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Chapter 1: Introduction

1.1 Earth’s Climate History and the Coral Paleothermometer

The climate system is driven by the unequal distribution of the Sun’s energy
across the Earth’s surface that is skewed towards the tropical oceans (Peixoto & Oort,
1992). The tropical oceans therefore play an important role as a primary recipient of
solar heat, which is then dissipated through atmospheric and oceanic circulation.
Tropical sea surface temperature (SST) is linked to many critical climate variables such
as atmospheric moisture content and temperature, cloud cover, and patterns of
atmospheric circulation (Hastenrath, 1991). While there is still much to explore, the
available literature demonstrates that understanding tropical climate is essential to
understanding how Earth’s climate functions as a whole (McPhaden et al., 1998).

Tropical SST is a key part of the meridional heat transport that reduces the heat
gradient between the tropics and the poles, dictating global hydroclimate patterns on
seasonal timescales (Barry & Chorley, 2009). Tropical Pacific SST anomalies are
diagnostic of the El Nifio-Southern Oscillation, the leading mode of Earth’s interannual
climate variability, and are linked to extreme weather events across the globe (Emile-
Geay et al., 2016; Felis et al., 2000; Philander, 1990). While there is an ongoing debate
regarding the persistence and predictability of climate variability on multidecadal
timescales (Mann et al., 2020; Smith et al., 2020) multidecadal variations in tropical
SST during the industrial era have been linked to Atlantic hurricane activity (Gray et

al., 1997), as well as summer rainfall in India and the Sahel (Wang & Zhang, 2013).



Changes in tropical SST have even been used to explain centennial-scale changes in
global hydroclimate during the Medieval Climate Anomaly and the Little Ice Age
(Burgman et al.,, 2010; Mann et al., 2009). Reconstructions of past climate, or
paleoclimate, specifically of tropical SST, are thus an important tool for understanding
the fundamental mechanisms of the climate system over a range of time scales (IPCC,
2014).

Forecasting climate variability through the 21% century requires validating
climate models with observations (Hackert et al., 2020). However, globally
interpolated instrumental data sets only date back to the late 1800s, which does not
encompass enough time to accurately identify modes of climate variability on
multidecadal and longer timescales, or how they impact seasonal and interannual
climate variability (Smerdon & Pollack, 2016). This problem is exacerbated in the
tropics, where historical SST measurements are relatively scarce compared to the extra-
tropical Northern Hemisphere (Kennedy et al., 2011; Morice et al., 2012).

To reconstruct tropical climate variability, paleoclimatologists extend the
observed instrumental record both spatially and temporally using climate indicators
recorded by massive reef-building corals, which are well suited as low-latitude,
shallow-water, high-resolution climate proxies (Jones et al., 2009). Restricted both
geographically and bathymetrically to shallow water in tropical and subtropical oceans,
the skeletons of reef-building scleractinian corals incorporate numerous chemical
constituents of ambient seawater that can serve as geochemical proxies for a variety of
environmental parameters (Jones et al., 2009). Annual changes in skeletal density

provide excellent chronologies, and a single coral colony can grow to be several meters



high over decadal to centennial time-scales, making them ideal tools for studying
seasonal to centennial scale climate variability (Grottoli, 2001). Furthermore, coral
skeletons can persist for millennia in the geologic record, offering glimpses of climate
well before the modern era (Guilderson et al., 1994; Hughen et al., 1999; Kilbourne et

al., 2004; Shackleton & Matthews, 1977).

1.2 The Coral Sr/Ca Paleothermometer

Two of the most widespread coral skeletal geochemical proxies are the oxygen
isotopic composition (5'%0) of aragonite and the strontium-to-calcium ratios (Sr/Ca) in
the same carbonate structure, often utilized together to reconstruct both sea surface
salinity (SSS) and SST (Gagan et al., 1998; Kilbourne et al., 2004). Coral skeletal Sr/Ca
and 8'%0 are influenced primarily by the temperature and, respectively, Sr/Ca and §'%0
of ambient seawater (Corrége, 2006). Seawater '%0 varies generally as a function of
salinity (Epstein & Mayeda, 1953), but seawater Sr/Ca is considered stable and
invariable over the small salinity variations that occur in coral reef environments (Beck
et al., 1992).

The relationship between temperature and the distribution coefficient ratio (K)
of Sr and Ca between aragonite and seawater was determined by Kinsman and Holland
(1969) and Smith et al. (1979). The former observed the temperature dependence of
Sr/Ca in authigenic aragonite precipitated from solution, while the latter empirically

defined this dependence for coral aragonite in seawater.

(ST/Ca)aragonite

(Sr/Ca)seawater

K(T) = (1)



K(T) = 1.30 — 0.0094T )

If (Sr/Ca)scawater is known, then equations (1) and (2), in combination with precise
measurements of (Sr/Ca)aragonite, Will yield a unique value for temperature (7, in °C).
Using laboratory experiments, Smith et al. (1979) manipulated seawater Sr/Ca at
constant temperatures and confirmed its predicted impact on coral Sr/Ca. However,
when the authors collected corals for field reconstructions, they assumed a constant
value of seawater Sr/Ca at ~8.6 mmol/mol (Kinsman & Holland, 1969), which was

consistent with their empirical coral Sr/Ca — SST calibration.

(ST/Ca) sorar = 8.6 X (1.30 — 0.0094T) ~ 11.32 — 0.082T 3)

At the time, the methodology used for determining St/Caaragonite (atomic absorption
spectrometry) was insufficiently precise and resulted in errors as large as ~2°C in
predicted temperatures during aragonite synthesis. A methodological improvement was
achieved when Beck et al. (1992) used thermal ionization mass spectrometry, which
reduced the analytical error for coral Sr/Ca-based temperature reconstructions to
~0.5°C. As with Smith et al. (1979), Beck et al. (1992) assumed constant seawater
Str/Ca in view of the long residence times of Sr and Ca in the global oceans (6 million
years and 0.7 million years, respectively; Pilson, 2012), and likewise used a linear coral
Sr/Ca — SST calibration. After this initial success, coral Sr/Ca paleothermometry was
adapted to Inductively Coupled Plasma — Atomic Emission Spectrometry (ICP-AES)

for more rapid and cost-effective analysis while retaining the necessary level of



precision (de Villiers et al., 2002; Schrag, 1999). Over the following decades, the coral
Sr/Ca method became widely utilized in the paleoclimate community for regional-to-
global-scale reconstructions, establishing itself as a reliable tropical paleothermometer
(Felis et al., 2018; Tierney et al., 2015).

Shortly after Beck et al. (1992) showed the robustness of the coral Sr/Ca
paleothermometer, de Villiers et al. (1994) demonstrated that mean seawater Sr/Ca,
which Smith et al. (1979) showed to have a direct impact on the coral Sr/Ca — SST
relationship, can vary by ~2% between sites across the tropical Pacific and Atlantic. If
seawater Sr/Ca were to vary locally within the range observed in that study, it could
skew the local calibration and create errors in reconstructed SST of more than 2°C,
equivalent to the seasonal temperature range in many tropical regions (Hastenrath,
1991). However, within the coral paleoclimate community, this knowledge of Sr/Ca
variations is not regarded as a major limitation, because the primary findings of de
Villiers and co-workers apply to Sr/Ca changes in upwelling zones and at depth in the

open ocean, neither of which are prime habitat for reef-forming scleractinian corals.

1.3 Previous Investigations into Seawater Sr/Ca Variability

The justification for assuming constant seawater Sr/Ca is based on an early
finding by Forchhammer (1865) that was later confirmed by Dittmar (1884). These
studies form the basis of the Principle of Constant Proportions, which states that the
concentrations of the major ions in seawater are invariable with respect to one another
regardless of salinity. Over a century later, Horibe et al. (1974) convincingly showed
non-conservative behavior of Ca in salinity-normalized vertical profiles, namely

relative depletion in shallow waters and enrichment at depth. Later studies by Bernstein
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et al. (1987, 1992) showed similar behavior for Sr. Further studies in the last ~30 years
have established a more nuanced understanding of seawater Sr/Ca variability over
geologic time (Stoll & Schrag, 1998), depth (de Villiers et al., 1994), and in estuaries
(Macdonald & Crook, 2010).

In the broader context of Earth’s geologic history, seawater Sr/Ca can vary
substantially due to changes in carbonate mineralization and sea level that differentially
alter the Sr and Ca budgets of the global ocean (Steuber & Veizer, 2002; Stoll & Schrag,
1998). However, such variations in seawater Sr/Ca occur on temporal scales (millennial
and longer) far exceeding those recorded by a single coral colony, and would only
impact mean reconstructed SST over much longer periods of time. The amplitude and
frequency of reconstructed short-term (centennial and shorter) SST variability should
thus be preserved, unless more rapid or localized changes in seawater Sr/Ca were
occurring.

Most studies measuring seawater Sr/Ca variability on more local
spatiotemporal scales report a nutrient-like profile, where Sr/Ca increases with depth
(Alibert et al., 2003; de Villiers et al., 1994). This is likely caused by biogeochemical
release of these elements from plankton (Bernstein et al., 1987, 1992; Horibe et al.
1974). The saturation state of Sr is lower than that of Ca in the global ocean, so celestite
(SrSO4) tests dissolve at a much shallower depth than those made of calcite or
aragonite, resulting in deep seawater Sr/Ca that is higher by 1-2% than the surface
water, with a particularly steep gradient in the upper 200 meters and maximum Sr/Ca

ratios found at less than 1000 meters (de Villiers, 1999).



In estuaries, Sr/Ca is a non-linear function of salinity (Surge & Lohmann,
2002). This is used to advantage in fisheries science, where Sr/Ca in fish otoliths can
be used to the track the history of fish movements in and out of estuaries (Gillanders,
2005). Although Sr/Ca in river systems can vary greatly depending on drainage basin
geology, Sr/Ca ratios are generally lower than in seawater (Brennan et al., 2014;
English et al., 2000). However, because seawater has much higher Sr and Ca
concentrations than river water, Sr/Ca in estuaries is typically only distinguishable from
seawater at salinities considered below the viable range for corals (Dodd & Crisp,

1982).

1.4 Potential Mechanisms of Seawater Sr/Ca Variability on Coral Reefs

The current body of knowledge regarding the marine geochemical behavior of
Sr and Ca over geologic time, depth, and in estuaries (see Section 1.3) can provide a
framework for understanding seawater Sr/Ca variability over relatively short
timescales in coral reef environments. Potential mechanisms of variability in coral reef
environments may include: (1) inputs from local landmasses, (2) upwelling, or (3) local
changes in carbonate mineralization due to seasonal changes in reef productivity.

Discharge from land could give rise to variations in seawater Sr/Ca in coral reef
environments in the form of runoff or submarine groundwater discharge (SGD). Given
what is known about Sr/Ca in river systems and estuaries (Brennan et al., 2014;
Macdonald & Crook, 2010), seawater Sr/Ca variability on reefs that are sufficiently
close to sources of runoff may be correlated with regional precipitation patterns. The

effects of this runoff could even have more regional effects as seasonal variations in



runoff leave traceable signatures in water masses across the tropical western Atlantic
(Hu et al., 2004).

Alternatively, SGD in coral reef environments is an area of active research with
major implications for nutrient cycling and hydrologic interactions in reef waters
(Lubarsky et al., 2018; Paytan et al., 2006). Groundwater Sr/Ca values can vary
depending on its source (modified seawater vs. rainwater) and local watershed geology
(silicate vs. carbonate) (Andersson et al., 1992; Basu et al., 2001; Khaska et al., 2013).
In carbonate systems, remineralization of aragonite to calcite or dolomite can lead to
higher Sr/Ca in groundwater due to progressive exclusion of Sr from the crystal lattice
(Katz et al., 1972; Lerouge et al., 2010; Malone & Baker, 1999; Schijf & Byrne, 2007).
However, fresh (as opposed to saline) groundwater in the same carbonate system may
instead have low Sr/Ca, more akin to runoff (Stalker et al., 2009). Therefore, SGD may
cause shifts of Sr/Ca in different coral reef environments depending on the flux and
Sr/Ca ratio of the groundwater.

Despite the Sr/Ca depth gradient in the upper ocean, upwelling is likely to play
at most a minor role in seawater Sr/Ca variability in coral reef environments. Most
tropical coral reefs are found in nutrient-poor waters, where the nutrient-like profile in
seawater Sr/Ca ratios is much less pronounced (de Villiers et al., 1994). Furthermore,
sampling constraints mean that most coral Sr/Ca skeletal samples are integrated over a
minimum of biweekly time periods (DeLong et al., 2013). Transient upwelling events
common on reefs would likely not be sufficient to significantly impact coral St/Ca,

unless (1) these events were common enough to shift mean seawater Sr/Ca, and (2) the



upwelling event triggered secondary responses such as stress and bleaching (Hetzinger
et al., 2016).

Diel-to-seasonal variations in reef productivity could, in theory, vary local
seawater Sr/Ca through changes in calcification and dissolution of Sr and Ca containing
minerals (Muehllehner et al., 2016). Diel changes in calcification rates, resulting from
changes in photosynthesis and respiration, mirror similar changes between summer
maxima and winter minima in photosynthesis and calcification rates on seasonal
timescales (Muehllehner et al., 2016; Schneider et al., 2009). Over an annual cycle in
most tropical regions, temperature can fluctuate near the value (~31.9°C) where K (Eq.
2) for aragonite is equal to unity (Smith et al., 1979). For most of the year, however,
temperature remains well below this value (Lough, 2012), corresponding to a K that is
slightly higher than unity. Given the complicated dynamics of biogenic calcification in
coral reef environments, variations in aragonite and calcite precipitation and

dissolution rates could alter ambient seawater Sr/Ca values on seasonal timescales.

1.5 Potential Impacts of Seawater Sr/Ca Variability on Coral Paleothermometry

A number of studies (e.g., Quinn et al., 2006; Smith et al., 2006; Swart et al.,
2002; Wei et al., 2000) have speculated that the accuracy of coral Sr/Ca — SST
calibrations can be affected by seawater Sr/Ca variability, but seawater Sr/Ca
measurements are not often made, and the significance of impacts on calibrations vary.
For example, there is evidence that coral Sr/Ca — SST calibrations have been affected
by seawater Sr/Ca variability from substantial terrestrial runoff (Shen et al., 1996; Wei
et al., 2000). Even in regions with little runoff, differences in calibrations between

corals from back-reef and forereef environments have been observed (Fowell et al.,
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2016; Saenger et al., 2008); complexities include potential non-temperature related
factors. To the best of my knowledge, only two field studies have measured Sr/Ca in
seawater from which a coral core was collected for paleothermometry (Saenger et al.,
2008; de Villiers et al., 1994). In only one of these, coral Sr/Ca — SST calibrations were
normalized at each site using the observed mean seawater Sr/Ca ratio (de Villiers et al.,
1994). Although seawater Sr/Ca measurements from these studies were limited both
spatially and temporally, significant variations were found with depth and between
study sites (de Villiers et al., 1994), or between different reef environments (Saenger
et al., 2008).

Smith et al. (2006) provide a robust argument for the potential complication of
coral Sr/Ca — SST reconstructions by seawater Sr/Ca variations, under some
circumstances. Rearranging equation (2) above, these authors used coral Sr/Ca and
local values of SST from the HadISST dataset (Rayner et al., 2003) to estimate seawater
Sr/Ca at Looe Key, Florida, over the previous 41 years. Their calculations projected
that local seawater Sr/Ca exhibits an annual cycle slightly out of phase with
temperature, with minima and maxima spanning ~0.3 mmol/mol on average
(equivalent to ~5°C in reconstructed SST) between February and August. Similar
calculations for the 8'%0 data indicated a positive relationship between seawater Sr/Ca
and §'%0 at Looe Key (Smith et al., 2006; their Eq. 8).

