used the results of the
control experiments to determine the isotopic composition and masses of the insoluble

sediment OC and insoluble SRNOM.

2.4 Results
2.4.1 Sediment control experiments

The sediment contained 12.1 + 0.2 pg OC/mg sediment, and this OC had an average
A14C of -431 £ 2%o (sd, n=3) and an average 613C of -22.1 * 0.5%o0 (n=3; Table 2.1). When
suspended in salt water without SRNOM, OC in the dissolved phase increased by an amount
equivalent to 0.08 + 0.07 pg OC/mg sediment (n=3) and any change in the particulate phase
was within analytical error of the total sediment OC (Table 2.1, 2.2). The salt-water soluble
sediment OC had a A4C of -181+13%o0 (n=2; Table 2.1, 2.2); insufficient material was
recovered to obtain a 513C measurement. The salt-water insoluble sediment OC had A14C

and 513C values that were indistinguishable from those of total OC (n=3; Table 2.1, 2.2).
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2.4.2 SRNOM control experiments

SRNOM had an OC content of 428+25ug OC/mg of SRNOM, with a A14C of 53+2%o0
(n=6) and a 813C of -27.5 * 0.1%o0 (n=2) (Table 2.1). When suspended in salt water without
sediment, 47+3ug OC/mg of SRNOM, or 10.9% of total OC, was recovered as POC (Tables 1
and 2). The remaining 89.1%, 381+22 ug OC/mg of SRNOM, was assumed to be DOC. When
the SRNOM was initially collected, it was passed through a 0.45 pum filter, suggesting that
this effect is primarily precipitation rather than aggregation to existing particles (Green et
al, 2014). Because the same masses of SRNOM and water were used in all experiments, we
assume that a constant fraction of insoluble OC was present in each experiment. The
insoluble OC of the SRNOM had a A14C of 37+7%0 (n=4) and a &13C of -28.2+0.1%o0
(analytical error, n=1) (Tables 1 and 2). The salt-water soluble portion of SRNOM had an
average A14C value of 54+5%o0 (n=5) and an average 613C value of -27.4+0.2%o0 (n=2; Table

2.2).
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Table 2.1: Masses, A14C, and 6 13C values for the sediment OC and SRNOM.

Station M Sediment 0C (ug/mg) A4C (%o0) 813C (%o)
Stn M Event 3109 Total OC 12.1 £0.2 -431 £ 2 -22.1 £ 0.5
12-14cm n=3 n=3 n=3
Salt Water Soluble OC* 0.08 +0.07 -181 +13 not
n=2 n=2 determined
Salt Water Insoluble OC* 12.1 £0.2 -431 £2 -22.2+0.2
n=3 n=3 n=3
Suwanee River Normal 0C (png/mg) A14C (%o0) 813C (%o0)
Organic Matter
2R101N
Total OC 428 + 25 53+2 -27.5+0.1
n=8 n=6 n=2
Salt Water Soluble OCt 381 £ 22 54 +5 -27.4 +£0.2
n=>5 n=>5 n=2
Salt Water Insoluble OCt 47 +3 377 -28.2 £ 0.1
n=4 n=4 n=1%

* Values were obtained by performing control experiments with no SRNOM present.
tValues were obtained by performing control experiments with no sediment present.
t Error based on IRMS analyses

2.4.3 OC mass partitioning in sorption experiments

Masses of total POC showed a strong positive correlation with the mass of sediment
used in each experiment (R2=0.99, p<<0.001; Table 2.2, Figure 2.2a). Masses of DOC
(comprising salt water-soluble SRNOM and salt water-soluble sediment OC) ranged from
315 pg to 757 pg (Table 2.2, Figure 2.2b). A decrease in the mass of DOC with increasing
sediment weight was observed in experiments containing 75 mg or more of sediment.
Between 48-100% of the total OC introduced into each experiment (in the form of sediment
OC and SRNOM) was recovered as the sum of POC and DOC (average of 87+12%, n=27)
(Figure 2.2c). Between 48% to 99% of SRNOM OC was recovered (average of 81+13%,

n=27; Figure 2.2d)
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Figure 2.2: Panels a) and b) show mass of POC and DOC as function of mass of
sediment in control (crosses) and sorption experiments (circles). Panels c) and d) show the
fraction of total OC and SNROM OC recovered in each experiment. The mass of SRNOM used
was kept constant throughout. In a) and b) error bars are smaller than the size of the
symbols. Shaded portions in a) represent the three end members as described in the text
and calculated using values in Table 2.1 and equation (1). The low DOC masses in b) in
samples with <25mg of sediment suffered sample loss during lyophilization. Dashed lines
in c) and d) show the average total OC and average total SRNOM OC recovered,
respectively; shaded regions show *1 standard deviation. Full details of the percent
recovery calculations can be found in supplementary materials. Errors in c) and d) are
propagated errors based on instrument precision. In d) filled circles show soluble SRNOM,
triangles show insoluble SRNOM, squares show sorbed SRNOM, and empty circles show
total SRNOM.
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2.4.4 Isotopic content of DOC and POC in sorption experiments

The A14C values of DOC ranged from 60+5%o without sediment to 11+7%o with 205
mg sediment (Figure 2.3a). These data were significantly correlated with sediment mass
(R?=0.93, p<<0.001). The 5613C values of the recovered DOC ranged from -27.6+0.1%o0
without sediment to -26.9+0.1%o0 with 175 mg of sediment (R?=0.54, p=0.005) (Figure
2.3b).

The A14C values of POC ranged from 46+7%o without sediment to -376+2%o with
205 mg sediment (Table 2.2 and Figure 2.4a). The A14C value decreased rapidly between 0
and 75 mg sediment, and then plateaued. Even though most of the OC in experiments
conducted with >100 mg sediment is from sediment OC, its A14C values were consistently
higher than the sediment OC value of -431+2%o and the expected values of insoluble
SRNOM and insoluble sediment OC mixing (Figure A.1a, Appendix A).

The 813C values of POC range from -28.2+0.1%o with 0 mg of sediment to
-22.8+0.1%o0 at 150 mg of sediment (Figure 2.4b). As with the A14C data, these values are
significantly offset from the Station M sediment OC 513C value of -22.2 + 0.2%o and from the
expected values of insoluble SRNOM and insoluble sediment OC mixing (Figure A.1b,

Appendix A).
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Table 2.2. Masses of sedimentand SRNOM used in each experiment, and masses and isotope values of POC and DOC recovered

from each experiment. 1 mL of saltwater was used in all experiments.

Mass Wet * Mass + Mass POC | + UCID# AMCPOC | * d13CPOC + Mass DOC + UCID# | A™CDOC | * d13C¢DOC +
Sediment* SRNOM (mg) (%0) (%o) (mg) (%0) (%0)
(mg) (mg)
g v | 10161 001 ] 0 1.204 0.002 | 23476 & 23484 -429 2 -22.3 0.1 | 0.014 0.003 | 23492 | -190 13
5 % 112.63 001 ] 0 1.381 0.003 | 23527 & 23535 -432 -22.3 01 (0
2 | 10192 001 1] 0 1.229 0.003 | 23528& 23536 -431 2 -22.0 0.1 | 0.010 0.003 | 23544 | -171 13
N 2.28 0.01 | 0.082 0.004 | 23360& 23368 41 7 0.383 0.002 | 23376 | 60 6
§ 0 2.29 0.01 | 0.110 0.003 | 23361& 23369 46 7 0.556 0.002 | 23377 | 49 6
g 0 1.99 0.01 | 0.115 0.003 | 23226 & 23234 30 7 0.619 0.003 | 23242 | 50 6 -27.5 0.1
) 0 2.02 0.01 | 0.096 0.003 | 23591 & 23595 32 7 0.585 0.002 | 23599 | 57 6
0 2.08 0.01 | 0.094 0.003 | 23590 & 23594 -28.2 0.1 | 0.625 0.002 | 23598 | 56 6 -27.6 0.1
% | 531 0.01 | 2.04 0.01 | 0.183 0.004 | 23363& 23371 -49 19 0.628 0.002 | 23379 | 52 6
g'. 5.38 0.01 | 1.99 0.01 | 0.216 0.004 | 23362& 23370 -114 19 0.466 0.002 | 23378 | 55 6
_;E 5.66 0.01 | 2.20 0.01 | 0.227 0.004 | 23364 & 23372 -102 19
;- 12.06 0.01 | 211 0.01 | 0.270 0.008 | 23126 & 23134 -209 19 0.702 0.003 | 23142 | 54 6
E, 1230 0.01 | 2.22 0.01 | 0.280 0.008 | 23127 & 23135 -192 19
15.06 0.01 | 2.06 0.01 | 0333 0.007 | 23366 & 23374 -266 19 0.315 0.002 | 23382 | 49 6
15.08 0.01 | 2.16 0.01 | 0334 0.007 | 23365& 23373 -258 19
15.71 0.01 | 2.26 0.01 | 0.369 0.007 | 23367 & 23375 -239 19 0.669 0.002 | 23383 | 52 6
20.27 0.01 | 2.07 0.01 | 0.382 0.007 | 23229 & 23237 -267 19 0.407 0.003
20.30 0.01 | 2.02 0.01 | 0.353 0.007 | 23227 & 23235 -284 19
20.56 0.01 | 2.20 0.01 | 0.369 0.007 | 23228& 23236 -275 19 0.629 0.003
21.38 0.01 | 2.10 0.01 | 0.368 0.008 | 23259 & 23265 -230 19 0.626 0.003 | 23271 | 44 6
30.13 0.01 | 214 0.01 | 0.452 0.007 | 23232 & 23240 -311 19 0.559 0.003 | 23248 | 48 6
30.15 0.01 | 2.07 0.01 | 0.460 0.007 | 23230& 23238 -312 19 0.606 0.003 | 23246 | 51 6
3039 0.01 | 2.29 0.01 | 0.561 0.008 | 23262 & 23268 -286 19 0.757 0.003 | 23274 | 46 6
30.64 0.01 | 1.96 0.01 | 0.541 0.008 | 23261& 23267 -302 19 0.545 0.003 | 23273 | 44 6
30.77 0.01 | 2.35 0.01 | 0.497 0.007 | 23231& 23239 -301 19 0.564 0.003
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51.10 0.01 | 1.97 0.01 | 0.743 0.004 | 23592 & 23596 -347 2 -23.2 0.1 | 0.540 0.002 | 23600 | 46 6

51.60 0.01 | 1.98 0.01 | 0.735 0.004 | 23593 & 23597 -345 2 -23.3 0.1 | 0.526 0.002 | 23601 | 44 6 -27.5 0.1
74.98 0.01 | 212 0.01 | 1.065 0.003 | 23470& 23478 -359 2 -23.2 0.1 | 0.629 0.002 | 23486 | 40 6 -27.3 0.1
75.82 0.01 | 2.03 0.01 | 1.068 0.004 | 23529 & 23537 -362 2 -23.0 0.1 | 0.694 0.002 | 23545 | 37 6 -27.2 0.1
100.47 0.01 [ 1.94 0.01 | 1.436 0.003 | 23471& 23479 -363 2 -23.0 0.1 | 0.595 0.002 | 23487 | 36 6 -27.1 0.1
102.52 0.01 | 2.26 0.01 | 1.413 0.004 | 23530& 23538 -361 2 -23.0 0.1 | 0.683 0.003 | 23547 | 32 6 -27.1 0.1
125.31 0.01 | 2.03 0.01 | 1.740 0.004 | 23531& 23539 -370 2 -23.1 0.1 | 0.602 0.002 | 23547 | 35 6

126.24 0.01 | 2.16 0.01 | 1.798 0.003 | 23472 & 23480 -365 2 -229 0.1 | 0.655 0.002 | 23488 | 27 6 -27.2 0.1
150.42 0.01 | 2.01 0.01 | 2.017 0.003 | 23473 & 23481 -373 2 -22.8 0.1 | 0473 0.002 | 23489 | 27 6 -27.4 0.1
175.80 0.01 | 211 0.01 | 2.281 0.003 | 23474 & 23482 -374 2 -22.9 0.1 | 0.436 0.002 | 23490 | 27 6 -27.2 0.1
178.04 0.01 | 2.09 0.01 | 2451 0.004 | 23533& 23541 -371 2 -23.0 0.1 | 0.559 0.002 | 23549 | 17 6 -27.3 0.1
199.95 0.01 | 217 0.01 | 2.657 0.003 | 23475& 23483 -373 2 -229 0.1 | 0.415 0.002 | 23491 | 22 6 -27.0 0.1
205.49 0.01 | 2.04 0.01 | 2.827 0.004 | 23534 & 23542 -376 2 -23.2 0.1 | 0.439 0.002 | 23550 | 11 6 -27.5 0.1

* We have determined that the percent water is 18 + 3% n=5. This value is lower than the original 57%(w/w) water

determined at the time of sampling, presumably because the samples dried out while in storage in the freezer for 24 years.

Wet masses are used in all of our calculations and reported masses.
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Figure 2.3: a) A1*C and b) 813C of DOC recovered after the control experiments (crosses) and sorption experiments (circles) as
a function of sediment mass. Initial mass of SRNOM was kept constant throughout all experiments. Error bars represent

pooled standard deviation of replicates.
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2.5 Discussion
We hypothesized that the carbon isotope values of riverine DOC are altered in the
presence of marine sediment due to selective sorption. Below, we test this hypothesis

through (1) OC mass balance, and (2) isotope mass balance in DOC and POC.

