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Abstract

Study of the marine CGystem is critical for understding global carbon cycling and the impacts of
changing ocean chemistry on marime®ystemsThis thesis describes the development néar
continuousjn-situ dissolved inorganic carbdIC) sensorCHANnNelized Opical System (CHANOS)
II, suitable for deployment frofmothmobile and stationary platformghe system delivers DIC
measurements witmaaccuracy of 2.9 (laboratory) or 9.0 (fielghol kg?, at a precision 0f4.95.5

umol kg?. Time-series field deployments in the Pocasset River, M#ealedseasonal anepisodic
biogeochemical shifte DIC, including two different e sponses to tropical storm
Towed sirfacemappingdeploynentsacross Wagquoit Bay, MAighlightedthe export of DIC from salt
marsheghrough tidal waterHigh resolution(<100 m)data collected durinROV deploymentoverdeep
coral mounds on the West Floridbbgerevealed a much wid€IC range ¢1900i 2900umol kg?)
acress seafloor and coral habitats than was observed thtbadbwbottle samplesollected during the
dives (n =5, 2190.9 + 1jmol kg?). These deployments highligtite need to investigate deep sea
biogeochemistry at high spatial scales in order to understand the range of environmental variation
encountered by benthic communities.
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Chapter 1

Introduction

1.1 Understanding the marineinorganic carbon system

Study of the marine CQOsystem is critical for understanding global carbon cycling and the impacts of
changing ocean chemistry on marine ecosystéins. globalcarbon cycle links carbon reservoirs by
exchanges and fluxes of varying magnitudes and rates, as illustrated in ehgatchbelow from the
Intergovernmental Panel on Climate Change (2013). In this figure, carbon reservoirs and fluxes listed in
black represent pridustrial estimates ~1750 A.D. Red arrows and numbers represent the anthropogenic
perturbation in this cycleaveraged between 2000 and020While many of these estimates are well
constrainedimproving carbon parameter measurement capabilitiesmgjor priority forboth the global

and regional carbon cycling communitiédigher resolution measuremerits both space and timare
needed to understand and extrapolate the impacts of anthropogemiolD@on on the oceans, especially

in the dynamic coastal regions wheratrientand other chemicagbollution factors perturb the marine
carbon cycle anihteractwith ocean acidification (OA)

Netocean flux

07
23 .fo.?l T

—

Rock weathering 03

Freshwater outgassing 1.0

=60.7+17.7

784

erves

rese!
Fossd luel [l s

1
44654
€O g5 30

Figure 1.1: Schematic of the global carbon cycle (IPER5, 2013). Reservoir masses are represented in

PgC (10°gC) and fluxes are in PgC-¥(blacK. Anthropogenic flxesare averaged between 2000 and
2009(red).
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Ocean acidification (OAs a major focus in ocean reseatichtrequiteslarge quantities of data to establish
baseline carbon system dynamics and to evaluate shifts in the changing Gdeamsheabsorption of
anthropogenic Cg&by the oceanshatdrivesa decrease in both Cag€aturation states and gBoney et

al., 2009; Orr et al., 2015). Globally, €Qptake has led to a rapid ~31% increase in average surface ocean
acidity since the beginning of the Industrial Revolution, with regional OApbtislinked to areas of
upwelling, rivers and estuarieand other low pH sources (Feely et al., 2008¢asurements of CO
parameters coupled with other relevant biogeochemical, physical, and ecological measurements are
necessary to understand the comepacts of OA and to constrain rates of biogeochemical and ecological
changes that may impact a broad spectrum of marine life. The dynamic natgeaaf environments
requires higkresolution measurements to realistically assggj®r carbon pools anduftes, particularly in
biogeochemically activesettings and at thevatersediment, terrestrialoast, aksea, and shelfcean
interfaces (Bauer et al. 2013; Wang et al. 2016). As the OA signal is small, with average ocean surface pH
alreadydeclining from8.2 to below 8.1 over the industrial era, there is a great need for new technology to

monitor seawatenorganic carborchemistryat high resolution in dynamic environments.

Full characterizatiomf the marindnorganic carboate system requires simultaneous measurement of at
least 2 out of 4 primariyorganic carboparameters, along with physical temperature, salinity, and pressure
measurements. Thegparameters include pHagial pressurepCQO;) or fugacity {CO.) of CO,, Totd
Alkalinity (TA), and Dissolved Inorganic Carbon (DI@H, determined on the total scale in this wi@ky.

Millero, 1986) is a measure of the hydrogen ion concentration in soju®defined by:

pHr = -log[H*] (1.2

Thepartialpressure of C&in equilibrium with seawatepCO;, is defined as:

pCOZ = Xcoz2- P (1-2)

wherexcozis the mole fraction of C£and P is the total absolute pressure (Takahashi and Sutherland, 2017).

An experimentally derived or modelddgacity of CQ (fCO,), is typically used in seawater carbon

chemistry calculations, adjusting for the deviation from ideal gas behauidr that:

fCO, = Ko ([CO2 aq + [H2CO3]) (1.3

wherekKg is a solubility constant (Dickson, 2007).
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Total alkalinity orTA is defined by the moles of hydrogen ion equivalent to the excess of proton acceptors
over donors in solutiofDickson and Riley, 1978}t is largely dominated by carbonate alkalinity, with
smaller contributions from borate and netris,and may be complicated by organic contributions in coastal
areas (Cai et 311998).

TA=2[COs?] +[HCOs] + [OHT] - [H*] + [B(OH)4] + [HS] + 2 [S*] + [NH3] + [HPO?] + é 14

DIC is defined as the sum of aqueous inorganic carbon species in solutiempéiedreferred toastotal
carbon or TC@

[DIC] = ([CO2,aq + [H2CO3]) + [HCOs] + [COs?] (15)

The inorganic carbon species in seawater nimagrchange rapidly between carbonic acieGBs),
bicarbonate (HC®), and carbonate ion (G, to maintain chemical equilibrium as below:

(CO)ag+HO Z HCO;s Z HCOs+H" Z COZ+2H (16)

More than 98% of carbon in the oceans is stordaC, primarily as the bicarbonate ani@ACOs; ~90%)
(Dickson, 2007)

Measurement of 2 of these parameters allows for calculation of the others, though overdetermination of the
system can be useful fquality control or for confidence in systems with uniquely complicated chemistry,
such as in anoxic pore waters (Millero, 20Wolf-Gladrow et al., 2007Bryne, 2014). Currently, only

pH andpCQO, sensors are widely commercially available for autonomous measurements, though some TA
units are beginning to appear on the market. However, the strong covaridmepHifpCO; pair typically

results in greater calculatiomcertaintieshan are predictefr pairings including DIC (Dickson and Riley,

1978; Millero et al., 2007; Fassbender et al., 2@% et al., 201Y. The DIGpH pair reduces probable

error for derived TA andpCO,; while DICpCO, reduces probable error in pH calculations.
Overdeterminaon of the inorganic carbon system is useful to reduce calculated carbon system uncertainties

from a lesddeal pair of parameters.

A full resolution of the inorganic carbon system allows for calculation of other values that aid understanding
of carboncycling. Carbonate saturation staie,acos IS a thermodynamic indicator of the degree to which

carbonate minerals will form or dissolw@efined as:
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0 caco3= (C8?+)(CQ>,2') / Ksp (1.7)

where (C&) is the activity of dissolved calcium ions seawater, andis the solubility productCarter

et al., 2014)q cacosvalues are usually designated separately for calcite and aragonite minerals, polymorphs
of calcium carbonate with solubility differences arising from the difference in ¢hgstalline structure,

using different K, values for each minerdl,o w o r u n d e ¢ac83€ 1) gonditions favoralgium
carbonate dissolutioriThe presence of undersaturated conditions may have important implications for
inorganic carbon cycling @nbiogeochemistry, particularly in environments supporting calcium carbonate
shell building organism@/Naldbusser et al., 2015)

Practically, the choice of inorganic carbon parameters measured by sensors must include an evaluation of
relevant sensappicability to specific deploymentslepending on their strengths and weaknesses, which
may includemeasuring under conditions of high turbidity, low salinity, afmtation or other sources of
noisethat can obstruct data collectidivhen it is not possiblee measure two simultaneous parameters to
fully resolve the inorganic carbon system, it may often be valuable to measure DICIGnis. an
important parameter that allows assessment of a range of biogeochemical processesg includi
photosynthesis and respiration, dissolution and precipitation of ga@on storage and transport, and
air-sea and sedimematerinteractions. DIC varies with depth and latitude in open oceans and is influenced
by both biological processes and thelubility of carbon dioxide in seawatdt can vary strongly along
coasts, where tidal fluxes, complbiological communities, and complicated bathymetry produce highly
dynamic environment&ickson, 2007) For these reasons, there is a great interaseinievelopment of

high resolution autonomous DIC sersdor deploymentfrom a variety of platforms in a range of

environments

1.2 Overview of traditional bottle sampling and laboratory analysis methods

DIC measurements produced through traditional bottle sampling and laboratory asiaty&is ahigh
accuracy and precisiarf ~ 2 pumol kg' DIC, or ~0.26 of typical surface seawatealues However the
number ofdiscrete samples are limitbg both costand effort for studies that require high sample frequency
or sustained time series and site acc8sawater bottle samples for DIC, TA, and pH analysis are collected
in borosilicate glass bottles and are poisoned with mercuric chloride following standgetating
proceduregDicksonet al.,2007). DIC laboratory measurements typically involve a &@raction step,
such as acidification, purging the extracted.@@h an inert gas, and detection of aqueous or gaseots CO

by infrared, gas chromatographic, or spectrophotometric methods (e.g., coulometry (Johnson et al., 1993),

16



potentiometry (Choi et al., 2002; Xie et al., 2013), nondispersive infrared (NB#Rs et al., 2004; Kaltin

et al., 2005; Bandstra et al., 2006dnductimetrySayles and Eck, 2009), and spectrophotometry (Byrne

et al., 2002; Wang et al., 2007; Wang et al., 2013). The standard Certified Reference Material (CRM) used
in this field is produced bghe Dicksorlab at Scrippsnstitute of Oceanograph(.g, Dickson 2010)

A sample precision of ~1imol kg* DIC, or ~Q5% of typical surface seawatés requiredn order to
resolve relative spatial patterns and stternn timeseries variation in DICAccording torecommendations
from the Global Ocean Acidification Observing Network (GE&N), resolution of longerm trends
requires a precision of better thapmol kg* DIC (Dickson, 2007Newton et al., 2014). It is important to
note that interlaboratory analyses for DIC have found ttgttlyitrained staff are required to produce
consistent seawatd@norganic carbormeasurementacross laboratoriesvith some seawater GQabs

falling short of the2 pmol kg* precision benchmark (Bockmon and Dickson, 2015).

Thesefactorsare pushindhe field towards a preference for automated sensors in order to reduce the cost
of sample collection and measurementd to increase the volunaad resolutiorof seawateinorganic
carbondata generated@pecifically,development outomated sensors stibalancethe need for precise

and accurate higirequency measurements (e2 pmol kg* DIC), ideally with insitu selfcalibration

during deployment, with the ability to operate at depth and on small platforms with low demands for power,
reagents, mintenance, and waste. However, the cost of developing clognatiy DIC and otheinorganic
carbonparameter sensors is high and may limit actessnd deployment of such sensors. In many
circumstances, deploying several less expensive, lower quabit@ pmol kgt DIC) sensors to increase
spatialtemporaldata coverage may suitably detect OA and other biogeochemical qiiyealton et al.,

2014). As suchwhen developing and deploying sensdirss necessary to consider thpatialtemporal

scalesrequired to capturimorganic carborsignals inagiven environmen

1.3Overview of Chapter 2: CHANOS Il development and deployment in the
Pocasset River and Waquoit Bay, MA

In Chapter 2we discuss the development of the Athelized Optical System (CHANOS) kn insitu
DIC sensor thas targeted for neazontinuous measurements covering the dynamic range of DIC in marine
systemsAn assessment of existing and upcomimgitu DIC sensors is provided this chapter, followgd b

a description of the development and testing of the CHANOS II. This sensor applies the spectrophotometric
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method used in CHANOS | (Wang et al., 20181%), with a miniaturized, modular design to allow for

deployment from a variety of stationary and nielpiatformsas well as various time scales and resolutions

We deplogd this system dockside at the Scallop Bay Marina in Pocasset, MA, for testing and -ground
truthing in continuous and intermittent tirseries modedThis field site, located ~500 m from the mouth

of the PocasseRiver emptying into Buzzards Bay, experiences tidal flooding floendownstream bay
andupstream salt marsheSHANOS Il collected 59 days of high resolution DIC measuremaintkis
locationand achievea laboratoryaccuracy and precision a2.9 anct5 . 5 ¢ fand field gccuracy

of £9.0e mo | Tkegtimeseries data at this site spans late August througkNmigmber, 2021, and
reveals tidal and seasonal variations in DIZe desctbe biogeochemical responses to teontrasting

storm systems at this site that were not captured by bottle samples due to inaccessibility in poor weather.
During an August tropical storm, strong winds stirred up the bottom sediment, releasing high D& and lo
oxygen water into the river. During an October no
input of fresh rainwatehese cases highlight the importance of autonomous sensor use in capturing signals

for which bottle samples are not avaia

In this chapter, walso demonstrate theseof the CHANOS Il in towed applicationé series of high

spatial resolution DIC surface maps were generated as the CHANOS Il package was towed through
Wagquoit Bay, MA, via small boat, during two high amao low tidesin September 202 hese surface

maps show the impact of tidal export from salt marshes into theTblgn together, these-situ time

series and mobildeployments demonstrate the capabilities of the CHANOS Il as a new tool fer high
resoldion, nearcontinuous DIC sensingand allow forfine-scalecharacterization of carbon cycling in

dynamic coastal environments including salt marshes and tidal rivers.

1.40verview of Chapter 3: Inorganic carbon chemistry across deep coral

mounds on the West Florida Slope

The CHANOS Il sensois particularly valuable in characterizingnorganic carborchemistry inpoorly
accessibleregionsthat limit sampling bytraditional bottle methodsSampling at deep corakefs is
constrained to the low volumes of seawater that may be collected during Autonomous Underwater Vehicles
(AUVs), Remotely Operated Vehicles (ROVs), and human opesabities Since these vehicles can
operate over many hours and kilometers omglsidive and tend to be equipped watillectors for only a

few seawaterbottle samples, seafloocarbonate coverage is typically spar$dissions seeking to
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understand the range oforganic carborchemistry in these environmentscluding currentbaseline
conditions experienced by deep sea corals and changing ocean conditions in thehotlge;over both
the spatial variations that may occur across the reef systems and temporal resolutitaysveeasons,

and years.

In Chapter 3, we presettihe first observations of higresolution seafloor DIC across deep coral reef
moundsduringfour ROV dives on the West Florida Slope between 400 and 850 m depth. Th&RGAY
Exploreronly carriedwo Niskin samplers per dive, resulting in at besséwater sample per 650 (along
track)for bottleDIC and TA analysis. The CHANOS Il measurements are far more fregueéméepresent
better than 20 mlong trackresolutionof in-situ DIC measurement€HANOS Il data agreed well with
bottle samples and-situ calibration materialgnd showed large (hundreds of pmofkgariations across
seafloor dives as the ROV progressed upslope and over coral mduriclg each diveThese DIC
variations may be caused by a combination of factors, including-depthdence of carbonate solubility,
calcium carbonate dissolution and calcification, and benthic sediment procgsses.twocarbonate
parameters are required to fully resolve the marine §&tem, we conservatively estimate seafloor TA
using multilinear rgressions trained on historical water column TA:DIC data in the redging CO2Y'S
(e.g.,Pierrot et al., 2006/an Heuven et al., 20, ICHANOS Il DIC data, and seafloor TA model outputs,
we esti mat e sagoad Whiohoayvapytsignificadtly af the seaflooFhis work illuminates
the need to sample deep coral sites in greater resolution to understand how frequently deep corals already
experience variable carbonate conditiondiich may have important ecological implicatioas these

systems face environmental changethanfuture

1.5Summary

This thesis advances our ability to capture high resolutiondyt@micsfrom a variety of stationary and
mobile platforms using the CHANOS Il sensdthis research encompasses the fieldwork, laboratory
analysis, and modeling necessary to measusituncoastal biogeochemical processes through dockside,

small boat tows, and ROV sensor deployments.
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Chapter 2
Developing an Insitu Sensor for Highfrequency
Measurements of Dissolved Inorganic Carbon to Enable

Fine-scale Studies of Seawater Carbonate Chemistry

Abstract

An understanding of marine carbon cycling and the impacts of changing deearistry on marine
ecosystems requires resolution of two out of the four primary parameters in the margyste@: partial
pressurépCO,) or fugacity of CQ (fC(O,), dissolved inorganic carbon (DIC), total alkalinffyA), and pH.

