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Epigraph
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Summary

Summary

The increasing anthropogenic €€missions have exacerbated global climate change with

a strong impact on both the atmosphere and the oceans. As a major sittkdspheric

CO, the ocean plays a critical role in the regulation of global carbon lévelgever, the
continuous uptake of GQesults in significant physiechemical alterations such as ocean
acidification. These changes have affected marine ecosystems and biogeochemical cycles.
To mitigate global climate change, various ocbased C@removal (CDR) strategies,

both naturabnd technologicakre under investigation. The successful implementation of
these strategies requires robust monitoring, reporting, and verification frameworks, which
depend on the availability of reliable and higdsolution observational tools with known

quality.

Key uncertainties remain regarding the ldaagnm efficiency and impacts of CDR methods.

The aailability of sensors istherefore essential to close these knowledge gaps. While
autonomous sensors for pH ap@O; are relatively maturen-situ dissolved inorganic
carbon (DIC) sensors and analyzers are still in an early stage of development. Given the
central role of DIC in the quantification of carbon fluxes and assessment of ocean carbon

sequestration, the advancement of autonomous DIC ses$ansortant.

This thesis presents the development of a novel, autonomous DIC sensor for seawater
measurements. The work details a stepwise sensor development process fromtapbench
prototype to a fully submersible system. Both versions operate on a conductometric
detection principle in combination with a gas diffusion sequential injection analysis (GD
SIA). During each measurement, a small volume (~ 2 mL) of seawater is acidified to
convert all inorganic carbonate and bicarbonate species into gaseeus/ @D then
diffuses through a ggasermeable membrane into an alkaline solution. The resulting change

in conductivity is directly proportional to the DIC concentration.

Optimization of the analyzer involved a series of physical and chemical modifications.
Physical optimizationgncluded the refinement of two key component§) a custom

made four hollow brass electrode detection cell, and (ii) a custade gas exchange unit

(GEU) with a ATube I n A Tubedo configuration.
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concentrations and reaction kinetics to maximize, @@fusion, signal stability and

analytical precision.

The benckop analyzer was validated through controlled laboratory experiments and tested

in multiple field trials. Each measurement required 15 minutes and less than 2 mL of each

reagent. It achieved an analytical precisiomafasurementd 4. 9 and?i@. 7 & mol

| aboratory and field deployment s, respecti ve
ocean carbonate measurements. Based on the success of thiopearalyzer, am-situ

version was developed. The new system retained the core architecture but featured a
compact, robustand pressureesistant housing suitable for shallow water deployments

(maximum 10 m water depth). Thesitu sensor was deployed in multiple field trials and
demonstrated an analytical precision rmtasurerent of< 2 0 ¢ with eakhg

measurement completed in 20 minutes. The accuracy of both systems was assessed using

certified reference material (CRM) and sstindard reference material (RM).

The highfrequency DIC data collected during field deployments in the North Sea and the
Kiel Fjord provided new insights into the shtetm variability and environmental drivers

of carbonate system dynamics in coastal and estuarine systems. Theseotletd higgh

spatial and temporal resolution which overcomes the limitatiortsadftional discrete
sampling method and demonstrated the potential of the analyzer to enhance carbonate

system monitoring.

Overall, the work in this thesis showed the development of a noveleffestive, and
autonomous DIC analyzer with an aim to address a critical technological gap in marine
biogeochemical research. The analyzer supports a range of scientific applidabions,
reattime ocean acidification monitoring to verifications of océased CDR

interventions.
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Zusammenfassung

Die zunehmenden anthropogenen »Emissionen haben den globalen Klimawandel
verscharft, was sich sowohl auf die Atmosphéare als auch auf die Ozeane stark auswirkt.
Als wichtige Senke fur atmospharisches G@ielt der Ozean eine entscheidende Rolle bei
der Regulierung des globalen Kohlenstoffgehalts. Die kontinuierliche Aufnahme von CO
fuhrt jedoch zu erheblichen physikalischemischen Veranderungen wie der Versauerung
der Ozeane. Auswirkungen auf die marinen Okosysteme und biogeochemischen Kreislaufe
haben Um den globalen Klimawandel alischwéchen, werden verschiedene naturliche
und technologische Strategien zur ZEhtfernung(CDR) aus dem Meer untersucht. Die
erfolgreiche  Umsetzung dieser Strategien erfordert robuste Uberwaghungs
Berichterstattungsund Uberpriifungsranmen, die von der Verfiigbarkeit zuverlassiger und

hochaufldsender Beobachtungsinstrumente mit bekannter Quahtitigem.

Nach wie vor bestehen grol3e Unsicherheiten in Bezug auf die langfristige Effizienz und
die Auswirkungen der CDRlethoden. Die Verfligbarkeit von Sensoren ist daher
entscheidend, um diese Wissenslicken zu schlie3en. Wahrend autonome Sensoren fir pH
und pCO; relativ ausgereift sind, befinden siam-situ Sensoren und Analysatoren fir
geldsten anorganischen Kohlenstoff (DIC) noch in einem frihen Entwicklungsstadium.
Angesichts der zentralen Rolle von DIC bei der Quantifizierung von Kohlenstoffflissen
und der Bwertung der Kohlenstoffspeicherung im Ozean ist die Weiterentwicklung

autonomer DIESensoren wichtig.

In dieser Arbeit wird die Entwicklung eines neuartigen, autonomen-32idsors fir
Messungen im Meerwasser vorgestellt. Die Arbeit beschreibt einen schrittweisen
Sensorentwicklungsprozess von einem Tischprototyp bis zu einem vollstandig
tauchfahigen SystemBeide Versionen arbeiten mit einem konduktometrischen
Detektionsprinzip in Kombination mit einer sequentiellen Gasdiffusionsinjektionsanalyse
(GD-SIA). Bei jeder Messung wird ein kleines Volumen (~ 2 mL) Meerwasser angesauert,
um alle anorganischen Karksthund Bikarbonatarten in gasférmiges £@nzuwandeln,

das dann durch eine gasdurchlassige Membran in eine alkalische Losung diffundiert. Die
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daraus resultierende Anderung der Leitfahigkeit ist direkt proportional zur DIC

Konzentration.

Die Optimierung des Analysators umfasste eine Reihe von physikalischen und chemischen
Modifikationen. Zu den physikalischen Optimierungen gehérte die Verfeinerung von zwei
Schliusselkomponenten: (i) eine speziell angefertigte Detektionszelle mit vier hohlen
Messingelektroden und (ii) eine speziell angefertigte Gasaustauscheinheit (GEU) mit einer
ATube i sKondiguraitiorb Bigichemischen Optimierungen konzentrierten sich auf
die Reagenzkonzentrationen und die Reaktionskinetik, um die-D@fDsion, die

Signalstabilitdt und die analytische Prazision zu maximieren.

Das TischAnalysegerat wurde in kontrollierten Laborexperimenten validiert und in
mehreren Feldversuchen getestet. Fir jede Messung wurden 15 Minuten und weniger als
2 mL jedes Reagenz bendtigt. Das Gerat erreichte eine analytisdsgenauigkeit voa

4,9 bzw. Yhei7Labermanld KWel dver suchen und erf ¢l |t
Qu a | i Standards fur Ozeankarbonatmessunegetspricht Auf der Grundlage des
Erfolgs des TisciAnalysegerats wurde eine-situ-Version entwickelt. Das neue System
behidt die Kernarchitektur bei, verfligte aber Uber ein kompaktes, robustes und druckfestes
Gehause, das fur den Einsatz in flachem Wasser (maximal 10 m Wassertiefe) geeignet ist.
Derin-situ-Sensor wurde in mehreren Feldversuchen eingesetzt und zeigte eine analytische
Messgenauigkeit o n < 2 0!, wolbmigelde Messung in 20 Minuten abgeschlossen
war. Die Genauigkeit beider Systeme wurde mit zertifiziertem Referenzmaterial (CRM)
und SubstandarBeferenzmaterial (RM) bewertet.

Die hochfrequenten DKDaten, die wahrend der Feldeinséatze in der Nordsee und der
Kieler Forde gesammelt wurden, lieferten neue Einblicke in die kurzfristige Variabilitat
und die umweltbedingten Triebkrafte der Dynamik des Karbonatsystems in Kiisten
FlussmindunggstemenDiese Daten boten eine hohe raumliche und zeitliche Auflésung,
die die Grenzen der herkdmmlichen diskreten Probenahme tberwindet und das Potenzial

des Analysators zur Verbesserung der Uberwachung des Karbonatsystems demonstriert.

Insgesamt zeigte die Arbeit in dieser Dissertation die Entwicklung eines neuartigen,

kosteneffektiven und autonomen DADalysators mit dem Ziel, eine kritische
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technologische Licke in der marinen biogeochemischen Forschung zu schlieBen. Der
Analysator unterstitzt eine Reihe wissenschaftlicher Anwendungen, von der Echtzeit

Uberwachung der Ozeanversauerung bis zur Uberprufung voaNCaRRahmen im Meer.
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1. Introduction

1.1 Background

1.1.1Anthropocene

The Earth system consists of five naturally evolving and interconnected components: the
atmosphere, hydrosphere, lithosphere, biosphere, and, since the onset of human activity,

the anthropospheréRaupach & Canadell, 2010The dynamics of the systems are

primarily governed by external forces, including astronomical and geophysical faetors
ClaudinaeSales, 2020)However, with the intensification of human activities, tiagural

evolutionary trajectory of the living organisms on Earth is undergoing rapid and
unprecedented changklonroe et al., 2018)Nobel laureate Paul Crutzen distinguished

the significance of this change and conceptu
it from the preceding Holocene, an epoch or geological period when humans became the
dominant force of the Earth SystéRaul, 2002)

1.1.2Global Warming and Green House Gas

Since the industrial revolution (approximately 1750 to the early 19th century), human

induced perturbations, such as fossil fuel combustion, deforestation, industrialization, have
significantly intensified climate change by accelerating the anthropogemnssiens of

greenhouse gases (GHGSs), aerosols, and their precursor. Among tneixedlIGHGs,

CO:has the largest share and exhibits the most substantial growth in global emissons.
GHGsabsorbinfraak ed r adi ati on and tr agherdpeseentingiti t hi n t

from escaping into space.

The increase in anthropogenic GHGs emissions is recognized as the dominant driver of
global surface warming, with G@ontributing approximately 0.8 of warming between
2010 and 2019 relative to pmedustrial levelIPCC, 2023) Historically cumulated C©
emissions over the past 2000 years reveal two distinct trends: prior to the industrial

revolution(D1750) atmospheric C&concentration remained relatively stable at ~ 280
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ppm, whereas podt750, concentrations have monotonically increased, surpassing 420
ppm in 2024 (data courtesiational Oceanic and Atmospheric Administration, JSA
This representsin approximate 58 % increase in £lBvels between 1850 and 2019,
compared to the increase observed between 1850 andD&&%s, 2022; IPCC, 2023)

1.1.30cean Carbonate Chemistry

Covering 71% o heodeans thdlaégsest carbon feservagriedlingstein

et al., 2022)primarily storing carbon in the form of dissolvewrganic carbon (DIL It
contains approximatel§0 times more DIGhan thepre-industrial atmospherepaking it a
key regulator of atmospheric G@nd a crucial component of the global carbon cycle
(Zeebe & WoltGladrow, 2009)Since 1750, the ocean has absorbed approximatelthode

of anthropogenic C&emissions through asea gas exchange driven primarily by abiotic
processes such as gas solubility, temperatapendent kinetics, and the carbonate
buffering systen{Friedlingstein et al., 2023, Devries, 2022)

The exchange of C{between the ocean and the atmosphere is mediated by a series of
chemical reactiongDoney et al., 2009)Gaseous C@dissolves in seawater to form
aqueous C& which then reacts with seawater to form carbonic ackC(@d). This weak

acid dissociates into bicarbonate (HQand carbonate (G®) ions maintaining oceanic

pH balance, following the reaction:

CQ %, B2 HCQZ HCQ+ B CQ + 2
These chemical reactions governing the oceanic carbonate system are reversible and
operate near equilibrium, mai ntaining the oc

seawater pH of 8.2, inorganic carbon distribution is approximatelyt90@s’, 9% COs*
, and 1% dissolved CQF. J. Millero et al., 2002)

1.1.4Quantification of ocean carbonate chemistry

The oceanic inorganic carbonate system is defined by four primary variabteolved
inorganic carbon (DIC), total alkalinity (TA), pH, and the fugacity of.QCQOy).
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(1) Dissolved Inorganic Carbon (DIC) is the sum of the dissolved carbonate species in
seawater, carbonic acid {€i0s), bicarbonate (HC®), and carbonate (G9),

DI C =] [ €O[JHGQ]
(2) Total Alkalinity (TA) is defined as the number of moles of hydrogen ion equivalent to
the excess of proton acceptors over proton donors, that is simply the buffering capacity of
seawater, representing the ability to neutralize strong acids. It inatodésbutions not

only from carbonate species but alsom borate, silicate, phosphate, and organic ions,

TA [HCQFCO+[B(GH) + TE[OH + minor c

(3) pH is the negative logarithm of the total hydrogen ion concentration in sezamatér

is a direct assessment of ocean acjdity

pH-1 apH

(4) fugacity of CQ (fCOy) is ameasurethe of the tendency of GQo escape from or
dissolve into seawater, representing the exchange potential between the ocean and

atmosphere. It is directly proportional to the aqueousiC€eawater.

Additionally, a fifth variable, carbonate ion concentration §€JQis in increasing
consideration due to its ecological significance for calcifying organisms such as bivalve
larvae and pteropodSharp & Byrne, 2019; Zeebe & WeBladrow, 2001)The carbonate
system can be derived mathematically from measurements of at least two of these
variables, supplemented with measurements of temperature, salinity, and macronutrient
concentrations. The CO2SYS software is commonly used to calculate theedequ
carbonate system parametérewis et al., 1998; Martz et al., 2015a; F. J. Millero, 2007)
with DIC andpCO; or DIC and pH pairs yielding the lowest errors in the estimation of the
remaining paramete(§. J. Millero, 2007)

1.1.50ceanic Carbon Pumps

Natural oceanic C®uptake and carbon sequestration occur through three interlinked
processe¢Volk & Hoffert, 1985)
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Solubility Pump

The solubility pump is the physical mixing of @@a thermohaline circulation. Cold, high
latitude waters enhance @®olubility and transport carbon to deep waté&eeping it
isolated from the atmosphere. On the other hand, upwelling allows for waters to resurface

with thereemission of some of the stored carbon into atmosphere.
Carbonate Pump

The carbonate pump is regulated by marine calcifiers. Magdgcolithophores and
foraminifera precipitate calcium carbonate (CaL® form shells and skeletons. Upon
their death, shells dissolve at depth and contribute to DIC pools or accumulating in

sediments.
Biological carbon pump or soft tissue pump

Phytoplankton fix atmospheric G&hrough photosynthesis, producing organic carbon. A
fraction sinks as particulate organic carbon (POC), where microbial remineralization
regenerates COwhich is either sequestered in deep waters or returned to the surface via

upwelling.

1.1.60cean Acidification

Ocean acidification (OA) results from increased atmospherig, @hich dissolves into
seawater and | eads to i redpHeaddecckasedecarbomatet r at i o
ion availability (Zeebe, 2012)The carbonate equilibrium is disrupted with a reduction of

the saturationstaleq) necessary for biomineralizati on
mollusks, and foraminiferaDue to its strong link to rising atmospheric £@vels and

climate change, OA has bperemb (Deewpetral, B0 as At |
and Athe evil t wkelejerodtal.g2Dl®)b al war mi ngo

Longterm timeseries observations (1983023) in the Sargasso Sea (North Atlantic
Ocean), near the island of Bermuda, have recorded a pH decline of 0.0752 units
(approximate 30%nicrease in H) at a rate of 0.018 + 0.001 per decaigates & Johnson,

2023) Projections indicate a pH decrease of 0.3 to 0.4 pH units by 2100, a rate of
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acidification unprecedented in the past two million ye@aldeira & Wickett, 2005;

Honisch et al., 20120ne of the most immediate and significant consequences of OA is

its impact on marine ecosystems, particularly calcifying organisms such as corals,

mol | usks, and foraminifera. The associated

biodiversity k nown as a A c dHalmyiefal.,@0®8)i on cri si so
Ocean Acidification Tracers

The effect of OA is assessed through direct measurement efdongchanges in pH and
carbonate chemistry. Several key metrics and tracers are employed to quantify and predict
the extent of OA and its implications for marine systems:

(1) The Revelle factor (R) quantifies the o
changing carbonate chemistry in seawater in terms of pH chéndg@slJiang et al., 2019)

It is defined as the ratio of the relative change of seaw@@s (or COpag) to the relative

change in DIC under constant temperature, saliaitg TA(Revelle & Suess, 1957)

2 In# I TN I TY$)T8) #

A lower Rwvalue indicates a higher efficiency in absorbing anthropogenie. CO
Furthermore, its derivative parameters, e.g., the sensitivity of DIC and TA to changes in
carbonate equilibrium, provide additional [
capacity(Egleston et al., 2010)

(2) The difference ([TA DIC]) between TA and DIC serves as a tracer for deciphering
temperaturanormalized pH and future OA developme(Xsie & Cai, 2020) Since both

TA and DIC exhibit conservative and linear mixing properties, they remain relatively
constant despite variations in temperature and pressigece it is considered a
convenient way However, its applicability in lovsalinity regions, such as oxygen
minimum zones (OMZs), is limited as it may produce highly uncertain results due to

minimal [TA - DIC] values.

In addition, indirect tracers derived from observational and analytical data are also utilized
(Patra & Punekar, 2025Jhe observational tests focus primarily on micropaleontological
analysis (e.g., foraminifera test morphology) and geochemical markers. The ahalytica

5
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databased tracers generally include (1) measuring the content of calcium carbonate
(CaCQ) of marine sediments, (2) “B)doadsestlyi ng st a
quantify seawater p#a)({tiBTA variationk @)nnieasiCiggl ¢ i um
elemental ratio of B:Ca, Uranium:Calcium (U:Ca) to reconstruct marine carbonate

chemistry and quantifying seawater £@on concentration, and etc.

1.1.7Carbon dioxide removal

To effectively mitigate global climate change and accelerate the reduction of excess
atmospheric C® on human timescales, robust international climate agreements are
essential. The Paris Climate Atgptimatglobelnt ( COP
temperature rise to well below°2Z above prandustrial levels and pursue efforts to limit
theincreaseto1.C6. To mini mi ze gl obal war ming, a ra
anthropogenic C®emissions is required, alongside scalable pathways towetzero

CQO; emissions in the coming decades (Figufg.1

Natural processes alone would require decades to centuries to remove the excess
atmospheric C®and reach the temperature goal. The IPCC Special Report on Global
Warming of 1.5°C(MassonDelmotte et al., 2019 mphasizes that all viable mitigation
pathways will require the deployment of carbon dioxide removal (CDR) strategies to
drastically reduce greenhouse gas emissions and offset residual emissions. The CDR is
considered an essential tool to achievezseb CO, emissiong particularly in hareto-

abate sectors. Estimates suggest that between 100 to 1,000 G# ofuSChe removed
globally over the 21st century to sustain-neto emissions and meet the Paris Agreement
targetLamb et al., 2024)
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Global warming relative to 1850-1900 (°C)

-
/
Observed monthly global . o : ]
mean surface temperature o

B

Likely range of modeled responses to stylized pathways
| net zero in 2055
reduced after 2030 b,c&d
Faster CO2 reductions (blue b&c tin a higher
probability of limiti t

No reduction of net non-COz radiative forcing (purple in d)
results in a lower probability of limiting warming to 1.5°C

Figure 1.1. Observed global warming relative to the jmmdustrial year €C) and modeled responses to
stylized pathways for netero carbon emission by the year 21RCC, 2022)

According to the IPCC 6th Assessment Report (AR6), CDR refers to technologies,
practices, and approaches that remove €@n the atmosphere and durably store it in
geological, terrestrial, or ocean reservoirs, or in products, as a mitigation s{iRRa¢ogk

et al., 2022) These methods are broadly categorized into terrestéma oceasbased

approaches, incorporating both natbesed solutions and engineered technologies.

Terrestrial CDR strategies focus on restoring and enhancing natural carbon sinks, such as
afforestation/reforestation, soil carbon sequestration, and enhanced weatseved] as
industrial solutions like direct air capture or bioenergy coupled with geological carbon
sequestratioFuhrman et al., 2019However, terrestrial CDR fasémitations, including

land availability, high costs, energy demarafsd resource constraints. These challenges
may create conflicts with broader societal objectives, including the United Nations
Sustainable Development Goals (SD@E3)hrman et al., 2019Additionally, landbased

carbon sequestration is constrained by competinguaeddemands, as only 29% of the
Earth's surface is terrestrial, much of which is occupied by human settleanduotsed for
agriculture and natural ecosystems, reducing the feasibility of -tam@e CDR

deployment.
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In contrast, oceabased CDR (marine CDR) offers a promising option for carbon
sequestration, leveraging the vast capacity of marine environifieradlingstein et al.,

2023) Unlike terrestrial CDR, which directly removes £@m the atmosphere, marine

CDR strategies generally operate indirectly by enhancing natural carbon storage and
sequestration processes within marine systems (Doney et al., 2025). However, concerns
regarding potential ecological impacts and legal framksvogoverning marine
interventions remain significant. In 2024, the International Tribunal for the Law of the Sea
ruled in 1its Advisory @anphropogeaiaGH&GemIiSibnsimat e Ch a
theatmosphere constitute pollution of the marine environtn@niternational Tribunal for

the Law of the Sea, 2024 herefore, comprehensive risk assessments are necessary to
evaluate the effects of marine CDR strategies on ocean chemistry, ecosystems, and global
carbon cycleg¢Oschlies et al., 2025)

1.1.8Marine carbon dioxide removal

Toenhance the o0ce aupiake, storage,sacd ldtgm dequestratibo)
various marine carbon dioxide removal (mMCDRgthods have been proposed that
integrate both naturkased and technological interventions and target biotic or abiotic

carbon cycles (Figure 1.2).
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Figure 1.2. Schematic of various methods suggested for marine CDR. Schemati©§airties et al., 2025

Biotic MCDR methods focus primarily on the restoration and protection of natural habitats
and ecosystems (e.g., blue carbon management) and on the augmentation of the biological
carbon pump (e.g., artificial upwelling, macroalgae cultivation, and ocetiizégion).

Abiotic mCDR approaches use geochemical, electrochemical, and technological
interventions (e.g., ocean alkalinity enhancement (OAE), artificial downwelling, deep
storage, direct Cfcapture) to sequester and store the excessflo® the atmoghere
(Cooley et al., 2023; Doney et al., 2025; NASEM (National Academies of Sciences, 2022))
(Figure 1.3)
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Biotic mCDR methods

Enhancement
of biological C
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Figure 1.3. Venn diagram of different categories of biotic and abiotic mCDR methods. Diagram inspired by
(Ho & Bopp, 2024)

1.1.8.1Biotic mCDR methods

Biotic mMCDR enhances carbon sequestration by (1) increasing photosynthetic carbon
fixation and (2)reducing respiratiodriven CQ release. This approach optimizes the
balancebetween carbon uptake and outgassing in surface waters and reinforesriong
sequestration through the biological carbon puy@gchlies et al., 2025 he biological
carbon pump plays a crucial role in atmospheric @gulation with modeling studies
indicating that its complete shutdown would result in a 200 ppm increase in atmospheric

COz over several hundred yediSASEM (National Academies of Sciences, 2022))

Blue Carbon

Vegetated coastal ecosystems or Blue Carbon Ecosystems (BCESs) like tidal salt marshes,
mangrove forests, and seagrass meadows, sequester carbon through photosynthesis and
store organic carbon in sediments under-togygen, high salinity conditions that inhibit

decompositior{Duarte et al., 2013; McLeod et al., 2011 Oschlies et al., 20spite

10
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covering only ~ 0.5% of the global seafloor, BCEs contribute more than 50% of marine
sediment carbon burigMacreadie et al., 2021 However, the loss of BCE leadsttee

rapid release of stored carbon from biomass and sediment, reducing their future
sequestration potential.

Conservation and restoration of BCEs offesb@mefits such as biodiversity enhancement
and climate adaptatiofBertram & Merk, 202Q)yet uncertainties remain regarding (1)
variable carbon burial rate42) potential methane (G and nitrous oxide (pD)
emissions, (3) resilience to climate and anthropogenic stressors lilevekdse, storms
as well as coastal development and pollytaod(4) costeffectivenesgRosentreter et al.,
2021; Williamson & Gattuso, 2022)

While BCE restoration has a high technological readiness level and local governability, its

scalability for global CDR remains limitd@attuso et al., 2021)
Artificial Upwelling

Artificial upwelling (AU) is a geeengineered process designed to transport nutriemnt

deep ocean water to the ocean surface in ordgintalate primary productioand enhance
biological carbon sequestratighovelock & Rapley, 2007)While AU strengthens the
biological pump, the interplay with the solubility pump remains complex, as CO
outgassing may offset sequestration benefitidrchott et al., 2023) Sitespecific
guantitative analysief carbon tonutrient stoichiometry, across different oceanic regions,
depths, and seasoissrequired to assess the effectiveness of(Karl & Letelier, 2008)
Largescale AU implementation faces challenges such as potential disruption of ocean
stratification, alteration of oceanic circu
radiative balancéOschlies, Pahlow, et al., 2010y¥arious types of AU mechanisms,
including wavepowered and electrical pumps, perpetual salt fountains, brackish water
uplift pumgs, air-bubble pumpsand airlift pumps have been test@dan et al., 2016yet
long-term operational feasibility remains uncertéifoweek, 2022) Theoretical models
suggest potential efficacy, but ocean biogeochemistry complexity introduces uncertainty
(NASEM (National Academies of Sciences, 2022Recent studies proposed the

integration of artificial upwelling with macroalgae and seagrasses cultivation, particularly

11
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in nutrientpolluted regions, to optimize maerutrient balance and enhance ecosystem
benefits (Hurd et al., 2022; Pan et al., 2016)

Macroalgae Cultivation

Cultivation of macroal gae, often referred t
MCDR approach that leverages photosynthetie @i@ake by large marine algae such as
kelp and seaweed N6 Ye ur t eMacraalhjae sequedded eXda photosynthesis,

with sequestration occurring through (1) deej export of sinking organic matter and (2)
commercial applicatio(e.g., biofuels, food, pharmaceuticals, and bioplastics) reducing
net carbon footprinttNASEM (National Academies of Sciences)), 2022; Oschlies et al.,
2025) Natural macroalgal ecosystems contribute to carbon storage via POC and
recalcitrant dissolved organic carbon (DO@®YyauseJensen & Duarte, 2016)Vhile
macroalgal cultivation is wekstablished in Asi®acific regions(Chung et al., 2011)
largescale expansion raises concerns including (1) impacts on @tesmistry and
biodiversity (Boyd et al., 2022)(2) halocarbons emissions that may affect atmospheric
chemistry (Leedham et al., 2013)3) nutrient depletion in surface waters termed as
6nutrient robbi ngd an dsed ahoxigQsahliereeat al.ji 2025) i ncr e a
Studies have shown that, to reach the CDR potential, macroalgal cultivation can be
combined with artificial upwelling to resolve the issuacronutrients availabilit{Berger

et al., 2023; Wu et al., 2023Pespite practical obstaclgsijot studies in South Korea
demonstrated feasibiliffChung et al., 2013Juture research is needed to assesstkemg
carbon sequestration efficacy and ocamosphere C&equilibration(Hurd et al., 2022,

2024; Krauselensen & Duarte, 20168pn a localscales, macroalgae cultivation support
aguaculture by mitigating nutrient pollution, impnog water quality and reduimg the
effects of ocean acidification, deoxygenatiamd eutrophicatiofChung et al., 2011,
GESAMP, 2019; Neori et al., 2004)

Ocean Fertilization

Ocean fertilization refers tthe addition of micronutrients (e.g., iron) or macronutrients
(e.g., nitrogen, phosphorus, silica) to the surface ocean to stimulate photosynthetic CO

fixation and carbon expo(NASEM (National Academies of Sciences, 2022))

12
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Iron is a crucial element for phytoplankton metabol{®forel & Price, 2003)and iron
fertilization has been proposed as a means to enhance the biological carbdMauimp
1990) The pioneering work of John Martin showed a correlation betweerc&ured in
ice cores and dust deposition (a primary source of iron to the ocean).