2.5.1 OC mass balance
We applied a model 2 geometric mean regression to the relationship between the
mass of sediment (msediment) and mass of POC (Mpoc) (Figure 2.2a). This gave the following

equation:

mg OC

Mpoe = 0.0129 M pgimen: + 0-11 mg OC (3)

mg sediment

The intercept of this trendline (0.11£0.01 mg) is within error of the mass of
insoluble SRNOM in the control experiments (Table 2.2). The slope, 12.9+0.1 pg particulate
0C/mg sediment, is significantly larger than the OC content of insoluble sediment OC
(12.1+0.2 pg particulate OC/mg sediment; Table 2.1); this was determined using a t-test
assuming unequal variances (p=0.001).

We calculated the mass of sorbed SRNOM as follows. The total mass of POC (M poc)
was considered to be the sum of M srnOM_sorbed, MSRNOM_insoluble, and Msedoc_insoluble (equation 1).
MsrNOM_insoluble Was a constant value of 47+3pug OC/mg of SRNOM in each experiment (n=4)
(Table 2.1). Msedoc_insoluble Was calculated by multiplying the saltwater insoluble OC content
(12.1+£0.2 npg OC/mg sediment; Table 2.1) by the total sediment mass used in each

experiment (Table 2.2). Mpoc was directly determined for each experiment as the total
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mass of OC measured in the particulate phase (Table 2.2). MsrnoM_sorbed Was calculated using
equation 1 and found to be 0.8+0.2 pg OC/mg sediment multiplied by the total sediment
mass used in each experiment.

The amount of soluble sediment OC was small with respect to the amount of DOC
from SRNOM. As the mass of sediment increased, the mass of DOC decreased and the mass
of sorbed SRNOM correspondingly increased (Figure 2.2d). Overall, the masses of DOC and
POC indicate that as more sediment is added to each experiment, more OC shifts from DOC
to POC, implying sorption of the SRNOM to the sediment.

Percent yields of both total OC and SRNOM were within two standard deviations of
100% (Figures 2.2c and 2.2d). Given the high R? value of the POC mass with sediment
(Figure 2.2a), we assume that most of the variability in yields was due to losses of the DOC
during freeze drying. During lyophilization, DOC solution bubbled up and dried on the side
of the tube, and some of the material on the side of the tubes was lost when the tubes were
flame sealed. This effect is not isotopically selective, as evidenced by the fact that DOC
samples with lower recoveries still had the same A14C values as their replicates (Table 2.2,
Figure 2.3a).

[t should be noted that this study used solutions with high concentrations of
sediment (5g/L-200g/L) and OC (~.9 g/L C). The higher concentration of sediment makes
this system more similar to a pore water setting rather than suspended particles, which do
tend to have higher OC concentrations than the overlying water. The high concentration of
OC was chosen to ensure that the sediment would sorb as much OC as possible. This
allowed us to examine how the isotopic content of the sorbed SRNOM changed as more of it

was removed from solution. Given the linear response in the mass of sorbed SRNOM
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(Figure 2.3a) this appears to have been successful. In a more dilute solution, we would
expect more binding sites on the sediment to be available for sorbing the SRNOM. This
would result in the isotopic content of the sorbed SRNOM to be similar to the experiments

with the higher masses of sediment.

2.5.2 Changes in DOC isotopic composition

Though a significant percentage (10.9%) of the SRNOM OC is insoluble in the
saltwater used here, the water-soluble fraction of the SRNOM had A14C and 813C values
(54+5%o, -27.4+0.2%0) that are less than one standard error apart from those of total
SRNOM (53+2%o,-27.5+0.1%0) (Table 2.1). This indicates that the observed changes in the
DOC isotopic values (Figure 2.3) are due to the presence of sediment.

Minimal OC from the sediment entered the dissolved phase under our experimental
conditions (0.08 pg/mg sediment; Table 2.1). In the experiment with the largest mass of
sediment (205 mg), we assume that 16 pg (=205 mg x 0.08 pg/mg) of sediment OC was
soluble, with a A14C of -181%o (Table 2.1). The observed DOC from this experiment had a
mass of 439 pg with a A14C of 11%o (Table 2.2). Using a mass balance equation to account
for soluble sediment OC in this mixture yields a remaining DOC pool with a mass 0of 423 pgC
and a A14C of 17%e. This is still well below the SRNOM A14C value of 53%o. Therefore, while
dissolution of OC from the sediment does lower the A14C of DOC, it cannot account for the
observed departure from A14C value of total SRNOM.

The highly correlated, linear decrease in DOC A14C values with increasing sediment
mass (Figure 2.3a) suggests that the sediment sorbs components of SRNOM with higher

A14C values than that of the total SRNOM. The 313C values of DOC show a weaker
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correlation with sediment mass compared to the A14C data (Figure 2.3b). All 513C values,
however, are slightly higher relative to those of total SRNOM, indicating that the sediment
sorbs compounds with lower 613C than that of total SRNOM.

Overall, these findings suggest that the addition of sediment resulted in sorption of
compounds with higher A14C values and lower 313C values than those of total SRNOM,

thereby decreasing the A14C values and increasing the 813C values of the remaining DOC.

2.5.3 Isotopic content of sorbed SRNOM

To further examine the composition of SRNOM that sorbed to sediment, we
calculated the AC and &13C values of this pool as follows. Equation (2) represents an
isotopic mass balance of the particulate phase. The masses from equation 1 and the
isotopic values from the control experiments and the sediment sorption experiments were
used (Tables 1 and 2). Due to the larger blank from the freeze dryer, experiments with <50
mg of sediment were excluded from this analysis. Equation (2) was then rearranged to
solve for Asrnom_sorbed. Figure 2.5 shows the results of these calculations. The average +
standard error of A14C and 813C values of the sorbed OC are 135*20%o (n=13) and -
30.6%0%0.6 (n=13), respectively. A t-test assuming unequal variances showed that both
A4C and d 13C values of the sorbed SRNOM were significantly different than those of the
total SRNOM (p=0.002 and p=0.00007). This is consistent with the finding that sorption
was isotopically selective in our experiments.

A model 2 geometric mean regression shows that the sorbed SRNOM A14C values
increased and 6 13C values decreased with increasing sediment mass in the experiments

(Figure 2.5). The change in the sorbed SRNOM A14C and 613C values with sediment mass
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may indicate that the sorbed SRNOM contains multiple pools of OC with different isotopic
content and sorption affinities. The OC with lower A14C and higher 813C values was sorbed
first, and as more sediment is added, another pool of OC with higher A14C and lower 613C
was removed from solution. This phenomenon is consistent with the molecular and

isotopic heterogeneity of SRNOM.

2.5.4 Possible compounds sorbed by the sediment

Our data suggest that the component of SRNOM that sorbed to sediment had higher
A14C and lower 813C than those of the total SRNOM. The higher A14C values observed in the
sorbed material (Figure 2.5a) indicate the presence of bomb radiocarbon. This means that
most of the compounds in the sorbed SRNOM would have been photosynthetically fixed
sometime between 1957 and the date of collection in 2012 and are stable enough to
survive on annual to decadal timescales. Sorption also requires a chemical structure that
can create an energetically favorable interaction with the sediment or chemicals within the
sediment, such as carboxylic acids, aromatic rings, and alkyl chains (Reidel et al., 2013).

Prior studies of estuarine systems have shown that as DOC concentrations to
decrease with increasing salinity, the relative proportion of the various compound classes,
such as carbohydrates, amino acids, lipids, aromatic structures, lignin and molecularly
uncharacterized carbon, shift depending on the characteristics of the sampling site and
estuary (Abdulla et al,, 2010; Harvey and Mannino 2001; Hermes and Sikes, 2006). These
alterations are the sum of several removal processes including photooxidation, microbial
respiration, salinity-induced flocculation, and sediment sorption, as well as inputs from

autochthonous sources, such as primary production and degradation products.
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Figure 2.5: Calculated a) A14C and b) 613C values of sorbed OC recovered after the sediment sorption experiments as a function
of increasing sediment mass. Error bars show the pooled standard deviation of replicates. Experiments with masses below

50mg were excluded due to contamination from the freeze dryer
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Studies of DOC compound classes in estuarine systems have reported A14C values of
total hydrolyzable carbohydrates that range from 148%o higher to 86%o lower and &13C
values that range from 10.9%o to 2.5%o higher than those of bulk DOC (Loh etal, 2006;
Wang et al,, 2006). They also report that total hydrolyzable amino acids have A14C values
that are 129%o to 24%o higher and 813C that are 3.3%0 lower to 2.3%o higher than those of
the bulk DOC. It should be noted that the low 813C value is an outlier in this data set, with all
the other samples having either higher or the same 313C as the bulk DOC (Loh et al,, 2006;

Wang et al, 2006). The reported 313C values of both carbohydrates and amino acids are
higher than our measurements of sorbed SRNOM (Figure 2.5b). Itis thus unlikely that these
two compound classes are a major component of our sorbed SRNOM.

Studies have reported that lipid fractions of estuarine DOC also have A4C that range
from 60%o0 to 925%0 lower and 513C values that 0.6%o0 and 6.3%o lower than those of the
bulk DOC (Loh etal,, 2006; Wang et al,, 2006). These A14C values are far lower than our
measurements of the sorbed SRNOM (Figure 2.5a). Furthermore, as much as 17% of
SRNOM was sorbed (Figure 2.1c). Because lipids are expected to constitute a very small
fraction of DOC (Loh etal,, 2006; Wang et al,, 2006), it is unlikely that the sorbed SRNOM
was predominantly lipid-like.

In complex natural organic matter, the molecularly uncharacterized component
typically dominates the total OC pool (Hedges et al.,, 2000). This fraction contains all of the
compounds not extracted with carbohydrates, amino acids, or lipids, and is sometime s
termed “acid-insoluble” (Wang et al., 2006). Estimates of this fraction have A14C values that
range from 280%o higher to 197%o0 lower and 513C values that are 3.2%o higher and 7.6%o0

lower than those of the bulk DOC (Loh et al, 2006; Wang et al., 2006). This wide variation



in isotopic values suggests that a portion of the molecularly uncharacterized component
could be in the sorbed SRNOM.

Beyond the major biomacromolecule fractions, a number of studies have examined
the compound class specific isotopes of two important sources of aromatic carbon: lignin
and black carbon. Lignin is characteristic of terrestrial organic matter, but it is almost
absent in marine DOC. Benner and Opsahl (2001) found that lignin from rivers is quickly
removed from solution as salinity of water increases. Lignin has lower 13C values than that
of bulk plant material (Benner et al. 1987), and lignin from riverine DOC has been found to
contain significant quantities of bomb 14C (Benner et al,, 1987; Feng et al, 2017; McNichol
et al.,, 2000). This matches the isotopic profile of sorbed SRNOM from this experiment and
the expected chemical profile of sorbed OC. Prior laboratory studies have shown that a
significant portion of lignin derived phenols from plant samples can bind irreversibly with
sediment and that this binding can alter the composition of these samples (Hernes et al,
2007; 2013). However, it is important to note that aromatic DOC compounds are easily
photo-oxidized, and their solubility is sensitive to changes in salinity (Benner and Opsahl,
2001; Hernes and Benner, 2003). Even if lignin is a significant portion of the material
sorbed in our experiments, these competing removal pathways might reduce the fraction of
lignin sorbed to sediments in the field.

Black carbon accounts for 12 + 2% of total SRNOM OC and has a A14C of -148 * 17%o
(Coppola etal, 2015), and has a variety of solubilities based on its source(s), charring
temperature, and degradation state (Wagner et al,, 2018). The addition of metals to water
has been shown to promote the precipitation of black carbon, and it is found in riverine and

estuarine sediments (Coppola etal, 2014; Masiello and Druffel, 1998; Reidel et al,, 2012). It
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is possible that the presence of black carbon lowers the A14C of the sorbed SRNOM in the
experiments with lower sediment masses (Figure 2.5a). We can estimate the amount of
black carbon present in the system by mass balance. If we assume that the sorbed SRNOM
is a mixture of black carbon (A14C = - 148%o) and an enriched OC pool with the highest
sorbed SRNOM A14C value observed (A14C = 230%o), then the experiments with <75 mg of
sediment would be about half black carbon and half 14C enriched carbon. This is equivalent
to about 2% of the total SRNOM OC added to the system, which is less than the total
amount of black carbon in SRNOM (12%) (Coppola et al,, 2015). It is, thus, plausible that

black carbon could be in the sorbed SRNOM pool.

2.5 Future work

Any further work towards understanding this phenomenon should consider how
our laboratory conditions differ from the natural environment. 1) Our system used water
with a salinity of 35%o. In any natural system, DOC will experience a gradient of salinities
that will gradually change the solubility of compounds within the DOC and promote
flocculation. Additionally, the salinity will change the redox state of sediment ions and alter
the availability of binding sites there. 2) Our system was homogenized and then left
relatively static. The water’s movement in a system will control the amount of time that
DOC can interact with sediment. 3) Our system was kept relatively dark. Photo -oxidation is
one of the major removal pathways for DOC, especially for aromatic molecules, as they
readily absorb photons in the ultraviolet spectrum. As aromatics are one of the possible
compound classes that led to our observed fractionation, it may be difficult in the field to

determine how many of the terrestrial aromatics were sorbed and how many were photo-
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oxidized. 4) Our system assumes no microbial activity. SRNOM was passed through a
0.45pum filter upon collection, so there should be minimal microbes in the sample. This
prevents most material loss due to heterotrophic respiration or most production of
degradation by products. Labile compounds, such as carbohydrates and amino acids, have
distinct isotopic contents, and microbial consumption of these compounds would alter the
remaining DOC’s A14C and 813C values. 5) We used a specific DOC and a specific sediment.
Other riverine DOC with different isotopic ranges and chemical compositions, and
sediments with different binding capacities would result in a different isotopic shift.

