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ABSTRACT OF THE DISSERTATION
Characterization of Copper-Binding Ligands and Copper Speciation in Open Ocean and Coastal

Marine Systems using Electrochemical Methods

by

Angel Ruacho
Doctor of Philosophy in Oceanography
University of California San Diego, 2019

Professor Katherine Barbeau, Chair

This dissertation explores the role that organic ligands play in controlling copper
speciation in a range of oceanic and coastal environments, using voltammetric methods. Chapter
1 details the analysis of samples collected on the 2013 U.S. GEOTRACES cruise in the
Equatorial Pacific from Peru to Tahiti (GP16). This represents one of the largest copper
speciation datasets to date, covering 22 full ocean depth profiles. Results demonstrate that copper
ligands follow a similar pattern to dissolved copper of increasing concentrations with increasing

depth. Free copper ion concentrations ([Cu®*]) also increase with depth. This dataset provides

XVi



insight into the impact of large-scale ocean circulation and water mass aging with respect to
copper speciation, with increasing Cu®* and decreasing excess ligand concentrations in the oldest
waters of the deep Pacific.

In Chapter 2, copper speciation from select samples in the GP16 data set is analyzed via a
novel processing protocol that enables competitive ligand exchange titrations at multiple
competition strengths to be analyzed as a unified dataset. This method utilizes publicly available
processing tools to determine a unified sensitivity for the data set as a whole. In this way the full
spectrum of the copper-binding ligand pool can be most accurately characterized at a range of
analytical windows, revealing both weak and strong ligands. For GP16 samples, this analysis
reveals two classes of copper-binding ligands present throughout the oceanic water column, with
the weaker L, ligands present at higher concentrations. Strong L, ligands are present at or above
dissolved copper concentrations, dominating copper speciation especially in surface waters
where L; concentrations exceed that of dissolved copper.

Copper binding ligands play a vital role in maintaining low concentrations of the Cu?* ion
in coastal environments, which helps buffer such systems from copper toxicity. In Chapter 3, the
processing method developed in Chapter 2 is applied to an assessment of the ligand pool and free
copper ion levels in San Diego Bay, an impacted urban environment with high concentrations of
recreational watercraft coated with copper-based antifouling paint. Sampling campaigns at 7
locations within the Bay took place in Summer 2015, Spring 2016 and Fall 2016. Samples for
total dissolved copper and copper speciation were collected, as well as samples for
Synechococcus concentrations as a biological indicator of copper toxicity. Results from the three
samplings show elevated levels (30 —120 nM) of dissolved copper throughout the Bay and a

ligand pool capable of buffering most of the locations within the Bay from reaching toxic levels

XVii



of the free copper ion. Shelter Island Yacht Basin, however, was consistently found to contain
toxic levels of Cu*, results that show a relationship with the lowest Synechococcus
concentrations in two out of the three samplings. Findings of this study are relevant for ongoing

remediation and regulation efforts in San Diego Bay.
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INTRODUCTION

Background:

Trace metals in the ocean like copper (Cu) play an important role in biological processes.
Cu facilitates such biological functions as the acquisition of iron (Fe) (Peers et al, 2005),
photosynthesis (Peers and Price, 2006) as well as ammonia oxidation by archaea (Walker et al,
2010). Cu in the ocean is found in low, nanomolar, concentrations and is subjected to
biogeochemical cycles that exert various controls on the concentration of Cu. Inputs of Cu, and
other trace metals, into the ocean range from shelf sediments (Boyle et al., 1981) to dust
deposition (Buck et al., 2013), as well as upwelling of deep waters, remineralization, and input
from rivers and estuaries. Removal processes for Cu involve adsorption to particles as well as
uptake by micro-organisms. In addition to its biological requirement Cu can become a toxicant at
high concentrations of the unbound Cu?* ion (Brand et al., 1986). Excess Cu®* concentrations are
more commonly found in coastal regions where anthropogenic Cu is the primary source of Cu.
Anthropogenic Cu is derived from runoff, brake pad dust, and Cu based antifouling paint
(Rosselot, 2006; Earley et al., 2014). Various boat harbors have been shown to be under Cu
stress (Moffett et al., 1997; Eriksen et al., 2001; Blake et al., 2004) due to the use of antifouling
boat paint which slowly leaches Cu to prevent growth of algae and encrusting organisms on the
hull.

The bioavailability of Cu is dependent on its chemical speciation, which is controlled by
organic Cu binding ligands. The majority of dissolved Cu (> 99%) is bound by organic ligands
(van den Berg, 1987), a circumstance which maintains low Cu®* concentrations in many marine
and aquatic environments. The identities of these Cu binding ligands are not entirely known, as it

is difficult to identify specific chelators within the heterogeneous and dilute ligand pool.



However, microorganisms, like the marine cynobacterium Synechococcus, have been shown to
produce Cu ligands during Cu stress (Moffett et al. 1990; Moffett and Brand 1996).
Coccolithophores, which are calcifying marine organisms, have been shown to produce thiols
capable of binding Cu as a response to increased Cu concentrations (Dupont et al., 2004). Humic
acid has been suggested to contribute to Cu binding in marine systems, in particular as part of the
weaker ligand pool. Cu binding by humic acid has been shown to occur in estuaries as well as
marine environments (Whitby and van den Berg, 2015, Whitby et al., 2018; Abualhaija et al.,
2015). Though some possible identities of Cu ligands have been proposed, the various sources
and sinks of Cu ligands have not been entirely quantified. The few biologically or terrestrially
derived Cu ligands that have been tentatively identified likely don’t account for the majority of
the ligand pool (Whitby et al, 2018). The GEOTRACES program, an international collaboration
to study trace elements in the ocean, has conducted several basin-wide research cruises in an
attempt to find out more information about the biogeochemical cycling of metal-binding ligands,
as well as associated trace elements. As a result of this program full depth profiles have been
collected across many ocean features such as oxygen minimum zones, upwelling regions,
hydrothermal vents, oligotrophic waters, as well as coastal waters. The work through
GEOTRACES may provide more insights into possible sources and sinks of naturally-occurring
metal-binding organic ligands.
Electrochemical methods for ligand characterization:

Analytical methods for characterizing Cu binding ligands are grounded in
electrochemical methods introduced and refined decades ago. The current electrochemical
approach binds the natural ligands with increasing concentrations of Cu until the natural ligands

are saturated. Subsequently a well-known ligand is added to compete with the natural ligands for



Cu (Campos and van den Berg, 1994; Buck and Bruland 2005). The amount of metal bound by
the added ligand is measured via cathodic stripping voltammetry, producing a reduction peak.
The data generated is processed utilizing various fitting methods (Gerringa et al., 1995;
Mantoura and Riley, 1975; Scatchard, 1949). Recent contributions from the speciation
community have led to software packages capable of processing raw titration data and generating
speciation parameters including ligand concentrations and binding constants (e.g. Omanovic¢ et
al., 2015). The electrochemical method does not provide information on the chemical structure of
the natural ligands detected.

Modifications to the analytical approach for characterizing ligands were proposed to
capture more of the ligand pool (Bruland et al., 2000). Traditionally, most electrochemical
analyses have utilized a single analytical window, i.e. a single concentration of the added ligand,
which limits how much of the ligand pool is detected. By varying the analytical window, or
concentration of the added ligand, more aspects of the ligand pool can be captured. A high
analytical window will target stronger Cu ligands while a lower analytical window will target
weaker ligands, thus the use of multiple analytical windows (MAW) was aimed at elucidating
more information from the natural ligand pool. Early utilization of the MAW method (Buck and
Bruland 2005; Bundy et al., 2013) detected both strong and weak Cu ligands, though analysis
was limited to evaluating each analytical window individually and generating speciation data for
each individual window. The inability to process MAW data as a single dataset was a hurdle
overcome recently with the advent of advanced processing tools (Hudson et al., 2003; Omanovi¢
et al., 2015). The current use and processing of MAW titrations as a single dataset is providing a
more natural view of the continuum of ligands in a sample, rather than the targeted ligands

detected with the use of a single analytical window.



Impacts of copper ligands in coastal regions:

Cu binding ligands play an important role for controlling the availability and toxicity of
Cu both in open ocean and coastal regions. Organic ligands serve as an especially essential
buffer against Cu toxicity in coastal regions like boat harbors. Ideal harbors are largely protected
from the direct influences of the ocean, thus many harbors and marinas are located along the
coast within protected regions with constrained circulation. The combination of protected waters
and the high density of watercraft in some harbors can result in impacted sites for Cu toxicity.
Organizations like the Port of San Diego utilize total dissolved Cu as an indicator of toxicity, but
a more biologically relevant indicator is the unbound Cu®* ion whose concentrations is
determined by ambient Cu ligands. The use of MAW, for example, has been shown to reveal an
excess pool of weak ligands capable of buffering San Francisco Bay from reaching toxic Cu®*
levels (Buck and Bruland, 2005). The continued use of MAW competitive ligand exchange
techniques in coastal regions can help provide accurate determinations of the Cu®* ion as well as
the buffering ability of the ligand pool against further Cu input.

Thesis organization:

Chapter 1 of the dissertation will focus on Cu speciation samples collected along a
transect in the south Pacific from Peru to Tahiti as part of the GEOTRACES program. Samples
from this chapter were analyzed with a single analytical window to characterize Cu ligands along
the various ocean features crossed during the transect.

Chapter 2 is focused on the integration of available Cu speciation processing software for
developing a method to analyze MAW titration data simultaneously. The method developed for
MAW processing is applied to select profiles from the GEOTRACES transect analyzed in

Chapter 1.



Chapter 3 utilizes the MAW processing method from Chapter 2 for evaluating locations
within San Diego Bay for Cu toxicity. The use of a bioindicator, Synechococcus, is coupled with

Cu?* determinations for determining locations likely to be under Cu stress.
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CHAPTER 1: Copper Speciation Across the U.S. GEOTRACES Equatorial Pacific Zonal

Transect GP16



1.1 ABSTRACT

Samples for organic copper (Cu)-binding ligand characterization were collected along the
2013 U.S. GEOTRACES Pacific (GP16) cruise transect from Peru to Tahiti. Full depth profiles
of Cu speciation were collected across a dynamic range in oceanographic conditions ranging
from a highly productive coastal region, an oxygen minimum zone, a high nutrient low
chlorophyll (HNLC) region, an oligotrophic region and a hydrothermal vent plume. Speciation
results, along with other results from the GP16 cruise, point towards a possible shelf sediment
source near the coast of Peru for strong Cu-binding ligands. Surface waters from Peru to Tahiti
exhibit elevated dissolved Cu and ligand concentrations near Peru and then decrease in
concentration (< 1nM) offshore towards the oligotrophic waters. Throughout most of the transect
dissolved Cu and ligand concentrations are lower in the upper waters and increase with depth,
with the highest concentrations near the ocean bottom. The hydrothermal vent sampled during
the cruise does not seem to be a source for dissolved Cu but there is a slight elevation of Cu
ligands at the vent site. When the GP16 dataset is compared with Cu speciation results from the
North Atlantic GEOTRACES (GAO3) cruise, similar vertical patterns are seen in both datasets.
The most notable difference between the two datasets is seen in the deep waters of the Pacific.
The older water masses of the Pacific are highlighted by higher concentrations of dissolved Cu,
Cu binding ligands, and in the free Cu ion (Cu®") relative to the deep Atlantic. Observations
related to excess Cu ligands in both GP16 and GA03 point to a possible fraction of Cu inert to

ligand exchange accumulating in the oldest deep waters sampled during GP16.

1.2 INTRODUCTION
Copper (Cu) is one of the essential trace metal micronutrients required for phytoplankton

growth in the ocean in addition to other bioactive trace metals such as iron (Fe), zinc (Zn) and
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cadmium (Cd). Cu is significant in that it facilitates various chemical and biological processes
like Fe acquisition (Peers et al., 2005), photosynthesis (Peers and Price, 2006), ammonia
oxidation (Walker et al., 2010), and nitrous oxide reduction (Stiefel, 2007). Cu is also known to
act as a toxicant if the bioavailable free Cu ion (Cu®") is present in a high enough concentration,
as has been shown with cyanobacteria which are especially sensitive to Cu toxicity (Brand et al.,
1986; Moffett et al., 1997). In natural oceanic waters over 99% of the dissolved Cu is bound by
organic ligands (L) which maintain Cu®* in generally low concentrations (van den Berg, 1987)
thus buffering against Cu toxicity. Though the identity of these ligands is not entirely known it
has been shown that micro-organisms like coccolithophores produce thiols capable of binding Cu
(Dupont et al., 2004). Other compounds like humic acids have been found to also bind Cu in
both freshwater and seawater systems (Kogut and Voelker, 2001; Whitby and van den Berg,
2015). The sources, sinks, and cycling of these ligands are not well defined and until recently
virtually no ocean basin wide Cu ligand datasets were readily available. The international
GEOTRACES program (www.geotraces.org) has helped facilitate Cu ligand sample collection in
remote oceanographic regions as well as generate basin-wide high resolution datasets (Jacquot
and Moffett, 2015; Thompson et al., 2014; Heller and Croot, 2015).

Dissolved Cu, like Fe, is affected by both biological and chemical process as Cu exhibits
a “hybrid” type vertical profile with biological drawdown at the surface and particle scavenging
within the water column. Dissolved Cu concentrations increase gradually with depth, due to
remineralization, but continue to undergo scavenging processes in intermediate waters (Bruland
and Lohan 2003). Currently there are a limited but growing number of studies with deep water
Cu ligand data to provide insight as to whether the observed increase in total dissolved Cu

concentration with depth also leads to an increase in Cu?* concentrations with depth. One early
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study showed Cu?* concentrations to increase with depth (Bruland and Franks, 1983) as ligand
concentrations decreased, but more recent studies have shown that organic ligands throughout
the water column are capable of buffering Cu®* to low concentrations, approximately 10™* M,
below levels considered to be toxic (10™* e.g. Buck et al., 2012; Moffet and Dupont, 2007).
These studies highlight the importance of understanding the controls on Cu ligand distributions
in the water column and the changes ligands undergo, in particular between surface waters and
deep waters (>2000m). To date the primary tool employed for the study of Cu speciation has
been an electrochemical competitive ligand exchange analysis utilizing a known ligand to
compete with the natural ligands (Campos and van den Berg 1994; Buck and Bruland 2005). The
electrochemical technique enables characterization of the natural ligands with regard to both
concentration and conditional binding constants for Cu, and with these two measurements (plus
the total dissolved Cu concentration) the free Cu ion concentration can be calculated.

This study, conducted on the EPZT transect between Peru and Tahiti, provides insight
into the cycling of Cu ligands across a range of ocean conditions. This study, led by the U.S.
GEOTRACES program, provided a unique opportunity to generate high resolution data on
various trace elements including Cu and organic Cu-binding ligands. Samples from full depth
profiles were collected along the transect generating speciation data for samples as deep as 5000
meters while crossing an oxygen minimum zone (OMZ) and an oligotrophic subtropical gyre off
the coast of Tahiti with a hydrothermal vent in the deep waters of the western section of the
transect. The surface waters of the transect begin near the Peruvian coast, where deep nutrient
and trace metal rich waters upwell to the surface fueling one of the most biologically productive
coastal regions (Pennington et al., 2006). The open ocean waters over the Eastern half of the

transect are characterized by low metal concentrations which can influence microbial
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communities (Moore et al., 2013), while the offshore waters west of Peru are found to be a
region of high nutrients and low chlorophyll (HNLC), thus are generally considered to be iron-
limited.

The OMZ region is of particular importance to understanding the cycling of Cu ligands in
low oxygen environments. The OMZ region off the South American coast has been shown to
have elevated concentrations of ammonium oxidizing archaea (AOA) (Molina et al., 2010).
AOA are known to contain Cu dependent electron transport systems for various genes (Walker et
al., 2010) likely leading to an elevated demand for Cu. AOA are currently believed to play a
bigger role in global nitrogen cycling than previously thought (Francis et al., 2005; Bayer et al.,
2016). Understanding what kind of effects this region has on Cu ligands, as well as Cu?*
concentrations, can provide insights into the availability of Cu to AOA and if in-situ free Cu
concentrations can be limiting, thus better constraining the impact of Cu availability on nitrogen
cycling carried out by AOA in this region.