Studies showed that, in the Southern Ocean, subarctic North Pacific and Eastern Equatorial
Pacific Ocean, a perennial surplus of nutrients (High Nutrient Low Chlorophyll, HNLC) is
found and in these regions, iron is found to be a limiting nutrient forgoyirproducers

(Boyd et al., 2007; Morel & Price, 2003 these regiongon fertilization was used to
boosts phytoplankton blooms and enhance carbon sequestBsider et al., 2001)

Between 1993 and 2003, 13 largale open ocean iron fertilization experiments were
conducted, but only one (Southern Ocean Iron Experiment (SG&@xth)) demonstrated
significant carbon expolBuesseler & Boyd, 2003, Boyd et al., 2007; GESAMP, 2019;
Yoon et al., 2016)

Modeling suggests that continuous iron addition on the entire Southern Ocean or-at ocean

basin scales over decades might be required to sequeste6RCQ per year(Oschlies,

Koeve, et al., 2010However, challenges include {(Emineralization of fixed carbon and

CO; re-exposure, (2) uncertainties in lotgym CQ storage (NASEM (National
Academies of Sciences, 2022)) ( 3) potential ecosystem shifts
sea oxygen depletionjGnanadesikan et al., 2003}4) increased nitrification and

production of nitrous oxide ()D), offsetting sequestration benefiisn & Gruber, 2003)

Iron fertilization may induceroduction of dimethyl sulfide (DMS), potentially reducing
global temperatures but could also stimulate emission of halocarbons, methane(@H
isoprene. These gases are accountable for both positive and negative feedbacks on climate
change (Law, 2008) Despite uncertainties, further research is required to evaluate

biological pump dynamics and carbon export efficiency in ocean iron fertilization.

1.1.8.2Abiotic mCDR methods

Abi otic mMCDR approaches primarily target the
enhance aisea CQ exchange by modification of surface seawater chemistry. This can be
achieved by a decrease in DIC concentrations, therebyingdswrfacepCO,, or by an

13
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increase in total alkalinity to shift the DIC equilibrium towards bicarbonate and carbonate

ions.
Ocean Alkalinity Enhancement

Alkalinity represents the buffering capacity of a solution to neutralize acid. In the marine
systemit is naturally produced through the weathering of alkaline minerals such as
limestone or basalt. Enhanciracean alkalinity shifts seawater carbonate chemistry
equilibrium towards bicarbonate (HGPand carbonate (Gf) ions. Additions of alkaline
minerals such as limestone, basalt, or silicate materials promotes atmospheric CO
absorption by shifting carbonate chemistry to a lower ocea@(@, (Kheshgi, 1995)
Additionally, Ocean Alkalinity Enhancement (OAE) mitigates ocean acidification by
raising seawater pkAlbright et al., 2016; Doney et al., 2009, 2020)

Minerals such as olivine, basalt, limestone and alkaline industrial byproducts are potential
alkalinity source¢Rau & Caldeira, 1999; Renforth, 2018eactive compounds lilqick

lime (CaO) or portlandite (Ca(Ok))accelerate alkalinity enhancement but pose risks local
supersaturation with possible reduction of 0J@moval efficiency with spontaneous
precipitation of calcium carbonat@dartmann et al., 2023; Renforth & Henderson, 2017)
Silicate minerals have low solubility rates per unit surface area and require fine particle
si zes ((GESAMP,261Pxand significant energy input to induce dissolution on
suitable timescaleddangx & Spiers, 2009)Additionally, trace metals in silicate minerals
may impact marine ecosystems with potential risks up to higher trophic (Sreset al.,

2024)

Electrochemical OAE employs seawater electrolysis to produce strong acids and base.
Seawater alkalinity is thus enhanced with the neutralization of acid components in seawater
while increasing pHHouse et al., 2007; Rau et al., 2013pwever, energy demand and
safedisposal of byproducts (e.g., chlorine gas) remain challendiigaman et al., n.d.;

La Plante et al., 2023)

The application of OAE in open oceans and on kagmes still faces uncertainties,
particularly on the feedbacks of marine ecosystems and characterization of alkaline

materials. However, coastal ecosystems (e.g., coral reefs) and upwelling zones may serv

14
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as initial tests sites with potential use of wastewater effluent as an alkalinity delivery vector
(Cai & Jiao, 2022; Feng et al., 2016)

Artificial Downwelling

Artificial downwelling (AD) enhancethe export of DOC and POC by transport of £0
saturated cold surface waters (region of North Atlantic Deep Water) into the ocean,interior
reinforcing thesolubility pump(Zhou & Flynn, 2005) This techniquesan be integrated

with artificial upwelling to mitigateéhe outgassing of C@rich subsurface wate(®oney

et al., 2025) While regional tests have explored hypoxia mitiga{{Stigebrandt et al.,
2015; Stigebrandt & Liljebladh, 201,000 empirical studies have assessed carbon fluxes
through AD. ts efficiency as a potential mCDR pathway is still only based on model
simulations. Largescale implementation requires direct sequestration assessments
potentially through measurements of carbon export in sediment traps, gliders, and profiling
floats (NASEM (National Academies of Sciences, 2022))

Carbon Capture and storage

The fundamental concept @farbon Capture and stora@@Cs is to capture Cofrom
industrial installations before atmospheric release and transport it in specific geological
formations or in the deegea environmer(Metz, 2005) Capture processes include post
combustion, pre&ombustion and oxyfuel combustignfollowed by separation via
absorption, adsorption or membrane filtrat{beung et al., 2014)

Proposed CCS approaches include (1) direct ocean injection, (2) seafloor ligpwid CO
storage and (3) geological storagBirect injection of CQ at depth leads to dissolution
into carbonate and bicarbonate ions with the aim of deliberately acuoejets natural
oceanic uptake of CMarchetti, 1977)While deepsea injection minimizes local biotic
impacts at depths greater than 3 K dissolution may amplify ocean acidification due

to the lower buffering capacity of deep waters compared to surface WSEREEM
(National Academies of Sciences, 2022))

High abundance of naturadgjlid CG was observed on the seabed of Taiwan and assumed
to have originated from a hydrothermal fi¢ldagaki et al., 2006)'he liquid CQ lake
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was stabilized by &quid CO/CO,-hydrate interface. Controlled desepa (4 km depth)
injection trials suggest limited immediate ecosystem im{i&etwer et al., 2005put long
term acidification risks require further stud{&ely et al., 2004GESAMP, 2019)

Geological formations such as offshore sandstone (saline aquifers and depleted oil/gas
reservoirs)unconsolidated deegea sedimentgndbasalt rock formations at the seafloor
can be used to store G@ue to the high pressures and low temperatures observed in such
locations. Howevemppropriate porosity, thickness, and permeability of the reservoirs are
needed forstable and longerm storage(Solomon et al., 2008)Offshore sandstone
reservoirssuch as those utilized in ti&eipner (Norwegian sector of the North Sea) and
Snghvit (Barents Sea) proje{t4elstadte et al., 2019pffered existing infrastructures and
useful geological informationnldeepsea sediments, Gydrates can form barriers at

the liquid CQ pore water interfagewhich can prevent leakag&oide et al., 1997)
Sequestration of C£n basaltic crust facilitates the formation of carbonate minerals in the
form of stable and nontoxic divalent metal cations*{Cslg?*, F&*) with a high affinity

for carbonation reactiongGoldberg et al., 2008)The feasibility of CQ@ mineral
sequestration in basaltic rocks was demonstrated by a pilot project, Cékbdebottir et

al., 2011)

CCS deployment necessitates robust monitoring programs for potentide@age. A

controlled release of GQvas conducted at the Goldeneye complex in the North Sea as a

part of a European Union funded proje@tSt r at egi es f or Environmen
Marine Car bon Capt u+CES)tsindulat t leakaygandtes{nBVEIE MM
detection and quantification approack€snnelly et al., 2022; Esposito et al., 2021; Flohr

et al., 2021; Martine€abanas et al., 2021 ollowing in the footsteps of basalO,-

seawater interactions from the CarbFix project and technological development aspects

from the STEMMCCS projectthe6 Al t er nat e scenari os, Il nnova
Monitoring approaches for Stbe abed St or age of % praectiomkn di o x i ¢
place as part of mMCDR research cluster CDORMARE, funded by the German Government
(German Ministry for Research and Education (BMBF) together with the North German

states) Ifttps://aims3.cdrmare.de/The AIMS® project explores C@storage inmid-

Atlantic Ridge basalt formations (MORE) the Reykjanes Ridge, south of Iceland. Initial
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field work was conducted to study the ga@wysicochemical signature in the area and to set

the stage for an injection pilot experimékbpf et al., 2024)

1.1.9Challenges of CDR

The effectiveness of MCDR approaches in achievingtenyg climate mitigation depends

on mul tiple Il nterdependent factor s, I ncl

readiness,largge c al e depl oyment potenti al , cabonst e
storage permanence and robust monitoring, reporting, and verification (MRV) frameworks.
Additionally, social acceptance and governance frameworks play crucial roles in shaping
implementation(Brunner et al., 2024)Practical implementation ahCDR still faces
challenges associated with engineering feasibility, environmental risks, andetong
carbon stability with a current need to improve carbon cycle understanding and enhance

MRYV systems for sustained climate benefid@®ney et al., 2025)

1.1.10Monitoring and development of novel sensors

Effective mCDR deployment requires accurate quantification of carbon removal
efficiency, sequestration durabiljtand environmental impact assessment across-open
ocean and coastal experime(ASEM (National Academies of Sciences, 202B)r

CCS projects, preeployment baseline monitoring is also essef@lahnelly et al., 2022)

Boyd etal.,, 202 r oposed the concept of O&6Essenti al

Global Ocean Observingystem (GOOS) to include agea CQ flux, wind speegand
otherkey parameters in the context of the Framework for Ocean Obser¢atiohua et
al., 2019) Recently, the National Aeronautics and Space Administration (NASA) has
launched its newest Eartbserving satellite, PACE (Plankton, Aerosol, Cloud, ocean

Ecosystem) [{ttps://pace.gsfc.nasa.gpv/and it can be used for assessing possible

ecological side effects of mMCDR deployments. Additionally, autonomous ocean
monitoring platformsincluding biogeochemical (BGC) Argo floats, gliders, uncrewed
surface vehicled[SV), and autonomous underwater vehicles (AUVs) facilikabg-term
high-frequency observations of ocean chemistry. These platforms could measure
parameters like pH, dissolved gases such as methane an®&@lopment of robust
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sensors requires extensive innovation and long validation periods (~ 20($eats)et al.,
2019).To ensure data reliability and usability, measurement interpretation must align with
the FAIR (findability, accessibility, interoperability, and reuse) principles@eehn Best
Practices (OBP), with a goal "to have methods that are accepted and widely adopted across
ocean exploration, operations, and practi¢@slyd et al., 2023; Hérstmann et al., 2021;
Pearlman et al., 2019; Wilkinson et al., 2Q16)

1.1.11Autonomousmeasurementof ocean carbonate system

To achieve higkresolution, near redglme monitoring of the ocean carbonate system,
advancements in sensor technology are required. Autonomous pH sensors, based on a
potentiometry technique with iesensitive field effect transistors (ISFET®)artz et al.,
2010)and a spectrophotometry technique with-ghsitive indicator dye@viartz et al.,

2003; Seidel et al., 2008)optical detection principle (REDFLASH technology,
PyroScience GmbH Sensor Technology® commercially available. SimilarlypCO»
sensors rely on spectrophotometric or absorbance/fluoresbased chemical techniques

as well as membrarseparated IR absorption spectrometry, to enable autonomous
operation(Kortzinger et al., 1996; Martz et al.,, 2015b; Nakano et al., 20P69r to
commercialization, these sensors underwent rigorous testing in the laboratory and field
settings, often integrated into profiling floats stationary and mdbikzler et al., 2013a;
Fietzek et al., 2011; Z. P. Jiang et al., 2014, D. Pierrot et al., 2009)

Recent advancements have led to the development of autamatedl'A analyzers based

on (1) microfluidic with closedell titration (Dartmouth Ocean Technologies, DOT)
(Sonnichsen et al., 2023R) labon-a-chip technology with singlpoint openrcell titration

using optical measuremef8chaap et al., 2025nd (3) spectrophotometric technique for
shallow wate(Qiu, Li, et al., 2023)The Woods Hole Oceanographic Institution (WHOI)

has developed an automated dissolved inorganic carbon (DIC) analyzer based on
electrochemical detectiofSayles & Eck, 2009)whereaghe Multiparameter Inorganic
Carbon Analyzer (MICA) allowed for simultaneous measurements of pH, DIGhG&0gd

using spectrophotometfyWang et al., 2007A refined portable version, MICA I, is more
compact and cosdffective, extending its capabilities to pH, DIC, and TA measurements
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(Adornato et al., 2016)Further efforts combinetMICA with the Spectrophotometric
Elemental Analysis System (SEAS) into a new instrument (SBAS for autonomous

in-situ DIC measurements in both laboratory and field applicatiams et al., 2013)

1.1.12Data quality standards

To ensure the reliability of carbonate system measurements, the Global Ocean
Acidification Observing Network (GOAN) has established two data quality standards

ocl i mat ed6 and(Newtweeda al.n2615aClintate quility data support long

term assessment of anthropogenicdiliven changesin hydrographic and carbon

chemistry, with a required relative standard uncertainty of 1% (* 2 umbfdgDIC
measurements). Weather quality data capture $bont spatial variations t@assess
localizedocean acidification impacts, with a required relative standard uncertainty of 10%

(+ 10 pmol kg* for measurements of DIC). Measurement accuracy is typically validated

against Certified seawater Reference MateriaINiEBrepared in the Dickson Laboratory

at Scripps Institution of Oceanograp{®. G. Dickson, 201Q)However, intedaboratory
comparisons indicate that while most | abor at
data, only 25% met (Bockmom&aDickson, 2PiBal i ty standar

1.1.13Development of autonomous DIC analyzers

Autonomous sensors play a crucial role in monitoring mCDR approaches and improve our
understanding ofhie inorganic carbon cycle, net community metabolismsedr gas
exchange, and carbon export proce¢Seglel et al., 2008%siven the need for high spatial

and temporal resolution in ocean biogeochemical studies, continuous innovation in
autonomous anth-situ sensor technologies is imperative. While significant progress has
been made in autonomous TA and DIC instruments, further refinements and integration of
novel techniques remain ongoinghe concentration of DIC in seawater samples is
typically determined byi) acidification of the sample to convert all inorganic carbonate
species into gaseous Qi) extraction of CQ through a gapermeable membranand

(i) detection of extracted gas through various analytical methods, with the exception of

Dual Isotope Dilution and Cavity RiAQown Spectroscopy. Established techniques
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include coulometric analysis, Nondispersive infrared (NDIR) technique,
Spectrophotometry, Gas Chromatograpkjtraviolet (UV) absorbancespectroscopy,
Isotope ratio CavitjRing down spectroscopy, Membrane Introduced Mass Spectrometry,
and electrochemistry.

Coulometric technique

The coulometric technique is considered
DIC (Andrew G. Dickson et al., 20p.#ollowing liquidto-gas extraction, stripped G@
transported to a carrier gas stream to a titration cell, whergtrated by the reduction of
H>O at a platinum cathode. The use of thymolphthalein as an indicator allows for the
determination of the equivalence point, detected photometriddily.amount of C®is
proportional to the amount of current by FaradapsstantJohnson et al., 1987; Lei &
Xian-Kun, 1997; Robinson & Williams, 1991A Multi-sample Automated Natural sample
Analyzer (MANA) was developed based on this metfigdtchanon et al., 2014and it

was capable of measuring seawater DIC with analytical precision and accueadyOof
umol kgt and + 1.2 umol kg, respectively at a rate of 4 measurementshper in the
laboratory. The performance of MANA was compared with a commercially available
Single Operator Multparameter Metabolic Analyzer (SOMMAJ.oulometry method is

t

he

the most preferred in oceanographic researéheas hi eves hi gh pHeci si on

althoughit requires large sample volumes (~-Q.3.), hazardous reagents such as
ethanolamine and hydroxyethyl carbamic acid, and complex prot@eofs. Dickson &
Goyet, 1994; Kaltin et al., 2005; King et al., 1985)

Non-Dispersive InfraRed technique

In the NonDispersive InfraRed (NDIR) technique, the extracted £diffusesacross a
microporous hydrophobic membrane via a ligtoeas exchange after whichpasses
through a dehumidifier and dryer to remove residual moisture from the carrigtades

et al., 2004)The CQ content isletermined by measuring its mole fraction in the gas phase

using NDIR absorbance spectroscopy. This technique has been successfully implemented

in an automated, continuous flethrough analyzer foship-based ofsite measurements

with reported accuracy and precision of 0.1% (1umof)lkenda measurement rate of ~36
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s per analysi¢Bandstra et al., 2006; Goyet & Snover, 1993a; Hales et al., 2004; Kaltin et
al., 2005; Kanamori, 1982; Kimoto et al., 200flpreover,the NDIRapproach has been
successfully integrated into monitoring platforms. Thored Autonomous DIC
(MADIC) system achiess precisions of ~ +5 pmol k§ (Fassbender et al., 2015
Commercially available NDIfbased DIC analyzers, such as the@%(Apollo SciTech)

and LF7000 (LICOR), offer benchtop measurement capabilities with precision and
accuracy bettelWadgatal., 20132 . 0 e mol kg

Spectrophotometry technique

The spectrophotometry technique combined with gas diffusion separation and flow
injection analysis (GEFIA) analysis relies on the complete equilibratiop@f, between

an acidified seawater sample and an acceptor solution containing pH sensitive indicator
dye (with known TA) across a gagermeablenembrane (Teflon AF 2400 tubingyost
equilibrium, DIC B inferred directly from changes in the indicator pH (bromocresol purple)
and measured via spectrophotometihisorbancat different wavelengths (432, 8and

700 nm)(Byrne et al.,, 2002; Liu et al.,, 2013; Wang et al., 2007, 2013, 201%®
Spectrophotometric Elemental Analysis System (SEBS$) C , the yinsitu aut oma
DIC analyzer based on thtechnique, was tested in a field trial where it achieved an
accuracy and precision @2 ¢ ' With a measurement rate of approximately once
per minutgLiu et al., 2013)A benchtop system, based on this method, was tested in field
with a continuous flow of seawater, achievegbid responseld 60 s)and a precision and
accuracy of + 3.6 pumol kf and * 6.0- 6.7 umol kg', respectivelyWang et al., 2013)

An improved version, incorporated a continuous famalysis technique to achieve
precision of2.5 umol kgt with a sampling frequency @5 measurements per hour using
only ~0.5 mL of samplgStoll et al., 2001)Additionally, directmeasurement of C3
speciation can be performed using ultraviolet (UV) spectroscopic observations of lead Pb
(1) spectra. Pb is introduced into the seawater sample to form thesPt@aplex whose
concentration vaes in response to dissolved G® UV absorbances of specific
wavelengths (234 and 250 nm) were used to determing [@@els. This technique has
demonstrated high analyYYiamd ®@ceci achn( {N. a3
in shipboard application®8yrne & Yao, 2008; Easley et al., 2013)
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Gas Chromatography (GC) technique

In this technique, extracted G@ separated using a GC column after reaching equilibrium
and then transferred to a stable isotope ratio mass spectrometeinterface. A simple

and inexpensive valve system was developed in combination with a commercial Varian
3400 gas chromatograph coupled to a Finnigan MATI2&88s spectrometer via a-Rt

Cu combustion reactor (gas chromatograpmbustionisotope ratio mass spectrometer
GC-C-IRMS, USA) and was used to calculate the ratit@f+°C { °C) and therefore DIC
concentrations (predmn ~ < 10 pmol k¢) (Salata et al., 2000 0riginally based on
methods developed bByeiss & Craig, 1973the technique has since been refined. The
modified approach used a thermal conductivity detector (TCD) and achieved a precision
of ~ = 3.1 umol kg using 12 mL of sample with an analysis time of 14.5 min per
measuremer(Hansen et al., 2013a)

Mass spectrometry technique

In the Underwater mass spectrometry (UMS) technique,£dffused from the acidified

sample through a ggmermeablepolydimethylsiloxane (PDMS) membrane and hence

analyzed by a membrane inlet mass spectrometer (MIB8) et al., 2007) The
instrument 1 s capable of measurements of DI
resolution oD1 m(Bell et al., 2011)This system has relatively higgower consumption,

but it can provide simultaneowsetailed profiles of a variety of dissolved gases and volatile

organic compounds (VOCSs). No reports on measurement precision have been published to

date.
Isotope ratio- Cavity ring-down spectroscopy (CRDS) technique

Both DIC and the isotopic ratio 6iC/*°C ( 1°C) are measured from surface seawater using

this techniquéK. Huang et al., 2015; Su et al., 201R) Huang et al., (2015ntroduced

the duatisotope dilution and cavity rindown spectroscopy (DHZTRDS) technique,

where a®C-labeled DIC sample is spiked into the seawater before measurement. This
approach achieved a “witheasamplingdrequemdy of4 mifutes,. 4 & mo
demonstrating data quality comparable to vesliablished coulometric and nondispersive

infrared methodsSu et al., (2019eveloped an alternative approach using a CO
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extraction device coupl ed pécisidnin@&I&bsratoryac hi e v i
and NO. 7! preasior in shigboard measurements, with a sampling time of 11

minutes. Their results were comparable in quality to Hpigdtision isotope ratio mass
spectrometry (IRMS). While both studies showed the high potential of CRDS for DIC and

isotope ratio measements, challenges remain in the development of a fully autonomous

underwater sensor based on this technique
Electrochemical technique- Conductometry technique

Electrical conductivity of a liquid solution is measured by passing an electric current
through it and it is represented as the reciprocal of electrical resistBétween two
paral l el pl anar electrodes, the efefat ri cal c

electrolytic solution is inversely related to the resistance of ions in a solution (R in ohms,

Q) :

where A is the effective crosectional area, | is the distance between the eleciradds

K is the cell constantvhich depends on the electrode geometry and is defined as the ratio
of the distance between the electrodes (I in m) and the effective area (A of the
electrodes. Depending on the selection of electrolyte solutions, different conductivity
ranges can be achieved by changing electrode geometries, e.g., to achieve a low
conductivity range, electrodes with low cell constant values (~ 0:3) can be used,
whereas higher cell constant values (> 1*pare recommended for a higher conductivity
range(Fouletier & Fabry, 2013)

In recent studies for developing a DIC sensor/analyzer, contactless and contacting
electrode configurations have been used to develop a detection cell. In contactless electrode
cells, Capacitively Coupled Contactless Conductivity DetectiofiDjCtechnique is
utilized, where the electrodes are kept isolated. It reduces the potential of biofouling on the
electrodes overtim¢ Ku b 8§ R & H altthasealso,beel @drBe)cialized by eDAQ

Pty Ltd, Australia. On the other hand, the contacting electrodes offerthwee andfour-

electrode configuratiawith hollow tubes. The basic design contains a working (W),
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working sense (WS), counter (@nd reference (R) port (Gamry Instruments, USA). The
operational principle is based on providing alternating/direct current to one electrode
(connecting W/C port) and measuring the change in voltage change from the C/R port. In
two-electrode configuratigiW and WS ports are connected to one electrode, whereas R
and C ports are connected to a second electrode. In this setup, S port measures the complete
voltage dropped by the current across the whole electrochemical céliS\électrolyte
solution, and C/R. In threelectrode setup, R is separated and placed between W/WS and
C ports. The R port ensures a stable reference potential, allowing for better control over
the potential at W port and hence minimizes polarizatiorceffen W por{Harris et al.,

2023) In a fourelectrode system, WS is also decoupled from W port, and hence the outer
two electrodes receive curremthereas the inner two electrodes measure output voltage.
This configuration offers higher measurement ranges and stable measurement over time,

as the inner electrode prevents amcumulation at the electrodes due to its high impedance.