While the conditions of these experiments are artificial, the data do demonstrate
that the chemically selective process of OC sorption, can also be isotopically selective. We
hypothesize that this occurred due to the chemical selectivity of the sorption process and
the isotopic diversity of different compound classes. To investigate this phenomenon
further we propose both laboratory experiments with increasing complexity and field
studies. Salinity, temperature, mineral content, and DOC source are all variables to explore
in similar experiments. Additionally, further chemical characterization techniques such as
nuclear magnetic resonance and high-resolution mass spectrometry can be used to further
explore the connection between chemically selective and isotopically selective sorption.
Field measurements of DOC, POC, and SOC carbon isotopes in response to major carbon
fluxes, such as run off or algae blooms, can be used to evaluate the significance of this
phenomenon. Constraining the isotopic selectivity of carbon fluxes is a key step in studying
the aquatic carbon cycle, and this study shows that sorption of DOC to sediments should be

considered in that future work.
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Chapter 3. Time Series of Surface Water Dissolved Inorganic Carbon

Isotopes from the Southern California Bight

3.1 Abstract

Dissolved inorganic carbon (DIC) in ocean water is a major sink of fossil fuel derived
CO2. Carbon isotopes in DIC serve as tracers for oceanic water masses, biogeochemical
processes, and air-sea gas exchange. We present a timeseries of surface DIC 813C and A14C
values from 2011 to 2022 from Newport Beach, California. This is a continuation of
previous timeseries (Hinger et al. 2010; Santos et al. 2011) that together provide an 18-
year record. These data show that DIC A14C values have declined by 42%o0 and that DIC §13C
values have declined by 0.4%o since 2004. By 2020, DIC A14C values were within analytical
error of nearby clean atmospheric CO2 A14C values. These long-term trends are likely the
result of significant fossil fuel derived CO:z in surface DIC from air-sea gas exchange.
Seasonally, A14C values varied by 3.4%o0 between 2011 and 2022, where seasonal 513C
values varied by 0.7%o. The seasonal variation in A14C values is likely driven by variations
in upwelling, surface eddies, and mixed layer depth. The variation in 13C values appears to
be driven by isotopic fractionation from marine primary producers. The DIC 313C and A4C
values record the influence of the drought that began in 2012, and a major upwelling event

in 2016.

3.2 Introduction

Marine dissolved inorganic carbon (DIC) is the largest exchangeable reservoir of

carbon in the surface ocean, and it exchanges with atmospheric CO2 on annual to decadal
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timescales (Broecker and Peng, 1982). As humans have released additional CO2 into the
atmosphere, DIC has acted as a major sink for some of this additional carbon (Sabine et al,
2004, Gruber etal,, 2019). This increase in DIC lowers the ocean’s pH, which has profound
impacts on ocean ecosystems (Feely et al.,, 2004). A key tool used to track DIC are its carbon
isotopes (13C and 14C), as they are reflective of the circulation and biogeochemistry of the
water mass in which DIC is dissolved. These isotopes also reflect the anthropogenic impact
on the global carbon cycle. First, above-ground thermonuclear bomb testing nearly doubled
the 14C content of atmospheric COz by the early 1960s. Due to the relatively long isotopic
equilibration time of COz, this resulted in a smaller, but longer-lived increase in surface
marine DIC A14C (Druffel, 1989). Second, the burning of fossil fuels since 1890 released CO2
with no 14C and less 13C than atmospheric CO2 that has reduced the overall isotopic ratios,
the so called the Suess effect (Suess 1953). The decrease in 14C/12C and 13C/12C ratios have
also been observed in marine DIC (Andrews etal,, 2016; Brooks, 2020). Thus, that attempts
by the international community to curb CO2 emissions will likely be reflected in future DIC
isotopic records.

The 13C/12C ratio of DIC is the result of equilibrium isotope effect and kinetic isotope
effectacting on the sources and sinks of DIC. For example, the 13C/12C of surface DIC (613C =
1%o) is higher than that of atmospheric COz (813C = -8%o), because equilibrium processes
favor a higher proportion of the heavier isotope in the more condensed phase (Mook,
1986). A non-equilibrium process, like biological uptake, favors the lighter isotope due to
its higher diffusivity. Marine phytoplankton are thus, depleted in 13C (813C = -21%o) relative
to surface DIC (Mook, 1986). In regions with significant phytoplankton growth, this can

also measurably raise the 13C/12C ratio of the remaining DIC (Kroopnik, 1985). Conversely,
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remineralization of sinking marine phytoplankton by zooplankton and microbes releases
13C-depleted DIC, which then lowers the overall 13C/12C of the subsurface DIC (Kroopnik,
1985).

While 14C also undergoes isotopic fractionation, reported 14C/12C ratios are
corrected for any fractionation (Stuiver and Polach, 1977). Therefore, the primary control
on a measured 14C/12C ratio is the radioactive decay of 14C and the mixing of carbon pools
with different 14C/12C ratios. In the surface ocean, newly dissolved CO2 mixes with DIC from
the surface water. In the pre-bomb era, this resulted in surface DIC with 14C/12C ratios
(A14C = -60) lower than that of atmospheric CO2 (A14C = 0) (Stuiver etal,, 1986). The
equilibration time of 14C by air-sea exchange of COz is about 10 years, which is far longer
than the mixing time of surface waters (Broecker and Peng, 1982). Thus, shifts in the
14C/12C ratio in surface DIC during this period are almost entirely due to mixing of surface
and upwelled waters within a region. The introduction of bomb radiocarbon to the
atmosphere produced a large isotopic gradient with the ocean that increased the A 14C of
surface DIC by ~200%o (Druffel et al, 2016). As the 14C/12C of atmospheric CO2 has
declined due to redistribution of bomb-derived 14C and the “C-free CO2 from fossil fuels,
the surface DIC 14C/12C ratios have also declined, albeit ata slower rate (Hinger at al.,, 2010,
Santos etal, 2011, Andrews et al,, 2016). In the last few years, atmospheric CO2 reached its
pre-bomb 14C/12C ratio (A1#C~x0%o0) (Graven et al, 2022). How this ratio and the resulting
change in surface DIC carbon isotope ratios will change in the coming years will require
continuous monitoring of these carbon pools.

One such monitoring site is located at Newport Beach, California in the Southern

California Bight (SCB). The SCB is home to productive marine ecosystems and is
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characterized by complex circulation of local currents. The northern end of the SCB is at
Point Conception (~34.4°N), where the North American coastline turns almost 90°
westward and then begins curving southwards (Figure 3.1). The SCB ends 236 km south of
the Mexican-American border, in Baja California (~32°N). The eastern boundary current of
the North Pacific Gyre, the California Current, flows southward from Point Conception and
dominates the western portion of the SCB (Hickey, 1979). This current begins in the
subarctic region west of Washington state and is relatively low in temperature and salinity.
Closer to the coast, there is the poleward flowing Southern California Countercurrent that
brings warmer, nutrient-depleted waters from Baja California. These two currents create a
domain scale gyre that can be subdivided into 3 cyclonic eddies (Dong et al,, 2009). These
eddies can transport warmer, nutrient-poor water east from the North Pacific Gyre to the
SCB (Dong et al., 2009). The Southern California Countercurrent dissipates in the spring
when wind-driven upwelling creates a westward flow that brings colder, nutrient-rich
waters to the surface and stimulates phytoplankton growth (Bray et al, 1999). However,
the upwelling in this region is generally weaker than at other points along the Eastern
North Pacific (Hickey, 1992). The proportions these different water masses present in the
SCB at a given time vary based on the prevailing winds (Hickey et al., 2003).

The main subsurface flow in the SCB is the California Undercurrent. This current is
formed in the Eastern Equatorial Pacific and is characterized by warm, salty, nutrient-
replete, and low-oxygen water (Hickey, 1979). Its core generally resides from 200-300 m
depth and rises to 100 m during the spring upwelling (Dong et al,, 2009; Brogard et al,,
2019). CFC-ages between 200-300 m in the SCB indicate that the California Undercurrent’s

ventilation age is around 50-125 years (Jeanson et al, 2021, Figure B.1). DIC A14C values
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from this depth in the SCB have been observed to be 40-90%o lower than surface DIC
values (Figures S2a and S2b) (Key et al,, 2015, Olsen et al,, 2016). This offset cannot be
translated directly into a radiocarbon age due to the presence of bomb radiocarbon.
Upwelling results in surface DIC in the SCB with A14C values that are 50%o lower than those
of surface DIC from the North Pacific Gyre (Figures S3a and S3b) (Key et al, 2015, Olsen et
al,, 2016). As expected, 813C values of DIC are lower within the California Undercurrent
than those in the surface waters of the SCB (Figure B.2c) (Key et al,, 2015, Olsen et al,,
2016). However, the surface DIC d13C values in the SCB are higher than those in the North
Pacific Gyre, suggesting that upwelling is not the primary driver of d13C values in the SCB

(Figure B.3c) (Key et al, 2015, Olsen et al,, 2016).
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Figure 3.1: Google Earth image of the Southern California Bight. Arrows show surface
currents as described in Hickey (1992). Google, Data LDEO-Columbia, NSF, NOAA, Landsat
/ Copernicus Data SIO, NOAA, U.S. Navy, NGA, Gebco Data MBARI

47



During the past decade, the SCB has had unusually warm temperatures and low
rainfall (Frankson etal,, 2022).1In 2012, the region entered a drought, due to the formation
of a persistent ridge of high atmospheric pressure over the Northeast Pacific (Seager et al,
2015). Sea surface temperatures (SST) also abruptly rose due to ocean heat waves between
2013-2015 and 2018-2020 (Bond et al,, 2015, Weber et al, 2021). Due to anthropogenic
climate change, the region is expected to continue to warm and to oscillate between
extreme dry and extreme wet periods (Berg and Hall, 2015). The distinct water masses that
contribute to the SCB and the region’s sensitivity to climate change make it valuable for
understanding both the natural variability of DIC carbon isotope s and the human impact on
them.

Hinger et al. (2010) and Santos et al. (2011) reported DIC A14C and 813C
measurements of seawater from the Newport Beach Pier in the Southern California Bight
between 2004-2010. Here, we present a continuation of this time series that contains
monthly records from the Newport Beach Pier between 2011-2022. Combined, the nearly
two decades of data reflect the natural variability of DIC, the response of DIC to a changing

climate, and the effect of fossil fuel CO2 emissions on the carbon isotopes in DIC.

3.3 Methods
3.3.1. Sample collection

Sampling was performed monthly at the Newport Beach Pier in Orange County,
California (33°36’21”N, 117°55’52”W). Sampling has been conducted since August 2004,

with varying gaps in 2009, 2016, 2018, and 2020.
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Glass bottles (0.25 L media bottles) were acidified in 10% HCI for two hours, rinsed
with Milli-Q water, baked at 540°C for two hours, and then stored in plastic bags. Sea water
was collected via a surface cast of a plastic bucket on a nylon line. The bucket was fitted
with a spigot and Teflon tubing that was used to fill the sample bottles. Sample bottles were
rinsed three times with sea water and then filled and overflowed for one volume. Samples
were poisoned with two drops of saturated mercuric chlorid e solution and inverted several

times after closure. Duplicates were collected for each sampling.

3.3.2 DIC extraction

The DIC extraction for 1#C samples was performed according to the procedure
described by Gao et al. (2014). Briefly, ~45mL of seawater was subsampled into a 60 mL
vial fitted with a Teflon and a Viton septa inside a He-filled glove box. The samples were
then acidified with 0.5 mL 85% H3PO4 administered using a Hamilton glass syringe with a
Sub-Q 26G5/8-gauge needle. The sample vials were then heated on a heatblock at 75 °C for
two hours to convertall DIC to gaseous COz. The CO2 from the headspace of the sample vial
was extracted by a 60 mL syringe with a one-way stopcock. The CO2 was then loaded onto a
vacuum line through a septum for cryogenic purification. Samples were converted to
graphite using the sealed tube zinc reduction method over iron catalyst as described by Xu
etal. (2007).

The DIC extraction for 13C samples was performed according to a modified
procedure described by Torres et al. (2005). One mL of seawater was subsampled into a
Labco exetainer vial fitted with a Labco septa in a He gas-filled glove box. The samples were

then acidified with 50puL of 85% H3P0O4 administered with a BD Falcon 1mL syringe with a
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26G5/8-gauge needle. Samples were allowed to equilibrate at room temperature for 12

hours to prevent 13C fractionation of the CO-.

3.3.3 Isotope analyses

The 14C analyses of the graphite samples were performed at the Keck Carbon Cycle
Accelerator Mass Spectrometry (KCCAMS) Laboratory at the University of California, Irvine
(Beverly et al, 2010). Processed standards and blank were performed by dissolving
modern coral standard (CSTD), IAEA-C2 and radiocarbon-dead calcite in separate aliquots
of previously acidified and stripped sea water using the 13C DIC extraction described above.
The results from the calcites were used to correct for sample preparation backgrounds
added during DIC extraction and graphitization of samples (Gao et al, 2014). Radiocarbon
results are reported as A14C corrected for collection date (Stuiver and Polach, 1977).
Uncertainty of A14C was estimated as +2.6%o (*+10, 31 data points) using the pooled,
standard deviation of replicate measurements (McNaught and Wilkinson 1997).