The hydrothermal plume found in the Western portion of the cruise has an extensive non-
buoyant plume enriched with Fe and other trace metals (Resing et al., 2015), which may have
extended the influence of the hydrothermal vent beyond a localized effect. The hydrothermal
plume sampled during the GP 16 cruise originated from the East Pacific Rise which is known to
have a fast spreading center (DeMets et al., 1990) possibly leading to large fluxes of metals as
other hydrothermal vents have been shown to act as a source of trace metals like Fe (Yucel et al.,
2011). During the GP16 cruise the plume was determined to have an elevated concentration of
dissolved Fe, manganese and aluminum which was shown to be transported over 4000 km from
the vent site (Resing et al., 2015). Evidence for the relative importance of hydrothermal vents as

sources of dissolved Cu and Cu ligands is somewhat mixed (Sander et al., 2007; Sander and
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Koschinsky, 2011; Jacquot and Moffett 2015), so the hydrothermal vent and extensive plume
sampled during the EPZT can potentially provide further information on the role, if any,
hydrothermal vents play in the cycling of Cu and Cu binding ligands.

In recent years, in part due to GEOTRACES activities, there has been a significant
increase in the availability of Cu speciation data from the Atlantic (Jacquot and Moffett, 2015;
Heller and Croot, 2015) and the Pacific (Jaquot et al., 2015; Thompson et al., 2014). In this
context, the work presented here contributes to the growing knowledge of Cu speciation in the
oceans. The data generated here gives insights into how unique ocean regimes can influence the
speciation and distribution of Cu ligands as well as elucidate some of the similarities and
differences in Cu speciation across different ocean basins.

1.3 METHODS
1.3.1 Sample collection

Cu speciation samples were collected aboard the R/V Thompson during the U.S.
GEOTRACES Eastern Pacific Zonal Transect (GP16) cruise at 22 stations in full depth profiles,
(Fig 1.1). Samples were collected with the U.S. GEOTRACES carousel equipped with twenty
four 12L Teflon coated GO-Flo bottles (General Oceanics) and a sensor package for pressure,
conductivity, temperature, and oxygen (Cutter and Bruland, 2012). The carousel system was
lowered over the side of the ship for discrete water sample collection. Upon recovery GO-Flo
bottles were transferred to a clean van and pressurized for sub-sampling through clean Teflon
tubing and an acid-cleaned 0. 2 um Acropak capsule filter into a 500mL or 1L fluorinated low-
density polyethylene (FLPE) bottles. Surface seawater samples were also collected from 3m
depth with a trace metal clean tow-fish pump system while steaming between stations (Bruland

et al., 2005), and were filtered in the same way as samples from the GO-Flos. Speciation samples
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were then stored in a -20 C freezer. Samples for total dissolved Cu determination were collected
simultaneously with Cu speciation samples, into low density polyethylene (LDPE) bottles, and
acidified at sea with 4mL of 6M quartz-distilled HCI per liter of seawater, resulting in a pH of
1.7-1.8.

All speciation sampling bottles underwent a rigorous cleaning process: (1) soaked in a
Citranox detergent bath for one week, (2) soaked in a 3N trace metal grade nitric acid bath for a
week, (3) soaked in a 3N hydrochloric acid bath for a week, and (4) left to sit, in a laminar flow
hood, for a week partially filled with clean Milli-Q (MQ) water before discarding the MQ and
individually double-bagging each bottle. The Milli-Q water was passed through a purification
system beginning with distilled water and going through a UV light to reduce organic carbon and
then through several filters resulting in an ultra-pure water. In between each step the bottles were
thoroughly rinsed with clean MQ a minimum of three times. Bottles for dissolved Cu analysis
underwent a similar rigorous washing process with protocols found in Roshan et al., (2016) and

Cutter et al., (2017).

1.3.2 Total dissolved copper measurements

Dissolved Cu for the Eastern section of the transect (stations 1-17) was analyzed using
previously described methods (Biller and Bruland, 2012; Parker et al., 2016), with Cu
preconcentrated by extraction onto a Nobias PA-1 resin from buffered seawater (pH 6.0) and
analyzed on an Element XR inductively coupled plasma mass spectrometer (ICP-MS). Samples
were UV-irradiated prior to preconcentration. Dissolved Cu samples from the Western section of
the transect (stations 18-36) were analyzed according to an isotope dilution method (Wu and

Boyle, 1997; Roshan and Wu, 2018) utilizing a multiple collector high resolution ICP-MS. This
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method also utilizes a UV step prior to analysis. SAFe seawater standards were also determined

to assess the accuracy of the method (Roshan et al. 2016).

1.3.3 Copper speciation

A competitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-ACSV)
method was utilized for the characterization of organic Cu binding ligands across the EPZT
section. The basics of the CLE-ACSV method are detailed in Buck and Bruland (2005). This
method employs the competition for Cu between a well-characterized ligand (salicylaldoxime;
SA) and the natural seawater ligands to determine the thermodynamic stabilities of the natural
ligands (originally published in Campos and van den Berg, 1994). The analytical methods and
electrochemical parameters follow those outlined in Bundy et al. (2013) and Buck and Bruland
(2005). Frozen samples were thawed in a refrigerator and vigorously shaken prior to analysis.
The sample was then aliquoted (10 mL) into pre-conditioned Teflon vials and buffered with 1.5
M boric acid-ammonia (BA) to pH 8.2. The vials were spiked with increasing concentrations of
Cu ranging from 0-25 nM, to saturate the natural ligands. The BA and Cu were equilibrated with
the natural ligands for two hours, after which the competing ligand, SA, was added at a
concentration of 5 uM and left to equilibrate for a minimum of 15 minutes prior to analysis.
EPZT speciation samples were analyzed in 11-point titrations carried out in duplicate, for
approximately 51% of samples, on a controlled growth mercury electrode (Bioanalytical Systems
Incorporated). Peaks generated from titrations were extracted using the ECDSoft software
package and processed with ProMCC (Omanovi¢ et al., 2015) utilizing a single ligand model. An
average and standard deviation for ligand concentration, logK, and free Cu concentration were

calculated for samples with duplicate titrations. Samples without duplicate titrations utilized

16



ligand concentrations, logK, and free Cu values and confidence intervals determined within

ProMCC,

1.3.4 Reagents

The BA buffer was prepared by dissolving boric acid (Alfa Aesar, 99.99%) in 0.4 N
aqueous NH.OH (Optima, Fisher Scientific). A 4 mM stock of salicylaldoxime (SA; > 98%) was
prepared in methanol (Optima LC/MS, Fisher Scientific) and replaced every six months or as
needed. Cu standards (100 nM to 10 uM) were diluted from an atomic adsorption standard (1000

ppm, Spex CertiPrep) into pH 2 MQ water (acidified with Optima grade HCI).

1.3.5 EPZT analytical comparison with NAZT

The analytical method employed for the EPZT closely followed the method used for the
GEOTRACES North Atlantic Zonal Transect (NAZT) (Jacquot and Moffett, 2015) to facilitate
cross comparison between the datasets. There are slight differences in analytical methods
between the EPZT and NAZT samples along with a difference in the processing of data for
ligand characterization. The difference in analytical methods is highlighted in the use of a 5 uM
SA concentration addition for electro-chemical analysis for EPZT samples, compared with 2.5
UM SA concentration used for the NAZT. Furthermore, EPZT samples were analyzed with
slightly higher Cu additions than NAZT samples, 0-25 nM Cu compared with 0-16 nM Cu, as
well as utilizing a constant pH of 8.2 for analysis unlike NAZT samples which underwent pH
adjustments to match in-situ pH, 7.6-8.2. An additional difference between EPZT and NAZT
samples lies in data processing, with EPZT sample processing utilizing a newly available
software package ProMCC (Omanovic et al., 2015). To ensure comparability with NAZT results
an intercalibration was carried out by analyzing NAZT samples with analytical protocols

employed in EPZT analysis.
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1.4 RESULTS

1.4.1 Dissolved copper

Dissolved Cu concentrations across the transect exhibited typical distribution patterns
associated with dissolved Cu with depletion at the surface and linear increases in concentration
with depth (Fig 1.2). Dissolved Cu concentrations ranged from 0.22 nM at the lowest in the
offshore region of the transect to over 5 nM near the ocean bottom, with average concentrations
around 2 nM. Near surface dissolved Cu concentrations were elevated, approximately 1-2 nM,
just off the coast of South America and within Equatorial Subsurface Waters (ESSW) with a
decline in surface concentrations (~0.80 nM) beginning around 100° W where ESSW mixes with
Eastern South Pacific Intermediate Water (ESPIW) (Peters et al., 2018). In surface waters on the
Western half of the transect, between the mixing region of ESSW and ESPIW to just offshore of
Tahiti, concentrations decreased to levels between 0.40 and 0.60 nM. The oligotrophic region of
the western section of the transect has the lowest Cu concentrations in surface waters, with a
linear increase in Cu concentrations after 360 meters. Dissolved Cu concentrations around the
hydrothermal vent, located at the middle of the transect, do not exhibit elevated concentrations.
Dissolved Cu concentration data was provided by Saeed Roshan (Roshan and Wu, 2018) for the
Western half of the transect while data from the Eastern half were provided by Claire Till.
Dissolved Cu data for the GP16 cruise can be found online in the BCO-DMO database
(https://www.bco-dmo.org/project/499723).
1.4.2 Copper speciation analytical and intercalibration tests

A primary analytical difference between various labs involved in Cu speciation, (e.g.
Croot et al. (2015); Whitby and van den Berg et al. (2015); Thompson et al. (2014); Buck and

Bruland (2005); Jacquot and Moffett (2015); and Bundy et al. (2013)), is the equilibration time
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with SA prior to electrochemical analysis. Currently, labs tend to use one of two methods to
equilibrate the SA: (1) an SA equilibration time that is a 6 hr minimum, but typically lasting
overnight (12-15 hrs); or (2) an SA equilibration time of 15 - 30 mins. In this work, equilibration
tests of the added ligand were conducted, as there has been speculation that a 15-30 min
equilibration is not enough to accurately determine ligand concentrations (Heller and Croot,
2015). A sample from GP16 (ID 2356) was used to test how varying the SA equilibration time
prior to electrochemical analysis may affect ligand results. Two titrations were carried out, one
with an SA equilibration of 15 min and one for 2 hours. Ligand concentration results from both
titrations were very similar. From the 15 min equilibration a ligand concentration of 2.83 +/- 0.35
nM was detected with a logK of 13.77 + 0.01 and the 2 hr equilibration result yielded a ligand
concentration of 2.68 +/- 0.23 nM with a logK of 14.19 +/- 0.14. The 15 min equilibration
titration was run in duplicate, but due to volume constraints the 2 hr equilibration titration only
had one replicate. To test how an extended SA equilibration time may affect results, another
GP16 sample (ID 2348) was used to perform titrations, in duplicate, with SA equilibrating for 15
min or overnight (Fig. 1.3). Duplicates from the 15 min equilibration produced an average ligand
concentration of 2.48 +/- 0.40 nM and a logK of 13.81 +/- 0.25 while titrations from the
overnight equilibration produced an average ligand concentration of 2.50 +/- 0.10 nM and a logK
of 14.02 +/- 0.08. A t-test was performed for results from the 15 min and overnight equilibration
to show that there is no statistical difference between the two equilibration times. Results show
that a minimum equilibration time of at least 15 min was sufficiently long in order to get
comparable results to studies using a longer equilibration time. Due to the time intensity of
processing a single sample as well as the volume of samples to process, the ability to use a

shorter equilibration time can help process samples more efficiently. Samples from GA03 were
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also analyzed using shorter equilibrations for SA, further allowing for a direct comparison
between the two datasets by using the shorter equilibration time for the GP16 dataset.

As a check on external consistency, and given that reference materials for seawater Cu
speciation are lacking, we undertook an intercomparison exercise with Jim Moffett using
archived frozen samples from the 2010-2013 US GEOTRACES North Atlantic Zonal Transect
(GAO03; sample IDs 6806, 6808, 6952, 6868, 6870). We analyzed a number of samples from
GAO03 station 10, spanning the upper water column (samples 6806 and 6808, from 345 and 420
meters depth respectively), and deeper depths (samples 6952, 6868, and 6870 from 2101 meters,
4350 meters and 4440 meters depth respectively). We analyzed each sample twice, once
replicating Moffett’s GA03 analytical protocol (analytical window 2.5 uM SA addition, pH
buffered to 8.05 (6806 and 6808) or 7.95 (all deep samples) with EPPS, 10-point titration out to
16 nM Cu addition) and once using our own GP16 protocol (analytical window 5.0 uM SA
addition, pH buffered to 8.2 with boric acid, 11-point titration out to 25 nM Cu addition).
Equilibration times for added Cu and SA as well as deposition times were the same between the
two protocols. We used ProMCC (Omanovic et al. 2015) to process data from both protocols and
calculate ligand concentration and logK. Results are shown in Table 1.1, along with comparison
to ligand concentration and logK data previously reported by Moffett from near-depth samples
analyzed from the same profile (samples 6804, 6932, 6946, 6864 and 6874). The consistency of
results throughout the profile is encouraging, especially given that in addition to slightly different
analytical protocols a different data processing technique (non-linear regression fitting, Jacquot
and Moffett 2015 and ProMCC this study) was used. These results are consistent with previous
intercalibration exercises for Cu organic speciation (Bruland et al. 2000; Buck et al. 2012),

which included the methods used here and obtained excellent results, especially for free Cu ion
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determinations, with predictable differences in ligand concentration and logK across different

analytical windows

1.4.3 General trends in organic ligand features

Cu binding ligand concentrations along the GP16 transect exceeded dissolved Cu
concentrations with ligand concentrations increasing with depth in a similar fashion as dissolved
Cu (Fig 1.4A). Ligand concentrations ranged from 0.75 to almost 9 nM with an average ligand
concentration just above 3 nM. The lowest ligand concentrations were found in the offshore
oligotrophic region of the transect, coinciding with the lowest dissolved Cu concentrations. The
highest ligand concentrations were found in the near ocean bottom as well as in surface waters
just off the coast of South America (Fig 1.4B) indicating the ocean bottom and shelf regions may
be a source of Cu ligands. Similar to the dissolved Cu concentrations, the hydrothermal vent
does not appear to be a strong and extensive source of Cu ligands. There may have been a very
localized effect on Cu ligands due to hydrothermal input (Fig 1.5), as a slight elevation in the Cu
ligand concentration can be observed close to the ridge crest. Ligand concentrations in the upper
waters (300-1000 m) of the transect near Tahiti begin to increase above levels of the oligotrophic

section of the transect.

1.4.4 Ligand features near the shelf

Ligand concentrations on the shelf off Peru exhibited higher concentrations at the surface
than at depth (Fig 1.4B) possibly due to elevated primary production near the coast or a
terrestrial source. The near shore stations on the shelf off Peru were detected to have some of the
strongest ligands, based on conditional stability constants, with an average logK of ~14 and a
maximum logK of 14.53 (Fig 1.6).

1.4.5 Ligand features within HNLC and the OMZ
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Ligand concentrations away from the shelf stations and within the low oxygen waters
(upper 500 m), between 80° and 110° west, continue to exhibit elevated concentrations. These
concentrations were often twice the ligand concentrations detected in the offshore shallow waters
of the transect. Ligands within this region are also found to have relatively strong logKs (13.5-
14). Strong ligands, logKs >14, were detected below the OMZ in particular near the shelf
between 500 and 2500 meters and near the ocean bottom possibly indicating a shelf or sediment

source for strong ligands.

1.4.5 Ligand features in the oligotrophic and hydrothermal region

The lowest ligand concentrations of the transect, similar to the dissolved Cu
concentrations, were detected in the open ocean oligotrophic region of the transect.
Concentrations at the surface were below 1 nM, and stayed relatively consistent in the upper
1000 m before increasing to ~6 nM in the deepest samples. There is a slight elevation in ligand
concentrations just above the ridge crest of the hydrothermal vent, though the elevated ligand
concentrations do not extend beyond the immediate vicinity above the hydrothermal vent. The
region around the hydrothermal vent was found to have relatively “weak” ligands with logKs
between 12 and 13. The rest of the western section of the transect has stronger ligands with
logKs of 13 to 14.
1.4.6 Cu* trends

Cu®" concentrations were determined for the transect and are reported as a log value of
the Cu?* concentration (Fig. 1.7). The lowest Cu®* concentrations were found in surface waters
and primarily in waters near the South American coast with values ranging from log[Cu?*] of -14
to -15. The lowest Cu®* concentrations just off the coast coincided with some of the strongest

and highest ligand concentrations. The highest Cu?* concentrations are found in the deep waters
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and in near bottom waters with the majority of values ranging from log[Cu®*] -11 to -12. Over
the whole transect the average log[Cu?*] is -13, with higher concentrations found in the deep

waters especially around the hydrothermal vent where the weaker ligands of the transect were
detected.