Conductometric technique has been widely used due to its low detection limits, high
selectivity, andability to quantify small charged species. In this technig@€ diffuses

through an acidified seawater sample via ligqudiquid gas extractioracross a gas
permeable membrane. The membrane separates the sample from an acceptoeisioution
ultrapure deionized water or an alkaline solution like NaOH, whergdiXSociates into

H , sH&@CG* ions.The resulting changes in conductivity of the acceptor solution

are detected in conductivity cells, and the response is directly proportional to the
concentration of DIC in the samp(eall & Aller, 1992)To achieve this, electrochemical
detection cell is hence combined with gas diffusion flow injection analysisSAR Over

time, significant advancements have been made to enhance sensor stability and
measurement accuragpoki et al., 1993a; Bresnahan & Martz, 2018; Carlson, 1978;
Hoher| 8kovsg8 & Opekar, 2005; Martinotti et
Pencharee et al., 2012; Sayles & Eck, 2009; Tweedie, MacQuatrt, et al., PO2@)dress

the issue of electrode fouling, contactless electrode systems have also been developed
(Hoherl|l 8kovsg & an0 piffekeatr contacking Oeedtrode configurations,
including twao, three, and fourelectrode systems, have been tested to improve accuracy
and reliability of conductivitsbased DIC measuremen(Bhattacharya et al., 2024;
Martinotti et al., 2012; Monk, 2020a; Sayles & Eck, 2009)
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The advantage of using this techniqgue is th
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1.1.14Thesis motivation

Recent research highlights the ongoing development of DIC sensors and indicates the
necessity of autonomously achieving highprecision and higlaccuracy data for
comprehensive characterization of the oceanic carbonate system. At present, no
commercially availablen-situ DIC sensor exists. Development of such a sensor with
autonomous technologies capable of providing reliable, -tegblution DIC
measurements will facilitate the understanding of oceanic carbonate chemistry. This
motivates to develop an amtmmousin-situ DIC sensor capable of producing precise and

accurate datasets.

The objective of this thesis is to design and develop a novelgeffestive, autonomous,
in-situ DIC sensor based oelectrochemical detection, specifically, conductometric
technique, to obtain higguality DIC data. The research is within the framework of the
AIMS? project, which includes the development of eefective sensors (pH, optical
pCO,, and electrochemical DIC) and innovative autonomous platforms. A key goal of the
work package is to enhance our ability to identify, detect, and quantify carbonate speciation
within the water column, particularly in response to potentiat [@@kages in the deep
ocean at CCS sites. While the aim is to design sensors fosdagpplications, these new
sensos can also be used to study the spatial and temporal variability of carbonate dynamics
in shallower waters in order to contribute to a better understanding of ocean acidification

and biogeochemical processes.

25



Chapter 1

1.1.15Thesis overview

The focus of the thesis is to develop an autonomousgéffestive DIC sensor capable of
measuring DIC in deep seawater (potentiab@@kages at CCS sites) with high precision

and accuracy. The proposed conductiaised DIC analyzer/sensor is based on a similar
principle as described previously, i.e., sample is first acidified to convert all inorganic
carbonate and bicarbonate spscr@o gaseous GOand the CQis then diffused through

a gaspermeable membrane into an alkaline solution, where thegehin conductivity is
measured. This change is directly proportional to the DIC concentration. The development
stages of this sensor went through a few basic steps, e.g., (1) laboratory test to develop a
benchtop systenya) optimization of components and hence design of a working prototype
which fulfills basic functionality, (b) development of a working proto¢o),establishing
dependence of DIC and basic environmental parameters, e.g., temperature, salinity on
measurements, and (d) develop an undeEmwersion (shallow and deep water) with a
more compact design based on the benchtop system and test its functionality, (2) field test
- (a) testing the benchtop and underwater system for certain period to develop robust data
processing method, (b) compameasured DIC data with other commercial inorganic

carbonate sensorso6 data to establish credibi
Chapter 1 is the introduction of the thesis.

Chapter 2 describes tdevelopment and laboratory optimization of a betoghprototype
automated DIC analyzer. The study primarily investigates the effect of temperature and
salinity on NaOH conductivity and G@as diffusion. Optimization experiments were
conducted with respect to (1) chemical parameters, e.g., gas exchange time and reagents
consumption, acid types and their concentrations, and (2) physical parameters, e.g., pump
flow rate, length of GEU, and m#rane types. These experiments helped to establish a
measurement rptocol and data processing technique. Additionally, the an@yzer
operational robustness and performance were evaluated in the Baltic Sea during a field

campaignThis chapter has been published Analytica Chimica Acta:
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Bhattacharya, S., Esposito, M., Tanhua, T., & Achterberg, E. P. (2024). Development of
an autonomous osite dissolved inorganic carbon analyzer using conductometric
detection. Analytica Chimica Acta, 130#ps://doi.org/10.1016/j.aca.2024.342610

Chapter 3 presents results from tfiedd tests conducted in the Kiel Fjord and the North
Sea of the benchtop prototype DIC analyzer alongside commercial sensors. The chapter
provides a detailed statistical analysis of the measured DIC variations in relation to other

environmental parameterghis work is in preparation for submission.

Chapter 4 discusses the development and laboratory optimization of an autionrsstied

DIC sensor, adapted from the benchtop version but with fluidic pathways and components
redesigned for compactness. The sensor was successfully deployed in the Baltic Sea and
the Kiel Fjord with the data used to refine temperature compensation algorithms for
improveddata processing. The results were further compared with discrete samples and
commercial sensors to validate its performance. The work is in preparatioifoission.

Chapter 5 presents a comprehensive summary of the key findings from this study and offers
recommendations for future research wahfocus on potential improvements and

applications of the developed DIC sensor.
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Chapter 2

Abstract

Background The increase in anthropogenic £&ncentrations in the Earth's atmosphere
since the industrial revolution has resulted in an increased uptake dfy(@e oceans,

leading to ocean acidification. Dissolved Inorganic Carbon (DIC) is one of the key
variables to characterize the seawater carbonate system. High quality DIC observations at
a high spatiatemporal resolution is required to improve our ustinding of the marine
carbonate system. To meet the requirements, autonomous DIC analyzers are needed which
offer a high sampling frequencare coseffective and have a low reagent and power

consumption.

Results We present the development and validation of a novel analyzer for autonomous
measurements of DIC in seawater using conductometric detection. The analyzer employs
a gas diffusion sequenti al i njection approa
facilitates diffusion of gaseous G@om an acidified sample through a gas permeable
membrane into a stream of an alkaline solution. The change in conductivity in the alkaline
medium is proportional to the DIC concentration of the sample and is measimgoa
detection cell constructed of 4 hollow brass electrodes. Physical and chemical
optimizations of the analyzer yielded a sampling frequency of 4 samplesing sub mL
reagent volumes for each measurement. Temperature and salinity effects on DIC
measurements were mathematically corrected to increase accuracy. Analytical precision of
+ 4.9 umol kgt and + 9.7 pmol kg were achieved from measurements of a DIC reference
material in the laboratory and during a field deployment in the southwest Baltic Sea,

respectively.

Significance This study describes a simple, ceffective, autonomous, esite benchtop

DIC analyzer capable of measuring DIC in seawater at a high temporal resolution as a step
towards an underwater DIC sensor. The analyzer is able to measure a wide range of DIC
concentrations in both fresh and marine waters. The achieved accuracy and precision offer
an excellent opportunity to employ the analyzer for ocean acidification studies and CO

leakage detection in the context of Carbon Capture and Storagé@pera
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2.1 Intr oduction

Anthropogenic activities including fossil fuel combustion, deforestation and cement
production have resulted in an increase of carbon dioxide)(€@hcentrations in the
Earth's atmosphere. The oceans have taken up about 39 % of the excess carbon from the
atmosphere over the past two centufiRisige & McKinley, 2021; Sabine & Tanhua, 2009;
Zeebe et al., 2008¢ading to a change in the chemical balance in seawater that is referred

t o as 0o0c e a0Oceanuptattd of GQOdeareases sedwvater pH while increasing
bicarbonate (HC®) and decreasing carbonate (Dconcentrations. This change in the
carbonate system reduces the oceanb6s capacit
CO. (Doney, 2010) To characterize the seawater carbonate system, measurements of at
least two of the four primary variables (i.e., pH, partial pressure of (BC0O;,), Total
Alkalinity (TA) and dissolved inorganic carbon (DIC)) along with temperature, salinity
and macronutrients are required to allow the calculation of the others. Dissolved inorganic
carbon is defined as tteum of all of the inorganic carbon species in a solution, which
include HCQ@', CO:* and undissociated carbonic aci@®s) (A. G. Dickson et al., 2007;

Easley et al., 2013JurthermoreDIC is one of the most preferred variables as it is more
sensitive towards the changes in carbonate chemistry caused by photosynthesis and
respiration(Fassbender et al., 2018hd does not explicitly depend on pressure and
temperature (when expressed as pmob)k(Bresnahan & Martz, 2018)n order to
improve our understanding of the marine carbonate system, high quality and high spatial
temporal resolution observations of DIC are required. This is providing a demand for the
development and application of levest autonomous analyzers wahlow reagent and

power consumption.

Laboratory analysis of DIC in seawater is commonly performed in three steps: (i)
acidification of the sample to convert all carbonate species into gaseeud &traction

of CO; from the seawater matrix: (iii) detection of the extracted 8Ye.g., coulometry,
nondispersive infrared (NDIR) spectrophotometry, gas chromatograplnaviolet
absorbancespectroscopy, dual isotope dilution and cavihg down spectroscopy,
membrane introduced mass spectrometry and electrochemical dé€otien& Snover,
1993b; Mir6 et al., 2003)
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An autonomous instrument has been repdifi#adchanon et al., 20149r the coulometric
analysis of DIC in seawater witin analytical precision of .0 umol kg* and a reported

bias for Certified Reference Material (CRM) of 1.2 umot'k@he system operated semi
automatically, but required relatively large sample volume (-1Q.Band used hazardous
chemicals (ethanolamine and thymolphthaleiNptchanon et al., 2014)The NDIR
approach was employed for-situ DIC monitoring on a mooring (Moored Autonomous

DIC (MADIC)), achieving a precision of ~ + 5.0 umol k¢gFassbender et al., 2015
Multiparameter Inorganic Carbon Analyzer (MICA) capable of simultaneous
spectrophotometric measurements of pH, DIC, and atmospheric and diggo®edas
reported with a precision and accuracy for DIG&.4 umol kgt and 2.2+ 6 umol kg?,
respectively(Wang et al., 2007Whilst these techniques offer valuable capabilitiesfor

situ DIC monitoring, they have some potential limitations. For example, the NDIR
(MADIC) system is sensitive to calibration conditions (e.g., temperature and pressure), and
interferences from other gases (e.g., methane) can lead to inaccuracies. The MICA has a
relatively long response time (7 sample§ And the multiparameter measurement can
introduce complexity in resolving interferences between different components. In general,
these instrumdn are expensive to acquire and maintain, and they may face challenges

during deployment and recovery from e.g. moorings under harsh weather environments.

In the recent years, measurements of DIC using electrochemistry have gained popularity
due to the low maintenance, inexpensive components, use-tdxiomeagents, low power

and reagent consumption and potential for miniaturizgfi@ble 2.1). In particular, the
combination of conductometric techniques with gas diffusion sequential injection analysis
(GD-SIA) has been explored. Workers have investigated various aspects-81AGD
including design, gas diffusion membrane properties and geometnfigurdions
(Bresnahan & Martz, 2018)Tweedie et al., 2019; Tweedie, MacQuart, et al., 2020;
Tweedie, Sun, et al., 2020The two most widely used gas exchange units (GEU)
geometries are planar and cylindri¢Bresnahan & Martz, 2018)Aoki et al., 1993b;

Byrne et al., 2002; Martinotti et al., 2012; Monk, 2020b; Pencharee et al., 2012; Sayles &
Eck, 2009) Cylindrical GEUs, characterized by high aspect ratios and larger contact
surface areas for reagents, are known to be robust and resilient and offer a simpler design

compared to planar GEUs.
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In conductometric detectiothe most commonly used techniques involve (i) contactless
capacitively coupled conductivity detectors “D¢ (Bresnahan & Martz, 2018;
Hoher| 8kovsg§8 & Opekar, 2005; Monk, 2a&n®0b; Pen
(ii) contacting electrode cell@oki et al., 1993b; Carlson, 1978; Henriquez et al., 2014;
Martinotti et al., 2012; Monser et al., 2004b; Sayles & Eck, 200%) contacting electrode
systems with two or fouelectrode configurations can be used to measure the conductivity
of a liquid sample. A twelectrode system offers a simple design as the applied Alternating
Current (AC) and the measurement of the paaéniifference take place using the same
electrodes. The measured resistance also includes the electrode interface impedance that
has to be considered for accurate determination of the conductivity. As the same pair of
electrodes is used for voltage driaed measurements, the actual area of the electrode is
unknown and its tendency for coating can potentially affect the sensitivity of the
measurements over time. In a falectrode system, AC is applied to the outer pair of
electrodes, and the resultingltege is measured across the inner pair of electrodes. The
separation of curreahducing and voltageneasuring electrodes allows for a constant and
potentially increased electrode area and almost completely eliminates the influence of cable
resistance. Asa consequence, the impedance is reduced and the dependence on the
electrical double layer is substantially minimized, and hence the impact on the actual
conductivity measurement of a solution is lower compared to theslsadrode systems

(Ishai et al., 2013; Kaidaorva et al., 20190)he stability and sensitivity of conductivity
measurements is greatly improved in felectrode configurations compared to the
conventional tweelectrode design. Moreover, as measurements indicate actual
conductivity independent of electrode conditigihe physical design of the featectrode
configurations allows for measurements with higher accuracy over a greater range of
conductivity(Brown, 1974; Ginzkey, 1977; Gong et al., 2008; Justin et al., 2011; Thirstrup

& Deleebeeck, 2021 )tudies have shown that the falectrode system is mostly useful

in the lowfrequency range (100 Hz20 kHz), whereas the twelectrode cell performs

better in the higher frequency range I MHz) (Chang et al., 2008 However, in
practical applications, the fabrication of hifflequency components requires complicated
integrated circuit designs, frequent tuning, and the system is prone to electrical interference

noise(Kaidaorva et al., 2019 he fourelectrode cell is susceptible to proximity effects,
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i.e. the external current fluctuations are induced by any nearby conducting objects, but this
effect can be eliminated through the use of a special electrode config¥atidnang et

al., 2011) Additionally, in the context of dielectric spectroscopy applications, the four
electrode system is susceptible to electrode polarization and requires additional approaches
to eliminate the interfering impedance associated with potesgieding electrodgqIshai

et al., 2013; Mazzeo & Flewitt, 20Q7 our study, we have not observed disadvantages
with the fourelectrode system that can compromise the precision and accuracy of DIC
measurements, but assessment of-kemng electrode performance will be required.

Different electrode materials have been evaluated for conductivity{&ekset al., 1993b;
Carlson, 1978; Martinotti et al., 2012; Monser et al., 2004b; Sayles & Eck, gDa8le

2.1), with gold (Au) and platinum (Pt) and stainlestsel electrodes considered to be the
most stable electrodes over a long time of use. As these electrodes are expensive,
evaluation of the performance of more eefective electrodes, including brass is

desrable.

Among conductometric DIC analyzers, the Robotic Analyzer for the; By&tem (RATS)

achieved a precision of + 2.7 in the laboratory and *+ 3.6 pmdl ckging in-situ
measurementsyith a relatively low sampling frequency and high reagent and sample
consumption (Tabl2.1) (Sayles & Eck, 2009)The use of solenoid micqgumps and aC

cel | (Tubinobs electrode) design, reduced
that allowed measurements of 15 DIC sampleswith a precision of 0.7 % (RSD)
(Henriquez et al., 2014)urther progress in gasffusion flow analysis in conjunction

with electrical conductivity was undertaken in the development of an underway system for
DIC determination in estuarine waters where a precision of 0.56 % (RSD) and a sampling
frequency of 12samples ht were achieved with only 100 puL of sample for each

measuremer(fyan et al., 2020)
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Table 21. Overview of DIC analyzers based on conductometric technique

Technique | Electrode | Membrane | Range Precision Accuracy | Samples Reagent Stage Ref.
type hr-1
design (umol (0.5% RSD ~ | (umol kg Consumption
kg?) 10 pmol kg?) h
2-electrode Gold PTFE® 1756 10 % RSD 33% 8 500 pL HCI | Shipb | (Martino
5000 ®), 7.5mL oard | ttietal,
Ultrapure 2012)
water, 500 yL| measu
Stainless PTFE 50 >1 % RSD - *2 min H2SQu © and Lab (Aoki et
steel 5000 Gas NaOH®©@ test al.,
exchange 1993b)
3-electrode | Platinum Teflon ~+273.6 =1 ymol ~1 4.7mL HPOy On (Sayles
AF2400 umol kgtor kgt ©), 3.8mL moori | & Eck,
NaOH, 2.5mL| ng 2009)
~01% sample
RSD
Tungsten PTFE ~50 RSD 1.42 % - 30 HCI, Sodium | Lab (Monser
Oxide 1000 Acetate, 200 | test etal.,
pL sample 2004b)
C-cell Flon 80 RSD 0.7 % - 15 H2SOQy and Lab | (Henriqu
( Tubi| LACHAT 9000 NaOH, 0.99 test ezetal,
electrode) | membrane mL sample 2014)
Commerci Teflon 200 RSD 0.56 % | ~2-8 umol 12 H2SQy and Under | (Yan et
al AF2400 | 10000 kgt NaOH, 100 | way al.,
pL sample 2020)
C‘D Ti/lAu 50um 100G | ~* 5umol kgtor - *15min | Total 500 uL | Lab | (Tweedie
deposition| PDMS9 3000 0.25 % RSD Gas test | , Sun, et
on exchange al.,
PMMA® 2020)
Microflui
dic design
eDAQ Teflon/PTF - ~+ 2umol kgtor - * 8.3min 100 pL Lab (Bresnah
ET127 E 0.1 % RSD Gas sample, <100| test an &
detector exchange| pL acid, ~750 Martz,
pL NaOH 2018)
Brass Accurel 200 <+ 10umol kg - 90 H2SOs and Under | (Penchar
electrode | microporou| 2000 | 'or0.32 % RSD NaOH (also | way | eeetal,
S Ultrapure 2012)
membrane water)
Copper Silicone 10 RSD 47 % - 15 H2SQy and Lab ( Hohg
electrode 1000 Tris (pH 9.5) test kova &
Opekar,
2005)
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4-electrode Brass
electrode

Teflon
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5000 | N 4.
3000 | and
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N 9 kgt
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vely)

HsPQs and
NaOH

Oon
site

Current
study

@ polytetrafluoroethylené? Hydrochloric acid{® Sulphuric acid® Sodium Hydroxide® Phosphoric acid,
@ Titanium/ Gold deposition on Polymethyl methacrylate matefflPolydimethylsiloxane, *exact
information about Samples-hwas not available

In this study, we developed an autonomoussite analyzer for DIC determination in

seawater. For the detection cell, we useecartacting electrode configuration that, to our

knowledge, has not been reported before for conductometric DIC measurements in

seawater. Additionally, we explored the use of electrodes made ofeffeutive material

(brass) with a performance comparable to reported electrode systems using more expensive

electrode materials e.g., Pt and Au. The use of brass considerably riégtucest of the

DIC analyzeMartinotti et al., 2012; Sayles & Eck, 2008)oreover, the configuration of

the fluidics was designed to facilitate a reduced gas exchange time and increased sampling

frequency. As an advantage, our new setup has a lower reagent consumption (0.2 mL of

HsPQyand 0.75 mL of NaOH for each measurement) compared to reported conductometric
DIC analyzergMartinotti et al., 2012; Sayles & Eck, 2009)

The performance of the novel electrode design in combination with the neSI&getup

was evaluated. The effects of temperature and salinity on the conductivity measurements

were assessed and mathematical corrections were derived from labbestedyarigses.

Optimization experiments were conducted under controlled laboratory settings, while

operational robustness and analyzer performance were evaluated in the Baltic Sea during

a field campaign.

2.2 Materials and methods

2.2.1Reagents and solutions

All chemical solutions were prepared with analytical grade reagents. High purity water

(Milli -Q ,

18. 2

MY . ¢c m,

Mi Il ipore)

wa s

used i

(0.1 M) was prepared by dissolving 0.53 g of sodium carbonatgC(a Honeywell
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Fluka™, Germany) and 0.42 g of sodium bicarbonate (NaJ@arl Roth) salts in 100

mL of high purity water. A working DIC standard solution (2000 pmohkgas prepared

by dilution of the stock solution in high purity water. A stock saline solution of 0.7 M ionic
strength was prepared by addition of 35 g sodium chloride (NaCl, Merck) to 1 L of high
purity water. Subsequent diluted saline samples (salinit§05 15, 20, 25, 30) were
prepared by serial dilution of the stock solution and its salinity waasuned by
Conductivity Meter (WTW LF 340, with probe TetraCon 523, Germany) in terms of g L
1. A 10 % phosphoric acid gRQx) solution was prepared by dilution of 85 % orHePQu

(Carl Roth) in high purity water. A stock solution of 0.25 M sodium hydroxide (NaOH)
was prepared by dissolution of 2.49 g NaOH (Merck) in 250 mL of high purity water. The
working NaOH solution (7mmol t) and a range of additional NaOH solutions (3, 4, 7,
10, 15. 18, 20 mmol L) were obtained by dilutions in high purity water.

Measurements accuracy was determined by analysis of a batch of GEOMARsE DIC
reference material (RM) with a concentration of 1985 + 1.1 pmdl(kips://www.icos
otc.org/node/188B

2.2.2Analytical principle

The analyzer utilizes a liquith-liquid extraction technigue where G®om an acidified
sample diffuses through a gas permeable membrane into an aqueous alkaline NaOH
solution. The activity of C@within seawater samples, whether in a natural state or after
acidification, is higher than that of the acceptor alkaline solyi®nbigh, 1981) This
difference in activity facilitates a quantitative exchange of, @€ross the membrane
(Sayles & Eck, 2009) The partial pressure gradient is directly proportional to the
concentration of C®present in the seawater samgMartinotti et al., 2012) The
subsequent chemisorption of €@ NaOH, follows a twestep reaction process in the high

pH range(Darmana et al., 2007; Sayles & Eck, 2008) first, CO: gas is physically

absorbed in water as aqueousCO

Co g) ¥aqCo
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Subsequently, aqueous €f@acts with hydroxide ions (OHof the alkaline solution and
produces HC® and CQ? :

Reaction 1: C@(aq)+ 20H <—> H,0 + CQ?
Reaction 2: C@(aq) + OH <—> HCOs

Reaction 1 dominates at the initial stage in the high pH range, increasing tfie CO
concentration compared to that of HCQ@Mir6 et al., 2003) On the other hand, OH
decreases rapidly via reactions (1) and (2) with a concomitant decrease in pH. In the next
step, OHis further consumed to produce HE M the low pH range.

The molar equivalent conductivity of OBt 25°C is 198.3 S cihequiv?, and of CG*is

69.3 S criequiviand HCQ 44.5 S criequiv? (R. A. Robinson & Stokes, 201Hlence,

in the subsequent chemical reactions, the conductivity decreases. Reaction 1 dominates
when the DI C conc e ntresaltngiothe niost sustaid @ducti@hmo |  k g
in conductivity (~300 S cAequivl). Moreover, reaction 1 exhibits the fastest reaction rate,

facilitating the maximum absorption of GQM. Yoo et al., 2013)At DIC concentrations

exceeding 3000 umol Ky reactions 2 becomes gradually more dominant, leading to a
subsequent decrease in the sensitivity of the @ddlition to the alkaline solution dn

ultimately resulting in a nefinear relationship between the sample DIC concentration and
conductivity of the alkaline solutiofbayles & Eck, 2009)

The measurement of electrical conductivity of the NaOH solution was conducted by
employing a linear saip with 4 hollow cylindrical brass electrodes. The lengths of the
electrodes are equal and they are placed equidistant. The operational principgd isrbas

the utilization of the two outer electrodes as an AC source and the inner pair to measure

the voltage. Before and after the reaction withh G2 NaOH solution is pumped through

the electrodes producing a change in voltage across the electrodesipnap to the

amount of CQ@. In this study, the change in voltage was reported as conductivity. The

el ectrical conducti vityl)ofan eledrolyt®isdubomriss per
inversely related to the resistance of ions

planar electrodes:
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where A is the effective cros®ectional area, | is the distance between the electrodes and
K is the cell constant which depends on the electrode geometry and is defined as the ratio
of the distance between the electrodes (I in m) and the effective areant® of the
electrodes. The conductivity range depends on K, hence different electrode geometries
would allow to achieve a different conductivity resolution. For measuring a low range of
conductivity, electrodes with low cell constant values (~ 0.f)coan be used, whereas
higher cell constant values (> 1 ¢jrare recommended for a higher conductivity range
(Fouletier & Fabry, 2013)or conductivity cells with more than two electrodes, an integral

formula is useqAshokan et al., 2023)
R=—-Qua

The cell constant cannot be accurately calculated only from the cell geometry, as the
electric field between electrodes is mamform. Therefore, the cell constant can be
deduced from the cell calibration procedure with cell resistance and electricattoityl

values.

In this study, the conductivity value is obtained from a polynomial relationship:
Conductivity inmScrl)=B & ®

where a(i) are the calibration coefficients and X is the device digital output.

Calibration coefficients:

a(0) =-1.8258

a(1) = 2.5042x19

a(2) =-2.5087x10*

a(3) = 3.7187x1%.
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2.2.3Apparatus and experimental setup

2.2.3.1System overview

The DIC analyzer consisted of primarily three components, i.e., (i) a SIA system, (ii) a
GEU, and (iii) a conductivity detector. A schematic block diagram showing the fluidic

arrangement of the analyzer is shown in Figute

2.2.3.2GD-SIA system

A programmable bidirectional syringe pump (Cavro pump XCalibur, Tecan system,
Switzerland) was used to propel variable amounts of sample and reagents through the
components of the SIA system. The pump consisted of a gastight 2.5 mL syringe
(Hamilton, USA)coupled with a stepper motor with volumetric precision of 0.05 %. The
pump was connected to gp8rt (V1) and a Port (V2) distribution valves to selectively
withdraw samples (RM or calibration standards) and reagents (NaOH &) Hvith
predefined quaities. All the solutions were drawn and not pushed through the system by
the syringe pump, avoiding the need for separate pumps dedicated to individual reagents
(Sayles & Eck, 2009)As the syringe served as a waste container, it minimized the risk of
crosscontamination from previous sample or reagent. Designated ports iweve
selectedo draw sample and acid into a mixing loop (200 pL, PEEK tubing: OD x ID
0.06”" x 0.03""). The mixed acidified sample was carried into the GEU to allow diffusion
of COr into the NaOH solution. The system was fully automated and controlled by a script
written in Python (version 3.9). The power to the pumps and the valves was supplied by a
power suply (TTI-Thurlby Thandar Instruments, EL302Tv, Triple output linear bench
power supply) (24V DC, 1.5 amp) and connected to the computer viaE6@Annector

and an R&232 serial interface. Python package pyserial v.3.5 was used to access the serial

ports.
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Figure 2.1. Schematic of the DIC analyzer, including Tube in a Tube gas exchange unit (TIAT GEU),
Reference Material (RM), Sodium Hydroxide (NaOHp@&t valve (V2) and $ort valve (V1).