Recently, Khare (2018) corroborated the seawater Sr/Ca variations predicted by
Smith et al. (2006) by measuring surface seawater Sr/Ca in a ~400 km? grid adjacent
to the Florida Keys over two consecutive summer and winters. Offshore ratios were

relatively invariant (£0.02 mmol/mol), while the nearshore environment alternated

10



between high summer and low winter ratios with a range of ~0.1 mmol/mol. Spatial
variability in seawater St/Ca was well represented in that study, but the limited semi-
annual sampling resolution may have aliased the full extent of the annual cycle.
Despite its great potential impact on coral Sr/Ca, seawater Sr/Ca variability has
received relatively little attention compared to other non-temperature related variables
that can affect coral Sr/Ca-based SST reconstructions (Cohen et al., 2001; Grove et al.,
2013; Maupin et al., 2008) such as biological controls on coral skeletal Sr/Ca (de
Villiers et al., 1995; Hirabayashi et al., 2013; Sinclair et al., 2006). While several
studies have shown that coral St/Ca is highly reproducible between corals growing on
the same reef (DeLong et al., 2011), others have found significant offsets in corals from
the same location (Meibom et al., 2006). The cause of these "vital effects" is still a
subject of active research (D’Olivo et al., 2018; Flannery et al., 2017), but has garnered
much attention and is thought of as a dominant confounding variable for coral St/Ca
paleothermometry (de Villiers et al., 1994; Ross et al., 2019; Saenger et al., 2008).
Analytical limitations have also contributed to a lack of knowledge of seawater
Sr/Ca variability. The instrumentation typically used for seawater Sr/Ca analysis,
thermal ionization mass spectrometry, has a high capital acquisition cost, and high
analytical costs with low sample throughput. However, in the same way that coral Sr/Ca
measurements were adapted for ICP-AES analysis (Schrag, 1999; de Villiers et al.,
2002; Watanabe et al., 2020), the scientific community is working to develop more
accessible and user-friendly methods for measuring Sr/Ca (Khare, 2018), and

particularly Ca (He et al., 2020), in seawater
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1.6 Measuring Seawater Sr/Ca in the Florida Keys and the Virgin Islands

This thesis investigates whether seawater Sr/Ca variability can significantly
affect coral Sr/Ca-based temperature reconstructions. Comprehensive and targeted
seawater Sr/Ca studies over various reef environments are needed in order to
characterize the temporal variability of seawater Sr/Ca, with the ultimate goal of
assessing the importance of a potentially confounding variable in coral Sr/Ca
paleothermometry. This study makes innovative use of continuous water sampling
methodologies (Jannasch et al., 2004) and a modification of a novel analytical method
(Khare, 2018) to quantify the temporal variability of seawater Sr/Ca across various
coral reefs in the Florida Keys and the British and U.S. Virgin Islands.

The three locations included in this study (Florida Keys, USA; St. John, U.S.
Virgin Islands; Anegada, British Virgin Islands) are areas of previous and active coral
Sr/Ca-based paleoclimate studies (Kuftner et al., 2013; Reich et al., 2013; Xu et al.,
2015), and are therefore relevant to paleoclimatic applications. Furthermore, previous
studies at two of these three locations suggest that seawater Sr/Ca variability affects
coral Sr/Ca ratios (Reich et al., 2013; Smith et al., 2006; Swart et al., 2002). The sites
were selected to represent a hydrologic and geologic gradient along which many coral
reefs can be found, from a continental-scale carbonate platform (Florida Keys) to a
high-relief siliciclastic island (St. John, U.S. Virgin Islands).

At each site, the use of continuous in situ water samplers over multiple years
allowed a comprehensive observation of the annual cycle in seawater Sr/Ca. The
experimental design was meant to facilitate understanding of which reef environments

are more susceptible, if at all, to significant seawater Sr/Ca variations. Seawater Sr/Ca
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measurements were supplemented by measurements of seawater 3'%0. Given its
proposed correlation with seawater Sr/Ca in the Florida Keys (Smith et al., 2006), this
separate indicator may help to elucidate potential mechanisms of seawater Sr/Ca

variability.
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Chapter 2: Materials and Methods

2.1 Site Descriptions

The first site observed in this study consisted of four water monitoring stations
located in the Florida Keys, a crescent-shaped chain of islands stretching from just
southeast of Miami to the Dry Tortugas, ~290 km to the southwest (Halley et al., 1997).
These islands are located in a tropical climate regime (Kottek et al., 2006), with the wet
season typically lasting from May to October. Precipitation and freshwater runoff only
exceed evaporation between mid-May and mid-September (Duever et al., 1994;
Stabenau & Kotun, 2012). Tropical cyclones, which usually arrive in late summer and
fall, can contribute as much as 15-20% of annual precipitation (Prat & Nelson, 2013).
Based on environmental criteria, the Florida Keys are geographically divided into three
sub-regions (Shinn et al., 1989): The Upper Keys (Soldier Key to Upper Matecumbe
Key), the Middle Keys (Upper Matecumbe Key to Big Pine Key), and the Lower Keys
(Big Pine Key to the Dry Tortugas).

The Florida Keys water monitoring stations (OS1 — OS4) were located in the
Middle Keys, ranging from 2.5 km north to 8 km seaward of Long Key (Figure 1).
These stations constitute a transect that covers a variety of habitats along the Florida
Keys Reef Tract (FKRT), which extends up to 10 km offshore and delineates an area
of dynamic interactions between water masses from the open ocean (Lee & Williams,
1999; Leichter et al., 2003), groundwater (Paul et al., 1997; Reich et al., 2002; Top et
al., 2001), and Florida Bay (Lloyd, 1964; Swart & Price, 2002; Swart et al., 1989b).

The dominant hydrographic interactions over the reefs are from competing influences
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of the open ocean Florida Current and anti-estuarine (hypersaline) Florida Bay (Davis
et al., 2008; Lee et al., 1992; Pitts, 1994). This can be observed in a seaward ‘green-
to-blue-water’ front that migrates daily in response to wind and tidal forcing (Lee,

1986).
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Figure 1. Locations of the four water monitoring stations in the Florida Keys, Florida,
USA. Stations were located in various benthic environments at different depths forming
an offshore transect. The OS1 site is ~8 km from NOAA buoy PKYFI. Inset box
outlines the approximate area of the detailed map.

Stations OS1 — OS4 were located along a transect between Florida Bay and the
forereef to determine if temporal variability in seawater Sr/Ca changed with distance
from shore. The shallowest station (OS1) was located ~2.5 km north of Long Key in
Florida Bay, where few corals grow (Swart et al., 1996), at a bottom depth of 3 m. The

second (0OS2) was deployed in a sandy patch among seagrass beds in Hawk Channel at
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6 m bottom depth, ~3 km south of Long Key. The third (OS3) was placed in a sand
patch along a spur-and-groove formation (i.e., ridges of coral limestone and valleys of
sand) in Tennessee Reef, ~9 km south of Lower Matecumbe Key at 9 m bottom depth.
The final station (OS4) was placed on the forereef among large-scale sand ripples,
~10.5 km south of Lower Matecumbe Key at 18 m bottom depth. Over the course of
this study, shifting sediments revealed ubiquitous hard ground at OS4, intermittently
buried by sand.

Two additional water monitoring stations (Figure 2) were located in St. John,
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Figure 2. Locations of two water monitoring stations in Coral Bay on St. John, USVI
(STIN) and on the fringing reef off the east end of Anegada, BVI (ANEE). Inset box
outlines the approximate area of the detailed map.
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U.S. Virgin Islands (USVI), and Anegada, British Virgin Islands (BVI). These two
islands lie within 75 km of each other and experience a similar dry tropical climate
regime (Bowden et al., 1970), so that any differences in seawater Sr/Ca between these
two sites could be attributed to more local processes. Most rainfall generated between
May and November derives from tropical cyclones, while cold fronts are an important
source of precipitation for the rest of the year (Calvesbert, 1970).

St. John is mainly composed of siliciclastic rocks of volcanic origin, with a
maximum elevation of 474 m (Donnelly, 1966; Rankin, 2002). It is distinct from our
sites in the Florida Keys both geologically (silicate vs. carbonate) and hydrographically.
The water monitoring station on the east end of St. John (STJN) is situated in Coral
Bay, surrounded on three sides by steep terrain. Given its relative size, depth,
surrounding topography, and siliciclastic bedrock, it is likely that the major water
masses interacting in this coastal zone stem from surface runoff and groundwater
discharge on the shore side, and from northwestern tropical Atlantic seawater and
Caribbean seawater on the ocean side (Cosner, 1972; Johns et al., 2002).

Anegada is an emergent reef island located on the northeastern edge of the
Puerto Rico-Virgin Island carbonate platform. Its area (~54 km?) is nearly equal to that
of St. John (51 km?), but with a maximum elevation of only 8 m (Martin-Kaye, 1959).
Anegada is a carbonate island of Pleistocene origin, like the Florida Keys, but shares
hydrographic similarities with St. John as a small island influenced by northwestern
tropical Atlantic Ocean water and Caribbean Sea water (Brown & Dunne, 1980; Johns
et al., 2002). Lacking steep slopes and consisting of karst terrain, Anegada is not likely

subject to strong influences of terrestrial runoff. Given the relative age of the sediments
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(Pleistocene) and the maximum predicted thickness of the freshwater lens on Anegada
prior to any drawdown via human consumption (~30 m; Budd & Vacher, 1991), it is
likely that groundwater interactions on the reef are predominantly through tidal
pumping of seawater (Mather, 1988; Robins, 2012). The water monitoring station near
Anegada (ANEE) is located on the eastern edge of the fringing reef, ~2 km from shore

and well-flushed by open-ocean currents.

2.2 Continuous Water Sampling via OsmoSampler

Historically, most temporal studies of seawater chemistry have been limited by
the length and number of expeditions. The development of osmotically driven water
pumps, or OsmoSamplers (Jannasch et al., 2004) has provided a reliable means of
continuous autonomous sample collection. These battery-free pumps collect water
samples for months or even years at a time with minimal maintenance, utilizing a strong
salinity gradient between deionized (Milli-Q, 18MQ) water and a saturated sodium
chloride solution separated by one or more semi-permeable membranes in parallel.
Osmosis drives Milli-Q water through the semi-permeable membrane into the brine
reservoir, from which excess fluid is then expelled to the outside. Saturation is
maintained in the brine reservoir by an excess of solid NaCl.

A long coil of Teflon® tubing filled with Milli-Q water is connected to the Milli-
Q reservoir of the pump. The open end of the Teflon® tubing acts as an inlet for
seawater as Milli-Q water is pulled through the tubing across the semi-permeable
membrane. A Rhizon, a hydrophilic microporous filter typically used in sampling
porewater (Seeberg-Elverfeldt et al., 2005), was not placed on the end of the tubing

(Gelesh et al., 2016) in order to prevent possible contamination from the filter itself.
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The rate of pumping, which is slightly modified by ambient temperature, is used to
calculate an age model by relating the volume of sample collected in the tubing to the
total deployment time (see Ch. 3). The small diameter of the Teflon® tubing (~0.2 mm)
minimizes diffusion, ensuring that the collected sample can be subdivided with weekly
or even daily resolution, depending on the required aliquot size (Jannasch et al., 2004).

The OsmoSamplers used in the Florida Keys (OS1 — OS4) were deployed for 3
years and serviced every 6 months. The OsmoSamplers used in the Virgin Islands were
deployed for two years (STJN) and for one year (ANEE), continuously without
servicing. Each OsmoSampler was accompanied by an Onset HOBO® temperature
logger, which recorded in situ temperature every two hours. During servicing in the
Florida Keys, OsmoSamplers were retrieved from the seafloor, separated from the
Teflon® coil cartridge, cleaned, refilled with brine and Milli-Q water, and redeployed
with a new Teflon® coil cartridge within 24 hours. These new cartridges were prepared
using a peristaltic pump to fill them with 2% nitric acid, after which they soaked for 2-
3 weeks before they were thoroughly rinsed and filled with Milli-Q water. Teflon® coil
cartridges containing seawater sample were immediately capped at both ends, and
returned to Chesapeake Biological Laboratory (CBL) for analysis.

Upon return to CBL, the Teflon® coil cartridges were stored at room
temperature until subsampling within a week of recovery. Prior to subsampling, the
Teflon® coil cartridges were scrubbed to remove organic matter and/or sediment from
the outer surface. Subsampling was conducted using a clean work area, nitrile gloves,
and a lab bench covered with Kimwipes® to minimize contamination. The Teflon® coil

was unspooled while cutting it into ~5-m sections, transferring the contents of each
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section into 7-mL polypropylene snap-cap tubes (Argos Technologies, part number
T2076S-CA). A 750-uL aliquot was pipetted from each sample tube into an airtight
glass vial (Specialty Bottle, 1/6-dram perfume sampler) with minimal headspace for
5'30 analysis. An additional 100-uL aliquot was pipetted from the first sample and
every fifth sample after that for salinity measurement by handheld refractometer. The
start of the first sample was indicated by zero salinity (Milli-Q water). For the preceding
sample, usually comprising a mixture of seawater and Milli-Q water, the primary
sample was retained, but the §'0 aliquot was not. All samples were stored in a dark
refrigerator (4°C) until analysis for Sr/Ca and 8'%0 using ICP-AES and Isotope Ratio
Mass Spectrometry (IRMS), respectively.

The length of each section was chosen to contain a nominal sample volume of
about 5 mL, corresponding to an average collection time of ~8 days, to minimize the
potential impact of tidal fluctuations on the results. The ~5-mL samples provided
sufficient volume for replicate analysis and minimized potential sample storage
artifacts due to evaporation or contamination. Part of the OS1 Teflon® coil from the
winter 2018 collection from the Florida Keys was cut into smaller sections (~680 pL
aliquots) to capture daily changes in seawater chemistry during Hurricane Irma’s
passage over the Florida Keys. These high-resolution samples (~26 hours/aliquot) were

not stored, but analyzed immediately.

2.3 ICP-AES Analysis

Seawater samples were analyzed for Sr/Ca with a Perkin Elmer Optima
8300DV ICP-AES using the method developed by Khare (2018). This method was

based on the coral Sr/Ca method originally developed by Schrag (1999) and modified
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by de Villiers et al. (2002). Samples were measured for Sr/Ca intensity ratios (Sr
421.552 nm, Ca 422.673 nm) and converted to Sr/Ca concentration ratios. After the
five calibration standards, which were analyzed first, each run comprised five
repetitions of a block consisting of 33 seawater samples, two in-house standards, two
external reference materials, five quality control standards (an in-house standard treated
as a sample), and a non-matrix-matched blank (70% trace-metal-grade nitric acid
diluted to 2% using Milli-Q water). The latter was used to correct the raw intensity of
each sample measured within the same block.

In accordance with Schrag (1999), a single in-house standard (Gulf of Mexico
— GoM) was measured before and after each sample. A correction factor for each
sample was then calculated by averaging the two bracketing GoM solutions and
normalizing the mean to its known value measured independently via Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). A single value for each sample was
reported by calculating the average of the five replicate GoM-corrected measurements
in each block. This GoM correction (hereafter termed a Schrag correction) adjusts for
instrumental drift over the course of each 6-11 hour run. Suppression of instrumental
variability and drift by means of the Schrag correction facilitates identification of subtle
natural variability in the seawater Sr/Ca ratio.

Some changes were made to the instrument configuration during the analysis
of our samples. The first twelve ICP-AES sample runs were as described by Khare
(2018). For the last ten runs, a non-baffled spray chamber was replaced with a baffled
spray-chamber to prevent sample build-up at the base of the injector. This sample build-

up is intermittently injected into the plasma, creating an anomalous ‘glitch’ in plasma
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conditions. These glitches would occasionally extinguish the plasma and appeared to
be the primary source of analytical outliers throughout this study. Using a baffled spray
chamber not only remedied the plasma instability, but also improved analytical
precision by a number of metrics (Table 1). Other method parameter adjustments
included (a) increasing carrier gas flow rate from 0.6 to 0.7 L/min, and (b) adjusting
the torch mount position from —3.0 mm to —4.5 mm. Both modifications yielded better
sensitivity and precision for the analytes of interest.

Table 1. Comparison of analytical precision for two ICP-AES procedures used in this

study. Improvements in the modified method can largely be attributed to using a
baffled spray chamber.

Analytical Metric Initial Method (First 12 Runs) Modified Method (Last

(Khare 2018) 10 Runs)
GoM RSD 0.12% 0.09%
GoM Short-term 0.08% 0.05%
RSD
CASS-5RSD 0.23% 0.09%
CASS-6 RSD 0.17% 0.09%
GoM SPLIT RSD | 0.10% 0.07%

In addition to the optimized configuration, certain sample introduction
parameters were also modified from Khare (2018) to reduce run time from ~10.5 hours
to ~6.5 hours. A rapid sample introduction protocol, or “flush”, was implemented to
speed up introduction of sample into the plasma. Pump speed was increased to 4.5
mL/min until sample was aspirating in the plasma for 1-2 seconds, at which point pump
speed was reduced to 1.5 mL/min. Spectrometer readings were then delayed by 15

seconds to allow the plasma to stabilize after the flush. Between samples, the sample
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introduction system is rinsed with 2% nitric acid to prevent cross-contamination. This
“wash” protocol was modified by reducing the wash time from 30 seconds to 10
seconds, and increasing the wash pump speed from 1.5 mL/min to 3.0 mL/min.

Seawater samples were diluted 1:100 using 2% trace metal grade nitric acid to
minimize seawater matrix effects and maintain an adequate balance of instrument
sensitivity and precision. Calibration solutions contained concentrations of Ca, Na, and
Mg equal to seawater concentrations diluted 1:100, to match the matrix of our samples
and reduce matrix effects (Olesik, 1991). Strontium concentrations in the calibration
solutions were varied to obtain a range of Sr/Ca ratios, from 0 mmol/mol (matrix-
matched blank) to ~17 mmol/mol, approximately twice the value of seawater. The
matrix-matched blank was used to correct the other four calibration standards, and a
calibration line was produced by performing a linear regression between the Sr 421 /
Ca 422 intensity ratio and the calculated Sr/Ca concentration ratio of each standard.
Calibration standards were measured gravimetrically using certified reference
materials of Sr (PerkinElmer® 1,000 mg/L), Ca (Inorganic Ventures® 10,000 mg/L),
Mg (PerkinElmer® 1,000 mg/L), and Na (SPEX CertiPrep® 10,000 mg/L).