The 13C analysis was performed at UCI using a Gas Bench II coupled with a Thermo
Scientific Delta Plus XL isotope ratio mass spectrometer. CO2 from the sample preparation
vials was directly transferred into the Gas Bench via an auto-sampler. DIC concentration
was determined with the same IRMS, using a calibration curve derived from calcite
standards with various weights. The pooled standard deviation of repeat measurements of
813C was estimated as #0.05%o (*10, 14 data points). However, due to uncertainties in the
d13C values of the standards, we reportan uncertainty of 0.1 %o for 813C values. Uncertainty
of the concentrations was +0.01 mM C based on the pooled standard deviation of repeat

measurements (*10, 14 data points).
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3.3.4 Sea surface characteristics

Sea surface temperature (SST) and salinity data were obtained from the Scripps
Shore Stations program (Carter et al, 2022). Newport Beach lifeguards collected
temperatures and water samples daily and sent the samples to Scripps for analysis. The
water samples were analyzed for salinity at Scripps Institution of Oceanography
(https://sccoos.org/autoss). The Coastal Upwelling Transport Index (CUTI), from NOAA
Pacific Fisheries Environmental Laboratory, was used to determine wind -driven upwelling
rates at the site (https://oceanview.pfeg.noaa.gov/products/upwelling). CUTI uses satellite
and in situ wind measurements to estimate the vertical transport of water (Jacox et al,,
2018). Our site is very close to the boundary between the 33°N and 34°N CUTI grid boxes.

We selected the 33°N box to remain consistent with prior studies (Santos et al., 2011).

3.4 Results
3.4.1 DIC concentration and isotopes

The DIC A14C, 513C values and DIC concentrations are shown in Table 3.1 and Figures
2a-c. The DIC A4C values ranged from 22.1%o in March 2012 to -8.4%o in April 2022
(Figure 3.2a). The DIC 613C values ranged from 2.14%o in April 2014 to -0.3%o in October

2015 (Figure 3.2b). Concentrations varied from 2.04 + 0.01 mM C in October 2020 to 2.68
mM C in August 2013 and the average concentration was 2.29mM C (n=89) (Figure 3.2c).

The samples collected did not coincide with any major precipitation or runoff events.
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3.4.2 Oceanographic Conditions in the Surface Waters

The 15-day moving average of CUTI ranged from 1.5 m?2/s to -0.2 m?/s (Figure 3.2d).
Upwelling was typically elevated in the spring and summer months and lowered during the
winter months. SST ranged from 10.0°C in the winter to 25.2 °C in the summer (Figure
3.2e). Lows in SST during the summers of 2010 and 2017 are likely due to enhanced
upwelling or intrusion of the colder California Current water towards the coast. SST
increased markedly in 2014 and remained elevated throughout 2020. Surface salinities
ranged from 23.39 practical salinity units (PSU) to 34.87 PSU throughout the 2011-2022
period (Figure 3.2f). Salinity was lowest and most variable during the winter months and

highest during the summer and early fall.
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Table 3.1. A14C values, 813C values, and concentrations of surface DIC samples

Date Collected UCI AMS# A4C (%o) +1 S13C (%0)2 Concentration (mM C)3
1/10/11 136164 8.3 2.3

1/10/11 136161 10.6 2.5 0.67 2.34
2/13/11 99410 15.5 1.9

2/13/11 99411 19.6 1.9

4/12/11 129994 17.5 2.6

4/12/11 129995 14.4 2.6

5/12/11 99412 17.1 1.8

5/12/11 99413 15.8 2.0

6/13/11 99414 15.1 1.8

6/13/11 99415 16.0 2.1

7/13/11 99416 15.9 1.8

7/13/11 99417 16.9 1.8

8/11/11 99418 16.5 1.9

8/11/11 99419 16.5 2.2

9/13/11 136165 15.9 2.5

9/13/11 99420 13.7 1.9 1.49 2.22
9/13/11 99421 16.3 2.0

10/15/11 133972 10.1 1.9

11/15/11 128696 11.8 1.9 1.41 2.21
11/15/11 128697 11.6 1.9

11/15/11 128698 10.5 1.8

11/15/11 128699 7.2 2.0

11/15/11 136158 14.3 2.4

12/14/11 129997 15.3 2.6

12/14/11 129998 15.3 2.6

12/14/11 129999 16.4 2.9

1/12/12 130003 15.3 2.6

1/12/12 130004 11.4 2.6

1/12/12 130005 14.3 2.6

1/12/12 130006 17.4 2.7

3/15/12 136160 22.1 2.6

4/12/12 129996 20.9 2.6

4/12/12 130001 12.6 2.7 0.49 2.35
5/17/12 136166 15.4 2.4 1.04 2.35

53



6/14/12
7/23/12
8/17/12
8/17/12
9/19/12
11/14/12
1/10/13
2/7/13
2/7/13
3/12/13
4/18/13
4/18/13
5/9/13
6/6/13
7/6/13
7/6/13
8/2/13
8/27/13
10/9/13
11/4/13
12/4/13
1/9/14
1/9/14
2/10/14
3/13/14
4/7/14
5/8/14
6/3/14
7/7/14
8/4/14
9/16/14
10/7/14
11/25/14
1/9/15
2/6/15
3/23/15

136159
136167
136168

136169
136167
136643
136654
136655
136151
136152
136161
136153
136644
136645
136646
136647
136648
136649
136650
136651
136652
136656
164582
164583
164584
164585
164586
164587
164588
164589
164590
164591
164592
164593
164594

16.7
16.8
15.5

17.7
18.8
12.6
16.0
9.5

19.4
9.2

10.6
17.1
13.0
14.8
14.2
4.4

15.5
22.0
14.7
12.3
11.1
9.2

12.2
12.4
12.2
10.3
12.4
10.3
9.2

7.6

10.1
10.1
9.2

10.3
10.1
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2.4
2.4
2.4

2.6
2.4
3.3
2.7
2.7
2.4
2.7
2.5
2.8
2.7
2.7
2.7
3.0
2.7
2.7
2.7
2.7
2.7
2.7
2.9
2.7
2.6
2.5
2.6
2.6
2.8
2.6
2.7
2.6
2.6
2.7
2.8

1.49
1.63
1.44
1.51
1.62
1.06
1.22

0.91

0.67
1.37

1.28
1.61
1.71

1.14

1.18
1.47
2.14
1.19
1.40
1.73
1.50
1.53
1.50
1.39
1.32
1.14

2.26
2.22
2.23
2.27
2.29
2.28
2.29

2.28

2.34
2.26

2.68
2.26
2.21

2.26

2.27
2.22
2.17
2.28
2.25
2.24
2.26
2.26
2.24
2.24
2.26
2.24



4/29/15
5/27/15
5/27/15
6/17/15
7/24/15
8/28/15
9/22/15
10/30/15
11/30/15
12/18/15
1/29/16
1/29/16
3/28/16
3/28/16
3/28/16
3/28/16
4/29/16
4/29/16
5/27/16
5/27/16
6/24/16
7/28/16
9/1/16
4/20/17
4/20/17
6/1/17
6/1/17
7/18/17
8/23/17
10/31/17
12/5/17
10/18/18
11/21/18
11/21/18
12/20/18
12/20/18

164595
164596

164597
191748
191743
191749
191744
191745
191746
191747
262143
171954
227518
229231
262144
191755
262145
191758
265836
191759
191763
191764
262147
262148
262151
262152
262153
262154
262155
262156
262158
227508

262158
265837

10.2
5.2

10.0
5.2
5.2
8.6
6.7
11.1
5.6
7.1
3.2
2.3
-2.9
-3.9
3.2
4.7
4.5
-1.1
5.3
1.8
-4.1
-1.4
9.5
12.7
1.7
2.7
6.3
6.6
3.1
7.8
8.6
7.2

4.0
7.6
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2.8
2.6

2.7
1.5
1.5
1.6
1.6
1.6
2.0
1.5
1.6
1.6
2.6
2.4
1.6
1.6
1.9
1.4
1.9
1.4
1.6
1.6
1.6
1.7
1.6
1.6
1.8
1.7
1.6
1.6
1.6
2.7

1.6
1.7

1.38
1.33
1.26
1.44
1.38
1.63
1.41
-0.30
1.45
1.33

1.05

1.15

1.11

1.21

1.34
1.15

1.25
1.33
1.30
1.44

2.12
1.56
1.43
1.02
1.14
1.08
1.11

0.87

2.22
2.33
2.3

2.24
2.26
2.29
2.22
2.32
2.23
2.30

2.39

2.39

2.37

2.38

1.99
2.29

2.23
2.34
2.33
2.35

2.27
2.34
2.33
2.35
2.29
2.26
2.24

2.33



1/24/19
1/24/19
3/19/19
4/18/19
6/26/19
8/28/19
8/28/19
8/28/19
8/28/19
8/28/19
9/29/19
9/29/19
10/29/19
11/19/19
11/19/19
11/19/19
1/20/20
2/27/20
6/16/20
6/16/20
7/30/20
8/24/20
9/18/20
9/18/20
10/20,/20
3/11/21
3/11/21
3/11/21
4/20/21
4/20/21
5/14/21
6/25/21
8/17/21
9/30/21
9/30/21
9/30/21

262160
262161
262163
262164
262166
229270
227505
227506
227509
262169
262170
262584
227510
229233
229234
262171
262172
262173
262174
262175
262176
262177
262178
162585
262179
262180
265842
265843
262181
262182
262183
262184
262185
262186

262586

8.0
2.2
3.9
3.0
2.5
4.0
5.4
8.8
5.3
-4.6
5.7
7.0
5.3
6.2
1.6
1.5
-2.7
2.4
2.0
3.3
-5.5
-7.2
-8.0
-2.6
1.6
-6.3
-0.3
-2.0
-2.3
1.2
-0.3
-5.3
-5.4
-7.1
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1.8
1.6
2.3
2.2
1.8
2.3
2.6
2.6
2.8
1.8
1.8
2.3
2.6
2.3
2.2
1.9
2.0
1.9
1.7
1.7
1.7
1.8
2.0
1.6
1.7
2.1
1.8
1.8
1.7
2.3
2.2
1.7
1.7
1.4

1.6

0.98
1.14
1.09
1.03

2.09

1.43

1.10
0.93
0.93
1.34
1.50
1.10
1.80
1.72
1.66
1.52
0.61

1.05
1.04
1.08
1.39
1.61
1.34
1.40

2.32
2.30
2.29
2.31

2.23

2.28

2.25
2.42
2.30
2.59
2.27
2.62
2.25
2.31
2.26
2.04
2.67

2.29
2.36
2.67
2.26
2.22
2.26
2.26



10/7/21
10/15/21
10/28/21
12/21/21
12/21/21
1/19/22
2/18/22
3/17/22
4/13/22
4/13/22
5/16/22

1Listed values represent AMS error. Pooled standard deviation of replicates is 2.6 %o
2Pooled standard deviation of replicates is 1%o
3Pooled standard deviation of replicates is 0.01 mM C.

262187
262188
262189
262190
265844
262587
262588
262191
262141
262582
265845

-5.6
-5.8
-4.7
-12.6
-4.0
-4.8
-4.8
-5.7
-8.4
-3.0
-4.7
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1.6
1.6
1.7
1.7
1.8
1.6
1.6
1.5
1.9
1.8
1.7

1.39
1.12
1.69
1.07

1.23
1.17
0.89
1.19
1.04
1.24

2.24
2.25
2.17
2.26

2.23
2.23
2.25
2.24
2.30
2.19
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Figure 3.2: Time series of a) A14C values, b) 613C values, and c) concentration of surface
DIC, d) the 15-day moving average of CUTI, e) sea surface temperature, and f) surface
salinity of water samples. Error bars from this work represent the pooled standard
deviations of repeated analyses of samples. Error bars for DIC concentration are smaller
than the sizes of the symbols. Samples with salinity < 32 PSU are not shown. Dashed lines
indicate the different sources of data. The red box on the upwelling axis indicates the
period of abnormal upwelling discussed in section 4.3.
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3.5 Discussion

We present the discussion in three parts. First, we discuss the possible reasons for
the decline of the DIC A14C and 613C values over the past two decades. Second, we discuss
the seasonal trends in the DIC A14C and 613C values and the driving factors behind these

trends. Third, we discuss how major climate events between 2011-2022 may have affected

the DIC A™4C and 813C values and their trends.

3.5.1 Decline of DIC A14C and §13C values

The long-term trends in A14C and 613C values were evaluated by performing model 2
geometric regressions of the average annual isotopic values versus the number of years
since measurements began in 2004. The regressions were performed using the python
package Scipy (Virtanen et al, 2020). These analyses included years with sampling gaps
because omission of these years did not change the slope coefficients of the trendlines by

more than one standard error.
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Figure 3.3: Annual average of a) A1*C and b) 13C values of DIC samples from Newport
Beach Pier. Dashed lines show model 2 geometric regressions. Error bars represent
standard deviation of analyzed samples from that year.

Annual average DIC A14C values decreased linearly from 35%o in 2004 to -6%o in
2022 (R?=0.96, p<<0.001) (Figure 3.3a). This is consistent with atmospheric CO2
observations from La Jolla, California, (32.92N, 117.32W), also in the SCB, where
atmospheric CO2 A14C decreased from 60%o to -5%o0 over this same time period (Graven et
al, 2022). This indicates that air-sea CO2 exchange is a significant factor in the long-term
trend of surface DIC A4C. Prior to anthropogenic influence, surface DIC A14C values were
lower than those of atmospheric CO2 due to mixing of surface water with aged water
masses and the slow equilibration time (~10 years) of atmospheric and dissolved 14CO:
(Broecker and Peng, 1982). This mixing with aged subsurface waters means that the
surface DIC A14C has a lagged and dampened response to the anthropogenic disturbances

in atmospheric CO2 A4C. In recent years, these two reservoirs have converged. In 2000,
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annual coral bands in the North Pacific Gyre had A14C values that were higher than
atmospheric CO2 values (86%o) (Andrews et al. 2016), and higher surface water DIC A14C
than maritime air in 2014 from the South China Sea was reported by Gao et al. (2018). Our
coastal site has lower DIC A14C values than surface gyre water due to the local upwelling. As
of 2020, DIC A14C values at Newport Beach pier and atmospheric 1#CO2 values are both
below 0%o0 and within experimental error of one another (Graven et al,, 202 2). The future
relationship of DIC and CO2 A14C values at this site is highly dependent on the magnitude of
fossil fuel CO2 emissions in the coming years. Thus, continued monitoring of this site will be
invaluable for understanding the magnitude of the ocean carbon sink and the efficacy of
our efforts to mitigate climate change.