2.2.3.3Gas Exchange Unit (GEU)

Two different cylindrical units for gas exchange were tested, (i) a cusiade TIAT GEU

and (i) commercial GEU (polydimethylsiloxane (PDMS) XA: PermSelect® 10 cm. sq.
Tinymodule, USA). The custoomade TIAT GEU consisted of an outer
polyetheretherketantube (PEEK tube: O.D. x I.D. 1/16” x 0.04"") and an innef gas
permeable amorphous fluoropolymer tube (Teflon-2¥P0 tubing, Biogeneral, USA;
0O.D. x I.D. 0.029"" x 0.024"") with a wall thickness of 63.5 um. Teflon AF2400 is widely
used as a ggzermeal® membrane due to its high €@as permeability (280,000 centi
Barrer), which is two orders of magnitude higher than that of polytetrafluoroethylene
(PTFE), allowing faster gas exchange time and a higher sampling freqidai@ano et

al., 2006; Smart et al., 1995)he PTFE membrane is porous in structure with a higher
possibility (1610000 fold higher) of ion leakage compared to PDMS. This phenomenon
masks the conductivity measurement regarding @&msfer, making PTFE unsuitable as

a gas permeable membrane for seawater measurefiemisdie et al., 2019Moreover,
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PTFE membranes are susceptible to membrane rupture under high pressure, potentially
leading to measurement failure. Whilst PDMS is a widely usedeparation membrane,

its water permeability is-2 orders of magnitude higher than £®hich can lead to
deviations in conductimetric measuremgiis Jong et al., 2006] eflon AF2400 consists

of a superhydrophobic material, and hafolé higher gas permeance capability than
PDMS and has a high tendency to form uniform thin fi{fMsJ. Yoo et al., 2018)Teflon

AF2400 is a nortonductive material and is specifically designed for low ion permeability.
Therefore, Teflon AF 2400 has been widely chosen as a gas permeable membrane for DIC
analyzers, as it minimizes interferences caused by the ionic compasittbe sample.

Teflon AF2400 exhibits a weak negative dependence on temperature and a high chemical
resistancgPinnau & Toy, 1996)making it suitable for longerm use. Three different
lengths of TIAT GEUs were evaluated: 10 cm, 30 cm, and 90 cm.

The Teflon AF2400 tube was fixed inside the PEEK outer tube with PEEK Nuts (Super
Flangeles§ Nut, Standard Knurl, Natural PEEK, 1/16" OD Tubing, 5246Flat Bottom)

and blue ferrules (Flangeless Ferrule, Blue ETFE, 1/16 " OD Tubin@8lHatBottom;

1/EA) through PEEK Tees (Cole Parmer, Idex EBressure, 0.050 " Bore, 1/8 " OD
Tubing, 1/428 Flat Bottom) from two opposite ends. The inlet and outlet connection Tees
were connected to the valves. The schematic of the GEU is shéugune2.2. In generh

the fabrication of cylindrical GEUs is simpler than that of planar GEUs and the use of
HPLC fittings provides a complete enclosure of the memiBresnahan & Martz, 2018;
Monk, 2020b) The outer PEEK tube was used for the NaOH solution, whereas the inner
Teflon AF2400 tube was used for the asample mixture.
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Figure 2.2. Schematic diagram of Gas Exchange Unit (GEU), with Polyether Ether Ketone (PEEK) parts.

In the commercial GEU module, 32 hollow gas permeable silicone membranes were
configured in a hollow fiber yielding a surface area of 1(°.cfithe reported CO
permeability coefficient of silicone is 3250 Barrer, which is ~ 13.8 % higher than Teflon
AF2400. The geometric details of all the GEUs and the volumes of each TIAT used in this
study are mentioned ifable 2.1.

2.2.3.4Conductivity cell: Contacting 4-electrode configuration

A customdesigned 4lectrode cell (Sea & Sun Technology GmbH, Germany) was used
(Figure2.3). The cell consisted of four hollow cylindrical brass electrodes of equal lengths
(Albion Alloys Precision metals, UK, 20 mm long, O.D. x I.D. 0.5 mm x 0.3 mm)
connected irseries and eqispaced by Tygon tubing (Alt&¢; orange/green; 1.D. 0.38

mm, space between two electrodes: ~ 1 mm). The four terminals were located in
symmetrical positions across the center of the cell with the two outer terminals used as an
AC source and the two inner terminals as voltage measurement electrodes to ensure a
uniform electric field between termina{®amos et al., 2008)The conductivity cell
configuration was fixed in epoxy resin for structural support. A Negative Temperature

Coefficient (NTC) Temperature was integrated through a PEEK tee at the inlet of the
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conductivity cell and used to record the temperature of the NaOH solution prior to

conductivity measurements. The internal volume of the electrode system was 6 L.

The peakto-peak voltage on the cell was 2.5 V, and the frequency 1 KHz. Applying a
voltage of 2.5 V produced a current of 0.24 mA. The cell constant is a physical quantity of
the cell and was between 1 and 2 taifio develop the detection cell, the cell constant was
empirically tuned to the electronics. The cell was calibrated in a customizethfiough
calibration setup using a low conductivity reference solution (Sea & Sun Technology
GmbH, Germany). Moreovethe cell was calibrated with respect toeanperature probe

(NTC Temperature Probe, Sea & Sun Technology GmbH, Germany) to develop a
polynomial equation between the temperature and conductivity. The equations were used
to obtain the final value of the conductivity and therefore the range is gived@mS

cmt,

The design of the detection gt allowed for the preservation of the brass electrodes as
they were not directly in contact with saline water samples, thereby preventing potential

corrosion or biofouling of the electrode surfaces.
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Figure 2.3. (a) Schematic diagram of-électrode configuration, (b) Photograph of the conductometer
detection cell with 4lectrode configuration.

2.2.3.5Conductivity data processing

Quantification of the signal was performed through the measurement of the change in

conductadvi ty (o
Oond= Peak height (H) = Post baseline validinimum value of peak (unit in mS cth

As conductivity is strongly affected by temperature, a linear relationship between the raw
conductivity values of the NaOH solution and temperature was experimentally derived.
The regression coefficients were used to normalize the H and obtain the 'temepera

normalized Peak height H
0 ——— (unitinmS cm) (1)

where m and c are the experimentally derived slope and intercept coefficients of the
regression line between conductivity of the NaOH solution and temperature, respectively,
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and T is temperature in °C.tHs directly proportional to the DIC concentration (unit in

pumol kg?).

Temperature corrections in conductivity measurements are usually carried out by
normalizing the measurements to 20 °C. However, in our case, a simplified and direct
normalization approach was adopted to calculateTHis approach provides better results
and is discussed in the supporting information (Discussion 1 in Sl).

2.2.4Measurement protocol

A graphical unit interface (GUI) written in Python (version v3.9) was used to control the
pump and valve motions, regulate solution volumes, and set flow rates. The GUI allowed
for autonomous and continuous analysiggre 2.2 in S)). Each analysis consisted of 6

steps as follows: system flush, withdraw of NaOH, withdraw of sample, acidification of
sample, gas exchange, conductivity measurement. Detailed descriptions of each step can

be found inthe supporting informationiscussion 2 and Figure23. in Sl).

2.2.5Laboratory Tests

Laboratory experiments were carried out under controlled conditions. Reagents, standards
and the GEUs were fully immersed in a temperatamgrolled water bathQXiscussion 3

in SI). For temperature experiments, the temperature of the water was regulated between 1
and 30 °C by sequentially increasing and then decreasing the temperatures in 5 °C step
changes. A solution of 7 mmolNaOH was continuously pumped through the

conductivity cell to test the effect of temperature variations on the baseline teitgluc

Potential variations in the conductivity signal due to sample salinity changes were
investigated by measurements of eight DIC standard solutions (2000 prjolvikb
salinities ranging from 0 to 35. The effect of temperature and salinity on gas exchange and
the conductivity signal was studied within a temperature range spanning from 4.3 °C to
33.6 °C for two salinity solutions (0 and 35).

The gas exchange abilities of 3 cylindrical GEUs of 3 different lengths (10, 30, and 90 cm)
and one commercial GEU werevestigated bynalysis of a DIC standard solution (2000
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umol kgl) for gas exchange periods ranging from 0 to 60 min. Furthermore, the
conductivity signal of a solution of 7 mmotINaOH at flow rates of 50 to 1200 pL mifin

was investigated using a DIC standard solution of 2000 pmél 8gnilar experiments
were performed using a range of different NaOH concentrations (3 to 20 miparid
calibration experiments of the system were designed using 7 mindaDH (flow rate

300 pL min?) for a DIC concentration range of 58000 pmol kg'.

2.2.6Field measurements

The DIC analyzer was deployed onbo&M Littorinain the southwest Baltic Sea on-12

16 September 202Figure 2.3 in Sl). Continuous autonomous measurements of DIC in

surface waters were performed for 3 days, along with the daily analysis of a control DIC
standard solution (2000 pmol ®j A total of 14 discrete surface water samples were
collected from the shipds under way seawater
subsequent analysis in the laboratory using the same DIC system. Detailed information on

the onboard installatioaf the system and discrete sample collection are provided in the

supporting informatio (Discussion 4 in Sl

2.2.7 Statistical analysis

Statistical analyses on the experimental data were performed in Origin Pro 2023 (Learning
Edition, Origin Lab Corp., U.S.A). All data are presented as mean = 1 standard deviation
(S.D.).

2.3 Results and discussion

2.3.1Temperature effect on baseline conductivity

Conductivity is a proxy for the concentration and mobility of ions in terms of average
velocity, and hence is a function of temperat(eay, 2005) A low viscosity solution

allows for a better movement of ions, and therefore a more efficient transfer of charge
occurs compared to a higher viscosity solution. As the temperature increases, the collision

frequency of ions within a solution increases dra\iscosity decreases and conductivity
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increases.The conductivity of seawater generally behaves-livwarly at enhanced
temperatures (> 28C) (F. Millero et al., 2001) However, in the temperature range
typically observed for seawaters-30 °C), a linear equation is commonly used. Studies
have reported a conductivitgmperature correction factor for bases of 0.02 (a 2 % increase
in conductivity per 1 °C increase imtperature]Barron & Ashton, 2005; Hayashi, 2004;
Hem, 1985) The electrical conductivity of a baseline signal of 7 mmdINaOH was
recorded and the average conductivity data + 1 S.D. (~500 data points for each
corresponding temperature) were plotted against temperatiguré 2.4. The
conductivity signal exhibited a positive linear correlation with temperature with a
coefficient of determination {y of 0.9898. The slope of the regression was 0.028 which is

close to the reported correction factor of O(H2ayashi, 2004)

2.8
Linear Calibration:
—- 2.6 y2= 0.02x + 1.62
E r-=10.9898
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Figure 24. Linear regression fit (red solid line) between average raw electrical conductivity +1 S.D. of a
solution of 7 mmol t! NaOH and temperature (1.8 and°8): y= 0.028 x + 1.622r= 0.9898.

The derived regression coefficients were used to correct the conductivity measurements
for the effect of temperature. The Temperature Normalized Peak Heightwab

calculated by considering the corresponding measured tempeeuegion L
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2.3.2Salinity and temperature effect on CQ diffusion

Salinity differences of the sample matrix can affect the electrical conductivity during
measurements of DIC in natural water samples. The effect of salinity on the conductivity
signal produced following gas exchange of a DIC standard solutions (2000 gfaitk

eight different salinities @@5) is shown irFigure2.5A. The change in Hwith salinity
showed a linear behavior & 0.9718). The analytical signal decreased from 0.39 +2x10
3t0 0.33 + 5x1G mS cm!with increasing salinity from 0 to 35. The change in conductivity
was primarily due to the change in the ionic strength of the standard solutions. The
dissociation of carbonic acid increases with an increase in the ionic strength which
decreasepCO; and, consequently the conductivity of the €ceiving NaOH solution.
Moreover, ions from the salt reduce the dissociation rate of the acid ions during the acid
sample reaon (F. J. Millero et al., 2010)This results in a lower CQproduction during

the gas exchange period

0.41 0.65
A ® Data point B
0.40 1 —— Linear fit 0.601 5-¢
0394 2 ] y=0.01x+0.19
0.55 r’=0.9964
—_ 0.38 1 ~ 0.50- Average standardized residual 0.003
£0.37- =
: ; 0.45 1
£ 0.36 1 £
- ~ 0.40 1
= 0.35 1 =“ w S=0
035 ® §=35
0.34 1 - Linear fit for S=0
0.30 4 S =35 Linear fit for S =35
4. -3
0.33 yl—-z.ﬂlxlﬂ x+0.39 ¥=8.6210°x+0.20
0324 1= 0.9718 0.25 - r’=0,9992
031 Average standardized residual -3.6x10™ 0.20 Average standardized residual -0.002
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Figure 25. (A) Linear regression fit (red solid line) between meatH S.D. values (humber tépetitions,

n = 6) following gas exchange of a 2000 umot*KgIC standard solution vs. salinity of the DIC solutions (y
=-2.01x10°x + 0.39, #=0.9718), and (B) Plot of meanrtt 1 S.D. values (n=6) of 2000 pumol k@IC
standard solution vs. temperature for DIC standard solutions with salinity 0 and 35. Data are shown in half
blue triangle (S = 0) and half green circle (S = 35). The solid red lines refer to the linear regression with y =
0.01 x + 0.19 ¢= 0.9964) for S=0 and y = 8.62x18 + 0.20 (¢ =0.9992) for S=35.

48



Chapter 2

The effect of temperature on the gas exchange was investigated for salinities 0 and 35.
Dissolved inorganic carbon solutions of 2000 umot kgith salinities 0 and 35 were
measured within a temperature range spanning from 4.3 °C to 33.6 °C. The change in
conductivity in terms of Hwas plotted against temperatuFegure2.5B). The analytical

signal of the two solutions showed positive linear relationships with temperature. However,
the slope of the linear regression of the solution at salinity O decreased by 22.7 % when
salinity was increased to 35. Overall, a #tdimensional effect on conductivity
measurements was observed with increasing temperature: (i) an increased ion movement
in the electrodes altering the baseline conductivity of NaOH, and (ii) an increased diffusion
of CO; through the membrane post gas exchange. $iedést effect was corrected using
equation 1, the observed variation in conductivity "{2temperature normalized
conductivity (Hr)) (Figure 25B) was exclusively attributed to the changes in the CO

diffusion.

(unit in mS cmt) (2)

( 8 8
At higher temperatures, there is a shift towards in increased formation of gasedtenCO

the DIC due to a change in the thermodynamic equilibrium constants gk (K{and k)
(Becker et al., 2011)

These experiments allowed us to evaluate the effect of salinity and temperature on the
conductivity measurements of a DIC solution. The change in the sample matrix due to
different salinities affected the analytical conductivity signal but it could betifjedrand
compensated by using correction factors (Figusd). Similarly, the effect of temperature
on the gas exchange was determined and mathematically quarfaiyesie(2.5B) and
equation 2 was used in later experiments. Therefore, in order to ®atad conductivity
data for DIC analysis, both salinity and temperature measurements are required. The
following equation is used to correct both temperature and salinity effést ffHn
seawater samples:

CF ¢l OAI PAOAICGHOMAEUABDAGEOEOU

TWIN¢3 T W
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2.3.3Gas exchange time and reagents consumption

The performance of different types and lengths of GEUs was investigated to determine the
optimal GEU design and gas exchange time after sample acidificigane 2.6 shows

H"r plotted against gas exchange time (0.01 to 60 min) for each GEU. The GEU were tested
independently with varying amounts of sample and acid to fill the entire volume of each
GEU and adjusted to obtain optimal mixing ratios between acid and sdbmatagsion 5

of Sl).

For all the GEUs tested, a sharp increase in the analytical signal was observed with gas
exchange times increasing from 0.01 to 2 min. Theihtreased approximately 1.6 times

and 1.2 times when the exchange time increased from 0.1 to 5 min for the -costiem
Teflon AF2400 TIAT units and commercial silicone GEU, respectively. The 30 cm and 10
cm GEUs showed maximum gas exchange at 20 and BOirmierms of maximum
analytical signal, respectively, whereas the 90 cm GEU required only 5 min to reach the
maximum signal. This indicates that a greater surface area allowed for a faster gas
exchange time. A 5 min waiting time allowed for a greater 87 CQ diffusion through

the membrane. The conductivity signal increased by only ~1.5 % when the gas exchange
time was longer than 5 min, and therefore this option of 5 min was chosen for further
optimization and the demonstration experiments as it allows foceeased measurement

frequency.
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Figure 2.6. Analytical signal of mean H + 1 S.D. of post gas exchange of 2000 umot BJC solution
(S=0) (n = 6) vs. gas exchange time for 4 different GEUs (90 cm, 30 cm, 10 cm-cuatiTeflon AF2400
TIAT GEUs and a commercial silicone GEU). Concentration of NaOH solution was 7 mmol L

The commercial GEU showed the highest analytical signal after a gas exchange time of 50
min suggesting a lower permeability efficiency than the cust@mde TIAT units.
Although the surface area of the commercial GEU was nearly 10 and 1.7 times larger than
that of the 10 and 30 cm GEUs, respectively, the analytical signal obtained from the
commercial GEU was in between the ones obtained from the 10 and 30 cm GEUSs. After a
5 min gas exchange time, only about 77 % of the total @&@meated through the
commerdal GEU. This suggested that the surface area was not the only control on the
transfer of CQ through the membrane. The internal structure of the commercial GEU
consisted of a mesh of twisted hollow tubes that allowed for possible formation of bubbles
during pumping that could have decreased both the stability and intensity of the

conductivity signal.

Reagent consumption plays a crucial role in the utilization of the DIC analyzer fer long
term field deploymentsThe amount of NaOH required for the analysis of one saraple i
directly proportional to the internal volume of the GEthe 10, 30, and 90 cm GEUs
required 300, 700, and 1500 pL of NaOH respectively, whereas the commercial GEU
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required 1000 uL for each measurement. The relatively high amount of reagent required
by the commercial GEU in combination with a considerably low conductivity sgasl
exchange time ratio and the frequent formation of bubbles in the flow lines, detetimen
exclusion of this unit from further tests. Among the three custade cylindrical TIAT

GEUs, the 30 cm long GEU was considered as the most suitable due to the moderately low
reagent consumption and best analytical sigaalexchange time ratio. dtefore, the unit

was used in further optimization experiments.

2.3.4NaOH solution flow rate

Figure2.7 shows the analytical signal Hagainst flow rate of a NaOH solution (7 mmol
LY) obtained from measurements of a 2000 umot R4C solution (S=0). The NaOH
solution was pumped following 5 min gas exchange using the 30 cm GEU to the
conductivity cell at flow rates ranging from 50 to 1200 pL HiAt the slowest flow rate

(50 pL mirt), an analytical signal of 2.59 mS drwas recorded. The conductivity signal
decreased by 27.5 % at a flow rate of 1200 puL-nifhe signal decreased linearlyaatate

of 5.72 x 10 mS cm! per 1 puL min* increase in NaOH flow rate. The decrease in signal
with increasing flow rates suggested that longer contact times between the solutlos and
electrodesesulted in higher signals. Moreover, at higher flow rates (>1000 pi})nttie
stability of the analytical signal decreased (S.D. = 0.36 for 1000 pt! axid 0.056 for

1200 pL mint) compared to flow rates below 400 pL miaverage S.D. = 0.022 for 50

400 pL min?). It is possible that the formation of bubbles at higher flow rates contributed
to the dserved decrease in analytical signal. As the drop in the analytical signal for a flow
rate of 300 pL mirt was only 7 % compared to a flow rate of 50 pL tithis flow rate

was chosen as appropriate and allowing a measurement frequency of 4 sdmples h
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Figure 2.7. Analytical signal of mean H + 1 S.D. of post gas exchange of 2000 pmot R4C solution (n
= 6) vs. flow rate (50 to 1200 pL mip of a 7 mmol ! NaOH solution. A gas exchange time of 5 min was
utilized with a gas exchange unit of 30 cm in length.

2.3.5NaOH solution concentration and system calibration

The effect of different concentrations of NaOH on the @lasorption capacity in terms of
change in electrical conductivity "H was tested by utilizing a range of NaOH
concentrations from 3 to 20 mmot'LThe use of ultrapure water as an acceptor solution
for COx has been reportdtartinotti et al., 2012)but the diffusion of C@into an alkaline
acceptor stream (pH > 8) is expected to be faster and more efflegmharee et al., 2012)
The capacity to absorb G@enerated from the acidification of a DIC solution of 2000
umol kgtinto a stream of NaOH is shown Figure 2.8 as Ht plotted against NaOH
concentration (n=6). The S.D. of the baseline conductivity of the 3 mrhdNaOH
solution was + 0.01 mS chand that of 20 mmol £ NaOH was + 0.06 mS cfrwhich
produced more uncertainty during measurements. An increase of 16 % in the analytical
signal was observed with an increase of NaOH concentrations from 3 to 4 rimol L
whereas the signal increased by 8.9 % for an increase from 7 to 10 mim&l higher
NaOH concentrations (14 to 20 mmot),.the analytical signal increased further by 20.4

53



Chapter 2

%. During measurements with the higher NaOH concentrations, i-20Q f@mol L%, an
additional volume of 50 % of fresh NaOH solution was required to flush the reacted NaOH
out of the electrode cell compared to the amount needed for lower concentrations of NaOH.
This could have been caused by potential polarization of the electrodes due to enhanced
accumulation of a large number of ions (P80 and HCQ). Therefore, more NaOH
solution was required to remove the effect of polarization resulting ini@amgdysis times

and a higher reagent consumption.

Figure2.9A shows the analytical signals+bf 3 and 20 mmol £ NaOH solutions used

as acceptor streams for the measurements of 6 DIC calibration standards between 500 and
3000 pmol kgt. The conductivity signal of the 3 mmof*LNaOH solution increased
linearly for DIC measurements between 500 and 1500 pmbhkeereas signal saturation

was observed at higher DIC concentrations. Thesignal ranged from 0.27 to 2 mStm

! Previous studies have shown that the use of low NaOH concentratio@snidnd| L'1)

of NaOH does not provide a complete reaction at high DICeamamnations (> 1500 pmol

kgl in this study) due to a low pH (< 8) of the solutions and incomplete absorption of
NaOH(Pencharee et al., 201However, low NaOH concentrations (3 mmdjlappeared

to be suitable for DIC measurements in the lower range- 1500 pmol kg') with a good

linear response{r 0.9750, p<0.1).
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Figure 2.8. Analytical signal of mean H+ 1 S.D. of post gas exchange of 2000 pmol R4C solution (n
= 6) vs. NaOH concentration& mmol LY). A gas exchange time of 5 min was utilized with a gas exchange
unit of 30 cm in length.

The range of Hr for the 20 mmol X NaOH solution showed a wider distribution (1-.74

6.2 mS crmt) compared to H from 3 mmol L NaOH. The analytical signal showed a
nontlinear behavior at low DIC concentrations (50800 pmol kgb). It is possible that the

signal was suppressed as the number of carbonate ions were substantially lower compared
to the NaOH ions. However, within the DIC range of 13000 umol kg' a linear
behavior was observed for 20 mmotNaOH, but the polarization effect could distort the

stability of the signal over lontgrm use.

Figure2.9B shows Hr versus DIC for calibration standards with concentrations between
500 and 3000 umol kY and using a solution of 7 mmotftNaOH as acceptor stream. The
analytical sensitivity was 0.0014 mS €mer pmol kg', indicating a significant linear
relationship (=0.999, p<0.001) within the tested DIC rangalfle S22in SI). The values

of H'r ranged between 0.8 and 4.5 mS’cwith an RSD value of 0.9 %. In line with
published work'Sayles & Eck, 2009the use of a 7 mmoltNaOH solution as acceptor

stream for CQabsorption hence was deemed optimal for most oceanographic
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measurements (16800 umol kgt DIC range). This is due to fact that the number of
NaOH ions is optimal to absorb the £@oduced by the acidification of this rangeDd€C
solution (Ager & Howard, 1987; Hikita et al., 1976; Mansourizadeh et al., 2010;
McCleskey, 2011; Monk, 2020b; M. Yoo et al., 2013)
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Figure 29. (A) Analytical signal of mean H = 1 S.D. of DIC calibration solutions using 3 mmol &nd 20
mmol L't NaOH solution (n= 6) as acceptor solutions, and (B) Linear regression fit (red solid line) of mean
Hr + 1 S.D. vs. DIC calibration standards using 7 mmdINaOH as acceptor solution (n=6). A gas
exchange time of 5 min was utilized with a gas exchange unit of 30 cm in length.

2.3.6Field demonstration

The performance of the DIC analyzer was tested in the southwest Baltic Sea during a 3
day field campaign. The stability of the system was determined by regular measurements
of a standard DIC solution (2000 pmolRgyielding an average standard deviation (+ 1
S.D.) of + 9.7 umol kg over the 3 days (total 6 data points with 6 replicates). Accuracy
was assessed by using RMs (n=6) and apmmet calibration factor was used to correct

DIC concentrations. Temperature and salinity corrections were applietl tioe raw
conductivity measurements prior to calculation of the DIC concentrations. A total number
of 28 measurements of surface water DIC was recorded during the campaign2Higure
shows the time series of DIC concentrations (half blue circles), with the highest measured

DIC concentration of 1793 pmol Kgand the lowest 1620 pmol ®g
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Figure 2.10. Time series of DIC concentrations on 13.09.2022, 14.09.2022 and 16.09.2022 in surface waters
of the southwest Baltic Sea. Half blue circles refer to onboard measurements and half red triangles are the
DIC concentrations of discrete sample analyzed ifatheratory. A gas exchange time of 5 min was utilized
with a gas exchange unit of 30 cm in length. A 7 mmbNaOH solution was used with a flow rate of 300

pL min.

Following the campaign, 14 discretely collected water samples were measured in the
laboratory by the DIC analyzer, and shown as half red triangles in Fgfl®e Good
agreement was observed between the laboratory abhdayd sample measurements at the
corresponding time of collection (2.8 + 10.8 pumolYkgwith a significant positive

correlation of ¥= 0.9488 (p < 0.05) between the DIC concentrations (Figade).