Four reference materials were used in this study. No certified seawater
reference standard exists for either Sr or Ca. Therefore, a large batch of aged and
filtered seawater collected at 400 m depth in the Gulf of Mexico was used as an in-
house reference standard (GoM) and measured externally by ICP-MS using standard
addition. The three other reference standards used in this study were: a 125-mL aliquot

of GoM stored separately from the in-house standard (GoM SPLIT), and two additional
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coastal seawater reference materials, not certified for Sr and Ca, supplied by the
National Research Council of Canada (CASS-5 and CASS-6).

The average relative standard deviation (RSD) was 0.20% (< 0.02 mmol/mol),
indicating that the Schrag correction accounted well for instrumental drift. Average
RSD was calculated from the five replicate Sr/Ca ratio measurements made for each
sample in a single run. Direct measurements of the Sr/Ca ratio in each sample (rather
than individual measurements of Sr and Ca concentrations) precludes the issue of error
propagation (de Villiers et al., 2002). Mean Sr/Ca, standard deviations (1), and RSDs
for the various standards are listed in Table 2, demonstrating the long-term precision
of this study across all runs. Average short-term precision for our samples (RSD of the
five quality control standards within a single run) was 0.07%. Out of 521 seawater
samples reported in this study, 93 were run 2-4 times on separate days. The average
long-term precision for these samples was 0.12%.

Table 2. Mean and standard deviation of seawater reference materials (CASS-5 and
CASS-6) and in-house standards (GoM and GoM SPLIT). Percent relative standard

deviation is abbreviated % RSD. Data from standards provide a measure of the ICP-
AES method analytical performance.

Long-term (22 Runs)

Standard Mean Sr/Ca (mmol/mol) % RSD

GoM Reference Material 8.69 +0.01 0.11%
(n=110)

CASS-5 8.74 £0.02 0.18%
(n=22)

CASS-6 8.73 £0.01 0.13%
(n=22)

GoM SPLIT 8.70 £0.01 0.08%
(n=16)
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2.4 Supporting Data

A subset of the seawater samples was analyzed for §'%0 values using a
ThermoFisher DeltaPlus XL stable isotope mass spectrometer at CBL. The
methodology is based upon the carbon dioxide equilibration method first described by
Epstein and Mayeda (1953). Briefly, tank gas with a known COx isotopic composition
is injected into the vial head-space with high-purity helium, with sufficient flushing to
remove all other gas. Following equilibration of the water sample with the tank gas at
25°C, an aliquot of the gas is removed, and any water in it is removed by a
ThermoFisher GasBench preparation device and transferred to a Thermo Delta Plus
mass spectrometer for mass spectrometric measurement of the 80 / %0 ratio of the
water samples. Results are reported in delta notation (3, %o) relative to the international

reference standard Vienna Standard Mean Ocean Water (V-SMOW; Coplen, 1996).
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Long-term precision for §'%0 analysis in the CBL isotope laboratory is < 0.1%o (Cooper
et al., 2016).

Strontium concentrations ([Sr]) were calculated for nearly all samples for
comparative analysis (see Ch. 4). This was made possible by the fact that the five ratio
calibration standards also constitute a concentration calibration line for Sr, but not for
Ca. Since the Schrag correction that is applied to our intensity ratios cannot be used for

concentration data, only measurements made from the first block of each run were
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considered for analysis in order to minimize the effect instrumental drift. The standard
deviation associated with the [Sr] measurements is 0.003 mM (3.29% RSD), based on
the five quality control standards measured over all 22 runs.

Salinity and meteorological data (rainfall and barometric pressure) from
environmental monitoring programs were also used in this study for comparison with
our results. Satellite-derived sea surface salinity measurements from the Caribbean
were acquired through NOAA Coastwatch from the MIRAS SMOS satellite mission
(Kerr et al., 2010; Mecklenburg et al., 2012). Discrete rainfall data for St. John were
acquired through the Community Collaborative Rain, Hail, and Snow Network (Reges
et al., 2016). Discrete barometric pressure data from St. John were obtained from the

National Data Buoy Center (NDBC; Hamilton, 1986)
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Chapter 3: Results

3.1 Age Models

Temperature-corrected age models are often implemented with OsmoSampler
data (Gelesh et al., 2016; Wheat et al., 2011), but they are known to be less reliable in
environments with substantial temperature variations such as estuaries or the surface
ocean (Jannasch et al., 2004). Therefore, a ‘non-temperature-corrected’ age model was
constructed for each OsmoSampler deployment by relating the total volume of sample
to the number of days deployed. The first and last samples of each deployment were
constrained by the deployment and recovery dates of each OsmoSampler. Daily
OsmoSampler pumping rates were calculated for each deployment by dividing the total
volume of seawater in the Teflon® coil by the total number of deployment days. Time
was determined for each sample by multiplying the volume of that sample by the
calculated pumping rate specific to each OsmoSampler deployment. This accounts for
changes in volume between samples caused by the occasional presence of gas pockets
inside the Teflon® coil. If gas comprised a substantial fraction of the sample volume,
age model uncertainty was considered higher for that deployment. Most tubing
recovered did not contain gas pockets.

For comparative purposes, both a non-temperature-corrected and a
temperature-corrected age model were applied to the OS1 deployment that pumped
during Hurricane Irma’s passage over Florida Bay. The temperature-corrected model
placed the geochemical signal of the event 13 days before the actual September 10

event, whereas the non-temperature-corrected model placed the signal closer,
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September 2™, Hurricane Irma’s date offset indicates an age-model uncertainty that is
on the order of days for most samples.

A potential source of uncertainty in the age models could be the treatment of
gas pockets found in the lines. Gas pockets in the submerged pre-filled pump tubing
typically occurred in tubing that contained small plugs of sediment or were visibly
pinched during deployment. Such blockages in the Teflon® coil likely cause cavitation
and gas pockets. Treating these simply as ‘displaced water’ only accounts for changes
in volume between samples, and may not accurately capture evident fluctuations in
pumping rates associated with their formation.

The age model for the STIN OsmoSampler was the only one constructed
differently from all others. This was because the STIN OsmoSampler was deployed in
March 2017, but could not be recovered until January 2019 due to adverse weather
conditions. By then, seawater had been drawn through the coil into the Milli-Q
reservoir (MR) of the pump, indicated by a refractometer-based salinity measurement
in the MR of 77 £ 5. As a result, the first samples were lost and could not be tied to the
deployment date in an age model. Instead, the amount of seawater drawn into the pump
and the average pumping rate provided enough information to calculate an estimated
start date. A key assumption is that the change in pumping rate due to the change in
salinity of the MR is negligible.

The total volume of seawater drawn into the pump was calculated by the

following equation:

Vi = (32) % Vi 5)
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In equation 5, Sur is the salinity of the MR (77), Ssw is the salinity of seawater (35), and
Vmr is the volume of the MR (138 mL). This equation yields a volume of seawater taken
into the MR (Vx) 0f 303.6 mL. The sample coil from the STJIN OsmoSampler contained
340.5 mL of seawater. Adding the volume of seawater in the coil to the volume of
seawater in the MR yields a total sample volume of 644.1 mL collected over 691 days,
yielding an average pumping rate of 6.5 mL/week. Dividing the total volume of sample
in the coil (340.5 mL) by this pumping rate yields the collection time represented by
the sample coil (366 days). Given the assumptions and uncertainty of the salinity
measurement, age model uncertainty for the STIN OsmoSampler is estimated to be on

the order of weeks to months.

3.2 Temporal Variability of Seawater Sr/Ca in the Tropical Western Atlantic

A total of 521 seawater samples were collected from the six water monitoring
stations across the Florida Keys and Virgin Islands. Four OsmoSamplers in the Florida
Keys (OS1 — OS4) were deployed from 9/21/2016 to late summer of 2020. Only
collections up to 8/13/2019 are presented here. OsmoSamplers OS1 — OS4 were
recovered and redeployed semi-annually, comprising six deployments in total
throughout the study period. The Sr/Ca data at each station exhibit good continuity
across deployments, with smooth transitions from the last sample of one deployment
to the first sample of the next deployment (Figure 3). Seawater samples from the Virgin
Islands were collected in a single deployment for each OsmoSampler. The
OsmoSampler in Anegada, BVI (ANEE) was deployed between 1/20/2018 and

2/10/2019. The OsmoSampler in St. John, USVI (STJN) was deployed from 3/16/2017
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to 2/5/2019. Adverse weather conditions prevented service in January 2018. Samples

prior to 2/4/2018 were lost, as explained in Section 3.1.
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Figure 3. Seawater Sr/Ca from six water monitoring stations in the Florida Keys and
Virgin Islands. Black error bars at the beginning of the time series represent analytical
uncertainty (0.01 mmol/mol, 15). Crossed boxes indicate when deployment periods
begin. ANEE and STIN constitute a single deployment. Light portions of the time
series indicate where there is less confidence in the age model. Gray portions indicate
where data were not considered in the discussion. Note the high degree of seasonality
at OS1 and, to a lesser extent, OS2.
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The mean, standard deviation, and range of seawater Sr/Ca at each site are
reported in Table 3. All errors are reported as 1o of the mean. Across all sites, mean
seawater Sr/Ca was 8.69 + 0.07 mmol/mol. This is statistically equivalent to our GoM
standard. Deployments where substantial gas pockets were present and/or calculated
pumping rates were anomalously low are represented by lighter colors in Figure 3,
indicating increased age model uncertainty. Data missing from OS2 — OS4 in the final
months of 2017 are due to Hurricane Irma storm damage.

Table 3. Summary statistics of seawater Sr/Ca collected via OsmoSampler. Mean,
standard deviation, and range are in units of mmol/mol. Mean seawater Sr/Ca is similar
across sites, but standard deviation and range vary significantly. *Samples from STIN

estimated to be pumped between Oct. 24" and Nov. 25" 2018 were removed from this
dataset.

OsmoSampler Site Names n Mean Std. Dev. Range
0OS1 Florida Bay 137 8.69 0.10 0.54
082 Hawk Channel 83 871 0.05 0.26
0S3 Tennessee Reef 111  8.71  0.04 0.25
0S4 FKRT Forereef 81  8.68  0.05 0.23
ANEE Anegada, BVI 36 8.65 0.03 0.10
STJN (no excursion) * St. John, USVI 68 8.70  0.05 0.33
STJN (with excursion) St. John, USVI 73 8.68 0.10 0.78
GoM (in-house standard) Gulf of Mexico 110 8.69  0.01 0.12

3.3 Temporal Variability of Seawater Sr/Ca in the Florida Keys

The average sampling resolution at OS1 was ~9 days except from mid-August
to late-September, 2017, when the sample coil was cut into shorter sections and
sampling resolution was increased to ~26 hours (see Ch. 2). When the OsmoSampler
was serviced on 8/2/2017, the exposed Teflon® tubing connecting the pump to the
sample coil was found severed and pinched, indicating that sample collection had

ceased sometime after the most recent deployment date (1/20/2017), possibly caused
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by fish biting the exposed Teflon® tubing. Compared to the average pumping rate of
the OS1 OsmoSampler across all deployments (4.4 + 0.8 mL/week), this deployment’s
calculated average pumping rate was anomalously low (1.6 mL/week). Therefore, an
estimated correction was made for samples during this deployment period by adjusting
the pumping rate to match the previous deployment. Using this ad hoc correction,
sample collection was estimated to have ceased after 3/23/2017, until it was resumed
following servicing on 8/2/2017. The data support this rough estimation by showing
good continuity in the first and poor continuity in the last sample of this deployment.
Tube damage by fish was avoided in future deployments with the addition of protective
casing coiled around the exposed tubing. Mean seawater Sr/Ca at OS1 was 8.69 + 0.10
mmol/mol, with minimum and maximum values observed in December 2017 (8.38
mmol/mol) and August 2019 (8.92 mmol/mol), respectively. Despite the uncertainty in
absolute dates of the collections, a clear annual cycle is evident in the overall record
between winter minima (Jan. 2017, Dec. 2017, Dec. 2018) and summer maxima (Sep.
2016, Jul. 2017, Jul. 2018, Aug. 2019); the winter minimum is conspicuously smaller
in Jan. 2017.

The average sampling resolution at OS2 was ~8 days. Age model uncertainty
was higher for samples collected between 1/20/2017 and 8/2/2017 due to the presence
of significant gas pockets throughout the sample coil, potentially caused by a small
sediment plug observed at the sample intake during retrieval. Samples collected
between 1/14/2019 and 8/13/2019 (indicated as gray in Figure 3) were preceded by a
large, ~20 cm plug of sediment in the Teflon® coil. Sample volume was anomalously

low during this deployment; hence these samples were excluded from the analysis.

32



Mean seawater Sr/Ca at OS2 (excluding the final deployment) was 8.71 + 0.05
mmol/mol, with minimum and maximum values observed in November 2018 (8.59
mmol/mol) and July 2018 (8.85 mmol/mol). Winter minima (May 2017, Nov. 2018)
and summer maxima (Sep. 2016, Jun. 2017, Jul. 2018) were present at OS2, albeit less
pronounced than at OS1.

The average sampling resolution at OS3 was ~8 days. No apparent issues with
blockages, gas pockets, or pumping rates were observed throughout the study period.
Mean seawater Sr/Ca at OS3 was 8.71 + 0.04 mmol/mol, with minimum and maximum
values observed in April 2019 (8.60 mmol/mol) and November 2016 (8.85 mmol/mol).
Unlike OS1 and OS2, there is no apparent annual cycle at OS3, potentially due to its
position further offshore. Positive excursions from the mean appear random both in
magnitude and timing, while negative excursions (appearing later in the time series)
lasted as long as 12 weeks.

The average sampling resolution at OS4 was ~9 days. The OsmoSampler
malfunctioned in the first deployment and no sample was collected between 9/21/2016
and 1/19/2017. Age model uncertainty was higher for samples collected between
1/14/2019 and 8/13/2019, where sediment was found at the sample intake and
significant gas pockets were present throughout the sample coil. Mean seawater Sr/Ca
at OS4 was 8.68 + 0.05 mmol/mol, with minimum and maximum values observed in
April 2019 (8.55 mmol/mol) and June 2018 (8.78 mmol/mol). Seawater Sr/Ca
variability at OS4 exhibited small but significant positive and negative excursions

about the mean that typically last multiple weeks. However, like OS3, there was little
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evidence for an annual cycle, again potentially due to its greater distance from the
shore.
Significant inter-site differences in seawater Sr/Ca distributions were observed

throughout the study period (Figure 4). Variance comparisons using Levene’s Test for
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Figure 4. A bean-box hybrid plot of seawater Sr/Ca at all sites. The gray area behind
each boxplot represents the probability density curve of the distribution of seawater
Sr/Ca ratios at each site. The bold horizontal lines indicate the median at each site. An

Anderson-Darling test for normality (e.g., Thode, 2002) indicates a relatively normal
distribution of the data at OS1 and OS2 (p > 0.05), where an annual cycle is evident.

Homogeneity of Variance (Levene, 1960) demonstrates that OS1 is the only site in the
Florida Keys with a statistically different variance, exhibiting the highest range and
standard deviation (p < 0.001). Site OS2 exhibits the second highest range among the
Florida Keys sites, and its maximum and minimum seawater Sr/Ca values coincide

with the summer 2018 maximum and winter 2018 minimum observed at OS1. Site OS3
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has the smallest standard deviation out of all Florida Keys sites in this study, exhibiting
a near-constant seawater Sr/Ca value from September 2017 until July 2018. The mean
at OS4 is significantly different from both OS2 and OS3 (Wilcoxon Rank Sum Test, p

< 0.05), and OS4 has the smallest range out of all sites in the Florida Keys.

3.4 Temporal Variability of Seawater Sr/Ca in the Virgin Islands

The average sampling resolution at ANEE was ~11 days. Three soft plugs,
possibly composed of organic matter, were observed in the sample coil, and nearly
every sample contained small gas pockets. Mean seawater Sr/Ca at ANEE is 8.65 +
0.03 mmol/mol, with minimum and maximum values observed in December 2018
(8.57 mmol/mol) and February 2018 (8.71 mmol/mol). Seawater Sr/Ca appears
relatively constant at this site from February 2018 until June 2018, after which the mean
decreases and the standard deviation (i.e., variance) increases from 8.68 + 0.01
mmol/mol to 8.63 + 0.03 mmol/mol.

The average sampling resolution at STIN was ~5 days, the highest sampling
resolution (i.e., fastest pumping rate) for all OsmoSamplers during the study period.
Similar to ANEE, small gas pockets were present in nearly every sample, and one small
sediment plug was removed from the sample coil. Mean seawater Sr/Ca at STIN is
8.68 + 0.10 mmol/mol, with minimum and maximum values observed in November
2018 (8.14 mmol/mol) and August 2018 (8.92 mmol/mol). The large range and
variance in seawater Sr/Ca at this site was due to a pronounced negative excursion in
October and November 2018. Excluding this single excursion, mean seawater Sr/Ca at
STIN is 8.70 £ 0.05 mmol/mol, with a maximum range of 0.33 mmol/mol. Also similar

to ANEE, seawater Sr/Ca is relatively stable at STIN from February 2018 to June 2018,
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after which mean and variance shift from 8.72 = 0.02 mmol/mol to 8.65 + 0.12
mmol/mol including the excursion, and 8.69 + 0.06 mmol/mol excluding the excursion.