Within the OMZ, Cu?* concentrations are slightly elevated from concentrations
immediately off the coast, but is bound both above 100 m and below 250 m by regions with
higher levels of the free Cu ion. The region of slightly lower Cu?* concentrations levels within
the OMZ may be due to biological processes within the OMZ utilizing free Cu. Low Cu®*
concentrations were also found in the upper waters in the offshore oligotrophic region between
Tahiti and the hydrothermal vent where the lowest dissolved Cu concentrations were also found.
At depth, Cu?* concentrations are elevated within the proximity of the hydrothermal vent

reaching log[Cu®'] levels of -12.3.

1.5 DISCUSSION
1.5.1 Copper speciation at the shelf

Work on the GP16 cruise by the Charette group documented a plume of *®Radium in
intermediate waters (1000-2500 m) coming from the continental shelf off the coast of Peru
(Sanial et al., 2018). This observation coincides with some of the strongest Cu ligands detected
over the transect, suggesting that shelf sediments may be the ultimate source of the strong
ligands (logK >14; Fig. 1.6). High levels of ?®Radium are also observed near the ocean bottom
just off Peru, and this region is also highlighted by ligands of similar strength as those detected in
the intermediate waters with elevated *Radium. The high levels of ?®Radium and strong
ligands detected in near bottom waters further implicate the sediments as a possible source of

strong ligands. Past studies have determined sediments to be a source of Cu ligands, but these
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studies were done in estuaries and lagoons with the majority of the ligands detected having
logKs of 7-11, much weaker than those reported for this study (Shank et al., 2004; Skrabal et al.,
2000). A study by Chapman et al. (2009) in Venice Lagoon also observed the sediments as a
possible source of Cu ligands with logKs of 12.5-14, more in line with our study. In addition,
Chapman et al. (2009) also detected benthic fluxes of thiols, known to bind Cu, which they
postulated as making up part of the L, ligand pool. Further evidence for shelf derived ligands
comes from a shelf region in the Antarctic Peninsula which attributed shelf sediments as a source
of Cu ligands (Bundy et al. 2013), although in that work the shelf was found to be a source of
weaker ligands relative to Antarctic Circumpolar Current waters. It is possible that the shelf
sediments off Peru may be a source of strong Cu ligands. Notably this region is also where Buck
et al. (2018) primarily detected the highest concentrations of L; Fe binding ligands for GP16.
1.5.2 Copper speciation at the surface HNLC, OMZ, and oligotrophic waters

Surface waters across the transect experienced the most dynamic changes in terms of
dissolved Cu and ligand concentrations. Concentrations for both parameters were highest near
the coast within the highly productive upwelled waters and in the HNLC region, and were lowest
in the oligotrophic region near Tahiti. The trend of high dissolved Cu and ligand concentrations
near the coast to decreasing concentrations with distance from shore was first reported in Boiteau
et al. (2016). Boiteau et al. (2016) also showed that Cu ligands, detected via a solid phase
extraction technique followed by analysis using liquid chromatography, were a diverse and
complex assemblage of organic polar compounds highlighting the heterogeneity of the ligand
pool, particularly near the shore. Boiteau et al. (2016) highlighted that offshore surface waters on
this transect had lower concentrations of both Cu and Cu binding ligands, with a portion of these

ligands being comprised of structurally well-defined ligands. This was in contrast with the
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undefined polar compounds that were detected in the productive coastal waters that were not able
to be chromatographically resolved. The region just off Peru was also shown to have some of the
lowest Cu?* concentrations, ~10™* M, possibly due to biological utilization of the free Cu ion or
production of strong Cu ligands to either alleviate Cu stress from the influx of Cu from deeper
waters and shelf sources or to facilitate the uptake of Cu needed for cellular metabolic processes.
AOA have been shown to reach Cu limitation at Cu** concentrations of approximately 10"* M
(Amin et al., 2013). This threshold is higher than the Cu®* concentrations observed for this
region, likely causing AOA near the coast to be experiencing Cu limiting conditions. High
abundances of AOA coinciding with very low concentrations of Cu®* have previously been
reported in this same region by Jacquot et al. (2013). Amin et al. (2013) presented evidence that
AOA do not necessarily produce Cu binding ligands when Cu-limited, thus potentially other
organisms or shelf sediments may be the source of the strong ligands detected. The OMZ waters
of GP16 overlapped with the HNLC waters and were highlighted by elevated concentrations of
Cu ligands with relatively high binding strengths (logK 13-14) and low free Cu concentrations.
Findings within the OMZ are in line with findings by Jacquot et al. (2013) in the OMZ off Peru.
Similar to the Jacquot et al. (2013) study, some of the lowest dissolved Cu and free Cu
concentrations within the OMZ are found in the region around the nitrite maxima, with Cu
concentrations increasing below the nitrite maxima in our study. AOA in this region may be Cu-
limited, which may affect the oxidation of ammonia. However, it has been shown through
incubation experiments (Ward et al., 2008) that denitrifying microbes in the OMZ are not
influenced by additional Cu. This interplay between Cu availability and the organisms either
oxidizing ammonia or performing denitrification may have an impact on nitrogen cycling in this

region.
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Near surface waters in the outer edge of the HNLC region just off the coast (~80° W)
displayed elevated Cu and ligand concentrations. From this point of elevated Cu and ligand
concentrations in the upper surface waters, concentrations of both parameters exhibited a sharp
decrease extending west toward Tahiti. Buck et al. (2018) demonstrated that the HNLC waters
of GP16 have low Fe concentrations as well as a negative Si*, a proxy for Fe limitation,
indicating the likelihood that there is Fe limitation occurring in these waters. Low dissolved Cu
concentrations of ~0.82 to 1.5 nM were also observed in these waters. Diatoms require Cu for
uptake of Fe and low concentrations of Cu have been shown to induce Fe limitation (Peers et al.,
2005). It is possible that the interplay between Cu and Fe and their low concentrations in HNLC
waters are leading to Fe limitation in diatoms of this region.

The open ocean waters in this oligotrophic region are not in close contact with upwelled
nutrient rich waters or near sediment inputs, likely leading to the lower concentrations detected.
It is possible that both the lack of ligand sources in this region and the degradation of coastal
ligands result in lower ligand concentrations offshore. Dissolved Cu concentrations observed in
the open ocean offshore region are in line with previously reported values for the open ocean in
the North Pacific (Bruland, 1980; Boyle et al. 1981). As noted earlier, the offshore region was
shown via liquid chromatography combined with mass spectrometry techniques to have well
defined ligands that bind both dissolved Cu and nickel (Boiteau et al., 2016). The sources of
these ligands are undetermined, but could be related to biological sources due to metal limitation.
Cu plays an important role for Fe acquisition in low Fe regions (Peers et al., 2005; Maldonado et
al., 2006; Semeniuk et al. 2016) similar to the oligotrophic waters sampled, possibly leading to
the strong ligands detected offshore deriving from a biological source.

1.5.3 Copper speciation at the hydrothermal vent and plume
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Throughout the Western half of the transect a hydrothermal plume was observed (Jenkins
et al., 2018) with enrichment of *He ~2500 meters. Roshan and Wu (2018) detected elevated Cu
concentrations below 3000 meters, indicating that the hydrothermal vent is unlikely to be a
strong source of dissolved Cu in contrast with other trace metals like Fe, manganese, and
aluminum which have been shown to have elevated concentrations at the vent site and extend out
away from the vent within the plume (Buck et al., 2018; Resing et al., 2015). Although model
results, from another study, predict 14% of deep ocean Cu to come from hydrothermal fluids
(Sander and Koschinsky, 2011), from available data it seems this vent in the southern East
Pacific Rise (EPR) is not a significant source for deep ocean dissolved Cu. Roshan and Wu
(2018) posit that with efficient transport of hydrothermal particles there could be reversible
exchange of Cu into the dissolved phase, indicating the hydrothermal vent has a slight effect on
dissolved Cu. Lee et al. (2018), however, demonstrated that particulate Cu around the southern
EPR vent is found in sub-nanomolar concentrations, in stark contrast with particulate Fe,
indicating that there may not be enough particles for Cu to account for the solubilization of Cu
into the dissolved phase. When dissolved Cu data from the Mid-Atlantic Ridge vent sampled in
GAO03 is compared to the GP16 vent there is a relative lack of a Cu signal from the southern EPR
vent, yet hydrothermal vents in both basins do demonstrably have elevated dissolved Fe
concentrations in surrounding deep waters (Buck et al., 2015, 2018; Resing et al., 2015).

Cu binding ligands do show a small increase just above the GP16 hydrothermal vent, but
the extent is limited and is not shown in other surrounding data points like it is for Fe binding
ligands (Buck et al. 2018). A similar result of elevated Cu ligands near the vent was seen during
the GAO3 cruise, though the ligands found in GAO3 had higher binding strengths than those

detected during this study. Elevated concentrations of both dissolved Cu and Cu binding ligands
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have been found previously in vent fluids (Sander et al., 2007), with Cu ligands reaching
concentrations of 4000 nM and logKs of 12.5 — 13.5. Samples for the Sander et al. (2007) study
were taken at the Brothers volcano in the Pacific with one sample coming directly from a black
smoker. The Sander study also found thiols that can serve as Cu binding ligands, suggesting
hydrothermal fluid may provide an influx of dissolved Cu and Cu binding ligands when vent
fluids mix with ambient seawater. It is not clearly evident that the southern EPR hydrothermal
vent sampled for GP16 is a source of Cu and Cu ligands. It is possible that much of the Cu is
associated with Fe-oxides in sediments around the vent, as was found in Chakraborty et al.
(2014). Dissolved Cu has been observed to undergo rapid adsorption onto hydrothermal
particulate phases with preferential removal from the neutrally buoyant plume, likely with
sulphides in the Mid-Atlantic Ridge (German et al., 1991). Effects of hydrothermal vents on Cu
and Cu-binding ligands may be highly localized to the vicinity of the vent. At the Mid-Atlantic
Ridge an excess of Cu and Cu binding ligands (>700 nM) (Cotte et al., 2018) were observed
from samples collected 1-2 m from a vent orifice, while the closest sample above the GP16 vent
orifice is about 20 m above the vent at station 18.
1.5.4 Copper speciation in the deep waters

Based on the water mass analysis done by Peters et al. (2018), the deep waters in the
GP16 transect are made up primarily of Pacific Deep Water (PDW), one of the oldest water
masses in the world ocean. The dissolved Cu and Cu ligand concentrations associated with the
old deep PDW waters are found to have an almost one to one relationship, in contrast with
shallower water masses like ESSW and Equatorial Pacific Intermediate Water (EQPIW) which
are found to have a surplus of Cu ligands relative to dissolved Cu (Fig. 1.9). The influence of the

PDW water mass can also be seen in the low excess ligands (eL) found in the deep waters along
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the GP16 transect. Excess ligands are defined as, eL = Total Ligands — dissolved Cu, and thus
represent the Cu-free ligands present in a given sample. The low concentrations of eL found in
PDW is in contrast with surface waters which have a higher excess ligand concentration (Fig
1.10). The low excess ligand concentrations of the deep waters are also paired with higher
concentrations of the free Cu ion (Fig 1.11A). The accumulation of Cu in the deep waters may be
reducing the Cu binding ligand capacity, leading to the low eL concentration and higher free Cu
ion concentrations found. This low eL found in the deep waters may also be indicative of an inert
fraction of Cu. When plotting total ligands and excess ligands versus dissolved organic carbon
(DOC) (Fig 1.12) the high ligand concentration at low DOC concentrations as well as the low eL
concentrations at low DOC concentrations point to a possible fraction of exchange inert
dissolved Cu. If there is a presence of inert Cu, this could lead to an overestimation of the Cu
ligand detected with our electrochemical technique (Gledhill and Buck, 2012).

Along with the low excess ligand concentrations found in deep waters, some of the
weakest ligands were also detected (Fig 1.11B). Together the presence of both weaker ligands as
well as low excess ligand concentration cause the free Cu to be higher in deep waters. Overall,
however, the logKs of Cu-binding ligands in the oldest waters are not much weaker than in other
water masses. Thus it may be that eL has more of an effect on free Cu rather than the ligand
binding strength. The ligands in deep waters are almost completely titrated with dissolved Cu
and this corresponds to the region with the highest fraction of colloidal (0.02-0.2 pum) Cu. Below
3000 m in the Western section of the transect approximately 39% of dissolved Cu is in the
colloidal as opposed to the truly soluble (< 0.02 pm) fraction (Roshan and Wu, 2018). The high

concentrations of dissolved Cu, Cu binding ligands and Cu?* in the deep waters of the Pacific
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have also been observed in the North Pacific, with concentrations within range of those reported
for GP16 (Moffett and Dupont, 2007; Tanita et al., 2015).
1.5.5 Pacific vs. Atlantic comparison

Along the GP16 cruise section approximately 326 samples for Cu speciation were
analyzed with 51% of the samples analyzed in duplicate titrations. The GP16 cruise crossed a
strong upwelling region coupled with an OMZ and reaching an oligotrophic offshore region with
a hydrothermal vent located in the middle of the transect. The GAO3 cruise in the North Atlantic
shared similar oceanographic features as the GP16 cruise with 275 samples analyzed for Cu
speciation. An intercomparison was done to ensure the feasibility of comparison between GP16
and GAO3 Cu speciation results due to slight differences in analytical procedures, as outlined in
the methods and results section.
1.5.6Pacific vs. Atlantic dissolved copper comparison

Both, GP16 and GAO3, exhibited similar patterns in dissolved Cu concentrations with
low concentrations at the surface and linearly increasing concentrations with depth. The GA03
average dissolved Cu concentration was found to be ~1 nM while the GP16 average dissolved
Cu was higher at 2 nM. A major difference between the two ocean basins is found in the overall
maximum Cu concentration in the Pacific basin being higher at 5.80 nM compared to 3.07 nM in
the Atlantic basin (Jacquot and Moffett, 2015). This is likely a result of the high percentage of
the older Pacific water found throughout the GP16 transect (Peters et al., 2018) highlighting the
accumulation of Cu in old water masses.
1.5.7 Pacific vs. Atlantic copper speciation comparison

Samples from both the Pacific and Atlantic transects were processed with a single ligand

model and thus only one ligand is reported for each sample. Ligand concentrations in both basins
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largely followed Cu distributions and increased with depth, with the highest ligand concentration
found in deep waters particularly near the ocean bottom. The Pacific basin had overall higher
concentrations of Cu ligands with ligand concentrations maxing out just under 9 nM, while
ligand concentrations in the Atlantic max out at 5.26 nM (Fig. 1.13B). The higher ligand
concentrations in the Pacific may be due to degradation of stronger ligands along the ocean
conveyor, leading to increased concentrations of slightly weaker ligands in the older waters of
the Pacific, however the differences in binding strength between surface and deep waters was not
significant. The older waters may also have an effect on the excess ligand concentration detected
in both basins. When plotted against ligand concentrations in both basins it is clear that excess
ligands in the Pacific are lower relative to total ligand concentrations in the Atlantic (Fig 1.14).
In the Pacific the highest ligand concentrations, typically in deep waters, are found with the
lowest excess ligand concentrations. We speculate that the low excess ligands in the Pacific,
despite the high concentrations of total ligands, may be due to an inert fraction of dissolved Cu.
It may be possible that as water masses age, an inert fraction of dissolved Cu begins
accumulating to account for the low eL in the deep Pacific, while the deep Atlantic with younger
water masses generally has eL at a 1:1 ratio with total ligands. Data is not available for GA03 but
Roshan and Wu (2018) show the highest concentrations of colloidal Cu, at least in the western
half of the transect, are found in the deep waters below 2500 meters with concentrations between
1.5 and 2 nM while the upper waters generally had colloidal Cu in concentrations of ~0.5 nM.
Kogut and Voelker (2003) demonstrated that colloids could physically sequester Cu rendering it
kinetically inert to ligand exchange. The aged waters of the deep Pacific may hold a fraction of
Cu in an inert state, which would have consequences for accurate measurements of ligand

parameters through electrochemical methods. It should be noted that this trend of older water
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masses having lower relative excess Cu ligand concentrations is perceptible both within the
EPZT dataset itself (e.g. comparing shallow vs deep water masses), and when comparing the
deep water EPZT and NAZT datasets to each other. This robust and oceanographically consistent
observation increases confidence in the intercomparability of the EPZT and NAZT Cu speciation
datasets.