The CHANnelized Optical System Il (CHANOS II) is amautonomous, neaontinuousin-situ sensor
developed to measure seawater DIC to depths of 1200 m. This enables measurements at high temporal and
spatial resolution from both stationary (docks, buoys, moorings) and ni@kids, AUVs, CTD rosettes)
platforms. The sensor can be calibratet/or monitoredn-situ usingCertified ReferenceMaterials

(CRMs) to ensure measurement quality throughout a deployment. We present-tguthed field
measurements displaying the sansbs c a p a b i lserieési aads spatiab mapping deployment
strategies including: 1) tirsgeries measurements frdhre Scallop Bay Marina in Pocasset, MA (Jiily

October 2021), and 2) high frequency surface mapping of Waquoit Bay, MA, across tidal(8gptember

2021). We report both continuous and intermittent (hourly) DIC measuremigmis laboratoryaccuracy

and precision of+2.9 and+5 . 5 & ™ oespeckvgly. The mean difference between sensor and bottle
samples collected during 59 daydiofe-series measurementss-3.8+ 9.0¢ mo |2, skggesting a field
accuracy of ~ 9.8 mo I'X. Gkirgimeseries measurements highlight seasonal and episodic biogeochemical
shifts, including two different Dsystemsr QudageoDIG e s t o
mapping shows bay and river endmembers in WaquoitaBayhighlightsthe export of DIC from salt

marshes through tidal water.
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Chapter 2

2.1 Introduction

Study of the marine COsystem is critical for understanding global carbon cycling and the impacts of
changing ocean chemistry on marine ecosystems. A complete resolution of the madyst€@®@requires
measurement of at least two out of four primary parameters: partial ©Er€is€@,) or fugacity of CQ

(fCQOy), dissolved inorganic carbon (DIC), total alkalinity (TA), and pH. Traditional bottle sample titrations
for DIC and TA are slow, constraining studies by speed and cost of both sample collection and laboratory
methods. Commercial pH and pC&sensors are widely available for autonomousitn deploymentsand

while TA sensors are beginning to appear, there are no commersial DIC sensors on the mark&he

strong covariance of the ppCO, pair can result in large GQystem calculation erroi®illero et al.,

2007. Smultaneous measurement of the BEBCO, or DIC-pH pair instead is valuable due to reduced
calculation errors, especially for carbonate alkalinity and Ga@ration states, which are highly relevant

to Ocean Acidification (OA) studiefDickson and Riley, 1978 High quality, high resolution DIC
measurements on their own are also valuable for many marine carbon studies and beyond, including
anthropogenic caon invasion in the ocean, changes in the marine biological carbon pump, and
understandinghe marine CaCgxycle Fassbender et al., 2015).

2.1.1 Review of imsitu DIC sensors

All measurements forinorganic carbonparameters require temperature, pressure, and salinity
measurements in order to fully resolve the marine §®tem. Most commercial sensors carry at least a
thermistor, and most sensor deployments benefit from additional CondudiasiyeratureDepth(CTD)

and dissolved oxygen sensor readings. pH sensors are available from multiple vendors, with the most
popular methods including potentiometric, 4isensitive field effect transistor (ISFET), and
spectrophotometric technologigsléyton and Bryne,1993/lartz et al., 2015). These systems can operate
autonomously and neapntinuously, but may struggle during some types of deployments, such as if they
are towedor deployed in turbid or high bubble density conditiddsre sensor systems are available for
pCO: analysis in both submerged autonomous and shipboard underway modessitutatibration for

pCO-. can be complicated, typicallgquiring access to gas tanksvafying GO, concentratior(Clark et

al., 2017)
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TA sensors are far less developed than pHa&l@b. Some laboratorpuilt systems are in use (e.Briggs

et al, 2017;2020, using a solid state ISFET TA and associated pH sensor), but few commercial options are
available. Typical TA measuremeint/olvesgran titration, adding precise quantities of acid to a seawater
sample and calculating TA from the observed change in pH, which is difficult to adagitio gettings.

The CONTROS HydroFIA system, based o,Glegassing into an open cell titration @lled by
spectrophotometrically determined pH, is available commercially for underwayttitowgh benchtop
measurements (e,ddunt et al., 2021). The first4isitu submersible SAMAIK units are in early use, based

on the determination of pH and dilutidactor between an indicator solution and sample in a tracer
monitored titration (Shangguan et al., 2021).

No in-situ or flowthrough DIC sensors are commercially available, but there have been various
developments for autonomous DIC sensing by indiMiduaups (i.e. Schuster et al., 200®artz et al.,

2015 Bushinsky et al., 203%olson and Michel, 2022Published DIC systems are based on the following
methods:

The coulometric method is based on the stripping offén acidified seawater samplieg N. gas into a
coulometer where it is reacted and titrated with @iis. The titration endpoinmay bedetermined
photometrically with a pH sensitive sulfonephthalein indicator, and the change in current is correlated to
DIC. The coulometric method issed in the Standard Operating Procedure described by Dickson et al.,
(2007), and was modified into an autonomous benchtop DIC unit by Amornthammarong et al., (2014).
However, due to its largeize, largesample volumgpotential for hazardous waste prodaot and

requirement for a stable working environménhas not yet been adapted tesitu measurements.

In the conductometric method, €8 diffused through a semipermeable membrane from acidified seawater

into a sodium hydroxide or DI water acoapsolution. This causes the solution conductivity to decrease
proportionally to DIC concentration as f@acts quantitatively with OHAn advantage of this method is

that it requires very small sampl e wsmadlsemsorssize, ~100
such as the early stage lab-Chip as described in Nightingale et al. (2015). Sayles and Eck (2009) adapted
this method into an #situ, autonomous DIC sensor, Robotic Analyzer for the 76@tem (RATS).
However, this method is pagtilarly sensitive to temperature changes that can impact cell volume

complicating DIC calculations

In the nondispersive infrared absorption (NDIR) method, 8purged from an acidified sample with an

inert carrier gas and is quantified via an infrared spectrophotometer. NDIR spectrophotometry is widely
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used in laboratory measurements of DIC and for commegu€i@ measurement on buoy and mooring
systems. It has been developed into a promisirgjtinMoored Autonomous DIC (MADIC) system by
Fassbender et al., (2015). However, this method is strongly temperature dependent and reliant on a gas

stream which can be colligated to adapt to #situ methods under pressure at depth.

Dual isotope dilution cavity ringown spectroscopy measures both DIC &3#*C by mixing seawater

with an enriched NalCG; solution. The isotopic composition of @8 measured by spectroggo and a
mixing ratio of the sample and spike is determined by thid Eatio in the mixture. DIC is calculated from

the mixing ratio and®C concentration of the original spike and mixed sample. This method produces fast
(~4 min) and precise measuremerdswever, while it has been tested as a benchtop underway device at
sea, it has not yet been adapted tsiin deployment (Huang et al., 2015).

In membrane introduction mass spectrometry (MIMS), acidified seawater samples are equilibrated with
calibratel gas mixtures, which are then diffused across @gameable membrane into a vacuum chamber
where a specified mass to charge ratio is recorded as ion current. This current is ré@Bedvitrich is

used with a potentiometric pH measurement of seawategiculate DIC (Bell et al., 2011). MIMS units

have been developed for underwater measurements of other dissolved gasses, suciNagOgHr,

VOCs, and hydrocarbons (Chua et al, 2016). MIMS units for DIC may be able to provide contemporaneous
measuements for such gases along wit®O, and DIC. However, this method is dependent on salinity and
requires precise temperature regulation. It requires high flow rates and may experigitce in
complications by requiring a gas stream. One DIC MIMS unitieas tested as a benchtop measurement

system, but has not yet been adapted faitinmeasurements (Bell et al., 2011).

In the spectrophotometric method, £3@ an acidified seawater sample is equilibrated with a pH sensitive
sulfonephthalein indicator across a semipermeable membrane. The absorbance change in the indicator is
measured by a spectrometer and correlated to the change in DIC. A major advatttsgaethod is that

it is highly sensitive and can provide neantinuous measurements. This method requires less calibration
than other approaches, and can be O6calibration fr
optical system. Vaous dyes may be chosen for optimization, and such a system can be easily modified to
measure other parameters such as pHGiD,. However, temperature must be carefully monitored as a

major factor in the equilibration step in this method, and as a wenising method, an hsitu
spectrophotometric system relies on multiple pumps, valves, and refggEnBryne et al., 2002iu et

al., 2013 Tue-Ngeun et al., 2005andWang et al., 2007; 2013; 2019his method was first published by

Bryne et al. (2002)using discrete acidification of seawater samples via syringe pump and a liquid core
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waveguide equilibration cell to determine DIC in river water samples. This system was adapted for
simultaneous flovthrough measurements of pk,O,, and DIC using a ligd core waveguide via a tube
in-tube Teflon AF 2400 semipermeable membrane tubing in PEEK desigrMeltiparameter Inorganic
Carbon Analyzer (MICA), Wang et al., 2007). This system coodtke~7 measurements per hour as a
shipboard underway sensor. Tiirst in-situ spectrophotometric DIC system, SEREC, integrated the

MICA and Spectrophotometric Elemental Analysis System (SEAS) system for autonomous, submersible
measurements (Liu et al., 2013). A major improvement to this method was published irt\&ki(8013),

using a dynamic equilibration of countercurrent seawater and indicator flow through the Teflon
equilibration cell to achieve a faster response time (~22 s) and near continuous measurement of DIC. This
improvement resulted in the CHAldlizedOptical System (CHANOS), a simultaneous, autonomous, in

situ DIG-pH sensor described in Wang et al., (20853ummary of published isitu DIC sensing systems

is given in Table 2.1.

Table 2.1: Summary of published isitu DIC sensing systems

Measurement Publication In-situ precision | Measurement Reported time-
principle and accuracy cycle time series
(emobh kg deployment time
Spectrophotometry] Liu et al., 2015| £ 2, £ 2 Every ~50 s after | ~8 daydock
(SEASDIC) ~9 min preparation| deployment
cycle for 50 min,
repeated
Spectrophotometry]| Wang et al., +2.5,+£5.2 (DIC),| Every ~12 s after ~| ~ 3 week dock
2015 + 0.0010, £ 0.0024 6 min preparation | deployment
(CHANOS) (pH) cycle for ~8 min,
repeated
Conductometry Sayles and Eck + 2.7, + 3.6 Hourly ~8 weeks dock
2009 deployment
(RATS)
Non-Dispersive Fassbenderet | +5, +6-7 ~12 min ~7 month surface
Infrared Absorption al., 2015 mooring
(NDIR) (MADIC) deployment

Because the spectrophotometric method measures only in the aqueous phase, it is avédr SoHsetu
underwater applications, particularly under high pressures at depth. The original CHANOS | sensor
described by Wang et 82013, 2015) simultaneously measured DIC and pH via two independent channels,
allowing for a complete characterizatioh the inorganic carborsystem when given simultaneous CTD

measurements. CHANOS | achieved an accuracy of 0.0024 and 4.1 phfiot il and DIC, respectively,
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with a corresponding precision of 0.001 and 2.5 pmdi. Kdhe sensor could also perform caditions in

the field using Certified Reference Materials (CRMs, obtained from A.G. Dickson at Scripps Institution of
Oceanography) to ensure measurement quality (Wang et al., 2015). However, the use of syringe pumps
discretized measurements as reagent gumpver e refill ed frequently, [
continuous measurements. This, along with the large size and power requirements, limited the applications

of this system to timseries surface deployments from fixed platforms.

2.1.2 Inorganic carbon chemistry measurements for biogeochemical studies

In order to resolve relative spatial patterns and sieomt timeseries variation in DIC, we require a sample

precision of ~1Qumol kg* D1 C, or ~0.5% of typical surface seaw:
Global Ocean Acidification Observing Network (GE&2N) recommendations, resolution of leteggm

trends requires a precision of better tfapmol kg DI C (A c | i mat eon qtwlg RO14).y 0) ( N
Attempts to develop ksitu automated DIC sensors may address the need for very precise and accurate
measurements (e.gt, 2 umol kg DIC), as targeted by CHANOS I. However, the cost of developing
climate-quality DIC and otheinorganiccarbonparameter sensors is high and may limit the access to and
deployment of such sensors. In many circumstances, deploying several less expensive, lower-gQality (5

umol kg* DIC) sensors to increase spatial data coverage in different environmentsmavenay suitably

detectmanybiogeochemical signa{®ewton et al., 2014)

Salt marshes include highnd lowzones populated by grasses that experience tidal flooding of varying
frequency depending on their elevation. They have some of the higtessbf organic matter production

and storage in coastal environments and support a great diversity of algaes, shellfish, fishes, and other fauna
(Spivak et al., 2017). These highly dynamic systamesimpacted by ocean acidification (OA), sea level

rise, deoxygenation, and other environmental changes. Marsh environments already experience strong
coastal acidificationdue to natural and humaltiven landsea interactiondiVhile OA is driven by the
oceands upresalingin adecre@s® in seawatlr coastal acidification is more localized. An
example of this is when runff introduces excess nutrients to a coastal system, resulting in algal blooms
that respire C@into the seawater, impacting local pH (Wallace et al., 2Qh4ddition to rapigphysical

changes, such as large temperature swings and storm surges, complex dynamic systems with varying daily,
seasonal, and interannual biogeochemical conditions may be produced by river and groundwater inputs,
hypoxia, high productivity and respiraticand tidal outwelling of DIC, nutrients, and alkaliniBaumann

et al., 2015Gledhill et al., 2015Wang et al., 2016). For example, some studies have found changes of up

to 2 pH units in a day during the summer season when larval shellfish are irtleespof early shell

29



building (Anisfeld and Benoit, 199Baumann et al. 2@). Many studies have shown the need for higher
resolution of carbonate chemistry (j.eompared to traditional bottle sampling methofikaurly to twe

hourly measurements dugra single tidal cycleor longterm monthly schedules) in order to capture
representative temporal and spatial variability in marsh environments (Chu et al., 2018, Gledhill et al., 2015,
Liu et al., 2017, Mosema¥altierra et al., 2016, Wang et al., 201%his need to capture the dynamics of
biogeochemical conditions becomes particularly important when considering cepstins, where
strong, shorteterm coastahcidification may obscurthe OA signalsdriven by the relatively small and
gradual increase of atmospheric carbon diaxide

OA may have detrimental effects on carbonate shell and skeleton forming organisms as a result of
decreasing pH and c a#&od 0d&cats athenodnamicairdicatomof tsetdagtee ( q
to which carbonate minerals will form or dissolie., the product of the activities of dissolved calcium

and carbonate ions in seawad@rided by the solubility product of aragonit€s,). Low or undersaturated

( dgacos<1) conditions favor carbonate dissolutitindersaturatiomay disrupt development of vulnerable

salt marsh species including larval oysters and other shehlisith may in turn impact other diverse
species and fisheries that rely on the marsh ecosyBieuhais et al., 2017, Doney et al., 2009, Waldbusser
etal., 2014)Therefore, key questions in marsh carbonate chemistry include: whatfifeheterogeneities

of carbonate parameters and saturation states exist in representative salt marsh sits?tMéiragpatial
variabilities across marsh habitats? How frequent and persistent are conditions of low or undersaturated
0 cacoz and when do these corrosive conditions impact the life cycle and distribution of marsh lzindlves

other organisni

2.1.3 Chapter overview

In this chapter, we describe the development and testing oHA&IGelized Optical System (CHANOS)

Il sensor for irsitu nearcontinuous or intermittent DIBieasurememith dveathedquality precisior(~10

umol kg?) (Newton et al., 204). This sensor is designed to be adaptable for high resolution profile or
mapping missions on mobile platfornssich as CTD Rosettemwed vehicles, ROVs, and AUV. It may

also be applied téixed location timeseries deployment#lajor improvements have been magilecethe
CHANOSI sensofe.g, Wang et al., 2013), by reducisie, cost, power consumption, and£e®@change
mechanism. A full redesign of tlsensor components, fluidic pathys, and software of the system allows

for in-situ, submerged autonomous deployments. The sensor design reliexpensive off the shelf
components wherever possible to reduce the overall cost of the sensor package and to allow for easy

replacement of spare parts in the fidlhe CHANOS Il wagleployed in the tidal Pocasset River, MA to
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measure DIC over time between August and November 2021, and during surface mapping missions in
Waquoit Bay MA, in September 202from which we report sensor characteristics and tidal, seasonal, and

episodic bbgeochemical responses.