Seawater Sr/Ca at both ANEE and STJN exhibited a decreased mean and
increased variance after June 2018. It is beyond the scope of this study to determine if
the decreased mean ratio and variance is persistent or an annual variation due to the
relatively short time series recovered from this location (~1 year) relative to the FLKS
OsmoSamplers (~3 years). However, no excursions of this magnitude were observed
at any of the other sites. Even excluding the large negative excursion, variations at

STIN are larger than at ANEE.

3.5 Seawater Sr/Ca and 6'80

Out of 521 seawater samples collected for Sr/Ca measurements, 155 were also
analyzed for §'%0. A summary of these data is provided in Table 4. Samples from OS],
0S4, and ANEE were selected for §'%0 analysis to enable comparisons with other
hydrographic data. Additional samples from OS1 were analyzed to document impacts
of Hurricane Irma in Florida Bay in 2017.

Table 4. Summary statistics of seawater 'O at our OS1, 0S4, and ANEE sites. Note
the similarities at OS4 and ANEE compared to OS1, particularly with respect to

standard deviation and range. Mean, standard deviation and range in %o relative to
Vienna Standard Mean Ocean Water (V-SMOW).

Site n  Mean Std.Dev. Range StartDate End Date
OS1 89 0.8 0.7 2.4 2017-08-11  2019-01-08
(Florida Bay)

0S4 31 0.8 0.1 0.3 2018-01-20  2019-01-07
(FKRT Forereef)

ANEE (Anegada, 35 0.7 0.2 0.8 2018-01-26  2019-02-04
BVI)
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Seawater 8'%0 at OS1 and OS4 shows a weak but significant correlation with
seawater Sr/Ca that seems to be primarily driven by seasonal changes (OS1: r?= 0.27,
N =89, p <0.001; OS4: r* = 0.32, N = 31, p = 0.001) (Figure 5). However, the time
series is short and provides for only limited quantitative analysis for separating annual
from higher frequency variability. At OS1, the minimum seawater 8'°0 value is
observed in September 2017 (—=0.5%o), concurrent with the arrival of Hurricane Irma,
while the maximum value is observed in April 2018 (+2.0%0), which is earlier in the
year than one would expect evaporation to exceed precipitation in this region (Stabenau
& Kotun, 2012; Swart & Price, 2002). At 0S4, the minimum §'®0 value is observed in
September 2018 (+0.6%0), while the maximum value is observed in May 2018
(+0.9%o0). Like seawater Sr/Ca, the range and variance of seawater §!%0 at OSI is
significantly larger than at OS4, likely due to the greater impacts of evaporation and
runoff in Florida Bay at OS1 relative to OS4. Maximum and minimum values of St/Ca

and 8'%0 at each site are not coincident, except at 0S4 in September 2018.
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Figure 5. Time Series of Sr/Ca and §'30 at OS1 (A) and OS4 (B). Absolute analytical
error for $'%0 is 0.1%o. Correlation coefficients were calculated using a Pearson
correlation test (p < 0.001). Seawater Sr/Ca and §'%0 are moderately correlated at both
sites despite differences in local hydrography.
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Seawater 3'0 at ANEE shows the weakest correlation with seawater Sr/Ca out
of all sites (r> = 0.18, n = 35, p = 0.01) (Figure 6). This is likely because absolute
analytical error (0.1%o) is large relative to sample variability. However, unlike OS1 and
0S4, minimum and maximum values of seawater Sr/Ca and §'30 are nearly coincident,
indicating that both could be phase-locked to the seasonal cycle of salinity. The
maximum §'%0 value is observed in April 2018, while the minimum value is observed
in November 2018. Student’s t-test shows that mean seawater §'*O before and after
June 2018 are statistically different (0.8 vs. 0.7%o0, p = 0.01), while Levene’s test

indicates no significant change in variance (0.2 vs. 0.2%o, p = 0.93).

8.8
= = 0.18
SriCa F b
g 8.7 | A | oo
2 TSNASAL =
\—f . =]
E - @
C:S ' : \/ | \ -0_5%
Ul?) 8.6 j
FO.0
8.5

Apr. 2018 Aug. 2018 Dec. 2018
Estimated Date

Figure 5. Time series of seawater Sr/Ca and §'*0 data from the ANEE OsmoSampler.
The Sr/Ca— 8'80 relationship is significant, but substantially weaker than in the Florida
Keys (p =0.01).
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3.6 Seawater Sr/Ca and [Sr]

Strontium concentrations ([Sr], in mM) were calculated for 96 of the 137
seawater samples collected from OS1 to compare seawater Sr/Ca at this site with a

conservative tracer (Figure 7). The samples collected at daily resolution in August and
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Figure 6. Time series of seawater Sr/Ca and [Sr] at OS1. Analytical error for [Sr] is
0.003 mM. Correlation coefficients were calculated using a Pearson correlation test.
Seawater Sr/Ca and [Sr] are modestly correlated at OS1, and typically exhibit co-
occurring summer maxima and winter minima.

September 2017 were excluded from this calculation. Mean seawater [Sr] at OS1 is
0.092 £+ 0.006 mM, with the minimum value observed in December 2017 (0.071 mM),
coincident with the seawater Sr/Ca minimum. The maximum seawater [Sr] value is

observed in August 2017 (0.105 mM), a few weeks prior to the Hurricane Irma event.
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Throughout the study period, seawater Sr/Ca and [Sr] exhibit a modest correlation at
OS1 (r* = 0.39,n =96, p < 0.001). Summer maxima and winter minima are generally
observed in the seawater [Sr] time series except for the summer 2018, when seawater
[Sr] does not deviate significantly from the mean. These maxima and minima are
consistent with expected periods of maximum and minimum salinity in Florida Bay

(Stabenau & Kotun, 2012).

40



Chapter 4: Discussion

4.1 Seawater Sr/Ca Variability in the Tropical Western Atlantic

This study was designed to determine if seawater Sr/Ca varies in three different
Atlantic basin coral reef systems. Continuous in situ measurements across these
geologically and hydrographically distinct coral reef environments reveal substantial
seawater Sr/Ca variability at each of the six water monitoring stations, with significant
implications for coral Sr/Ca-based paleothermometry (see Section 4.4). Moreover,
while there are similarities among some sites (i.e., an annual cycle), each site exhibits
different behavior in seawater Sr/Ca, despite the fact that four of the six sites were
within a 12.5 km transect. This is perhaps most clearly demonstrated by OS3 and OS4,
which appear to have little in common despite their relative proximity to each other (~
1.4 km). These observations emphasize the importance of local factors in dictating
seawater Sr/Ca variability.

Notwithstanding the importance of these local factors, adjoining landscape
geology appears to play a minor role in seawater Sr/Ca variability compared to
hydrography. When omitting the one major negative excursion, the mean and variance
of seawater Sr/Ca at the STIN site, which is surrounded on three sides by a mountainous
island with siliciclastic geology, are statistically similar to all the sites situated on
carbonate platforms. Although the deviations at STIN are greater in magnitude and
shorter in duration than at other sites, this is likely due to its steeper topography,
increasing the likelihood of transient environmental signals resulting from

meteorological events.
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Unlike geology, local and regional hydrography have a notable influence over
seawater Sr/Ca variability. Khare (2018) found that seawater Sr/Ca variability along
the middle portion of the FKRT was linked to variability in Florida Bay and
hypothesized that it might be seasonal. The St/Ca ratio data from the two most inshore
sites, OS1 and OS2, confirm that the two summer maxima (September 2016 and
July/August 2017) and two winter minima (January 2016 and 2017) observed by Khare
(2018) are indicative of an annual cycle. While Khare (2018) reported a Sr/Ca range of
~0.1 mmol/mol near Florida Bay based on semi-annual samples, weekly integrated
seawater sampling in the present study yields a more comprehensive record of its true
variability.

Seawater Sr/Ca at OS1 and OS2 were binned into monthly values and then
averaged over each month for the duration of the study period to obtain a monthly
climatological average (Figure 8). At OS1, winter ratio minima typically occur between
November and January, while summer maxima consistently occur in July,
corresponding to an annual cycle of variation spanning ~0.5 mmol/mol at OS1 and
~0.25 mmol/mol at OS2 over a period of 4-7 months. Given an average coral Sr/Ca —
SST calibration slope of 0.04 — 0.08 mmol/mol per °C, these changes constitute an
equivalent apparent SST variability of 3-13°C over 4-7 months. The shaded regions in
Figure 8 also indicate that substantial year-to-year variability in the annual cycle is
observed at both OS1 and OS2. Whereas pronounced seasonal extremes are observed
at OSI1 in the latter two years of the study period, the first year exhibits a conspicuously
weaker annual cycle, particularly with respect to the winter ratio minimum. Sample-to-

sample variability was also substantial at OS1, with an average absolute difference
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between consecutive samples of 0.041 + 0.039 mmol/mol. These weekly variations are
on the same order of magnitude as common coral Sr/Ca — SST slopes (0.04 — 0.08

mmol/mol per °C).
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Figure 7. Monthly mean seawater Sr/Ca at OS1 (orange) and OS2 (green) over the
study period. The shaded regions around each line indicate the range of ratios observed
in that month throughout the three-year study. Note that despite substantial interannual
variability, local maxima consistently occur in July. Minima typically occur in
November, December, or January.

Unlike at OS1 and OS2, seawater Sr/Ca variability at OS3 and OS4 lacks any
clear pattern. Interestingly, OS4 exhibits greater variability than OS3, despite its greater
distance from Florida Bay. It is therefore reasonable to expect that seawater Sr/Ca
variations at OS3 (0.04 mmol/mol, 16) and OS4 (0.05 mmol/mol, 1c) are influenced
both by variability in Florida Bay and by annual and interannual meanders in the
Florida Current, which can cause upwelling along the FKRT (Lee et al., 1992, 1994;
Leichter et al., 2003). These upwelling events are a potential mechanism of seawater
Sr/Ca variability if seawater originates at sufficient depth (de Villiers, 1999). However,
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analysis of in situ temperature and seawater Sr/Ca at OS2, OS3, and OS4 (following
the method of Leichter et al., 2003) shows little evidence of upwelling at our sites or
any concomitant change in seawater Sr/Ca. Aside from interannual variability,
potential reasons are (1) the Tennessee Reef area only rarely experiences high-
frequency upwelling (Leichter et al., 2003), or (2) even our most offshore site is too
shallow to experience upwelling from a sufficiently deep (i.e, hundreds of meters)
source (Kourafalou & Kang, 2012; Lee et al., 1992).

Just as OS1 and OS2 have higher variance than the more offshore OS3 and OS4
in the Florida Keys, the relatively coastal USVI site (STIN) has a higher Sr/Ca variance
compared to the open-ocean exposed ANEE site in the BVI. The STJN site may be
more influenced by runoff and groundwater discharge (Cosner, 1972) than ANEE,
given the steep topography surrounding STJN on three sides and its location very close
to shore. Meanwhile, the Anegada OsmoSampler lies close to the seaward edge of a
high-energy reef with substantial currents from offshore, ~2 km from a low carbonate
island with little, if any, runoff. However, it is interesting to note that, excluding the
large negative excursion at STIN in late 2018, the shift in mean and variance observed
at both VI sites after June 2018 is similar in both timing and magnitude. The implication
is that a single process, or combination of processes, could be partly responsible for

seawater Sr/Ca variability at both sites.

4.2 Seawater Sr/Ca Variability in Florida Bay

Given the evidence for strong impacts of Florida Bay on seawater Sr/Ca ratios
along the FKRT, potential sources of Sr/Ca variability in Florida Bay warrant

discussion. Specifically, the features of interest are the pronounced winter minima and
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summer maxima that persist year-to-year at OS1. The three most likely causes of
seawater Sr/Ca variability in Florida Bay are (1) freshwater runoff (Surge & Lohmann,
2002), (2) groundwater (saline or fresh) (Schijf & Byrne, 2007; Stalker et al., 2009),
and (3) changes in carbonate precipitation and dissolution (Millero et al., 2001;
Muehllehner et al., 2016; Yates & Halley, 2006).

While exploring all sources of seawater Sr/Ca variability are outside the scope
of this thesis, one way to explore the impact of freshwater runoff on seawater Sr/Ca in
Florida Bay is to examine the relationship between Sr/Ca and [Sr] at OS1, because [Sr]
is generally found to be conservative (i.e., correlated with salinity) in South Florida
(Dwyer & Cronin, 2001). Therefore, a two-endmember mixing model can be
superposed on a cross plot of Sr/Ca and [Sr] at OS1, to assess the potential impact of
fresh Everglades water on Sr/Ca variability in Florida Bay (Figure 9). The values of
the freshwater endmember (i.e., Everglades water) for Sr/Ca and [Sr] are 1.15 £ 2.91
mmol/mol and 0.002 + 0.003 mM, respectively (Surge & Lohmann, 2002). The values
of the upper endmember (i.e., seawater) for Sr/Ca and [Sr] are 8.68 = 0.05 mmol/mol
and 0.087 + 0.004 mM, respectively. The seawater endmember values were obtained
by averaging all of the samples from OS4 throughout the entire study period. The area
between the dashed curves represents the range of possible values that could be
obtained by two-endmember-mixing, given the variance (lo) observed in both
endmembers. The model assumes that evaporation and precipitation impact [Sr]
through concentration and dilution, respectively, but do not impact St/Ca, hence the

horizontal line at [Sr] greater than mean seawater.
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Figure 8. A conservative water mass mixing model between measured seawater Sr/Ca
and [Sr] from samples at OS1. Endmembers are indicated by red boxes. The freshwater
endmember was determined using Everglades measurements from Surge and Lohmann
(2002). Mean seawater Sr/Ca and [Sr] at OS4 were taken as the upper end member.
The area between the dashed lines represents the possible range of values obtained from
two-endmember mixing, given the variance observed for each endmember. Vertical red
bars represent 10% increments of mixing. Analytical errors in [Sr] and Sr/Ca are
represented by the crosshairs at the top-left of the graph. Note how some lower values
fall directly in the center of the mixing model, while higher values show substantial
scatter.

A subset of the data falls within the bounds of the conservative mixing model,
with lower values of both Sr/Ca and [Sr] following directly along the projected mixing
curve. It can thus be inferred that periods of time such as the 2017-2018 winter

minimum are well explained by conservative mixing of seawater and runoff from the

46



Everglades. However, most of the remaining data show significant scatter and fall well
above the bounds of the mixing model, indicating that (1) the upper endmember is
poorly defined, (2) seawater is not the upper endmember, and/or (3) seawater Sr/Ca
variability in Florida Bay is non-conservative by nature.

These results confirm prior studies concerning the complexity of Sr/Ca
variability in Florida Bay (e.g., Stabenau & Kotun, 2012; Swart & Price, 2002; Swart
et al., 1989a). Florida Bay geochemistry is known to be a complex mixture of different
water masses and internal processes (Millero et al., 2001; Stabenau & Kotun, 2012;
Swart et al., 1989a,b). Some of the data that fall above the proposed mixing model
could potentially be explained by multiple groundwater sources. The Sr/Ca
composition of groundwater in Florida Bay is poorly constrained (Bohlke et al., 1999;
Corbett et al., 1999; Stalker et al., 2009), but it is thought that saline groundwater
measurably impacts the salt balance in Florida Bay (Stabenau & Kotun, 2012; Swart &
Price, 2002). Therefore, its potential to influence Sr/Ca variability in this region cannot
be dismissed.

Alternatively, non-conservative processes such as seasonal changes in
carbonate precipitation and dissolution could explain a significant portion of both the
observed summer maxima and winter minima in Florida Bay. While aragonite is the
most common mineral to precipitate in Florida Bay, its precipitation and dissolution
would only impact seawater Sr/Ca during winter months, when Florida Bay
experiences net dissolution (Millero et al., 2001) and when the K of aragonite is
sufficiently larger than one (Smith et al., 1979). Biogenic production of high

magnesium calcite (HMC), which has a K less than 0.05 within the temperature range
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of Florida Bay (Malone & Baker, 1999), could help explain both summer maxima and
winter minima. However, HMC is not as commonly produced by organisms in Florida
Bay as aragonite (Nelson & Ginsburg, 1986), and its impact relative to aragonite is
likely very small. With respect to abiotic mineral production, low magnesium calcite
(LMC) and dolomite are commonly occurring minerals in Florida Bay and the nearby
Great Bahama Bank (Liu et al., 2019; Millero et al., 2001; Shinn, 1968). Marine
diagenesis of aragonite into LMC or dolomitization could increase porewater Sr/Ca
substantially (Brand & Veizer, 1980; Liu et al., 2019; Schijf & Byrne, 2007; Swart et
al., 1989a), but further study is needed to determine the role of carbonate diagenesis on

Florida Bay Sr/Ca variability.