Annual average DIC 613C values decreased from 1.6%o in 2004 to 1.2%o in 2022
(R2=0.50, p=0.001) (Figure 3.3b). This trend is consistent with decreasing 513C of
atmospheric COz (Quay et al.,, 2017) and in the North Pacific Gyre (Brooks, 2020). This is
likely a further demonstration of the 313C Suess effect as fossil fuel CO2 emissions continue.
It should be noted that the annual variability of 613C (0.7%o) is greater than the total
decline observed during this 18-year period (0.4%o). This suggests the possibility that
strong seasonality or significant changes in local carbon cycling could mask th e Suess effect

on DIC 813C in small data sets.

3.5.2 Seasonality of DIC A14C and 613C values

Seasonality was evaluated by comparing the average monthly A14C and 813C values
for the entire data set. As the change in A1#C from 2004-2022 was found to be larger than

the annual variation during this time, the A14C values were detrended assuming a linear

61



trend using Scipy (Virtanen et al,, 2020). The annual variation in 813C values was larger
than the change in annual averages from 2004-2022, so detrending was not performed.
Each year was given equal weight when determining monthly averages to account for some
years with multiple samples in a single month. Samples on days with salinity <32 PSU were
omitted from this analysis. This was done to remove the effect of precipitation events,
because changes from these events are highly variable and short-lived (Hinger et al,, 2010).
These analyses were performed separately for data from Hinger et al. (2010) and Santos et
al. (2011) (Figures 3.4a and 3.4c) and for the data from this study (Figures 3.4b and 3.4d).
Between 2004-2010 (Figure 3.4a), detrended A14C values are elevated throughout
the winter and early spring, followed by a sharp drop in May and gradual rise in the
summer and autumn. Hinger at al. (2010) attributed the elevated A14C values in the winter
to an increase in the number and clustering of small eddies during the winter months. They
hypothesized that these eddies transported North Pacific gyre water with higher A14C
values to our site. After 2011, the elevated winter values are not present (Figure 3.4b). We
hypothesize that this could have occurred for two reasons. First, there was less transport of
gyre water to our site. During our study period, an atmospheric ridge of persistent high -
pressure was formed over the Northeast Pacific (Seager et al,, 2015). This ridge drastically
reduced the magnitude of the winter winds that possibly could have reduced the eddy
strength during this time (Seager et al,, 2015). Second, the DIC A14C values of the Gyre
waters have also decreased during this period (Figure B.3, Appendix B) (Key et al, 2015,
Olsen et al., 2016). As the A14C values of the surface and upwelled waters converge, this

may reduce the strength of the seasonal cycle.
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Figure 3.4: Monthly average of a) and b) A14C and c) and d) 13C values of DIC samples
from Newport Beach Pier from the a) and c) prior timeseries and this workb) and d). Error
bars represent standard error of the mean for samples available from each month. Samples
from 2004-2010 are from Hinger etal. (2010) and Santos et al. (2011). Samples from 2011-
2022 are from this work.

The detrended DIC A14C values from this study period (Figure 3.4b) display
semiannual seasonality with small peaks in March and November and troughs in January
and September. The DIC A14C values vary by 3.4%o during these cycles, which is less than 2
times the largest standard error in March (2.1%o). The lower DIC A14C values in winter and
summer are likely indicative of mixing between surface water and deeper, older water
masses. Upwelling is at its maximum during the late spring, and we observe a decrease in
DIC A14C values during this time. Upwelling is stronger further North in the California

Current, and transport of these upwelled waters to the SCB may have continued to keep the

A14C values lower during the months after the upwelling maximum (Hickey, 1992). The
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low A14C values during the winter, when upwelling is weak, could be due to deepening of
the mixed layer depth that allows for advection of the deeper, aged water to the surface.
The peaks in spring and autumn likely then reflect an increase in the contribution of water
from the North Pacific Gyre, which have higher A14C values (Andrews et al,, 2016). This

trend overall suggests a steady composition of source waters at our site.

Average seasonal 513C values are strongly seasonal with a minimum during late
winter and a maximum during late summer (Figures 3.4c and 3.4d). The seasonality of the
two study periods is largely the same, except that, on average, the 513C values were 0.2%o
lower during 2011-2022 than in 2004-2010. The summer maximum suggests that mixing
of surface and upwelled water is not the primary control of 513C. Deep water DIC typically
has lowered 3813C due to the remineralization of particulate and dissolved organic matter
(Kroopnick 1985). If mixing with upwelled water was the main driver of DIC 813C
variability, then we would expect to see decreases in 513C values during the summer
months, as we do with A14C values. Instead, we find a pattern similar to atmospheric 813C
CO2 values. Atmospheric fluctuations in $13C CO2 values are due to fractionation during
terrestrial photosynthesis, which preferentially removes 12C atoms. We hypothesize that
the surface DIC 613C at our site fluctuates due to a similar mechanism. As nutrient-rich
waters from spring and summer upwelling stimulate primary productivity, the
phytoplankton and kelp take up DIC with lower 613C values and thereby increase the 313C
of DIC remaining in the water.

The average increase in 5613C between March and August is 0.7%o (Figure 3.4d).

Assuming a concentration of DIC in March of 2.25 mM C (Figure 3.2c), a DIC 813C of 1.0%o,
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and a 813C of phytoplankton of -21.0%o, we calculated that 3% (0.07 mM C) of the DIC
would need to be fixed by the phytoplankton to produce this increase. Particulate organic
carbon concentrations at this site vary seasonally by about 0.03 mM C (Fagan et al, 2019).
Assuming a dissolved organic carbon production of a similar magnitude, which is typical in
marine settings (Carlson et al,, 1998), this suggests that there is sufficient biological
fractionation to account for the seasonal variation of DIC 813C. This seasonality may be a
coastal phenomenon because coasts typically have much higher phytoplankton

concentrations than the rest of the ocean (Antione etal., 1996).

3.5.3 Major upwelling event reflected in DIC A14C and §13C

During the late winter and spring of 2016, we observe an increase in DIC
concentration and salinity and decreases in the A14C and SST (Figures 3.2a, 3.2c, 3.2e, 3.2f).
These features are all consistent with a period of strong upwelling. The CUTI index does
show strong fall and winter upwelling during this time period (Figure 3.2d). This has been
attributed to the abrupt end of the 2015-2016 El Nifio, which resulted in strong upwelling
winds (Frischknecht et al,, 2017). This unseasonal upwelling created a large positive
nutrient anomaly in the region, which stimulated higher than normal phytoplankton
growth during the winter and early spring. This reduced the amount of nutrients available
during the 2016 summer and consequently reduced the phytoplankton abundance during
that summer (Frischknecht et al,, 2017). During the summer of 2016, the DIC 813C values
are lower than other summers (Figure 3.2d). This is consistent with the hypothesis that

primary productivity is the dominant control of 813C in this region.
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3.6 Conclusion

This work provides an extended timeseries of surface DIC 313C and A4C from the
Newport Beach pier for two decades. This series demonstrates the seasonality due to
changes in ocean circulation and the continued dilution of these isotopes due to CO2 from
fossil fuel sources. DIC 13C values decreased by 0.03%o per year with a total decrease of
0.4%o0 from 2004 to 2020. DIC A14C values decreased by 2%o per year with a total decrease
of 42%o from 2004 to 2020. Between 2004 and 2010, seasonal monthly average A 14C
values varied by 11%o and between 2011 and 2022, monthly average A14C values varied by
3.4%o0. The A14C variability was likely driven by vertical mixing bringing 14C-depleted
waters to the surface and offshore eddies bringing 14C-enriched waters from the gyres to
the coastline. Monthly averaged 613C values vary by 0.7%su, likely driven by marine primary
productivity, similar to atmospheric CO2. The seasonal signal in A14C is smaller during
2011-2022 than during 2004-2010, but the signal does still correspond to seasonal
upwelling, including a major upwelling eventin 2016. As 513C and A14C of both atmospheric
CO2 and surface DIC continue to decline, their relative values may provide vital insight to
the rate and magnitude of the fossil fuel CO2 sink in the ocean, as well as climatic shifts that

affect ocean circulation.
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Chapter 4. CarbonIsotopes Show a Consistent Composition of Particulate
Organic Carbon from Mouth of Santa Clara River Across Precipitation

Extremes

4.1 Abstract

Small mountains rivers transport large quantities of sediment and organic carbon
(OC) relative to their total water discharge to coastal oceans, and the majority of the
discharge occurs during short-lived precipitation events. The Santa Clara River, the largest
and least developed river in Southern California, is a small mountainous river with a
geologically diverse watershed. While OC export from this river has been studied before,
the effect of drought conditions on the magnitude and composition on OC export has not
been quantified. We collected particulate organic carbon (POC) from the river and
riverbank sediment from the estuary during the 2021-2022 rainy season and measured
their OC content and C isotopes to determine the magnitude and the composition of OC
exported by the river. We found that similar to previous studies, the POC contained
significant portion of petrogenic OC. Riverbank sediment displayed highly variable OC
compositions that depended on the sediment type and whether sampling occurred during a
precipitation event. The drought conditions of 2021-2022 resulted in ~3000 times less POC
exported than during the El Nifio year 1997-1998 (Masiello and Druffel, 2001). However,
the exported POC had a flow-weighted average composition of ~40% petrogenic OC and
~60% modern plant OC in both years. This suggests that the composition of POC exported

in small mountainous rivers may be somewhat resilient to changes in river discharge.
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4.2 Introduction

Rivers are the main system that transports terrestrial organic carbon (OC) to most
coastal waters. Small mountainous rivers, characterized by steep catchments and storm
driven outflow, cover about 14% of the ocean-draining land surface, yet are responsible for
over 40% of the total sediment input from rivers to the ocean (Milliman and Syvitski,
1991). These large, concentrated pulses of sediment and OC result in high burial efficiency
of OC in the near-shore sediments (Blair et al, 2004). A growing body of evidence suggests
that transport and burial of terrestrial OC by small mountainous rivers is a pathway for the
drawdown of atmospheric CO2 (Hilton and West, 2020). The precipitation dependence of
OC export in these rivers suggests that this export will be sensitive to disruptions in local
climate. As regions undergo natural and anthropogenic climatic shifts, we need to monitor
the change in magnitude and composition of exported riverine OC to determine the
significance of this feedback.

The Santa Clara River (SCR) is a typical small mountainous river located in Southern
California and is the largest and least dammed river within that region (Biroski, 2006). It
flows into the Santa Barbara Basin, located in the northern section of the Southern
California Bight. Sediment cores from the Santa Barbara Basin contain terrestrial OC from
major flood events (Hwang et al, 2005, Sarno et al, 2020). Particulate OC (POC) from the
SCR has been examined in prior decades during El Nifio events (Masiello and Druffel 2001;
Komada et al,, 2004). These studies showed that significant quantities of both modern POC
and petrogenic POC were exported during the winter rainy season. Since these prior

occupations, Southern California has experienced severe drought (Frankson et al,, 2022).
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How this drought has affected the quantity and composition of OC exported by the river has
not been directly studied.

The SCR catchment is in the Western Transverse Ranges in Southern California. This
region contains young, active faults and marine terraces that have been formed over the last
140,000 years (Dibblee and Ehrenspeck, 1992; DeVecchio et al,, 2012a). The watershed
includes the Monterey Shale formation, which has significant quantities of marine biogenic
shale (Dibblee and Ehrenspeck, 1992; Komada et al., 2004). This formation contains both
mineral-bound kerogen and oil seeps that release significant quantities of petroleum to the
SCR and its tributaries (Komada et al,, 2004; Aronson et al,, 2022). These petrogenic
sources of OC comprise a substantial portion of the OC exported by the SCR (Masiello and
Druffel 2001; Komada et al., 2004). Unlike most rivers in Southern California, the SCR has
not been channelized and much of the surrounding land remains undeveloped with
plentiful native vegetation (Biroski, 2006). However, there are several wastewater
treatment plants that discharge secondary and tertiary treated water into the SCR (Biroski,
2006). This treated wastewater is a significant portion of the river discharge during the dry
season (Biroski, 2006). The size of the SCR Estuary has, however, been reduced by the
construction of levees and the vast majority of the river flow is directed to the nature
preserve at McGrath State Beach (Biroski, 2006). For most of the year,; the estuary is
separated from the ocean by a sand berm. This berm is eroded during storms and allows for
rapid draining of the estuary into the Pacific Ocean. The variability of potential organic
carbon sources and river discharge means that intensive sampling is required to capture

the full picture of OC exported by the SCR.
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Carbon isotopes (13C and 14C) are valuable tools for determining the composition of
environmental OC samples. The A14C and 613C values of a heterogenous sample represents
the weighted average of the isotope values of its endmembers. If the A14C and 613C values of
the endmembers are known, then the relative abundance of each endmember can be
estimated. Stable carbon isotope values (613C) are representative of the photosynthetic
pathway of the OC; values for C3, C4, CAM and marine pathways are -23%o to -28%o, -12%o0
to -16%o, -11%o0 to -13%o, and -18%o to -23%o, respectively (Sternberg et al, 1984; Mook,
1986). Petrogenic OC is derived from either C3 or marine sources and has similar §13C
values (-22%o to -27%0) (Reed and Kaplan, 1977). Radiocarbon values (A14C) of living
organisms reflect the radiocarbon content of the CO2 used for photosynthesis. Above
ground nuclear weapons testing nearly doubled the A14C values of atmospheric CO2 in the
1960s but since that time, the A14C values of atmospheric CO2 have declined due to the
mixing of bomb-generated 14C into the biosphere and the ocean, as well as the emission of
14C-free fossil fuel derived CO2 (Hua et al,, 2013). Thus, a present-day living plant has a
significantly lower A14C value than a plant growing thirty years ago. After an organism dies,
its radiocarbon content will decrease due to radioactive decay. C sources older than
~60,000 years, such as shale deposits, have no measurable 14C. Together, 14C and 13C can be
used to identify at least three isotopically distinct endmembers in a sample. This tool is well
suited to the SCR given the diversity of the OC sources in the watershed.