The binding stability constants determined in the Pacific are similar to those that were
found in the Atlantic, as both basins had logKs spanning a range between 12 and 15. Strong
ligands in the Pacific were detected near the surface of coastal waters of Peru as well as at depth
just off the shelf and near the ocean bottom. Strong ligands (logK > 13.5) were also found in the
Atlantic near the surface and off the shelf, likely with a fraction of these ligands in both basins
deriving from biological sources near the surface and possibly from shelf sediments. A contrast
between the two basins is seen in the binding strengths of deep Pacific ligands, particularly
around the hydrothermal vent. Ligands in this region had a range in logKs of 12.5-13, while
ligands in the deep Atlantic basin were found with logKs generally above 13. It appears ligands
in the older Pacific waters around the hydrothermal vent may have lost some of their binding
capabilities over time, or that the hydrothermal vent is a source of weaker ligands. The binding
strengths of the detected ligands are not significantly weaker than those of Cu ligands detected
throughout PDW dominated waters, however, so other factors may be responsible for the binding
capacity loss. Overall, free Cu ion concentrations in the Pacific were found to be higher than in
the Atlantic (Fig 1.12C) and free Cu in the upper 1000 meters of the transect are in line with
previously reported values in the North Pacific (Coale and Bruland 1988; Moffett and Dupont
2007; Jacquot et al., 2013). This suggests that ligands are less able to buffer the free Cu ion

activity as deep water masses age. A loss in binding capacity was also seen in organic Fe-binding
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ligands, as only 46% of samples with PDW had detectable L; ligands (Buck et al. 2018), with the
majority of Fe ligands in the older PDW waters being made up primarily of weaker L, and L3
ligands. Buck et al. (2018) reported a secondary peak appearing in most of the scans during
electrochemical analysis for deep samples of the Pacific for Fe binding ligands. They attributed
the secondary peak to humic-like substances (HS) binding to Fe. Although this was not observed
in deep samples for Cu ligands, HS may be a possible ligand binding Cu in the deep waters of
the Pacific as it has been shown that HS can bind both Fe and Cu (Abualhaija et al., 2015). HS
Cu ligands have been shown to have conditional stability constants lower than the strongest Cu
ligands (logK < 14) in line with a L ligand class (Whitby and van den Berg, 2015) and similar to
the binding strengths observed in this study.
1.6 CONCLUSION

The GP16 dataset is highlighted by high dissolved Cu concentration in the surface near
the shelf and in deep waters, particularly near the sediments. Dissolved Cu concentrations
throughout the transect generally increased with depth along with Cu ligand concentrations. The
regions of high dissolved Cu near the shelf and in the deep waters coincide with the Cu ligands
having the highest logKs detected, as well as elevated levels of “’Radium indicating the
sediments as a possible source of the strong ligands. Surface waters in the oligotrophic region
have the lowest dissolved Cu and ligand concentrations detected over the transect, in line with
previous reported dissolved Cu in the open ocean North Pacific. The hydrothermal vent sampled
during the cruise does not act as a source of dissolved Cu in contrast with other trace metals like
Fe, manganese, and aluminum, but there is limited evidence that the vent may have been a
localized source for weaker Cu binding ligands. The identity of Cu ligands detected is still not

entirely known, but the potential for deep ocean HS likely being detected by Buck et al. 2018
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indicates that part of the deep Cu ligand pool may be bound to HS. This study provided the
second large scale Cu speciation data set for the U.S. GEOTRACES program which highlights
the effects water mass age has on Cu speciation.

The GP16 and GA03 GEOTRACES transects both share similar oceanographic features
which provides for comparison between observations. Cu speciation observations in the GP16
transect shared similarities with results observed in the GAO3 transect. In both ocean basins the
hydrothermal vents don’t act as sources of dissolved Cu despite a notable increase in dissolved
iron. The hydrothermal vents seem to be a source of Cu ligands, although observed elevated
ligand concentrations in the Pacific are not as extensive as in the Atlantic. Both ocean basins
show evidence for strong ligands originating from sediments and in the Pacific observations of
strong ligands tended to coincide with a strong sediment signal based on ?Ra. A major disparity
between the two ocean basins is that Cu ligand concentrations, dissolved Cu concentrations, and
free Cu concentrations are higher at depth in the Pacific (Fig. 1.13). This is likely due to the
older waters of the Pacific accumulating Cu and titrating ligands in the deep waters leading to
low eL and an increase in free Cu ions in the deep Pacific relative to the deep Atlantic. The
difference in eL between the two basins is also notable (Fig. 1.14). The deep old waters in GP16
are found to have high concentrations of Cu ligands, but relatively low concentrations of eL,
while the deep waters in GAO3 are found to have Cu ligands and eL in similar concentrations.
This difference may be driven by the water mass age effect, leading to an inert fraction of Cu in
the old Pacific Deep Waters in GP16. More work is needed to assess the possible existence of
this inert Cu fraction and whether it is due to colloids, a mixed organic fraction, water mass age,

or another factor.
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1.6 FIGURES AND TABLES

Table 1.1. Results from intercomparison for GA03 samples. Data with a SA window of 2.5 pM
utilized NAZT analytical protocols and data with 5 uM SA window utilized EPZT analytical
protocols.

Sample SA Depth (m) [L] nM logK Lab
ID Window
6804 2.5 uM 285 1.49 +0.15 13.5-13.7 Moffett
6806 2.5 uM 345 2.02 £ 0.46 13.68 +/- 0.34 Barbeau
6806 5 uM 345 1.87 +£0.53 13.76 +/- 0.28 Barbeau
6808 2.5 uM 420 2.92 £0.22 13.52 +/- 0.06 Barbeau
6808 5uM 420 2.77+0.73 13.14 +/- 0.28 Barbeau
6932 2.5 uM 800 2.77 £0.27 13.0-13.2 Moffett
6946 2.5 uM 1650 5.20+£0.82 12.5-12.7 Moffett
6952 2.5 uM 2101 3.30+0.11 13.80 +/- 0.04 Barbeau
6952 S UM 2101 3.40+0.34 13.56 +/- 0.18 Barbeau
6864 2.5uM 3900 4.26 +0.30 12.9-13.0 Moffett
6868 2.5 uM 4350 4.88 +1.40 13.09 +/- 0.30 Barbeau
6868 5 UM 4350 4.66 + 0.84 12.71 +/- 0.16 Barbeau
6870 2.5 uM 4440 5.20+1.23 12.70 +/- 0.25 Barbeau
6870 S UM 4440 5.50 = 1.07 12.71 +/- 0.16 Barbeau
6874 2.5uM 4531 2.29+£0.13 13.5-13.7 Moffett
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Figure 1.1. (A) Regional map of the U.S. GEOTRACES EPZT (GP16) cruise track of stations
where speciation samples were collected. (B) Depth locations for speciation samples on top of
oxygen concentrations along the transect.
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Figure 1.2. Section plot of dissolved [Cu] across the transect as shown in Roshan et al. (2016)
and contributed by Claire Till (pers. comm.).
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Figure 1.3. Titration curves for SA equilibration tests conducted with a 15 min SA equilibration
and an overnight equilibration.

38



1000

2000

Depth

3000

4000

Ocean Data View / DIVA

5000

100

200

Depth

300

400 {

Ocean Data View / DIVA

500

84°w 82°w 80°w 78°W

Figure 1.4. (A) Section plot of organic copper-binding ligands ([L]) across the transect. (B)
Zoomed in section of [L] for near shore profiles.
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Figure 1.5. Ligand concentrations for deep samples (> 2500 meters) with the same scale as in
Fig. 4A.
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Figure 1.6. Dissolved organic copper-binding ligand stability constants (logK) across the
transect.
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Figure 1.7. Free copper ion, Cu**, concentrations displayed as log[Cu?®*] across the transect.
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Figure 1.8. Upper ocean (< 500 m) concentrations of dissolved copper (dissolved Cu) along the
transect (A), and (B) dissolved organic copper-binding ligands ([L]).
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Figure 1.9. Cu concentrations ([Cu]) versus dissolved organic copper-binding ligands ([L]) in
each of the water masses identified within the GP16 transect. Water masses identified in plot:
Equatorial Subsurface Waters (ESSW), Pacific Deep Water (PDW), Equatorial Pacific
Intermediate Water (EQPIW), Eastern South Pacific Intermediate Water (ESPIW), Antarctic
Intermediate Water (AAIW), Antarctic Bottom Water (AABW), South Pacific Central Water
(SPCW), Lower Circumpolar Deep Water (LCDW).
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Figure 1.10. Excess ligand concentrations (e[L]) versus carbon-14 (C14 _delta), a water mass
age proxy, and overlaid with depth (colors). More negative C-14 values correspond to older
water masses.
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Figure 1.12. Relationship plots of total dissolved Cu ligands versus DOC (A) and excess
dissolved Cu ligands versus DOC (B) for the GP16 transect.
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Figure 1.13. GP16 vs. GA03. (A) Dissolved Cu concentrations, (B) copper ligand
concentrations, (C) excess ligand concentrations, and (D) Cu?* concentrations between the
Pacific (GP16) and Atlantic (GA03) GEOTRACES zonal transects.
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Figure 1.14. Plot of excess ligand and Cu binding ligands in both the Pacific (red) and Atlantic
(blue) basins.
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2.1 ABSTRACT

Copper speciation was determined at select stations of the U.S. GEOTRACES GP16
transect via a competitive ligand exchange electrochemical technique using multiple analytical
windows (MAW), employing a novel method for simultaneous processing of MAW
voltammetric titration data. The proposed method uses a combination of publicly available metal
speciation processing tools, KINETEQL and ProMCC, as well as a unified sensitivity for the
processing of MAW data as a single data set, eliminating the need to derive sensitivities from
individual titrations. The processing method developed here was also used to optimize the
analytical windows used for MAW analysis, thereby decreasing the number of analytical
windows required and reducing the workload. The removal of outlier points proved to be an
important step for reducing errors associated with ligand parameters. The application of this
method to GP16 samples reveals two copper ligands detected throughout the oceanic water
column, with the weaker L, ligand in higher concentration. Free copper concentrations
throughout the data set remain well below toxicity even at depth, where the strong L; ligand has
low to no excess ligand concentration. This is one of the first open ocean copper speciation data
sets derived from simultaneous processing of MAW electrochemical titrations, providing a more
accurate depiction of the natural ligand pool relative to multi-ligand data derived from the
analysis of a single analytical window.
2.2 INTRODUCTION

Copper (Cu) is scarce in the open ocean and is found in nanomolar concentrations. This is
in stark contrast with coastal systems, where Cu is found in concentrations that can exceed
oceanic levels by a factor of 10, especially in human-impacted sites such as boat basins (Bruland,

1980; Chadwick et al., 2004). Despite its low concentrations in the surface ocean, Cu has been
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shown to play a vital role in facilitating various biological functions such as the acquisition of
iron (Fe) (Peers et al, 2005), photosynthesis (Peers and Price, 2006) as well as ammonia
oxidation by archaea, which use multiple multi-copper oxidases (Walker et al, 2010). Although
Cu is a vital micro-nutrient, Cu has also proven to be toxic, especially for cyanobacteria. When
the concentration of the free cupric ion (Cu?*) is high enough cyanobacteria have been shown to
reduce their reproductive rates (Brand et al., 1986; Moffett et al., 1997). However, Cu in marine
systems is over 99% complexed by organic ligands (van den Berg, 1987), and stabilization by
organic ligands helps prevent Cu** concentrations from reaching toxic levels. Thus far the
majority of these ligands have gone unidentified and the sources of the ligands are not fully
understood. Some of these ligands are thought to be humic-like and are likely terrestrially
derived (Whitby et al., 2018; Whitby and van den Berg, 2015; Abualhaija et al., 2015; Kogut and
Voelker, 2001). Other ligands capable of binding Cu, like thiols and polysaccharides have also
been suggested to be important in natural waters, with polysaccharides being produced by
phytoplankton under elevated Cu concentrations (Swarr et al., 2016; Pistocchi et al., 2000).
Competitive ligand exchange voltammetry was first applied several decades ago to
characterize Cu-binding ligands in natural waters (Campos and van den Berg, 1994). This
electrochemical method employs a well-known ligand added at a specific concentration to
compete with the natural ligands for added Cu. This method reveals Cu ligand concentrations
and binding strengths (logK). A limitation with this technique is that the detection of the natural
ligands is determined by the analytical window used to compete with the natural ligands. The
ligand pool is heterogeneous and made up of organic species spanning a spectrum from weak to
strong binding agents. Higher analytical windows (i.e. higher concentrations of the added ligand)

are most sensitive for the detection of stronger ligands and low analytical windows (i.e. lower
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concentrations of the added ligand) target weaker ligands. An intercalibration study by Bruland
et al., (2000) demonstrated the effect that analytical window has on Cu speciation results by
comparing Cu speciation results between different labs and distinct voltammetric methods. These
competitive ligand exchange techniques used three different added ligands, benzoylacetone,
salicylaldoxime, and 8-hydroxyquinoline, with each having different Cu-binding strengths and
thus distinct analytical windows (Bruland et al., 2000). The intercalibration study revealed that
different results for Cu speciation were obtained not only with different added ligands, but even
when the same added ligand was used at different concentrations. Generally, when a low
analytical window was used, a “weak” Cu ligand was detected at high concentrations, and when
a high analytical window was used a “strong” Cu ligand was detected at lower concentrations
than the weaker ligands. Despite the different ligand parameters, each method was able to
calculate the same Cu?* concentrations (Bruland et al., 200). The interpretation from this study
was that there is likely a “continuum” of organic Cu-binding ligands in seawater, and thus the
analytical window is important for which pool of Cu-ligands you can identify. The
recommendation from this study when characterizing metal binding ligands, was to complete
titrations at a range of concentrations of the added ligand in order to span several different
analytical windows and broadly characterize this continuum of Cu ligands in seawater. This
conclusion was reinforced by the contemporaneous work of VVoelker and Kogut (2001) on Cu
binding in humic acid solutions analyzed via competitive ligand exchange titrations at multiple
analytical windows (Kogut and Voelker 2001; Voelker and Kogut 2001).

An early study that implemented a multiple analytical window (MAW) approach for the
analysis of organic Cu speciation in natural seawater was by Buck and Bruland (2005) in the San

Francisco Bay estuary. This study analyzed each window separately before combining the results
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of the MAW analysis for each sample onto a single plot revealing the buffering ability of the
detected ligands to maintain free Cu concentrations at sub-toxic levels, despite elevated
dissolved Cu concentrations from anthropogenic sources. This study demonstrated the utility of
the MAW approach, but also highlighted the challenges of early MAW datasets. One challenge
was that each titration was processed individually using either a Scatchard or Langmuir
linearization technique and not as a unified data set (Buck and Bruland, 2005). Following in the
steps of the Buck and Bruland (2005) study, Bundy et al. (2013) utilized a similar MAW
approach for studying possible sources of Cu ligands to Antarctic surface waters. The Bundy et
al. (2013) study also used known linearization methods like the van den Berg/Ruzic and
Scatchard to process speciation data from each analytical window separately. Although these
studies noted the utility of using MAWSs, analyzing samples using MAWSs is also extremely time
intensive. These analyses involve completing at least five titrations (with an analysis time of
approximately 2 hours per titration) compared to only a single titration in traditional methods. In
addition several issues have been noted regarding analyzing titration data from each window
separately instead of as a unified dataset. Firstly, there can be some overlap between analytical
windows that cannot be accounted for by analyzing each titration separately. When viewed
separately each analytical window produces its own speciation results which one can interpret as
different ligands being detected. Pizeta et al. (2015), however pointed out that the statistical
significance of the difference between the ligand parameters from each window has not been
explored, and it is more appropriate to analyze multi-window titrations as a single dataset rather
than individual curves. Once analyzed as a single dataset the issue of how to determine a
sensitivity arises. The sensitivity of a titration is an important variable for calculating speciation

parameters. There are several methods available for determining the sensitivity and the
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sensitivity for each window can be different, which further complicates how the sensitivity
should be determined.

Recently, several studies have tested the approach of processing MAW data
simultaneously as a single data set. Select analyses from the Buck and Bruland (2005)
publication were reprocessed as a single MAW data set (Wells et al., 2013) employing a
numerical method that was developed to handle MAW speciation data via direct modeling
(Sander et al., 2011). Wells et al. (2013) found that analyzing MAW data simultaneously helps to
fully characterize the strong and weak ligands in a sample and made determination of the free Cu
ion more accurate than a single analytical window alone. Another recent study (Pizeta et al.,
2015) evaluated speciation results from 15 labs for simulated titration data. This effort revealed
that using a unified analysis for MAW data improved results when two or more ligands are in a
sample, and in fact gave a better estimation of the true ligand parameters than analysis at a single
analytical window. The use of both KINETEQL and ProMCC individually was evaluated in the
Pizeta et al. (2015) intercalibration study, though the impact of the sensitivity determination
method on MAW analyses was not evaluated.