4.3 Seawater Sr/Ca Variability in the Virgin Islands

The decreased mean and increased variance in seawater Sr/Ca that occurred
around June 2018 is similar in magnitude at both VI sites (Table 5), and may therefore
be driven by the same regional process. Both sites receive open ocean water from the
Caribbean and the northern tropical Atlantic (Johns et al., 2002). The Amazon and
Orinoco rivers are known to impact SSS and biogeochemistry in surface waters of the
Caribbean and immediately east of the Lesser Antilles on seasonal timescales
(Hellweger & Gordon, 2002; Hu et al., 2004; Miiller-Karger et al., 1989). These river
plumes spread northward annually in the Ekman layer, beginning around mid-summer
(Nikiema et al., 2007). Therefore, the decrease in mean and increase in variance after
June 2018 at both STIN and ANEE could be driven by Ekman-induced seasonal

advection of Amazon and Orinoco river water.
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Table 5. Mean seawater Sr/Ca and standard error at both VI sites prior to and after June
2018. All units are in mmol/mol. *Samples from STIN that were estimated to be
collected between Oct. 24" and Nov. 25" 2018 were clearly an unusual local event and
were therefore not included in this analysis (see text).

Site February — June June 2018 — Difference
2018 January 2019

ANEE 8.684 + 0.002 8.631 +£0.006 0.053 +0.006

STJIN* 8.722 +0.003 8.689 + 0.009  0.033 + 0.009

Generally speaking, rivers have lower Sr/Ca ratios than seawater (e.g.,
Mackenzie & Garrels, 1966). Considering the potential impact of the Amazon and
Orinoco plumes on both seawater Sr/Ca and SSS (Chérubin & Richardson, 2007),
seawater Sr/Ca at ANEE may be compared with regionally integrated satellite-derived

SSS (Kerr et al., 2010; Mecklenburg et al., 2012) over the study period (Figure 10).
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Figure 9. Seawater Sr/Ca at the ANEE site (black line) plotted with satellite-derived
SSS measurements acquired during the study period (Kerr et al., 2010) (dashed lines).
The color of each dashed line corresponds to SSS integrated over an area indicated by
the inset map during the study period. Errors for St/Ca (solid) and SSS (dashed) are
0.01 mmol/mol and 0.28, respectively. Salinity in each region is positively correlated
with seawater Sr/Ca from ANEE (r* > 0.54), most strongly in the Northeast quadrant
(r?=0.61).
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Values of SSS from each region of the northeastern Caribbean are correlated with
seawater Sr/Ca at ANEE (2 > 0.54), with the strongest correlation from the northeast
quadrant closest to Anegada (1 = 0.61). This is consistent with the direction of mean
flow through the Anegada Passage (Schmuker & Schiebel, 2002).

To explore the possibility that Amazon and Orinoco river plumes could
decrease seawater Sr/Ca in the northern Caribbean, published values of Sr and Ca
concentrations were compiled for the Amazon and Orinoco river basins (Bouchez et
al., 2010; Gaillardet et al., 1997; Hartmann et al., 2014). Results are varied, but yield
an average Str/Ca ratio for the Amazon and Orinoco rivers of 2.41 + 1.77 and 4.57 +
0.65 mmol/mol, respectively. If the mean shift in seawater Sr/Ca at ANEE around June
is due solely to mixing of seawater and Amazon and Orinoco river water, then river
water should constitute approximately 0.62 — 1.45% of our samples. This corresponds
to a salinity decrease of 0.23 — 0.53, which is consistent with previous estimates of
salinity deviations propagated by Amazon and Orinoco river inputs in the northern
Caribbean (~0.5; Froelich et al., 1978; Grodsky et al., 2015). The remaining salinity
depression observed in 2018 is likely due to increased rainfall. The results from this
preliminary investigation suggest that the decrease in mean seawater Sr/Ca at ANEE
after June is consistent with seasonal northward transport of relatively low Sr/Ca
Amazon and Orinoco river water (Chérubin & Richardson, 2007; Corredor & Morell,
2001; Hu et al., 2004).

Other potential mechanisms for the increase in variance around June 2018 at
the ANEE site are more difficult to evaluate. One possibility is that wind-driven

upwelling along the northern coast of Anegada would occur more frequently in fall and
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winter, when the tradewinds are relatively stronger. If originating at sufficient depth,
this could increase seawater Sr/Ca variability at the surface in episodic events.
Alternatively, cyclonic eddies shedding from the North Brazil Current (Johns et al.,
1990, 1998) increase in both frequency and magnitude around August and reach a
maximum between December and February (Aguedjou et al., 2019). These eddies are
distinct water masses with unknown Sr/Ca values that intermittently pass through the
region (Fratantoni & Richardson, 2006; Goni & Johns, 2001), potentially advecting
seawater Sr/Ca signatures from river plumes, equatorial upwelling, and local
biogeochemistry.

Unlike ANEE, seawater Sr/Ca variability at STIN exhibits short-duration, high-
magnitude deviations that are specific to this site. Large sediment plumes are often seen
in the bays surrounding St. John after substantial rainfall (Edmunds & Gray, 2014;
Gray et al., 2012). Reich et al. (2013) postulated that one of these events may have
altered ambient seawater chemistry and resulted in anomalous coral Sr/Ca
measurements. The same type of event could have caused our measured seawater St/Ca
excursions, including the large negative excursion in late 2018. Therefore, the
relationship between seawater Sr/Ca and rainfall was explored at STIN as a potential
mechanism for sudden excursions in seawater Sr/Ca (Figure 11). These meteorological
data indicate an ambiguous relationship between rainfall on St. Thomas and seawater
Sr/Ca at STJN, where rain events and periods of low barometric pressure do not always
correspond to changes in seawater Sr/Ca. Anna’s Retreat at east end of St. Thomas is
the closest source of continuous precipitation data known to us throughout any portion

of the study period. Convective rainfall is notoriously patchy on tropical islands, thus
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precipitation events recorded on St. Thomas did not necessarily occur in St. John at our
Coral Bay site. However, it is worth noting that the large negative excursion of late
2018 follows a prolonged period of low barometric pressure that appears to have

produced significant local rainfall.

925 " 9.25 (B)
— P i ( ) =  Atm. Pressure

i -1020.0
9.00 — SriCa 9.0091 — SriCa o
T -~ g

= L4® ©
] 4 o
= 2 E F1017.55
= 8754 5 58751 o
£ = E T
E s E 3
= 10150 @
8 &0+ 23 § 850 elg
& 3 & 3
¢ 3
a5 805 F10125 8

Lo
J'ul o'm Je'm Jul Oct Jan
Date Date

Figure 10. Seawater Sr/Ca at the STIN OsmoSampler plotted with (A) precipitation
data from the east end of St. Thomas (~15 km from STJIN) collected by the Community
Collaborative Rain, Hail, and Snow Network (Reges et al., 2016), and (B) barometric
pressure measurements from National Data Buoy Center Station 41052 (Hamilton,
1986), approximately 10 km south of Cruz Bay on the southwest corner of St. John.
The negative excursion in seawater Sr/Ca from STIN is coincident with a sustained
drop in barometric pressure, but available precipitation data does not appear anomalous
at this time.

4.4 Implications for Coral Sr/Ca-based Paleothermometry

4.4.1 Implications for Coral Sr/Ca-based SST Reconstructions

The seawater Sr/Ca variability observed in this study has significant
implications for coral Sr/Ca — based paleothermometry at each site. Perhaps most
important is its potential impact on site-specific coral St/Ca — SST calibrations. In both
the Florida Keys and the Virgin Islands, mean seawater Sr/Ca was higher in spring and
summer than in winter and fall. Given the direct effect of seawater Sr/Ca on coral Sr/Ca

and the inverse relationship between coral St/Ca and SST, these summer maxima and
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winter minima should have the effect of reducing the slope obtained from coral Sr/Ca
—SST calibrations that assume constant seawater Sr/Ca, causing the annual temperature
cycle to be underestimated. This is consistent with previous coral Sr/Ca — SST
calibrations along the FKRT, which on average have significantly lower slopes than
their Pacific counterparts (DeLong et al., 2011; Flannery et al., 2017; Maupin et al.,
2008; Smith et al., 2006; Swart et al., 2002). Furthermore, interannual variability in
seawater Sr/Ca would compromise the fidelity of the SST reconstruction from year to
year by further diminishing the correlation between coral Sr/Ca and SST. This may be
the case in Swart et al. (2002), who observed two statistically different coral Sr/Ca —
SST calibrations over two consecutive years within a single specimen.

To illustrate how seawater Sr/Ca variability may impact a coral Sr/Ca-based
SST reconstruction, hypothetical Sr/Ca-based SST reconstructions were generated for
four of the six study sites based on the current understanding of how corals record
climate and geochemical signals in their environment (i.e., forward modeling;
Thompson et al., 2011). These hypothetical Sr/Ca-based SST reconstructions are
hereafter simply referred to as ‘pseudo SST’. Pseudo SST (red lines) was obtained by

calculating coral Sr/Ca at each location using the following equation:

K=Z=aT+b (6)

Si

where K is the distribution coefficient for Sr and Ca between aragonite and seawater,
ci is coral Sr/Ca at time i, s; is seawater Sr/Ca at time i, and T is temperature (°C).
Equation 6 can be rewritten in terms of ¢i to explicitly account for seawater Sr/Ca

variability.
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c; = (aT + b)s; (7)

Standard coral Sr/Ca — SST regressions often assume constant s (S) to obtain a fixed
slope (m = as). This slope can also be obtained by taking the partial derivative of ¢

with respect to 7' in equation (7).

c=mT+ f (8)
Z—;=m=a§ ©)

Therefore, coral Sr/Ca (c:) is calculated using known instantaneous temperature (7),
recorded by Onset HOBO® temperature loggers (See Ch. 2), and measured seawater
St/Ca (s:). The value of c¢: is then applied to a standard calibration equation (that
assumes a constant seawater Sr/Ca, or s) to yield a ‘pseudo SST reconstruction’. The
calibration of Swart et al. (2002) was used to create pseudo SST reconstructions at OS1,
0S4, ANEE, and STJN (Figure 12). As stated previously, this calibration likely carries
an implicit bias due to seawater Sr/Ca variability that reduces the sensitivity of the coral
Sr/Ca — SST relationship and shifts mean reconstructed SST. If a steeper calibration
slope were used, it would increase the temperature offset in the pseudo SST
reconstructions accordingly. If mean seawater Sr/Ca at each site were significantly
different, then the pseudo SST would be offset directly according to that difference.
Among the four sites chosen for this analysis, ANEE is the only site whose mean is

significantly different from the others (Wilcoxon Rank Sum Test, p = 0.02).
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Figure 11. Coral Sr/Ca-based reconstructed pseudo SST (red) versus in situ SST (blue)
measured using Onset HOBO® loggers at OS1 (A), OS4 (B), ANEE (C), and STIN
(D). Pseudo SST was calculated using the coral Sr/Ca — SST regression from Swart et
al. (2002). Pseudo SST is more variable at all sites compared to in situ SST. In
November 2018, pseudo SST at STIN peak at almost 40°C, which is clearly an
unrealistic temperature.

Temperature offsets from each pseudo SST reconstruction are summarized in
Table 6. Absolute mean temperature offset, or the absolute difference between in situ
SST and pseudo SST, is highest at OS1, where seasonal variations in seawater Sr/Ca
are out of phase with in situ SST. This phase lag is consistent with observations from
both Swart et al. (2002) and Smith et al. (2006). At OS4, pseudo SST and in situ SST
are generally in good agreement, although there are periods of time when discrepancies
of ~2°C persist. ANEE exhibits the lowest absolute mean temperature offset out of all

sites. This is because mean seawater Sr/Ca at ANEE prior to June 2018 is not
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significantly different from mean seawater Sr/Ca at either of the Florida Keys sites
(Wilcoxon Rank Sum Test, p = 0.18). However, the decreased mean and increased
variance after June 2018 significantly enhance the apparent seasonal cycle and hence
the mean temperature offset. STIJN exhibits the second-highest absolute mean
temperature offset, in large part due to the inclusion of the excursion in late 2018. In
general, pseudo SST and in situ SST are not in good agreement with each other at this
site. Positive and negative excursions in seawater Sr/Ca create corresponding variations
in pseudo SST that poorly represent actual in situ SST variations.

Table 6. A summary of the error for the pseudo SST reconstructions at OS1, OS4,
ANEE, and STJIN. Values are reported as the difference between measured in situ SST
and SST theoretically obtained from a coral growing under the measured in situ
seawater Sr/Ca conditions (pseudo SST). Negative values indicate that pseudo SST is

lower than in situ SST. Absolute mean temperature offset is low at all sites except for
OS1, where the temperature offset is seasonal rather than episodic.

Site Minimum error Maximum error Absolute Mean
(°O) (°C) Offset (°C)

OS1 —5.33 5.67 1.92

0S4 —2.36 2.72 0.98

ANEE —0.37 1.92 0.66

STJN =5.17 11.61 1.33

4.4.2 Implications for Seawater Sr/Ca Variability Across the FKRT

This thesis study into seawater Sr/Ca variability along the FKRT was partly
inspired by incongruous coral Sr/Ca — SST calibrations in different years measured by
Swart et al. (2002) and calculated seawater Sr/Ca at Looe Key from Smith et al. (2006).
The findings from these two studies were reexamined in light of the continuous
seawater Sr/Ca measurements undertaken during this study. Monthly averages of
calculated seawater Sr/Ca and 8'%0 from Looe Key were recalculated using the Swart

et al. (2002) calibration and then compared to seawater Sr/Ca from OS1 and OS2

56



(Figure 13). Originally, Smith et al. (2006) calculated seawater Sr/Ca from Looe Key
using a generic calibration for the Porites genus from Smith et al. (1979) (Figure 13C
—red).

Cc

K = £=1.30—0.0094T (10)

N

c
$= (1.30—0.0094T) (11)

Because Smith et al. (2006) measured coral Sr/Ca in Montastraea (Orbicella)
faveolata, it is more appropriate to use the calibration equation from Swart et al. (2002)
(Figure 13C — green), which was derived using the related species Montastraea
(Orbicella) annularis from just outside of Biscayne Bay in the Upper Keys, ~140 km

from Looe Key.

R = ¢ =10.165— 0.0471T (12)

where R = K X s, and s, the seawater Sr/Ca ratio, is assumed constant (see Smith et
al., 1979). To obtain calculated seawater Sr/Ca, the calibration of Swart et al. (2002)

can be rewritten in terms of K to determine s.

¢ _ 10.165-0.0471T

K=°% =1.17 — 0.0054T (13)
N 8.69

§= — (14)

"~ (1.17 - 0.0054T)
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Mean seawater at OS2 (8.69 mmol/mol) is used to make the conversion because it
occupies a similar cross-shelf position along the FKRT as Looe Key, assuming that the
two sites are similarly influenced by Florida Bay. If, for example, mean seawater Sr/Ca
from de Villiers (1999) (8.54 mmol/mol) was used to make the conversion, it would

lower all calculated seawater Sr/Ca values by 0.15 mmol/mol accordingly.
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Figure 12. (A) Monthly averages of measured seawater Sr/Ca at OS1 (orange) and OS2
(green). (B) Monthly averages of measured seawater §'°0 at OS1. (C) Monthly
averages of calculated seawater Sr/Ca at Looe Key (Smith et al., 2006) using calibration
equations from Smith et al. (1979) (red) and Swart et al. (2002) (green). (D) Monthly
averages of calculated seawater 8'%0 at Looe Key (Smith et al., 2006) using a
calibration equation from Leder et al. (1996). The shaded regions in (A) and (B)
represent the range of values observed at OS1 during the study period, while the shaded
regions in (C) and (D) represent the standard deviation of the reported values associated
with sampling. Notes the similarities in the summer maxima and winter minima
between the current study and Smith et al. (2006).

58



The similarities in phase and magnitude between calculated seawater Sr/Ca at
Looe Key (C) and in situ seawater Sr/Ca at OS1 and OS2 (A) are encouraging, but only
qualitative. Using the Swart et al. (2002) calibration leads to better agreement between
the magnitude of calculated seawater Sr/Ca at Looe Key and in situ seawater Sr/Ca at
OS2. The difference in mean calculated seawater Sr/Ca between the Swart et al. (2002)
and Smith et al. (1979) calibrations is due to the conversion of the regression
components using mean seawater Sr/Ca at OS2. Using the Swart et al. (2002)
calibration changes annual mean seawater at Looe Key from 8.77 to 8.99 mmol/mol,
either of which is significantly higher than measured seawater Sr/Ca at OS1 (8.69
mmol/mol) and OS2 (8.71 mmol/mol).