2.2 Methods

2.2.1 Measurement Principle

The continuous spectrophotometric DIC method operates by acidifying seawater to connergariic
carbonspecies to dissolved GCthen equilibratingCO, across a semipermeable membrane between the
acidified seawater stream and a pH sensitive indicating dye solution of known alkalinity.
Spectrophotometric measurements of the dye solution allow for calculation of the tet@dri@@ntration

of the originalsample (Byrne et al., 2002; Wang et al., 208013). After full equilibration, DIC of the
acidified sample is proportional to theO, of the indicator such that:

1 iq/ 1igo—— 11'@/ 2.1)

where subscripASWdesignates the acidified seawater samipkkdesignates the indicator, {)&sw is the
Henryds Law const ant [isahe excharge dficiendy fof egudibrasicm.riipel e, an

indicator solution is further described by the expression:
T/ "4 1T [l e (2.2)

where e, &, and e; are experimentally determined constants representing molar absorbance ratios at

wa v el eragtdhth®absorbance maxima for the indicator acid) (@&Hd base ).

CHANOS | used a fast, dynamic equilibration process to improve the DIC measufeegaetcy. If the
indicator is pumped slow enough through the equilibration celp, €@ reach 100% equilibration across

the Teflon tubing. However, if the indicator flow rate is increased, we can calculate the exchange efficiency
for the partial CQequiibration,p (07 1). This is a function of flow rate, temperature, indicator properties,
andfCQO; gradient and can be experimentally calibrated. However, the available Teflon tubing used in this
iteration of the sensor was thin, and to avoid damage teghiibration cell, the indicator flow rate was
slowed enough that a correction for partial equilibration was not necessapyasd~1 in deployments

described herein.
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A bromocresol purple sulfopht had 2 i mm588-nmd Athird c at or
nonrabsorbing ref edoernzx&0 nmnavaseubed to garrdct fa-baseline drift and optical
obstructionsConstant molar absorbance ratlesa 0. 0 0 &@&A @& n @for 6hid Bdicator have

been previously describdxy Bryne et al. (2002) and Wang et al. (2007; 2018)his expressionB(T) is
anexperimentally determined constant describing the chemical and optical properties of the indicator at a
given temperature such that:

o

T4 dier () Tl 23)

wherekK; is the indicator dissociation constant atdis the carbonic acid first dissociation constant. An

absorbance ratiB can be defined as:

2 — (2.4)

whereAi s t he absor banc e;,cadilated fran the mtensitiea hewveen thegsaniple &
andreferencelp) spectrum at that given wavelength by:

1) i e— (2.5)

In this way, absorbances measured at the indicator acid and base peaks are used to calculate R, which can

be converted into DIC concentration after caliloatvith CRMs.

2.2.2 Sensor System

The CHANOS Il sensor (Figure 2.1) uses an array of 4 peristaltic pumps-gl2\Baoding Shenchen
Precision Pump Co., LtdBaoding, Chinpand 2 switch valves (T225PK031, NResearch,, Ikd¢est
Caldwell, NJ, USAto move seawater, CRMs, acid, reference, and indicator solutions through the system.
These components are packed in custom pressure housings filleglegittonic liquid (FE770, 3M, St.

Paul, MN, USA), with a custom membrane to compensate for preSaawater is filtered through nylon

and copper mesh, passively mixed with acid, and directed into the outer shell of a custom 3 m fluid manifold
equilibration cell, mimicking the tub@-tube design used in CHANOS | (Figure 2.2,,Z3nL internal

volume. Indicator is pumped through the inner shell of a Teflon AF 2400-pemneable tubing inside

32



the fluid manifold channgBiogeneral Ing.San Diego, CA, USA After passing through the equilibration

cell, indicatorisdi rect ed into a 10 -Zdémmo2p pLiintemnal vofurdedlALale | | (SM
Seattle, WA, USA where its spectraare continually monitored by an Ocean Optics USB4000
spectrophotometer. A custom pressure housing contains the optical cell, thdingrtiettronics and light
source (Cool White (6500K) LUXEON Rebel LED, MRC12020S, Quadica Developments, Inc.
Lethbridge, Alberta, Canaylalemperature is monitored by an independent CTD sensor at the intake to the
seawater lindSBE FastCAT 49 CTD, S#ird Scientific, Bellevue, WA, USAgnd by thermistors at the
equilibration and optical celléSmartecBreda, Netherlands)'he custom controlling boards includee

main board for overall sensor operation, a second board controlling the peristalti, junah a third that
monitors environmental conditions inside the pressure housing, including temperature, relative humidity,
and leak detection. Custom controlling software runs on a TERN microprocessor (TS7600, Technologic
SystemsFountain Hills, AZ, U8\). Spectra and absorbance data are measured and recorded with a custom
web browsetbased software. Datestored on an internal micldSB card or transferred via Ethernet to

a shore computer. The system runs on 12V DC power through an external powerasaechargeable
battery pack.

CTD & DO
‘ CRM
Acidified seawater
Filtered Switch waste
—_—
Seawater, Valve

Seawater

Pump ——L’ Mixer
W LED

Acid Acid
- \
Jndicator‘ Indicator R Indicator/ Reference wastel
Pump
| Z Cell

Reference Reference | |\ v e Spectrometer
Pump

Air filled electronics pressure housing

Temperature

Probes

Pressure compensated

Ambient Seawater

Figure 2.1: Schematic of the CHANOS Il DIC channel. Seawater is continually acidified and pumped
through the outer shell of G@quilibration cell. Indicator is continually pumped countercurrent to the
acidified seawater through the inner shell of the €quilibration cell. Reference or indicator are pumped
through the optical AZo cell for measurement vVvia
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Figure 2.2: Schematic of the C£equilibration cell (> 2.5 m) used in CHANOS I, featuring countercurrent
acidified sample and indicator flow in a custom milled fluid manifold block.
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Figure 2.3: CHANOS Il in benchtop mod&rom left working reagents stored @uminum Calibond bags;
sensor bay with pressure compensated pump/ valve housings and equilibration cell Hiidiekt, jpiessure

housing containing optical cell, spectrometer, LED, and controlling boards. The sensor is controlled through
a web browsebased software through an Ethernet connection. The sensor is deliberately modular and may

be packed into various frames for deployment, depending on mission parameters (see Figure 2.4).
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2.2.3 Reagents

Reagents (acid, reference, indicator, and C&litions) are carried onboard the sensor in customizable
volumes depending on the length of a given deployméwpically, 24 hours of neasontinuous
measurements require ~75 mL acid, ~20 mL reference, and ~180 mL indicator solutions. Each CRM
measuremdnrequires ~350 mL CRMHydrochloric acid (HCI, 3.0M) is used to acidify the seawater
samples at a ~1:200 acid:seawater ratio. A working reference solution is made ushty Whller and
extrapure NaCQ; at a TA concentration of ~1000 pmolkgBromocreol purple sodiunsaltis added to

the reference solution to make an indicator concentration of ~25 uM, optimized to maximize the detectable
absorbance range encountered for seawater DIC concentrations (typically--308@umol kg?') with a

known alkalinity Working reference and indicator solutions are stored iAngpsrmeable aluminum
laminated bags (Calibrated Instruments, Inc.), which have been shown to retain the original solution
composition for several months at a time (Waing .€2015). CRM (obtained from A.G. Dickson at Scripps
Institution of Oceanography) or secondary standards are transferred -tmpgasieable aluminum
laminated bags which have been shown to retain the original solution composition for up to one month
(Wang et al., 2015). A typical tirmeries deployment as described in section 2.3.5 carries 0.5 L HCI, 0.5

L reference solution, 2 L indicator solution, and two 2 L bags of standards. These solutions will last for ~7

days of continuous measurements or ~3&dd intermittent measurements at hourly intervals.

2.24 Sensor Measurement Procedure

A custom controlling software allows for autonomous measurements at continuous, intermittent minimum
hourly), or scheduled (at specific dates and times) operatiame®er is filtered through nylon and copper
meslesto remove particulate matter, thanidified with HCI to convert all dissolved inorganic carbon
species (HCOs, HCOy, COs?) into dissolved C@ The acidified seawater is continuously pumped through
theouter shell of the equilibration fluid manifold. Reference solution is flushed through the optical cell and
a reference spectrum is record&mples are typically measured continuously with reference spectra
retaken every ~6 hours to correct for any éxgsabsorbance baseline drift, though references may be
recordedmore or less frequently depending ba specifics of the deploymeiidicator solution is pumped
countercurrent to the acidified seawater through the inner shell of the equilibratioritleell travel time

of ~2 - 4 min, determined by the length of the equilibration cell and the flow rate of the indicator. The
current cell uses ~2.7 m Teflon AF 2400 tubing in a custom milled fluid manifold block. The indicator flow
rate is chosen to balaneehigh exchange efficiency) with a low consumption of the indicator, with

consideration for thenaximumallowable safe flow rate through the thiralled Teflon AF 2400 tubing
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available from distributors at the time of this publication, which can rupture and leak under high flow rates.
The equilibrated indicator solution is then directed through the optical cell for absorbance detection at a

frequency of ~1 Hz.

2.2.5 Calibration

Laboratory calibration is conducted before a sensor deployment to establish the full range of DIC
concentrations and temperatures expected during a given mission. In theory, the spectrophotometric method
can be calibration free for {situ measurementprovided that the indicator solution and optical
measurement system are stable during a deployment (DeGrandpre et al, 2014; Wa&ap&) aHowever,

in practice, wecan conduct insitu calibrations during deployments by measuring CRMs on a regular
scledule, determined by the deployment goals and strategy, to enssita measurement quality.
Alternately, insitu measurements of CRM may be used as an additional quality control check on sensor
measurements, if they are not considered within senstratidin curvesBefore a deployment or after a
change in reagent batches, laboratory calibration curves are generated by measuring CRM at varying
temperatures in a controlled water bath to calculatBfieconstant as a response to sampling temperature,
which is a function of the chemical and optical properties of the indicator@ul®{T) d a given batch

of indicator is assumed to be stable over several months (Wang et al.,, 2013). NAgitenGRM
measurementare recorded during a deployment, they may replace the labortlipyation curve to

provide the best possible information on sensor operaBottle samples taken throughout a given
deployment are used to check sensor measurement quality, accudggsecsion as discussed in Section

2.3

2.2.6Laboratory tests

A

Thesensor 6 s t e mpwag eatablished throughsapies mfdaboratory measurements inside a
large ooler of seawater attached toaquarium chiller capable of achieving steagipperaturefrom 4 -

32°C. Repeated measurementsaofin-house secondary seawater stand@tC ~2100 pmol kd),
calibrated via CRMweretaken at multiple temperatures to create a B(T) experimental calibration curve.
Seawater samples of different DIC concentratinamge 15000 2500 umol kgt) were measured to
determine typical response times atageof seawater and indicator flow rateas well as to evaluate the

efficiency of CQ equilibration f, Equation2.2).
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2.2.7Ground-truthing and Field Deployments

A variety of customizations to CHANOS Il may be made to suit specific deployment platforms, durations,
and goals, with kegonsiderations including length of deployment, desired frequency of measurement,
power requirements, and accessibility for maintenance. The CHANOS Il sensor has beesrgtbedd

and deployed frorseveralktationary and mobile platforms (Table 2.2 anguFes 2.42.5).

Table 2.2: CHANOS Il field deployments in 2021

Platform, depth, Deployment | Mode/ Additional Length of Bottle
and location type frequency sensors deployed deployment | sampling
Boat dock near Stationary/ | Continuous | Aanderaa 4330 | July’ Nov | 148 samples,
river mouth time series | or hourly dissolved oxygen| 2021, total | with 10
time series | (DO) optode 59 days samples
Submerged <3m taken hourly
depth Ruskin across 3 full
RBRconcerto tidal cycles
Pocasset, MA CTD
41.70,-70.62
Small catamaran | Towed Continuous | Aanderaa 4330 | ~2 hours ~25 samples
TriFly underway DO each for4 | per towed
deployments| deployment,
Submerged <1m SBE 37CTD over 3 days | taken every
depth ~5 min
Ruskin
Wagquoit Bay, MA RBRconcerto
41.56,-70.52 CTD

2.2.8Stationary time-series in the Pocasset River, MA

We evaluatd the performance of the CHANOS Il in continuous and intermittentfeme@s measurements

from the Scallop Bay Marina in the small tidal Pocasset River, MA (44, 7®.62W). This site is ~500

m from themouth of the Pocasset River, which flows westward for ~3.2 km through a series of small ponds
and wetlands into Buzzards Bay. We deployed the sensor from ~1 m below the surface of a powered dock
between July 22 and November 14, 2021.

We collected a totadf 59 days of measurements at this site. Breaks in theseémes ofoneday toone

week included various elements of troubleshooting and routine maintenance (e.g., replacement of batteries,
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filters, and reagents). A gap in the thperies from Septembd7i1 30 was due to the sen
towed deployment in Waquoit Bay, descriiadSection 2.2.%elow. Bottle samples were collected for

sensor grourdkuthing via laboratory measurement of DIC following the best practices of seawater CO
sampling andneasurement as described in Dickson et al. (2007). Water samples were pumped through

0.45 uM capsule filters (Farr West Environmental Supply), collected into borosilicate glass bottles, and
poisoned with saturated mercuric chloride solution. Bottle samnfaken between October 28 and
November 14 were not filtered due to pump and power failures at the site; in these cases, bottle samples
werepoisoned as usual amehalyzed for DIC and TA as rapidly as possible, typically witheday of
collection.Unfiltered bottle samples were typically analyzed for DIC and TA within two weeks.

CHANOS Il was deployed with an Aanderaa 4330 dissolved oxygen (DO) optode and RuskinnR&fd

CTD. In-situ CRM calibration measurements were taken ever3@® hours throughout the deployment,
depending on sampling mode (continuous or intermittent) and reagent availability. During intermittent
periods, CHANOS Il operated for 30 minutes out of gveour. Reference measurements interrupted
sampling for ~15minutesevery 6 hours to allow for correction of potential baseline drift of absorbance

measurements.

2.2.9Small boat underway towing, Waquoit Bay, MA

To test the sensorodos capability in high resolutio
was towed just below the surface from the front of the small research catami&tgrin Waquoit Bay,

MA (41.58 N, 70.52W) on September 20, 27, ar&8, 2021 (Figure 2.4). We conducted 4 towed
deployments throughout the bay in transects of H38m total over 2 hours each, centered around 2 high
(September 20 and 27) and 2 low (September 27 and 28) tides. The sensors ran continuously and
autonomouslywith minor operator intervention to clear shallow sandbars. Bottle samples were taken
frequently for laboratory DIC analysis (every ~5 min). The sensor package included an auxiliary Aanderaa
4330 DO, SBE 37 CTD, Ruskin RBBncertoCTD sensor, and pr@ceanuspCQO, sensorDueto limited

space on the small boat, bottle samples were collected directly at the surface and were not filtered. Samples
were immediately poisoned with mercuric chloride and stored in a dark box. Bottle samples were analyzed

for DIC ard TA as rapidly as possible, typically within 1 day of collection.
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Buzzards |
Bay

Waquoit
Bay

Figure 2.4: East Coast Uy and Cape Cod, MA mapb)(show locations of CHANOS Il deployments in
the Pocasset Rivec)(and Waquoit Bayd). The red star on paneimarks the location of the Scallop Bay
Marina, ~500 m from the mouth of the Pocasset River entering Buzzards Bay. CHAN@Sdeployed
with auxiliary CTD and DO sensorg)( Red track lines in pandlshow one tow path for the CHANOS I
with auxiliary CTD, DO, and preDceanus pC&sensors deployed from tAeiFly research catamaraf) (
at the Waquoit Bay National Estuarine Research Reserve in Waquoit, MA.

2.2.10Laboratory measurement of bottle samples

All DIC samples were measured with a DéQtoanalyzer (ASC3 Apollo SciTech In¢.Newark, DE,

USA). This system requires acidification of samples with 10% phosphoric acid. Evolyegh€@ purged
with N> and detected via a LICOR7000 infrared instrunferfCOR, Lincoln, NE, USA)CRMs were usk

for calibration of the analyzer and precision and accuracy of DIC measurements were +2-fifBoinkg
et al., 2020; Wang et al., 2017).
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2.3 Resultsand Discussion

2.3.1 Laboratory testing and calibration

CHANOS Il laboratory precision was determined by continuous, repeated measurements of known
seawater samples poisoned with mercuric chloaitk held at a constant temperature2@f5 °C This

resuledin alaboratoryprecision of + 5.5 umol k§and accuracy of 2.9umol kg? (n = 10 sets of standard
measurements, with each standard measured at least 3. thresision wasletermined from a pooled

standard deviation of repeated sensor measurements. Accuracy was derived from an aviaage of
difference between sensor measuents and known sample DIC as determined via the Apolle auto
analyzer A variety of factors contribute to these uncertaintiesluding the stability of the LED, noise in
spectra measurements, and t he po taécrdageatpumpsor vari a

CHANOS Il was calibrated for tergpature in the laboratorybefore deployments,where field
measurements of onboard CRM or secondary standard reference materials were avaialridabe to

or replace laboratorgalibration curvesor toindependentlgvaluate sensor performanéggure 2.5 shows
theresults of repeatddboratorymeasurements of a secondary seawater standard at temperatures ranging
from 4.6 to 28.5C. B(T), the constant describing the chemical and optical priepest the indicator at a

given temperature, was experimentally determined from samples with known DIC concentration using Eq.
2.3. This allovedfor thedeterminatiorof a temperature calibration curve of B(T) thas applied when

calculating DIC concerditions from sensor absorbance ratios measured for a given g&igple 2.6).