In this study, we conducted a field campaign during the 2021-2022 rainy season of a
drought to collect and measure the concentration and carbon isotopes of POC and
sedimentary OC at the SCR Estuary. The goals of this study were to 1) determine the

magnitude and composition of exported OC change during a low precipitation year, 2)
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determine the composition of the OC stored in the estuarine sediments, and 3) analyze how
these results compare to those from prior studies conducted under wetter conditions at
this site. Together these results help to constrain the variability of this system across

precipitation extremes.

4.3 Research Site and Methods
4.3.1 Sample site description

The SCR, located in Southern California, is a small mountainous river with a
watershed area of 4232 km? (Birosik, 2006) (Figure 4.1a). The river is in Ventura and Los
Angeles Counties and is the largest undeveloped river in Southern California, as only 37%
of the basin is controlled by dams (Brownlie and Taylor, 1981). Rainfall events occur in the
winter, resulting in high streamflow during December to March, and dry periods during the
rest of the year (Ventura County Public Works; Birosik, 2006).

Sediment and particulate samples were collected from the SCR after high flow
periods from three precipitation events (12-17-2021, 1-5-2022, 3-29-2022) and three low
flow dry periods (3-5-2022, 4-22-2022, 6-20-2022). Due to flooding, sediment was

collected only once on 1-5-2022 at site Silt 1.
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Figure 4.1: a) Map of the SCR watershed. The star indicates the sampling site. (After
Komada et al,, 2004). b) Collection sites of particulate matter and sediment samples.
Sedmiment samples were collected at Sand 1, Sand 2, Silt 1, and Silt 2, and particulate
matter samples were collected near Silt 2 from the SCR Bridge. Satellite image from Google
Earth. Imagery ©2023 Airbus, CNES / Airbus, Data CSUMB SFML, CA OPC, Maxar
Technologies, U.S. Geological Survey, USDA/FPAC/GEO, Map data ©2023

4.3.2 Particulate matter collection and sample processing

All glass sampling equipment was soaked in 10% HCI for at least two hours, rinsed

with Milli-Q water, and baked at 540°C for two hours prior to use. Metal sampling

75



equipment was baked at 540°C for two hours prior to use. Bottle and jar lids were lined
with Teflon tape that had been cleaned in Chromerge.

River water was collected by submerging a 2.5 L glass bottle hanging by a rope from
the SCR Bridge on Harbor Boulevard (POC collection site in Figure 4.1b). The samples were
stored on ice for up to 24 hours until vacuum filtered in the laboratory using pre-
combusted 2.2 um quartz fiber filters. The filters were frozen in glass petri dishes wrapped
in aluminum foil and plastic bags. For isotope analyses, filters were cut into sections using a
razor blade cleaned with methanol, transferred into quartz combustion tubes, then
acidified with 3% H3PO4 for how long and dried in vacuo.

Prior work by collaborators raised the possibility that carbonates from the POC
samples from 1997-1998 (Masiello and Druffel, 2001) might have not been fully removed
possibly (Komada et al,, 2004). To test this, a full set of duplicate 1997-1998 samples was
analyzed using a more aggressive acidification approach of HCl fumigation, as described for
the riverbank sediment samples (see section 4.3.3) (Komada et al., 2008). The samples

were then processed in the same manner as the other POC samples.

4.3.3 Riverbank sediment collection and processing

Sediment from the top 3 cm of the riverbank at sites Sand 1, Sand 2, Silt 1, and Silt 2
(Figure 4.1b) were collected in glass jars and stored in plastic bags on ice for up to 24 hours
until transported to the laboratory, and then frozen. Sub-samples were taken by first
thawing at room temperature, then weighing approximately 200 mg of wet sediment in a
petri dish before fumigation with concentrated HCI for 3 to 4 hours (Komada et al., 2008).

Samples were then either refrigerated overnight or were immediately transferred into
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quartz combustion tubes with quartz wool and dried in vacuo. Moisture content of

sediment samples was determined by drying samples at 40°C to a constant mass.

4.3.4 14C analysis

All samples were transferred to quartz combustion tubes containing cupric oxide
and silver wire and were vacuum sealed and combusted to CO2 at 850°C for 2 hours. The
CO2 was then cryogenically purified from water using dry ice/isopropyl alcohol slush, and
from other gasses using liquid nitrogen (-196°C). The extracted CO2 was converted to
graphite on iron catalyst for 14C analyses using reduction with zinc (Xu et al. 2007, Walker
and Xu 2019). 14C analyses were performed at the Keck Carbon Cycle AMS (KCCAMS)
Laboratory at the University of California, Irvine (UCI) by members of our lab group.
Uncertainty for river POC and sediment OC samples was determined by pooled standard
deviation of replicates (McNaught and Wilkinson, 1977). Uncertainty for river POC A14C
values was * 4%o and uncertainty for riverbank sediment OC A14C values was * 45%0 and

were high due to heterogeneity of the samples.

4.3.513C analysis

The COz obtained from combusted samples for 14C analysis were split on the
vacuum line after equilibrating for at least 2 minutes to avoid fractionation. The split was
analyzed for §13C using a Finnigan Delta Plus mass spectrometer at UCI. Uncertainty was
determined using pooled standard deviation of replicates (McNaught and Wilkinson,
1977). River POC samples have an uncertainty of + 0.1 %o; riverbank sediment OC samples

have an uncertainty of + 0.5 %o and were high due to heterogeneity of the samples.
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4.3.6 Blank Corrections

Blank corrections for River POC and sediment OC samples were made using the
indirect method (Santos et al 2010) with tannic acid (A14C =5 + 2 %o0; n=4) and salicylic
acid (A14C=-863 + 8%o; n=4) as secondary standards. The process blanks were determined
by processing the secondary standards in the same manner as river POC and sediment OC
samples and measuring their A14C values. We then calculated the mass and A14C of
extraneous C required to produce the difference between A14C value of the processed
standard and the consensus A14C value of the unprocessed standard. We found process
blanks of 8 + 4 pgC with A14C value of -1000%o for POC, and 4 * 2 ugC with A14C values of -

1000%; for riverbank sediment OC.

4.3.7 Stream discharge and salinity

Stream discharge data for December 2021 to June 2022 were obtained from the U.S.
Geological Survey National Water Dashboard (Miller et al,, 2022). The discharge gauges
record measurements every 15 minutes and gauges from the SCR (location 11109000) and
three of its tributaries (locations 11109800, 11113000, 11113500) were used. The sum of
the flow from the gauges are reported in Figure 4.3. Salinity of river water was determined
using a salinity refractometer (Science First NO.:611-2275) with a measurement error of

+0.1%:o.
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4.3.8 Source apportionment

To estimate the proportions of the endmembers of OC we found are most important
(terrestrial plants, marine algae, and petroleum or dead carbon e.g, shale) in the POC
samples, we used the MixSAIR Bayesian stable isotope mixing model with two isotopes
(A14C and 613C) and endmembers (Stock et al,, 2018). While 14C is not a stable isotope, its
half-life is long enough compared to the process of interest (mixing of OC during a
precipitation event) that it can be assumed there is no change in A14C due to decay. The
A14C and 813C values of the endmembers were estimated using Keeling plots of our data

(where the inverse of OC concentration is plotted against the isotopic value) (Pataki et al,,

2003).

4.4 Results
4.4.1 River physical characteristics

Stream discharge was highest after large rain events, with stream gauge
measurements of 5300 ft3/s on 12-14-2021, 4600 ft3/s on 12-24-2021, 7400 ft3/s on 12-
30-2021, 120 ft3/s on 3-05-2022, and 800 ft3/s on 3-29-2022. The salinity measurements

ranged from 0 %o to 5 %o (Table 4.1a).

4.4.2 POC filter observations
Microscopic examination of one POC filter from each sample day are shown in Figure
4.2. The filters from 12-17-2021, 1-2-2022, and 3-29-2022 contained predominantly

sediment (<0.05mm diameter) (Figure 4.2a, 4.2b, and 4.2d). The filter from 1-2-2022
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consisted of large debris pieces, such as wood, plant roots, and tar (Figure 4.2b). The filter
from 3-29-2022 also consisted of large woody debris, and a microplastic piece (Figure
4.2d). Filters from 3-5-2022 and 6-20-2022 showed varying cell shapes (Figures 4.2c and
4.2f), including a 2mm long organism on the 6-20-2022 filter. The filter from 4-22-2022

consisted of small, circular green cells (dia. 0.2 mm - 0.5 mm) (Figure 4.2¢).

1-5-2022

v

3-29-2022 4-22-2022 6-20-2022

Figure 4.2: Images of POC filters under the microscope from a) 12-17-2021, b) 1-5-2022,
c) 3-5-2022, d) 3-29-2022, e) 4-22-2022, and f) 6-20-2022. Images were magnified 10x.
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Table 4.1: Streamflow, salinity, POC sample analyses (A14C values, §13C values, percent OC,
and POC concentrations) for a) 2021-2022 and b) 1997-1998.

Date Flow | Salinity [Sediment] UCID # [POC] % 0C A14C 613C
Collected (%o) (mg/L) (mM) (wt/wt) (%o0) (%o)
12/17/21 High 0 11 23815 0.06 8.0 -190 -27.8

23816 0.06 8.0 -191 -27.8
1/2/22 High 0 285 23817 027 2.8 -519 -248
23818 0.28 3.0 -505 -249
3/5/22 High 5 190. 23819 037 5.9 -107 271
23820 048 7.6 -110 269
3/29/22 | High 2 383 23821 0.18 1.4 -301 -259
23822 0.20 1.6 -303 -25.8
4/22/22 Low 5 40. 23835 0.37 19.8 -97 -20.8
23865 036 19.2 -103 -20.7
6/20/22 Low 4 10. 23866 0.08 25.7 -100 -30.0
23867 0.10 30.8 -101 -299

Date Flow UCID # [POC] % 0C A14C 613C

Collected (mM) *(wt/wt) (%00) (%o)
11/22/97 Low 24042 14 -33.3
12/5/97 High 24043A 0.66 0.33 -130 -25.7
1/2/98 Low 24043B 7 -20.9
1/28/98 High 24044 4.74 1.15 -215 -25.3
2/14/98 High 24039 9.77 0.44 -565 -25.5
2/14/98 High 24040 10.57 0.47 -584 -25.5
2/24/98 High 24046A 15.36 0.99 -322 -24.7
2/24/98 High 24046B 13.92 0.78 -316 -24.6
3/25/98 High 24047A 13.58 091 -458 -24.3

3/25/98 High 240468 13.52 0.75 -454 -24.3

*9%0C was calculated by assuming that it would change by the same proportion that the
POC concentration changed relative to the originally published data (Masiello and Druffe],
2001).
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Table 4.2. Carbon content and isotope values of riverbank sediment samples (A14C values,
8 13C values, and OC content per dry weight) at the SCR.

Date Site Flow Jar UCID # %0C (wt/wt) A14C (Y%o) 813C (%o0)
23759 2.62 947 219
A 23760 0.79 862 220
1/5/22 | Sand1 | High 23761 055 830 223
B 23763 050 746 228
23764 053 577 224
R 23793 039 767 228
. 23794 018 660 228
3/5/22 Sand 1 High - 23795 021 58
23796 048 838
23797 068 878
A 23798 027 653
. 23829 050 896
3/29/22 Sand 1 High 53830 017 700
B 23843 011 655 225
23844 017 641 223
23823 167 222 236
sand1 | | A 23824 130 293 226
ow 23837 420 143 245
23838 146 266 228
4/22/22 23825 1.09 139 254
23826 114 160 253
Sand 2 | Low B 23839 117 240 252
23840 119 173 252
23857 0.60 170 210
sand1 | | A 23858 062 208 227
ow 23871 050 206 267
23872 058 286 263
6/20/22 23859 047 309 2038
23860 063 222 245
Sand 2| Low B 23873 039 231 253
23874 040 177 247
R 23691 115 365 261
Hioh 23693 148 427 258
1/5/22 Silt 1 '8 23694 440 136 27.6
B 23695 2.06 105 282
23696 336 110 279
R 23849 240 307 254
. High 23850 447 245 258
3/29/22 Sile 2 5 23851 1474 118 262
23852 1131 169 254
Silt 2 23855 243 206 257
4/22/22 Low | A 23856 215 213 253
R 23861 1.08 536 255
. 23862 114 682 242
6/20/22 | Sile2 | Low 5 23875 157 601 244
23876 139 658 240

82




4.4.3 POC content and isotopes

The sediment load, concentration of POC in river water, weight percent of OC, A14C
values, 6 13C values of river particulate samples are shown in Table 4.1a and Figure 4.3.
Sediment load ranged from 10 mg/L on 12-17-2021 to 383 mg/L on 1-2-2022, both during
high streamflow (Figure 4.3d). The POC concentrations ranged from 0.06 mM after the first
precipitation event of the season on 12-17-2021 to 0.38 mM during low streamflow on 3-5-
2022 (Figure 4.3c). The percent OC in the POC ranged from 1.4% and 1.6% on 3-05-2022
to 19.2% and 19.8% on 4-22-2022 (Figure 4.3e). The POC A14C values ranged from -519
%o on 1-5-2022 during high stream flow to -97 %o (n=4) on 4-22-2022 during low
streamflow (Figure 4.3a). 613C values ranged from -20.7 %o on 4-22-2022 to -30.0 %o on 6-
20-2022, both at times of low streamflow (Figure 4.3b).