The results from this analysis support the conclusion that, given its proximity
to Florida Bay and the channels between the islands of the Florida Keys, seawater Sr/Ca
variability at Looe Key, like OS2, is also influenced by Sr/Ca variability in Florida
Bay. Given that these two sites are ~70 km apart and encompass most of the Middle
Keys, these results have important implications for coral Sr/Ca-based

paleothermometry along the FKRT.
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Chapter 5: Conclusion

The goal of this study is the quantification of seawater Sr/Ca variability across
coral reefs in the tropical western Atlantic basin, represented by four study sites in the
Florida Keys and two study sites in the U.S. and British Virgin Islands. All six sites
exhibit significant seawater Sr/Ca variability. Although differences in mean seawater
Sr/Ca among sites is not significant, the magnitude of variance at each site differs
greatly. Even the site that shows the smallest variance (ANEE) would still exhibit an
apparent seasonal cycle of ~2°C in reconstructed coral temperature from seawater
St/Ca variability alone. Perhaps most important is the impact that the observed seawater
Sr/Ca variations may have on local coral Sr/Ca — SST calibrations. At four of the six
study sites, seawater Sr/Ca was higher in spring-summer and lower in fall-winter. This
may lower the slope of local coral Sr/Ca — SST regressions, which could explain why
calibrations of coral St/Ca to SST at some sites are lower than others.

This study corroborates results from both Smith et al. (2006) and Khare (2018)
who surmised that Florida Bay is a major driver for seawater Sr/Ca variability along
the middle portion of the FKRT. The OS] site in Florida Bay exhibits the greatest
variance out of all our study sites (0.10 mmol/mol). Seawater Sr/Ca variability at this
site displays a clear annual cycle, with pronounced high summer and low winter ratios.
The same is true for OS2, but to a lesser extent, indicating that both sites are influenced
by seawater St/Ca variability in Florida Bay.

Results from both the Florida Keys and Virgin Islands suggest that nearshore

processes (e.g., runoff, groundwater, drainage geology) have a greater influence on
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seawater Sr/Ca variability than offshore processes (upwelling, eddies). Potential
sources of variability appear mainly related to local and regional hydrography rather
than geology. This is supported by the fact that, excluding a single excursion at the
siliciclastic STIN site, the mean and variance of Sr/Ca ratios were not significantly
different from the other carbonate platform sites. On the other hand, there are large
differences in seawater Sr/Ca between the other five carbonate platform sites, despite
the relative proximity of four of them. Mechanisms of seawater variability moreover
appear highly complex, with multiple local drivers.

Future studies in coral reef environments should focus on using appropriate
tracers to identify and resolve specific mechanisms underlying seawater Sr/Ca
variability, in order to target the most stable locations for coral paleoclimate work.
Mechanisms to explore include: runoff, groundwater discharge, reef productivity, and
diagenesis. More studies need to be conducted before a particular offshore process,
such as upwelling and eddy migration, can be dismissed as a major mechanism of
variability. Future coral Sr/Ca-based paleoclimate studies should monitor seawater
St/Ca at prospective study sites for as long as possible prior to collecting coral samples
to demonstrate the stability of seawater Sr/Ca at the site. As a note of caution, sites that
are known to be significantly influenced by runoff, groundwater discharge, or large

shallow lagoons should be avoided.
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Sample
ID

17W FLKS
0S1-1
17W FLKS
0S1-2
17W FLKS
0S1-3
17W FLKS
0S1-4
17W FLKS
0S1-5
17W FLKS
0S1-6
17W FLKS
0S1-7
17W FLKS
0S1-8
17W FLKS
0S1-9
17W FLKS
0S1-10
17W FLKS
0S1-11
17W FLKS
0S1-12
17W FLKS
0S1-13
17W FLKS
0S1-14
17W FLKS
0S1-15
17W FLKS
0S1-16
17S FLKS
0S1-1
17S FLKS
0S1-2
17S FLKS
0S1-3
17S FLKS
0S1-4
17S FLKS
0S1-5
17S FLKS
0S1-6
17S FLKS
0S1-7
17S FLKS
0S1-8
18W FLKS
0S1-1
18W FLKS
0S1-2
18W FLKS
0S1-3
18W FLKS
0s1-4

Date
1/14/2017
1/6/2017
12/30/2016
12/22/2016
12/14/2016
12/6/2016
11/28/2016
11/20/2016
11/12/2016
11/4/2016
10/28/2016
10/20/2016
10/12/2016
10/4/2016
9/26/2016
9/21/2016
3/19/2017
3/11/2017
3/3/2017
2/23/2017
2/16/2017
2/8/2017
1/31/2017
1/23/2017
1/4/2018
12/28/2017
12/20/2017

12/12/2017

Sr/Ca
(mmol/mol)
8.68
8.69
8.71
8.69
8.68
8.67
8.66
8.68
8.67
8.68
8.71
8.75
8.80
8.80
8.83
8.80
8.67
8.68
8.70
8.64
8.65
8.62
8.58
8.63
8.50
8.42
8.38

8.47

Appendix

SE
(mmol/mol)
0.007
0.007
0.007
0.005
0.005
0.006
0.007
0.006
0.008
0.004
0.007
0.004
0.009
0.006
0.007
0.006
0.010
0.005
0.006
0.007
0.004
0.004
0.002
0.005
0.017
0.007
0.011

0.007

5180 (%o

VSMOW)

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA
0.16
0.16

0.26

62

SD (%o
VSMOW)

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.06

0.05

0.06

Temp. (°C)

NA

NA

NA

NA

NA

24.7

24.9

26.1

26.2

26.1

26.3

26.3

26.6

27.5

27.4

28.0

28.5

29.1

29.7

30.0

23.6

24.5

24.8

23.9

23.7

24.1

23.5

23.6

V. (mL)
5.85
5.45
5.60
5.60
5.60
5.50
5.65
5.60
5.55
5.65
5.55
5.60
5.55
5.45
5.65
121
4.75
6.40
5.50
5.45
5.55
5.55
5.55
5.30

5.05

5.40

5.40

Salinity
37.0

NA

NA

NA

NA
36.0

NA

NA

NA

NA
35.0

NA

NA

NA

NA

NA
38.0
38.0
38.0
38.0
37.5
36.5
35.0
33.0

NA

NA

NA

NA



18W FLKS
0S1-5
18W FLKS
0S1-6
18W FLKS
0S1-7
18W FLKS
0S1-8
18W FLKS
0S1-9
18W FLKS
0S1-10
18W FLKS
0s1-11
18W FLKS
0S1-12
18W FLKS
0S1-13
18W FLKS
0S1-14
18W FLKS
0S1-15
18W FLKS
0S1-16
18W FLKS
0S1-17
18W FLKS
0S1-18
18W FLKS
0S1-19
18W FLKS
0S1-20
18W FLKS
0s1-21
18W FLKS
0S1-22
18W FLKS
0S1-23
18W FLKS
0S1-24
18W FLKS
0S1-25
18W FLKS
0S1-26
18W FLKS
0S1-27
18W FLKS
0S1-28
18W FLKS
0S1-29
18W FLKS
0S1-30
18W FLKS
0S1-31
18W FLKS
0S1-32
18W FLKS
0S1-33
18W FLKS
0S1-34
18W FLKS
0S1-35
18W FLKS
0S1-36

12/5/2017
11/27/2017
11/19/2017
11/11/2017

11/4/2017
10/27/2017
10/19/2017
10/11/2017

10/4/2017

9/26/2017

9/22/2017

9/21/2017

9/20/2017

9/19/2017

9/18/2017

9/17/2017

9/16/2017

9/15/2017

9/14/2017

9/13/2017

9/13/2017

9/12/2017

9/11/2017

9/10/2017

9/9/2017
9/8/2017
9/7/2017
9/6/2017
9/5/2017
9/4/2017
9/3/2017

9/2/2017

8.56

8.59

8.61

8.65

8.64

8.68

8.68

8.71

8.69

8.72

8.64

8.62

8.66

8.64

8.66

8.62

8.62

8.67

8.59

8.60

8.61

8.63

8.62

8.60

8.66

8.65

8.66

8.66

8.64

8.64

8.60

8.67

0.011

0.009

0.016

0.024

0.015

0.023

0.017

0.008

0.022

0.009

0.009

0.020

0.028

0.034

0.015

0.011

0.045

0.007

0.027

0.004

0.023

0.032

0.023

0.006

0.033

0.032

0.027

0.005

0.002

0.038

0.032

0.003
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0.37

0.38

0.41

0.29

0.21

0.14

0.29

0.26

0.14

0.04

-0.05

-0.05

-0.06

-0.20

-0.11

-0.12

-0.11

0.05

-0.25

-0.17

-0.40

-0.17

-0.47

-0.23

-0.14

-0.19

-0.16

-0.17

0.01

0.24

0.30

0.85

0.05

0.08

0.08

0.06

0.09

0.06

0.05

0.07

0.05

0.07

0.07

0.05

0.06

0.06

0.06

0.04

0.06

0.06

0.08

0.07

0.04

0.05

0.10

0.07

0.04

0.08

0.06

0.06

0.05

0.07

0.04

0.06

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

5.30

5.45

5.45

5.40

5.35

5.45

5.45

5.45

5.40

4.95

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0



18W FLKS
0S1-37
18W FLKS
0S1-38
18W FLKS
0S1-39
18W FLKS
0S1-40
18W FLKS
0S1-41
18W FLKS
0S1-42
18W FLKS
0S1-43
18W FLKS
0S1-44
18W FLKS
0S1-45
18W FLKS
0S1-46
18W FLKS
0S51-47
18W FLKS
0S51-48
18W FLKS
0S1-49
18W FLKS
0S1-50
18W FLKS
0S1-51
18W FLKS
0S1-52
18W FLKS
0S1-53
18W FLKS
0S1-54
18W FLKS
0S1-55
18W FLKS
0S1-56
18S FLKS
0S1-1
18S FLKS
0S1-2
18S FLKS
0S1-3
18S FLKS
0S1-4
18S FLKS
0S1-5
18S FLKS
0S1-6
18S FLKS
0S1-7
18S FLKS
0S1-8
18S FLKS
0S1-9
18S FLKS
0S1-10
18S FLKS
0S1-11
18S FLKS
0S1-12

9/1/2017
8/31/2017
8/30/2017
8/29/2017
8/28/2017
8/27/2017
8/26/2017
8/25/2017
8/24/2017
8/23/2017
8/22/2017
8/21/2017
8/20/2017
8/19/2017
8/18/2017
8/17/2017
8/16/2017
8/15/2017
8/11/2017

8/5/2017
6/23/2018
6/14/2018

6/5/2018
5/27/2018
5/18/2018

5/9/2018
4/29/2018
4/20/2018
4/11/2018

4/2/2018
3/24/2018

3/14/2018

8.75

8.72

8.78

8.75

8.66

8.70

8.72

8.70

8.64

8.70

8.70

8.73

8.74

8.67

8.69

8.67

8.69

8.65

8.81

8.83

8.82

8.79

8.79

8.80

8.79

8.75

8.80

8.77

8.73

8.73

8.72

8.70

0.011

0.012

0.026

0.011

0.003

0.002

0.037

0.011

0.001

0.024

0.027

0.008

0.005

0.045

0.031

0.009

0.025

0.001

0.013

0.016

0.010

0.019

0.007

0.006

0.009

0.007

0.009

0.010

0.002

0.011

0.008

0.009

0.06

0.09

0.06

0.04

0.07

0.05

0.06

0.04

0.06

0.05

0.05

0.05

0.06

0.02

0.06

0.03

0.04

0.02

0.03

0.04

0.04

0.07

0.03

0.03

0.03

0.02

0.03

0.02

0.03

0.03

0.02

0.03

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

28.6

28.4

26.7

26.5

26.0

26.1

25.7

25.6

25.2

24.8

24.1

23.9

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

0.68

5.40

5.35

5.40

5.40

5.40

5.35

5.35

5.40

5.45

5.45

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0



18S FLKS
0S1-13
18S FLKS
0S1-14
18S FLKS
0S1-15
18S FLKS
0S1-16
18S FLKS
0S1-17
18S FLKS
0S1-18
18S FLKS
0S1-19
19W FLKS
0S1-1
19W FLKS
0S1-2
19W FLKS
0S1-3
19W FLKS
0S1-4
19W FLKS
0S1-5
19W FLKS
0S1-6
19W FLKS
0S1-7
19W FLKS
0S1-8
19W FLKS
0S1-9
19W FLKS
0s1-10
19W FLKS
0s1-11
19W FLKS
0S1-12
19W FLKS
0S1-13
19W FLKS
0S1-14
19W FLKS
0S1-15
19W FLKS
0S1-16
19S FLKS
0S1-1
19S FLKS
0S1-2
19S FLKS
0S1-3
19S FLKS
0S1-4
19S FLKS
0S1-5
19S FLKS
0S1-6
19S FLKS
0S1-7
19S FLKS
0S1-8
19S FLKS
0s1-9

3/5/2018
2/24/2018
2/15/2018

2/5/2018
1/27/2018
1/18/2018
1/10/2018

1/8/2019

12/30/2018
12/19/2018
12/7/2018
11/24/2018
11/12/2018
11/1/2018
10/19/2018
10/7/2018
9/25/2018
9/14/2018

9/1/2018
8/20/2018

8/9/2018
7/28/2018
7/16/2018

8/8/2019
7/29/2019
7/19/2019

7/9/2019
6/29/2019
6/19/2019

6/9/2019
5/31/2019

5/21/2019

8.65

8.71

8.70

8.66

8.60

8.57

8.52

8.64

8.56

8.68

8.51

8.42

8.46

8.58

8.69

8.62

8.58

8.82

8.84

8.80

8.87

8.91

8.88

8.92

8.87

8.85

8.82

8.87

8.84

8.85

8.85

8.75

0.006

0.004

0.005

0.008

0.016

0.005

0.008

0.008

0.009

0.009

0.005

0.004

0.007

0.005

0.005

0.005

0.007

0.005

0.006

0.006

0.011

0.007

0.005

0.006

0.005

0.005

0.004

0.006

0.009

0.005

0.008

0.015

NA
NA
NA
NA
NA
NA
NA
NA

NA

65

1.44

1.04

1.90

1.89

1.00

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.04

0.04

0.03

0.03

0.04

0.04

0.02

0.03

0.04

0.04

0.03

0.02

0.03

0.02

0.04

0.02

0.02

0.03

0.02

0.03

0.03

0.02

0.03

24.9

25.5

24.6

23.6

233

22.8

23.1

24.5

24.6

24.1

25.8

26.7

27.5

27.8

28.4

28.7

30.0

29.6

29.7

30.5

30.0

30.4

30.1

29.9

30.2

30.0

30.4

29.5

28.8

28.0

27.7

27.8

5.40

5.45

5.45

5.35

5.40

5.45

3.47

3.60

4.40

5.05

5.05

5.05

5.05

5.05

5.05

5.00

5.00

5.00

5.00

5.50

5.50

5.50

5.50

5.50

5.50

5.50

5.50

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA



19S FLKS
0S1-10
19S FLKS
0s1-11
19S FLKS
0S1-12
19S FLKS
0S1-13
19S FLKS
0S1-14
19S FLKS
0S1-15
19S FLKS
0S1-16
19S FLKS
0S1-17
19S FLKS
0S51-18
19S FLKS
0S1-19
19S FLKS
0S1-20
19S FLKS
0S1-21
19S FLKS
0S1-22
17W FLKS
0S2-1
17W FLKS
0S2-2
17W FLKS
0S2-3
17W FLKS
0S2-4
17W FLKS
0S2-5
17W FLKS
0S2-6
17W FLKS
0S2-7
17W FLKS
0S2-8
17W FLKS
0S2-9
17W FLKS
0S2-10
17W FLKS
0S2-11
17W FLKS
0S2-12
17W FLKS
0S2-13
17W FLKS
0S2-14
17W FLKS
0S2-15
17W FLKS
0S2-16
17W FLKS
0S2-17
17W FLKS
0S2-18
17S FLKS
0S2-1

5/11/2019
5/1/2019
4/21/2019
4/11/2019
4/1/2019
3/22/2019
3/12/2019
3/2/2019
2/20/2019
2/10/2019
1/31/2019
1/21/2019
1/15/2019
1/15/2017
1/9/2017
1/2/2017
12/26/2016
12/19/2016
12/12/2016
12/5/2016
11/28/2016
11/22/2016
11/15/2016
11/8/2016
11/1/2016
10/25/2016
10/19/2016
10/12/2016
10/5/2016
9/28/2016
9/23/2016