As an additional evaluation of instrument performance, measurements of RM (1985 pmol
kgl treated as unknown sample) were performed over four consecutive days. The DIC
concentration of the RM was 1986 pmolk@=24) resulting in a slight overestimation (1

umol kg?) in calculated DIC concentration, whereas the achieved precision was * 4.9 umol

kgt (Figure2.11B).
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Figure 2.11. (A) Linear regression fit (red solid line) between laboratory and onboard DIC measurements by
the DIC system (y = 1.18x 315.34, = 0.9488), (B) DIC concentrations of reference material (RM)
measured by the DIC analyzer over 4 consecutive days in the laboratory. Blue half circles refer to individual
data while red half triangles refer to average £ 1 S.D. The dashed line is thgeanea@sured concentration.

2.4 Conclusions and future perspectives

The development of a novel autonomous gas diffusion sequential injection analyzer for the
determination of DIC in seawater is reported. The DIC analyzer utilizes sample
acidification with subsequent Gd@iffusion through a gas permeable membrane into an
acceptor solution of 7 mmol£NaOH. A flow cell with 4 hollow contacting brass
electrodes is used to measure the change in conductivity followin@0rption. A 30

cm long custommade tube in a tube configuration was employed for thet@@sfer, with

Teflon AF2400 as membrane material. The system exhibited a linear relationship for DIC
concentrations between 500 and 3000 umdi, kgaking it suitable for a variety of marine
applications. Evaluation of temperature and salinity influences on the conductivity
measurements provided correction factors that greatly improved data quality. The system
can be employed to assess DIC dynanmcsurface seawaters in near rgale at a
frequency of 4 samples hwith low reagent consumption (0.2 naf HsPQu, 0.75 mL of

NaOH for each measurement), as was successfully demonstrated in the southwest Baltic
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Sea. The system configuration, measurement protocol and raw data correction procedure
have allowed us to achieve dandnBfl 9twcamopr &
by measuring a DIC reference material in the laboratory and a field deployment in the
southwest Baltic Sea, respectively.

The next step in the DIC analyzer development is bidirectional: (1) perform long duration
(months) orsite measurements with the current analyzer to assess and correct potential
drift and interferences (this work is currently ongoing) and (2) builith-asitu instrument

based on the principles of the current device for deployment in coastal and oceanic waters
of depths up to 3000 m. The basic configuration, e.g., SIA and gas exchange unit, detection
cell of the submersible system will be based on the cupretotype system but will be
miniaturized using e.g. solenoid pumps. The electronics, flow channels and the reagents
will be packed in three interconnected compartments of an acrylic (or titanium for deep
water deployment) housing. The first two compamtits will be filled with oil and the
reagents will be stored in gaapermeable bags. Initially, a loigrm test in shallow water

(<10 m) is planned, followed by a demonstration deployment in the deep ocean at 2500 m
near the midAtlantic ridge. This willallow fast and reliabléen-situ measurements of DIC

in coastal and deep ocean waters for observations of the carbonate system, including

monitoring of potential leakages of @@om carbon capture and storage operations.
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the graphical user interface (Python v 3Bjscussion 3:Description of Temperature
control systemDiscussion 4:Field measurementBigure S2.3: Photograplof (A) 200L

water tank used for continuous surface water supply to commercial instruments as well as
to the DIC system an(B) DIC system installation on the RMttorina. Discussion 5:

Comparison of GEU%cid type and concentrationsigure S2.4: Analytical signal of
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meanH't+ 1 S.D. of post gas exchange of 2000 pmo! R4C solution (n = 6) vs. sample
volumes added with acid for 4 different GEUs (A) 30 cm, (B) 90 cm and (C) 10 cm TIAT
GEU, and (D) commercial GEWigure S2.5: Analytical signal of meai’t + 1 S.D. of

post gas exchange of 2000 pmol'gIC solution (n = 6) vs. different acid concentrations.
Two different acids, EPQs and HCl were used.able. 2.2: Slope and intercept including
their standard deviationsyalues, and the probabilities for the calibration curve of the 7

mmol L' NaOH solution shown in Figure 9B.
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2.5 Supporting Information:

Table S21. Overview of geometric details of the four tested Gas Exchange Units (GEUS)

Diffusion path Acceptor Volume inside | Acceptor SA Sample SA Membrane type
length volume membrane
mm?2 mm?2

(cm) (ML) (ML)

10 38 29 319 191 Teflon

30 115 87 958 575 Teflon

90 346 262 2875 1725 Teflon

Commercial Not specified | Not specified | Not specified 1000 Silicone
GEU
Discussion 1:

Normalization protocol of salinity and temperature correction on raw conductivity

value:

The temperature correction of the conductivity measurement is generally expressed by the

following equation:

where U is the

Compensated Conductivity = , temper

factor and T(reference) is generally chosen as’@0

In this study, a simplified and direct calculation was applied:

, where m and c are the slope and

Compensated Conductivity =

intercept of the linear regression relationship between conductivity and temperature. The
temperature dependence of conductivity was linear and strérg @r9898) and the

cal ated U
24) (Barron & Ashton, 2005)

cul value was close to 0.02 as repoc
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Case 1 and 2 represent the temperature and salinity normalization steps on the raw
conductivity value at 20°C and at the temperature when sample was measured,

respectively.

Case 1: Temperature and salinity correction where conductivity is normalizedGo 20

z

e g O

(¢gm 3

Case 2: Temperature and salinity correction on conductivity at T, i.e, the temperature of

each sample during measurement:

z

(4 (T4 (3

8 8 8 8
H(20) and H(T) are the normalized conductivity values obtained by correcting the baseline
conductivity value of fresh NaOH solution with respect to a temperature range E#jure

A further normalization was then applied on H(20) and H(T), obtained from thg&0
exchange behavior of a DIC standard solution (salinity 0) with respect to a range of
temperatures (Figur@.5B). In both cases, T is the temperature recorded during the
conductivity measurement and it was close t6C8aboratory environment). Finally, the
salinity correction was applied by measuring a DIC standard solution in a range of saline

solutions (maintaining temperature at <20 Figure2.5A).

Here is an example to show the difference in the results obtained in each of these cases:
The peak height and corresponding temperature values of a Reference Material (RM)
(salinity 35 g %) and a standard DIC solution (2000 pmotikag salinity 0) were chosen

as an example. The recorded temperature (T) wa€.118 case of RM, the mean value (n

= 4) of H (S,20) was twice that of as ($,T), while the Relative Standard Deviation (RSD)

in Case 1 and Case 2 were 0.19 % and 0.2 %, respectively. This shatée achieved
precisions of respective RM values were close. Furthermore, the accuracy was checked by
making the standard DIC solution as an unknown sample. The value obtained from Case 1
always showed that the actual DIC value was overestimated by a valué@d $ond kg

! compared to Case 2. In order to improve the accuracy, the correction protocol of Case 2

was further adapted for the calculation of field sample data.

Discussion 2:
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Measurement protocol and sampling procedure
Each analysis of a DIC sample consisted of 6 steps:

(1) Sample valve is opened and the pump draws an aliquot of sample (or standards
during calibration) to flush the mixing coil and the inner tube of the GEU for 2
times to remove any residual €fdiom the previous samples. The sample valve is

closed and the syringe is emptied,

(2) NaOH valve is opened and an aliquot of fresh NaOH is drawn through the gas
exchange tube to flush out residual reacted NaOH (NaOH 4).dQis step
includes flushing, priming, and filling up the GEU and the conductivity cell with
fresh NaOH solution to establish a baseline value. The NaOH valve is closed and

the syringe is emptied,

(3) sample valve is opened. The mixing coil and the sample tube of GEU are flushed
with an aliquot of a fresh sample (or standards) for 3 times. This step ensures the
priming of the tubes and removes any possible bubbles prior to acid introduction.
The samplevalve is closed and the syringe is emptied,

(4) the sample (or standards) and acid valves are sequentially opened to draw the
sample (or standards), which is then mixed with the acid in a 200 pL mixing coil.
The spiral design of the mixing coil ensures the effective mixing of the two

solutions. The sant@ and acid valves are closed and the syringe is emptied,

(5) the acidified sample is left in the gas exchange unit (GEU) for a specified time (gas
exchange time). During this time GQliffuses through the ggsermeable

membrane into the acceptor NaOH solution,

(6) following the gas exchange time, NaOH valve is opened and NaOH is slowly drawn
from the GEU to the conductivity cell. The NaOH valve is closed and the syringe
is emptied. Conductivity and temperature of NaOH are recorded by the

conductivity cell and an NT@robe, respectively as shownkigure 2.1.
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Raw conductivity data of two measurement cycles is shown in Figute Hgure 2.2
shows the graphical user interface written Python (v3.9) used for control and

autonomous measurements
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Figure S21. Screenshot of raw conductivity and temperature during sample measurements

Discussion 3:
Description of Temperature control system

A temperature control system was assembled in the laboratory to simulate different
temperature environments. A commercial water bath (Fischer Brand FBC 720) was used
to regulate the temperature. The water was circulated through a plastic container (~ 10 L)
with inlet and outlet ports connected to the water bath via silicon tubing. The temperature

of NaOH flowing through the conductivity cell was recorded by the internal NTC probe.

Chemical reagents and the GEUs were immersed in the plastic container. The water
temperatures were set on the water bath while the water temperature in the plastic container
was monitored and recorded with an external temperature sensor (Testo 17674, Four
channel temperature data logger). The plastic container was insulated to minimize the

influence of external temperature changes.
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/
Pump COM port — - Valve COM port
initialize Pump _ | initialize Vaive _ |
Pump Control Valve Control
Port Volume (uL) Rate (uLimin) Port
1 1000 500 Load 1 Move
6 3000 Inject
Run Parameters
Vaive Volume Rate IN Siriage D
port (L) (uLimin) o i
NaOH 1000 500 Input port 2
Acid 5 120 500 Output port 6
Sample 3 150 500 NaOH Input 1
Discharge Rate -
MQ 2 500 500 (uUmin) 4000
STD1 4 150 500
STD2 6 150 500
STD3 7 150 500 Number of repeat measurement 1
STD 4 8 150 500 Gas Exchange time (min) 5
STDS 9 150 500
CRM 1 150 500 Run Samples MCM'

SAVE LOG I

|status

Figure S22. Screenshot of the graphical user interface (Python v 3.9)

Discussion 4
Field measurements

A 200 L water tank was continuously supplied by surface seawater at a flow rate of 600 L
hr! (Figure 2.3A). To enable continuous water flow to the DIC analyzer, a water line
connection was established from the tank into the laboratory. Figue® Shows the

installation of the DIC system inside the
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(A) (B)

Figure S23. Photograph of (A) 200L water tank used for continuous surface water supply to commercial
instruments as well as to the DIC system and (B) DIC system installation on thigtétwia.

A total of 14 surface seawater discrete samples were collected from the sampling line
outlet. Discrete samples were collected into 100 mL clean narrow mouth borosilicate glass
bottles with aiftight glass stoppers. A spike of 100 uL 100% saturated Mercuric Chloride
(HgClk) was added (Sample : HgGE 1000 : 1) to each sample to prevent biological
activity. The bottle lids were greased and immediately placed to avoid the exchange of CO

with the atmosphere before analysis at the-laasied laboratory.
Discussion 5:
Comparison of GEUs

Sampleacid mixing ratio and membrane type were tested by using two structurally
different GEUs Table 2.1). Each GEU was independently tested with differtertal
samplevolumes by varying the amount of aciBigure 2.4 depicts the variation of
normalized peak height with respect to the added sample volume where the amount of acid
was a variable parameter. The volume of acid was increased from 50 uL to 400 pL for the
30 and 90 cm GEUs whereas for the 10 cm GEU and theneocial GEU, a maximum of

200 pL of acid was used. In the 30 cm TIAT GEU, the total volume of acidified sample
varied from 400 pL to 1000 pL, whereas for the 90 cm, the total volume of acidified sample

was from 500 pL to 1000 pL. The-4xis represents the total volume of the sample mixed
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with acid. For example, 50 pL acid was followed by 400 pL to 800 pL sample making the
total acidified sample volume 450 pL to 850 pL.

The total volume of an acidified sample was chosen so that fully mixed acid/sample reaches
the GEU without leaving any remaining acidified sample aliquot at the edge of the GEU.
For each GEU, the volume of acid was also increased by keeping the same ofolnene

total added sample volume. This allowed us to fill most of the portion of GEU with
acidified solution and determine the as@mple mixing ratio. A section of the mixing coil

was first filled with 1M HPQ; followed by the sample. Each of the adelif sample was
allowed for 5 minutes of gas exchange tiffiee flow of eluted NaOH7 mmol L) and
acidified sample was in a counter direction to maximize the diffusion eftid@ugh the
membraneThe change in conductivity data was normalized usmgation Amanuscript)

to compensate for the temperature effect.

The experiment had two main objectives: (i) finding the highest signal according to the
positioning of acidified sample into the membrane to avoid acidified samples remaining
beyond the extreme ends of the GEU membrane, and (ii) finding the optimal a&uaid mi

ratio.

For each GEU, with increasing total acid volume, an increase in analytical signal was
obtained with increasing sample volume. The 30 cm and 90 cm GEUs were able to transfer
CO, from acidified samples with maximum conductivity signals of 2.36 and 3.26 mS cm
! respectively, whereas for the 10 cm and commercial GEU the maximum analytical signal
was obtained 1.71 and 1.9 mS-tmespectively. The observed higher analytical signals
indicated that the whole portion of the acidified sample was within the meenbfahe

GEU. For 30 cm, 90cm and commercial GEUSs, the highest analytical signabtaased

with ~ 806900 pL of total volume of acidified sample, whereas for the 10 cm GEU, the
total volume of the acidified solution was ~700 |Higure 2.4 shows the highest values

of normalized heights obtained from each set of acid additions for the 4 different GEUs.
About 200 pL of acid was mixed suggesting ~30 % of acid was needed to produce
maximum CQ while mixed with 600uL (total 800 uL acidified sample) sampledd cm

GEU. While testing with a higher amount of acid, i.e., above 300 pL, the analytical signal

showed lower signal with respect to that of 200 pL acid. Furthermore, the measurement
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was stopped when total acidified sample exceeds 600 pL, due to the fact that the total
volume already crosses the edge of 30 cm GEU. It was observed that with the 90 cm GEU,
200 pL of acid was required to reach the maximum analytical signal. But withcitease

of total acidified sample amount, the signal slowly dropped in contrast to that of 30 cm
GEU. This was due to fact that the sample surface area was 3 times higher in the 90 cm
GEU compared to that of the 30 cm GEU allowing for higher diffusionfaréa0O, within

the 5 minutes of gas exchange time. Therefore, by increasing the surface area, it was
possible to reduce sample amount as well as gas exchange time for each measurement. The
10 cm GEU offered the minimum surface area with respect to any other (@Séhted

here (191 mrf) and it requires a total acidified sample of ~700 pL with 550 pL of sample

to produce a high analytical signal with ~27 % acid requirement. On the other hand, the
commercial GEU was able to diffuse more £O@hen only 25 % ofacid was used.
Theoretically, the gas permeability coefficient for silicone membranes is higher compared
to Teflon, with less amount of acid required to allow diffusion of the produced CO
However, the analytical signal obtained from the commercial GEU was lower than that
obtained from the 30 cm GEU although the surface of the commercial GEU was ~1.7 times
greater than that of the 30 cm GEU. To explore further the behavior of each GBEI®and

diffusion we performed additional tests by considering different gas exchange times.
Acid type and concentrations

Two different acids, i.e., HCl andsAQs were used to test the efficiency of the gas
exchange process from the 30 cm cylindrical TIAT G&lihg a freshly prepared 2000
umol kg! DIC solution. The acidified solution was kept inside the GEU for 5 mirands
following the reaction with the acceptor solution (7mmdINaOH), the analytical signal

of conductivity was recorded.

Although both acids are strong and have been used in previous studies, the 38, &f H
commonly used in commercial sensors to lower the pH of the solution to < 4, so that CO
can start to diffuse. Three different concentrations of acid were tested, i.e., 0.02, 0.1 and 1
mol L! to evaluate the release of €fom the DIC solution. During each analysis, 400

pL of sample was mixed witl200 pL of acid. Figure S2.5 shows the variation of
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conductivity for each case in terms of normalized peak heights with respect to three

different acid concentrations.
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Figure S24. Analytical signal of mean H+ 1 S.D. of post gas exchange of 2000 pmot R4C solution
(n = 6) vs. sample volumes added with acid for 4 different GEUs (A) 30 cm, (B) 90 cm and (C) 10 cm TIAT
GEU, and (D) commercial GEU.

An increase in analytical signal of ~0.7 mStwas observed when 0.02 molland 0.1

mol Lt HsPOywas used compared to same concentrations of HCI. The stronger analytical
signal when using ¥PQs implies more CQ@production from the same batch of 2000 pmol
kg DIC solution. Also, with the highest concentration of acid i.e., 1 rifpthe analytical
signal of HPQu is still 0.17 mS cn greater compared to that of HCI.

70



Chapter 2

1.0 - --&- HCI
. <& - H,PO,
0.8 ]

0.0 0.2 0.4 0.6 0.8 1.0
Acid concentration (mol L")

Figure S25. Analytical signal of mean H+ 1 S.D. of post gas exchange of 2000 pumot R4C solution
(n = 6) vs. different acid concentrations. Two different acid®® and HCI were used.

Following acid addition to the DIC solution, the pH of the solution was determined.
Acidified solutions with both acids with concentrations of 0.1 and 1 mdidd a pH < 4,
whereas with the lowest concentration, i.e., 0.02 moblLacid, the pH was > 4. Although

the pKavalue, which is the dissociation constang)(frther represented a®gioka (pKa),

of HsPQy (2.16) is greater than that of HGB(3), suggests higher strength to dissociate
and ion exchange, the triprotic structure @PBy allows it to donate 3 protons in contrast

of monoprotic HCI. Therefore, after the first deprotonation, there is possibility to encourage
two more deprotonation reactions in equilibrium state with the remaining protons,
suggesting more CfOextraction from the sample. The result am¢a from this
experiment, suggested the use of either 0.1 a1 mol L* HsPQ, was preferredver

HCI. For the further experiments, 1 moft IHsPQs was used to assure maximum £O

diffusion from higher concentration of DIC (> 2000 pmotig
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Table S22. Slope and intercept including their standard deviationajues, and the probabilities for the
calibration curve of the 7 mmolLtNaOH solution shown in Figure 2.9B.

Value Standard Error t-value Prob> |t|
Intercept 0.139 0.018 7.717 2.482 x 16
Slope 1.45x10° 17 x 10° 85.57 1.715 x 160
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Abstract

Fjord and coastal waters are characterized by a high temporal and spatial variability in
carbonate chemistry, influenced by (1) physical forces such as wind, tide, precipitation
and river inputs, (2) biological processes including photosynthesis and respiration, and (3)
anthropogenic activities. In these dynamic systems, dissolved inorganic carbon (DIC)
exhibits rapid fluctuations that occur on a$wdurly basis. Understandinbé drivers of

DIC variability and their role in regulating the carbonate systequires highresolution

spatial and temporal DIC measurements, for which currently nsitencommercial
instrumentation is availabl€o address this gap, a newly developed miniaturized benchtop
DIC analyzer using conductometric detection and a sampling frequency of 15 minutes was
deployed in coastal settings. The performance of the analyzer was evaluated during (a) a

25-day deploymenttaa pier in Kiel Fjord, and (b) aday campaign in the German Bight.

Ancillary data, including temperature, salinity, dissolved oxygen, nitp&€y, pH, and

chlorophylta were collected using commercial sensors to interpret DIC variability and
characterize the carbonate system. In Kiel fjord, the DIC concentration ranged from 1825

to 2229 umol kg with a mean concentration of 2021 umol~Zkgvhereas the DIC
concentration in the German Bight ranged from 1915 to 2273 pumbiwkth a mean
concentration of 2095 umol Kg DIC concentrations were primarily influenced by
photosynthesis, respiratiorand airsea gas exchange. The DIC analyzer achieved
measure@ nt preci si ons 0Y(n=06) h&iel ford3andesAs #£4mo | k g
emoll(khg= 20) in the German Bight, meeting OV
N 10 eYnbiscrete BIC samples were collected and analyzed using a commercial

DIC analyzer to validate the field measurements, and indicated an accurdc$% of € mo |

kat(n = 32) anldn =+29)dor thenkiel fijordk and North Sea deployments,
respectivel y. These results demonstgh-ate the

resolution DIC measurements in complex coastal and estuarine environments.
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3.1 Introduction

The oceans are critical to the global carbon cycle and have absorbed approximately one
third of the total anthropogenic G@missions since the onset of the industrial revolution
(Friedlingstein et al., 2023)he uptake of Cohas led to ocean acidification, a process
marked by a gradual decrease in ocean(@Hiber et al., 2019)ncrease in the partial
pressure of C®(pCO,) and total dissolved inorganic carbon (DIC), while reducing the
carbonate ion levelgDoney et al., 2009)The dynamics of the seawater carbonate
chemistry are complex, governed by both physiochemical processes, e.g., circulation and
mixing, and heat exchange with the atmosphere, and biological prqocesseding
photosynthesis, bacterial oxidation of organic matter and calcificéBancialbafiez et

al., 2024)

The carbonate chemistry of coastal waters and estuaries is further influenced by
geomorphology and geochemistry of the drainage basin, freshwater inflow, nutrient
loading, tidal dynamigsand episodic weather evergidiller & Ketchum, 1983) Coastal

systems are typically impacted by growing population pressures, food demands and
industrial development. Despite their ecological and societal significance, coastal regions

often lack the extensive temporal and spatial monitqi@yyitski et al., 2012)

Four carbonate variables in seawater (pH, Total Alkalip@(., and DIC) can be directly
measuredA. G. Dickson et al., 2007Thedissolved form of C@occurs in three inorganic
species: bicarbonate ions (HEQcarbonate ions (Cf), and undissociated carbonic acid
(H2COs), and the sum of all these species is defined as (@€ebe, 2012) The
concentration of DIC is a critical variable, as it provides insights into key biogeochemical
processes. Specifically, DIC concentrations are indicative of the dynamics between
biological activities, such as photosynthesis and respiration by micragetisms, and
abiotic processes, including the dissolution and precipitation of carbonate minerals.
Additionally, DIC is determined by asea CQ@ exchange, which is modulated by
temperaturaependent solubility and gas exchange dyna(iass et al., 2013)

To effectively disentangle these processes in coastal and oceanic watetsrrigrggh

resolution timeseries datasets are required. This would help to delineate potential seasonal
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patterns, effects of episodic weather events, and the influence of natural or anthropogenic
variability. Shortterm episodic or extreme events may hgreateimpact on the chemical
balance of the carbonate system compared to gradual change driven by rising atmospheric
CO, (Waldbusser & Salisbury, 2014; Wrightairbanks et al., 2020pDbservations during

such events would provide detailed insights into how the carbonate system responds to the
dynamic environmental conditions and support the development of an integrated
observation and modeling system that desstieenvironmental drivers of coastal waters
(Baschek et al., 2017; Doney et al., 2009)

A detailed observation of dynamic carbonate systems requires continuous observations,
which can be effectively achieved using autonomous instruments that require minimum
human intervention. For lorAgrm, highfrequency observations of DI@xcellent
advancesave been made in the development of automated analyzers capable of directly
measuring DIC concentration in the fig{Bass et al., 2012; Fassbender et al., 2015;
Natchanon et al., 2014; Wang et al., 200&h electrochemical DIC analyzer with
conductometric detection achieved a sampling frequency of 1 samplé tathr a
precision of N 2.7 in | abiothesfield(Bayles& &tkt i ngs a
2009) The development of DIC analyzers is still a challenge, particularly in terms of
sampling frequency, stability, ruggedness, measurement precisiod, reagent
consumption. Developments are increasingly focused on establishing more simplified and
costeffective analytical techniques. In this study, a novel miniaturized benchtop DIC
analyzer has been employed to automatically measure DIC in coastal mhd/diers.

Technical details of the analyzer have been describBfattacharya et al., 2024

This study quantitatively assessed the contributions of various processes controlling DIC

at two study sites(1) a 25day temporal observation ithe Kiel fjord and (2) a 4day

investigation of spatial variability in coastal waters of the North Jée analyzer

produced highresolution DIC measurements at an interval of 15 min {oar,samples

per hour). Additional laboratoryneasurements from discretely collected samples were

used to validate the accurTheamobtlispaperas anal yz
threefold: (1) demonstrate the capability of the prototype DIC analyzer to determine
temporal and spatial variability in DIC in highly dyn& systems, (2) develop a universal
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dataprocessing protocol, and (3) determine the biogeochemical processes that influence

carbonate chemistry, especially, DIC dynamics in Kiel fjord and the North Sea.

3.2 Material and methods

3.2.1Hydrographic setting

3.2.1.1Measurements from a pier in KielFjord

The performance of the DIC analyzer was evaluated during a field deployment on the pier

of GEOMAR in the inner Kiel fjord (54A19648.
weeks from 2% July to 2% August 2023 (Figur8.1A). Kiel fjord is a 15 km long inner
coastal water body and | ocated in54M@80%out hy
N, 1 01A00A6262ZNdkulifa)et al., 2008; Schroder et al., 202Rgure3.1B). The fjord

has an average depth of ~ 13 m, and the depth ranges between 10 to 12 m in the inner
section (250 m wide, southern part) and up to 20 m in the outer section (~7.5 km wide)
(Nikulina et al., 2008)The temporal variations in salinity are influenced by the inflow of

saline waters from the North Sea, fresh waters from the Schwditiag and brackish

waters from the eastern Baltic Sg&chroder et al., 2021The Schwentine River has a

catchment area of 722.55 kmand an average annual discharge of 202 millich m

Additional freshwater inputs come from rainwater runoff from the city of {Gai3ler et

al., 2021; Schroder et al., 202I)he water in the inner Kiel fjord is generally welixed,

except during the summer months when salinity and temperature gradients cause strong
stratification of the water column, accompanied by high surface water temperatures
(Nikulina et al., 2008)Changein water level fluctuations (referréd as tide gauge) of up

to £ 1 m are driven by wind and pressure gradients in the Balti(G&#aler et al., 2021)

The KielFjord also experiences significant anthropogenic pressures due to its proximity to

urban infrastructure, shipyards, military and sports harbors, and wastewater discharges

from a population of approximately 250,000 in the surrounding area.
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3.2.1.2Measurements from research vessel ithe North Sea

The DIC analyzer was deployed in the German Bight of the southeastern North Sea as part
of the Sternfahrtl0 expedition onboard RVittorina from 4" to 7" September 2023
(Figure3.1C and DYBussmannetal.,2023) The transect covered the
estuary and the region between Cuxhaven (53.85 N, 8.68 E), Helgoland (54.18 N, 7.88 E),
and Busum (54.13 N, 8.85 E). The German Bight is influenced by riverine discharges from
the Elbe and Weser rivers, thelew of saline waters from the North Sea, microbial
processesand strong tidal dynamicdkY, 2017; Hebbeln et al., 2003yhe carbonate
chemistry of the North Sea is influenced by river inputs, biological productivity and
respiration processes, tides that govern water circulation, wind speed and direction,
st r at |apdcaastal apwellin{Brasse et al., 1999ajhis region is one of the most
intensively investigated areas, with research focusing on the carbon cycle, primary
production, metabolism, sediment dynamics, and extreme episodic éBeagse et al.,
1999a, 2002a; Kamjunke et al., 2023; Reimer et al., 1999; Salt et al., 2016; Voynova et al.,
2017a) However, despite this extensive research, -nggiolution data on DIC
concentrations obtained during field expeditions remain limDeding the second study,

the DIC analyzer was installed in the laboratory of Riorina (Figure3.1C). A 200 L

water tank was installed on the deck of the vessel and continuously supplied with surface
water from 1.5 m depth (FiguB:1D). The DIC analyzer was connected to a water line to
continuously supply water from the tank usangubmerged water pump with an output of

600 L/h (Eheim, Deizisau, Germany).

3.2.2Function of the DIC analyzer

The DIC analyzer operates with sequential injection analysis involvingg@®diffusion

across a Teflon tube into an alkaline solution, followed by conductometric detection in a
configuration with four holl ow brass electro
Il n A Tubeo (TIAT) t o enalbplfrem thehsampld afterf usi on
acidification (phosphoric acid, 10 % or 1.8l L) through a gas permeable membrane

(Teflon AF2400) into a stream of sodium hydroxide (7 mmé). The changeni
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conductivity in the alkaline solution is detected by the electrodes and is directly

proportional to the DIC concentration of the sample.