Sophisticated processing tools have recently become widely and publicly available,
making it more routine to process MAW metal speciation data as a single data set. Currently
there are two publicly available processing tools for MAW Cu speciation data that can treat
multi-window data simultaneously. One, KINETEQL, utilizes a nonlinear regression to fit up to
three ligands with an Excel workbook used as an input for the data (Hudson et al., 2003; Hudson,
2014). The KINETEQL software also utilizes a Tableau system that is similar to the other MAW
software, ProMCC, a complete complexation model. The complete complexation model is made

up of mass balance equations to process MAW speciation data as a combined dataset (Omanovi¢
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et al., 2015). The ProMCC tool has a graphic user interface which allows for quick adjustment of
speciation data after a fitting. The main difference between ProMCC and KINETEQL is that
ProMCC requires sensitivity correction of speciation data before the data can be imported to
ProMCC, while KINETEQL solves for the sensitivity as one of the fitting parameters. This is a
major distinction between the two methods because the inaccurate determination of the
sensitivity introduces the most error into ligand parameter determinations (Pizeta et al., 2015).
The KINETEQL solver is able to determine a sensitivity for the dataset as a whole, which can be
useful for processing MAW data (Hudson et al., 2003).

In this study, we used KINETEQL and ProMCC concurrently to process Cu MAW data.
In brief, the method described here uses KINETEQL to determine a unified sensitivity for the
MAW data set and uses it to correct the raw MAW data before final processing with ProMCC.
We further optimized the number and range of analytical windows needed for MAW Cu
speciation analysis of oceanographic samples, significantly decreasing the time needed for MAW
analyses. The use of KINETEQL for determining sensitivity is shown to be advantageous as it
provides a sensitivity fitted for the whole data set as opposed to doing an internal calibration for
each analytical window. The method is applied to samples collected at “super stations” during
the 2013 U.S. GEOTRACES Eastern Pacific Zonal Transect (GP16).
2.3 METHODS
2.3.1 Sample collection

Samples for the application of the MAW processing method were collected from the
2013 U.S. GEOTRACES Equatorial Pacific Zonal Transect (GP16) in which full depth water
column samples were collected (Fig. 2.1). Select samples were chosen from “super stations” to

be analyzed using MAW for the determination of Cu ligand concentrations (L) and conditional
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binding strengths (logK). All speciation sampling bottles, for GP16 MAW speciation samples
underwent a rigorous cleaning process outlined in the GEOTRACES “cookbook” (Cutter et al.,
2017). The cleaning process began with a soap bath followed by a bath in nitric acid and ending
in a bath of hydrochloric acid. All bottles were individually double bagged for clean storage and
filled with Milli-Q (MQ; 18 MQ cm™) until use. Water column speciation samples were
collected according to GEOTRACES protocols described in Jacquot and Moffett (2015) and
outlined by GEOTRACES protocols (Cutter et al., 2017). Surface seawater samples were also
collected from 3m depth with a trace metal clean tow-fish pump system while steaming between
stations (Bruland et al., 2005), and underwent the same treatment as water column samples.
Speciation samples were filtered using a 0.2 um Acropak 200 capsule filter and were placed in
fluorinated polyethylene (FLPE) bottles were then stored in a -20 C freezer for analysis in the
lab. Samples for total dissolved Cu determination were collected simultaneously with Cu
speciation samples, into low density polyethylene (LDPE) bottles, and acidified at sea with 4mL
of 6M quartz-distilled HCI (Optima, Fisher Scientific) per liter of seawater, resulting in a pH of
1.7-1.8 (NBS scale).
2.3.2 Total dissolved copper analysis

Dissolved Cu for the Eastern section of the transect (stations 1 and 11) was analyzed
using previously described methods (Biller and Bruland, 2012; Parker et al., 2016) Cu was
preconcentrated by extraction from buffered seawater (pH 6.0) and analyzed on an Element XR
Inductively Coupled Plasma Mass Spectrometer (ICP-MS). Samples were UV irradiated prior to
preconcentration. Dissolved Cu samples from the Western section of the transect (stations 26 and
36) were analyzed according to an isotope dilution method (Wu and Boyle, 1997; Roshan and

Wu, 2018) utilizing a multiple collector high resolution ICP-MS. This method also utilizes a UV
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step prior to analysis. SAFe seawater standards were also determined to assess the accuracy of
the method.
2.3.3. Reagents

The boric acid buffer was prepared by dissolving boric acid (Alfa Aesar, 99.99%) in 0.4
N aqueous NH4OH (Optima, Fisher Scientific). A 4 mM stock of salicylaldoxime (SA; > 98%)
was prepared in methanol (Optima LC/MS, Fisher Scientific) and replaced every six months or
as needed. Cu standards (100 nM to 10 uM) were diluted from an atomic adsorption standard
(1000 ppm, Spex CertiPrep) into pH 2 MQ water (acidified with Optima grade HCI).
2.3.4 Copper speciation analysis

A competitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-ACSV)
method was utilized for the characterization of organic Cu binding ligands for GP16 samples.
The basics of the CLE-ACSV method are detailed in Buck and Bruland (2005). This method
employs the competition for Cu between a well-characterized added ligand (SA) and the natural
seawater ligands to determine the thermodynamic stabilities of the natural ligands (originally
published in Campos and van den Berg, 1994). The analytical methods and electrochemical
parameters follow those outlined in Bundy et al. (2013) and Buck and Bruland (2005). Frozen
samples were thawed in a refrigerator and vigorously shaken prior to analysis. The samples were
then aliquoted (10 mL) into pre-conditioned Teflon vials and buffered with 1.5 M boric acid-
ammonia (BA) to pH 8.2. The vials were spiked with increasing concentrations of Cu ranging
from 0-75 nM, depending on the analytical window, to saturate the natural ligands. The boric
acid buffer and Cu were equilibrated with the natural ligands for two hours, after which the
competing ligand, SA, was added. Five titrations were carried out in this manner with a

concentration of SA of 1, 2.5, 5, 10, or 25 uM. Titrations with SA concentration between 5 and
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25 UM were equilibrated with SA for at least 15 minutes, while titrations with SA concentrations
of 1 and 2.5 uM were equilibrated with SA for at least 30 minutes. Speciation samples were
analyzed in 11-point titrations carried out on a controlled growth mercury electrode
(Bioanalytical Systems Incorporated). Peaks generated from titrations were extracted using the
ECDSoft software package (Omanovic et al., 2015).
2.3.5 Simulated unified analysis of multiwindow data

In order to determine the most effective method for simultaneous processing of multi-
window Cu speciation data, the ProMCC simulation feature was used to generate simulated
titration data for the five analytical windows used in our MAW analysis. Parameters for the
simulated data such as initial Cu concentration and Cu additions used for titrations were based on
the analytical processing of GP16 sample 10327, an open ocean sample collected at 45 meters in
the oligotrophic region of the cruise. We simulated data that had two ligand classes with L
concentration of 1.63 nM and a logK; of 14.16, and L, concentration of 7.43 nM and a logK; of
12.75 with a sensitivity of 69.86. Noise was added to the simulated data (up to 30% variability)
similar to what was done by Omanovi¢ et al. (2015). The simulated data was then processed as a
unified dataset with three different processing methods (Table 2.2): (1) utilizing the KINETEQL
multi-window tool with preset limits for ligand concentrations, sensitivity, and logK; (2) using
the ProMCC software with the internal sensitivity generated during the titration of each
analytical window to correct peak heights and fitting with the complete complexation fitting
model option;, and (3) using a combination of both KINETEQL and ProMCC. In method (2) the
internal sensitivity was determined based on the final three points of a titration curve, where the
titration is linear and the added Cu is primarily bound by the added ligand. In method (3)

(schematic shown in Fig. 2.1), the MAW data was processed by first following method (1), and
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then the determined sensitivity was used to correct the peak heights from each analytical
window. Once the peak heights were corrected, the corrected unified MAW data was imported to
ProMCC and processed. The speciation results and corresponding errors from the three
processing methods were compared with each other in order to determine the best method for
analyzing the field samples. Method (3) was then also used for further tests in determining the
optimal analytical windows to use for MAW analysis while trying to minimize fitting errors.
Different combinations of three of the five analytical windows were tested using method (3) to
determine whether particular combinations of three windows gave lower or similar average error
as using all five windows (Table 2.3).

During the processing steps we found that removing data points helped in reducing errors
for calculated speciation parameters. One point removal step occurs after the processing with
KINETEQL (Fig. 2.1C). KINETEQL produces a sensitivity line on which all the data is plotted
and points that are “off” the line are singled out for removal. This point removal was used for
processing data according to method (1) and for the KINETEQL portion of method (3). Point
removal was also carried out during data processing in ProMCC. The removal is based on points
that are visibly clear outliers primarily on the generated plots for the Scatchard and Langmuir
fittings, see Fig. 2.1E. The point removal in ProMCC was used in method (2) as well as method
(3) during the ProMCC fitting in method (3).

2.3.6 GP16 MAW processing

The MAW processing of GP16 samples was done according to method (3) using the
“optimized” windows of 2.5, 5, and 10 UM SA. Titration data from the optimized windows was
imported into KINETEQL and the solver was run. After the fitting, points off of the sensitivity

line were subject to removal. The sensitivity determined in KINETEQL was used to correct raw
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peak heights prior to importing to ProMCC. Within ProMCC outlier points were removed based
primarily on the Scatchard and Langmuir plots, as described earlier. After this point removal, the
solver was run in ProMCC for final processing of the data, generating the ligand data reported in
Table 2.4.
2.4 RESULTS and DISCUSSION
2.4.1 MAW processing results

We first used the simulated data to determine the best way to process our field data
analyzed via MAW. Results from the three MAW processing methods outlined in the methods
section are displayed in Table 2.2. We simulated the data to have two ligand classes, so all
methods were run with two ligands enabled in both the KINETEQL parameters and in ProMCC.
All three processing methods determined two ligands with similar binding constants, with the
strong ligand (L) having a logK just above 14 and the weaker (L) ligand having a binding
constant of less than 13. Concentrations of L; were similar between all three methods, ranging
from 1.68 £ 0.82 nM for method (2), 1.41 for method (1) with a root mean square (RMS) error of
0.09 and 1.35 £ 0.35 nM for method (3). Concentrations of the L, ligand were more variable
between the three methods with method (1) calculating the lowest concentration (5.43 nM) and
method (2) the highest (14.19 £ 12.19 nM). Methods (1) and (2) both offer unique features for
processing MAW data simultaneously. In method (1) a unified sensitivity is calculated for the
data, while method (2) allows for data visualization and fitting with a graphic user interface that
allows for quick adjustments of the data. Method (3) takes advantage of the unique features of
both processing tools. A significant difference between methods (1) and (2) is how the sensitivity
is determined and utilized. KINETEQL determines a sensitivity for the dataset as a whole (e.g.

all analytical windows) while ProMCC requires a correction to raw peak data with the sensitivity
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determined first by the user. There are several methods for determining the sensitivity of a
titration but there is currently no consensus on which method is the best to use. Recently a MAW
Cu speciation study by Wong et al. (2018) utilized ProMCC for the simultaneous analysis of
MAW Cu speciation data in an estuary and explored two methods of implementing the
sensitivity for the analysis of MAW data as a unified data set in ProMCC. One approach was to
use an internal calibration which consists of using the last 3-5 linear points of a titration curve,
while the second was to use the last few points of a standard addition of Cu from a UV-irradiated
sample. Wong et al. (2018) stated that due to sample size they were unable to establish the “best”
sensitivity for the analyses and thus used both sensitivities, with the internal sensitivity serving
as a lower limit and the sensitivity from the UV-irradiated sample serving as the upper limit.
Through the use of their sensitivity correction and the ProMCC software, Wong et al. (2018)
identified two ligand classes in their samples. In a later study Wong et al (2019) compared the
use of UV-irradiated sensitivity to sensitivity generated via “overload titration” (Kogut and
Voelker, 2001). An overload titration (OT) is similar to an internal calibration, as both are
measured directly in the sample, but the OT utilizes a concentration of the added ligand which
outcompetes all natural ligands in the sample (Kogut and Voelker, 2001). Wong et al. (2019)
found that UV-irradiated sensitivities gave more reproducible results for MAW analyses vs. the
OT method. A challenge that comes with using the internal slope of UV irradiated samples,
however, is that MAW analysis takes up considerable time and volume which may make it
impractical to UV treat each sample. This issue presents a greater difficulty when a high number
of samples are collected, particularly for programs like GEOTRACES. The utilization of
KINETEQL allows for the determination of the sensitivity for the dataset as a whole, without the

added work of UV treating each sample. Additionally, it allows for the correction of raw data
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with a unified sensitivity for each analytical window for use in ProMCC. We chose the
combination of KINETEQL and ProMCC (method (3) described above) for simultaneous
processing of our MAW Cu speciation data as it utilizes the best features of both KINETEQL
and ProMCC while providing a uniform method for determining the sensitivity, arguably the
most important parameter in speciation analyses (Pizeta et al., 2015).
Optimization of MAW windows

After deciding on a method for the simultaneous analysis of our MAW Cu speciation
data, method (3), the simulated data was then used to assess whether the number of analytical
windows used in the analysis can be reduced, since MAW methods are extremely time and
volume intensive. We used the simulated data as well as the average error parameter reported
from ProMCC to determine which of our analytical windows can be removed from the analysis
by seeing which reduced the average error. We determined that an acceptable average error as
reported by ProMCC was error that was within the range (+ 20%) of the error that was
determined for that method using the simulated data (Table 2.3). For the optimization tests
combinations of three analytical windows were used. All of the combinations using the highest
analytical window, 25 UM SA, have the largest average errors. This is likely due to the fact that
the highest concentration of SA is slightly outside the detection window for the weaker ligand

parameters (L) used in the simulated data. An analytical window («,) is defined by,

a, =[L] X K 1)

such that «; is a function of ligand concentration and strength. An optimal analytical window
used for the analysis of ligand parameters is one where the as, is within an order of magnitude

of the a; of the natural ligands. In the case of the highest analytical window (25 pM SA), the
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as, is equal to 6.6 x 10° and the a,,,. of the simulated natural ligands is 2.4 x 10° when both the
stronger and weaker ligands are considered. If only the weaker ligands are considered, the «;,,of

the simulated weaker ligands is 4.2 x 10*, which is an order of magnitude lower than the a, for
the highest window. This may suggest that the 25 uM SA window is high to accurately detect the
L, ligands, and thus the error associated with the L, determinations are high (Table 2.3). When
the highest analytical window is not used, the average error drops, as well as the specific error
values for ligand concentrations. The lowest average error is obtained when using the mid-range
analytical windows, 2.5, 5 and10 uM SA. When comparing the average error of the three mid-
range analytical windows with the use of all five analytical windows, a clear difference in the
error is observed (Table 2.3). Although the average error when using all five windows is bigger
relative to the “optimized” windows, the speciation results are similar to each other (Table 2.3).
When the 25 uM SA window is not used the average error drops below 20. When working with
the remaining analytical windows, the removal of the 1 uM SA window lowers the average error
further to the lowest seen between the various combinations (11.51; Table 2.3). Thus, removing
the lowest and highest analytical windows had the greatest impact for reducing the average error
in ProMCC for this particular sample. These results are in contrast to Sander et al. (2011) who
proposed that the use of their lowest (0.5 uM SA) and highest (70 uM SA) analytical windows
was enough for Cu speciation parameter determination with their numerical method. With our
processing method, the use of our highest or lowest windows tended to introduce more error,
which led to excluding those windows when selecting the optimized windows for use on field
samples. This can likely be explained by the difference in the samples used between the two
analyses, and the slight modifications of the processing methods used. Our method has been

optimized for open ocean samples, where Cu ligand concentrations and binding strengths fall
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within a relatively consistent range across most studies (Bundy et al. 2013; Thompson et al.,
2014; Jacquot and Moffett 2015; Whitby et al., 2018). Sander et al. (2011) optimized their
method across a huge range in ligand concentrations and strengths in an estuarine setting, with
ligand concentrations ranging from 0.5-2500 nM and logK ranging from 7.5-17.5 (Fig. 2 in
Sander et al. 2011). Their lowest and highest analytical windows thus would not be either too
weak or too strong for their range of ligand parameters, and thus likely would not subject their
results to large errors. We choose to focus on optimizing MAW methods for the vast majority of
Cu speciation that exists, which is within a much narrower range of ligand parameters in an open
ocean setting. Our method is thus applicable to a wide range of open ocean samples, while users
conducting MAW analyses on unique sample types should perhaps take special care to choose

the appropriate windows based on the expected ligand parameters.