The concentration of POC in river water, weight percent of OC in filtered sediment,
A14C values, 6 13C values of river particulate samples from 1997-1998 are shown in Table
4.1b. The POC concentrations ranged from 0.66 mM on 12-5-1997 to 15.36 on 2-24-2022
(Table 4.1b). The A14C values ranged from -584 %o on 2-14-1998 to 14 %o on 11-22-1997
(Table 4.1b). The 613C values ranged from -33.3 %o on 11-22-1997 to -20.9 %o on 1-2-1998

(Table 4.1b).
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Figure 4.3: Logarithmic scale of stream discharge in blue from November 2021 to June
2022 with a) A14C values, b) §13C values, c¢) sediment load, d) POC concentration, and e)
%0C all POC samples collected at the SCR Bridge. Error bars represent the standard
deviation, and most error bars are smaller than the symbols on the plot.
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4.4.4 Riverbank sediment OC content and isotopes

The A14C values, § 13C values, soil moisture content, and percent OC of riverbank
sediment samples are shown in Table 4.2 and the A14C versus §13C values of riverbank
sediment samples are shown in Figure 4.4. At Sand sites, the average A14C values ranged
from -139 %o on 4-22-2022 to -947 on 1-5-2022 (Table 4.2, Figure 4.4). At Silt sites, the
average A14C values ranged from -105 %o on 1-5-2022 to -682 %o on 6-20-2022 (Table 4.2,
Figure 4.4). Some sampling dates do not have both Sand and Silt site samples. At the Sand
sites, the §13C values ranged from -20.8 %o to -26.7 %o, both on 6-20-2022 and at the Sand
1 site from different sampling jars (Table 4.2, Figure 4.4). At the Silt sites, the average 613C
values ranged from -23.8 %o on 6-20-2022 to -28.2 %o on 1-5-2022 (Table 4.2, Figure 4.4).
The average percent OC in the sediment varied from 0.11 + 0.03 % (mg/mg dry weight) to
2.1 + 1.5 % at the Sand sites and from 0.53 + 0.05 % to 6.75 + 1.26 % at the Silt sites ( Table

4.2).
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Figure 4.4: Average A14C vs §13C values of OC from riverbank sediment samples collected
at the mouth of the SCR from sites consisting primarily of either sand (orange symbols) or
silt (blue symbols), and on days of either high (filled circles) or low (empty circles) flow.
High flow days were defined as days with stream discharge greater than 102 ft3/s.
4.5 Discussion

The objective of this study was to examine the composition of POC transported to
and retained by the SCR Estuary during a low stream flow year. Carbon isotope values of
both the POC and riverbank sediment OC span a wide range. This is indicative of multiple
isotopically distinct pools of OC present within the samples. We discuss the findings in

three parts. First, we discuss the composition of the SOC and how it shows evidence for

three distinct pools of OC. Second, we discuss the composition of the river POC and how it
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relates to the precipitation events. Third, we compare the river POC data with results from

prior years during higher stream flows.

4.5.1 Riverbank sediment OC composition

The A14C and 613C values of the SOC samples can be well characterized using three
end members (Figure 4.4). These endmembers were estimated using Keeling plots (Section
4.3.8) to be the following: recent C3 plant material (A14C = -72 * 19 %o, and 613C = -29.0 +
1.8 %o), recent marine algae (A14C=-105 * 3 %o, and 613C =-20.9 + 0.2 %o), and petrogenic
material (A14C = -956 + 138 %o, and 613C = - 22.4 + 0.3 %o). The A4C values of recent C3
and algae endmembers are lower than those of atmospheric CO2 (Graven et al,, 2022). We
hypothesize that the A14C values of the C3 endmember may also be slightly lower due to the
presence of eroded, aged soils from upstream. Additionally, algae in the SCR estuary may
have used DIC with lower A14C values for photosynthesis. This DIC may have had lower
A14C values due to remineralization of the abundant, aged organic matter in the estuary or
from fossil fuel combustion from vehicles in the nearby, busy roads. The petrogenic
endmember has a marine-like 613C value (-22%o). This is consistent with the prior

observations of shale in this watershed (Komada et al., 2004).
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Figure 4.5. Histograms showing the average fraction of each endmember in sediment.
Error bars show 1 standard error.

Table 4.3 The average fraction OC content of each end member in sediment samples.

Site Time Period C3 Plants + (s.e.) | Marine Algae + Petrogenic *
Beach Sand High Flow 0.09 0.02 0.18 0.03 0.73 0.05
Low Flow 0.42 0.07 0.42 0.07 0.16 0.01
River Silt High Flow 0.63 0.06 0.19 0.03 0.18 0.06
Low Flow 0.40 0.09 0.15 0.06 0.44 0.15

The beach sand OC during high flow periods was predominantly petrogenic material

(Figure 4.5 and Table 4.3). During the low flow periods, C3 plants and marine algae

contribute the more OC to the sediment than petrogenic OC (Figure 4.5 and Table 4.3).

During the low flow periods, the estuary is separated from the sea by a sand berm, which

allows plant and algal OC to accumulate in the estuary. Pieces of algae could be observed

with the naked eye in the sand throughout the sampling depth (3 cm). Precipitation events
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form a channel between the estuary and the sea that reduces the size of the lagoon and
increases the flow rate through the estuary. Because most of the freshly produced algae is
not present in the high-flow samples, it was likely either remineralized, buried to a depth
>3 cm, or delivered to the ocean.

During both high and low flow periods, the river silt OC appears to be
predominantly C3 plant material and has the highest OC concentrations of all the sediments
tested (Figure 4.5 and Table 4.2). During the low flow period, river silt apparently contains
lower recent C3 OC than the high flow period (Figure 4.5 and Table 4.3). This suggests that
the modern OC deposited during the rainy season may not have been retained (e.g.
remineralized, remobilized, diluted, or buried). During the dry periods with large algae
blooms, relatively little algae was observed in the silt compared to that in the beach sand.
This may have been due to increased turbulence in the water observed at this site
compared to the beach sand site when the estuary was separated from the ocean.

Overall, the carbon isotopes of sediment OC suggest mixing of three isotopically
distinct pools. Furthermore, each combination of river discharge and sediment type has a
distinct OC composition. High flow sand contains mostly petrogenic OC, low flow sand
contains mostly marine algae OC and C3 OC, high flow river silt contains mostly petrogenic
C3 0OC, and low flow river silt contains mostly C3 and petrogenic OC (Figure 4.5). Overall,

this system displays highly dynamic OC cycling on monthly timescales.

4.5.2 SCR POC composition
During high flow periods, the POC can be described as a linear mixture of petrogenic

OC and recently produced C3 plant OC (Figure 4.6). During high flow, more petrogenic



material was observed in the POC. This corresponded with higher sediment loads and
lower percent OC in the sediment (Table 4.1a and Figure 4.2). The carbon isotope values of
the POC were highly variable with stream flow. Visual inspection of the POC filters revealed
oil drops and microplastics in the high flow samples. This is consistent with previous
studies of the SCR and other small mountainous rivers, wherein precipitation mobilizes OC
that is low in 14C (Masiello and Druffel, 2001; Komada et al., 2004; Goiii et al., 2013). The
petrogenic component of the POC appears to have a similar isotopic composition as that of
the petrogenic OC in the sediment (Figure 4.4 and Figure 4.6). This suggests that there is a
common source that contributes the majority of petrogenic OC to both pools.

Sampling of POC during the low flow periods coincided with algae blooms in the
estuary. Notably the samples collected on 4/22/22 had a marine-like §13C value of -20.8
and -20.7%o and the samples collected on 6/20/22 had a C3-like §13C value of -29.9 and
-30.0%o0 (Table 4.1a). Saltwater and freshwater algae species have different 613C values
that resemble marine plankton and C3 plants respectively (Maberly et al, 1992). This large
variation in 613C values suggests that the dominant species of algae in the estuary was
changing on a month-to-month time scale.

All the remeasured samples from the high flow periods in 1997-1998 had higher
A14C values and lower 613C values than previously reported (Masiello and Druffel, 2001).
We also remeasured samples from the Komada et al,, 2004 study from 2002-2003 and our
values were equal within error to the initial measurements. The remeasured samples from
the low flow periods in 1997-1998 had A14C and §13C values that were equal to the those
previously reported (Masiello and Druffel, 2001). This is consistent with the hypothesis

that the initial measurements were incompletely acidified (Masiello and Druffel, 2001;



Komada et al,, 2004). The low flow samples’ lower mineral loads could be adequately
decarbonated using the weaker acidification method, while the high flow samples, with
much higher mineral loads, required more aggressive acidification to completely remove

the inorganic C.

4.5.3 POC loads and composition across varying precipitation

There are mass and isotopic data for SCR POC from three rainy seasons, each with
different precipitation levels: 1997-1998 during extremely high precipitation, 2002-2003
during average precipitation, and 2021-2022 during low precipitation (Miller et al., 2022).
There was less OC exported during 2021-2022 than that in 1997-1998 (Table 4.4). Despite
this difference, the range of carbon isotopes is remarkably similar for the two periods
(Figure. 4.6). The A14C and §13C values for high flow POC samples appear be a mixture of
recent C3 plant OC and petrogenic OC. The only outlier is the sample from 2-14-1998. It has
a A1*Cvalue of -584 %o and a & 13C of -25.5 %o (Table 4.1b). This is inconsistent with marine
shale as a source of low 14C OC. These values could be explained by the presence of aged
soils, which would have lower A14C and similar §13C values to the recent C3 plant OC. If this
point is excluded, all three years show a common petrogenic endmember with A14Cx-
1000%o0 and & 13C=-21.5%o (Figure 4.6). If the modern endmember is assumed to have a C3
like 613C value (-23%o to -28%o0) then the A14C values would be consistent with the 14C
content of atmospheric COz near the time of collection (100 %o to 0 %o0) (Hua et al.,, 2013;

Graven et al, 2022).
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Figure 4.6. A14C and 13C values of POC collected during high flow events in 1997-1998
(blue), 2002-2003 (orange), and 2021-2022 (green). Dashed lines show linear regressions
and solid lines show 95% confidence intervals. Error bars are smaller than the symbols.

We estimated the percent of petrogenic OC and recent C3 OC of the high flow POC

samples using the mass balance equation (1).

14 — A14 14
A CTotalMTotal =A CPetrogenicMPetrogenic-}_A CC3MC3 (1)

Petrogenic OC was assumed to have a A14C value of -1000%o0 and the modern OC was
assumed to have a A14C value equal to that of atmospheric CO2 during the year of collection
(1997-1998 A14C=101%0, 2002-2003 A14C=72%o0, 2021-2022 A14C=0%o) (Hua etal., 2013;
Graven et al, 2022). We then calculated the flow weighted average of the POC parameters.

Weights of precipitation events were calculated by dividing the total flow for three days
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after the beginning of each sampled precipitation event by the total flow of all precipitation
events sampled during the occupation. Observed flow is the sum of the water discharge for
each precipitation event during which samples were collected and total flow is the sum of
the water discharged over the rainy season (December-March). Discharge outside of this
time period is negligible due to low discharge rates and the separation of the estuary from

the ocean. The weighted average values are summarized in Table 3.

Table 4.4 The flow weighted average characteristics of POC from high flow events sampled
in 2021-22 (this work) and those published previously (Masiello and Druffel 2001; Komada

etal, 2004).

Year 1997-1998 2002-2003 2021-2022
Weighted A14C (%o) -332 £76 -395 £ 102 -422 202
Weighted 813C (%o) -24.8+0.8 -243 £ 0.5 255+ 1.7

Percent Petrogenic OC (%) 396 44 £ 10. 42 £13

Percent C3 OC (%) 61+6 56 +10. 58 +13

OC Concentration (mM) 14.0 £1.8 N.R. 0.2+0.1

% OC (wt/wt) (%) 09+0.3 1.4+1.1 39+18
Total Flow (L) 1.70 x 1012 7.72 x 1011 4.37 x 1010
Observed Flow (L) 1.07 x 1012 4.25 x 1011 2.39 x 1010

There were large differences in total and observed flow between the high flow years
1997-1998 and 2002-2003, and between 2002-2003 and 2021-2022 (Table 4.4). The
weight % of OC in the sediment was inversely related to the total flow, indicating the
mobilization of low-OC sediments (Table 4.4). This is consistent with other small
mountainous rivers in the western United States (Goiii et al., 2013). The concentration of
POC in river water in 1997-1998 was also 70 times greater than thatin 2021-2022 (14.0

mM/0.2 mM) (Table 4.4). This resulted in ~3000 times as much POC exported during 1997 -
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1998 than that during 2021-2022 ((1.70x1012 L. * 14.0mM )/(4.37x1° L * 0.2 mM))(Table
4.4).