1.75
——46C ——56C ——9.0C
15 ——120C =——16.0C 195C
225C 245C =—=—285C
2
5125 N
< et s
1 e —
0.75
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Figure 2.5. Absorbance ratio R vs time for repeated measurements of a secondary seawater standard at
varying temperatures. Seawater is acidified and pumped through the outer shell of the equilibration cell,
with indicator flowing through the inside of the Teflon AEQ® tubing. As C@equilibrates across the
semipermeable Teflon barrier, the change in pH of the indicator is monitored spectrophotometrically and
converted to an R ratio, which is then used to calculate DIC. Stable R values ~450 s after indicator is
introduced to the equilibration flow cell indicate that the seawatkcator system has equilibrated.
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Laboratory Temp Calibration
Y= 9.2444-10°x? - 5.9755-103x + 6.9679
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Figure 2.6.Experimentally derive indicator behavior as a function of temperature, B{@&dermined from

laboratory measurementBhis curve isapplied b laboratory snsor measuremenigen calculating DIC
from sensor absorbance ratios

CHANOS | (e.g. Wang et al., 2015) calculated the nonlinear percentage gpé@i@libration between an
acidified seawater sample and indicator dye and chose théntesttor flow rate to balance indicator
consumption, response time, and measurement stability. CHANOS Il uses a fluid manifold block with
Teflon AF tubing coiledingmv e s t o mi mi ¢ -ib-theb ®d i & iagn 6t Bibgur e
acidifiedsamples and indicator solution. Changes in the stock Teflon AF 2400 available have impacted the
selected indicator flow rate through this equilibration cell, such that we have slowed indicator flow to
~0.125 mL min‘ to ensure that the indicator is notded through the fragile, thiwalled Teflon tubingln

this way, equilibratiortan be maintainedear~100% and indicator consumption is reduced, but the-trade

off is that response time is slowsalative to CHANOS (Figure 2.7).

a. 100 b.
< 450
S —
2 s
s 5 %
S 350 5
gz s
v X =
€ 5 o
£ 5 w96
o + 250 S)
g ®
o
L
o
>
(]
8” 150 94
0.075 0.125 0.175 0.225 0.275 150 250 350 450
Indicator flow rate {mL min-1) CO, exchange time across Teflon AF tubing (s)

Figure 2.7.CO; exchange time in Teflon tubing (travel time or residence time) as a function of indicator
flow rate(a), and percentage of equilibratiop) @s a function oéxchangdime (b). A CO, exchange time
or travel time of ~46 s is required to reach ~10G8Quilibration.
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2.3.2 Inssitu sensor characteristics during timeseries in thePocasset River, MA

An in-situ B(T) temperature calibration curve was determined from measuremesetsooidaryseawater
standards throughout the tirseries deployment at tempéures ranging from 12 to 22 (n = 31 sets of
standard measurements throughout the-8emées deployment, with each standard measured at least 3
times Figure 2.8). A standard error calculated between the best fit B(T) curve and field dptapeamted
through DIC calculations (1 SE, B(T) + 0.0026).

Pocasset In-situ Temp Calibration
y=2.26740-107%? - 1.52099-10°x + 252.4
-2.23 RZ=0.9996 J
2.38 "!’.
= d
& &
»
2,53 -
e
268 (W
0.00335 0.0034 0.00345 0.0035
1T (K?)

Figure 2.8. Experimentally derive indicator behavior as a function of temperature, B{fom field
measurementsThis curve isapplied toin-situ £nsor measuremenighen calculating DIC fronsensor
absorbance ratios

During the Pocasset River tinseries deployment, we collected 59 days of CHANOS Il DIC data with 148
discrete bottle samples for laboratory DIC analysis. 52 bottle samples collected tHeritggployment

chosen to best represean accurate comparison between sensor and bottle measuremszatsised to
evaluate the sensor performance against standard laboratory DIC analyses. Only filtered bottle samples that
were simultaneous tequilibratedCHANOS I DIC measurements were usedhis evaluation.Of the 96

bottle samples that were not used in this comparison, 57 were not filtered at the time of collection, and the
remainder were collected when the sensor was not measuring between intermittent timepoints, was
measuring a CRM areference, or was not yet equilibratedcémparison of residuals between selected
bottle samples and CHANOS 1l DIC measments is shown in Figure 2 §panning the range of DIC
recorded during this deployment from ~1300900 pumol kg'. Theresidualshad a mean and standard
deviation of-3.79+ 9.00umol kg, respectivelyThese residuaiadicat that there was no significant drift

and limitedmeasurement bias over the course of the deployrRant.of thedifferencebetweensensor

measurements andsdrete bottle samples may be due to disdretdesampe analytical errors £2.0pumol
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kg?), and the rest is comparable to thboratorydetermined precision of the sensor (xfrBol kgl). A
pooled standard deviation of repeated sensor measurements at the time of bottle sampling indicated a field

precision of 4.Qumol kg?.
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Figure 2.9 Residuals between bottle samples (Q{Cand CHANOS Il measurements (RJ& versus
sample dated]), temperaturely), salinity ), and DIC ¢). The black line represents the measBat9 pumol
kg!, with a standard deviation of 9.00 umotk@lashed lines). Error bars represent estimkieoratory

precision in CHANOS Il measurements (€595 pmol kg').
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2.33 Sensor response time

The sensor response time during deployments can be estimated by switching between two distinct DIC
samplesas similar to that demonstrated Wang et al., (2013 For example, it took ~458 to record a
steadysensomeasurementvhen switching betweeambient seawater and an onboard CRM in the field,

with a DIC difference of ~ 200 umol kg (Figure 2.10. As the concentration difference between two
samples decreases, the response time decreases, such that the ialccemegntration changes in actual
flow-through samples can be approximately representEgjure 2.10The sensoresponse time must be
assessed during data processing: sensor measurements may be within precision of the final value within

450 s, butould be slower in some casi#she DIC differencebetween successive sampiesuch larger.

This response time is ~ 7 times longer than that of the CHANOS | sensor, but still allows for high frequency
measurements (Wang et al., 2015). This response time may be improved by further optimizing the stock
and diameter of Teflonsed in the equilibrain cell (herep . 01 006 | D and 00 .00GH OD ve
0.0220 OD i,nang etAalNZDIs Reésponse time may also be improved by accounting for
percent equilibration, as in Wang et al., 2013 and 2015, using wider diameter Teflon to allawnfpofu

the indicator flow rateGiven the limitation in Teflon tubing supply, this should not be a significant
constraint of the response time of the sensor over the long term, as a more appropriate Teflon tubing can be
substituted into the fluid manifoldlock without further modifications For slow-moving mobile
deployments the current configuration can still capture most DIC variabilitying a given deployment

For example, for an ROV moving at 0.2 knots (6.2 myia running agrage of DIC measaments over

~450 swill capture & attenuatecspatial resolution of better th&s® m, which represents a significant

improvement over individual bottle samples from this type of deployment.

1.2 a __ 800 b. o
Seawater ) 4
@ 600
A
11 - ~ [
o . o w 400 L
. ) CRM @ B o
Smn—— 8200 7 y =3076.1x+ 156.19
& R*=0.9546
0.9 0
1000 2000 3000 4000 0 0.05 0.1 0.15 0.2
Time (s) Change in Absorbance Ratio (AR)

Figure 2.1Q Assessment of sensor response time by measakiagrbance ratios when toggling from
ambient seawater to a known CRM standard and badfy. (Sensor response time as a factor of the
difference in concentration between 2 consecutive samdés)( as measured during the Pocasset River
deployment.
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2.3.4Biogeochemical signals in the Pocasset tinseries

All CHANOS 1l DIC data and bottle samples were plotted against CTD measured salinity and dissolved
oxygen, grouped by month throughout the tigegies deployment (Figure 2.11). Several notéddtures

are evident in this figure. First, we highlight two major storms: tropical storm Henri hit Pocasset on August

22, 2021, bringing rain and damaging winds to the area. The CHANOS measured both anomalously high
and low DIC during this storm, circled red. The blue oval highlights the low DIC and low salinity values
measured during a norodeaster that arrived on Octo

2950 « July-Aug 2950
Sept
* Oct
72200 - ° Nov <2200
& oo
= o Bottles =
g )
= g
O o
o 1450 o 1450
700 700
12 18 24 30 50 150 250
Salinity Dissolved Oxygen (LM)

Agure 2.11.CHANOS Il DIC measurements plotted against CTD measured sdlefijyand dissolved

oxygen (ight), grouped by color into months. Bottle samples are identified by black circles. The red

ovals highlight both high DIC and low DO values measured during tropical storm Henri ~August 22,

which brought rain and high winda@trapped debriaden runoff at the dock of the deployment site.

The blue oval highlights | ow DIC and |l ow salinity

which primarily brought large volumes of fresh rain.

While the bulk of the DIC range measured by CHANOS Il is also captured by bottle samples, no bottle
samples were obtained during either storm due to site inaccessgulityor evaluation is therefore difficult

during these storm perisdthough the basek absorbance measurement at 700 nm indicated that the
optical system was behaving acceptable, and an onboard secondary standard measurement during the

nor deaster on {coDekbae=r-4.2Z @molvkg, svhere dhe hboratory measurement of
the secondary standard was ~19tol kg?).

The sensor readings appear to illuminate two different biogeochemical responses to these storms. During
the August tropical storm, a large volume of rain and runoff was flushed over land. Heavy winds generated

waves andsweptterrestrial biomassncluding grasseseavesandlargebranchesinto the Pocasset River.
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Reeds, branches, and leaves were trapped by the docks for several tidal cycles above the CHANOS sensor,
and visible damage was done to the seageds ¢n the sides of the river. The high winds and waves likely
stirred up the sediment in these seagrass and reed beds, releasigch@ DOpoor sediment pore
water into the water col umn. I n contved,svherelatgh e Oct
volumes of rain and runoff flushed into the river, resulting in a decreased salinity and DIC during the storm.

At this time in late October, limited biomass remained onshore and no visible damage was done to the river
beds by wind or wawe The low DIC and high DO during this storm indicated that pore water was not
released into the water column as had occurred during the tropical storm. While bottle sampling was not
possible during either storm, CHANOS Il measurements were reasonallleraithted biogeochemical

signals that are difficult to capture without the development of such autonomous sy3tsnmghlights

the importance of deploying automated sensors in dynamic environments, even if they are not as precise as
benchtodaboratory DIC analyzers.

Two subsets of timseries data, including the two storms discussed, are shown in Figures 2.13 and 2.14.

Several tidal cycles of each of these subsets are shown in Figures 2.15 and 2.16.
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Figure 2.12.Time-series data from thiRocasset River between August 13 and 28, 2021, with CHANOS I
DIC (orange and bottle samplesl@ack (top), CTD temperaturéred) and salinity(blue) (middle), and
dissolved oxyger(greer) (botton). The red oval ~August 22 corresponds tropical stbienri. Most
CHANOS Il data in this set vgacollected continuouslywith some periods of intermittent (~hourly)
measurement. The blue box indicates the time period shown in Figure 2.14.
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Figure 2.13.Time-series data from the Pocasset River between @c&iband November 14, 2021, with
CHANOS Il DIC (orangg and bottle samples (2 filtered samples are shown as filled black circles at the
beginning of this dataset, followed by open circles designating unfiltered sangbesC{TD temperature

(red) and sénity (blue) (middlg), and dissolved oxygefyreer) (botton). Most CHANOS data in this set

was collected intermittently (~hourly). The blue box indicategithe period shown in Figure 2.15
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Figure 2.14.Time-series data from the Pocasset River betwaggust 13 and 17, 2021, with CHANOS II
DIC (orange and bottle samplesl@ack (top), CTD temperaturéred) and salinity(blue) (middle), and
dissolved oxygeligreen (botton). Blue shaded rectangles indicate nighttime. Red vertical lines indicate

high tides. During this portion of the deployment, the sensor alternated between continuous and intermittent
measurements every 12 hours.
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Figure 2.15.Time-series data from the Passet River between November 4 and 8, 2021, with CHANOS

Il DIC (orang@ and bottle sampleblack) (top), CTD temperaturéred) and salinity(blue) (middlg, and
dissolved oxygefrigreen) (botton). Blue shaded rectangles indicate night. Red vertical lines indicate high
tides. During this portion of the deployment, the sensor measured continuously for ~6 hours followed by
~18 hours of intermittent measurements.

Aside from the occasional stormsl@at this site typically tracked with salinity, such that high tides were
typically characterized by high salinity and high DIC as water from the bay was swept into the Pocasset
River. Low tides were characterized by low salinity and low DIC; the fregneadmember likely comes

from further upstream in the Pocasset River (Figures-2.1%9). Spring and neap tides influenced the
relative range of salinities recorded at this site: during spring tide periogsattiecalsalinities observed

at the low tigés were slightly higher (42) than occurred during neap tides, as the river was inundated with
more seawater from Buzzards Bay. However, there was no significant difference in the range of DIC values
recorded during these tidal variatiofsgure 2.16 sbws the DIC plotted against salinity for summer and

fall, both of which generally approximate a conservative mixing line.
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Figure 2.16:Panela: DIC versus salinity for the data shown in Figure 2r&d4|,(August 1317, 2021) and
Figure 2.15 jurple, November 48, 2021), showing a general mixing trend between bay and upstream
endmemberswith seasonal shifts in DIC and saliniBanelb: DIC vs DO for the same time periods.

Table 2.3 provides a comparison of the range of sensor measurements oartggioat tidal cycles

during late July and early November. DIC varied more widely in fall than in summer and was on average
~137 umol kgt lower than in summer. Similarly, temperature and salinity ranged more widely in fall than

in summer and were on average ~12 °C and 1.8 lower than in summer. DO was more variable in summer
and was on average ~50 uM lower than in fall. These ranges isfsbnal change in the Pocasset River:
lower salinity values in fall are likely due to increased rainfall and decreased evaporation. DIC, temperature,
and DO are closely linked: physically, dissolved oxygen is more soluble in fresher and colder wiaigr, rais

DO values in fall. As phytoplankton die off in the fall under conditions of decreased light and temperature,
respiration rates slow, such that DO increases on average but is less variable over day/night cycles. DIC

decreases on average from summealicak respiration slows and salinity decreases.

Table 2.3 Range of sensor measurements recorded during August and November, 2021

DIC (umol kg') | Temperature (°C) Practical salinity] DO (UM)
Summer (July 2224, 2021) | 1575-1925 23.51 25.5 24.01 31.0 90- 270
Fall (November 12 14, 2021) | 1300- 1950 10.07 13.5 21.01 30.5 210- 300

2.3.5Sensor characteristics during small boat underway towing, Waquoit Bay, MA

We collected~8 hours of continuous CHANOS Il DIC measuremegnitsnedby minute for reportingand
accounting for the time it takes for a sample to flow through the sensor syhidnyg tke small boat
deploymentat Waquoit Bay 90 bottle samples were collected at 5 min intervals for sdiuitie

comparison. Each towed deplognt includedour parallel north/south paths, varying slightly depending
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on the locations of sand bars and local boat traffic (Figure 2.17). Each tow covered a tothb &l ait
an average speed of ~110 m rhiThese tows took ~2 hours each and wergeced around low or high
tides on September 20, 27, and 28.

Sept 20, High Tide Sept 27, Low Tide Sept 27, High Tide Sept 28, Low Tide
~12-2pm ~10:30-12:30pm ~3:30-6:30pm ~10:30-12pm

Figure 2.17.Underway towing transects at Waquoit Beyrecorded by GPS trackers carried onrtiifey.
Individual transects vary slightly due to sandbars and local boat traffic.

All underway data are shown first as tigeies in Figures 2.1:8.21.
September 20, High Tide
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Figure 2.18.CHANOS Il DIC data ¢range and bottle sampledlack measured continuously during a
~2-hour underway tow centered arauthe high tide on September.ZDemperaturdred) and salinity
(blue) were measured with a SBE 37 CTD, and @@eé€r) is measured with an Aanderaa 4330 Oxygen
Optode.
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Figure 2.19.CHANOS Il DIC data ¢range and bottle sampledlack measured continuously during a
~2-hour underway tow centered arouhd low tide on 8ptember 27The middle panel showsrmperature
(red) and salinity blue), with DO (green in the bottom panel.
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Figure 2.20.CHANOS Il DIC data ¢range and bottle sampledblack measured continuously during a
~2-hour underway towentered arouhthe high tide on September. Zhe middle panel showsmperature

(red) and salinity blue), with DO (greer) in the bottom panel.
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Figure 2.21.CHANOS Il DIC data ¢rangg andwith bottle sampleéblack measured continuously during
a ~2hour underway tow centered around the Septembknm28de. The middle panel showsmperature
(red) and salinity blue), with DO (green in the bottom panel.