2.4.2 GP16 MAW data

The MAW processing method (3) described above with the optimized analytical
windows (2.5, 5, 10 uM SA) was used for the analysis of select open ocean Cu speciation
samples from the 2013 GP16 cruise. Results for Cu speciation for GP16 are presented in Table
2.4. Errors for the majority of parameters are low, although errors for the L, concentration were
more variable. Pizeta et al. (2015) noted the higher overall error associated with determining the
concentrations of the L ligand class, and suggested that longer titrations (at least 15 points)
should be used in order to determine two ligand classes. Despite having multiple windows, it is
likely that experimental variability in the titrations may disproportionately impact the
determination of the L, parameters, especially in this work when each titration has only 11 points

compared to the new recommendations of 15 (Pizeta et al., 2015).
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These are some of the first MAW measurements done for Cu speciation samples within a
GEOTRACES transect. A profile of samples analyzed with this processing method from GP16
Station 26 in the far west of the transect is shown in Fig. 2.2, displaying Cu concentrations and
ligand concentrations for both the L; and L, ligands that were detected. The concentration of L;
ligands exceeds the dissolved Cu concentration in the upper 300 m and increases with depth.
However, the dissolved Cu concentrations also increase with depth and thus the Cu concentration
exceeds the L; concentration for the samples below 1500 meters. L, ligands are found in higher
concentrations than the L ligands and dissolved Cu throughout the water column, except in the
deepest sample where L, concentrations are similar to dissolved Cu. The free Cu concentration at
GP16 Station 26 was very low in the upper 300 m, reaching a concentration of almost 10™° M.
The free Cu ion concentration increases with depth, but remains below the toxicity threshold for
cyanobacteria, 10! M (Brand et al., 1986).

The profile for Station 1 at the eastern end of the transect is similar to the profile for
Station 26, L, ligands exceed dissolved Cu concentrations near the surface (Fig. 2.3). Station 1 is
also highlighted by strong ligands with the highest binding constant (logK3) in the MAW data
set, this is similar to stations near the shelf in Chapter 1 which also have the strongest ligands
detected demonstrating that a shelf influence may extend to Station 1. Station 1 is highlighted by
an oxygen minimum zone (OMZ) feature between 200 and 500 m. Two samples of the Station 1
profile (180 and 211 m) fall within this feature with oxygen concentrations of 1 and 1.10
pmol/kg, respectively, compared to the upper 70 m which have oxygen concentrations over 200
pmol/kg. The 211 m sample found in the OMZ section is found to have low free Cu
concentrations comparable to concentrations of the near surface samples. The highest L,

concentration is also found within the OMZ feature. In the deep waters of the profile (>1500 m)
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the L; concentration is found in similar concentrations as dissolved Cu while the deepest sample
in the profile, and one of the deepest in the dataset (5446 m), is found to have a L; concentration
less than the dissolved Cu concentration. All free Cu concentrations at Station 1 are calculated to
be well below the toxicity threshold including the deepest sample that has L; and L,
concentrations below dissolved Cu concentrations.

Overall for the MAW dataset, when compared to the single analytical window (SAW)
analysis of the GP16 transect (Chapter 1), it is likely that the ligands detected using a single
window are a combination of the two ligands detected through MAW as the logK of the SAW
ligands tend to be in between the logKs of the L; and L, ligands detected through MAW.
However, despite the differences in the determined ligand parameters the Cu* concentrations
were quite similar. The ligand parameters observed in GP16 are in line with previous work in
this region (Jacquot et al., 2013) which utilized a single analytical window at 2.5 uM SA. The
binding strengths for the majority of ligands detected by Jacquot et al., (2013) are in line with the
L, ligands detected on GP16 through MAW. This MAW data set also demonstrates the potential
for an inert fraction of ligand-bound Cu in deep Pacific waters, as shown in Chapter 1. Buck et
al. (2018) attributed the Fe L, ligands to the refractory component of deep ocean DOC, further
supporting the idea that there is a deep water fraction of metal-binding organic matter inert to
ligand exchange. When excess L; (eL;) is plotted against depth we see there is a depletion of
excess L; at depth (Figure 2.5). This inert fraction could have implications for the accurate
measurement of ligand parameters, particularly for SAW electrochemical titration, which
typically best characterize ligands that are present in excess of the dissolved metal concentration

(Buck et al., 2018).

74



Although MAW analysis provides an improved characterization of the ligand pool
relative to SAW analysis, particularly for the L; ligands dominating Cu speciation, what remains
unknown is the identity of the majority of these Cu binding ligands. Findings by Buck et al.
(2018) in the deep waters indicate humic substances as likely being part of the L, Fe ligand pool.
As humics are known to also bind Cu, it is likely that deep water L, Cu ligands are partially
made up of humic substances. Recent work by Whitby et al. (2018) in the North Pacific suggests
possible candidates like humic substances and various thiol types for the identity of Cu ligands.
Whitby et al. (2018) were able to correlate thiourea-like thiols with their L; ligand, which shares
a binding strength (logK) with some of the strongest ligands we detected. Whitby et al. (2018)
suggest that the electrochemical thiourea peak could be part of high affinity Cu chelators like
methanobactin or porphyrin. This finding points toward a biological source for the strong L;
ligand, as the strong ligand detected in our study is similar to that from the Northeast Pacific
study. The higher excess ligand concentrations for L, that we observe near the surface could be
the result of biological production. Deeper waters show virtually no excess L;, indicating the
saturation of the ligand as dissolved Cu accumulates in older water masses. The L, ligand pool in
Whitby et al. (2018) seems to be a mix of thiols and humic substances with logKs ranging from
11.6-13.6 which are similar to the binding strengths of our L, ligands. We did not evaluate our
samples for concentrations of thiols or humic substances, but it is likely that these make up a
portion of the Cu ligand pool. There still remains a large fraction of the Cu ligand pool
unidentified, as Whitby et al. (2018) were only able to account for about 32% of the total ligands
they detected as being thiols (thiourea, glutathione) or humic substances. A difference between
our MAW electrochemical method and the voltammetric titrations carried out by Whitby et al.

(2018) is that our ligand parameters are derived from a range of analytical windows, while
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Whitby et al. (2018) utilized an extended titration at the 10 uM SA window to fit two ligands in
ProMCC. The extended titration at 10 uM SA will be biased by targeting and averaging ligands
detectable at a relatively high analytical window. With our use of multiple windows, including
low analytical windows, we can more broadly characterize the natural ligand pool and derive
more accurate measurements of ligand parameters. Our L, ligands are, for the most part,
somewhat weaker than the L, ligands detected by Whitby et al. (2018), spanning a larger range
in binding strength, and with a distinct excess in concentration in surface waters. The L; ligands
detected by Whitby et al. (2018), in contrast, displayed uniformly high log K’s and occurred in a
near 1:1 ratio with dissolved Cu throughout the two stations they sampled. Our findings have
implications for both the source and identity of Cu-binding L; ligands.
2.5 CONCLUSION

Recent releases of publicly available Cu speciation processing tools have allowed for the
simultaneous processing of MAW speciation data. Prior to the advent of these tools MAW data
was analyzed on a window by window basis. Bruland et al. (2000) demonstrated that the
analytical window used can bias analysis of the natural ligand pool as low analytical windows
will find higher ligand concentrations with lower binding constants relative to the higher
analytical windows. Early MAW studies highlighted some of the problems associated with
analyzing high and low analytical windows individually, as well as with the time intensive nature
of analyses. The MAW method described here is able to streamline the analysis of open ocean
MAW data, as well as improve the efficiency of MAW data generation. The determination of a
unified sensitivity for the entire MAW speciation dataset prior to final processing in ProMCC is
an improvement on MAW data processing. The use of a unified sensitivity determined from

KINETEQL will help improve speciation results when users would otherwise need to use
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various more labor-intensive methods to determine individual window sensitivity before using
ProMCC.

For our method, we recommend the use of the 2.5, 5, and 10 uM SA windows for
analysts processing open ocean data. These windows produce results with the lowest average
error during final data processing, and make MAW data less time intensive to generate. The use
of “optimized” windows that provide coverage between both the weak and strong ligand pool
should be applied with caution however, as the optimal window may vary depending on the type
of sample being analyzed (e.g. open ocean versus estuarine or hydrothermal). We found that
incorporating a point removal step was important for reducing errors associated with these
processing methods, in particular errors for the L; ligand parameters. The new method was
applied to samples from the U.S. GEOTRACES GP16 cruise, providing some of the first open
ocean Cu speciation samples to be analyzed by simultaneous MAW data processing. Pairing the
optimized windows with available processing tools can provide faster analysis of MAW data

while still accurately probing the ligand pool.
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2.6 FIGURES and TABLES

Table 2.1. Table of preset limits used in KINETEQL for MAW processing methods 1 and 3.
Ligand concentrations are in nanomolar concentrations.

Parameter Min Max

log K; 13 17
log K, 10 13
log K; 7 10
[Lar] 0.1 100
[Lor] 0.32 100
[Lar] 0.32 1000
log S -0.3 3
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Table 2.2. MAW results for the three processing methods utilizing simulated data, as well as the
source of the sensitivity. The error for the KINETEQL method is calculated as a root mean
square error of all fitting parameters (Hudson et al., 2003), while the error for the ProMCC
method is reported as the “average error” (Omanovic et al., 2015).

Software L, + logK; + L, + logK, + Error Sensitivity
(nM) (nM)

KINETEQL | 1.41 14.14 5.43 12.8 0.089 | KINETEQL
ProMCC 168 |082| 1454 | 062 | 1419 |13.83| 1219 |1.16 | 4501 Internal
KINETEQL KINETEQL

and
ProMCC 135 |035]| 1420 | 032 | 9.15 174 | 1274 | 015 | 2121
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Table 2.3. Speciation results from analytical window optimization tests and speciation results
from the use of all windows and simulated data.

Windows L; (nM) + logK; + L, + logK, + AVG
Utilized (nM) error
(LM SA)
1,255 161|029 1412 | 021 | 901 | 135 | 1270 | 011 | 1432
1,2510 134 |037| 1418 | 032 | 924 | 176 | 1273 | 016 | 17.73
1,510 235 |033| 1395 | 017 | 1004 | 201 | 1251 | 015 | 1455
25,5,10 162 |028| 1413 | 021 | 814 | 193 | 1267 | 019 | 1151
1,25,25 243|237 1291 | 1355 | 765 | 6.12 | 1290 | 110 | 9357
1,525 127 | 115| 1423 | 1480 | 967 | 653 | 1272 | 064 | 7887
5, 10,25 294 |191| 1372 | 079 | 884 | 862 | 1248 | 1273 | 4856
All windows 162 | 158| 1392 | 1440 | 895 | 7.16 | 1271 | 064 | 69.17
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Figure 2.1. Conceptual figure of method (3) for processing MAW data, as described in the
methods section. (A) is raw generated titration data which is (B) imported to KINETEQL for
processing. After processing points away from the sensitivity line are removed (C) after which
the determine sensitivity from KINETEQL is used to correct titration peak heights (D) then
imported to ProMCC. Prior ro processing with ProMCC another point removal step (E) is carried
out based on outliers for the fitting plots (i.e. Scatchard, Langmuir, Ruzic). (F) results are
obtained from ProMCC.
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Figure 2.2. (A) Map of GP16 speciation profile locations. (B) Profiles highlighted in red boxes
were used for MAW analysis. The GP16 stations highlighted from right to left are station 1, 11,
26, and 36.
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Figure 2.3. Profile of GP16 station 26 displaying (A) [Cu], [L4], [L2], and total ligand ([L{])
concentrations and (B) profile of free Cu ion concentrations.
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Figure 2.5. (A) Plot of all L; ligand concentrations in the dataset with depth. (B) Plot of excess
L, ligands with depth.
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CHAPTER 3: Copper Speciation and Toxicity in San Diego Bay
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3.1 ABSTRACT

Seven sites within San Diego Bay were sampled during three different seasons and
analyzed for dissolved copper (Cu) and Cu speciation using a competitive ligand exchange
electrochemical technique with multiple analytical windows (MAW) for accurate determination
of Cu?* in order to evaluate copper toxicity within the Bay. A bioindicator, the marine
cyanobacterium Synechococcus sp., was used to study the relationship between elevated Cu®**
concentrations and Synechococcus counts in situ as further validation of copper toxicity. The
majority of stations within the Bay were found to have Cu®* concentrations below the toxicity
threshold despite high dissolved Cu concentrations. The only site found with Cu?* concentrations
consistently exceeding the Synechococcus toxicity threshold (10™* M) and associated with
reduced Synechococcus cell counts was the Shelter Island Yacht Basin site. Shelter Island Yacht
Basin is an enclosed marina with a high density of recreational vessels and subject to elevated
inputs of anthropogenic Cu from antifouling boat paint. The utilization of MAW competitive
ligand exchange electrochemical titrations to evaluate the ligand pool at impacted coastal sites
provides information on the ligand pool’s ability to buffer the site from reaching toxic Cu levels,

as well as enabling an accurate determination of [Cu®*].

3.2 INTRODUCTION

Copper (Cu) is a trace metal found in nanomolar concentrations in the ocean with
subnanomolar concentrations found in open ocean surface waters. Despite low oceanic dissolved
concentrations Cu plays a vital role for facilitating various biological processes in marine and
aquatic microorganisms such as the acquisition of iron (Fe) (Peers et al, 2005), photosynthesis
(Peers and Price, 2006) as well as ammonia oxidation by archaea, which use multiple multi-

copper oxidases (Walker et al, 2010). The majority of Cu in marine waters (>99%) is bound to
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organic metal binding ligands (van den Berg, 1987). Although Cu is a vital micro-nutrient for
organisms, when concentrations of the unbound Cu?* ion reach levels in excess of about 10 M
(Brand et al, 1986), Cu becomes toxic to organisms such as cyanobacteria which exhibit a
reduction in reproduction rates. The toxicity of Cu highlights the important role played by
organic Cu binding ligands, as ligands are able to buffer the free Cu ion and keep Cu?* from
reaching toxic levels. Considering the low concentrations of Cu found in oceanic environments
few open ocean regions have been shown to have Cu?* concentrations in the toxic range.
However, coastal areas in dense urban environments are subjected to anthropogenic sources of
Cu producing some of the most impacted sites for Cu toxicity (Blake et al., 2004; Moffett et al.,
1997; Oldham et al., 2014). Many of these impacted sites lie within enclosed protected harbors
that limit water movement and are subjected to seasonal runoff.

Boat harbors have historically been sites of acute pollution, in particular for heavy metals
due to the high concentration of watercraft as well as the mostly stagnant waters that make for
ideal harbor locations. Runoff of heavy metals into harbors is one source of metal contamination.
Another significant source, particularly for Cu, derives from antifouling boat paint. Antifouling
boat paint is made up of a Cu base that is designed to slowly release over time to act as a biocide
preventing algae and other encrusting organisms from attaching to the hull (Earley et al., 2013).
The use of Cu based antifouling boat paint as well as regular cleaning of the hull are important
for proper boat maintenance but are the main reason harbors are subjected to toxic concentrations
of Cu (Earley et al., 2013).

San Diego Bay is home to many private as well as commercial and military docks with
thousands of watercraft, all potentially a source of Cu. Copper levels within San Diego Bay

exceed water quality criteria leading to regulatory controls like a Total Maximum Daily Loads
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(TMDL) to limit the loading of Cu into the Bay, particularly at yacht basins and marinas (Port of
San Diego, 2011). The Shelter Island Yacht Basin has been identified to exceed state and federal
standards for Cu pollution, leading to a regulatory order for boaters, marinas, hull cleaners, and
the Port of San Diego to reduce Cu pollution. The San Diego Regional Water Quality Control
Board has implemented a TMDL regulatory program, based on total dissolved Cu concentration,
to reduce Cu emissions by 76% from boats in Shelter Island Yacht Basin by 2022. The current
TMDL is a numeric water quality objective based on generalized national water quality criteria
designed to be protective of aquatic organisms in a wide range of natural environments. The
TMDL ignores the physical and chemical characteristics of ambient water at a particular site that
may result in an increase or decrease in the bioavailability and/or toxicity of copper. Considering
that the unbound Cu®* ion is the toxicant, the total amount of dissolved Cu present may not be the
most salient regulatory factor, as the Cu ligands in the system will ultimately determine how
much Cu is left unbound and if that amount is in a toxic range. In the case of dynamic coastal
and urban water ways, water quality objectives based on site-specific criteria may offer a more
robust and appropriate regulatory tool than blanket national criteria.

In addition to Cu associated with boating activity, San Diego Bay is also affected by Cu
from brake pad dust, as brake pads have Cu that flakes off during braking action. The majority of
this dust is washed into the Bay and other water ways during rain events which are limited
primarily to the winter in Southern California. Southern California can be subjected to dry
periods with no rain lasting the majority of the year. Any rain event after a prolonged dry period
has the potential to inject a pulse of Cu from runoff into the Bay, potentially leading to acute Cu

pollution. Storm events can also possibly exacerbate Cu toxicity by stirring up the sediments in
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San Diego Bay, which have been shown to contain elevated levels of Cu (NOAA, 1991).
Purposeful dredging activities can have similar effects.