DIC Power supply

C Ship
@ laboratory

MOSES
Container

Helgoland
Q

\E

Discrete
| Sampling

LITTORINA Cuxhave

§

53.8°N
7.5°E 8°E

Figure 3.1. (A) Schematic diagram of the field deployment of the DIC analyzer on the pier in thigjdtie|

along with temperature, salinity, and oxygen probe, nitrate searsdia submersible pump, (B) geographic
location of the study site thheKiel Fjord and nearby establishments (color indicated). The Schwentine River
is indicated by a blue dashed line (source: Ocean Data View), (C) schematic diagram of-thmahip
deployment of the DIC analyzer along with temperature, salinity, and oxygen pitht&s sensompCO;

sensor and submersible pump inside a water tank onboaidt®Yna during the Sternfabht0 MOSES
expedition, and (D) transect of the expedition in the German Bight. The Elbe River is indicated by a blue
dashed line (source: OceantB¥iew).

The analyzer was employed for autonomous measurements of DIC in surface waters. In

the first study, the analyzer was installed on a pier and housed in a waterproof container
(Figure3.1A). It continuously measured from®3uly to 18" August 2023 and again from

16" to 28" August 2023 for a total of 25 days. Data betweeh atd 1% August could

not be retrieved due to a mechanical issue with the syringe pump at the sample inlet port.
Surface water was continuously supplied to the analyzer by a sudameager pump with

an output of 600 L/h (Eheim, Deizisau, Ger ma

streams: one directed to the analyzerdés samp
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discrete water samples. The sample inlet of the analyzer was equipped with a 0.8 pum
polyethersul fone syringe ylter (Pall Life Sc
into the internal fluidics. A DIC standard (2000 umolidratio of sodium carbonate
(N&C0g) to sodium bicarbonate (NaHG)G= 1.26 : 1 in deionized water) was prepared in

the laboratory prior to deployment and used as a control during both deployments
(Bhattacharya et al., 2024)he analyzer was programmed to automatically measure the
DIC standard once per day in order to assess measurement stability and precision
throughout the deployment period. The daily value of the DIC standard was obtained from
the average of six conseowgimeasurements. All the reagents and the DIC standard were
stored in ahtight borosilicate glass bottles. Each measurement requires 0.2 mP6i,H

0.75 mL of NaOH and ~ 2 mL of sample, with a sampling frequency of 4 samples per
hour. Detailed descrifin and analytical methods of the analyzer have been described by
Bhattacharya et al., 2024

3.2.3Additional sensor deployment

For the timeseries deployment in the first study, an EXO1 probe (YSI, Xylem, W&&)

used to measure temperature, salirdtyjdissolved oxygen (DO) with a sampling interval

of one minute. Additionally, a nitrate sensor (OPUS, TriOS GmbH, Germany) measured
surface water nitrate concentrations watsampling interval of one minute. Both sensors
along with the submersible pumpere mounted on an acrylic frame positioned on the pier

at a depth of ~ 1 m. Prior to the deployment, the DO probe was calibrated in the laboratory
using onepoint airsaturated water, whereas the other probes of the EXO1 system were
factory-calibrated. To calibrate the DO probe,-saturated water was prepared by
continuous bubbling of deionized water with an aquarium pangpan air stone for over

one hourThe nitrate sensor was calibrated by taking a reference absorbance spectrum in
nitratefree (deimized) water before and after deployméndetailed proceduror nitrate

sensor calibration is reported elsewh@tehir et al., 2021)

Additionally, the GEOMAR pontoon facility provides continuous tisegiesin-situ data
of several biogeochemical and physical variables of the Kiel Fjord as a part of the Kiel
Marine Organism Culture Center (KIMOCC) environmental data monitoring program.
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Measurements of the partial pressure o Q&CO,) were recorded at an interval of one
minute using a CONTROS HydroC @&ensor (4HJenaEngineering GmbH, Germany)
(duration: 4'-25" August). The sensor was deployed at 1 m depth.

Weather data (wind speed, temperature, relative humidity, precipitation, solar irradiation)
were obtained from the GEOMAR weather station located near the study site, with
measurements available atrBnute intervals. Tide (in meters) for the Kiel Fjord was

acquired from the Intergovernmental Oceanographic Commission Sea Level Monitoring

Facility (http://www.iocsealevelmonitoring.org/station.php?code=Kiel

During the study aboard RMttorina, the EXO1 probe and the nitrate sensor were used to
measure surface water temperature, salinity, DO, and nitrate concentration, with a sampling
frequency of one minute. A submersip€0O; infra-red sensor (HydroC, 4Bena
Engineering GmbH, Germany) was employed to measurg f@@Qial pressurepCOy)
(Fiedler et al., 2013K(Figure3.1C). Prior to the deployment, the sensors were calibrated
according to manufacturdrs s p e c i fAdditianali lydregraphic variables
(chlorophylta and pH) along with GPS data were recorded with a Ferrybox system (4H
JenaEngineering GmbH, Germany) installed on the research vegssisrsen, 2014)

3.2.4Discrete water sampling

During the deployment on the pier, a totaimberof 43 discrete water samples were
collected for laboratory DIC analysis in order to validate the measurements from the DIC
analyzer. The samples were collected twice a day, once in the morning and/or in the
evening, following the best practice proceduresiimed byDickson et al., 2007The DIC
samples were stored in 250 mL narrowuth borosilicate glass bottles with-aght glass
stoppers. To inhibit biological activity, 250 saturated mercuric chloride solution was
added to each sample. The bottle lids were greased and immediately sealed to avoid
atmospheric C@exchange until laboratory analysis following the best practices for ocean
CO, measurementéAndrew G. Dickson et al., 2007These discrete samples were also
used to measure pH using a SAMI pH sensor (Sunburst, USA).
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Samples for nutrient analysis were collected in 14 mL-density polypropylene plastic
tubes (Greiner BdOne Gmb H) after filtration through
(Fi sher Scient203Cwntianatysis. fr ozen at

A total number of 31 discrete surface water samples for DIC and nutrients were collected
at hourly intervals during the fowlay transects aboard RMttorina. Both DIC and
nutrient samples were collected following the same procedures as described above.

3.2.5Analytical methods

The DIC analyzer was calibrated in the laboratory using three prepared DIC standards
(1720, 1908, and 2098 umol kpbefore and after the deployment in Kiel Fjord. The values

of the DIC standards were validated using an Apollo SciTech DIGamatyzer (Model

AS-C3), based on Nebispersive InfraRed detection, along with measurements of ICOS
substandard DIC referenceat eri als (RM) with a conrhcentrat
(ICOS Ocean Thematic Centre, Norwalyitjfs://www.icosotc.org/node/18)3

All discrete DIC samples were analyzed using the Apollo DIC analyzeiG&SApollo

SciTech, L7000, LICOR, USA). Samples were first acidified with 1r8al Lt HsPQ,

allowing the released GQo diffuse and then purged using high purity nitrogen gas. The
total CQ gas was then detected using a LIG@BOO infrared analyzer (LCOR
Environmental, USA). Laboratory DIC measurements of discrete water samples were
calibrated against RM used daily throughout the measurement period in the laboratory.
Each sample was analyzed at least five times. Based on all the RM measurements, average
precision and accur ac7¥respéctivlly (2=52) Weramachievell. 9 . 8 3
The precision is comparkb to the replicate measurements and idboratory
comparisons of Certified Reference Material (CRM) from Dr. A.G. Dickson at the Scripps
Institution of OceanographBockmon & Dickson, 2015)The ICOS RM was used as the
availability of the Dickson CRM was limited during and following th@\@D period.

Nutrient samples were analyzed at GEOMAR using aseggmented nutrient autoanalyzer
(QuAAtro, Seal Analytical Ltd.) based on standard-alemical colorimetric techniques.

Results from discrete nutrient sample analysess(N@ere used to correct data recorded
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by the nitrate sensdNehir et al., 2021)The raw pH values obtained from the discrete

samples were processed using the software SAMI QC pH (v 4.0).

3.2.6Data processing and analysis

The DIC analyzer measurdtie conductivity of a NaOH solution. A change in the
background conductivity signal of the alkaline solution was observed upon diffusion of

Cohfrom the acidified seawater sample. Thi
® Cond = Peak hei gh t-MigirAium vatue &f peak (unibimmSecmi n e
1
)

The term H is directly proportional to the concentration of DIC. However, as conductivity

is strongly affected by temperature, H was normalized with respect to temperature to
calculate peak height following the method describeBlmttacharya et al., 202 both
deployments, water temperature measurements, extracted from the EXO1l sensor and
matched to the DIC analyzerés measur ement
influence of salinity on the raw conductivity values of the DIC analyzer wasl ftmibe

minor in the study byhattacharya et al., 202hd thereforeno salinity correction was
required during data processing. Based on thes calibration factor was determined by
measuring DIC standards which were prepared in deionized water (saldityhis study

aimed to develop a universal calibration process that would accurately determine DIC
concentrations without requiring sigpecific salinity adjustments.

For the timeseries measurements of DICthme Kiel Fjord, the analyzer was calibrated
twice in the laboratory, i.e., before and after the deployment. The DIC concentrations were
calculated by applying a linear drift correction on these two calibration factors (details in
Discussion and Supporting Informatiohese calibration standards were validated by
analyses of RMs. The DIC concentrations of discrete samples were checked to compare

the field DIC concentrations.

All data from sensors presented in this study were processed using Python software
(version 3.9). A SavitzkyGolay filter with a window size of 101 data points and a

polynomial order of two was applied on the raw sensor data to reduce noise. Statistical
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analyses on the experimental data were performed usingsopece libraries using Python
software and Origin Pro 2023 (Learning Edition, Origin Lab Corp., U.S.A). All data are
presented as mean £ 1 S.D. Maps were generated using Ocean Data View software
(Schlitzer, 2002)

3.3Results

3.3.10bservations in Kiel Fjord

The diel variations in salinity, temperature, D&, DIC (analyzer), N® in surface
waters ofthe Kiel Fjord during the deployment are presented in Fi@2etogether with
ancillary variables (wind speed, solar irradiation, precipitation, and change in water level).

The deployment period was divided into three phasisrespect to change in temperature
and salinity (i) 26" July - 4™ August: decrease in average temperature from°@std 15.2
°C and a sharjncrease in salinity from 20.07 to 17.86, (ify 514" August:increase in
average temperature from 15 to 16.2°C and steadydecrease in salinity from 18.1 to
19.5, and (iii) 1% - 25" August: steady temperature with a mean value of ~ 16.7G 1
and salinity with a mean value of 19.6 + 0.4 (Fig3.&).

A statistical distribution of all measured variables, including temperature, salinity, DO,
NOs, pCO,, and DIG are presented in Tab&1. During the deployment, salinity varied
between 17.6 and 21.4, with a mean value of 19.9 + 0.8. In cotitetsitmperature ranged
from 14.7 to 19.8C, with a mean of 16.7 +°C, which is lower than normal for that time

of the year (Nehir et al., 2022; Qiu, Esposito, et al., 2023alinity fluctuations were
particularly pronounced during precipitation events. During the first phase, the mean
salinity was 19.8 £ 1.1, whereaduring the second and third phases, the mean salinity
values were 20.4 + 0.3 and 19.6 +,0&bpectively. In contrast, a steady increase in the
mean temperature was observed over the deployment period, with values of 156, 0.8

16.4 £ 0.4°C, and 17.8 + 0.8C observed for each phase, respectively.

A total number of 1644 of data points were recorded by the DIC analyzer. The analyzer
measured approximately 74 data points per day, with a sampling frequency of 15 min,

excluding the standard measurements. The mean diel variation of DIC throughout the
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deployment was 150 + 56 umol kgDuring the three phases, the mean DIC value
gradually decreased: 2048 + 89 pumot*kduring the first phase, 2010 + 62 pmotkin

the second phasand 1999 + 72 pmol kgin the third phase. The maximum DIC value of
2229 pmol kg was recorded during the first heavy precipitation phase, whereas the
minimum value of 1825 umol khoccurred during the third phase along with a rise in
temperature. The largest diurnal variation in DIC, ~ 300 pm3| w@s observed on 30

July, followed by a minimum change of ~ 80 umoi*tpe next day. Additionallya total
numberof 43 discrete samples were collecteaing the whole deployment, with a mean
DIC concentration of 1990 + 34 umol kg

Surface DO value showed a gradual decrease during the first phase, with the lowest value
of ~ 46% observed on the day of the highest precipitation. The mean surface DO was
mostly undersaturated during the whole deployment period (77 + 12 %). Low DO values
were observed to be consistent with elevg€@d: levels. ThepCO; values ranged from

484- 1470 patm, with a mean value of 831 + 193 patm. The measured pH values from the
discrete samples were in the range of-85with a mean value of 7.8 + 0.1 (142).

Nutrient levels in the water were generally low throughout the deployment. Following the

first phase, N@ gradually increased to approximately 5 pmot from ~ 1 pmol L.

During the second phase, hQevels remained stable at around 2 pmdl However,

during the third phase, higher NGoncentrations were observed, corresponding with

lower salinity values. Towards the end of the deployment, sensor readings showed
significant variability, l i kely caused by

window.
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Figure 3.2. Time-series of measurements of (A) salinity (black) and temperature (red), (B) DO (blue) and
pCO; (orange), (C) data from the DIC analyzer (black dots) and discrete sample data (red triangles measured
by the NDIR method), (D) N© (violet) and wind speed (dark yellow), (E) solar radiation (light yellow),
precipitation (red dots) and (change in) water level (green) obtained from multiple sensors deployed at the
GEOMAR pier in Kiel Fjord in summer July 270 August 2%, 2023.

3.3.20bservations in the German Bight

The second part of the study focused on assessing the performance of the DIC analyzer
during the Sternfahht0 MOSES research expedition in the North Sea (FiguB).
Figure3.3 and S.1 illustrate the spatial variability of key variables, including salinity, DO

andpCO, pH, chla, nutrientsand DIC along the cruise track. A statistical analysis of all
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measured values (temperature, salinity, DO, nutri@@&p, DIC, pH, chia) is provided
in Table3.1.

Figure3.3 shows a sharp increase in salinity from a minimum value of ~ 19 near Cuxhaven
and ~ 27 near Busum to a maximum value of ~ 32 near Helgoland. In the German Bight,
salinity was relatively constant, with a mean value of 29.6 + 1.7. The mean seawater
temperéure was 19.7 + 0.3, with a minimum value of 48°C near Cuxhaven, gradually
increasing towards the North Sea. The highest seawater temperature was observed near the
coastal waters of Busum, with an average value of 20.1 %30.The DO conaatrations

were consistently below saturation levels in the coastal waters of Cuxhaven and Biisum,
with an average value of 98 £ 3 %. In the open water of the North Sea, the average DO
concentration was 104 + 6 %, with some areas showing supersaturatidd dfiddto

primary productivity, reaching a maximum value of 126 %. These elevated DO values were

consistent with lowpCO; (~ 400 patm).

The highestpCO,, approximately 600 patm, ag observed in the waters near Blsum,
gradually decreasing towards the waters of the German Bightp@@hranging between
376 and 549 patm. The pH distribution exhibited an inverse relationshig@b, with
values ranging from 7.9 to 8.2 near the coast (Fig8r2) SAspCO, decreased, pH values

gradually increased, stabilizing at an average of 8.2 + 0.06 in the German Bight.

The concentration of ckd in the region showed a strong correlation with DO, indicating
enhanced photosynthetic activity and phytoplankton biomass (Figure S3.2). The lowest
chl-a concentration, 0.5 pgl, was recorded near Helgoland, with generally lower values
observed in the open North Sea compared to areas close to land. However, prominent
autotrophic zones showed higher-ehtoncentration, aligning with elevated DO levels,

further confirming intenseiological productivity in these areas.

Dissolved nutrient concentrations were highest in the coastal water near Cuxhaven, ranging
from 17.5 to 54.4 umol k§ and were inversely related to salinity (Figure S3.2). Nutrient
levels gradually decreased from 16.7 + 1.4 umot kgar Biisum towards the German

Bight waters with a mean concentration of 9.1 + 2.9 umdl kg

87



Chapter3

Table 31. Statistical summary for the DIC analyzer and ancillary data during the two deployments

Variables Kiel Fjord German
Bight
Temperature T Min - Max 14.7-195 | 20.4-18.8
(°C) (EXO1)
Average + 1 16.7+1.0 | 19.7+0.3
S.D.
n 42,945 1,676
Salinity Min - Max 17.6-21.4 | 18.7-31.7
(EXO1) Average £ 1 199+0.8 | 285+22
S.D.
n 42,945 1,833
DO (%) Min - Max 46- 105 89-130
(EXO1) Average * 1 77 +12 105+ 6
S.D.
n 42,945 1,835
NOs ( € mol Min - Max 07 5.9 2.87 54.1
1
) Average = 1 16+1.2 121 +£7.9
(Opus) S.D.
n 41,976 1,834
pCOz2( € a't | Min - Max 484- 1470 -
Average = 1 831+ 193 -
S.D.
n 29,056 -
DI C ( & ™c Min - Max 1825 2229 1915-
2273
Average =1 2021+ 81 | 2095 %62
S.D.
n 1,644 60
pCO2( € at | Min - Max - 371-600
(HydroC)
Average = 1 - 448 + 47
S.D.
n - 9,248
pH Min - Max - 7.8-8.3
(Ferry box) Average * 1 - 8.1 +0.07
S.D.
n - 2,374
Chlorophyll -a Min - Max - 0.5-3
(Mg L™
Average = 1 - 1.1+03
(Ferry box) S.D.
n - 2,615
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Figure 3.3. Distributions of surface salinity (top lefpCO, (top right), DIC (bottom left)and DO (bottom
right) obtained from EXO1 probe, DIC analyzand HydroC sensors recorded during the Sternfbhrt
MOSES research expedition. Color bars represent the value ranges of all the varidhéesght side of
each graph.

The surface distribution of DIC showed high spatial variabalibng the transect. The DIC
analyzer recorded 60 data points, with a mean value of 2095 + 62 um@ dgcentrations

of DIC ranged from 1977 to 2157 pmol kgn the first day (between Cuxhaven and
Helgoland), 2051 to 2188 pumol Rgn the second day (northeast of Helgoland), 2055 to
2273 umol kg' on the third day (between Helgoland and Biisum), and 1915 to 2097 pmol
kg!on the last day (between Biisum and Helgoland). Lower DIC concentrations were
observed in waters close to the Elbe outflow (Cuxhaven ~1977 umpékg in the waters

with enhanced productivity near Helgoland (~1935 umot)kgn contrast, higher
concentrations were found near the waters close to Blisum, ranging from 2070 to 2273
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umol kgl. Additionally, a total of 31 discrete samples were colledigihg the transect,

with a mean DIC concentration of 2066 + 27 umofkg

3.4 Discussion

3.4.1Kiel Fjord

To evaluate the stability of the analyzer and to check potential instrumental drift, two
calibrations were conducted, one before and one after the deployment. The calibrations
showed a drift of approximately 30 % in the slopes of the two calibratignngeth most

likely occurred due to instrumental drift (FiguB4A). A linear drift correction was applied

on a sukhourly interval (matching the DIC measurement frequency) on the slopes and
intercepts of the two calibration sets. This new set of calibrééictors was implemented

to calculate the DIC concentrations (Discussion 1 and FigGr@ i8 the supporting
information). The performance of the DIC analyzer was evaluated by comparing discrete
DIC samples measured in the laboratory using the Apollo DIC analyzer with onboard

measurements from the DIC analyzer. The comparison yielded a linear regression of:
y=1.76 (£ 0.31) x 1463 (+ 608)

and a Pearson’s correlation coefficient (r) of 0.8 (p < 0.001, n = 21), excluding outliers
(Figure 34B). This correlation demonstrates that the slope and offset between the
measurements of discrete samples andtiea samples were 1.76 and 1463 umof-kg
respectivelywhich can be attributed to one primary factor, i.e., the temperature inside the
analyzer was higher than the seawater temperaspecially during the daytime. Alse
measurement of DIC usinthe conductometric technique is sensitive to temperature
variation, the temperature tfie NaOH solution should be considered in additiorithe
seawater temperature. Howeyvdue to temperature fluctuation inside the analyzer, no
temperature relation with raw conductivity value was found. The raw conductivity value
was only normalized with respect to the ambient seawater temperature (EXO1 probe).
Therefore, a stable temperauenvironment inside the analyzer is required to produce

more accurate data.
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The measurement precision during the whole deployment was determined to be 7.24 + 3.69
e mo It (nk=6) from the daily standard measurements, which is clabetoWe at h e r
Qualityd nie2sumol &kghe(Mewton et al., 2015b)The accuracy was
calculated as the difference between the DIC values measured by the DIC analyzer and the

measurement of discrete sampkasd it showed deviations ef 5 & m'o( = 3R)g
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Figure 3.4. Linear regression fit (solid red lines) @) temperature normalized peak height £ 1 S.D. of DIC
calibration standards before (blue circles) and after (green) the study in the KidlMfeskcond calibration
factors were used to analyze the also data obtained from the DIC analyzer during the StWVEDBES
research expedition in the North $eand (B) DIC concentrations from the DIC analyzer against laboratory
analysis of discrete water samples collected during the study in the Kiel Fjordd§x 1463,r=0.8, n =

21) andthe red circles were excluded as the time of collection did not match with measurement timestamps
from the analyzer.

Normalized Peak Height (mS.cm™)

A comparison was performed to check the DIC concentrations obtained from the DIC
analyzer and theoretically calculated Oiscussion 2 and Figure3& in the supprting
information) At first, theoretical TA values were calculated using a model described by
Lee et al., 2006and also using the-situ salinity and temperature data from EXOL1. This

TA dataset, along witlin-situ pCO, data, vas further used in the CO2Sys program to
compute theoretical DIC valugd.ewis et al., 1998; D. E. Pierrot et al., 201The range

of the theoretical DIC values was from 1990 to 2105 umdlwigh a mean value of 2054

+ 22 umol kgt, whereas the theoretically calculated pH values ranged from 7.5 to 7.9 with
a mean value of 7.7 £ 0.08, closely aligning with the trend and range of pH values obtained

from the discrete samples. The result showed that approximately 40 % of the data points
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were considered out of the (raahe) measured DIC range (i.e., 182229umol kg?).

This discrepancy is likely due to the higher srsatile heterogeneity in neemastal or
estuarine water carbonate chemistiere localized factors such as weatéeents and
freshwater inflows play a more significant role than in the open gq&andinger et al.,

2018) In dynamic environments like the Kiel Fjord, DIC values are strongly influenced by
biogeochemical processes and the mixing of different waters. Therefore, while the analyzer
showed robust performance with hiffequency measurements, the challenges posed by
the highly variable coastal environment should be considered when interpreting the results.
This comparison hencgroves that a routine measurement of high quality and- high
frequency DIC is primarily needed to specifically understand the carbonatastiye

system of fjords or estuarine waters.

To understand the key drivers of variance of different environmental variables and analyze

their interaction during the three phases, a principle component analysis (PCA) with four
components was performed. The PCA analysis effectively reduces the complex
multivariate data into a lowatimensional representation and it helps to identify key

influences on carbon dynamics in different environmental settings. Rdushows the

3D PCA plot (PC1, PGand PC3) with the contribution of ten variables, i.e., Bainity,
temperaturepCO;, wind speed, solar radiation, precipitation, tide gauge, nutriants

DIC. The three different phases are depicted as ellipses representing 95% confidence
regions. The PCA analysis captured a cumulative variance of 66.9% from the total dataset,

with PC1 explaining the highest variance, followed by PC2, PC3, and PC4. The first
component, PClexplained 21.88 % of the total variations and exhibited a strong positive

loading on salinity angCO,, whereas a strong negative loading on DO and temperature,
asshownintabld2. PC1l can be consi der edcaldastord o repr e
and the 1 phase (blue ellipse) appeared to be influenced by these physical factors. It
indicates that high DIC levels might be associated with higher salinity and lower oxygen
concentrations. The second component,,BG8@wed 20.61 % of the total variations,iefh

is strongly influenced by precipitation and tide gauge. The third component, PC3
explained 13 % of the total variance and emphasized the influence of wind speed and solar
radiation. Both PC2 and PC3 can be considered to représenttiie x t er n a l envirc

f act or ¥phase (freen ellipse) shows separation along PC2 and PC3, indicating an
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influence of tidal changes and wind speed in comparison to other phases. This suggests
that in the 2¢ phase, DIC variations might be driven by mixing processes and tidal effects.
The 39 phase (orange ellipse) showed a widespread along PC3, highlighting the role of
solar radiation and nutrient dynamics. In this condition, DIC might be influenced by
biological processes (e.g., nutrient uptake and photosynthesis). This suggests a dynamic
ervironment with significant water movement, which can affect €x@hange and mixing

processes. Finally, the fourth component, R&Slained 11.36 % of the total variations

Solar radiation = Phase 1
= Phase 2

Wind speed
= « Phase 3

1.00

0.75

=
wmn
S

0.25

0.00

:
PC3 (13.00%)

Figure 35. A 3D plot of Principal Component Analysis showing the first three principal components of DO,

salinity, temperaturepCO,, wind speedsolar radiationprecipitation,waterlevel, nutriens,and DIC in three
phases. PC1, PCand PC3 for all the parameters account for 55.49 % of the data. The ellipses correspond

to the 95 % confidence regions of three phases
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where nutrients highlightealstrong positive impactnd this variability was not captured
by the first t hree PCs. PC4 can be represeil
c h e mi c allnthedStphase, thedstrong influence of nutrients on PC4 suggests that

biological processes are critical drivers of DIC dynamics.