2.3.6Comparison of bottle samples andowed sensor measurements

The residuals calculatdmbtween CHANOS Il DIC data and bottle samples are shown in Figure 2.22. The
51 bottle samples selected for statistical analysis were well constrained for temperature and salinity. Some
poor salinity data was removed during quality contfahe first trasect likely due to turbulence and air
bubbles generated over the CHANOS Il package hanging from the front of thbdtaaipacted only the

CTD; while no backup salinity data were available for this transect, additional temperature measurements
were avidable from the DO and CHANOS Il sensoasndwere in good agreement. The position of the
sensor package was adjusted before the next transect to ensure all sensors were fully sii@d&add.
samples taken during periods of questionable salinity wetaised in statistical analysis of the sensor
performance. The mean of these residuas6.76umol kg* with a standard deviation 4f7.56umol kg

!, Thisindicatsthat there was no significant dréfbd limitedmeasurement bias throughout the deployment
(Figure 2.22)

In general, there was good agreement between bottle samples and towed sensor meadtdoarageats.

the bottle samples taken during this deployment were not filtered. Because there was nosgaoe! ¢

operate a pump on the small boat, samples were scooped from the surface of the water and poisoned, then
analyzed in the laboratory for DIC withameday of collection. These samples were taken within 1 m above

the CHANOSII sensor. The discrepeynin sampling locatiorthepotential for unfiltered particles collected
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in bottle samplegotentially slow equilibration while towing quicklppise from vibration andir bubbles
from the turbulent mixing caused by movement of the boat, and the s@sptior resolution irsalinity

may account for the larger differences betwsamsomeasurements and bottle sammlespared to those

of the Pocasset time series in Figure 2.10.
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Figure 2.22.Residualdetween bottle samples (D) and CHANOS Ilimeasurements (DKg) versus
sample dated]), temperaturel), salinity €), and DIC ¢l). The black line represents the meaf.@6umol
kg, with a standard deviation @7.56umol kg* (dashed lines). Error bars represent estimiaieokratory

precisionin CHANOS Il measurements (e.§.5 pmol kg').
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2.3.7Biogeochemical signals in the Waquoit Bay tow

DIC values measurdatiroughout the towed deployments were plotted on their GPS tracks along with bottle
samples in Figure 2.23. DIC ranged between ~1550 and 1785kgrhakross all deployments with the
highest DIC values by the mouth of the bay and lowest values in theeroportion of the bay. High tide
transects (September 20 and 27) had a slightly lower range of DIC valuesi (1868 umolkg?) than

low tide transects (September 27 and 28) (160085umol kgt). DIC was higher across a greater portion

of Waquoit By during each low tide than during high tides. An anomalously low DIC (~1550 kol

was recorded in the southwestern portion of the bay during each high tide, but not during low tide; a high
DO (~130 uM) was recorded at this location during the higé tin September 2We note thatdw DIC
values(~1550 pmolkg?) werealsoreportedat tidal frequencieduring a deployment of the RATS TGO
system in the northern portion of Waquoit Bay2013 potentially indicating groundwater inputs (Martin

et al.,2013).

Surface maps for all 4 towed deployments for sensor measurements of temperature, salinity, dissolved
oxygen, angCQ;,, as well as bottle sample TA an@2SYScalculated pHpCO,, and saturation state of

ar ag o a)imaebe {ouhd in Figurea 252.31in the Supplementary Materigl€02SYS version 2.1,

using K and K constants from Leuker et al., 2Q@0so4from Dickson, 1990, Kfrom Perez and Fraga,

1987, and total boron from Lee et al., 20R@errot et al., 2006 pCO, sensor measurememntere in good
agreement with CO2S¥&alculatedpCO,, where data was availabl&igure 2.29).A comparison of
CO2SYScalculated pH and observed DO may be found in Figure 2.32 in the Supplementary Materials.
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Figure 2.23.Waquoit Baysurface DIC maps generated with CHANOS Il DIC daiiecles) and bottle
samplestfiangleg across high and low tidal cyclea-d), with axes representing latitude and longitude.
Major river, pond, and bay inlets to Waquoit Bay include: e.) Childs Riye8eapit River, g.) Moonakis
River, h.)GreatRiver, i.) Sage Lot Pond, j.) mouth of the bay opening into Nantucket Sound. High salinity,
high DIC water is primarily sourced from the mouth of the bay in the south. The Moonakis and Childs
Rivers in the nahern portion of the bay drain upstream saltwater marshes and ponds.

Figure 2.23 highlights some of the major river, pond, and bay inputs to the study site, most notably including
the Moonakis and ChildRiver freshwater sources in the north and the bagjnity mouth of the bay in the

south. CHANOS DIC is plotted against salinity and dissolved oxygen for each tidal map in Figure 2.24.
While the CTD data for the first high tide transect on September 20 was poor, the other three transects
suggest that therare at least two endmembers mixing in the bay, one of which is strongly observed with
low DIC and salinity in the northern end of the bay during the high tide on Sept 27. This follows previously
observed trends in salt marshes: high DIC during low tisteslow DIC during high tides suggests the
export of DIC from the salt marshes through tidal water (Chu et al., 2018, Song et al., 2020). This shift in
DIC between tides is particularly visible in Figure 2.24, where CHANOS Il DIC measurements are plotted

against salinity and DO.
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Figure 2.24.CHANOS DIC versus salinity@gp) and dissolved oxygeb@tton) across highriagentared)
and low plueg teal) tidal cycles on September geft), 27 (middle) and 2§right).

2.4 Summary

Groundtruthing deployments in the Pocasset River and Waquoit Bay have shown that CHANOS Il is
capable of isitu neaxc ont i nuous or intermittent measur ement
gual i tyd accuiNewtgn etaah, @014Weeaeapartshe obseed laboratory accuracy and
precision as +2.9 and +5.5 umol-kgespectively. The mean difference and standard deviation between
bottle and sensor measurements v&8 + 9.0 umol kg for time series and 6.8 + 17.6 pmol-kduring

the surface mapping pglyment.

Theseresuls reflecta successful improvement from the CHANOS | sensor, retaining an acceptable
measurement quality and allowifigr deployments that were not achievable with the original CHANOS
sensor, including mobile measurements from RQ¥sall boats, and smaller stationary platforifike

CHANOS Il shows a marked improvement fogh frequencyDIC sampling capacity over sties relying
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on bottle samplingThe sensor is capable of calibratimrgperforming quality checki®-situ with CRMs
and may be deployed from mobile platforms with low demand for power, reagents, maintenance, and waste.
CHANOS Il can achieve neaontinuous masurements fully submerged andiésigned for measurement

from the surface to ~1200 m depth, as will be discuss&dapter 3.

Due to its need for occasional maintenance (i.e, replacement of filters and reagents), the CHANOS Il is
well suited for unattended tirseries DIC measurements on the order of weeks2orbnths. It is
particularly useful for higHrequengy mapping of DIC from towed vehicles and ROVs over fine spatial
scales. Its broad adaptability for different missions, platforms, and deployment lengths is a major advantage

of this system for use in dynamic environments such as the coastal ocean.

With minor modifications, specifically the removal of the acidification step, the CHANOS Il can be readily
adapted fopCO, measurements instead of DIC (Wang et al. 32Q@007). The current system may also be
modified to make continuous pH measurementarfgVet al., 2015). A second, simultaneous channel is in
development to allow for this sensor to fully resolve the seaivataganic carbosystem via simultaneous
measurement of DKPCG; or DIC-pH. A driving principle of this sensor design was to usepresive,

off the shelf components wherever possible to reduce the cost of the unit itself and to allow for easy
replacement of spare parts in the field. The fluidic connections between premsyrensated pump
housings and optical units are modular anddifieble, such that this sensor could be adapted for
spectrophotometric isitu measurement of other seawater chemical species, including nutrients and

dissolved metal species.

2.5 Acknowledgements

The development of CHANOS Il was supported by Naional Science Foundatiqi233654) NSF

Ocean Technology and Interdisciplinary Coordinaii®841092) MIT Seagran{2017#R/RCM-51), and

WHOI OceanVentures~undsand Grassléellowshipfunds. We thank WHOI engineers Fritz Sonnichsen,
Steve Lerner, Glen MacDonald, and research assistant Jonathan Pfeifer. For assistance in local
deployments, we thank Kate Morkeski, Eyal Wurgaft, and Dylan Titmuss; Dan Ward and Matty Paquette

for access to the Scallop Bay Marina docks; and Vitalii Sheremet for his wahk drifly deployments.

57



2.6 References

Amornthammarong, N., Ortner, P.B., Hendee, J., and Woosley, R., 2014. A simplified coulometric method
for multi-sample measurements of total dissolved inorganic carbon concentration in marine waters.
Analyst, v. 13, pp. 526356270.

Bell, R.J., Short, R.T., and Byrne, R.H., 2011situ determination of total dissolved inorganic carbon by
underwater membrane introduction mass spectrometry. Limnology and Oceanography: Methods,
V. 9, pp. 164175.

Briggs, E.M., HeinerDe Carlo, H., Sabine, C.L., Howins, N., and Martz, T.R., 2020. Autonomous, ion
sensitive field effect transistdrased total alkalinity and pH measurements on a barrier reef of
KUneob6ohe Bay. AS Earth an382. Space Chemistry,

Briggs, E.M., Sadoval, S., Erten, A., Takeshita, Y., Kummel, A.C., and Martz, T.R., 2017. Solid state
sensor for simultaneous measurement of total alkalinity and pH of seawater. ACD Sensors, v. 2,
pp. 13021309.

Bushinsky, S.M., Takeshita, Y., and Williams, N.L., 201%s€rving changes in ocean carbonate
chemistry: Our autonomous future. Current Climate Change Reports, v. 5, 2207

Byrne, R.H., Liu, X.W., Kaltenbacher, E.A., and Sell, K., 2002. Spectrophotometric measurement of total
inorganic carbon in aqueous gtibns using a liquid core waveguide. Analytica Chimica Acta, v.
451, pp. 221229.

Chua, E.J., Savidge, W., Short, R.T., Carde¥aencia, A.M., and Fulweiler, R.W., 2016. A review of
the emerging field of wunderwater mass spectrometry. Marine Scieri2®]:
10.3389/fmars.2016.00209

Chu, S.N., Wang, Z.A., Gonneea, M.E., Kroeger, K.D., and Ganji, N.K., 2018. Deciphering the dynamics
of inorganic carbon export from intertidal salt marshes using-fnégfuency measurements.
Marine Chemistry, v. 206, pp-18.

Clarke, J.S., Achterberg, E.P., Connelly, D.P., Schuster, U., and Mowlem, M., 2017. Developments in
marinepCO, measurement technology; towards sustainaituobservations. Trends in Analytical
Chemistry, v. 88, pp. 5861.

Clayton, T.D., and Byrne, R.H1993. Spectrophotometric seawater pH measurement: Total hydrogen ion
concentration scale calibration oferesol purple and at sea results. D8eja Research, v. 40, pp.
21152129.

Colson, B., and Michel, A., 2022-8PEC: A deep sea laser spectrometer for measuring the carbon system
(DIC andpCOQO,). Poster, Ocean Sciences Meeting, virtual, Februaii@¢h 4, 2022.

DeGrandpre, M.D., Spaulding, R.S., Newton, J.O., Jaqueth, E.J.,l6tkmB.E., Umansky, A.A., and
Harris, K.E., 2014. Considerations for the measurement of spectrophotometric pH for ocean
acidification and other studies. Limnology and Oceanography: Methods, v. 12, 8830

Dickson, A.G., and Riley, J., 1978. The effe€ analytical error on the evaluation of the components of
the aquatic carbedioxide system. Marine Chemistry, v. 6, pp-84.

Dickson, A.G., Sabine, C.L., and Christian, J.R., 2007. Guide to best practices for ocean CO
measurements. North Pacific Nfa& Science Organization.

Fassbender, A.J., Sabine, C.L., LawreBtavas, N., De Carlo, E.H., Meinig, C., and Jones, S.M., 2015.
Robust sensor for extended autonomous measurements of surface ocean dissolved inorganic
carbon. Environmental Science and Treaogy, v. 49, pp. 3628635.

Huang, K., Cassar, N., Jonsson, B., Cai, W.J., and Bender, M.L., 2015. An ultrahigh precision, high
frequency dissolved inorganic carbon analyzer based on dual isotope dilution and cadbynng
spectroscopy. Environmentatience & Technology, v. 49.

Hunt, C., 2021. Alkalinity and buffering in estuarine, coastal and shelf waters. PhD thesis, University of
New Hampshire.

Liu, X., Byrne, R.H., Adornato, L., Yates ,K.K., Kaltenbacher, E., Ding, X., and Yang, B., 2013. In situ
spectrophotometric measurement of dissolved inorganic carbon in seawater. Environmental
Science & Technology, v. 27, pp. 11106114.

58

V..



Martz, T.R., Daly, K.L., Byrne, R.H., Stillman, J.H., and Turk, D., 2015. Technology for ocean acidification
research: Ne#s and availability. Oceanography 28, pp. 4047.

Martin, W.R., Sayles, F.L., McCorkle, D.C., and Weidman, C., 2013. Continuous, autonomous
measurement of the GGystem in Waquoit Bay, MA. AGU Fall Meeting Abstracts, OS%BD

Millero, F.J., 2007. Th&larine Inorganic Carbon Cycle. Chemical Reviews, v. 107, pp-33Q8

Newton, J.A., Feely, R.A., Jewett, E.B., Williamson, P., and Mathis, J., 2014. Global ocean acidification
observing network: Requirements and governance plan.-GRAS7.

Nightingale, AM., Beaton, A.D., Mowlem, M.C., 2015. Trends in microfluidic systems for in situ chemical
analysis of natural waters. Sensors and Actuators, B: Chemical. v.221, pd48D8

Pierrot, D., Lewis, E., and Wallace, D.W.R., 2006. MS Excel program develope@da system
calculations. ORNL/CDIAEL05a. Carbon Dioxide Information Analysis Center, Oak Ridge
National Laboratory, U.S. Department of Energy, Oak Ridge, Tennessee.

Sayles, F.L., and Eck, C., 2009. An autonomous instrument for time series analysEOofrdm
oceanographic moorings. Deep Sea Research, Part |, v. 56, pl6IERO

Schuster, U., Hannides, A., Mintrop, L., and Koértzinger, A., 2009. Sensors and instruments for oceanic
dissolved carbon measurements. Ocean Science, v. 5, pp5847

Shanggan, Q., Lai, C., Beatty, C.M., Young, F.L., Spaulding, R.S., and DeGrandpre, M.D., 2021.
Autonomous in situ measurements of freshwater alkalinity. Limnology and Oceanography:
Methods, v. 19, pp.566.

Song, S., Wang, Z.A., Gonneea, M.E., Jroeger, K.Du, StN., Li, D., and Liang, H., 2020. An important
biogeochemical link between organic and inorganic carbon cycling: Effects of organic alkalinity
on carbonate chemistry in coastal waters influenced by intertidal salt marshes. Geochimica et
Cosmochimica A@, v. 275, pp. 12339.

TueNgeun, O., Sandford, R.C., Jakmunee, J., Grudpan, K., McKelvie, I.D., Worsfold, P.J., 2005.
Determination of dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) in
freshwaters by sequential injection spectrophwtry with online UV photeoxidation. Analytica
Chimica Acta, v. 554, pp. 174.

Wallace, R.B., Baumann, H., Grear, J.S., Aller, R.C., and Gobler, C.J., 2014. Coastal ocean acidification:
The other eutrophication problem. Estuarine, Coastal and Sheiffcggiv. 148, pp.-13.

Wang, Z.A., Cai, W.J., Wang, Y., and Upchurch, B.L., 2003. A long pathlength Jiguédwaveguide
sensor for realime pCO, measurements at sea. Marine Chemistry, v. 84, pp473

Wang, Z.A., Chu, S.N., and Hoering, K.A., 20X8gh-frequency spectrophotometric measurements of
total dissolved inorganic carbon in seawater. Environmental Science & Technology, v. 47, pp.
78407847.

Wang, Z.A., Lawson, G.L., Pilskaln, C.H., and Maas, A.E., 2017. Seasonal controls of aragoniiersaturat
states in the Gulf of Maine. Journal of Geophysical Research: Oceans. v. 122,-889372

Wang, Z.H.A., Liu, X.W., Byrne, R.H., Wanninkhof, R., Bernstein, R.E., Kaltenbacher, E.A., and Patten,
J., 2007. Simultaneous spectrophotometric ftbwough meaurements of pH, carbon dioxide,
fugacity, and total inorganic carbon in seawater. Analytica Chimica Acta, v. 596,-f. 23

Wang, Z.A., Sonnichsen, F.N., Bradley, A.M., Hoering, K.A., Lanagan, T.M., Chu, S.N., Hammar, T.R.,
and Camilli, R., 2015. hksitu sensor technology for simultaneous spectrophotometric
measurements of seawater total dissolved inorganic carbon and pH. Environmental Science &
Technology, v. 49, pp. 4444449.