San Diego Bay is highlighted by its unique crescent shape with an opening to the ocean at
the northern end. There are several creeks that feed freshwater and particulate matter into the
Bay but this occurs infrequently during the rainy season and is virtually non-existent during the
remainder of the year (Largier et al. 1997). For our study we evaluated total dissolved Cu and the
ligand pool at various sites within San Diego Bay to identify locations experiencing Cu toxicity.
Cell counts of the marine cyanobacterium Synechococcus, due to its well-documented sensitivity
to Cu (Sunda and Guillard 1976; Brand et al.1986), were determined at each site and used as a
bioindicator for toxicity in conjunction with electrochemical determinations of Cu®*
concentrations. Sampling was carried out to capture a view of Synechococcus, total Cu and Cu
ligands during times of peak boat activity (summer), at the end of the rainy season (spring)
which can impact the Bay with runoff water, and finally during the fall which follows the end of
the summer boat activity and normally a prolonged dry period in San Diego. In order to
determine the concentration of the toxic Cu* ion in our samples, we applied a sophisticated
electrochemical competitive ligand exchange analysis with titrations at multiple analytical
windows (MAW) (i.e. titrations at a range of competition strengths with the added ligand) and
direct modeling of titration data. This approach, which reflects recent advances in the
interpretation of complexometric titration data (Hudson et al. 2003; Pizeta et al. 2015; Omanovic
et al. 2015) has previously been applied in San Francisco Bay in support of the development of
sight-specific copper toxicity objectives there (Buck and Bruland, 2005; Sander et al. 2015). Our
study represents the first time this approach has been applied in the Southern California region,

where restricted, high traffic embayments like San Diego Bay represent a significantly more
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dynamic range of total copper and copper ion concentrations than typically encountered in the
San Francisco Bay region. The MAW method applied here is described in Chapter 2 as it utilizes
the “optimized” MAW processing method to characterize the ligand pool. The use of Cu** and
Synechococcus together may provide a more direct link between Cu levels and biological
toxicity, an observation a previous San Diego study (Schiff et al. 2007) lacked as that study did
not determine free Cu concentrations. Schiff et al. 2007 used a biological indicator (bivalve
larvae) for toxicity in San Diego marinas and showed a relationship between total dissolved
copper levels and toxic effects, but the actual occurrence of toxicity was shown to be much less
frequent than the frequency of exceedance of state water quality standards as defined by total
dissolved copper concentrations (Schiff et al. 2007). By linking Cu®* concentrations with
Synechococcus, observations of toxicity can be directly related to free Cu concentrations and not
just total dissolved Cu (Moffett et al., 1997). Though there have been studies in San Diego Bay
that determined free Cu concentrations (Zirino et al., 1998; Blake et al. 2004) through an ion
selective probe a complicating factor for these studies is the presence of organic matter which
buffers Cu?* to varying degrees based on the concentration and binding strengths of the organic
ligands present in the waters. Our method of determining free Cu concentrations is more
chemically precise than electrochemical methods that directly measure labile copper, which is an
operationally defined pool specific to the electrode and chemical conditions employed, and may
include a variety of copper species other than Cu?* which may or may not be toxic to aquatic

organisms.
3.3 METHODS

3.3.1 Sampling and location
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The study site is comprised of 7 stations within the harbor of San Diego Bay, beginning
near the mouth of the Bay and ending in the inner Bay near the San Diego Bay National Wildlife
Refuge (Fig. 3.1). Locations of note from the sampling include: site E which is near the 10" Ave
Marine Terminal where various commercial and non-commercial ships can dock; site F just
south of the Coronado Bridge with daily traffic around 75,000 cars; and the Shelter Island Yacht
Basin (site C). The sampling occurred onboard a 17 ft. Boston Whaler with a 10 ft. fiberglass
pole equipped with trace metal clean sampling bottles on the end. At each station the boat came
to a stop and bottles were held away from the boat as much as possible with the 10 ft. pole and
dipped about a meter into the water, filled and rinsed with water three times before collecting a
sample for Cu speciation. The sample bottle was then stored in a cooler filled with ice until
returned to the lab several hours later. Once in the lab each sample was filtered in a laminar flow
hood on an acid cleaned Teflon filter rig with acid cleaned 0.45 uM polycarbonate filters and
then stored in a -20 C freezer until analysis.

Along with collecting speciation samples, samples for Synechococcus cell counts were
collected in 50 mL Falcon tubes and kept in a cooler in the dark until preserved in the lab with
0.25% glutaraldehyde (Sigma-Aldrich, St Louis, MO, USA) before being stored in a -80 freezer
until analysis. Measurements of pH, water temperature, and oxygen were made with a Yellow
Springs Instrument (YSI) probe at each station. Three sampling events took place over a year
with each of the 7 sites sampled during each sampling trip. The first sampling took place during
summer 2015 during the peak of boat activity in the Bay and on an incoming tide (Fig 3.2). The
second sampling occurred during early Spring in 2016 which is usually the end of the rainy

season in the region, sampling began during the through of the low tide (Fig 3.2). The final
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sampling occurred during Fall 2016 after the peak of summer activity and a prolonged period of
no rains in the region, sampling began on an outgoing tide (Fig 3.2).
3.3.2 Reagents

The boric acid (BA) buffer was prepared by dissolving boric acid (Alfa Aesar, 99.99%)
in 0.4 N aqueous NH,OH (Optima, Fisher Scientific). A 4 mM stock of salicylaldoxime (SA; >
98%) was prepared in methanol (Optima LC/MS, Fisher Scientific) and replaced every six
months or as needed. Cu standards (100 nM to 10 uM) were diluted from an atomic adsorption
standard (1000 ppm, Spex CertiPrep) into pH 2 MQ water (acidified with Optima grade HCI).

All reagents were stored in trace metal clean Teflon bottles.

3.3.3 Acid washing

Fluorinated polyethylene (FLPE; 1 L) bottles were used for the collection of copper
speciation samples and were put through a shortened acid washing cleaning prior to use as FLPE
bottles have previously been used and acid cleaned. The bottles were washed in a hydrochloric
acid (3 M) (HCI) bath for a week before being rinsed with milli-Q (MQ; 18 MQ c¢m™) and
partially filled with MQ water and bagged until use. The Teflon filter rigs were also treated in a
similar fashion as they were kept in HCI for a week before being stored cleanly until use. The
0.45 uM polycarbonate filters were cleaned by first placing them in acetic acid for a week before
rinsing and placing them in 3 M HCI for another week and finally storing in pH 2 MQ.
3.3.4 Dissolved copper analysis

An aliquot of about 100 mL was taken from the 1 L FLPE bottle in which the speciation
sample was stored. Prior to an aliquot being collected the sample was thawed in a refrigerator for
two days and shaken vigorously. Dissolved Cu was determined through standard addition with

the use of cathodic stripping voltammetry after UV oxidation of the sample for 8 hrs, utilizing
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the same electrochemical parameters for Cu speciation which are outlined in (Bundy et al. 2013;
Buck and Bruland 2005). The boric acid buffer as well as 25 uM SA was used to measure Cu on
a BaSI (Bioanalytical Systems Incorporated) hanging mercury drop electrode. Short deposition
times were used for standard additions ranging from 10 to 30 seconds. Standard additions were
done for each sample collected, due to volume considerations no replicate standard additions

were done for Cu determination.

3.3.5 Dissolved carbon analysis

Samples for dissolved organic carbon were collected from an aliquot of the FLPE bottle
with the speciation sample after thawing. The aliquot was collected in a combusted 60 mL glass
tube and acidified with two drops of concentrated HCI, the vials were then sealed with acid
washed vial caps with septa. Samples were stored at room temperature in the dark until analyzed
via high-temperature combustion on a Shimadzu 500 V-CSN/TNM-1 (Shimadzu Corp, Kyoto,
Japan).
3.3.6 Synechococcus and picoeukaryote concentration determination

Samples were thawed after storage in a -80 freezer then processed as described in Collier
and Palenik (2003). Cell abundance counts were normalized using pre-counted 0.94 um
green fluorescent beads (Duke Scientific Corporation, Palo Alto, CA, USA) that were added to
each sample. Events falling within specific regions were counted as Synechococcus or
picoeukaryote cells.
3.3.7 Copper speciation

Speciation samples from San Diego Bay were analyzed with a competitive ligand
exchange adsorptive cathodic stripping voltammetry technique (CLE-ACSV) utilizing multiple

analytical windows (MAW). The theory of the CLE-ACSV method is detailed in Buck and
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Bruland (2005). This method employs the competition for Cu between a well-characterized
added ligand (SA) and the natural seawater ligands to determine the thermodynamic stabilities of
the natural ligands (originally published in Campos and van den Berg, 1994). The analytical
methods and electrochemical parameters are outlined in Bundy et al. (2013) and Buck and
Bruland (2005). Frozen samples were thawed in a refrigerator and vigorously shaken prior to
analysis. The samples were then aliquoted (10 mL) into pre-conditioned Teflon vials and
buffered with 1.5 M boric acid-ammonia (BA) to pH 8.2. The vials were spiked with increasing
concentrations of Cu ranging from 0-350 nM to saturate the natural ligands. The boric acid
buffer and Cu were equilibrated with the natural ligands for two hours, after which the
competing ligand, SA, was added. Five titrations were carried out in this manner with a
concentration of SA of 1, 2.5, 5, 10, or 25 uM. Titrations with SA concentration between 5 and
25 uM were equilibrated with SA for at least 15 minutes, while titrations with SA concentrations
of 1 and 2.5 uM were equilibrated with SA for at least 30 minutes. Deposition times ranged from
10 s to 60 s depending on the Cu concentration. During the deposition step the Cu-SA complex
accumulates onto the mercury drop before a reduction current is used to generate a measureable
peak. Speciation samples were analyzed in 11-point titrations carried out on a controlled growth
mercury electrode (Bioanalytical Systems Incorporated). Peaks generated from titrations were
extracted using the ECDSoft software package (Omanovic et al., 2015). Titration data from the
2.5, 5, and 10 uM were used to determine Cu ligand parameters utilizing the optimized MAW
method described in Chapter 2. The titration data was first simultaneously processed with the
KINETEQL solver and the sensitivity determined by KINETEQL was used to correct the
titration peak data before final processing in ProMCC utilizing a two ligand fitting model

(Hudson et al. 2003; Omanovic et al., 2015). Final processing from ProMCC produced Cu
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speciation data for ligand concentrations (L and L,), binding strength (logK), and Cu®**
concentrations.
3.4 RESULTS
3.4.1 Hydrography

Measurements of temperature, salinity, pH, and dissolved oxygen (DO) are presented in
Table 3.1. Surface temperatures during sampling were highest during the summer sampling,
exceeding 20 C. Salinity within the Bay is similar to ocean salinity, highlighting the lack of
freshwater influence. The highest salinity was found in the back Bay during the Fall sampling.
The pH within the Bay ranged from around 7.5 to just above 8 and the DO was between 7 and 9
mg /L during the summer and spring sampling. During the fall sampling DO values were not

recorded due to difficulties with the YSI probe.

3.4.2 Dissolved organic carbon

Results for dissolved organic carbon (DOC) for all sampling events are presented in Fig.
3.3 and Table 3.2. Due to volume constraints no DOC data is available for Station B in the
summer, Station F in the spring, and Station G in the fall. DOC within the Bay was found in
slightly higher concentrations than the coastal ocean. Overall there was a slight increase in DOC
towards the back Bay, with some of the highest DOC concentrations found at Station G, the
station deepest in the Bay and furthest from the ocean-Bay interface. Station G is also closest to
the saltmarsh and intertidal mudflat habitats of the San Diego Bay National Wildlife Refuge,
which may impact DOC concentrations. The lowest DOC concentrations were found at Stations

A and B, which experience the most exchange with the ocean.

3.4.3 Synechococcus results
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Synechococcus cell counts were used as a bioindicator for Cu toxicity and are presented
in Fig 3.4 and Table 3.2. Synechococcus counts observed in San Diego Bay were mostly
comparable, on the lower end, with Synechococcus counts observed at the nearby Scripps Pier
(Nagarkar et al., 2018). Station C, Shelter Island Yacht Basin, had the lowest concentrations
during the first two samplings. During the fall sampling, Stations A and B had higher counts than

previously observed, while Stations C-G had lower than expected Synechococcus counts.

3.4.4 Dissolved copper

Dissolved Cu was determined at each station during all sampling periods with cathodic
stripping voltammetry, and results for dissolved Cu are presented in Fig 3.5. The lowest
dissolved Cu concentrations, over all the sampling trips, were found at stations A and B. Station
A in particular had the lowest concentration during the summer sampling. Sampling over the
summer began as the high tide was approaching its peak, leaving Stations A and B to be heavily
influenced by coastal ocean water. The highest dissolved Cu concentrations were consistently
found at Station C, the Shelter Island Yacht Basin. Concentrations at Shelter Island ranged from
75 to 122 nM, similar to levels observed in previous studies (Zirino et al., 1998; Blake et al.,
2004). The summer sampling at Station C had the highest recorded dissolved Cu, 122 nM, likely
related to the peak of boat activity. The summer sampling also followed a weekend of very
heavy thunderstorms, a rare event for the region in general especially during the summer,
possibly injecting a pulse of runoff into the Bay. Subsequent sampling at Station C did not find
the site to exceed 100 nM. The remaining stations over the three sampling periods had similar
dissolved Cu concentrations ranging from 20-40 nM, with the two innermost stations (F and G)

on the higher end.
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3.4.5 Copper speciation

Copper ligands, binding strengths, and Cu** concentrations were determined using the
optimized MAW processing method from Chapter 2. Results for Cu speciation parameters are
presented in Table 3.2. The strongest ligands were found at Station A, which also had the lowest
Cu?* concentrations during all three sampling events. Some of the highest concentrations of total
ligands were found at the Shelter Island Yacht Basin (Station C), with a large pool of the
relatively weaker L, ligands. The L, ligands detected at Station C were also some of the weakest
ligands detected between all the stations over all three sampling events. Through all three
sampling events Station C consistently had the highest Cu** concentrations, Fig 3.6. The
majority of stations in San Diego Bay, particularly Station G, had higher dissolved Cu
concentrations than L; concentrations. The L, ligands at all stations, except Station C in the
spring, were well in excess of dissolved Cu. The stronger L; ligands detected in most of the inner
Bay have similar binding strengths to the weaker L, ligand that is detected in most ocean

samples with multiple ligands (Chapter 2; Bundy et al., 2013; Whitby et al., 2018).
3.5 DISCUSSION

3.5.1 Previous San Diego Bay work

Previous work in San Diego Bay evaluated the Bay during different seasons of the year
for Cu toxicity by determining various labile and non-labile copper fractions through the use of
an ion selective probe (Zirino et al. 1998) or through voltammetric means combined with an ion
selective probe (Blake et al., 2004). Despite employing very different methodologies previous
studies, like our study, show that the region of the Shelter Island Yacht Basin was persistently
associated with elevated labile copper concentrations. The previous studies show that the inner

Bay does not likely reach free Cu levels that are toxic for Synechococcus, and these findings are
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similar to ours for the inner Bay. The Blake et al. (2004) study did find ion-specific electrode-
based free Cu concentrations around the mouth of the Bay to be close to toxic levels (10 M),
while in contrast our study found that region to be well outside the toxic range. The difference
may be due to the time of year sampling occurred. In the Blake et al. (2004) study near-toxic
levels at the mouth of the Bay were found during January, and none of our samplings took place
during January or in the winter. Findings from our study are in line with previous studies
highlighting that Shelter Island is persistently under Cu stress.
3.5.2 Comparison with other harbors

Studies in other harbors also impacted by anthropogenic Cu have been carried out,
revealing important information about Cu speciation and its role in Cu toxicity. One such study
evaluated several sites (harbors and ponds) in Cape Cod for Cu toxicity (Moffett et al., 1997). In
their study Moffett et al. (1997) utilized Cu** (determined via CLE-ACSV) and Synechococcus
as indicators of toxicity. Similar to our own work, they found Synechococcus cell counts to
decrease as the free Cu ion increased, with high concentrations of the Cu?* ion found in areas of
heavy anthropogenic Cu inputs primarily from antifouling paint. A major finding from Moffett et
al. (1997) was that the concentration of the strong L, ligand in their study areas closely matched
the concentration of dissolved Cu. When the strong L; ligand was saturated by Cu, significant
increases in Cu®* were observed. Titrations were then carried out at different analytical windows,
highlighting the effect that analytical window has on the Cu** concentration. The importance of
utilizing a MAW approach when studying Cu impacted coastal waters is shown in Moffett et al.
(1997) as the strong L; ligand, the primary control on Cu®*, was near the saturation point leaving
the weaker ligands to provide a buffer and maintain free Cu low. Without the detection of

weaker ligands free Cu concentrations may be overestimated when only a single strong ligand is
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determined. In our study we also observed the effect of determining Cu®* without employing a
MAW approach in an environment impacted by anthropogenic Cu, Fig 3.7. Without probing the
ligand pool with varying analytical windows we were limited in the ligands that could be
detected, with those that were detected often exceeded by the dissolved Cu concentration.
Despite the ligand detected being a strong L; ligand, many sites within San Diego Bay would be
incorrectly interpreted as being affected by Cu toxicity unless the weaker L, ligands were
detected and taken into account in calculating Cu*. The use of MAW for accurate determination
of Cu?* as well as the use of a secondary indicator for Cu toxicity, like Synechococcus, can aide
in accurate identification of Cu toxicity.