The inverse relationship between DIC and nutrients suggests that in ruttewaters,
biological activity (e.g., uptake by phytoplankton) might lower DIC concentrations. The
2"9 phase showed higher variability in this groapd this could be due to a wider range of

DIC levels, possibly influenced by fluctuating temperature and salinity conditions. The
moderate positive loading of DIC on PC3 (0.208) indicated that the variations of DIC
contribute to the spread along the P& aenhancing the variatiji seen in the ® phase
(Table3.2). The smaller spread suggests that the DIC levels in‘thed 3¢ phases are
influenced by similar environmental factors, such as stable temperature and salinity ranges.

Table 32. Correlation matrix showing correlation coefficients of all variables with each principle component
(PC1, PC2, PCand PC4)

Variables PC1 (21.88 %) | PC2 (20.61 %)| PC3 (13 %) | PC4 (11.36 %)
DO -0.518 -0.343 0.024 -0.143
Salinity 0.534 -0.274 -0.151 0.209
Temperature -0.492 0.236 0.084 -0.138
pCO:2 0.405 0.308 0.049 -0.337
Wind speed 0.055 -0.123 0.634 0.226
Solar radiation 0.054 -0.023 0.702 0.101
Precipitation -0.019 -0.512 -0.011 -0.111
Tide gauge -0.048 0.608 0.066 0.134
Nutrient -0.134 0.028 -0.152 0.825
DIC 0.107 -0.073 0.208 -0.169

Correlation plots between salinigCO,, and DO for three separate phases are presented
in Figure S.5A andB. A negative correlation between DO and salinity was observed, with
Pearsonébés corr el alt88,-0r51, and @.31 for tleirespedtive phasey. o f

This suggests that as salinity increaf¥3 levels decrease significantigross all phases.
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Similarly, a negative correlation was found between DO@@, with r values of 0.31

(weak correlation due to limited data during sensor maintenan0e§9, and- 0.76 for

three phases, respectively, indicating that higi@D. levels are typically associated with

lower oxygen concentrations related to respiration of organic material. These relationships
between DO angpCO; provide valuable insights into the underlying biological and
physical processes. On the biological side, photosynthesis andtiesppiay a key role,

with photosynthesis driving CGQronsumption and oxygen production, while respiration

has the opposite effect. On the physical side, gas exchange dynamics and temperature
variation are influential factoréDeGrandpre et al., 1997; Kuss et al., 200Byring
summer, elevated temperatures reduce the solubility of atmospherievBioh lead to
higherpCQO:z levels in the water. At the same time, warm surface waters enhance primary
production, increasing oxygen levels as;@consumed through photosynthgsisss et

al., 2006) IncreasedpCO; levels during summer is also be indicative of wdrdven
transfer of deeper waters to the surface, often associated with higher salinity. In shallow
coastal areas of the Baltic Sea, the interaction between the water column and sediment
surface further aatributes to elevated G@evels due to mineralization processesurring

at the sedimentvater interface(Hammer et al., 2014)These dynamics highlight the
complex interplay between physical forces and biological activity in shaping the observed
relationships between salinitgCO,, and DO in the Kiel Fjordand these correlations are

also supported by the PCA.

The DIC values obtained from the analyzer exhibited a weak correlation with salinity
during the first two phases, while a Pearson
phase (Figure 35C). The weak correlations in the first two phases can likely be attributed
to heavier precipitations and storm activity, whadko disruptedypical temperature and
salinity patterns, leading to significant variability in the water mass characteristics.
Terrestrial ruroff and river inputs during heavy precipitati events, each with varying

DIC concentrations, may have further complicated the typical conservativsdliity
relationship. For example, during the heaviest precipitation event (~ 4themg was a

sharp decrease in DIC concentration (~ 125 pumd) keeflecting the strong influence of
freshwater inputs on the system. The inverse relationship between DIC and DO, supported
by the PCA, which was typically observed over a diel cycle (Discussion 3 and f)8je S
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further supports the role of biological processes as the dominant driver of gas fluxes, with
photosynthesis increasing DO levels during the day and lowering inorganic carbon
concentrations, while respiration at night consumes oxygen and produge& Sidnger
correlation between DIC and other variables was observed during fitea8e, with DIC
showing a negative correlation with DO (r-9.73) and a moderate positive correlation
with pCQ (r = 0.53) (Figure 85D and B. These correlations were morepounced as
temperature increased, suggesting that both biological and physical processes played a
significant role in driving DIC dynamics. The weakest correlation with DO {10:29)
occurred during the first phase, likely due to the turbulent conditions caused by the storm,
which affectedthe mixing and exchange processes, reducing the consistency of the
relationship. Similarly, during the second phase, a moderate correlation between DIC and
pCO:. (r = 0.46) was recorded, reinforcing the influence of both biological and physical

processes, including water mass mixing and precipitatioren runoff on DIC dynamics.

-10 4

iz, —15 ~
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—25
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Figure 3.6. Distribution of C : N derived from N@and DIC concentrations during the three phases.

Rivers supply enhanced loads of nitrogen, which are transformed into organic matter and

undergo continuous remineralization. This process enriches the system wjthfeé®
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leading tooversaturation of C®and undersaturation of DEmerson & Hedges, 2008;
Stokowski et al., 202Q)patterns that were also observed during this study pefmd.
understand how the distribution of nitrogen species is linked to that of inorganic carbon,
the proportional changes in DIC and nutrient concentrations were assessed and compared
with theRedfield ratio, i.e., the stoichiometric ratios of {uber, 2008; Redfield, 1934)

The observed C : N during the three phases w@r@,- 11.15 and- 27.98 respectively

and these values were lower than the classic Redfield ratio C : N = 6.6 (Bguréhis
deviation is primarily due to the different waters (estuarine water instead of Baltic Sea
water) and the movement and mixing of water masses due to wind, riveranduand
run-off. The reaction of photosynthesis and respiration processes are also contributing
factors(Gruber, 2008)During the 1 two phasesthe NG uptake was more than that of

the 39 phase, whereas more regeneration osN@s found in surface water than DIC
during the & phase. Higher C : N suggests N loss due to denitrificatioitheoccurrence

of deep remineralizatiorfEsposito et al., 2021; Gruber, 2008)he strong inverse
relationship betweepCO; and DO is driven by the net effect of biological production and
remineralization of organic matters (Figure3.5B), with the relationship also being
influenced by the differing equilibration times of. @nd CQ with the atmosphere
(Schneider & Mdller, 2018)Wind-driven mixing and tidal evenfsirther complicate the
picture, as they bringutrientrich subsurface waters tbe surface, which enhance GO
production and @consumption as respiration increases. This mixing process, along with
the observed trends in temperature and salinity, drives the system towards higher CO
levels, particularly in regions with greater biological activity and physical disturbances. On
the other hand, DIC exhibited a strong inverse correlation with temperature(q68,
picture not shown)suggesting a moderate influence ofsea gas exchange. This pattern
indicates that during the summearbon dynamics in this region are regulated by the

combination of physical and biological processes.

3.4.2German Bight

The performance of the DIC analyzer was evaluated by comparing onboard DIC

measurements using the DIC analyzer with laboratory measurements using the Apollo DIC
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analyzer. The comparison yielded reliable data, showing a strong correlation with a linear

regression of:

y =0.71 (£ 0.09) x + 610 (x 182), r = 0.85 (p < 0.001, n = 27), excluding the data points

when measurement time did not match sampling time (Figum). The measurement
precision was 3n4®wh edr.elads ctnmoel akcgc ut(rcy was
= 29) during the 4lay cruise in the North Se@oastal environments are subject to several
significant DIC sources, including respiration, benthic calcium carbonate @#aCO
dissolution, denitrification, and sulfate reduction. Meanwhile, key sinks include
photosynthesis and CaG@recipitation within the water column, nitrification and sulfide

oxidation in sediments. Additionally, largkrived inputs of organic matter and nutrients

play a crucial role in balancing production and respiration in these ecosy&ergss &

Gypens, 2010; Carstensen et al., 2018)

Surface salinity distribution data (ranging between 19 and 25) indicated enhanced river
discharge from the Elbe River along the outer estuary of the west coast of Schleswig
Holstein.In this region, salinity ranged from ~ 26 to 32, with the coastal waters near Busum
exhibiting the highest surface water temperature (2)CGO0A significant deviation from

the linear relationship between DIC and salinity was observed near the coast, likely due to
the mixing of riverine water and land runoff (Figu8&B). The variation in DIC values

along the transect reflected the charactessifcdifferent waters, with the highest DIC
concentration (2273 umol Kg recorded near Buisum, where both water temperature (~ 20
°C) and salinity (> 26) were elevated. This high DIC concentration could be attributed to
sedimemwater interactions, including processes such as sediment respiration and
anaerobic degradation (e. g (Brassdetal.jl199h;@ac at i on

et al., 2017)which are common in coastal and estuarine regions.

Samples from the German Bight (FiguB&B) collected across high salinity gradients
showed a decrease in DIC concentrations, suggesting that primary production, especially
during spring bloom, plays a dominant role in regulating carbon distribution rather than
simple mixing with river water. Irareas with low salinity, a nelmear relationship
between salinity and DIC was observed (FigB8réB). This can be explained by the

"titration" effect (an enhancement of the carbonate buffer), where freshwaterwiilie
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seawater enriched in carbonate ions f9Qincreasing bicarbonate ions (HE(Brasse

et al., 2002h)Additionally, precipitation and evaporation influence salinity, which in turn
affects the solubility and dissociation of @®ariations in both salinity and temperature
alter DIC speciation and COsolubility, amplifying the observed trends pCO;
(Carstensen et al., 2018)hese processes demonstrate the complex interplay between
physical and biological factors in regulating carbon dynamics in the coastal and estuarine

environments of the German Bight.

The carbonate system in the North Sea and surrounding coastal regions exhibits a nonlinear
behavior, withpCOz levels increasing more sharply than DIC concentrations, particularly
with increasing temperature and salinjiyelzner et al., 2013)In highly saline waters,

pCO: levels were notably low (~ 376 patm3uggesting these waters were below
atmospheric equilibriugacting as carbon sink (FiguBe S2). On average, marine areas

were near equilibrium with atmospheric &®@ith a meampCO; of 423 + 20 patm.

During summer, surface waters often become undersaturated Jrd@&0Oto intensive
primary production. Stratification of the water column during this period prevents the
upward mixing of CQ from below the thermocline, reinforcing undersaturation at the
surface. This enhanced primary production leads to net autotrophic conditions in the North
Sea(Brasse et al., 2002b%tudies indicate that asea CQ flux contributes to less than

10% of the total variation ipCQOg, with biological processes playing the dominant role
(Cai et al., 2004)Therefore, during summeCO distribution in surface waters is largely
driven by biological activity, outweighing the influence of temperature increases. In
contrast, the coastal waters showed greater variabilg@ @ compared to the open ocean.
Inputs from rivers deliver organic particulate and dissolved materials to coastal areas,
where they undergo remineralization in the water column. This leadpCt®,
supersaturation (~ 593 patm) and £tgassingBrasse et al., 2002byhese higlpCO;

values align closely with elevated DIC concentrations (FiQr€), suggesting that
remineralization processes in coastal waters significantly influence carbon dynamics and
CO: fluxes in these regions. The DO distribution along the salinity gradient of the transect
showed moderate oxygen utilization (~ 88 %) in the-&alnity waters and oxygen
supersaturation (~ 125 %) at higher salinities (Figure S3.2). The sedimentsstutrg,e
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Figure3.7.Li near regression yt (solid red line) between DI

laboratory analysis of (A) discrete water samples collected during the SteitlaMOSES research

expedition in the North Sea (y = 0.71x + 610, r = 0.85,27)= The red circles were excluded as the time of
collection did not match the measurement timestamps f
between mean DIC concentrations from the DIC analyzer with respect to (B) salinity, (&)gnd@®) DO

during the Sternfalvit0 MOSES research expedition. The data points shown in red circles are considered

outliers as freshwater inputs as low saline water and anomalous data points from conservative relations. The

red circles are considered outliers as freshwater input, low saline water and anomalous data points from
conservative relation.

composed mainly of organically rich muds, result from the flocculation of colloidal
materials carried by rivers and the concentrations of particulate organic carbon. These
sediments are a site of intense anaerobic processes, which lead to reduced D®thevels
surrounding estuarine watefGattuso et al., 1998A negative correlation between DIC

and DO was observed, indicating that primary production and decompgsitioesses
largely influenced the distribution of carbon species (Fi@ufB). This trend aligns with

the presence of elevated phytoplankton biomass, which is associated with higher oxygen
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saturationKamjunke et al., 2023Elevated DO levels at higher salinitiesther suggest
active photosynthesis driving oxygen supersaturation, while lower DO levels near the
estuary reflect the impact of anaerobic decomposition in sedincdnenvironments.
During the summer, pH levels are typically elevated, driven by inede&glogical
production during the spring bloon{Blackford & Gilbert, 2007) with a strong
anticorrelation witlpCOz (Figure S3.2)The particularly high pH observed in August was
likely a result of a coastal bloom triggered by the influx of nutrients and possible water
column stratification. Elevated nutrient concentrations were detected in thsalioity
waters near the Elbe eaty, likely caused by organic matter degradation, redox conditions,
basin drainage chemistry, and anthropogenic influe(Ces et al., 2004)In contrast,
marine waters typically exhibited nitrogen depletion in summer, suggesting efficient
nutrient uptake by marine organisms. This nutrient pattern highlights a highly productive
zone near the estuarydés mouth, where tidal
during flood tides and out toward the bay during ebb tides. Thes&bwity waters that
reached the German Bight were initially characterized by elevateal cbhcentration,

likely dueto the seaward transport of a coastal blooavipusly observed near Cuxhaven
(Figure 3.3 & S3.1) (Voynova et al., 2017b)These high cha leves could be likely
attributed to excess nutrient inputs from the river, supporting the dominance of coastal
phytoplankton species that find optimal growth conditions with sufficient nutrients when
moving away fronthe estuary High nutrient loads from rivers can lead to eutrophication,
significantly boosting net ecosystem production and promoting a system dominated by
primary production. Nutrient loading, especially of nitrogen and phosphorus, often fuels
phytoplankton blooms #i candrive substantial biogeochemical changes in coastal
ecosystemgGattuso et al., 1998; Lohrenzl et al., 1997)

3.5 Conclusion andFuture Perspectives

The autonomous DIC analyzer was successfully tested under diverse field conditions
including Fjord, estuarine@nd coastal waters, demonstrating its robustness, stahiliy

wide applicability in capturing highesolution data. While the analyzer has achieved

OWeat her Qualityd measur ement precision, t h
6Climate Quality6 mé.dnshecurantstmdy, the pagstdtesgingOmo | kg
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of raw data includes temperature normalizatiorear drift correction as foundational steps

for a universal data processing framework to calculate final DIC concentrations. It can be
refined through developing a more robust universal-paostessing procedure by (1)
testing across different water masses to applysgiéeific salinity correction and (2)
applying conditions for seasonal differences within the annual DIC cycles. It could
eliminate the need for praalibration and streamline future applications. Moreover, to
generate more accurate respéll the calibration procedures for the whole deployment can
be done using only one RM/CRM instead of-tahde standards. Additionally, the
temporal dataset frorie Kiel Fjord and the spatial dataset from the North Sea provided
by the DIC analyzer allowed us to unravel the hydrodynamic and biogeochemical
processes occurring in these highly dynamic coastal and estuarine waters. Unlike the
relatively stable carbonate @mistry of the open ocean, these regions experience rapid
changes, often on an hourly sab-hourly scale, that cannot be effectively captured by
traditional manual sampling and lalsed analysis. Reaine measurements from the DIC
analyzer filled this gap, providing the hifffequency datasets needed to better understand
these fasthanging systems. The integration of additional sensor data (e.g., temperature,
salinity, dissolved oxygen, nutrients, pH, ao@dOz) during these studies enhanced the
comprehensive understanding of the environmental conditions and improved the
functionality of the analyzer in terms of data processidgomparison of sensor data with
previous studies indicated that the physiochemical properties of the Kiel Fjord are changing
over time likely due to anthropogenic inputs, commercial utilization of the, arehabrupt
weather changes. Statistical analysis of DIC variability along with other environmental
factors offers valuable insights into the drivers of temporal and spatial fluctuations in the
carbonate dynamics in these complex systems. Our findings sugdetiring summer,
biological activity has a more significant impact on DIC trends and carbon cycling than
physical or chemical processes alonethiafuture, the development and deploymamnt

situ of the DIC analyzer is planned. This will support leegn investigations on the
carbon dynamics, allowing for detailed spatial and temporal analysis of DIC alongside
other environmental variables. These efforts will help to identify carbon sinks ammgsou

in these regions and enable the generation of +yedti, high-frequency datasets across

different seasons. Such studies will also contribute to develop new algorithms linking
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carbonate chemistry with other oceanographic properties, improving the parametrization
of biogeochemical models. Ultimately, this knowledge will be critical for developing
scientific models and sustainable management strategies in response to ongoing global

environmental changes.
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3.6 Supporting information
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Figure S31. Distributions of surface temperature (top left), pH (top right);aiibottom left) and NQ-
(bottom right) obtained from EXO1 probe, the ferry box, and Opus sensors, respeai@igied during the
Sternfahrtl0 MOSES research expedition. Color bars represent the value ranges of all the pacertiegers
right side of each graph.
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Figure S32. Spearman correlation matrix of sensor data points during Sterif@aHtOSES research
expedition on # - 7" September 2023; Positive correlation coefficients are illustrated in blue boxes, negative
ones in red.

Discussion 1:
DIC calculation from raw data

The calculation of DIC concentrations from the raw dataset was tested using three
approaches: (A) Linear drift correction: it was applied due to a slight drift (~30%) observed
in the slopes during prand postcalibration tests. Following temperature emtion and

(A) linear drift correction on calibration factors, the DIC values ranged from 18239

umol kg* with a mean value of 2021 + 81 umolkgB) 2" calibration factor applied to

the whole dataset: it showed the DIC range as 18392 umol kj* with a mean value of

2201 + 169 pmol kg, and (C)  calibration factor applied to the whole dataset: the DIC
concentration ranged from 1556 to 2312 pmot with a mean value of 1925 + 167 pmol

kg! (Figure S33). The direct application of only the calibration factors (first or second)
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across the entire dataset resulted in a wider range of DIC values, which did not align with

the measurements of discrete DIC samples. This inconsistency highlights the importance
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Figure S33. Time series variation in DI@ascalculated using (A) linear drift correction, (B)*2and (C)
1stcalibration factor on the whole dataset.

of addressing potential instrumental drift. In this case, implementing a simple linear drift
correction effectively resolved the issue and allowed for more accurate DIC calculations.
This approach ensures the reliability of the DIC dataset, aligning i iwiosely with

independently validated discrete sample measurements.
Discussion 2:

Comparing DIC concentration obtained from the DIC analyzer and theoretically
from CO2SYs

To compare the DIC values obtained from the DIC analyzer with theoretically derived data,
concentrations of total alkalinity (TA) were used. In the Baltic Sea, TA values deviate from

direct calculations due to strong influences from salinity and the matiddferent water
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massegHammer et al., 2014; Miller et al., 201&onsequently, theoretical TA values
were estimated using one of the models for the North Atlantic Ocean region of {30°N
80°N) as described Hyee et al., 2006based om-situ salinity and temperature data from
EXOL. These theoretical TA values, along witksitu pCO, data, were then used as input
parameters in the CO2Sys program to compute theoretical DIC yhkwes et al., 1998;

D. E. Pierrot et al., 2011T he theoretical DIC values ranged between 1990 and 2105 pmol
kgt with a mean value of 2054 + 22 umolkgCorrespondingly, theoretical TA values
ranged from 2081 and 2164 pmolkwith a mean value of 2113 + 16 pmolkgrhis
theoretical TA range was higher than previously reported values (1967 + 18 ol kg
likely due to the lower salinity range (~ 137) in earlier studies compared to the higher
salinity (~ 17- 21) observed during this summer pen@died(Qiu, Esposito, et al., 2023)
The calculated pH values ranged from 7.5 to 7.9 with a mean value of 7.7 £ 0.08, closely

aligning with the trend and range of pH values obtained from the discrete samples.

The DIC values obtained from the analyzer showed a significant relationship with

theoretically calculated DIC values, with the regression equation of:

y = 0.36x + 1339, r = 0.78 (Figur82)

2120

= Data points
Linear fit ) T e

2100
2080 4
2060

2040

2020 1

CO2Sys calculated DIC (umol kg™)

2000 - . y=0.36x + 1340
- r=10.78

1980 T T T T T
1850 1900 1950 2000 2050 2100

DIC measured by DIC analyzer (umol kg™)

Figure S34. Linear regression fit (solid red line) between all DIC values obtained from the DIC analyzer
against calculated DIC concentrations from CO2Sys (n=512) using theoretical TAn-aitd pCO;,
measurements aair.
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This close alignment between the measured and calculated values further supports the
accuracy and reliability of the DIC analyzer. However, approximately 40 % of the data
points were considered outliers, likely due to the salinity range used for TA talcula
being outside the range suitable for this study. In dynamic environments like the Kiel Fjord,
DIC values are strongly influenced by biogeochemical processes and the mixing of
different water masses. The outliers could be attributed to the incompketg f water

layers, which can lead to inconsistency between directly measured DIC and theoretically
derived values, particularly when using parameters more applicable teoopam
conditions. Coastal regions tend to exhibit greater variability in Dé@surements due to

these factors, leading to more pronounced deviations from theoretical predictions based on

more stable oceanic conditions.
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Discussion 3:
Diel variation of DO and DIC

The maximum diurnal variations in DO and DIC were recorded during the first heavy
precipitation event. Levels of DIC closely mirrored DO changes, with nighttime DIC (~ 2
hours) starting from around 2165 pmorkand decreasing to a minimum of ~ 1951 pmol
kg! during the daytime (~14 hours). Meanwhile, DO increased from ~ 80% at night to
~105 % during the day on 30th July. On 1st August, following the sustained heavy rainfall,
DIC further decreased from ~ 2266 umoliaf night to ~ 2111 umol kgduring the day,

while DO increased from ~ 45 % at night to ~ 68 % during daytime.

This pattern of inverse variation between DIC and DO aligns with previous studies showing
that temperature alone accounts for only about 1 % of the observed variability in dissolved
gas concentratior(sle Montety et al., 2011The most significant diurnal variations in DIC

(~ 13 %) and DO (~ 37 %) were observed during heavy precipitation events, likely driven
by enhanced photosynthetic activity during periods of high biological productivity. Similar
observations of large vatians in DIC concentrations (~ 100 %) have been reported in
tropical floodplaingBass et al., 2013} ow DO value at night can be linked to nutrient

rich inflows from anthropogenic sourc@dimick et al., 2011)which may fuel respiration
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Figure S36. The diel variations in DO (orange) and DIC (blue) on 30th July and 1st August 2023 during the
study in the Kiel fjord.

processes and further deplete oxygen. Moreover, smaller fluctuations in DIC and DO could

also benfluenced by the movement water masses driven by wind and other physical
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forces. While the primary driveof DIC dynamics are biological processes such as carbon
fixation and airsea CQ exchange, other processes such as precipitation of carbonates and
riverine inputs of DIC also contribute. The loss of HC@nd CQ? ions, promoting
carbonate mineral precipitation, plays a role in altering DIC levels in some parts of the
Baltic Sea(Stokowski et al., 2020)
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Abstract

An autonomou-situ DIC sensor was developed for rimhe dissolved inorganic carbon

(DIC) measurements in seawater using a conductometric detection technique. The
measur ement approach uses a 20 c¢cm gas exch
configuration to facilitate gaseous ed@ffusion from an acidified sample into a stream of

alkaline solutionNaOH), followed by detection with four hollow brass electrodes.

Thein-situ DIC sensor was tested under laboratory conditions to assess its performance,
optimize the measurement protocol, and determine-temg physical and chemical
analysis stabilityThe performance of the sensor was evaluated during (&g 8ial in

the Baltic Sea and (b) a 2y deployment in the Kiel Fjordo account for temperature
dependent conductivity variations, the sensor was equipped with two temperature probes,
measuring external (ambient seawater) and internal (NaOH solution inside the housing
temperatures. Investigation revealed that both temperature datasets are required to
construct a correction model for raw conductivity values. Additionally, a daily drift
correction was also incorporated into the data processing method by perfanrsihg
calibration, ensuring accurate DIC data. Using the optimized data processing method, the
observed DIC concentration range in Kiel Fjord was between 4662296 umol k',

with a mean value of 1978 + 150 pumotkd he sensooperated with a measurentegycle

of 20 min achieving a measurement precision of 16.8 *+ 8.46 umdl(kg= 32). The
measurement accuracy was2 pumol kgt, as calculated by comparing DIC data from the

sensor with laboratorgbtained data from discretely collected samples

Data from the DIC sensor showed good correlations with other environmental parameters
including pH and oxygen, obtained from commercial sensors deployed during the Kiel
Fjord study. It demonstrated the capability of the newly develapsdu DIC sensor to
provide realtime, highquality DIC measurements in complex and dynamic coastal
environmers. The sensorrepresents aignificant advancement in autonomous carbonate
system monitoringand hagpotential applications in both ocean acidification studied

COz leakage detection in Carbon Capture and Storage (CCS) operations
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4.1 Introduction

The combustion of fossil fuels, lande changes, and the increase in the production of
cementhave led to an unprecedented emission of carbon dioxidg).(O&er the past 63
years, the C®concentration in the atmosphere has increased from 317 ppm (in 1958) to

425 ppm (in 2024) Https://aml.noaa.gov/ccgagl/trenyisTo effectively mitigate global

climate change and limit the temperature increase ttCl(assonDelmotte et al., 2019)
decarbonization of the economy is requi(Bdyd et al., 2023)and als@n active removal
and safe sequestration of excess,@@ay from the atmosphere, using terrestrial and
marine CQ removal (MCDR) strategig®athak et al., 2022)

Among various mCDR approaches, carbon capture and storage (CCS) is considered to
significantly achieve a stable solution over next several de¢htéts, 2005) It involves
chemical capture of CQrom an active source followed by lotgrm storage in geological
formations, e.g., offshore sandstone (saline aquifers and depleted oil/gas reservoirs),
unconsolidated deegea sediments or basalt rock formations at the segffmbomon et

al., 2008) The storage of Cn such geological locations requires appropriate porosity
and permeability of the reservoir, with good sealing capability and a stable environment.
Such longterm geological storage of G@an potentially leak C§and a comprehensive
monitoring program (Measurement, Monitorjraqnd Verification (MMV)) is required to
attribute and quantify the potential leakageis motivates to develop autonom@ensors
dedicated to monitor the inorganic carbonate parameters, i.e., DIC, pH and partial pressure
of CO, (pCQ,) (equivalent tofCO;) at CCS sites. The sensors will be ugeddentify,

detect, and quantify any possible fl€akage from CCSiteunder high pressure and lew

temperature environment.