59



2.7 Supplementary materials

The following figures show the spati@iktribution of sensor measurements and bottle samples taken during
4 small boat towing deployments across Waquoit Bay on September 20, 27, and 28.

a. Sept 20, High tide b. Sept 27, Low tide
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Figure S2.25.Waquoit Bay surface temperature maps generated via CTD across high and low tidal cycles
(a-d). Major river, pond, and bay inlets to Waquoit Bay include: e.) Childs River, f.) Seapit River, g.)
Moonakis River, h.XareatRiver, i.) Sage Lot Pond, j.) mouth of the bay opening into Nantucket Sound.
Low tide tows were conducted in the morning and high tide tows in the afternoon, resulting in generally
lower temperatures during low tide tows.
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Figure S2.26.Waquoit Bay suiace salinity maps generated via CTD across high and low tidal cgeles (
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d). Salinity measurements during most of the September 2Gjowfve r e poor
in the sensor package. Salinities are lower in the northern portion of tharay ldw tides due to fresher

water inputs from the rivers and marshes in the ndftjor river, pond, and bay inlets to Waquoit Bay

due

t o

include: e.) Childs River, f.) Seapit River, g.) Moonakis River@GndatRiver, i.) Sage Lot Pond, j.) mouth

of the bayopening into Nantucket Sound. Low tide tows were conducted in the morning and high tide tows

in the afternoon, resulting in generally lower temperatures during low tide tows.
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a. Sept 20, High tide b. Sept 27, Low tide
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Figure S2.27.Waquoit Bay surface dissolved oxygen maps generated with aterfesn4330 Oxygen
optode attached to the CHANOS Il during high and low tidal cyeleB.(DO was generally lower across
Wagquoit Bay during low tides, despite the lower temperatures during thesevtajes.river, pond, and

bay inlets to Waquoit Bay incled e.) Childs River, f.) Seapit River, g.) Moonakis River GrgatRiver,

i.) Sage Lot Pond, j.) mouth of the bay opening into Nantucket Sound. Low tide tows were conducted in
the morning and high tide tows in the afternoon, resulting in generally tewgreratures during low tide

tows.
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Figure S2.28.Waquoit Bay TA maps across high and low tidal cycles generated via bottle samples analyzed
in the laboratoryd-d). TA was generally higher toward the mouth of Waquoit Bagjor river, pond, and

bay inlds to Waquoit Bay include: e.) Childs River, f.) Seapit River, g.) Moonakis RivegrégtRiver,

i.) Sage Lot Pond, j.) mouth of the bay opening into Nantucket Sound. Low tide tows were conducted in
the morning and high tide tows in the afternoon, tegyin generally lower temperatures during low tide

tows.
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Figure S2.29.Waquoit Bay surfacpCO, maps across high and low tidal cycles generated vi®@peanus
sensor measurementsigngles and CO2Sys calculations using bottle sample DIC, TA,@RD values
(circleg) (a-d). pCO, measurements were variable across the bay and were generally higher during low tide.
Major river, pond, and bay inlets to Waquoit Bay include: e.) Childs River, f.) Seapit River, g.) Moonakis
River, h.)GreatRiver, i.) Sag Lot Pond, j.) mouth of the bay opening into Nantucket Sound. Low tide
tows were conducted in the morning and high tide tows in the afternoon, resulting in generally lower
temperatures during low tide tows.
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Figure S2.30. Waquoit Bay surface pHtotal sale) maps across high and low tidal cycles generated
CO2Sys calculations using bottle sample DIC, TA, and CTD valuds Major river, pond, and bay inlets

to Waquoit Bay include: e.) Childs River, f.) Seapit River, g.) Moonakis RiveGregtRiver, i.) Sage Lot

Pond, j.) mouth of the bay opening into Nantucket Sound. Low tide tows were conducted in the morning
and high tide tows in the afternoon, resulting in generally lower temperatures during low tide tows.
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Figure S2.31. Waquoit Bay srfaceY » maps across high and low tidal cycles generated via CO2Sys
calculations using bottle sample DIC, TA, and CTD valeeslés) (a-d). Y a measurements were variable
across the bay and were generally higher during highMedgar river, pond, and bay inlets to Waquoit Bay
include: e.) Childs River, f.) Seapit River, g.) Moonakis RiverGneatRiver, i.) Sage Lot Pond, j.) mouth

of the bay opening into Nantucket Sound. Low tide tows were conducted in the morning ardihiglvdi

in the afternoon, resulting in generally lower temperatures during low tide tows.
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Figure S2.32. CO2SYScalculated pHrersusobserved dissolved oxygerross highrbagentared) and

low (blue, teal) tidal cycles on September géft), 27 (middle) and 2§right).
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Chapter 3
Exploration of fine-scale spatial biogeochemistry over deep
coral reefs on the West Florida slope using the CHANOS I

dissolved inorganic carbon sensor on ROYGlobal Explorer

Abstract

Deepsea corals create complex habitats that supipbrteef ecosystems and the communities that depend

on them Understanding spatial variations in physical conditions and biogeochemistry, particularly
inorganic carborthemistry, may provide insight imboth the distribution of deep coral ecosystems and
how they may be affected in warming and acidifying oceans. Seaflorgianic carborhemistry data has

been limited by the scarcity of seafloor bottle samples and piaesitel sensors for deep deplognt from

mobile platforms. In 2019, the RO®lobal Explorerconducted visual surveys over four deep scleractinian
(Lophelia pertusgDesmophyllum pertusymeefs and rocky slope habitats on the West Florida slope, Gulf

of Mexico. The ROV was equipped withe dissolved inorganic carbon (DIC) sensor QHlized Optical

System (CHANOS) IIWe collecedhigh resolution (<100 m) DIC data across four deep coral reef habitats
on the West Florida slope, Gulf of Mexico. The sensor data was in close agreement with the few bottle
samples collected during the dives (n =a%grage DlGotes= 21909 + 1.0pumol kg, D Isefsomottes= 1.2

+ 12.2 umol kg! DIC), but also recordedwide range of ~1900 2900umol kg* DIC acrosghe seafloor

and coral habitatthat has not previously been observed through bottle sanvildtiple linearregression
models trained on historical water column CTD bottle samples and CHANOS |l seafloor DIC provide a
conservative esti mat,e wHi sk adll loowa mA, s ipdictuafesnda ot | vy
between conditions of under andeosaturation, which may be important to the ability of deep corals to
flourish under ocean acidification, warming, and other changing oc&hisswork highlights the need to
investigate deep sea biogeochemistry at high spatial scales in order to uddéhgtarange of
environmental variation encountered by benthic communiéied to provide baseline measurements for

future studies
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Chapter 3

3.1 Introduction

Deep sea coral reefs, typically dominated by branching scleractinians, octocorals, anbias;kare

found on bathymetric highs with elevated currents. These habitats support highly dynamic ecosystems that
may be impacted by ocean acidification (OA), warming, deoxygenation, and circulation changes. OA
caused by the uptake of anthropogenic 6¥the oceans, may have detrimental effects on coral reefs over
time due to decreasing seawater pH and aragonite satusation ta thaf r¥sults in a reduction of
biological calcium carbonate production by corals (Gémez et al., 2018). In turn, these effects may impact
the diverse fisheries and ecosystehst rely on the reef structuréandersson et al., 2009; Bates et al.,

2010; Campenter et al., 20084oeghGuldberget al., 2007;Pandolfi et al., 2011Turley, Roberts, and
Guinotte, 200Y. Deep sea corals living in the 4800m depth range are typically situated in oxygen
minimum zones of high COand low pH where aragonite satuoatimay be near corrosive. Rising
temperatures and G@oncentrations may increase physiological stress on coral communities, resulting in
reduced suitable habitats for the corals and the fish and benthic communities they support (Roberts et al.,
2009).

Existing environmental variability may allow for some resiliet@@hysical and chemical changes at deep

sea coral communities. Theserals already live in hydrodynamically active @asdhat may experience

rapid shiftsin currents, temperature, aimbrganic carbonchemistry due to tides, meandering boundary
currents, and mesoscale eddies (Roberts et al., 2009; Ross et al., 2015). In particular, on the West Florida
Slope, Loop Current cyclonic eddy interactions with currents and bottom bathymetry mag sticung
upwelling over rapid timescales, bringing cold, Q©@h waters to the mid/upward slope where deep sea
coral habitats are four(diang et al.2020) While thebiological responses of coral communitiegeneral

are heavily impacted by variabifitn environmental conditionsome studies have suggested that exposure

to variable carbonate chemistry conditions, coupled with genetic variations, may allow for relative
resilience tachemical changes resulting from @Brooke et al., 201Xurman et al., 2017; Lunden et al.,
2013;2014. Due to site inaccessibility, studies on deep coral responses to OA are significantly limited
relative to shallow reef research. Deep coral studies often focaseonf themost widespread habitat

forming species, Lophelia pertusa which primarily grows in the Atlantic in thickets or bioherms
(Amoundso) . This species provides habitat for mar
branching aragonite skeletor@dhanges to live and dead pertusamounds driven by OA are likely to be

more impactful on the benthic community tha@her types of deep sea corals, including black corals and
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gorgonians, that may be more patchily distributed and build lesddstigg structuredncubations oL.

pertusain OA studies with perturbed pH p€0, have produced mixed resyltgith shortterm exposures
(weeksi months)resulting in reduced growth and respiratiatith acclimatization in the long term (year)

For example, Maier et al. (200@pservedreduced cdlification from youngL. pertusapolyps under
reduced pH conditions, while retaining a net positive calcification even at undersaturated aragonite states.
Hennige et al., (2014; 2015), did not observe a change in calcification rates between ambient and increased
CO, conditions orL. perusasamples, but did observe a decrease in the strength of exposed reef framework.
Thresher et al. (2011) found that carbonate undersaturation had little effect on the depth distribution,
growth, or skeletal composition of stony corals on Tasmanian se#&nsuggesting that changes in the
carbonate saturation horizon as a result of ocean acidification are unlikely to have a large impact on live
calcifiers in their study aredVhile these corals may physiologically acclimatize to changing carbonate
chemisty conditions, much is still unknown about their outlook on timescales greatehthatt2 years

of available incubation studies, or under conditions of multiple stressors introduced by OA, including
thermal stress and food availabilitigxploration and learacterization of deep coral sites is therefore
necessary to establish a baseline of biogeochemical conditiensurrent deep sea coradsd toallow

for investigation of futurehanges in biogeochemistry and their impacts on biodiversity of deejporesf

time.

Fine-scale biogeochemical variability has been observed in some deep coral communities. Mesoscale
eddies and internal tides responsible for vertical water mass movements in the Florida Straits resulted in
rapid temperature changes (>4 °@er short distances (<1 km) in regions supporting deep coral
communities (leichter et al., 2007; Gula et a., 2015; Jiang et2820. Diurnal internal waves causing
vertical water mass displacement may result in significant temperature and salinjfgsheer deep reefs,

as observed over the pertusacommunity at Viosca Knoll (Davies et al., 2010). Internal tides impact the
Rockall Trough in the northeast Atlantic, where a dissolved inorganic carbon (DIC) range of 58 imol kg
was observed across geeoral mounds using CTD Rosettes cast to 2 m above the corals. Findlay et al.,
(2014) reported that the carbonate mounds supporting corals at thigjteovide an alkalinity source to

the water column. Georgian et al. (2016) also found slightly elévatC (up to 35 umol k§relative to
noncoral sites) andotal Alkalinity (TA, up to 44 umol kd relative to norcoral sites) above some large

deep coral mounds in the northern Gulf of Mexico, suggesting that the dissolution and remineralization of
deal coral skeletons in the interior of mounds may result in upwelling of high alkalinity seawater over some

coral structures (Lunden et al., 2013; Georgian et al., 2016).
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However, the relative inaccessibility of deep coral sites and the scarcity aefelsiglation environmental

sensor and sampling capabilities has limited our analysis and understanding of these environmental
variationsand their impacts on deep corals and benthic ecosystoss deep watenorganic carbonlata

comes from CTDrosette cds. To protect theosette from colliding with the seafloor and/or benthic
communities, these casts typically stop at 2 m off bottom at best, and more frequently terminate 10 m or
more off bottom. ROVs and other submersibles may more closely approackaftemrs but seawater
sampling is frequently limited to L 6 Niskin bottles per dive on such vehicles. Seafloor ROV transects
often travel at ~0.5 kts to produce high quality video and may remain on the seafloor for hours to days, such
that seaflooinorganic carborsamples may be separated by kilometers. Since the amount of seafloor data
at the sedimenwvater column interface is so limited, we must turn to fiegolution chemical sensors
including the CHANOS Il as described in Chaptdozddress finscale spatial variability in thieorganic
carbonsystem.

The objectives of this study are to explore and characterize thed#he variability ininorganic carbon
chemistry across 4 deep coral habitats in the West Florida slope. Key guestionstadigmclude: 1)

What arethe shott er m ( hours) spati al heterogeneitiaes of
experienced by deep corals? 2) How frequmamdss and
the seafloor and coral bathytng? 3) What correlations exist between coral habitats and seaftoganic
carbonconditions? This study will serve as an important step to understandirggéiteevariability of the
inorganic carborsystem across deep coral reefs, and may erfahlee deep coral research to better

understand coral distributions and adaptations to variable environmental conditions.

3.2 Methods
3.2.1 Description of field sites

Many deep sea coral communities have been documented on the gently sloping carbonate platform of the
West Florida Slope at depths of 40000 m (Figure 3.1).. pertusabioherms or mounds dominate here,

and are particularly abundant in the region of tlepesidepicted in Figure 3.1. These mounds may range
from 57 15 m tall and are often capped with thickets of live and/or deaértusa(Newton et al., 1987;

Reed et al., 2006Peep coral communities here may also include a variety of octocorals, btatk emd

sponges (Brooke et al., 200Brooks et al., 2015CSA International, 200MReed et al., 20313Ross and
Nizinski, 2007).
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Figure 3.1: Deepsea coral records from the southeastern US region from the NOAA National Database
for DeepSea Corals and Spongés 201901170. NOAA Deep Sea Coral Research & Technology
Program. The thick red arrow indicates the flow of the Loop Current; thaneldblue arrow circles denote

the spiroff eddies from the Loop Current. Théack box shows our study area including Many Mounds
(red), Okeanos Ridgeyteer), North Wall plue), and Long Moundrfagenta.

The West Florida Slope is a highly dynamic regsobject to the meandering of the Loop Current and the
cyclonic Loop Current Frontal Eddies (LCFES) that it spawns. These LCFEs af26-&®n in size and
frequently migrate east along the Loop Current in the northern Gulf, then south along the West Florid
Slope toward the Florida Straits (Vukovich and Maul, 1985; Cherubin et al., 2006; Le Henaff et al., 2012).
Anticyclonic rings spawned by the Loop Current may also move west and south. The interactions between
the Loop Current and LFCEs with bottom batlegrg may produce strong submesoscale eddies. Such
eddies may induce strong, rapid upwelling, bringing cold, nutrient andi€i©deep water onto the upper

slope (Kourafalou and Kang, 2012; Jiang et2020. These events may produce phytoplankton blooms

that eventually die and sink to the seafloor, feeding the deep coral communities.

We focus orfour sites on the West Florida Slope known to suppompertusamounds from prior ROV
dives, particularly those of the Southeast Deep Coral Initiative (SBD&gner et al., 2018). The most
studied of Ny 84&2884V)Mmsaismahgdénse| IReh. .p&tdsabHherms
speci es

t hese,

and other cor al supported by strong
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N, 84.5582W) is less explored than Many Mounds due to strong southerly currents that complicate ROV
surveyslL.pertusshas been observed at this site, but octoco
Wal | 6 (N2 8.8656\9,9s dominated by octocorals and black corals with somelliyeertusa

coloni es, but has a generally | ower <coral densit
Moundd (N2&L7650BN) @ntains a series of mounds and ridges populatdd pgrtusa other

corals, and sponges. As of 2017, more than 14 coral species were identified in the Long Mound and Many
Mounds areas. Both sites were identified as part of the West Florida Wall Habitat of Particular Concern
(HAPC) by the Gulf of Mexico Flsery Management Council (GMFMC, 2017). This designation marks

these sites as exploration priorities and seeks to protect dense coral habitats by prohibiting bottom tending
gear, including bottom trawls, traps, and anchoring.

3.2.2 R/VPoint Surand R/V Hogarth cruises

We conducted two cruises to study these sites. The first, onboard tHeoRWSurin October 111 17,

2019, explored deep coral habitats with detailed visual surveys using3Rib¥l Explorer(Section 3.3.3).