Despite the difference in streamflow and POC concentrations, the annual ratios of
flow-weighted percent petrogenic OC to C3 OC are within error of each other for all years
sampled (Table 4.4). This is a surprising and telling result. On average, a consistent mixture
of ~40% petrogenic OC and ~60% C3 OC is exported by the SCR across a large range of
precipitation levels (Table 4.4). This result is remarkable because of the extreme
differences in total discharge and POC concentrations. We must first acknowledge the fact
that we lack the data required to capture the full variability of this system. The variability in
the chemical nature of sediment over the entire course of a rain event has not been
adequately studied and the results from sampling once per precipitation event may not be
representative of the entire flow. If the samples are representative, then this finding
indicates that the annual average ratio of petrogenic OC and C3 OC is not dependent on the
total stream flow over the rainy season. This contrasts with the fact that stream flow is
clearly related to the total amount of exported POC. A possible explanation is that both
petrogenic OC and C3 OC in this region are similarly mobilized by precipitation. The C3 OC
likely comes from plant litter and soils. The SCR catchment features mostly grasslands,
which have loosely held soils that are eroded each rainy season, and coastal sage scrub,
which have tightly held soils that are mobilized by landslides (Gabet et al., 2005).
Petrogenic OC can be found both as mineral bound shale that requires physical erosion to
mobilize, and as oil seeps in the tributaries that are mobilized by any precipitation (Dibblee

and Ehrenspeck, 1992; Aronson et al,, 2022). Thus, increased precipitation and the
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associated erosion from landslides, can mobilize both additional petrogenic and additional

C3 OC.

4.6 Conclusion

The POC from the SCR and the OC from riverbank sediment displayed a wide range
of A14C and §13C values that is consistent with the substantial presence of petrogenic OC
and modern OC. In the sediment samples, there was a relatively constant background of
petrogenic OC with seasonably variable modern marine algae and C3 OC. During rain
events, the exported POC from the SCR was a mixture of the petrogenic and C3 OC pools.
When the estuary was separated from the ocean (low flow period), almost all of the OC
appeared to be from the local algae. While the amount of POC exported in 2021-2022 was
~3000 times less than 1997-1998, the POC surprisingly contained ~40% petrogenic OC
and ~60% modern C3 OC in all years with data. This work improves our understanding of
the carbon cycle in small mountainous rivers across different climatic conditions. It is
valuable for predicting the response of the C cycle in this region as anthropogenic climate

change continues to disrupt the regional hydrological cycle.
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Chapter 5. Conclusions and Future Work

This thesis has improved our understanding of mechanisms that underlie coastal
carbon cycling. It explored a variety of processes and environmental settings, and it points

towards several possible future avenues of research. The following topics were addressed.

5.1 Summary of the dissertation

The second chapter sought to examine how the sorption of riverine DOC to marine
sediments affects the isotopic content of the DOC. The experiments determined that
sorption to the sediments was indeed isotopically selective and resulted in significant
changes to the isotopic content of the remaining DOC. Organic carbon with higher A14C and
lower & 13C than those of the bulk DOC was retained by the sediment. This suggests that
material from the molecularly uncharacterized pool of DOC was sorbed to the sediment.
This chapter serves as a proof of concept that demonstrates the importance of
understanding this phenomenon in natural settings.

The third chapter reported a 12-year DIC A14C record from the Newport Beach Pier
in Orange County, CA. Seasonal upwelling and primary productivity were the most likely
driving factors for seasonal variability of A14C and 613C values, respectively. In addition,
variability in the seasonal A14C values declined compared to previous seasons, suggesting
that less water from the North Pacific Gyre entered the Southern California Bight during the
study period. Average annual values of both A14C and §13C significantly declined during the
study period indicating that the change in atmospheric CO2 isotopic values was likely

controlling the A14C and 613C values of the surface DIC. Notably, in 2022, the A14C of

98



atmospheric CO2 and the Newport Beach Pier surface DIC were nearly equal. This record
sets the stage for monitoring changes in the coastal C sink in the coming decades.

The fourth chapter reports the POC exported by the Santa Clara River and the OC
from the sediments of its estuary during the 2021-2022 rainy season. Significant quantities
of both plant-derived and petrogenic OC were transported by the river and found in the
estuarine sediments. During the dry season significant quantities of algae -derived OC were
present in the sediments. This material was not present during the wet season in the
estuary and was likely either remineralized or transported offshore. Despite the significant
differences in total stream flow between the study year and previous records, an equivalent
mixture of ~40% petrogenic C and modern ~60% plant derived C was exported by the
river for the years studied (Masiello and Druffel, 2001; Komada et al., 2004). However, the
POC was far more concentrated in the high precipitation year, which resulted in ~3000
times more OC being exported in 1997-1998 than in 2021-2022. Examination of the
sedimentary OC stored at the Santa Clara River estuary showed predominant storage of

petrogenic OC and rapid cycling of algae OC produced during the dry season.

5.2 Future research

In my future work, I plan to continue examining the role of coastal systems in
connecting terrestrial C with that in the ocean. Continuous monitoring of these sites is
crucial for two main reasons: (1) human activity and climate change is continuing to alter
the sediment and OC flux of rivers (Maavara et al.,, 2017), and (2) the A14C of atmospheric
CO2 is now lower than that of the biosphere and surface ocean and is continuing to decline

(Graven et al, 2022). The offset between these pools provides a valuable opportunity for
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tracing carbon fluxes among them. The rate of equilibration between these pools will
provide us with vital information about the rates of photosynthesis, air-sea CO2 exchange,
and CO2 emissions. The more samples we can collect in the coming years, the better we will
be able to disentangle these processes.

Our research group has obtained a RAPID National Science Foundation grant to
examine the C export from the Santa Clara River during the 2023-2024 wet season. Due to
the rapid shift to El Nifio conditions (Trenberth et al,, 2023), we anticipate that heavy rains
will begin in late 2023, as they did in 1997-1998 (Masiello and Druffel, 2001; Jong et al,,
2016). We hope to significantly improve the sampling resolution to better document the OC
exported during heavy precipitation. We will also examine the variability in the POC export
over the course of a single rain event, which has not been done previously. This variability
is currently unknown and could have significant impact on interpreting measurements
from small mountainous rivers.

I plan to also examine the reactivity of the petrogenic C exported by the Santa Clara
River. The main source of petrogenic C in the watershed includes the Monterey Formation
(Dibblee and Ehrenspeck, 1992). This formation contains both kerogen that has mineral
bound OC, and oil seeps that produce free OC (Aronson et al,, 2022). The free OC is likely far
more reactive than the mineral bound OC and therefore more likely to be remineralized and
contribute to outgassing to the atmospheric. I aim to quantify several biogeochemical
parameters of these two sources, including A14C values, §13C values, 634S values, and lipid
profiles. These parameters can then be applied to the OC that reaches the estuary to obtain

estimates of the reactivity of the exported POC.
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We have also continued our monitoring of the dissolved inorganic C at Newport
Beach Pier. The year 2023 was fascinating because of the extreme atmospheric rivers
(NOAA, 2023) in the winter and because of the rapid switch from La Nifia to El Nifio
conditions in the summer (Trenberth et al, 2023). We have increased the sampling
frequency during these events and plan to examine how these events impact upwelling and
water mass mixing at our sampling site. Additionally, we plan to use the current 18-year
record of C isotope data to estimate the storage of anthropogenic C in the Southern
California Bight. This effort would provide another method of examining the marine
anthropogenic C sink to compare with more traditional methods.

Overall, the cycling of C in coastal waters is a dynamic topic that is critical for
adequate evaluation of the global C cycle. These regions face major impacts from human
activities and support vital marine ecosystems. Their complexity and heterogeneity call for
continued study with a variety of techniques. I am excited and humbled to contribute to

that effort.
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Appendix A. Quantifying carbon recovery in sorption experiments

A.1 Recovered OC in sorption experiments

The percentrecovery of OC was estimated for both the total OC in each experiment and the
SRNOM OC in each experiment. The amount of OC present in the experiments was
estimated using the results of the control experiments (table 1) and the initial mass of

sediment and SRNOM present in each experiment (table 2), as shown in equation a.1.

mg OC mg OC

Msediment + 0.428 Equation Al

mg sediment

Total OC recovery was determined by summing the masses of OC collected in each

experiment, as shown in equation A.2.

Mgecovered 0c = M poc + M poc Equation A.2

Total SRNOM OC in each experiment was determined in the same manner as equation A.1

and is shown in equation A.3.

mg OC

Mgrnom oc = 0428 Mgsrnom Equation A.3

mg sediment

Soluble SRNOM recovery was determined by subtracting the mass of soluble sediment OC

from the mass of total DOC (tables 1 and 2), as shown in equation A.4.
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mg OC

Equation A4

MTotal Recovered OC Msoluble SRNOM — M DOoC — 0.00008 Sediment

mg sediment .
Insoluble SRNOM recovery was determined by multiplying the initial mass of SRNOM by

the ratio of insoluble SRNOM OC (table 1), as shown in equation A.5.

_ mg 0C_ .

Sorbed SRNOM recovery was determined by subtracting the mass of insoluble SRNOM OC
from the mass of POC and then multiplying the remainder by percent increase in OC/mg of
sediment (6%) as described in the results section of the main text, as shown in equation

A.6.

Mgorbed srvom = (Mpoc = Minsoluble srnom) * 0-06 Equation A.6

The results of these calculations are shown in figure 2.2. Average total OC recovery for
samples where both DOC and POC were measured was 88.7+12.4% and ranged from
47.6% to 100.0%. Average SRNOM recovery for samples where both DOC and POC were

measured was 81.0£13.2% and ranged from 47.5% and 99.0%

A.2 Estimating POC isotopes with 2 and 3 endmember models
As described in figure 2.1, we assume that the POC is made of three endmembers:
insoluble sediment OC, insoluble SRNOM, and sorbed SRNOM. To determine whether
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SRNOM sorbed to the sediment, we created two simple models. The first assumed that no
sorption took place and thus, the isotopes of the POC can be described by the mixing of
insoluble sediment OC and insoluble SRNOM. The model is described below using

equations A.7 and A.8.

12.1pg0C
mg sediment

U C0oc = ((—432%0- Y + (37%o- 115mgOC))M:7 Equation A.7

12.1pgocC
mg sediment

B Choc = ((—22.2%0 - ) + (—28.0% - 115wcg0(:))M:7 Equation A.8

These equations were derived from equation 2, by using the mass of sediment OC and the
isotopic values of insoluble sediment OC and insoluble SRNOM derived from the control
experiments, and the mass of insoluble sediment OC from equation 3. The mass of sorbed

carbon is assumed to be zero.

The second model assumed that sorption did occur and therefore the POC can be described
as the sum of insoluble sediment OC, insoluble SRNOM, and sorbed SRNOM. The model is

described below using equations A.9 and A.10

12.1pg0C
mg sediment

0.8ugocC
mg sediment

1

Y Cooc = ((—432%0 - ) + (37%o0 - 115pg0C) + (130%o -

)

Mpoc
Equation A.9

12.1ugo0C
mg sediment

0.8ugoc 1
mg sediment” Mpgc

B Choc = ((—22.2%0 - ) + (—28.0%o0 - 115pg0C) + (—30%so -

Equation A.10
The equations were derived in the same manner as A.7 and A.8 with the addition of the
mass and isotopic values of sorbed SRNOM as derived in the discussion section of the main

text.
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These equations were plotted against mass of sediment and compared to the
observations and shown in figure A.1. When sediment masses were >50mg, the observed
data agreed more with the 3-endmember model than with the 2-endmember model for
both isotopes. We interpret this as showing that sorption of SRNOM explains the observed

isotope values of the POC.
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Figure A.1: a) A14C and b) 813C of the 2-endmember (dashed line) and 3-
endmember (solid line) compared to the isotopic values of POC recovered after control
experiments (crosses) and sorption experiments (circles) as a function of increasing
sediment mass used. Error bars show uncertainty as described in the text. Any error bars
not visible are smaller than the size of the symbol. Initial masses of SRNOM were kept

constant throughout the experiment.
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Appendix B. Ventilation time of the California Undercurrent

B.1 Chemical tracers in the waters near the sampling site.

In this section we show ventilation age and DIC isotope values from the waters of
the Southern California Bight (SCB) close to our sampling site. This is done to provide the
reader with further background and context for the source waters described in the main
text.

CFC age data was obtained from the National Oceanic and Atmospheric
Administration NCEI Accession 0226793 data set

(https://www.ncei.noaa.gov/data/oceans/ncei/ocads/metadata/0226793.html). CFC ages

were calculated based on samples from the Global Ocean Data Analysis Project (GLODAP)

V2.
Dissolved inorganic carbon (DIC) A14C and 813C data were obtained from the

GLODAP V2 data set (https://www.glodap.info/index.php/merged-and-adjusted-data-

product-v2-2022/). The data is obtained from two cruises: 318M20040615 that occurred

during August 2004, and 318M20130321 that occurred during August 2013.

Figures S1 and S2 show depth profiles from stations between latitudes 32°N to
32.63°N and longitudes 117.38°W to 119.77°W. This encompasses stations on the
continental shelf and slope within the SCB. Figure B.3 shows zonal transects from the two

cruises and the transects are located between 29.977°N and 32.63°N.

108


https://www.ncei.noaa.gov/data/oceans/ncei/ocads/metadata/0226793.html
https://www.glodap.info/index.php/merged-and-adjusted-data-product-v2-2022/
https://www.glodap.info/index.php/merged-and-adjusted-data-product-v2-2022/

[ ]
[ ]
e
e, °*
-100— o0
A .
.ot‘,"
L]
E L * .
- %% oo
£ —-200— hd LA
o & .
al . L] ™
e o
. o e . .
-
—300— . .
. .
. % o
o o
. o
—400 I I
0 50 100 150

cfc-11 ventilation age (yr)

Figure B.1. CFC-11 ventilation age calculated using the transit time distribution method as

described in (Jeansson et al, 2021) vs depth within the Southern California Bight.
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Figure B.3: Zonal transects showing surface (>20m) DIC A14C values from 2004 (a) and

2013 (b) and DIC 813C values from 2013 (c).
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