When CQ mixes with seawater, it will dissolve and will go through a series of chemical
reactions. It first forms aqueous g@vhich then reacts with water molecules to produce
carbonic acid (HCOgs), which dissociates into hydrogen*jHbicarbonate (HC®), and
carbonate (Cé&¥) ions, following the reactiofZeebe, 2012)

, , - + 2- +
Cq(a-la)zez HZCQZ Hcg)+ A CQ + 2
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To understand the oceanic inorganic carbonate chemistry, four fundamental carbonate
parameters, i.e., Dissolved Inorganic Carbon (DIC), Total Alkalinity (TA), phki
fugacity of CQ (fC0Oy), along with the physical property of seawater (i.e., equilibrium
constants, temperature, salinity, and pressure) are considered.

Numerous analytical techniques have been developed to quantify DIC concentrations in
seawaterand Table4.1 providesalist of these techniques which have been published in
peerreviewed journals. Except Dual Isotope Dilution and Cavity RHpwn
Spectroscopy, the analysis of DIC generally follows three steps: (i) acidification of the
sample to convert carbonate species into gaseous(i§diffusion of CQinto gas phase,

and (iii) detection of the diffused G@oncentration. All these sensors are in various stages

of development, i.e., labased, underway, underwater.

Currently, there is no commercially availalesitu DIC sensor, and some developments
towards robusin-situ sensors capable of producing highality data are in progress.
Severalin-situ autonomous DIC sensors have been developed and are undergoing field
demonstrations: (1) Robotic Analyzer for the TL&ystem (RATS), based on a three
electrode conductometric detection technig{@ayles & Eck, 2009) (2) Moored
Autonomous DIC (MADIC) system, based on NDIR metkigassbender et al., 201%3)
Channelized Optical System (CHANOS) for measuring DIC and pH, based on
spectrophotometryWang et al., 2013)(4) labon-chip (LOC) DIC sensor, based on
capacitively coupled contactless conductivity detectioriDJC(Monk, 2020a) (5)
Spectrophotometric Elemental Analysis System for measuring DIC (SHEB% also

based on spectrophotometry method are few mentionable ones.

A benchtop DIC analyzer was recently developed and tested in various field deployments
(Bhattacharya et al., 2024; Kopf et al., 20ZAhe measurement principle of the analyzer
was based on the conductometric detection technique. The analyzer included a detection
cell designed with a novelour-contacting hollow brass electrode configuration in
combination with a gas diffusion sequential injection flow analysis-8&8) method. The

design of the fluidics and the measurement protocol were optimized to facilitate high
throughput measurements with lower reagent consumption compared to reported

conductometric DIC analyze(Martinotti et al., 2012; Sayles & Eck, 200@pboratory
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based tests showed a measurement precision ofvbbkg?, with a sampling frequency

of four samples per houiime-series DIC data collected during field deployments
demonstrated that the analyzer has achieved an analytical precision of + 7.24 tmol kg
during a montHong deployment in Kiel Fjord.

Table 4.1. A comparative review of DIC sensors with different measurement techniques

Techniques Precision Sampling Reference
(umol kgt frequency
(per hour)
Coulometry +0.5-1.0 4 (Natchanon et al., 2014)
Non-Dispersive Infrared (NDIR) +5 3 (Fassbender et al., 2015
Detection
Spectrophotometry +3.6 > 60 (Wang et al., 2013)
Gas Chromatography +3.1 4 (Hansen et al., 2013b)
Dual Isotope Dilution and Cavity +0.4 15 (K. Huang et al., 2015)
Ring-Down Spectroscopy
+0.7 ~5 (Su et al., 2019)
Membrane-Introduced Mass not specified not specified (Bell et al., 2011)
Spectrometry
Electrochemical detection- +3.6 1 (Sayles & Eck, 2009)
Conductometry

The present study describes the development and evaluation of a novel autanesitaus

DIC sensorwhich can be deployed at depths of up to 10 m. This development process is
a part of theAlternate scenarios, Innovative technologies, and Monitoring approaches for
SubSeabed Storage of carbon dioxidéMS?) project(https://aims3.cdrmare.deiwhich

ultimately aims to develop a deep water 2 km) in-situ DIC sensor capable of
autonomously measuring data witlgh-precision and higlaccuracyto monitor changes
in DIC concentration following any potential G@ak at CCS injection siteshe working
principle and the core design of the current sensor build upon the framework of the
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previously developed benchtop DIC analyfBhattacharya et al., 2024The fluidic
system was specifically optimized to enable tisegies measurements at a fixed location.
The integrated software included (In-situ calibration to adapt with reaktime
environmental variations instead of laboratbased calibrations and (Zutomated
periodic cleaning cycles of the fluidioghich reduces biofouling and the need for frequent
maintenance, thereby enhancing autonomous operation duringelongleployments. A
robust data processing method was develppgtich included (1) tewperature
compensation on raw conductivity data using two temperature probes equipped within the
sensor and (2) drift correction factor, obtained friorsitu calibration, implemented to
primarily eliminate potential drifts in the detection cell and gradual changes in the reagent

composition.

In this study, the performance of the newly developed autonomitsi DIC sensor, was
demonstrated itheKiel Fjord (southwestern Baltic Sea) in summer 2024. The DIC dataset
was compared with other environmental parameters, e.g., sea surface temperature, sea
surface salinity, dissolved oxygen (DO), pH, etbtained from a suite of commercial
sensors deployed on a pier at GEOMAR. The applicability of the robust data processing
method was evaluatednd it aimed to generate higjuality data from suchyhamic

coastal waters.

4.2 Material and methods

4.2.1Reagents and solutions

The phosphoric acid @®Qs) and sodium hydroxide (NaOH) solutions were prepared using
analyticalgrade reagents, followinttpe protocol described iBhattacharya et al., 202A

0.95 mol L:* H3PQy solution was prepared by dilution of 85 % orHgP Oy (Carl Roth) in
deionized water (MiliQ, 18. 2 Mq c¢cm, Millipor e)NaOHA st ock
was prepared by dissolution of 2.49 g NaOH (Merck) in 250 mL of deionized water, and a
working NaOH solution (10 mmolt) was prepared by further dilution in deionized water.

To assess accuracy of the measurements, a fresh batch of certified reference material
(CRM, batch#210, A.G. Dickson, Scripps Institution of Oceanographg,) W&h a DIC
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concentration of 2046.37 + 0.32 pmolkwas used during the field deployment. All the
reagents and CRM were stored in gapermeable, UVprotected EVA infusion bags
(MIB 1000, Hegewald Medizinprodukte GmbH, Germany) to prevent gas exchange and

ensure stability over time.

A stock solution of DIC (0.1 M) was prepared by dissolving 0.53 g of sodium carbonate
(NaCOs, Honeywell Fluk& , Germany) and 0.42 g of sodium bicarbonate (NakjC@r

Roth) in 100 mL of deionized water. Five calibration standards 1700, 1850, 2046,
215Q and 2300 pumol kg were used for laboratory calibration. A fresh CRM batch was
spiked with the DIC stock solution, resulting in concentrations of 2150 and 2300 pmol kg
1 while an aliquot of the same CRM batch was diluted with deionized water, yielding
concentrations of 1700 and 1850 pmol*kd@he DIC concentrations of the calibration
standards were measured time Apollo SciTech DIC auteanalyzer (ASC3, Apollo
SciTech, L7000, LICOR, USA) with respect to the CRM (2046 pmoitkg All the
calibration standards were stored in infusion bags.

4.2.2 Apparatus and experimental setup

4.2.2.1System overview

The sensor has a compact structure and is divided into three primary compartments: (i) a
lower section, which consists afjas exchange unit (GEU) and reagent bags, (ii) a middle
section, which contains pumps, valves and fluidics, and (iii) an upper section, which
includes (a) detection unit, i.e., conductivity cell and (b) electronics. The middle and upper
compartments werenelosed within a pressure (allows a maximum depth of 10 m) and
waterresistant chamber (Figudel). The sensor i60 cm in heightiad 20 cm in diameter

and has #otal weight of ~7 kg
Lower compartment

The lower compartment is exposed to the ambient water during deployment and includes
the GEU and the reagent bags, securely connected to the sensor body using
polyetheretherketone (PEEK) Nuts (Super FlangBledéut, Standard Knurl, Natural
PEEK, 1/ 16 n @2 Flat Bottamhand blué feriulés (Flangeless Ferrule, Blue
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ETFE, 1/ 16 nj-20AmtBTouktiomy, 1¥/EAA) . The PEEK tubir
I 0.03066) were used for all fluidic connect |
GEU configuration of 20 cm length was prepar&de GEU consisted of an outer PEEK

tube of O.D. 1T | .D. 1-peintedble anorplfousGod@olyraen d an i
tube (TeflonAF2 400 t ubing, Biogeneral, USA; O.D. I
thickness of 63.5 & m. dforlthe Na®H sokition, Rieretée t ub e we
inner Teflon AF2400 tube was used for the asadhple mixture. A countercurrent flow of

NaOH andheacid-sample mixture was employed to enhancegeeexchangefficiency

(Monk, 2020b; Wang et al., 2013)he inlet and outlet connections of the GEU were

assembled using PEEK Tees (Cole Parmer, Idex-Rawe s s ur e, 0.050 n Bor
Tubing, 1/428 Flat Bottom) and connected to the valves located in the middle
compartmentThe design of the GEU is described in detaiBimattacharya et al., 2024

The sample inlet was connected to a 0.8 Om
Sciences, USA) to prevent clogging of the internal fluidics. An external temperature probe
(Pt100,Sea & Sun Technology GmbH, Germanyas also part of this section to record

ambient seawater temperature during a deployment.
Middle compartment

Two diaphragm pumps (MCP Serie®0 Metering Pumps, Takasago Fluidic Systems,
USA) and two threavay isolation valves (NResearch, USA) were integrated into the
fluidics compartment to propel reagents and sample through the different sections of the
sensor The first valve (V1) was configured to selectively draw and ngarepls and

CRM. The second valve (V2) controlled thhew of acid One pump (P1) was used to draw

the acidsample mixture into the inner tube of the GEU, allowing the acidified sample to
pass through and subsequently be discharged to waste. Tubing dimensions were
investigated to optimize acshmple mixing, with the ainof eliminatingthe need for
separate mixing units. The second pump (P2) was connected to the NaOH bag to direct the
flow through thdour-electrode conductivity cedind then to waste. The flows of the pumps

and operation of the valves were optimized to precisely draw and transport fixed volumes

of reagents and samples in a fully automated setup
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Top compartment

The conductivity cell consisted of a custai®signed fouelectrode configuration (Sea &
Sun Technology GmbH, Germany). Four hollow cylindrical brass electrodes of equal
lengths (Albion Alloys Precision metals, UK, 20 mm long, O.D. x I.D. 0.5 mm x 0.3 mm)
were connected igeries using Tygon tubing (AltEc; orange/green; 1.D. 0.38 mm) with

an intraelectrode spacing of ~1 mm. Each electrode featuregnéral symmetrical
terminal where theouter terminalgrovided analternating current (AG)and theinner
terminalsmeasured theoltage dropacross the inner electrodes. The measured voltage is
then converted inta@onductivity using custom electronicgleveloped bySea & Sun
Technology GmbHA Negative Temperature Coefficient (NTC, Sea & Sun Technology
GmbH) probe was integrated into the system through a PEEK tee at the itthet of
conductivitycell to record the temperature of tNeOH solutionflowing toward the cell
prior to analysis. This allows accurateemperature compensatidior conductivity

measuremas. Additional detail®f the cell are provided iBhattacharya et al., 2024

To ensurgheautonomous operatiaf the sensor, a Raspberry Pi (RASP P14 B 1GB) and
a HAT Brick (Tinkerforge GmbH, Germany) weiraplementedas the central processing
unit. TheRaspberry Pivas chosen due to i®steffectiveness, compact size, and versatile
applications Communication was established via ethernet connection through a client
server protocol. In addition,Rython (version 3.9) scriptas developed toontrol pumps

and valves (part of measurement protocol), acquire raw data from thectiwitd board,
process data, and display the final outfpgak height in terms of conductivity; see Data
processing and analysis section) witlinaestamp The graphical user interface (GUI) of
this script is connected with the protocol (see Results and Discussion sectiechaAnel
solid-state relay (Tinkerforge, GmbH, Germany) was used to activate the valves and
pumps. Python package pyserial v.3.5 wesolio access the serial port of the conductivity
meter.The sensor was powered by a ITHurlby Thandar Instruments EL302R power
supply (24V DC, 1.5 amp).
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Figure 4.1. Schematic diagram of thie-situ DIC sensor (left), fluidic connections inside the sensor (right).

4.2.3Analytical principle of the sensor

The sensor employs a liquid-liquid extraction technique using a gas diffusion sequential
injection analysis (GE5IA), where (1) CQ gas diffuses from acidified sample/CRM
across the gagermeable Teflon tube of the GEU, and (2) the diffused 1@®es into the

NaOH solution as it flows through the outer tube of the GEU. The changeatnical
conductivity of the NaOH solutionbefore and after C£absorption, is quantified using

the conductivity cell comprising four hollow cylindrical brass electrodes arranged linearly.
The electrical conduct i Wioftthe eléctiolytic solut®n is me n s
directly related to thehange in voltage. The NaOH solution is sequentially pumped
through the electrodes, first as a baseline measurement and then followiaggoption,
thereby producing a change in voltage across the electrodes. The voltage change is
proportional to the concentration of dissolved G@the sample (DIC). The analytical

principle underlying this technique is discussed in detaBlvattacharya et al., 2024
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The sensor is equipped with two temperature probes, one external and one internal. The
external probe monitors the ambient seawater temperature, providing insight into the
environmental conditions at the deployment site. Since this probe is positionetienear
GEU, the recorded temperature also represents the temperature at whidiffiion

occurs. The internal probe, on the other hand, measures the temperature of the NaOH
solution inside the conductivity cell as well as the temperature inside the galusing
measurements. Recording both external and internal temperatures allows for additional
temperature corrections, ensuring accurate compensation for tempeegiarelent

conductivity variations in the measurement process.

4.2.4Laboratory test

4.2.4.10ptimization tests

Laboratory experiments were conducted under controlled conditions to optimize the
measurement protocol of the DIC sensor. The analytical signal was evaluated using a 20
cm GEU coupled to a sampéeid mixing loop and a 1.5 cm long straight tube, both
contaning a volume of 200 pL. Signal responses were compared with the GEU without a
mixing loop to assess the impact of mixing efficiency. To investigate the potential effects
of sample carrpver and variability in gas exchange, three different concentsatibn
HsPQy, i.e., 0.19, 0.95and 1.91 mol I were tested. The optimal concentration of NaOH
was determined through comparative calibration using three different concentrations.
Additionally, different gas exchange times were investigated to identify an optimized
measurement protocol that enablesftigroughput operation while eliminating catoyer

effects.

To evaluate the performance of the sensor within a DIC range of-1272D pumol kg,
laboratory calibration tests were conducted. Additionally, reagent stability over time and
thepotential drift of the conductivity cell were assessed. Fresh batches of NaOBR@Qd H

were prepared, and a fresh batch of CRM was measured in the laboratory. All the reagents
and the CRM were stored gasimpermeablenixing bags. The CRM was measured five

times per day with a measurement frequency of one hour over a pesewkof day.
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4.2.5Data processing and analysis

The conductivity signal of NaOH was recorded ptamand post diffusion of C&into the

NaOH solution. The difference between the dimgonductivity (corresponding to the
measurement of NaOH + G0and the NaOH conductivity baseline value was used to
guantify the DIC concentration. The difference is represented as the Peak Height (H),

defined as:
H = Post baseline valueMinimum value ofthesignal (unit in mS cm)

The H values were automatically calculated using Python software (version 3.9) during
each measurement. The pdsta processing method was designed to correct H using a

two-step correction approach:
(1) Temperature normalization to calculates

The H values are sensitive to temperature variaaod itwas found that H is directly
dependent on temperature variatiBhattacharya et al., 2024)n this study, two
temperature probes were installed, the external probe to memsait seawater
temperature and the internal probe to measure NaOH solution during conductivity

measurements. Both these probes prodilicear regression with respect to H, e.g.,
H=mxT + c, where m isheslope, c igheintercept and T is temperature.

The H values wergherefore normalized with respect the corresponding temperature:

Hnorm =

(2) A further correction was applied onds from the daily correction factor obtained from
measuring CRM to obtaindstm, finas A linear drift correction was applied ondr for each
day dataset:

Corrected Value = Measured ValuéDrift Rate x Time), where Drift Rate is the change

in the measured value per unit of time.

These mathematical corrections on H values were used to compute the final DIC

concentration.
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Statistical analysis of the dataset was performed using-space Python libraries and
Origin Pro 2023 (Learning Edition, Origin Lab Corp., U.S.A). All data are presented as
mean + 1 standard deviation (S.D). A Savitgkglay filter with a window size df01 data

points and a polynomial order of two was appliethe raw sensor data to reduce noise.

4.2.6Field deployments

4.2.6.1Hydrographic setting

The Baltic Sea

The performance of then-situ DIC sensor was evaluated during a field trial in the
southwest Baltic Sea (including the area of Kolberger Heide). The trial was conducted
onboard R\Littorina from 24" to 26" June 2024 (Figuré.2).

During this deployment, thia-situ DIC sensor was installed in a 200 L water tank placed

on the deck of the RYittorina. The tank was continuously supplied with surface seawater

to ensure redime measurement conditions (Figut2). The sensor was fixed within a

metal frame and kept in a submersed condition inside the tank to simulate deployment
conditions. The sensor was programmed for continuous measurementsnaiu®

intervals. Additionally, CRM was measured twice per day (n = 4 for each time), once

before starting and once aftemapleting the transect, to assess measurement accuracy and

potential drift. The sample inlet of the sensor was equipped with a 0.8 um polyethersulfone
syringe ylter (Pall Life Sciencteteintedd@ A) t o p
fluidics.

The Kiel Fjord

Thein-situDIC sensor was further evaluated during ada¥ field deployment in the inner
Kiel Fjord (54A19648.780 N, 10AQ4838y. 440 E)
2024 (Figure 4.3).

During the deployment, tha-situ DIC sensor was deployed along with three commercial
sensors, i.e., an EXO1 probe (YSI, Xylem, USA), a nitrate UV sensor (OPUS, TriOS
GmBH, Germany), and a staatbne pH optode sensor (AquapHO»¥PH, PyroScience
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GmbH, Germany). The EXO1 system was used to measurgmealemperature, salinity,
dissolved oxygen (DO), and depth (water pressure). The nitrate sensor measured the
seawater nitrate concentration and the pH sensor was used to automateEadyre
seawatepH. All sensors were configured to measure samples with a sampling frequency
of one minute. Th®IC sensor, sensors, and a submerged water pEhgm, Germany

were securely fixed within metal frameand deployed at depth of approximately 2 m

B Ship
Laboratory

A
Kolberger Heid
N

Tank outlet

Eh—‘ ™
Water tank
LITTORINA

Discrete
sampling

10.2°E 10.3°E 10.4°E 10.5°E

Figure 42. (A) Transect of the expedition in the BalBea. The region of Kolberger Heide is indicated by a
dashed line circle (source: Ocean Data View),gdBghematic diagram of the sHipard deployment of the
in-situ DIC sensor inside a water tank onboR Littorina.

anchored to the pier. The outlet of the submerged water pauittpan output of 600 L/h

was used to collect discrete water samples for DIC and nutrient analysis in the laboratory.
The DIC sensor was programmed to perform hourly measurements (n = 20 per day) and
included daily CRM measurements (n = 2 per day). Before each CRM measurement, the
fluidic system was flushed with acid to prevent possible accumulation of biological
substances.
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:,,

Figure 4. 3. (A) Schematic diagram of the field deployment of ifisitu DIC sensor on the pier in the Kiel
Fjord along with temperature, salinity, oxygen probe, nitrate sensor, pH sand@ submersible pump on
a frame, (B) picture of the frame before, and &&¢r deployment.

4.2.7Sensor data

Prior to every deployment, all sensors were calibrated to ensure measurement accuracy.
The oxygen probe of the EXO1 system was calibrated in the laboratory uskpgpiohe
air-saturated (100%) water calibratiorhe nitrate sensor was calibrated by recording a
reference absorbance spectrum in deionized water both before and after deployment. The
detailed calibration procedure thie nitrate sensor is reportedehir et al., 2021The pH

sensor was calibrated using a standard calibration kit provided by the manufacturer, which
included pH 2 and pH 10 calibration solutioAdditionally, during the study in Kiel Fjord,

partial pressure of C{pCQO,) data was recorded using a CONTROS HydroG §¥nsor
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(4H-JenaEngineering GmbH, Germany). T O, sensor recorded measurements at a

oneminute interval.

4.2.8Discrete water sampling

A total number of 42 discrete water samples (30 from the Baltic Sea and 12 from the Kiel

Fjord) were collected for laboratory DIC analysis, following the best practice procedures
outlined byDickson et al., 2007TheDIC samplesvere stored ir250 mL clean, narrow

mouth borosilicate glass botslevith air-tight glass stopper&aturated mercuric chloride

solution (250 pL) was added to each sample to stop further biological activity. During the

Kiel Fjord deployment, additional discrete water samples were coll¢otedeasue

inorganic nutrients (N€). Nutrient samples were stored in 14 mL idensity
polypropylene plastic tubes (GreinerBbne GmbH) after filtration
polyethersulfone filter (Flser Sci enti v20) WG@6duhtokeanaltysis.

4.2.9Analytical methods

All discrete DIC samples were analyzed using an Apollo SciTech DICaaastlyzer. The
nutrient samples were analyzed at GEOMAR using aseggmented muklmacronutrient
autoanalyzer (QuAAtro, Seal Analytical Ltd.), following standard -ehemical
colorimdric techniques. The results from discrete nutrient samples were used to adjust the

measurement offsets recorded by the nitrate séNsdrir et al., 2021)

4.3 Results and discussion

4.3.10ptimization tests

The efficiency of liquidliquid mixing is strongly influenced by the geometry of the mixing
interface. In this study, the mixing performance between the DIC solution and acid was
evaluated using two different configurations of mixing tubes, a spiral mixing loop and a
straight tubewith a larger diameter than the GEU, designed to induce velocity gradients.
The curvature of a spiral loop induces mixing efficiency under laminar flow conditions

(Mansour et al., 2020)n contrast, sudden contractions or expansions in tube diameter
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potentially amplify turbulence generation and increase mixing efficiéiricet al., 2016)

The analytical responses were compared across the three configurations by measuring DIC
standards. The highest conductivity signal was observed with the straight tube, followed
by the spiral loop, which yielded approximately 35 % lower signal intensitg.lowest
response was obtained when no mixing apparatus was used. The use of diaphragm pumps
in the current design of the DIC sensor, which gengpaitsed flow, may facilitate the
turbulent flow and hence promote efficient mixing when paired withreéifiecrosssection

tubes As a resultthe straight tube was selected for further experiments.

The analytical signal obtained from using three different acid concentrations was evaluated
while keeping a constant volume of NaOH solution. The objective of this experiment was
to determine the optimal acid concentration while minimizing the NaOH volume
requirement. Figurd 4A illustrates three representative conductivity profiles (An@ 3)
obtained using 0.19, 0.98nd 1.91 mol [ of HsPQs for the analysis of one DIC solution
with aconcentration of ~ 1900 umol KgThehighest analytical signalf ~ 1.34 mS cm

was observewhen1.91 mol ! HsPQ,was usedwhereas the signals weted4 and 0.97

mS cm' for that 0f1.91 and 0.95 mol L of HsPQy, respectivelyA higher concentration

of acid facilitates more COproduction fromthe DIC solution, resulting ima higher
conductivity signalBhattacharya et al., 202451owever, it will require a proportionally
higher volume of NaOH for a complete reaction with all the diffused @Men the NaOH
volume is insufficient, the conductivity signal does not return to baselinergaxsgion,
indicating residual C®in the acceptor stream. At the lowest test acid concentration, i.e.,
0.19 mol L%, the acid strength was inadequate to completely convert DIC intgdé&@ing

to an underestimatioof DIC - particularly in solutions with high DIC concentrations. In
contrast, the raw analytical signal obtained using the 0.95 rhekPQ; showed complete
acidification of the solution, while the baseline conductivity was achieved after each
measurement, confirming the sufficient neutralization capacity of the selected NaOH

volume.
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Figure 44. (A) Two consecutive raw conductivity signals recorded during measurements ofsaaDtard
solution (~ 1900 pmol k§) using (1) 0.19, (2) 0.95, and (3) 1.91 mdiHsPQy, (B) Linear regression fit of
mean H + 1 S.D. values (n = 4) with respect to three D&@dard solutions compared for three different
NaOH concentrations, 7, 10 and 15 mmdl Data are shown in halflack circles (7 mmol L*NaOH), halt

red triangles (10 mmol-LNaOH), and halfblue triangles (15 mmol-ENaOH). The dashed lines refer to
the linear regression with corresponding color representations.

The selected acid concentration (0.95 md) Wwas further evaluated to assess its mixing
efficiency with solutions of different DIC concentrations (FigdréB). This test was
paired with three different concentrations of NaOH, 7,a@ 15 mmol [* to find the
optimal NaOH concentration for this configuration. The NaOH concentration range was

chosen from the previous study, which demonstratedhb#t value linearly increased
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