This ROV was equipped withatdard CTD sensors, 2 Niskin bottles for water chemistry sampling at
depth, and the CANnelized Optical System (CHANOS) Il Dissolved Inorganic Carbon (DIC) sensor with

an onboard SBE FastCat 49 CTD sensor and Aanderaa 4330 Oxygen Optode (SectionGTR4hsktte

was used to conduct hydrographic surveys of the water column around each field site after ROV dives, with
seawater samples collected following the best practicestforatorycarbonate chemistry analysis (see
Section 3.3.5Dickson et al., 207). A second cruise, onboard the RAbgarth in September 2020,
conducted similar hydrographic water column surveys via @BBtte with collection of seawater samples

for carbonate chemistry analysis.

3.2.3 ROVGlobal Explorertransects

We conductedive ROV dives on thd?oint Surcruise, withtwo dives at the Many Mounds site aode

dive each at Okeanos Ridge, North Wall, and Long Mound. ROV transects for Many Mounds, Okeanos
Ridge, and North Wall began at the deepest part of each planned divilethgenerally east/northeast
upslope over coral mounds and escarpments. The Long Mound dive was conducted over a relatively flat
seafloor, where the ROV was directedflipa 6 | a w remhgatternover coral mounds ifour ~500 m

parallel transectsThe RO/ speed ranged from G5 knots to ensure high quality video and image

recording. Wherever conditions allowed, the ROV flew withia h of the seafloor or coral communities,
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occasionally settling on or next to corals for biological and/ or chemicallisgmf summary of transect

lengths, bottom times, andegdss givenin Table 3.1

Table 3.1: Summary of ROVGlobal Explorerdives

Location | Date On Off Depth range| Time on | Transect| Average | Niskin
bottom | bottom | (M) bottom | length ROV bottle
GPS GPS (hr) (km) speed samples
CN, W) | N, W) (kt)

Many 10/12/19 | 26.200, | 26.210, | 5027 463 4.0 0.86 0.13 2

Mounds 1 84.729 | 84.723

Many 10/13/19 | 26.205, | 26.212, | 5727 401 6.5 2.73 0.24 2

Mounds 2 84.738 | 84.711

Okeanos | 10/14/19 | 26.671, | 25.666, | 6067 509 4.5 1.34 0.17 2

Ridge 84.593 | 84.581

North 10/15/19 | 26.778, | 26.773, | 8807 486 5.0 1.89 0.21 1

Wall 84.883 | 84.864

Long 10/16/19 | 26.408, | 26.409, | 528-513 2.5 2.18 0.43 0

Mound 84.782 | 84.780

3.2.4 CHANGOS II DIC sensor deployment on RO\Global Explorer

The CHANOS Il is an autonomous sensor developed for high resolutiorgar@aruous measurements

of DIC from mobile platforms including ROVYsas described in Chapter Briefly, it operates by an
improved spectrophotometric method for DIC detection (Wainal., 20132015. Seawater is acidified

and pumped through the outer shell of an equilibration flow cplH aensitive sulfonephthalein indicator

is pumped countercurrent through the inner shell of Teflon AF 2400 tubing that ipesena@able to C©O

CO; is allowed to equilibrate between the two solutions, followed by the spectrophotometric pH
measurement of the indicator solution. £®ncentration in the equilibrated indicator is calculated from

the measured indicator pH and known alkalinity, amélested back to the total GOr DIC of the seawater
sample. The sensor carries onboard Certified Reference Material (CRM) seawater of known DIC, supplied
by the Dickson Laboratory at Scripps Institute of Oceanography, fsituincalibration to ensure data

quality, or secondary staadd seawater calibrated with CRM

CHANGOS Il is capable of higfrequency neacontinuous measurements, witfaboratoryaccuracy and

precision of 2 . 9 and 5% réspeetively,|lwithkadield accuracy 8f0 ¢ mo | . Tkhegsensor
response timeluring this deployment was2 min, faster during this deployment than that discussed in

Chapter 2 due to the use afdifferent length and diameter ©éflon AF tubingin the equilibration cell.
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With anaverage ROV speed of ~0.2 knots or 6.2 minmeaverageDIC at a resolution of better than 20

m, allowing us to map the seafloor DIC during each dive at high resolution.

CHANOS Il was developed for deployment to 3000 m and has been tested to 1200 m. It is equipped with
a Seabird 49 FastCat DTC and Aarah 4330 dissolved oxygen (DO) optode. The sensor was loaded into
the belly of the RO\Global Explorerbehind the bio collection boXhe seawater inletvaslocatedat the

bottom and middl¢he ROV, such that DIC measurements were as close to the battpassiblgtypically

1.2 m off bottom, approaching closer while settling the ROV for coral or water samliggje 3.2). It

was hardwired into the ROV systems for power and communication, allowing for constatineeal
operator control from the ROV ntrol van.DO and CTD values were used to calculate the Apparent
Oxygen Utilization (AOU) for all dives (McDougall and Barker, 2011).

L AR
— sl
D l B

SUN ORI

g —

Figure 3.2:CHANOS Il on ROVGIlobal Explorer The sensor is mounted in the belly of the ROV to allow
the inlet to be as close to the seafloor and coral mounds as possible.

3.2.5 CTD Rosette seawater sampling

After each ROV dive, we conducted a series of CTD Rosette castd att8drographic stions over the

center of the ROV transect and evenly distributed around the area to determine water column profiles of
temperature, salinity, and dissolved oxygen. Bottle samples were collected from Niskin samplers and
poisoned with mercuric chloride follving the best practices for carbonate chemistry (Dickson et al., 2007).

These samples were measured at WHOI withieeweeks of sampling. DIC samples were measured via
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DIC auteanalyzer (ASC3, Apollo SciTech; precision and accuracy better than +2 [kgi®). In this
method, CQgas is stripped with an inert nitrogen gas from acidified samples. The totalr ©OC in the
gas stream is determined by ndispersible infrared Cfanalyzer (LICOR 7000) calibrated with CRMs.
Seawater total alkalinity was determined potentiometrically using an automatededptinator with a
ROSSM combination electrode, following a modified Gran titration procedure-AR&2, Apollo

SciTech, preision and accuracy better than +2 umotkg

3.2.6 Multilinear regression modeling to simulate seafloor carbonate conditions

With the above methods, we collect-situ physical (temperature, pressure, salinity) and chemical
(dissolved oxygen, DIC) data order to understand the variation in environmental conditions experienced

by deep corals. However, DIC is not enough to provide a full pictureojanic carborhemistry in the

deep sea. Pairing DIC with-gitu TA, pH, orpCO, would allow for full resolution of thenorganic carbon

system, including carbonate saturation states, but the handful of bottle samples collected by Niskins on the
ROVs is not enough to provide this information. CTD casts provide valuable informationthéavater

column above reef habitats, but such casts typically measure at-tHash Z2bove the seafloor, missing
potentially valuable information at the intersection of the seafloor and benthic communities with the base
of the water column. We attemiat fill in the gaps by modeling seafloor TA, which, taken together with

CHANOS Il DIC measurements, allow us to estimate pH, p@@daragonite saturation statg ).

To obtain seafloor TA estimates, we first model water column TA:DIC over our sitedybssed on
historical CTD casts in the region. The product of the deepest TA:DIC values produced by this model with
seafloor CHANOS Il DIC data results in an indirect estimate of seafloor TA. We note that this method has
two major weaknesses: firdgf, sediment and coral biogeochemistry alters carbonate chemistry at the
seafloor, then an application of even the deepest water column TA:DIC, generated from CTD casts that do
not reach the sedimentater interface, may not appropriately estimate benthicitons. Second, modeled
seafloor TA becomes a function of CHANOS Il or modeled seafloor DIC, such that errors are compounded
in further carbonate parameter calculations (eHl, pCQ, a p)d Howgever, given the scarcity of
seafloor data available, veegue that the conservative estimates provided by this method provide at least a

range of seafloor conditions to consider.

In the first step of this modeling efforve colleceédall publicly availableinorganic carbomlata from CTD
casts and ROV dives ihe Gulf of Mexicq including GOMECC, GOMRI, ECOGIG, and GISR cruises,

sourced through NOAA and NSF data portais is available upon requebising a subset of data near our
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study sites with available DIC and TA data 892, ranging in depth from 3003417 m, in the bounds

of latitude 21.63 21.17°N andlongitude 80.61 90.00°W), we traired a simple multilinear regression
using the buiin MATLAB multiple linear regression function (version 2018bata from the sdiace to

300 m depth were excludeddwoidseasonally varying surface processes in the mixed layer, including air
sea exchange and biological producte modeled the water colurmattio of TA:DIC, varying regression
parameters of depth, temperature, and salinity. These parameters were chosen to reduce the ertor of the fit
evaluated via calculation of’Retween model outputs and the training Bd, AOU, and nutrients were
testedin models with one or a combination of parameters. Where available, including silicate most
improved the fit for water column data, but since nutrients were not included R/\thBoint Surand
Hogarth CTD cast analyses, this model was excluded anadysisir study sites. The addition of DO or
AOU to these models worsened the fit to historical water column data.

We traireda separate multilinear regression on the CHANOS Il DIC values measured during suo dive
create a model for seafloor DIC given depth, temperature, and salinity. DO and AOU were comsidered
parameters for these models, but the inclusion of either worsened the fit to CHANOS Il DIC data. Taking
together the water column TA:DIC and eitheaftmor CHANOS Il DIC or modeled seafloor DIC, we
producel a conservative, indirect estimate of seafloor TA. We theed CO2SYS testimate seafloor

pCQG, a g lobhsed on our DIC and TA estimat€02SYS version 2.1, usingilind K constants from
Leukeret al., 2000; Pierrot et al., 2006)

3.3 Results

3.3.1 Water column characteristics

To understand water mass movements during the ROV dives, GoMex forecasts were created using a
numerical model based on the Regional Ocean Modeling System (ROMS), Gulf of Mexico Hybrid
Coordinate Ocean Model (HYCOM), and surface meteorological data dérbradhe North American
Regional Reanalysis (NARR) during tReint Surcruise (Figure 3), courtesy of physical oceanographer
Mingshun JiangShchepetkin and McWilliams, 2005; Mesinger et al., 2006; Chassignet et al., 2009). The
northern edge of the Loo@urrent was above Okeanos Ridge during the ROV dives, resulting in a
southward flow at this site. Eddy interactions with the Loop Current resulted in a bifurcation of currents
between Many Mounds and Okeanos Ridge, such that Many Mounds, Long MoundormdAll
experienced a northward flow from the eastern edge of a cyclonic eddy. This behavior of the Loop Current,

flowing south of our main study site, is common in the fall (Ross et al., 2017).
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Figure 3.3: GOMEX forecasts at 250 m of the North Wallany Mounds, and Okeanos Ridge dive sites

for Oct 12 @), 13 @), and 15 ¢), 2019 during ROV dives. During this time, Okeanos Ridge was
experiencing a southward flow under the northern edge of the Loop Current, while the Many Mound and
North Wall sites egerienced the eastern, northward flowing edge of a cyclonic Loop Current eddy.
Currents are represented by arrows and temperature by Egare provided courtesy of collaborator
Mingshun Jiang.

18 water column CTD casts were conducted duringtiet Surcruise, with one cast taken over the center

of each ROV transect and remainder evenly distributed across each site (Figure 3.4). Due to cruise time
constraints, no CTD casts were conducted above the Long Mound site. 65 bottle samples total were taken
fromninecasts at Many Mounds, 23 bottles were taken fimuncasts at Okeanos Ridge, and 30 samples
were taken fronfive casts at North Wall. All 118 bottle samples collected were analyzed for DIC and TA.

A total of six water column CTD casts were contkd during theHogarth cruise, withthreecasts each

taken above the Many Mounds and Okeanos Ridge study areas. A total of 30 bottle samples were collected
from these casts (5 bottles fairly evenly distributed over the depth of each cast) and anapr€dchfut

TA.
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Figure 3.4: Large scale view of CTD cast locatiordigmond$ and starting locations of ROV transects
(triangles at North Wall blue), Long Mound (hagenty, Many Mounds grangeandred), and Okeanos
Ridge @reen.

CTD cast data collecteabove and around tiany Mounds and Okeanos Ridgjezswere plotted together
for each cruisén Figure 3.5.
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Figure 3.5: Temperatured,d), salinity (b,8), and dissolved oxygerc,f) plots versus depth. The upper
panels show CTD casts conducted duringtbimt Surcruise (October 1B 15, 2019) over Many Mounds
(blug) and Okeanos Ridgerangg. Bottom panels show CTD casts conducted durindHtbhgarth cruise
(September -8, 2020) @er Many Moundslflue) and Okeanos Ridgerangg.

In all thePoint Surcasts, temperature held steady at ~29.7 °C from the surface to ~35 m depth, followed
by a thermocline as temperature declined rapidly to ~16.1 °C at 200 m, then declining gently to ~6.0 °C at
~800 m depth. A maximum salinity of ~36.6 was observed betw@®r140 m depth, declining to 34.9 at

800 m depth. The DO signal was more complex, with-sagiace (0 80 m depth) values ranging from

1947 250 uM (Many Mounds) and 215255 uM (Okeanos Ridge). Above the Many Mounds site, DO
decreased rapidly to rdaan oxygen minimum ~136 uM between 132 and 166 m depth, with a secondary
oxygen minimum falling to ~140 uM between 41@75 m. DO then rose to ~177 puM at 800 m depth.
Above the Okeanos Ridge site, DO decreased to an oxygen minimum zone ranging bedwekg018M

between 150 and 250 m depth. DO then decreased to a secondary minimum of ~145 pM at 550 m depth,
before rising back to ~ 160 uM at 700 m depth.

Hogarthcasts at the same sites, conducted 11 months later, showed a greater range in terapkmnéiyre,

and DO with depth. The thermocline was less pronounced during these casts: temperatures decreased more
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gently between the same values recorded durinBaive Surcasts at the surface and 8a(~29.7 °C and

~6.0 °C, respectively). The salinityaximum occurred at the same depth but at a higher magnitude, ~ 37.0.
The first oxygen minimum between ~ 150 and 180 m depth was less pronounced at ~160 uM for both sites.
The second oxygen minimum between ~500 and 600 m (Many Mounds) anh&@&® (Okeaos Ridge)

was deeper and lower than that of Bwint Surcasts, at ~125 uM and 135 uM, respectivélypertusa

often tolerate low (< 135 pM) DO conditions, but studies have shown that this spacres survive
prolonged exposure to DO < p (Brookeet al., 2009; Dodds et al., 2007; Hebbeln et al., 2020 Lunden

et al., 2014).

Temperature and salinity were plotted for all CTD casts fronfPdiet Surcruise, with temperature scaled

by DO (Figure3.6). These plots highlight several water masses airtfeedf thePoint Surcruise and ROV

dives when the northern edge of the Loop Current was passing over the Okeanos Ridge site, with eddy
interactions resulting in the bifurcation of currents discussed above (Portela et al., 2018). Warm, salty
shallow wateicomes from the central basin of the Gulf of Mexico. North Atlantic Subtropical Underwater
(NASUW) is present as the subsurface salinity maximum with temperatures ranging f2im°C6at

depths between 16800 m. Waters with temperatures below 16 °C aeeNbrth Atlantic Central Water
(NACW, or Tropical Atlantic Central Water, TACW). This water mass is defined by its low oxygen

concentration in the 400500 m depth range.
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Figure 3.6: Temperaturesalinity plots for all CTD casts abova) (North Wall, ) Many Mounds, anddj
Okeanos Ridge. Water masses are identified as Gulf Central Water (GCW), North Atlantic Subtropical
Underwater (NASUW), and Tropical Atlantic Central Water (TACWdlors represent DO ipM. The

range of temperature and salinity fach ROV dive is circled in orang€he bifurcation of currents during

the ROV dives is illustrated in panelimage provided courtesy of collaborator Mingshun Jiang.

3.3.2 Bottom characteristics

ROV dive tracks wereeprocessed to restore GPS tracks after an ROV beacon failure. All locations were
plotted in ArcGIS(version10.8.2and dive tracks were smoothed by creating a moving average of GPS
locations and corresponding CTD data grouped by minute. ROV tracks favealate plotted in Figure

3.7, with the two Many Mounds dives plotted together on the same panel.
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Figure 3.7: Reconstructed ROGlobal Explorerdive tracks conducted between Octoberl®2 2019.