In our work copper speciation results coupled with Synechococcus, as a bioindicator for
Cu toxicity, point to persistent toxic conditions at the Shelter Island Yacht Basin (Station C).
This is reflected in the free Cu** concentrations (Fig 3.6) and the low Synechococcus
concentrations (Table 3.2) at Station C in all three sampling events. The toxic conditions at
Station C reflect the strong effect that high boat density and prolonged water turnover time has
for creating toxic Cu conditions. Unlike the Buck and Bruland (2005) study that evaluated
locations within San Francisco Bay for Cu toxicity, we found that the L ligand pool was unable
to buffer Cu at Station C and maintain it from reaching a toxic range for Synechococcus. The
Buck and Bruland (2005) study did not identify any locations within San Francisco Bay as
experiencing Cu toxicity. Both our study and the Buck and Bruland (2005) study evaluated the
ligand pool through CLE-ACSV with MAW, though the original Buck and Bruland (2005) study
did not employ a unified MAW analysis as we have done in this study. Titration data from Buck

and Bruland (2005) was subsequently reprocessed as a single unified dataset (Sander et al.,
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2015), and the reprocessing also did not reveal any sites with Cu®* in the toxic range for
Synechococcus in San Francisco Bay.

Possible reasons for the identification of a toxic site in San Diego Bay and not San
Francisco Bay may be related to the higher concentrations of DOC found in San Francisco Bay
(Buck and Brualnd, 2005). DOC concentrations in San Francisco Bay range from 250 to 400 uM
while in San Diego Bay DOC concentrations ranged from 70 to 120 pM. Given that organic
matter has been suggested to provide additional binding sites (Blake et al., 2004) for metal ions,
unlike in San Diego Bay, Cu in San Francisco Bay could have more available binding sites. The
reason for higher organic matter in San Francisco Bay may be due to the higher freshwater
influence, reflected in the lower salinity (Buck and Bruland, 2005). San Francisco Bay has more
inputs of freshwater (salinity ranged from 0-26), and with multiple inputs of freshwater there is
also more input of terrestrial organic matter into San Francisco Bay. Our study and a previous
study (Zirino et al., 1998) show that San Diego Bay is negligently affected by freshwater inputs
throughout the year.

Another factor possibly explaining the identification of a toxic site in San Diego Bay and
not San Francisco Bay is the range of dissolved Cu in each respective Bay. San Diego Bay
exhibited much higher concentrations of dissolved Cu compared to San Francisco Bay (Table
3.3). Dissolved Cu ranged from 3-122 nM in San Diego Bay while in San Francisco Bay the
range was 20-50 nM (Buck and Bruland 2005). The range of Cu concentrations in San Francisco
Bay is comparable to stations within inner San Diego Bay, however Station C in San Diego Bay
exhibits elevated Cu concentrations not seen in the inner Bay in San Diego or in the San
Francisco Bay samples. The elevated concentrations at Stations C set it apart from other samples

in this study and the Buck and Bruland (2005) study, highlighting the localized effect of Cu
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antifouling paint in an enclosed harbor. A simple parameter like DOC to dissolved Cu ratios
might ultimately be useful to help predict Cu toxicity in coastal systems, with a ratio of 1 or
below to indicate potential toxicity (Table 3.3), but more samples are needed as only 1 station
between the two Bay studies exhibited Cu toxicity.

The remaining sites sampled in San Diego Bay in this study did not exhibit Cu toxicity as
determined by both Cu?* concentrations and Synechococcus cell counts. The sites had either an
excess of L; ligands relative to dissolved Cu or a large L, ligand pool that helped keep Cu?*
below 10™* M during all samplings. The Synechococcus counts during the third sampling,
however, were anomalously low for most of the inner Bay stations, including Station C. It is
unknown what led to the drop in Synechococcus, as samples were all treated similarly and as
noted above other than Station C Cu®* concentrations were below the toxic range (10! M).
Furthermore, cell counts for pico-eukaryotes during the third sampling did not uniformly exhibit
anomalous low counts, demonstrating at least that the samples were in good condition (Table
3.2). There may have been another toxicant in the Bay leading to the drop in Synechococcus cell
counts, but the identity of the toxicant remains unknown. Salinity measured during the fall
sampling in the inner Bay was the highest salinity for each station over the three sampling
events, which coincides with the low Synechococcus cell counts, but it remains unknown if
salinity alone would lead to the low cell counts measured. It is thus possible that the low
Synechococcus cell counts at Station C during the fall sampling is not entirely due to Cu toxicity,

considering the similarly low Synechococcus counts in the rest of the Bay at that time.

3.5.3 Copper speciation in San Diego Bay
This study entailed some difficulties for Cu speciation determination via CLE-ACSV as

San Diego Bay is a highly impacted environment for Cu, and thus during electrochemical
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analysis the deposition time was kept short, ranging from 10 to 60 seconds. The short deposition
time also helped reduced any surfactant effect that may take space on the mercury drop away
from the Cu-SA complex. This is the strategy used by Moffett et al. (1997) to get around the
surfactant effect. The interference of surfactants becomes more pronounced at longer deposition
times. Fortunately the use of short deposition times works well in San Diego Bay as dissolved
Cu is quite high, and longer deposition times would lead to peaks that push the instrument’s
ability for accurate measurement. Relatively low DOC concentrations in San Diego Bay also
tend to reduce surfactant effects. The analytical windows chosen for this study, 2.5, 5, and 10 uM
SA, provide a wide range for targeting strong and weak ligands. The alpha value of the detected
ligands with MAW was tested against the alpha values for each of the three windows to ensure
alpha values within an order of magnitude from each other, an important consideration for
ensuring that the analytical windows used are a good match for the ambient ligand pool. Overall
we were able to get good determinations of the logKs for the detected ligands with minimal
error, though logK errors at the Shelter Island Yacht Basin were the highest. Errors for ligand
concentrations were quite variable especially for the L, ligand pool which is found in higher
concentrations than the L ligand pool, the error increased as the ligand concentrations increased.
In an environment like San Diego Bay it is difficult to say what could contribute most to the high
ligand concentration errors, possibly a combination of the high Cu concentrations and the need to
utilize short deposition times introduced more error than usual into the measurements.

The identity of the Cu ligands within San Diego Bay remains unknown as this study did
not set out to characterize the organic matter. Cu ligands, especially weaker L, ligands, are
thought to be made up of humic substances which are terrestrially derived (Kogut and Voelker,

2001). Considering that San Diego Bay is not subjected to much freshwater input it is likely that
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there is also little terrestrial input into San Diego Bay. In past studies Synechococcus has been
shown to produce strong ligands (logK ~ 13) during Cu stress (Moffett et al. 1990; Moffett and
Brand 1996). Ligands detected in San Diego Bay, particularly at Station C, may be products of
Synechococcus attempting to alleviate Cu stress.

Cu speciation results in our study highlight the importance of the L, ligand pool for
buffering the majority of the Bay from Cu toxicity. All stations had L; concentrations that were
exceeded by dissolved Cu concentrations as shown by the deficit of excess L, ligands, Figure
3.8. The majority of stations within the Bay exhibit deficits of the strong ligand especially within
the Shelter Island Yacht Basin. The secondary ligand pool played an integral role in buffering
inner Bay locations when Cu saturated the L; ligand. Station C and, surprisingly, Station G, the
station furthest away from the mouth of the Bay, had dissolved Cu concentrations that exceeded
L, concentrations during all three sampling events. Station C had the greatest difference (43-93
nM) between dissolved Cu and L; concentrations, furthermore Station C had consistently one of
the weakest L, ligand pools relative to the other stations in the Bay. The weaker ligands at
Station C are likely why the location was calculated to have free Cu in the toxic range despite a
secondary ligand pool capable of bonding additional Cu. This could be due to the enclosed space
of Station C coupled with long water residence times that leave the weak ligand pool more
susceptible to photochemical degradation. In San Diego Bay the secondary ligand pool is a
crucial buffer against Cu toxicity, but locations like Station C with the highest inputs of Cu and
an enclosed region limiting water movement may not be able to buffer against Cu toxicity even
with a large L, pool. It is notable, however, that the secondary ligand pool was likely responsible
for maintaining the inner Bay from reaching toxic Cu levels as the deficit of the strong ligand

was smaller at these stations and the L ligand was stronger than at Station C. More studies in
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other enclosed marinas within San Diego Bay are needed to see if results similar to Station C are
also found there. The coupling of CLE-ACSV analysis with a bioindicator, Synechococcus, for
Cu toxicity proved useful as the bioindicator was able to corroborate Cu toxicity based on Cu**
at Station C on at least two occasions. Though the anomalous Synechococcus cell counts during
the fall sampling are unexplained with available data, it does indicate that there may be other
toxicants for Synechococcus to be aware of when using Synechococcus as a bioindicator of Cu
toxicity in coastal environments. Previous studies have shown the sediments in San Diego Bay to
exceed sediment quality guidelines for metals like Cu, zinc and mercury as well as other
pollutants like polycyclic aromatic hydrocarbons, polychlorinated biphenyls and chlordane
(Fairey et al., 2009). The Bay has various possible contaminants that may have had a negative
impact on Synechococcus, Nonetheless clear drops in Synechococcus counts are seen during the
summer and spring sampling at Station C, while the pico-eukaryote counts don’t seem to be
affected by Cu at Station C, lending evidence that Cu?* is responsible for the drop in
Synechococcus.

This study has reinforced previous studies (Blake et al., 2004; Moffett et al., 1997) in
demonstrating that Cu toxicity may be constrained to locations of high boat density where the
highest concentration of passive leaching from Cu-based antifouling paint is occurring. Despite
elevated concentrations of Cu in inner San Diego Bay the secondary ligand pool proved capable
of buffering the waters from reaching toxic levels of Cu?*, similar to the findings of Buck and
Bruland (2005) in San Francisco Bay. Unlike other harbors that have been studied, San Diego
Bay has unique features that play a role in determining free Cu concentrations. The most unusual
aspect of San Diego Bay is the lack of freshwater inputs, as reflected in the salinity. The lack of

freshwater sources into the Bay means less sediment is transported into the Bay that may
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otherwise provide more organic matter to act as additional binding sites for the excess Cu in the
Bay. Unlike the harbors studied in Cape Cod that had a residence time of two days (Moffett et al.
1997), regions in San Diego Bay, especially in the back Bay, can have a residence time of up to
37 days (Chadwick et al., 2004). The long residence time in the Bay can allow for the
accumulation of more Cu from leaching paints while ligands are left exposed to possible
degradation by the sun which can in turn release more Cu (Skrabal et al., 2018) into surrounding

waters in a sort of positive feedback.

3.5 CONCLUSION

The majority of stations characterized in this study in San Diego Bay were not found with
Cu?* concentrations in the toxic range with the exception of Station C, the Shelter Island Yacht
Basin. Observations from this study suggest that Cu toxicity is limited to boat marinas where Cu
based antifouling paint has the most effect. Despite the high concentrations of dissolved Cu
found in the inner Bay those stations were not found to have Cu** concentrations in the toxic
range. Based on this work we predict that activities that introduce or release Cu from Cu paint
will likely continue to dominate as the source of Cu pollution in San Diego Bay, thus Cu toxicity
will be concentrated in boat harbors with a high density of boats and restricted circulation.
Currently the Port of San Diego is working to reduce Cu pollution in the Bay and the state of
California is legislating to reduce the use of Cu-based paint. As alternative non-biocide paints are
implemented under new regulations anthropogenic Cu in the Bay will be reduced, which may
alleviate Cu toxicity. The use of MAW CLE-ACSV to evaluate Cu speciation in San Diego Bay
has proven to be a robust method for determining accurate concentrations of Cu?*, which is the

causative agent of Cu toxicity.
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3.6 FIGURES and TABLES

Table 3.1. Hydrography data collected with a YSI probe at each station, DO values with n.d.
indicate no data available.

Station | Season | Temperature | Salinity | pH DO (mg/L)
C

A Summer 2%).80 33.30 7.67 8.75
Spring 16.00 33.49 7.48 7.85

Fall 17.10 33.52 7.76 n.d.

B Summer 21.10 33.24 7.94 8.23
Spring 17.10 33.49 7.53 8.02

Fall 16.70 33.53 7.82 n.d.

C Summer 23.00 33.14 7.93 8.26
Spring 17.70 33.49 7.66 8.25

Fall 18.80 33.75 7.75 n.d.

D Summer 22.90 33.47 7.97 7.62
Spring 18.10 33.45 7.70 8.40

Fall 19.80 34.07 7.74 n.d.

E Summer 22.60 33.47 8.00 7.64
Spring 18.30 33.45 7.80 7.70

Fall 19.90 34.06 7.74 n.d.

F Summer 24.10 33.45 8.04 7.26
Spring 18.90 33.44 7.78 7.77

Fall 21.10 34.49 7.76 n.d.

G Summer 25.60 34.18 7.96 7.39
Spring 19.00 33.34 7.85 7.15

Fall 21.40 34.98 7.80 n.d.
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Table 3.3. Dissolved copper, DOC data and DOC:Cu ratios for all samples in San Diego Bay
(this study) and San Francisco Bay (Buck and Bruland, 2005). Values in bold represent
measurements from Shelter Island Yacht Basin (Station C).

San Diego Bay San Francisco Bay
[Cu] DOC | DOC:Cu | DOC | [Cuamb] | DOC:Cu
(nM) (uM) (uM) | (nM)
299 | 89.80 30.03 380 33.7 11.28
12.28 | 71.96 5.86 253 27 9.37
6.30 | 81.77 12.98 398 26.4 15.08
17.04 n.d. n.d. 222 25 8.88
2249 | 82.69 3.68 343 22.9 14.98
8.41 | 81.77 9.72 210 27.1 7.75
12297 | 87.72 0.71 294 18.9 15.56
75.57 | 78.33 1.04 264 17.9 14.75
86.49 | 99.21 1.15 305 25 12.2
2755 | 93.71 3.40 279 20.3 13.74
26.34 | 111.08 4.22 308 21.7 11.12
26.76 | 107.10 4.00 307 49.6 6.19

27.19 | 88.11 3.24
26.26 | 106.50 4.06
2426 | 96.14 3.96
39.73 | 102.42 2.58
30.80 n.d. n.d.
27.08 | 99.49 3.67
35.07 | 120.91 3.45
36.56 | 111.60 3.05
28.88 n.d. n.d.
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Figure 3.1. Map of stations sampled within San Diego Bay., with the Shelter Island Yacht Basin
highlighted by the red marker. Map generated using Google Earth.
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Figure 3.2. Graph of tides during each sampling event ((A) summer (B) spring, (C) fall) with a
red box to indicate the time and duration of sampling. Graph and data generated by NOAA.
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Figure 3.3. Results of DOC analysis for stations during the three sampling events. No DOC data
available for Station B in the summer, Station F in the spring, and Station G in the fall.
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Figure 3.4. (A) Synechococcus counts for all sampling in San Diego Bay. (B) Picoeukaryote cell
counts for each sampling in San Diego Bay.
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Figure 3.5. Dissolved copper determined for each station during the three sampling periods.
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Figure 3.6. Free copper concentrations determined from MAW analysis through ProMCC. The
red line represents the toxicity threshold for Synechococcus, anything above the red line exceeds

the toxicity levels for Synechococcus.
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Figure 3.7. Free Cu concentrations determined from the 5uM SA analytical window results for
the summer samples. The red line represents the toxicity threshold for Synechococcus, anything
above the line represents Cu toxicity.
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Figure 3.8. Plot of excess L; ligand across San Diego Bay over all sampling events.
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