7/29/2017

8.78

8.80

8.78

8.81

8.75

8.75

8.74

8.72

8.77

8.72

8.71

8.71

8.73

8.68

8.68

8.68

8.68

8.68

8.70

8.69

8.70

8.71

8.71

8.69

8.69

8.70

8.70

8.75

8.76

8.77

8.77

8.73

0.007

0.009

0.007

0.008

0.009

0.007

0.004

0.005

0.011

0.007

0.007

0.007

0.013

0.005

0.005

0.006

0.012

0.009

0.006

0.005

0.006

0.006

0.004

0.006

0.007

0.010

0.008

0.006

0.009

0.007

0.005

0.007

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

66

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

27.0

26.3

26.3

26.0

25.2

25.4

25.7

25.8

25.4

24.6

22.9

23.4

24.0

22.7

23.4

24.4

25.5

25.6

25.5

26.0

24.8

24.4

25.7

25.9

25.8

26.3

27.7

28.6

29.8

30.5

5.50

5.50

5.50

5.50

5.50

5.50

5.50

5.50

5.50

5.50

5.50

5.50

1.61

4.35

4.70

4.70

4.70

4.75

4.75

4.60

4.75

4.65

4.65

4.60

4.70

4.75

4.65

4.75

4.65

4.60

2.85

4.00

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0



17S FLKS
0S2-2
17S FLKS
0S2-3
17S FLKS
0S2-4
17S FLKS
0S2-5
17S FLKS
0S2-6
17S FLKS
0S2-7
17S FLKS
0S2-8
17S FLKS
0S2-9
17S FLKS
0S2-10
17S FLKS
0S2-11
17S FLKS
0S2-12
17S FLKS
0S2-13
17S FLKS
0S2-14
17S FLKS
0S2-15
17S FLKS
0S2-16
17S FLKS
0S2-17
17S FLKS
0S2-18
17S FLKS
0S2-19
17S FLKS
0S2-20
17S FLKS
0S52-21
17S FLKS
0S2-22
17S FLKS
0S2-23
18S FLKS
0S2-1
18S FLKS
0S2-2
18S FLKS
0S2-3
18S FLKS
0S2-4
18S FLKS
0S2-5
18S FLKS
0S2-6
18S FLKS
0S2-7
18S FLKS
0S2-8
18S FLKS
0S2-9
18S FLKS
0S2-10

7/20/2017
7/9/2017
6/29/2017
6/18/2017
6/8/2017
5/28/2017
5/20/2017
5/13/2017
5/3/2017
4/22/2017
4/12/2017
4/6/2017
4/2/2017
3/29/2017
3/24/2017
3/20/2017
3/13/2017
3/4/2017
2/22/2017
2/11/2017
2/1/2017
1/23/2017
6/25/2018
6/17/2018
6/9/2018
6/1/2018
5/24/2018
5/15/2018
5/7/2018
4/29/2018
4/21/2018

4/13/2018

8.72

8.73

8.76

8.77

8.76

8.70

8.71

8.63

8.62

8.67

8.66

8.68

8.69

8.71

8.71

8.69

8.66

8.67

8.69

8.69

8.65

8.68

8.75

8.72

8.73

8.74

8.74

8.72

8.76

8.74

8.75

8.73

0.007

0.010

0.008

0.015

0.005

0.008

0.005

0.006

0.007

0.006

0.007

0.006

0.006

0.005

0.009

0.009

0.006

0.008

0.012

0.006

0.008

0.009

0.005

0.006

0.007

0.005

0.009

0.005

0.006

0.003

0.007

0.007

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

67

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

30.9

30.6

29.5

29.5

29.7

27.9

27.7

27.2

25.5

24.9

26.9

26.4

24.5

23.5

22.5

24.1

24.0

24.0

24.1

22.1

23.8

30.8

29.7

29.3

27.0

26.4

27.1

26.8

27.5

26.3

27.2

5.30

5.30

5.35

5.40

5.40

5.30

2.95

4.90

5.35

5.00

1.30

2.70

2.25

1.95

2.75

3.95

5.30

5.35

5.30

5.30

3.82

4.85

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA



18S FLKS
0S2-11
18S FLKS
0S2-12
18S FLKS
0S2-13
18S FLKS
0S2-14
18S FLKS
0S2-15
18S FLKS
0S2-16
18S FLKS
0S2-17
18S FLKS
0S2-18
18S FLKS
0S2-19
18S FLKS
0S2-20
18S FLKS
0S52-21
18S FLKS
0S2-22
19W FLKS
0S2-1
19W FLKS
0S2-2
19W FLKS
0S2-3
19W FLKS
0S2-4
19W FLKS
0S2-5
19W FLKS
0S2-6
19W FLKS
0S2-7
19W FLKS
0S2-8
19W FLKS
0S2-9
19W FLKS
0S2-10
19W FLKS
0S2-11
19W FLKS
0S2-12
19W FLKS
0S2-13
19W FLKS
0S2-14
19W FLKS
0S2-15
19W FLKS
0S2-16
19W FLKS
0S2-17
19W FLKS
0S2-18
19W FLKS
0S2-19
19W FLKS
0S2-20

4/5/2018
3/28/2018
3/20/2018
3/12/2018

3/4/2018
2/24/2018
2/16/2018

2/8/2018
1/31/2018
1/23/2018
1/15/2018

1/9/2018

1/8/2019

12/30/2018
12/21/2018
12/11/2018
12/2/2018
11/23/2018
11/13/2018
11/4/2018
10/25/2018
10/15/2018
10/6/2018
9/26/2018
9/17/2018

9/7/2018
8/28/2018
8/19/2018

8/9/2018
7/31/2018
7/23/2018

7/13/2018

8.73

8.70

8.71

8.70

8.70

8.70

8.70

8.70

8.68

8.67

8.68

8.68

8.68

8.74

8.72

8.67

8.63

8.59

8.61

8.63

8.66

8.66

8.72

8.72

8.68

8.65

8.75

8.78

8.75

8.85

8.83

8.78

0.005

0.007

0.006

0.007

0.006

0.018

0.015

0.012

0.005

0.004

0.009

0.006

0.010

0.007

0.007

0.005

0.005

0.008

0.003

0.010

0.008

0.009

0.006

0.008

0.005

0.006

0.007

0.006

0.007

0.004

0.005

0.003

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

68

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

25.8

23.6

23.6

22.5

25.1

25.1

24.9

23.8

22.0

23.8

24.1

22.6

23.9

24.8

26.3

27.5

26.8

28.1

28.9

28.7

32.6

32.0

4.40

5.05

4.95

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0

34.0

34.0



19S FLKS
0S2-1
19S FLKS
0S2-2
19S FLKS
0S2-3
19S FLKS
0S2-4
19S FLKS
0S2-5
19S FLKS
0S2-6
19S FLKS
0S2-7
19S FLKS
0S2-8
19S FLKS
0S2-9
19S FLKS
0S2-10
19S FLKS
0S2-11
19S FLKS
0S2-12
17W FLKS
0S3-1
17W FLKS
0S3-2
17W FLKS
0S3-3
17W FLKS
0S3-4
17W FLKS
0S3-5
17W FLKS
0S3-6
17W FLKS
0S3-7
17W FLKS
0S3-8
17W FLKS
0S3-9
17W FLKS
0S3-10
17W FLKS
0S3-11
17W FLKS
0S3-12
17W FLKS
0S3-13
17W FLKS
0S3-14
17W FLKS
0S3-16
17W FLKS
0S3-17
17W FLKS
0S3-18
17S FLKS
0S3-1
17S FLKS
0S3-2
17S FLKS
0S3-3

4/30/2019
4/19/2019
4/9/2019
3/30/2019
3/20/2019
3/10/2019
2/28/2019
2/18/2019
2/8/2019
1/29/2019
1/19/2019
1/14/2019
1/17/2017
1/12/2017
1/5/2017
12/29/2016
12/22/2016
12/15/2016
12/8/2016
11/30/2016
11/23/2016
11/16/2016
11/9/2016
11/2/2016
10/26/2016
10/19/2016
10/5/2016
9/28/2016
9/23/2016
7/29/2017
7/21/2017

7/14/2017

8.35

8.50

8.51

8.57

8.65

8.65

8.70

8.72

8.74

8.68

8.67

8.66

8.75

8.72

8.73

8.72

8.71

8.72

8.74

8.67

8.85

8.70

8.69

8.70

8.70

8.69

8.73

8.71

8.72

8.73

8.75

8.74

0.008

0.007

0.007

0.009

0.006

0.003

0.005

0.006

0.008

0.007

0.003

0.007

0.009

0.007

0.008

0.012

0.005

0.004

0.010

0.006

0.005

0.009

0.004

0.004

0.005

0.004

0.006

0.002

0.005

0.006

0.004

0.005

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

69

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

27.2

26.9

26.6

24.9

25.0

25.9

26.6

24.8

23.7

24.5

24.1

25.2

25.9

26.0

26.0

26.2

26.1

26.0

26.8

27.2

27.2

27.6

28.5

29.5

30.1

30.5

30.8

30.8

29.9

5.75

5.50

5.50

5.50

5.50

5.50

5.50

5.50

5.50

5.50

5.50

0.15

3.35

5.35

5.35

5.35

5.35

5.40

5.45

5.45

5.40

5.40

5.45

5.40

5.40

5.45

2.15

5.80

5.55

5.55

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0

34.0



17S FLKS
0S3-4
17S FLKS
0S3-5
17S FLKS
0S3-6
17S FLKS
0S3-7
17S FLKS
0S3-8
17S FLKS
0S3-9
17S FLKS
0S3-10
17S FLKS
0S3-11
17S FLKS
0S3-12
17S FLKS
0S3-13
17S FLKS
0S3-14
17S FLKS
0S3-15
17S FLKS
0S3-16
17S FLKS
0S3-17
17S FLKS
0S3-18
17S FLKS
0S3-19
17S FLKS
0S3-20
17S FLKS
0S3-21
17S FLKS
0S3-22
17S FLKS
0S3-23
17S FLKS
0S3-24
17S FLKS
0S3-25
17S FLKS
0S3-26
17S FLKS
0S3-27
18S FLKS
0S3-1
18S FLKS
0S3-2
18S FLKS
0S3-3
18S FLKS
0S3-4
18S FLKS
0S3-5
18S FLKS
0S3-6
18S FLKS
0S3-7
18S FLKS
0S3-8

7/6/2017
6/29/2017
6/22/2017
6/14/2017

6/7/2017
5/30/2017
5/23/2017
5/15/2017

5/8/2017
4/30/2017
4/23/2017
4/16/2017

4/8/2017

4/1/2017
3/25/2017
3/17/2017
3/10/2017

3/2/2017
2/23/2017
2/16/2017

2/8/2017

2/1/2017
1/24/2017
1/20/2017
6/25/2018
6/18/2018

6/9/2018

6/1/2018
5/24/2018
5/16/2018

5/8/2018

4/30/2018

8.74

8.73

8.71

8.73

8.72

8.71

8.70

8.70

8.71

8.72

8.72

8.71

8.70

8.71

8.70

8.70

8.71

8.70

8.68

8.71

8.71

8.70

8.70

8.70

8.75

8.74

8.74

8.73

8.72

8.72

8.69

8.71

0.006

0.003

0.007

0.010

0.009

0.009

0.009

0.007

0.007

0.007

0.008

0.006

0.009

0.007

0.008

0.010

0.012

0.005

0.014

0.009

0.005

0.004

0.008

0.014

0.004

0.008

0.007

0.007

0.008

0.011

0.006

0.006

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

70

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

30.0

29.4

28.8

28.8

28.7

28.4

27.9

27.6

26.9

26.6

25.7

25.6

25.5

25.8

24.0

23.7

24.5

24.8

24.0

23.8

24.1

23.0

24.1

29.8

29.2

28.4

26.9

26.5

26.6

26.3

26.5

5.50

5.35

5.50

5.55

5.55

5.55

5.55

5.55

5.55

5.55

5.45

5.50

5.45

5.45

5.50

5.45

5.60

5.50

5.55

5.60

5.55

5.55

5.55

0.69

4.05

5.00

5.05

5.05

5.05

5.00

5.05

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

35.5



18S FLKS
0S3-9
18S FLKS
0S3-10
18S FLKS
0S3-11
18S FLKS
0S3-12
18S FLKS
0S3-13
18S FLKS
0S3-14
18S FLKS
0S3-15
18S FLKS
0S3-16
18S FLKS
0S3-17
18S FLKS
0S3-18
18S FLKS
0S3-19
18S FLKS
0S3-20
18S FLKS
0S3-21
18S FLKS
0S3-22
19W FLKS
0S3-1
19W FLKS
0S3-2
19W FLKS
0S3-3
19W FLKS
0S3-4
19W FLKS
0S3-5
19W FLKS
0S3-6
19W FLKS
0S3-7
19W FLKS
0S3-8
19W FLKS
0S3-9
19W FLKS
0S3-10
19W FLKS
0S3-11
19W FLKS
0S3-12
19W FLKS
0S3-13
19W FLKS
0S3-14
19W FLKS
0S3-15
19W FLKS
0S3-16
19W FLKS
0S3-17
19S FLKS
0S3-1

4/22/2018
4/14/2018
4/6/2018
3/28/2018
3/20/2018
3/12/2018
3/4/2018
2/24/2018
2/16/2018
2/8/2018
1/31/2018
1/23/2018
1/15/2018
1/9/2018
1/11/2019
1/4/2019
12/23/2018
12/12/2018
12/1/2018
11/19/2018
11/7/2018
10/26/2018
10/14/2018
10/3/2018
9/22/2018
9/10/2018
8/30/2018
8/19/2018
8/8/2018
7/28/2018
7/16/2018

8/9/2019

8.71

8.71

8.70

8.70

8.71

8.71

8.70

8.70

8.71

8.71

8.71

8.71

8.69

8.68

8.75

8.77

8.75

8.69

8.64

8.65

8.68

8.68

8.72

8.71

8.68

8.69

8.78

8.84

8.71

8.80

8.71

8.73

0.008

0.006

0.007

0.013

0.005

0.005

0.007

0.010

0.006

0.004

0.004

0.008

0.004

0.005

0.006

0.010

0.009

0.010

0.004

0.003

0.012

0.005

0.003

0.007

0.005

0.005

0.002

0.004

0.007

0.011

0.008

0.008

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

71

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

26.1

25.9

25.6

24.2

24.2

23.8

25.3

25.6

24.9

24.1

23.5

22.8

22.7

23.0

23.6

24.8

233

25.2

26.0

27.0

27.6

27.9

28.7

29.2

30.6

29.6

29.9

30.8

30.1

5.05

5.05

5.05

5.05

5.05

5.00

5.00

5.05

5.05

5.00

4.95

5.05

1.22

1.10

5.85

5.40

5.35

5.85

5.70

5.75

5.70

5.45

5.45

5.45

5.45

5.40

5.40

5.45

5.40

5.50

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0

34.0

34.0

34.0

34.0



19S FLKS
0S3-2
19S FLKS
0S3-3
19S FLKS
0S3-4
19S FLKS
0S3-5
19S FLKS
0S3-6
19S FLKS
0S3-7
19S FLKS
0S3-8
19S FLKS
0S3-9
19S FLKS
0S3-10
19S FLKS
0S3-11
19S FLKS
0S3-12
19S FLKS
0S3-13
19S FLKS
0S3-14
19S FLKS
0S3-15
19S FLKS
0S3-16
19S FLKS
0S3-17
19S FLKS
0S3-18
19S FLKS
0S3-19
19S FLKS
0S3-20
19S FLKS
0S3-21
19S FLKS
0S3-22
19S FLKS
0S3-23
19S FLKS
0S3-24
19S FLKS
0S3-25
19S FLKS
0S3-26
19S FLKS
0S3-27
19S FLKS
0S3-28
17S FLKS
0S4-1
17S FLKS
0S4-2
17S FLKS
054-3
17S FLKS
0S4-4
17S FLKS
0S4-5

8/1/2019
7/24/2019
7/17/2019
7/10/2019

7/2/2019
6/24/2019
6/17/2019

6/9/2019

6/1/2019
5/25/2019
5/17/2019

5/9/2019

5/2/2019
4/24/2019
4/16/2019

4/9/2019

4/1/2019
3/24/2019
3/16/2019

3/8/2019
2/28/2019
2/19/2019
2/11/2019

2/3/2019
1/26/2019
1/18/2019
1/14/2019
7/30/2017
7/23/2017
7/16/2017

7/9/2017

7/1/2017

8.71

8.72

8.66

8.70

8.75

8.72

8.71

8.76

8.77

8.64

8.66

8.66

8.64

8.63

8.62

8.60

8.67

8.63

8.63

8.64

8.69

8.75

8.73

8.71

8.71

8.71

8.71

8.59

8.67

8.66

8.68

8.64

0.005

0.006

0.007

0.004

0.008

0.008

0.005

0.006

0.005

0.007

0.007

0.005

0.005

0.008

0.007

0.003

0.009

0.010

0.004

0.005

0.005

0.007

0.008

0.007

0.006

0.004

0.012

0.013

0.006

0.006

0.008

0.012

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

72

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

30.5

30.6

30.3

30.7

30.0

29.8

29.6

30.0

28.2

27.8

28.1

27.9

26.6

26.3

26.7

26.1

25.2

25.0

25.8

25.7

26.0

25.2

24.7

23.1

23.2

23.0

30.5

30.2

29.7

29.7

29.1

4.90

4.90

4.90

5.00

5.10

5.00

5.00

5.50

5.50

5.50

5.50

5.50

5.50

5.10

0.41

4.85

5.05

5.30

4.90

5.35

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA



17S FLKS
0S4-6
17S FLKS
0s4-7
17S FLKS
0S4-8
17S FLKS
054-9
17S FLKS
0S4-10
17S FLKS
054-11
17S FLKS
054-12
17S FLKS
054-13
17S FLKS
0S4-14
17S FLKS
054-15
17S FLKS
0S54-16
17S FLKS
0S4-17
17S FLKS
054-18
17S FLKS
0S4-19
17S FLKS
054-20
17S FLKS
054-21
17S FLKS
054-22
17S FLKS
0S4-23
17S FLKS
054-24
17S FLKS
054-25
17S FLKS
054-26
17S FLKS
054-27
18S FLKS
0S4-1
18S FLKS
0S4-2
18S FLKS
0S4-3
18S FLKS
0s4-4
18S FLKS
0S4-5
18S FLKS
0S4-6
18S FLKS
0S4-7
18S FLKS
054-8
18S FLKS
0S4-9
18S FLKS
054-10