Length, depth, and locations of transects may be fourithile 3.1. Each dive began in the west and
proceeded generally upslope to the east, with the exception of the Long Mound)divat featured a

series of lawrmowing transects across corals mounds. Bottom bathymetry is noted by black lines on each
plot. Each data point represents the average of one minute of ROV GPS coordinates, with colors denoting
average temperatures recorded by the ROVO6s CTD.
ROV CTD sensors showed minor variations in temperature, salinity, and DO during the Long Mound dive,
conduced in a relatively flat region, and in the relatively flat portions of the other dives before or after
rising upslope. The greatest vertical rise encountered was that of North Wall, where the ROV gradually
ascended ~360 m while following along a rocky vi@diture, before leveling out to fly east over a relatively

flat plain. The Okeanos Ridge dive also passed over a rocky wall feature, gradually ascending ~60 m along
the edge of the wall before leveling out to the east. Both Many Mounds dives saw a gssdudiile

heading east throughout the dive. A summary of environmental data recorded by the ROV at depth is

available in Table 3.2.
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Table 3.2 Summary of bottom environmental data recorded duBhapal Explorerdives on the West

Florida slope deep ageefs. See Table 3.1 for dive dates, locations, and bottom times.

Dive Depth range (m) | Temperature®C) | Practical Salinity | DO (uM)
Many Mounds 1 | 5027 463 8.51 9.6 34.91 35.2 96.071 106.1
Many Mounds 2 | 5721 401 8.41 10.5 35.01 35.3 102.67 106.3
Okeanos Ridge | 6067 509 8.11 9.4 34.81 355.2 102.371 109.9
North Wall 8801 486 5.81 9.7 34.77 35.2 102.5i 138.6
Long Mound 528-513 9.41 9.6 35.1-35.2 100.8i 101.6

3.3.3Bottom terrain and benthic habitat characterization

The bottom terraiand benthic habitats were characterized teraimaite resolution during analysis of high

quality ROV videos recordings. Coral species were counted and identified, and seafloor substrate and

percent coral coverage were characterizedrtesy of biologicabceanographer Sandra Brooke and Gabby

Fulton(Figure 3.8) A brief overview of coral types identified in Figure 3.8 is provided in Table 3.3.

Table 3.3: Summary of coral classifications

Grouping Class, Order | Genus observed Characteristics
Stony corals| Anthozoa, Lophelia, Madrepora, Typically colonial, lard skeleton
Scleractinia | Solenosmilia, Desmophyllum reef builders, requiring exposed
hard substratéor attachment.
Black corals| Anthozoa, Bathypathes, Stichopathes, Patchily dstributed structure
Antipatharia | Leiopathes forming corals that may be local
abundant.
Gorgonians | Anthozoa, Unidentified Patchily distributed structure
Gorgonacea forming corals that may be local
abundant, requiring exposed, hd
substrate for attachment.
Soft corals | Anthozoa, Paramuricea, Eunicella, Mostly nonreef building. They
Alcynoacea | Anthothela, Bamboo, Primnoidag include sea fans and sea whi
Plumerella, Anthomastus and are also known as tree coré
Common on sandy seafloor.
Lace corals | Hydrozoa, Sylaster Structureforming, often erec
Stylasterina species that require exposed, h
substrate for attachmerfatchily
distributed.

Coral coverage across &ur dives is visualized in Figure 3.B general, live, dende pertusawere most

prevaknt at Many Mounds, where they primarily colonized the high points of existing mounds and

escarpments. A variety dfathypathes, stichopathesnd other coral species were identified, but were

uncommon, throughout the dive. More than 25% coverage ofsteufcirming corals was seen throughout

a majority of the dive, with several regions exhibitingl7® 0 %

view, primarily dense live or dedd pertusa With the exception of areas whdrepertusaobscured the
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view of the seafloor and a handful of rocky escarpments, the seafloor was mostly soft sediment with

occasional emergent hard substrate.

L. pertusavas far less prevalent at Okeanos Ridge, whatteypathes, stichopathes)d other coral species
dominated much of the dive. Most of the dive saw at least 25% coverage by structure forming corals, but
>50% coverage was rarely exhibited. The initial ascent in this dive was soft sediment, with rubble and
emergent hard substratemmon along the ridge feature followed during the dive where most corals were
located.

North Wall saw the lowest overall coral coverage, never exceeding 25% of the ROV field ot view.
pertusawere rarely observed and only clustered at the top of the wall structure dominating the first portion
of the dive, with few to nd. pertusapresent as the ROV proceeded southeast along the top edge of the
wall. Bathypathes and stichopathésminated in tts region. The majority of this dive saw soft sediment,
with some occurrences of steep slopes of rock or consolidated sediment.

DenseL. pertusawere present throughout the Long Mound disdchopathesvas common in this area
and bathypathesvas uncommorbut fairly evenly distributed. Coral coverage in this area frequently
surpassed 25 or 50% of the ROV field of view, interspersed with regions of soft sediment with occasional

emergent hard substrate.
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Figure 3.8:Distribution of seafloor communities asdbstrate grouped by percent occurrence during each
dive, averaged by minute in the ROV field of view, includiapgtype of Structure Forming Cnidarians
(SFCs)b) SFC percent coverage of the seafloor in the ROV field of \dggbenthic substrate.
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Figure 3.9: Structure Forming Cnidarian coverage @uped by ROV field of view per minuéeross 4
ROV Global Explorerdive tracks conducted between October1622019.

3.3.4 Mapping seafloor DIC with CHANOS Il

CHANOS Il DIC data was collected orofl5 dives. While the spectrophotometric method allows for sensor
measurements to be afdsecbndabyrstandasdeere cariedeoaboayd efcR dive to
ensure measurement qualithéée CRM measurements were not used for sensor calibration, for which a
laboratorytemperature calibratioourve was used generated over3®°C, as described in Chapter 2t

were instead measuredsitu as a quality chedk lieu of frequent bottle saples DIC data was processed,
calibrated, and plotted for each deployment, as seen in Figdfes 3.13. Niskin seafloor bottle samples
collected during the dives were not included in the sensor calibration, and were plotted alongside CHANOS
Il DIC data There was no significant statistical difference between CHANOS Il DIC and salinity
normalized DIC and all ROV DIC data herein is presented as normalized to the average salinity for a given
field site though we note that the salinity changes reportesugiout these dives are so small that

normalization does not significantly change DIC data.
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The Many Mounds dive resulted in ~3.5 hours of seafloor DIC, with breaks taken betweeh®ZRlam

and 12:51- 1:46 pm to measure CRM (Figurel@). These irsitu calibrations were unsuccessful, likely

due to an issue witthe fluidic connections tthe bag of CRM carried onboard this digee Table 3.4)

Two bottle samplesveretaken during this dive: the first (8:38n, ~ 2192.6 + 1.1 umol KIC) was
collected before CHANOS Il readings had stabilized at the seafloor. The CHANOS Il recorded a DIC of
~2188.1 + 5.5 pmol kgat the time of the second bottle sample (1@&#A3 ~ 2190.5 + 0.2 umol Kg.
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Figure 3.10: Salinity-normalized CHANOS Il DICdrangé (a), ROV temperature¢d) and salinity blue)

(b), pressuredrey) andAOU (green (c) during the Many Mounds dive, which includado ROV bottle
samplesliglack).
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The Okeanos Ridge dive resulted in ~2.5 hours of seafloor DIC measurdRigate 3.1). The sensor
was programed to repeatedly measurerdroardsecondary standard materfahalyzed in the laboratory

at DIC2235.0 + 2.0 umol k¢ from 7:30- 8:00 am. This measurement began while the ROV was hovering
just below the surfaceluring which time the CHANOS Il recorded a value of 2243.4 + 5.5 pmél kg

( DI C ouMmol kg8..TBe ROV then dove at-30 m mint while the CHANOS Il continued to
repeatedly measure this standdmat, sensor valueduring the descentere poor, likelydue to vibration of

the optical cell and fibers. One seafloor bottle sample was taken ar:222190.2 + 0.2 pmol Ky, at
which time the CHANOS Il recorded a DIC of ~2193.7 + 5.5 umol kgppD | C  oufmol kg3.. 5
CHANOS Il was not measuringeawater at the time the second bottle sample was collected aairi:09
just before the ROV ascended to the surface.
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Figure 3.11: Salinity-normalized CHANOS Il DICdrangé (a), ROV temperatura€¢d) and salinity blue)
(b), pressuredrey) andAOU (greer) (c) during the Okeanos Ridge dive, which included¢ROV bottle
sample black) andonboardstandardneasuremest(dark blug at ~7:40 amThe thin blue linen the top
panel~7:40 am indicates the expected DIC value of onboard standard seawater

The North Wall dive resulted in ~3.5 hours of seafloor Fgure 3.2). There were two teaksin the

ambient seawater sensor measurembetgjeen 10:1010:42 am and 12:571:22 pmto measurenboard
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standard seawatganalyzed in the laboratory &IC 22600 + 2.0 pmol kg'). During these times the

CHANOS Il recorded 2266.2 and 2238.3 + 5.5 umotkgpD | C

o f -21=7@mobkkgty nespectively.

The variability in the first set of repeatasthndardmeasurements (10:1:010:42 am) is likely due to

vibration from the movement of the ROV in the water column wimidéaneuvering up and over the ridge
(transiting from 623 m to 523 m depth during thiisndardneasurement). THEHANOS Il value for this

standird measurement is therefore reportesl an average ovéhe last few minutes of the repeated

measur ement <cycl e, at which

ROV depth was held

and measured CRM value was fuol kg?. It is likely that the 2 standardneasurement was not fully

equilibrated at the tim#s value was recordeds this measurement cycle was shortened due to operator

error. Only one bottle sample was taken during this dive to a Niskin sampler failuf¢1:10 am, ~291.9

+ 1.0 umol kg"). CHANOS Il measurements had not yet stabilized at the time this sample was collected.

A value of 2294.2 + 5.5 umol Kgvas recorded 8 min later, ~60 m away from the bottle sampling location

and ~7m higher upslope.

. ~
-b' D
’_—-—*' e
[5) . g PP ————— - -
o P P F 351
E P R )
£ . ~ gy e ™ >
(7] . o
= . . . e P
74 . T L ! 35.0 £
. . T
w)
PRI cor R X
iy, ., ..s-"' .
5 . 34.8
400 +C. r 183
— gy
— 4 3 I
.;i /*’ . - a '-'—--u - - L =
P 5 ' »
; 600 .l./v\ // W _E
g / ) 173 €
o =Y
0
<L

10:33 11:45

12:57 14:.09

Figure 3.12: Salinity-normalized CHANOS Il DICdrangé (a), ROV temperatura€¢d) and salinity blue)
(b), pressuredrey) and AOU (green (c) during the North Wall dive, which includezshe ROV bottle
sample Black andtwo onboard standantheasurementslark blug at ~10:40 am and 13:10 pifihe thin

blue lines in the top panel ~10:40 am and 13:10 pm indicate the expected DIC value of onboard standard

seawater.
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The Long Mound dive resulted in ~2.2 hours of seafloor DIC (Figui®.2lie to cruise time constraints
and Niskin failures, no CRM measurements or bottle samples were taken during this dive.
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Figure 3.13: Salinity-normalized CHANOS Il DICdrangé (a), ROV temperaturea¢d) and salinity blue)
(b), pressuredrey) andAOU (green (c) during the Long Mound dive, which did not include either bottle
samples oonboard standansheasurements.

Table 3.4:Summary of CRM and bottle sample measurements

Dive | Sample | Time Depth | Laboratory | CHANOS | Usedin analyses?

type (m) DIC (umol | I DIC

kg?) (kmol kg?)

9 Secondary 9:51- 522 m | N/A N/A Nod potential leaking from bag
S |standard | 10:43 am
§ Secondary| 12:51 - | 424 m | N/A N/A Nod potential leaking from bag
> | standard | 1:46 pm
S Bottle 8:38am | 572m | 2192.6 £ 1.1] N/A Nod before sensor equilibrate
= Bottle 10:43 am| 500 m | 2190.5 + 0.2 2188.1 Yes
3 Secondary 7:30- 2m 2235.0 + 2.0| 2243 .4 Yes
S o/ standard | 8:00 am
g _'8' Bottle 9:22am | 542 m | 2190.2 £ 0.2 2193.7 Yes
O X[ Bottle 11:09 am| 520 m | 2193.7 + 5.5 N/A Nod sensor was olfhe
— Secondary 10:10- 524 m | 2260.0 + 2.0| 2266.2 Yes
g standard | 10:42 am
< Bottle 11:10 am| 532 m | 2191.9+ 1.0 2294.2 Nod unequilibrated
e Secondary 12:57- 503 m | 2260.0 + 2.0| 2238.3 Nod CRM sequence terminate
< standard | 1:22 pm before sample had equilibrate
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3.3.5 Comparison of bottle sampleand sensormeasurements

The range of CHANOS Il DIC measurements was significant, varying by as much as 650 jichalikg

the North Wall dive. While it is reasonable to expect that much of that variadigd be attrituted to

changes irsensor performance due to changeddpth throughout the disésee Discussion section 3.4)

in many cases we see significaariationsin seafloor DIC while the ROV crossed relatively flat terrain.

The range of bottle sample DICs collected during the Many Mounds, Okeanos Ridge, and North Wall dives
was insignificant: théive bottle samples have a mean and standard deviation of 2191.25.umol kg'.

These samples were collected at depths ranging from%SDm with temperatures ranging from 8.4.3

°C, salinities of 34.98 35.10, DO of 101.7 105.5 pM and AOU of 164 183 umol kg*. A comparison

of the residuals between bottknsples and CRMs versus CHANOS Il DIC is shown in Figuré.3Mhile

few data points were available for these deployments, the mean of the residuals is denoted by the line at 1.2
umol kg! with a standard deviation of 12.2 pumol kgNeglecting the secontllorth Wall CRM
measurement in which sensor measurements had likely not yet equilibrated, the mean of the residuals

becomes3.9 pmol kg with a standard deviation of 4.7 umolkg
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Figure 3.14: Residuals between CHANOS Il (D46) and laboratory (DIgr) measured bottle samples and
CRM. The black line represents the mean of 1.2 umd, kgith a standard deviation of 12.2 pmolg
(dashed lines Error bars represent estimated precision in CHANOS Il measurement$.&jgmol kgt

as determined by repeated laboratory tests).

3.3.6 Multilinear regression modeling

The lack of seafloor measurements limits our understanding and interpretation of environoretit@ins
experienced by deep sea corals on the West Florida Slef@g into account the variability iDIC

observed by the CHANOS 11, it is likely that these coral sites experience significant variation in pH and
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aragonite saturation state on a <100m resolution scale. We do not have enough bottle samples available
from our or previous dives to fully resolve the seaflomrganic carborsystem directly. To address this

gap, we build multilinear regression models using water column and seafloor measurements to
conservatively estimate seafloor TA, allowing for full cadtign of the seafloanorganic carborsystem

with CHANOS Il DIC data.

First, we collectegublicly available historical DIC and TA data from CTD casts in the Eastern Gulf of
Mexico, ranging from 21.629.2 N and 80.6 90.0 W. Data was primarily souiddérom Gulf of Mexico
Ecosystems and Carbon (GOMECC) cruises, alisd included cruises from the Global Ocean Data
Analysis Project (GLODAR2.2021, Lauvset et al., 200 Gulf of Mexico Research Initiative (GoMRI),
ECOGIG, and Gulf of Mexico Integrated Spill Response Consortium (GISR) profemits. Surand
Hogarth CTD samples described above were added into this data set. Samples with low salinity near the
mouth of theMississippi River were excluded, as were samples above 300 m depth. The remaining set of
893 individual samples was used to train a multilinear regression of water column TA, DIC, and TA:DIC
ratios, using depth, temperature, and salinity as variablesapmied tdPoint SurCTD casts to evaluate

the model fit (Figures 35land 3.8). Of this data set, only 25 samples came from ROVs or submersibles,

with the remainder collected from CTD casts.
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Figure 3.15: Locations of 893 samples included in watduomn TA, DIC, and TA:DIC models, consisting

of publicly available bottle samples with full CTD, DIC, and TA data, but excluding samples that were
above 300 m depth or that exhibited low salinity near the mouth of the Mississippi RieeROV study
areais highlighted in the black box.
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Figure 3.16: Multilinear regression model results for TA,€, DIC (b,f), and TA:DIC €,0), generated by
varying depth, temperature, and salinity trained on 893 historical bottle sampleoda@ngls, historical

datain black and model outputs in blue), and applied to Point Sur bottle sarnptem{panels, samples

in black and model outputs in red).

While other variables were considered in these models, including DO and nutrients, the scarcity of samples
including additional variables limited the ability of these models to predi&dhé SurandHogarthCTD

data, for which nutrient data was not idadale. Temperature, depth, and salinity were determined to be the
best set of predictors for the water column model, witkdulated between model and historicalues

of 0.73, 0.55, and 0.82, respectively, for TA, DIC, and TA:DIC when applied to BB in our study

area. Coefficients for theseodels are provided in Table 3.5

Similarly, we trained a multilinear regression on CHANOS Il DIC to estimate seafloor DIC values in this
region given depth, temperature, and salinity, with amgRue of 087. Coefficients for thesemodels are
provided in Table 3.3Ne can then compare model outputs to existing CHANOS Il data as well as estimate
seafloor DIC where CHANOS Il data is not available (Figureg 8320, panela).
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