6/24/2017
6/16/2017

6/9/2017

6/1/2017
5/25/2017
5/17/2017
5/10/2017

5/2/2017
4/25/2017
4/17/2017
4/10/2017

4/2/2017
3/26/2017
3/18/2017
3/11/2017

3/3/2017
2/24/2017
2/16/2017

2/9/2017

2/1/2017
1/25/2017
1/21/2017
6/22/2018
6/10/2018
5/29/2018
5/17/2018

5/5/2018
4/24/2018
4/12/2018
3/31/2018
3/19/2018

3/8/2018

8.68

8.70

8.75

8.73

8.75

8.74

8.75

8.72

8.71

8.71

8.70

8.69

8.69

8.71

8.71

8.71

8.72

8.70

8.71

8.69

8.70

8.70

8.76

8.78

8.75

8.71

8.71

8.72

8.71

8.68

8.69

8.71

0.010

0.011

0.010

0.012

0.011

0.011

0.007

0.007

0.005

0.008

0.005

0.007

0.010

0.005

0.011

0.005

0.011

0.005

0.010

0.010

0.007

0.013

0.011

0.008

0.011

0.011

0.009

0.006

0.004

0.006

0.010

0.007

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

73

0.76

0.78

0.75

0.83

0.89

0.86

0.83

0.81

0.71

0.77

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.03

0.03

0.03

0.03

0.03

0.02

0.02

0.03

0.02

0.02

NA

28.6

28.5

27.8

27.9

27.3

27.5

26.2

26.4

25.5

25.8

25.3

25.8

24.4

23.8

24.6

24.9

23.9

23.6

24.1

23.6

23.6

28.6

27.4

26.6

26.1

26.0

25.6

25.2

24.6

23.9

24.7

5.30

5.40

5.40

5.40

5.35

5.35

5.35

5.35

5.45

5.30

5.40

5.35

5.05

5.35

5.35

5.30

5.35

5.35

0.40

5.95

5.60

5.60

5.50

5.45

5.55

5.50

5.50

5.55

5.55

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA



18S FLKS
0S4-11
18S FLKS
054-12
18S FLKS
0S4-13
18S FLKS
05S4-14
18S FLKS
0S4-15
19W FLKS
0S4-1
19W FLKS
0S4-2
19W FLKS
0S4-3
19W FLKS
0S4-4
19W FLKS
0S4-5
19W FLKS
0S4-6
19W FLKS
0S4-7
19W FLKS
054-8
19W FLKS
0S4-9
19W FLKS
0S4-10
19W FLKS
0S54-11
19W FLKS
054-12
19W FLKS
0S4-13
19W FLKS
05S4-14
19W FLKS
054-15
19W FLKS
0S4-16
19W FLKS
054-17
19W FLKS
054-18
19S FLKS
0S4-1
19S FLKS
0S4-2
19S FLKS
054-3
19S FLKS
0S4-4
19S FLKS
0S4-5
19S FLKS
0S4-6
19S FLKS
0s4-7
19S FLKS
0S4-8
19S FLKS
0s4-9

2/24/2018
2/12/2018
2/1/2018
1/20/2018
1/11/2018
1/7/2019
12/28/2018
12/17/2018
12/6/2018
11/26/2018
11/15/2018
11/4/2018
10/24/2018
10/13/2018
10/3/2018
9/22/2018
9/11/2018
8/31/2018
8/21/2018
8/10/2018
7/30/2018
7/20/2018
7/9/2018
7/5/2019
6/23/2019
6/12/2019
6/2/2019
5/23/2019
5/13/2019
5/7/2019
4/30/2019

4/22/2019

8.72

8.71

8.70

8.70

8.69

8.73

8.75

8.69

8.67

8.67

8.66

8.65

8.64

8.65

8.63

8.61

8.58

8.68

8.72

8.69

8.74

8.73

8.70

8.66

8.62

8.57

8.58

8.58

8.59

8.61

8.55

8.56

0.012

0.008

0.006

0.009

0.010

0.006

0.011

0.004

0.007

0.010

0.008

0.009

0.007

0.013

0.009

0.007

0.007

0.006

0.003

0.006

0.009

0.003

0.005

0.009

0.008

0.007

0.011

0.007

0.010

0.003

0.003

0.005

NA
NA
NA
NA
NA
NA
NA
NA

NA

74

0.80

0.75

0.79

0.73

-2.83

0.86

0.77

0.63

0.72

0.69

0.78

0.74

0.78

0.70

0.57

0.64

0.87

0.78

0.82

0.85

0.79

0.65

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.02

0.01

0.02

0.04

0.04

0.02

0.05

0.03

0.06

0.03

0.06

0.03

0.04

0.03

0.07

0.04

0.04

0.04

0.04

0.03

0.03

0.05

0.03

25.5

24.4

23.5

22.8

23.1

24.6

24.0

24.5

25.8

26.7

27.4

27.7

28.1

28.6

29.2

30.1

29.4

29.8

30.5

30.0

30.3

30.1

30.0

30.0

29.1

28.3

27.8

27.8

27.1

26.4

26.4

26.2

5.40

5.45

5.55

5.55

2.52

5.35

5.45

5.45

5.50

5.45

5.50

5.50

5.45

5.50

5.40

5.50

5.45

5.35

5.40

5.35

5.45

5.35

5.75

5.75

4.25

2.50

3.75

4.50

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA



19S FLKS
0S4-10
19S FLKS
0S4-11
19S FLKS
0S4-12
19S FLKS
0S4-13
19S FLKS
0S4-14
19S FLKS
0S4-15
19S FLKS
0S4-16
19S FLKS
0S4-17
19S FLKS
054-18
19S FLKS
0S4-19
19S FLKS
054-20
19S FLKS
054-21
19W
ANEE OS-
1

19w
ANEE OS-
2

19w
ANEE OS-
3

19w
ANEE OS-
4

19W
ANEE OS-
5

19w
ANEE OS-
6

19w
ANEE OS-
7

19W
ANEE OS-
8

19w
ANEE OS-
9

19w
ANEE OS-
10

19W
ANEE OS-
11

19w
ANEE OS-
12

19w
ANEE OS-
13

4/12/2019

4/1/2019
3/21/2019
3/10/2019
2/27/2019
2/17/2019

2/8/2019

2/3/2019
1/31/2019
1/27/2019
1/21/2019
1/16/2019

2/4/2019

1/24/2019

1/13/2019

1/2/2019

12/22/2018

12/11/2018

11/30/2018

11/19/2018

11/8/2018

10/27/2018

10/16/2018

10/5/2018

9/24/2018

8.55

8.59

8.61

8.61

8.60

8.60

8.66

8.63

8.65

8.68

8.68

8.71

8.60

8.61

8.66

8.63

8.64

8.59

8.63

8.65

8.60

8.60

8.63

8.59

8.61

0.005

0.009

0.010

0.005

0.012

0.006

0.012

0.008

0.004

0.016

0.012

0.007

0.008

0.006

0.007

0.010

0.005

0.005

0.007

0.006

0.008

0.003

0.005

0.009

0.003

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

75

0.89

0.57

0.47

0.61

0.67

0.58

0.25

0.37

0.55

0.70

0.58

0.67

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.02

0.06

0.05

0.04

0.04

0.04

0.03

0.03

0.04

0.01

0.04

0.04

0.04

26.1

253

25.4

25.6

25.8

25.1

24.3

23.0

22.3

23.5

23.4

23.5

26.2

26.3

26.3

26.5

27.0

27.3

27.9

28.0

28.2

28.9

28.6

29.0

28.9

5.75

5.60

5.60

5.60

5.60

4.50

4.00

1.50

1.50

3.00

3.00

2.10

4.70

5.00

5.05

4.90

5.00

5.00

5.00

5.05

5.05

4.95

4.90

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0



19w
ANEE OS-
14

19w
ANEE OS-
15

19w
ANEE OS-
16

19w
ANEE OS-
17

19W
ANEE OS-
18

19W
ANEE OS-
19

19w
ANEE OS-
20

19w
ANEE OS-
21

19w
ANEE OS-
22

19w
ANEE OS-
23

19w
ANEE OS-
24

19W
ANEE OS-
25

19w
ANEE OS-
26

19w
ANEE OS-
27

19w
ANEE OS-
28

19w
ANEE OS-
29

19w
ANEE OS-
30

19W
ANEE OS-
31

19W
ANEE OS-
32

19w
ANEE OS-
33

19w
ANEE OS-
34

9/13/2018

9/1/2018

8/21/2018

8/10/2018

7/29/2018

7/18/2018

7/7/2018

6/26/2018

6/14/2018

6/3/2018

5/23/2018

5/12/2018

5/2/2018

4/23/2018

4/12/2018

4/1/2018

3/21/2018

3/10/2018

2/27/2018

2/16/2018

2/6/2018

8.68

8.66

8.63

8.63

8.66

8.66

8.66

8.65

8.69

8.69

8.69

8.68

8.69

8.68

8.67

8.68

8.69

8.69

8.68

8.69

8.69

0.007

0.005

0.007

0.004

0.007

0.006

0.007

0.006

0.005

0.009

0.008

0.007

0.005

0.004

0.007

0.008

0.005

0.008

0.005

0.006

0.010

76

0.73

0.72

0.76

0.85

0.71

0.68

0.82

0.76

0.84

0.80

0.86

0.94

0.89

1.02

0.87

0.85

0.78

0.87

0.64

0.56

0.54

0.04

0.04

0.03

0.05

0.04

0.02

0.02

0.03

0.05

0.03

0.04

0.02

0.02

0.01

0.01

0.03

0.06

0.02

0.04

0.02

0.03

29.1

28.7

28.8

28.7

28.5

28.3

28.2

28.0

28.1

28.2

27.4

27.1

27.0

26.7

26.8

26.6

26.5

26.2

26.1

26.3

26.5

5.05

5.05

4.90

4.90

5.00

5.00

4.05

4.50

5.00

4.70

5.00

4.95

5.00

4.85

4.90

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

35.5



19w
ANEE OS-
35

19w
ANEE OS-
36

19W STIN
0s-1
19W STIN
0s-2
19W STIN
0Ss-3
19W STIN
0s-4
19W STIN
0S-5
19W STIN
0S-6
19W STIN
0s-7
19W STIN
0s-8
19W STIN
0S-9
19W STIN
0s-10
19W STIN
0s-11
19W STIN
0s-12
19W STIN
0S-13
19W STIN
0S-14
19W STIN
0s-15
19W STIN
0S-16
19W STIN
0s-17
19W STIN
0S-18
19W STIN
0s-19
19W STIN
0S-20
19W STIN
0S-21
19W STIN
0S-22
19W STIN
0S-23
19W STIN
0S-24
19W STIN
0S-25
19W STIN
0S-26
19W STIN
0S-27
19W STIN
0s-28
19W STIN
0S-29

1/26/2018

1/18/2018

2/1/2019
1/27/2019
1/21/2019
1/15/2019
1/10/2019

1/4/2019

12/29/2018
12/23/2018
12/18/2018
12/12/2018
12/6/2018
11/30/2018
11/25/2018
11/19/2018
11/13/2018
11/7/2018
11/3/2018
10/29/2018
10/24/2018
10/18/2018
10/13/2018
10/8/2018
10/2/2018
9/27/2018
9/23/2018
9/18/2018
9/12/2018
9/7/2018

9/1/2018

8.67

8.67

8.67

8.63

8.66

8.67

8.69

8.66

8.71

8.74

8.58

8.65

8.59

8.70

8.64

8.51

8.43

8.14

8.33

8.49

8.62

8.60

8.67

8.68

8.74

8.74

8.72

8.71

8.74

8.70

8.72

0.009

0.003

0.012

0.013

0.006

0.012

0.019

0.014

0.014

0.009

0.018

0.009

0.016

0.007

0.010

0.008

0.014

0.016

0.018

0.016

0.008

0.011

0.008

0.012

0.010

0.014

0.012

0.006

0.005

0.006

0.008

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

77

0.59

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.01

26.7

27.0

26.2

26.2

26.4

26.4

26.0

26.0

26.4

27.1

27.2

27.4

27.7

28.2

27.9

27.8

28.4

28.2

28.9

29.4

29.0

28.6

28.5

29.0

29.4

29.5

29.7

29.5

29.6

29.6

28.8

4.85

2.19

5.55

5.35

5.30

5.30

5.30

5.30

5.35

5.30

4.85

5.05

5.00

5.00

3.95

4.45

5.05

5.05

4.95

5.00

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0



19W STIN
0S-30
19W STIN
0S-31
19W STIN
0S-32
19W STIN
0S-33
19W STIN
0S-34
19W STIN
0S-35
19W STIN
0s-36
19W STIN
0S-37
19W STIN
0S-38
19W STIN
0S-39
19W STIN
0S-40
19W STIN
0S-41
19W STIN
0S-42
19W STIN
0S-43
19W STIN
0S-44
19W STIN
0S-45
19W STIN
0S-46
19W STIN
0s-47
19W STIN
0S-48
19W STIN
0s-49
19W STIN
0S-50
19W STIN
0S-51
19W STIN
0S-52
19W STIN
0S-53
19W STIN
0S-54
19W STIN
0S-55
19W STIN
0S-56
19W STIN
0S-57
19W STIN
0S-58
19W STIN
0S-59
19W STIN
0S-60
19W STIN
0S-61

8/27/2018
8/22/2018
8/16/2018
8/11/2018

8/5/2018
7/31/2018
7/26/2018
7/22/2018
7/17/2018
7/12/2018

7/7/2018

7/3/2018
6/30/2018
6/29/2018
6/26/2018
6/20/2018
6/14/2018

6/9/2018

6/3/2018
5/29/2018
5/23/2018
5/18/2018
5/12/2018

5/7/2018

5/2/2018
4/26/2018
4/21/2018
4/15/2018
4/10/2018

4/4/2018
3/30/2018

3/25/2018

8.92

8.71

8.67

8.63

8.68

8.76

8.68

8.65

8.67

8.68

8.69

8.70

8.71

8.70

8.74

8.73

8.74

8.72

8.72

8.73

8.76

8.75

8.74

8.75

8.73

8.72

8.73

8.73

8.73

8.73

8.72

8.72

0.005

0.010

0.007

0.005

0.010

0.006

0.007

0.007

0.011

0.009

0.007

0.008

0.004

0.006

0.004

0.009

0.009

0.011

0.005

0.005

0.004

0.005

0.008

0.009

0.005

0.011

0.009

0.004

0.006

0.007

0.007

0.005

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

78

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

29.7

29.7

29.8

29.6

29.3

29.4

29.2

29.2

29.0

28.6

29.0

29.0

28.6

28.5

28.4

28.9

29.0

29.0

28.6

28.4

27.9

27.7

27.8

27.7

27.7

27.4

27.7

27.6

28.0

27.4

27.0

27.7

5.00

5.05

5.05

5.05

5.05

5.05

4.50

2.80

5.05

5.00

4.15

3.40

1.65

0.80

5.05

4.70

4.65

4.85

4.80

4.70

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0



19W STIN
0S-62
19W STIN
0S-63
19W STIN
0S-64
19W STIN
0S-65
19W STIN
0S-66
19W STIN
0S-67
19W STIN
0S-68
19W STIN
0S-69
19W STIN
0s-70
19W STIN
0S-71
19W STIN
0S-72
19W STIN
0S-73
19W STIN
0S-72
19W STIN
0S-73

3/20/2018
3/15/2018
3/10/2018
3/6/2018
3/3/2018
3/2/2018
3/2/2018
3/2/2018
2/27/2018
2/21/2018
2/15/2018
2/10/2018
2/15/18

2/10/18

8.72

8.71

8.72

8.72

8.72

8.71

8.70

8.69

8.69

8.68

8.71

8.72

8.71

8.72

0.010

0.006

0.003

0.010

0.004

0.004

0.006

0.009

0.009

0.009

0.005

0.004

0.005

0.004

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

NA

79

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

27.6

27.1

26.7

26.3

26.4

25.9

25.8

25.8

26.0

25.8

26.0

4.50

3.95

3.85

1.05

0.20

0.20

0.15

5.45

5.35

5.35

4.57

5.35

4.57

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

34.0
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